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Double-electron capture and population of Rydberg levels in slow Ar811He collisions
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Double-electron capture by Ar81 from He is analyzed. Since the incident ion beam contains a metastable
fraction of the order 5%, two distinctly behaving systems are considered:~1! Ar81(2p6)1S0

1He→Ar61(2p6nln8l 8)2S11LJ1He21 and ~2! Ar81(2p53s)3PJ1He→Ar61(2p53snln8l 8)2S11LJ1He21.
For process~1!, the comparison of translational energy gain and Auger spectra, with an extensive set of
calculated data, supports the conclusion of an asymmetric double-electron transfer peaking at Ar61(2p63d4 f )
with a Rydberg tail getting to (3lnl 8) with n>20 (l 51,2). For process~2!, the double capture points
dominantly into triply excited states Ar61(2p53s3l4l 8)2S11LJ . These are above the second ionization limit of
the ground state Ar61(2p63s2)1S0 . Their decay takes place via two successive Auger steps: the first ending in
the intermediate levels, Ar71(2p53l3l 8)2,4LJ . These, in turn, autoionize to the Ar81(2p6)1S0 continuum. Both
are identified in the Auger spectrum. These observations raise the question of the meaning of the auto transfer
to Rydberg states and of correlated double capture processes.@S1050-2947~97!03112-0#
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I. INTRODUCTION

Even though much attention was given to the syst
Ar811He, being studied by different experimental tec
niques@1#, there are still some aspects not yet fully und
stood that are related to the double-electron capture proc
It was shown, on the basis of the extended Coulomb bar
model and of the reaction window concepts@2,3# that double
capture populates~n53, n853! and mostly~n53, n854!,
with a partial cross section ratio of 4 to 1 in favor of~n
53, n854!. This system shows the same behavior as
system 0811He for both the single and double transfer@4#.

However, the problems still open relate to the analysis
minor double transfer channels, not predicted by Land
Zener–type calculations~Rydberg level population@5#, elec-
tron transfer mechanism@6#, and to the problem of auto
transfer to Rydberg levels@7#!. A common feature of many
of the reports describing double transfer is that the ato
characteristics of doubly excited populated levels were g
erally not well known and had scarcely been calculat
Moreover, they do not account for the sharing between a
ionization and radiation mostly dependent on the total fl
rescence yield of each individual level@1#.

Since the Ar81 ion beam contains a long-lived metastab
fraction (;5%) @1# the question of a possible double tran
fer ending in triply excited states has to be addressed as
as their stabilization mechanism~radiative and/or Auger!. In
Sec. II, a brief outline of the experimental procedure
given. In Sec. III, an analysis of the single capture by
metastable projectile~contained in the incident ion beam an
contributing to the autoionizing decay!, and a review of the
double capture by the ground-state projectile making us
energy levels calculations is presented in Sec. IV, the do
nant double capture populated levels of the metastable
jectile are identified and their stabilization is discussed.
561050-2947/97/56~6!/4683~9!/$10.00
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II. EXPERIMENTAL TECHNIQUES AND RESULTS

Briefly, an Ar81 ion beam ~delivered by the ECR ion
source in Grenoble! is passed in a collision chamber whe
the target gas~He! is kept at a pressure of order
31023 Pa ~measured with a Baratron!. The collision cham-
ber is differentially pumped. The beam current is typically
mA at 80 keV and contains a metastable fraction~in states
2p53s 3P0,2! of order 5%@1#.

In order to study the double-electron-capture process

Ar81~2p6!1S01He→Ar61~2p6nln8l 8!1,3LJ1He21 ~1!

and differentiate with process~3! hereafter, two instrumenta
methods are employed.

~i! The translational energy gain spectroscopy~TES!: the
instrument is described elsewhere@8,9#. It is used to analyze
the ions of charge16, which represent the fraction of th
double capture that retained both transferred electrons
thus decayed radiatively:

Ar61~2p6nln8l 8!1,3LJ→Ar61~2p63s2!1S01hn. ~2!

