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Case study of the APT-He collision system at low velocity
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The AP"-He charge-exchange collision system is studied at low kinetic en&ey2(25 keV/amu), using
two complementary instrumental techniques: x-ray and vacuum ultraviolet photon spectroscopy and Auger-
electron spectroscopy. It is shown that single capture populates mostd and 5 in Ne-like argon
1s5?2s?2p°nl. The analysis and identification of the lines show the cascade populatisst262p®3| states.
These are not expected to be seen since in the entrance channel the projectile has t8&2c62@°12P9 .
They are identified by photon emission. Double capture populates mostly Na-like core excited states corre-
sponding to the configurations2s22p®3I51’. They are identified and it is seen that the continuysf 23,
to which they Auger decay is the only one available in this case.
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[. INTRODUCTION Se. Most of the fundamental spectroscopic investigations
used either the beam-foil experimental technique, the obser-

Much effort has been devoted to the study of chargevation of laser-produced plasmas, or fast capillary discharges
exchange collisions in the low-energy rangeE ( and pincheq[11-13, and references therdinFor an ele-
<25 keV/amu). Knowledge of the cross sections appears toent such as argon, these references give the experimental
be useful for purposes such as evaluation of hot magneticallgnd calculated wavelengths for thes<33p and 3o+ 3d
confined plasma impurity content and temperature estimatesianifolds. In their tabulations, Bashkin and Storié#],

A diagnostic technique based on the charge-exchange préelly [15], and Zhanget al. [16] give the wavelengths for
cess between a fast neutral hydrogen beam and the plasrtie transitions of p°ns (with n=4) and 2°nd (with n
[1] is of current use in most tokamak&(a)]. Fast neutral =5) to 2p® 'S,. In the case of AY" +He, the SC is ex-
lithium beams are also used to diagnose “scrape off” layempected to populate mostiy=4 and 5 in 2°nl. The most
plasmas in some machingXb)]. Recently, astrophysical ob- populatedn (principal quantum numbgf17] and| (orbital
servations of x-ray emissions, identified as due to hydrogenquantum number[18,19 are estimated from scaling rules.
like oxygen and nitrogen ions, were performed. They weréWhen calculating the atomic features of highly charge®i*Ar
explained by charge exchange between highly ionized ionene should include configurations such a2is2p® 31 and
originating in solar wind and cometary atmosphei@s5]. 41, the former mixing and interfering with st2s?2p°® 4l

For single-electron captuf&C), the exit channels are, for and 9 [12] and the latter mixing and interfering with
example, lithiumlike ions for heliumlike projectiles in their 1s22s?2p®61 and even higher levels.
ground states, and sodiumlike ions for neonlike projectiles, For DC, there is a basic need for atomic data, not avail-
under the strict condition that there are no metastable fracable at the time of the experiment. The exit channels are
tions in the incident bean|$,7]. When considering projec- sodiumlike core excited states such as
tiles in long-lived metastable states lying high above groundAr’*(1s22s22p®3In’1")24_ ; with n’=4 and 5. The calcu-
states, the exits are generally in the form of core excited iondations of the atomic data are performed in tt#Jcoupling
lithiumlike for heliumlike and sodiumlike for neonlike pro- scheme, which is suitable to take into account correlation
jectiles. In such cases, Auger stabilization is important. and relativistic effect$20].

For double-electron captuf®C), the availability of the- We study the A¥"-He charge-transfer collision at a ki-
oretical calculations is limited. They focus on the populationnetic energy of 2.25 keV/amu. Above the ground state of the
of autoionizing states in collisions of bare and/or closed-shelfiuorinelike projectile 522s%2p°® 2pg/2, there is a metastable
ions[8-10. _ o ~ one, 1522s?2p® 2P, (2.2 eV highe). It may decay to the

It is also well known that in the neonlike isoelectronic ground state by a magnetic dipole transition in the visible
sequence the 3| configurations of highly charged ions range. We calculated the wavelength and transition probabil-
have been the object of several investigatipts—13. The jiy to be ~5500 A andA;;~1.3x10? s~ . An important
interest in these ions was greatly stimulated by the possibilityeatyre is underlined: the excitation energy of the ground
of obtaining laser action in somes8-3p lines in the ex-  state to reach $£2s2p° 2S,, is of the order of 77.1 eV; the
treme ultraviolet region; the effort was focused on element$agiative transition probability back to the ground state is
with atomic number 25 Z<37 and particularly on Ge and Aj~4.42¢10"s L,

SC will give

* Author to whom correspondence should be addressed. Ar®" + He—Ar8" (1s22s22p°nl) 3L+ He™, (1)
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FIG. 1. XUV-VUV spectrum in the wavelength window 25—-90 A from the decay following the collision(BgNormalized intensity
(arbitrary unit$ versus wavelengtbd).
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where the available scaling rules predict tmatvill share  ring at small internuclear distances, mixing the populated
amongn=4 and 5 whilel =0,1[18] are expected to be most states. The cross sections are estimated.

populated. This is slightly different from the scaling fbr

suggested if19] where the collision target was not speci-

fied. However, the value frofl9] retaining and considering Il. EXPERIMENTAL DEVICE, METHODS, AND RESULTS

the specifics of our case, introducinglif19] the cross sec-

:Ir?ant ?he;er:,rggeﬂ[% ou:)eﬁg?génggtﬂIsrca'g%]eg{jﬂ(ﬁl b ferent experimental techniques. On the one hand, x-ray and
P Yy bop 9 acuum ultraviolet(XUV and VUV) photon spectroscopy