A typical energy gain spectrum of Ar61 ions formed in
process~1! is shown in Fig. 1. The maximum peak intens
ties in the energy gain distribution correspond to the popu
tion of the states Ar61(2p63d4d) and Ar61(2p63d4 f ) char-
acterized by an energy gain of the order 67 eV. These st
are just located below the first ionization limit in the Mg-lik
argon ion energy scale@10#. All contributions with energy
gains less than 67 eV are associated with levels above
first ionization limit of Ar61 that have shared their stabiliza
tion between photon and electron emission~Fig. 2 right
side!.

~ii ! The Auger electron spectrometry: the instrument
fully described by Mack@14#. A typical Auger spectrum
taken~at the ECR ion source in Groningen@14#! at an angle
4683 © 1997 The American Physical Society
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4684 56S. BLIMAN, M. CORNILLE, B. A. HUBER, AND J. F. WYART
of 50° with respect to the ion beam incident direction
shown~Fig. 3!. It extends over the energy interval 0–260 e
in the emitter frame. It contains two distinct parts: one ran
ing from 100 eV up to 260 eV with high intensity; the oth
of weaker intensity extends from 0 to 45 eV approximate
A similar spectrum was taken by Boudjema@11# at 10° from
the incident ion beam and shows exactly the same featu
The spectra are identical.

III. DATA ANALYSIS AND INTERPRETATION:
SINGLE CAPTURE BY THE METASTABLE ION

AND DOUBLE CAPTURE
BY THE GROUND-STATE ION

It is well known that in the observation of charge chan
ing ion ~highly charged! atom collisions the projectile lose
energy in stripping whereas it gains energy in electron c
ture, with zero energy gain generally setting the limit
populated levels in capture. In the following, we will sep
rate the discussion into two parts. We first focus the atten
on the Auger spectrum extending from 100 to 260 eV.

A. Single-electron capture by the metastable projectile
Auger spectrum 100–260 eV

This range contains the most intense part of the Au
spectrum. It is identified as due to the stabilization of sta
populated by single-electron transfer to the metastable
jectile according to the collision process

Ar81~2p53s!3P0,2
o 1He→Ar71** ~2p53snl!2,4LJ1He1

~3!

~with n54 being mostly populated! followed by

Ar71**→Ar81~2p6!1S01e, ~4a!

Ar71**→Ar71~3s!2S1/21hn. ~4b!

The most intense peaks are identified as originating fr
the dominantly populated levels 2p53s4 f 2LJ ~at 190 eV!

FIG. 1. TES for Ar81(2p6)1S01He→Ar61(2p6nln8l 8)1He1.
Ar61 are detected. The energy intervals correspond to the diffe
series likely to share their stabilization between autoionization
radiation are shown.
-

.
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-

-

n

r
s
o-

and to a lesser from 2p53s4d 2LJ ~at nearly 180 eV!: these
structures are identified with the aid of the calculated le
energies@1#.

The doublet structure at 102 eV is unambiguously attr
uted to the process@12# as

Ar71~2p53s2!2P1/2,3/2
0 →Ar81~2p6!1S01e. ~5!

The intermediate levels are not directly populated, as
energy gain is of the order of 125 eV, well ou
side the reaction window. The other lines between 1
and 180 eV are attributed to the autoionization of t
Ar71** (2p53l3l 8)2LJ levels @1# will be considered later.

Given the fluorescence yield of the levels directly pop
lated in the single capture, there is, mostly for the qua
states, some cascade feeds to 2p53l3l 8; these in turn would
mostly radiate@12# while the doublet levels 2p53l3l 8 2LJ
mostly autoionize.

The high-energy tail extending to nearly the 2p53s` l se-
ries limit ~252 eV! is attributed to the autoionizing stabiliza
tion of high Rydberg states withn up to 10 as identified in
the spectrum. The energy levels have been calculated
the assumption that for highn values, the states are near
degenerate and that the energy values might be determ
making use of the Rydberg formula~in eV!