1=2. 1tis, howev_er_, stated t_hat_ thedistribution is not ex- was applied to the observation of the decay following SO
pected to be statistical, confirming some of our previous ob-

The AP*-He collision system has been studied with dif-

servationg22] and DC at an energy of 90 keV. For the sake of complete-
) . S ness, the analysis of the DC was performed using an Auger
Cite%o:gtee—se}ectron capture will populate sodiumiike core e)('spectrum taken in the same experimental conditions as the
| VUV spectrum and that was not fully analyzed and inter-
9+ 7+ (102902915 "2, o+ preted[23].
AT+ He— AT (15°2572p%nLn 1) 2y He 7 The optical spectrum resulting from the process @gis

compared with the optical spectrum resulting from

According to the scaling rules, the most populated levels are
expected to be (£2s°2p°3l 41’ and 3").

In Sec. Il, we present the experiments, the experimental
techniques used, and the experimental results. In Sec. Ill, the
theoretical calculations for the analysis and identification ofin the wavelength interval 90-160 A for calibration pur-
the optical(SO) and Auger(DC) spectra are presented and poses. Comparison of the spectra from the processe€lEq.
discussed. Section IV gives an extensive analysis and thand Eq.(3) in this wavelength interval shows that no lines
proposed identifications in the core excited neonlike and sofrom the normal Na-like spectruifEq. (3)] are seen in the
diumlike argon ion. Section IV considers also the collisionNe-like spectrum of the system E).
features and cross sections. We insist on the fact that the The Auger spectruniEq. (2)] is compared with the one
charge-transfer collision is in fact a strong interaction occur+esulting from SC and DC:

Ar®t + He— Ar’* (1s22s?2p®nl)2L ;+ He" ©)
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FIG. 2. XUV-VUV spectrum in the wavelength window 90-160 A from the decay following the collision(BgFor units, see Fig. 1.

Ar8*(1s22s?2p°3s)3P ,+ He the collision Eq.(2) share between doublets and quartets and
have a single available continuum to decay to.
—Ar’*(1s°2s°2p°3In’1")>4 ;. (4 The experimental device was described previously and is

rapidly presented. It basically uses an electron cyclotron
This comparison gives an energy calibration for the Augerresonancg ECR) ion source that delivers multiply charged
electrons. It underlines the fact that the states populated iion beams. Once accelerated, a bending magnet analyzes the

80 keV AP+ He corrected for Csl sensitivity ,!Z, ?
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; to interpret and make attributions is shown in Figb)4 It

(a) Ar’'l He J ‘] represents the Auger spectrum obtained in the stabilization
" h‘ following process Eq(4). This spectrum was fully analyzed

’h - ! | and shown to be the consequence of SC and[P4. It is

- ;'"1‘ TS important since it gives an energy reference; some lines are

ORI T L L \'1'r b

fholhrugtibg Dt It i AR Y O common to both Auger spectra.

(b) Ar®/ He

IIl. THEORETICAL CALCULATIONS

Normalized Intensity

As explained above we need data for the analysis of SC
\ M and DC by the fluorinelike argon projectils®2s?2p® 2P3),
b i, ol AR | as well as for line identifications. The SC ends in the forma-
0 100 150 200 250 300 350 tion of core excited neonlike argon while the DC ends in
Electron Energy (c.m. frame) / eV core excited sodiumlike argon according to E({s.and(2).
To perform the calculations of the needed atomic data, we

FIG. 4. () Auger spectrum in the emitter frame energy window yse thesuPERSTRUCTURECOde developed by Eissner, Jones,
0-350 eV and following process E). Intensity (arbitrary unitg and Nussbaumd25], which provides energy levels, wave-
versus energyeV) of the electron in the emitter frameb) Auger  |engths, and spontaneous radiative decay rates. Wave func-
spectrum in the emitter frame energy window 0-300 eV following tjons are determined by diagonalization of the nonrelativistic
process Eq(4). Intensity(arbitrary unit$ versus energgeV) of the o miltonian using orbitals calculated in a scaled Thomas-
electron in the emitter frame. Fermi-Dirac-Amaldi potential, different for each angular mo-

. » mentuml for the one-electron orbitals. These potentials de-
ion beam and selects the needed specific mass-to-charge [fsnq closely on the configurations that are introduced. Spin-

tio. This selected beam is passed into a differentially pumped it and relativistic correctiongmass, Darwin, and one-
collision cell. The pressureﬁgf He is adjusted at a typicalyoqy operatorsare introduced according to the Breit-Pauli
pressure of order (3—4910"° Pa and monitored using @ approach and the results are obtained in the intermediate
Baratron. couplingLSJ The multiconfiguration basis set we used con-
tains all the configurations sf2s?2p®, 1s22s22p°nl with
A. XUV-VUV spectroscopy n=3,4,5 and G<l<n—1, and ¥%2s5?2p®nl with n=3 and

The argon-ion beam delivered by the ECR ion source afl and O<I=<n—1. This corresponds to 23 configurations, 77

the University of Nevada, Reno, facility is charge and mas%erms, af“?' 1.41 .Ievels. The scaling parameters are obtained
analyzed to obtain a pure At beam. The typical ion current y the minimization procedure of th_e energy surm O]; a”ge"“s
is of the order of 1uA at 90 keV (ion velocity v be&ongmg5 to Fhe following configurations: s32s?2p®,
~0.29 a.u.). The grazing-incidence spectrometer faces dils_ 2s72p°nl with n=3 and 0<l<n—1. The values ob-
rectly into the collision cell at 90° to the incident ion beam tained are 1'201(.) fok, 1.1304 fork,, anq 1.0951 fqmd )

[7]. The wavelength windows were set to observe the inter= M - These scaling parameters are used in the multiconfigu-

vals 25-90 and 90-160 A. In Fig. 1 we show the part o5_gdation basis set to calculate energy levels, wavelengths, and
A where the transitions ®3s 1P and 3P° to 2p° S, at spontaneous radiative decay rates in the intermediate cou-

48.73 and 49.18 A, respectively, can be seen. A limited numpIIng LSJ

ber of the transitions appearing in this figure were still not
known before our identification. In Fig. 2, the spectrum
shows some totally unknown transitions. For the purpose og
comparison and wavelength calibration the spectrum of th
decay following reactioii3) is presentedit is the sodiumlike
spectrum of Af™) in the interval 90—160 A in Fig. 3. Weak-
intensity rI‘cijnes are seen and are interpreted as resulting fro
DC by ArP". The ion energy was 80 keV, the other experi- . 6.3
mental conditions being the same as foP Af90 keV). In The levels with open core, fromsi2s2p®4s °S; up to

Sec. Ill, the calculated data for identification of the lines aretS 252P"4P “P,, will interfere with highly excited levels
above 5. As seen in Table I, all the levels from

In Table | the level energies relative to the ground state
are displayed. To give a global view of them, Grotrian dia-
rams of singlet and triplet levels are shown separately in
igs. 5 and G(their relative positions are better appreciated
Than if all the levels were represented in a single diagram
One should note that the levels s2s2p®3s and
I.’;,1s2232p63p interfere strongly with $22s?2p°4l levels
while 1s22s2p®3d levels interfere with $22s2p°5| levels.

presented. 1s22s2p%4s 3S; up to 1s?2s2pb4p 1P, are under the ion-
B. Auger Spectroscopy ization limit while from 1s?2s2p®4d 3D, all the levels are
: above it.
As shown in earlier discussiof23], for the sake of com- To ease the identification of the lines and attributions, J. F.

pleteness, we show here an Auger spectfliig. 4@]; it  Wyart performed an extended calculation using the code de-
was taken in the same experimental conditions as the XUWeloped by Cowar{26]. This is intended to facilitate the
VUV spectra of Figs. 1 and 2: Af ion energy 90 keV. identification on the basis of a comparative approach: in the
This spectrum, as appears hereafter, was not fully analyzealctual experimental situatidnsharing is not statistical. This
and attributions were incomplete. A good reference spectrurdiffers notably from the plasma case in thermal equilibrium
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TABLE 1. Level energies relative to the ground stdte Ry) for neonlike argon. Levels with open
subshells $22s2p®nl are shown. From €22s2p®4d °D, on, they are above the ionization limit.

Level

Energy

Level

Energy

Level

Energy

1s22522p8 15,
15225?2p°3s °P,
1s?25%2p®3s P,
15?25?2p°3s °P,
1522s?2p®3s 1P,
1s?25%2p®3p %S,
15225?2p°3p °D,
1s22s?2p°3p °D,
1s%22s22p°3p 1P,
1s22s?2p°3p °P,
1s?2s%2p®3p °D,
1s%2s22p°3p °P,
1s22s?2p°3p 1D,
1s%22s22p°3p °P,
1522s?2p°3p 1S,
1s22s?2p°3d 2P,
1s?25?2p°3d °P,
1s22s?2p°3d °P,
1s?2s%2p°3d °F,
1s?25?2p°3d °F,
1s?2s?2p°3d °F,
1s%2s%2p°3d °D,
1s?2s?2p°3d °D,
1s?2s?2p®3d D,
1s?25?2p®5s 1P,
1s22s2p%3d °D;
1s°2s2p®3d °D,
1s22s52p®3d 3D,
15225?2p°5s 3P,
15?25?2p55s P,
1522s?2p%5p 3S;
1s%2s22p°5p 1D,
1s%22s22p°5p 1P,
1s22s?2p°5p 3P,
1s522522p°5p °D,
1s?2s2p%3d 'D,
15225%2p°5p 3P,
1s22522p°5p °D;
1s22s?2p55p P,
1s?2s%2p®5p °D,
1s?25?2p°5d 2P,
1s22s?2p°5d 3P,
1s?2s%2p°5d °F,
1s5?2s?2p°5d °P,
1s22s?2p55d °F4
1s22522p°5d 1D,
15225?2p55d D,
1s?2s?2p®5d °D;

0.000 000
18.287 284
18.354 398
18.487 838
18.555 304
19.405871
19.599 342
19.606 574
19.665513
19.713 075
19.806 132
19.827 084
19.865 574
19.871242
20.711934
21.221581
21.244 139
21.289 596
21.318 803
21.346179
21.397 450
21.435025
21.535941
21.565880
26.942 983
27.069 685
27.069 690
27.070335
27.130 288
27.137579
27.149 484
27.167774
27.186 079
27.186 621
27.188071
27.240771
27.286 527
27.371 366
27.377081
27.386 038
27.446 991
27.454 588
27.462 675
27.466 094
27.470100
27.480 644
27.486 001
27.539 358