E@~2p53snl!→~2p6!#5252.1213.6~82n* 2!, ~6!

wheren* is the effective principal quantum number~Table
I!. The TES spectrum of Ar81 obtained with a metastabl
enriched Ar81 beam shows that ions that have captured o
electron and then autoionize along the process

Ar71** ~2p53snl!→Ar81~2p6!1S01e ~7!

have gained energy, which corresponds to capture into r
tive high n values well aboven54 @1#.

B. Auger spectrum at 0–45 eV: TES spectrum of double
capture by Ar81

„2p6
…

1S0

For energy gainsQ,63 eV doubly excited levels are
found above the first ionization limit of Ar61. The TES spec-
trum is due to double-electron capture by the ground-s
Ar81(2p6)1S0 projectiles. The part of the Auger spectru
0–45 eV is mostly due to the double capture by the grou
state projectile except for a small part between 8 and 14
that we discuss below. The overall intensity variation sho
a regularn23-type decrease~n principal quantum number!.
At the time of the experiment, few data were available
identifying levels in the Mg-like Ar61 system@10,15,16,17#.
Line identifications were only made up to the first ionizati
limit. For the purpose of identifying levels beyond this lim
two sets of calculations have been performed.

1. Calculation of the atomic parameters for Ar61
„2p64l4l 8… and

analysis

To calculate the level energiesE, wavelengths l,
radiative probabilitiesAr

s f , and the sum of all the proba
bilities to all lower levelsS fAr

s f , we used the program
SUPERSTRUCTUREdeveloped by Eissneret al. @18#. This code
is appropriate for the calculation of large quantities of atom

nt
d
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56 4685DOUBLE-ELECTRON CAPTURE AND POPULATION OF . . .
data as it uses a model potential, which is of the Thom
Fermi-Dirac type. The method takes into account the aver
effect of repulsion of other electrons, which leads to a cen
potentialV(r ), satisfying the following boundary conditions

FIG. 2. Level diagram showing from the entrance channel~left
side!, the SC channel~central part!, and the DC channel~right side!;
are also indicated He1 and He21 border lines between endo and ex
energetic populated levels.
s-
ge
al

V~r !5 HZ/r when r→0
~Z2N11!/r when r→`,

~8a!
~8b!

whereZ is the nucleus charge andN the number of electrons
(z5Z2N).

To obtain greater flexibility, a scaling parameterl l is in-
troduced such that all the radial functions with the samel are
calculated in the same potential and are therefore orthogo
to each other, giving

V~r !5V~l l ,r !. ~8c!

This scaling parametersl l can be obtained by minimizing
preselected terms.

The program uses multiconfigurational wave functions
derive level energies and wavelengths. For the calculation
the atomic data for highly ionized atoms, it is necessary
take relativistic corrections into account. The semirelativis
Breit-Pauli Hamiltonian in which the relativistic correction
are treated as perturbations is convenient. This Hamilton
is given by the following expression:

H5HBP5HNR1VR, ~9!

where HNR is the nonrelativistic Hamiltonian,VR corre-
sponds to the one-body operators~mass, Darwin, spin-orbit!
and two-body operators~contact spin-spin, Darwin, orbit-
orbit, spin-other orbit, mutual spin-orbit, spin-spin! of the
relativistic corrections.

The development of the wave function of a levelDJ on
the multiconfiguration basis in intermediate couplingtJ,
called level, is obtained by the diagonalization of the tot
HamiltonianHBP. This is expressed as

c~DJ,M !5(
t

C~ tJ,DJ!F~ tJ,M !, ~10!

whereF is obtained from theLS coupling wave function of
the termt5CbSL by

F~ tJ,M !5 (
MLMS

CMLMSMJ

LSJ F8~ tMLMS!, ~11!
FIG. 3. Auger spectrum for Ar811He. The regions of interest for the Auger stabilization of triply excited Ar61 ions are shaded.
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TABLE I. Characteristics energies of Ar71(2p53snl). Column 1: levelsn. Column 2: energies from
ground state. Column 3: energy gains. Column 4: Auger electron energies.