¥22s%2p°3d °D,
$%2522p°3d 'F,
$%25°2p®3d P,
$%252pf3s 3,
$2252p83s 1S,
$%25°2p®4s %P,
$%22522p®4s 1P,
$22522p%4s 3P,
$%25°2p®4s 3P,
$22522p®4p 8,
$%25%2p%4p °D,
$%2s%2p°4p °D,
$%22522p%4p P,
$%2s%2p®4p °P,
$%2522p%4p °P,
$22522p®4p D,
$%2s%2p°4p D,
$%22522p%4p °P,
$%2s2p®3p 3P,
$%2252p®3p 3P,
$2252p83p 3P,
$%2s%2p%4p 1S,
$2252p83p 1P,
$22522p%4d 3P,
$%225°2p®5p 1S,
$22522p55f 3G,
$%225°2p°5f 1G,
$225%2p°5f 1F,
$%2s22p°5f °F,
$225%2p°5f 3F,
$%2s22p°5f 3F,
$225%2p°5f D,
$%2s%2p55f °D,
$%2522p°5d °F,
$%2s°2p°5d °D,
$%2522p°5d 1F,
$22522p°5d 1P,
$%225%2p°5f 3G,
$22522p°5f 3G,
$%225?2p®5f 1D,
$%22522p55f 3D,
$2252pf4s 3,
$%2s2p%4s s,
$2252p4p 2P,
$2252pb4p 3P,
$%2s2p%4p 3P,
$2252pf4p 1P,
$%2s2pf4d °D,

21.593 448
21.594 977
21.856 992
24.065722
24.358 687
24.403 888
24.436 031
24.601 706
24.624 277
24.894 943
24.910 862
24.915 026
24.940 664
24953916
25.064 817
25.108 309
25.133591
25.135 646
25.378524
25.387 956
25.412 334
25.457 967
25.481 855
25.515104
27.543 466
27.572135
27.572477
27.580119
27.580 767
27.587 927
27.588 020
27.592 831
27.594 231
27.668 592
27.671 247
27.676 586
27.729998
27.775773
27.776 749
27.785977
27.786 237
30.162 553
30.272112
30.653591
30.657 075
30.667 402
30.696 965
31.267 645

$%25°2p®4d 3P,
$%2522p%4d °F,
$225%2p°4d 3F,
$%25°2p®4d °P,
$%2s22p%4d 1D,
$22522p°4d 3D,
$%2522p%4d 3d,
$22522p%4f D,
$%2s%2p°4f °D,
$22522p®4f 3D,
$%2s°2p°4f 3F,
$%22522p%4f 3G,
$22522p4f 1G,
$%2s%2p%4f D,
$%2s22p%4d °D,
$%2522p%4d °D,
$225%2p°4f 1F,
$%2s22p%4f °F,
$%25%2p®4d P,
$225%2p°4f 3F,
$%2s22p%4f °F,
$%225%2p%4f 3G,
$22522p®4f 3G,
$22522p°5s 3P,
$%2s2p%4d °D,
$%2252pf4d °D,
$%2s2pf4d D,
$%2s2p84f SF,
$2252p4f 3F,
$%2s2p84f °F,
$22s52pfaf 'F,
$22s2p®5s 3S;
$%252pf5s 1S,
$2252p5p 3P,
$%2s52p%5p P,
$%2252p%5p 2P,
$2252pf5p 1P,
$%2s52p®5d °D;
$%252pb5d °D,
$%2s2p%5d °D,
$%2s52pf5d D,
$%2252p05f 3F,
$22s2p°5f °F,
$%2252pb5f °F,
$2252p85f 1F,

25.527 822
25.530719
25.544 292
25.544 545
25.565 453
25.576 704
25.656 902
25.717 954
25.723332
25.742 464
25.742 943
25.744 721
25.744 925
25.748 043
25.752 052
25.758 022
25.760 025
25.761 143
25.873575
25.942 637
25.946 222
25.950974
25.952544
26.929 633
31.268 750
31.270499
31.333040
31.471 896
31.472 208
31.472811
31.475128
32.659 169
32.717104
32.897 772
32.899 608
32.905 154
32.900 754
33.190 967
33.191 553
33.192479
33.226 043
33.296 112
33.296 288
33.296 593
33.298 392
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FIG. 5. Grotrian diagram of the neonlike argon singlet levels.
Energy scale in eV from ground state

FIG. 6. Grotrian diagram of the neonlike argon triplet levels.
Energy scale as in Fig. 5.

wherel sharing is statistical. The observations are frequently=3 and O<l<n-—1, 1s?2s?2p°nl,n’l’ with n=3 and|
limited to the transitions from the lowest-lying levels above =1,2 andn’=4,5 and B<I<n-1. This choice is dictated
the ground states. Some known transitions are also used fby the fact that in previous papers the doubly excited levels
calibration and comparison purpodds(b)]. for 3s3l’, 3s4l’, and ¥5|' were determined6,7]. This
In Tables Il and Il we present the calculated wavelengthschoice leads to 16 configurations, 318 termd #icoupling
of the allowed transitions in the 30-50 and 95-160 Aand 778 levels in.SJ coupling. The scaling parametexs
ranges, respectively, and the suggested identifications of the 1.0795, A ,=1.0065, and\y=\;=0.9124 used are ob-
experimentally observed lines. tained by the minimization of the energy sum of all terms
To calculate the atomic data needed for the analysis of thbelonging to the following configurations. s32s22p®nl
Auger spectrum resulting from DC by fluorinelike argon, we with n=3 and 0<I<n-—1. To ease the analysis and identi-
used the multiconfiguration basis se$?2s?2p®nl with n  fication, we determined the energy range of theé, 4l ')

TABLE Il. Wavelengths of the transitions in the range 29-50 A. Column 1 transitions to the ground level.
Column 2: theoretical wavelength for the decays to the ground state from this calculatigfmiie. Column
3: experimental wavelength&his paper \opsgiman- COlumn 4: experimental wavelengths pE3(b)],

)\obs Faucett

Transition )\th Cornille (A) )\obs Bliman (A) )\obs Faucett('&)
15?2s2p%4p P,-15%2522p® 15, 29.6859 29.59
15?25?2p55s 1P, - 1s?25%2p8 15, 33.8221 33.56
1s522s?2p®4d 1P, - 15225%2pb 1S, 35.2200 35.16 35.024
1s?2s?2p54d °D,;-1s22s%2p® 1S, 35.5174 35.260
1s22s?2p°4d 3P, - 1s225%2pb 15, 35.6970 35.422
1522522p%4s 3P, —15?25%2p° 1S, 37.0069 36.87 36.983
1522522p°3d 1P, —15?25%2p° 1S, 41.6924 41.61 41.4760
1522522p°3d 3D, —1s?25%2p°® 15, 42.3138 42.22 42.0010
1522522p°3d 3P, —15?25%2p°® 15, 42.8950 42.5290
15?25?2p53s 1P, - 1s?25%2p8 15, 49.1109 48.73 48.7390
15225?2p53s 3P, - 1s?25%2p8 15, 49.6484 49.18 49.1850
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TABLE Ill. Theoretical and observed wavelengths in the 95—-1A0 range. Column 1: transitions.
Column 2: theoretical wavelengttsuperstructure theoyy Column 3: experimental observatiofsresent
values as identified Column 4: Calculated valug¢&awcettet al.[13(b)]]. Column 5: observed wavelengths

[13(b)].
Transition )\th Cornille (A) )\obs Bliman (A) )\th Fawcett(A) )\obs Fawcett(A)
1s%22522p55p 1S,—1s?25?2p°3s 1P, 101.3853 101.17
1s22522p55p 3d,—1s?25?2p°3s 1P, 103.1927 103.47
1s22s?2p®5p 3D, —1s?25?2p®3s 1P, 103.3644 104.23

1522s?2p®5d 3P, -1s225?2p°3p 3S,; 113.2189
1522s?2p55d 3P,—1s225?2p°®3p 3S; 113.3259
1522s?2p55d 3F;—1s%2522p°3p °D, 115.8853

15225?2p55d °F ,—1s22522p°3p D, 115.8882 115.10 114.91 115.197
1s%2s%2p°5d *F3—1522522p°3p 1D, 116.6644 116.06 114.92 115.197
15%2s%2p°5s 3P,—1s?25?2p°3p °D; 124.4194 124.85 123.28 123.556
1s22s?2p®5s 3P, —1s?25?2p®3p 1D, 125.3117 125.95
15%2s22p°4p °D;—15225°2p°3s °P, 137.5793 136.91 136.52 136.164
15%2s22p55f 3D4—1522522p°3d 2P, 144.6818 144.26 144.03 143.600
15%2s22p°5f 3G5—1522522p°3d °F, 145.7251 145.13 144.48 144.512
1s%2s22p°4d 3P,—1s?25?2p°3p 3S,; 148.4469 148.37 148.70 147.949
1s%2s22p°4d 3P, -1s225?2p°3p 3S,; 148.8524 148.75 149.15 148.390
1s22s?2p®4d °D,—1s%25?2p®3p °D, 150.8976 150.67 151.57 152.072
1s22s?2p®4d 3F ,—1s%2522p°3p °D, 153.6350 152.68 152.18 152.692
1522s?2p®4d 3D ,-1s225?2p®3p °P, 154.4101 154.35 153.82 154.445
1522s?2p54d 3P,—1s225%2p°3p °P, 156.2671 155.27
1s%2s2p®3d °D,-15?25%2p°3d 3F, 158.4390 158.43
—2p538 +¢&f :
‘ ~ 285 - 352
ap T prny) - 282 - 350
: at 4d=f ~ 280 - 340
4p? dpol ~ 255 - 330
2p53lnl' —2p8S,+el 5
- 48 ds =t ~ 195 - 203
: 3d? i 3d = ¢
: ! ~ 120 - 270
E 2
E % Speotb ~100-252 eV
3s? 3s 0l
| | l

100 eV 252 eV 352 eV= Energies from 2p® 'S,

FIG. 7. Energies of the different Auger series, in the emitter frae\@, as calculated. The energies in the emitter frame are given
assuming that all the series decay to thE 2S5, continuum. The dashed parts of the series above 252 eV are in fact expected to decay to
the 2p®3l continua.
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series with B=I<n—1 andn’ from 4 to the series limit. The eV
412 terms were calculated and are giver{22]. The limit of 0 0

each series is deduced from its energy position relative tc ] .
2p°3l (Fig. 8 below. This is summarized in Fig. 7, where ] % s [
the different Auger series energies are given in the emitter - —_ - — W s
frame in eV under the assumption that they all decay to the 100 . ) - 100
1s22s22p°® 1S, continuum. From the comparison with the 1 3 3 3“"“”:;%’ ‘2‘25 i
Auger spectrgFigs. 4a) and 4b)], no transition seems to be - :: 3 :::l’"::: e I
attributable to the decay of the l(4'l") series. This is dis- 1 % -