Levelsn
Energies from GS

2p63s ~eV!
Energy gains~eV! or

loss
Electron energies to

2p6 1S0 ~eV!

5 360.8 10.3 217.3
6 371.4 23.0 227.9
7 377.8 26.7 234.3
8 382.0 210.9 238.5
9 384.9 213.8 241.4

10 386.9 215.8 243.4
` 395.6 224.5 252.1
os
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whereb is a degeneracy parameter taking into account th
cases where a configurationC gives rise to more than on
term with the sameLS. The coefficientsC(tJ,DJ) are the
level mixing coefficients.CMLMSMJ

LSJ are Clebsch-Gordan co

efficients;ML , MS , andMJ are the projections of the mo
mentaL , S, andJ, respectively.

For highly ionized elements, autoionization processes
weak enough to be treated by perturbation theory. The a
ionization probabilityAa

Si is given by

Aa
Si5

2p

\
z^CF

i ~ES!uH2ESuCS& z2, ~12!

where

ES5^CSuHuCS& ~13!

andCS andCF
i are the initialboundstate and finalfreestate,

respectively.
The energyES of the free stateCF

i is taken to be the sam
as that of the bound stateCS . The wave functionsCF

i are
normalized to the Dirac functions:

^CF
i ~E!uCF

i 8~E8!&5d~E2E8!d i i 8 . ~14!

The free wave functionCF
i corresponds to an autoionizatio

channel, i.e., a levelDJi for the autoionized ion plus the fre
electron («,l ), where « and l are the energy and angula
momentum of the free electron. As long as only large au
ionization probabilities are required, the relativistic behav
of the free electron can be ignored; then the operatorsK and
J commute with the Hamiltonian:

Ji5L i1Si, K5Ji1 l , J5K1s, ~15!

wheres is the free-electron spin (s51/2).

Aa
Si5

2p

\ (
lk

U(
tt i

C~DJi ,t iJi !X~SLJ,SiLiJi ,lK !

3^t i lJuH2ESutJ&C~ tJ,DJ!U2

, ~16!

where t i5Cib iSiL i is a term for the (z11) ion and,
X(SLJ,SiL iJi,lK ) has been expressed by Saraph@19# as a
function of the Racah recoupling coefficientW:
e

re
o-

-
r

X~SLJ,SiLiJi ,lK !5W~LlSiJi ,LiK !W~LJSi
1
2 ,SK!

3@~2S11!~2L11!

3~2K11!~2Ji11!#1/2. ~17!

In the present work we have introduced inVR only the one-
body operators.

The calculations yield the energies of all 2p6(4l )2 con-
figurationsAa , Ai j , andvT ~total fluorescence yield!. From
these values, the energy gains and the Auger electron e
gies for stabilization towards different continua are deduc
These results are shown in Table II only for singlet states.
is seen from Table II among all the (4l4l 8) singlet levels
only one 4f 2 1D2 , has a total fluorescence yield

vT5
(Ai j

(Ai j 1(AA
, ~18!

TABLE II. Characteristics of Ar61(2p64l4l 8)1L singlet. Col-
umn 1: levels. Column 2: energies from ground state. Column
total fluorescence yield~see text!. Numbers in brackets represen
powers of 10.