3s5p 3s5p 200

cussed hereafter in Sec. IV. In Table IV are given the Auger- 200 ]

electron energiegin the emitter framgrelative to the con- -
tinuum to which they decay 2s22p® 1S,) since it is seen 1
that the spectrum shows a clear energy limit around 250 e\/30o N 3p? 3 [ 200
This is the limit of the series £2s?2p®3snl. It is now [

possible to make some tentative attributions and identifica-

tions and discuss the collision aspects.

3shs

— 3

3s
3

3s?

400 - —400
IV. COLLISION FEATURES AND IDENTIFICATIONS ] »s T & I
To ease the discussion of the collision features and the I
identifications in the XUV-VUV and Auger spectra, we start 500 - 500
by giving the overall level diagram showing the relative en- ] i
ergy positions of the entrance and exit chanr€lg. 8. A ] X
rapid survey of the right column shows that alll (dl") . 2885 :
600

should decay to the nearest available continua®00
15%2s22p°3l 3L, This is from the analysis if23]. FIG. 8. Overall level diagram for the analysis of the collisions
Ar®"+He showing in column 1(left) the entrance channel

o Ar®*(1s22s22p%)2P9; column 2(centej the SC exit channelup-
A. Collision features per par} and particularly the levelss£2s?2p® 41 and 51, column 3

The collision features can be understood by considerindfight) the sodiumlike core excited levels®2s”2p® (3In'l") and
different aspects. In terms of classical Landau-Zener theorie§® extent of the (k’1”) level series.
[17,27-3Q the SC process would take place at an inter-
nuclear distance of the order of 8 a.u. The second electrogensitive to the projectile constitution. At higher energies,
would be “molecularized” at roughly 3 a.u. The SC cross from around 20 keV/amu, the capture- and ionization-cross-
section in these conditions would be of order 5 section curve slopes are strongly dependent on the projectile
x 1015 cn?. This value can be compared with that deducedconstitution. Using this scaling, we are able to foresee for the
from the experimental scaling rul21], 2.5x10 cm?  collision Ar’* +He a plateau lying betweenx110** and
(+£20%). Other cross sections for this system were taken al0x 10 > cn?® and slightly increasing for energies lower
smaller energies than ouf81]. In their ion energy range thanE.<1 keV. Another groupp35] working with Ar"* ions
from 4.5 eV to 9 keV, the SC cross section decrease§l4=q=8) at an energy of 2keV found for SC a cross
smoothly from 9.4 10~ 1° down to 5< 10 5 cn?. It can be  section of the order of 810 ** cn* and for total DC(ra-
estimated that this trend will be observed with increasingdiation and autoionization stabilized cross section of order
energies until the cross section reaches a plateau as frd 10 *® cn?. In our experimental conditions, the DC cross
quently observed, and the SC cross section at 90 keV wilsection would be near10 *° cn?. Of course, some un-
stabilize around %10 ° cn?. The DC cross sections of certainty in that cross section comes from the autoionization
[31] (around 2< 10 6 cn?) are nearly constant within the Auger decay that feeds the SC exit channel.
energy range 4.5 eV-9 keV. It has been calculated with the A further step to ease the analysis of this collision system
classical trajectory Monte Carlo calculatigg€ TMC) ap-  can now be performed; it consists in considering the time-
proach that in the low-energy collision region an ion collid- ordering sequence for the processes taking place from the
ing with a H target can capture a target electron in a totallyentrance to the exit of the collision. The overall collision
predictable manner. The corresponding cross section hasdaration can be roughly estimated; it is of the order of
plateau in the low-energy collision regiok, that can tcyision™ Jolv, whereo is the capture cross section and
slightly increase for energies lower than 0.1 keV/amu. Orthe projectile velocity. With the actual values, this time is of
the basis of previous calculations for tipe +H collision  order 8<10 ®s. From the very moment the first target
given by Olson and SalofB32], an empirical formula was electron is “molecularized” until the transfer of the second
constructed by Jane{33] illustrating the aforementioned takes place the elapsed time can be estimated to, be
plateau formation. A number of recent four- and five-body~AR/v, whereAR is the distance between potential curve
CTMC's [34] have shown that the value of this plateau cancrossings. In our conditions, this elapsed time is of order
be scaled for various atomic and molecular targets. It is no8.8x 10 ¢ s. The other relevant characteristic times are the
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lifetimes of the levels populated in SC and DC. For the Ne-it). The group in the region 35—37 A can be attributed to the
like argon levels, typical lifetimes are of the order of 2p54s 13P{ and 20°4d decays to the ground sta&5]. At
10 *?s, whereas the Na-like core excited argon levels ar@3.56 A it could be suggested that the broad peak is the
not expected to survive for more than £8-10**s. An yransition from 5 P2 to the ground state. Finally, at 29.59

important time delay is the time that elapses between tWQy \ye suggest the decay to the ground state from the open
successive coII|5|o_ns, since we meet t_hle smgle—coll_lsmn COMNzore level 5%2s2p%4p 1PS. This underlines unambiguously
dition, this mean time i$;,ca= (N,ov) ™ =, whereN, is the

an . that, in SC,n=4 and 5 are predominantly populated. The
neutral number gas density in the collision chambethe low-intensity peak at 51.30 A could be identified as due to
capture cross section, andthe projectile velocity; in the y p5 > 20 - >
actual conditions it is of the order of 80 °s. This ne decay of b, 3s” °P, to the ground §tate|@35 S The
means that the distance the ion flies between two successifislorescence yield of the upper levels is of the order of 20%
collisions is nearly 5 102 cm. Finally, the last relevant time [36] but they are cascade populated. Some low-intensity

in this sequence is the time that has elapsed from the begif€aks remain unidentified. Table Il gives the calculated
ning of the collision until the optical and Auger spec- Wavelengths of transitions suggested for the identification of

troscopies begin: topservaion TO Summarize, the full se- our experimental ones. We note that the set of identified tran-
quence is sitions is more complete than the one discussed by Fawcett
et al. [13(b)]. In our case, the ion beam current is highly
stable in time. The gaseous collision target pressure is low
<tobservation~ tmean enough to satisfy the single-collision condition and is pre-
cisely regulated. With the detector of our spectrometer,
Another aspect is considered to answer the question: Is thekgngle-pass recording of the spectrum was done.
any experimental evidence of correlated double-electron cap- |n Table IIl, we give the transition identifications with
ture? On the basis of the identifications in the Auger speccomparisons to two different calculations and for the experi-
trum, all populated states have differenvalues. No Auger mentally measured values with the observations of Fawcett
electrons seem to have their originfin=n’=4. The Auger et al. [13(b)] for the region 98—-160 A. The analysis and
spectrum shows that the center of the DC window isnon identifications of the spectrum in the region 98—160 A raise
=3, n’=5, and the limit is at 250 eV, the limit of the many problems. We suggest here that this extended window
2p°3snl series. This supports the representation of a twope considered as small regions corresponding to1taé to

t1_o< tcoIIision< tAuger< tradiation

step process in DC. 3 transitions: $— 3s (100-104 A, 5d—3p (112-121 A,
55— 3p (124-126 A, and 5 —3d (144-146 A. Some in-
B. Optical spectrum identifications tensen=4 to 3 transitions are intermingled with=>5 to 3:

for example, $— 3s transitions in the interval 130—138 A.
The transitions d— 3p are seen in the interval 148—156 A.
% transition is identified as originating from an open core
level, namely, $22s2p®3d 3D;. These identifications are
guided by the use of the experimental scaling rule predic-
tions, which are the most populated levels in SC: in the
present casen=4 and 5. Moreover, the largegf factor,
high values for the emission factor, and the largest possible
branching ratios for the upper levels of the transitions and
éransition probabilities are the important guiding quantities.
A transition intensity is usually proportional to geometric
factors times the transition probability times the transition
pper-level populatiof37]. In the present situation we ob-
erve two transitions from the capture levels of high intensi-
) 130 ties at 124.85 and 152.68 A. Considering the transition prob-
In funnel-type decay, most exi:|3ted levels abowe3s %P3 apilities for the upper levels, we can estimate the population
and of the general form @nl 1L, (with n=3 andL#1)  of 55 to be of the order of a factor of 3 larger than that of 4
have a branch decaying to the ground level. for recording their VUV spectrum was the observation of a
Given the resolutiod\\/\ of our spectrometer of the or- pinch discharge; they needed 500 shots for sufficient expo-
der of 5x 107>, it is not possible to fully separate each in- sure of the photographic plate. Comparing with Fawcett
dividual transition. In the spectrum of Fig.(25-90 A the et al’s identifications, we note that they have not done any
most intense transitions are recognized as the decay @hservations below 112 A, the spectral region where we
2p°3s 13PY to the ground state [ 'S, at, respectively, identify 5p— 3s transitions. The global consistency of our
48.73 and 49.18 A. The group around 41-42 A is attributdentifications does not imply the consideration of possible
able to 2°3d %PJ—2p®. We could not separate the 6f—3d transitions but rather —3p around 125 A, even
3d 3PJ—2p® transition (the long-wavelength side of the though the energies offélevels were not calculated. Men-
group of transitions at 42.22 A shows a shoulder likely to betion should be made that we cannot decide which of the two

It should be noted that one attempt to this collision pair
optically observe has been performed in the visible rang
(2500-8000 A [27]. The collision energy was 180 keV. It
aimed at observing doubly excited levels of Ay this ion
resulting from DC by A?*. These Rydberg levels are high
above the most populated leveighose we discuss in the
present papeértypically 2p®3s8k— 2p°3s7i at 2950 A. But
the most prominent transitions resulting from DC by Aiin
the XUV-VUV range were not observed.

The accuracy of the measured wavelengths is of the ord
of +0.01 A.