Levels Energies~eV! Total fluorescence yields

1s22s22p64s2 1S0 131.140 79 2.371@206#

1s22s22p64s4p 1P1 139.372 53 3.808@205#

1s22s22p64p2 1D2 142.780 00 1.315@205#

1s22s22p64p2 1S0 146.246 87 3.137@205#

1s22s22p64s4d 1D2 148.138 52 2.331@204#

1s22s22p64s4 f 1F3 149.047 94 3.490@206#

1s22s22p64p4d 1D2 151.153 95 7.160@205#

1s22s22p64p4 f 1F3 154.777 91 5.075@204#

1s22s22p64p4d 1P1 154.920 87 1.212@205#

1s22s22p64p4 f 1G4 155.919 19 9.708@206#

1s22s22p64p4d 1F3 155.923 90 2.610@205#

1s22s22p64p4 f 1D2 157.431 69 2.167@205#

1s22s22p64d2 1D2 161.811 33 3.551@202#

1s22s22p64d2 1G4 162.484 45 8.539@206#

1s22s22p64d2 1S0 162.585 49 1.989@206#

1s22s22p64d4 f 1F3 165.920 44 8.804@206#

1s22s22p64 f 2 1G4 167.694 29 2.319@206#

1s22s22p64d4 f 1P1 167.885 48 1.385@205#

1s22s22p64 f 2 1D2 168.765 27 4.340@201#

1s22s22p64 f 2 1S0 172.382 66 1.699@204#
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where Ai j and Aa are radiative and Auger decay, respe
tively, vT is large enough to allow radiative deexcitation a
decay to levels lying below it. For this level, we give,
order to appreciate the cascading effect, the most impor
radiative transition channels with the line fluorescence yi
of each transition

v line5vT3~branching ratio!

among all these transitions~Table III!, only two end levels,
which in turn radiate—these are 3s4p 1P1

0 and 3s4 f 1F3
0

both below the first ionization limit of Ar61. All other levels
populated from 4f 2 1D2 autoionize immediately. From ou
calculations typical lifetimes for these are in the order
10215 s. This typical decay time is of the order of the col
sion time

tcal'
AsDC

v
, here '5.1310216 s, ~19!

wheresDC is the total double-capture cross section~radiative
and autoionization! andv the ion velocity. As seen from the
transitions in Table III, it is clear that two electron-one ph
ton transitions are possible among these discrete states i
continuum and basically have the same physical charact

TABLE III. Cascade decay for Ar61(2p64 f 2)1D2 ; total fluores-
cencevT50.43. Column 1: transitions. Column 2: wavelength
Column 3: transition probabilities. Column 4:v line . Numbers in
brackets represent powers of 10.

l ~Å! Ai j v line

1s22s2p64 f 2 1D2→3s4p 1P1
0 125.06 1.08018 2.547@22#

→3s4 f 1F3
0 140.51 1.54718 3.649@22#

→4s4p 1P1
0 421.82 1.32218 3.118@22#

→4s4 f 1F3
0 628.81 1.09918 2.592@22#

→4p4d 3D2
0 704.01 2.83118 6.677@22#

→4p4d 3F2
0 707.45 6.98717 1.648@22#

→4p4d 1P2
0 895.56 3.60018 8.491@22#

→4p4d 1F3
0 965.52 9.75117 2.299@22#
-

nt
d

f

-
the
is-

tics as those identified earlier among states, in Mg-like
gon, below the ionization limit@14#.

Table IV shows for these levels (4l4l 8) energy gains,
energies of Auger electrons decaying to the different av
able continua. If these were populated the electron spect
should extend out to energies higher than 42 eV. The Au
spectrum is limited at an energy of>41 eV. In these condi-
tions, we seek for further arguments to interpret this lo
energy part of the spectrum.

2. Calculation of energy levels for Ar61(2p63ln8l8)1,3LJ

and data analysis

A classical calculation with use of the Rydberg formu
for the series 2p63pnl and 2p63dnl is performed. We note
that terms of the series 2p63pnl with n>7 are above the
first ionization limit. For the series 2p63pnl the energies of
the autoionization electron are determined from the sim
relation

E@~2p63pnl!→~2p63s!#5DE@~2p63p2P!2~2p63s2S!#

213.6~49/n* 2! eV, ~20!

where n* is the effective principal quantum number an
DE517.5 eV. The calculated energy values together w
the Auger electron energies and energy gains are give
Table V for this series, where a single continuu
2p63s 2S1/2 is available.