We begin with the wavelength interval 30—50 A in which u
more was known previously. One notes the extremely higfg
intensity of the transitions 8!*P¢ back to the ground state.
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TABLE IV. Theoretical Auger-electron energies relative to the  TABLE V. Auger lines for the stabilization following DC by
ground statdin eV) for the stabilization following DC by the Af Ar®" in the energy range 100—200 €W the emitter frame For

projectile. the Auger lines in the energy range 200—250 eV, see text.
Configuration En Electron energyeV) Normalized intensity Tentative assignment
1522522p°3s? 2Py, 98.4077 1.006x 107 2.872x10 1s225%2p°3s? 2Py,
1522522p°3s? 2Py, 100.7260 1.021x 107 1.419< 10 1s225%2p°3s? 2P,
1522522p°3s4f 2G4, 192.6900 1.914x 107 9.696x 10 1s22522p°3s4f 2G4,
1522522p°3p4s *S,), 196.4125 1.958x< 107 2.804x 10 1s22s%22p°3p4s *Sy),
15?2s?2p°3p4s ?Dy), 201.9370 1.985x 107 2.331x 10 1s?2s?2p°3p4s ?Dy),
15225?2p°3p4p *Py, 202.2094 1.926x 107 9.932x 10 1s225?2p®3s4f 2G4,
15225?2p°3p4p 2Py, 210.8483 1.979x 107 1.288x 10 1s?2s?2p°3p4s 2Dy,
1522s?2p°3p4d Dy, 211.6460
1522322pz3p4d 4231/2 218.2041 7). There do not seem to be lines attributable to the decay of
1s°2s°2p°3d4s "Py) 222.9496 any 4nl’. They are all energetically located above trin3
1s°25?2p°3dds *F 7, 226.7807 series limit and they would not decay, if they had been popu-
15°2s°2p°3p5s “Dyp 228.5518 lated in the DC process, topd 1S, as appears in Figs. 7 and
15?25?2p®3p5s Dy, 228.8589 8. So, for the identifications, we are led to consider mostly
1s22522p°3d4p 2Py, 229.5069 the terms in the 8nl, 3pn’l’, and 3n"l” series decaying to
1s22s22p°3d4p 2Py, 235.8936 the single available continuump? 'Sy. There are a certain
1s22522p53p5d “Gy) 235.9436 number of peaks common in both spectra of Fig. 4. At nearly
1522522p°3p5d 2Py, 237.4900 100 eV, tge [E'_))eazks2 are recognized to be the lowest-energy
1522822p53p4d 2Dy, 237 6441 d_oublet 15621p 3s” “P; decaying to the smgle a\{a_ulal:_)le con-
1522522p53p4d 2Py 244 9162 tinuum 2p° °S,. Table V summarizes the identifications for

the decay after DC by Af in the energy region below 200
eV where there is nearly overlap of different Auger series. In
the energy region between 200 and 252 eV, precise identifi-
cations and line attributions are impossible to do: this is un-
calculated transitions should be retained for attributionderstood as due to the overlap of the levels in the series
These suggested identifications give the complete seil of 3p4l,5 and 341’ (Table 1V). However, it is clearly seen
populated levels as classically observed in charge-exchandkat the most populated levels belong to thpn3 and
collision spectroscopy. This set is at variance with results oBdn’l’ series. The highest-intensity peaks point to the center
plasma spectroscopy. Thes $%P$— 2p°® transition seen in of the DC window, $5I and 3d41".
the x-ray range at 33.56 A is a branch complemented by the
decay in the VUV at 124-125 A. V. CONCLUSION

OneAgroup of large-intensity transitions, at 98.36 and
99.23 A, are not yet attributed. The nearly equal intensitie rojectiles are particularly difficult to handle: the levels in
of the 4d °F—3p °D and % *P—3p °D are probably re- ?t)hej exit channeﬁs of SC )z/ind DC are not well known. This
lated to the direct population mechanismrof4 and 5. gpjiges one to perform atomic data determinations. However,
~ Inview of the large number of very low-intensity transi- he ‘syggested line identifications in the XUV-VUV spectra
tions, some transitions could be present in these differen{ e consistent with the predictions of the experimental scal-
regions due to the decay of some levels populated in DGng ryles. Much is left open for further higher-resolution ob-
with large enough quore;sc;ence_ yields. For example, SOMgeryations even though important but limited numbers of
decays should feed#3s” ?P§ since these levels are not igentifications have been suggested. The important point to
directly populated. These observations are, however, difficulpe underlined is that, in plasma and beam-foil observations,

to compare to other such observations; we are not aware @atistical population sharing is classically accepted, in the
other measurements in this XUV-VUV window for neonlike |owest-|ying |eve|s; C0||ision_type Spectroscopy allows the

1s22522p°3d4d 2P, 248.3341

This study has shown that collisions involving open-shell

argon in collision processes. observation of highly excited level®ydberg where thel
sharing is not statistical but, in a givénthej’s are statisti-
C. Identifications in the Auger spectrum cally populated. Thé sharing changes with the collision ve-

locity. The potentialities of this approach, seen from the
point of view of fundamental spectroscopy, seem important
for comparing with beam-foil resul{s38|.

Comparison of the spectra in Figsa#and 4b) clearly
shows that the Auger decay following DC byAris limited
to terms energetically below or just on ther8 series limit
(at 252 eV, in the emitter framéFig. 7). Higher-lying levels
are not expected to decay t@2'S, but rather to »°3l
(this is related to the fact that usually states decay to the We had interesting discussions with Dr. J. F. Wyart on the
closest continuum and the branching ratios for Auger decaydifficult question of line identifications in the neonlike argon
are not yet known They are the closest contingsee Fig. spectrum, in the VUV range.
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