For the series 2p63dnl, it is known that forn>5, the
levels are above the first ionization limit and forn larger
seven they overlap two continua 2p63s` l , 2p63p` l . For
the (2p63dnl) series, the electron energies are calcula
according to the simple relation

E@~2p63dnl!→~2p63s!#5DE@~2p63d2D !2~2p63s2S!#

213.6~49/n* 2! eV, ~21!

where n* ~effective principal quantum number! and DE
541.2 eV, whereas the autoionization process to
(2p63p) 2P1/2,3/2

0 continuum is characterized by aDE value
of 23.7 eV. Consequently, there is a sharing with a branch
ratio, which generally favors the decay to the nearest c

.

y

TABLE IV. Energy gains and Auger electron energies for the decay to 2p63s and 2p63p of
Ar61@2p6(4l!2# 1LJ levels. Column 1: levels. Column 2: energy from ground state~eV!. Column 3: energy
gains~eV!. Column 4: Auger electron energies: decay to 2p63s. Column 5: Auger electron energies: deca
to 2p63p.

Levels
Energies from

GS (3s2)
Energies gains

~eV!

Autoionized
energies to

2p63s

Autoionized
energies to

2p63p

2p64s2 1S0 131.14 40.90 23.1 17.5
2p64p2 1S0 146.20 25.84 37.0 16.8
2p64p2 1D2 142.78 29.26 36.3 15.5
2p64d2 1S0 162.58 9.46 54.0 17.6
2p64d2 1D2 161.80 10.24 52.5 17.7
2p64d2 1G4 161.48 10.56 52.9 17.5
2p64 f 2 1S0 172.38 20.34 63.8 17.7
2p64 f 2 1D2 168.76 3.28 59.8 17.7
2p64 f 2 1G4 167.69 4.35 59.5 17.8
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TABLE V. Characteristic energies of Ar61(2p63pnl) Column 1: levels. Column 2: energies from groun
state. Column 3: energy gains. Column 4: Auger electron energy for decay to 2p63s.

Levelsn
Energies from GS 3s2

~eV!
Energies gain

~eV!
Electron energies for

decay to 3s ~eV!

7 128.2 59.5 3.9
8 131.4 56.3 7.1
9 133.6 54.0 9.4

10 135.1 52.6 10.8
11 136.3 51.4 12.0
12 137.2 50.5 12.9
13 137.9 49.8 13.6
14 138.4 49.3 14.1
15 138.8 48.9 14.5
20 140.1 47.6 15.8
` 141.8 45.9 17.5
fo
tr
i
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tinuum. Table VI summarizes the theoretical predictions
the level energies, the energy gains, and the Auger elec
energies for the decay to each available continuum. The
tervals covered by each series as well as the energy g
associated with the 2p6(4s)2 and 2p6(4p)2 states are shown
in Fig. 1 on the energy gain scale. In Fig. 4, the 3pnl and
3dnl limits for the decay to the different continua are ind
cated on the magnified low-energy part of the Auger sp
trum, no line is attributable to 2p6(4l )2. However, since the
decay of line intensity in the Rydberg series is expected to
regular with an23 variation ~n principal quantum number!
and terminate at nearly 41 eV, we have to analyze the in
sity increase of the lines in the interval 8–14 eV, whi
departs from the regular decay pattern.

IV. DOUBLE TRANSFER TO THE METASTABLE ION
AND STABILIZATION

Since the metastable fraction content in the incident be
is of order 5% if double capture takes place the mostly po
lated levels are likely to be seen and thus we consider
process
r
on
n-
ins

-

e

n-

m
-
e

Ar81* ~2p53s! 3P1,2
0 1He

→Ar61*** @~2p53s! 3P3l4l 8#2S11LJ1He21. ~22!

Since the collisional features for single capture are the sa
for the ground state and metastable projectiles~same most
populated leveln54 and energy gains in the exit channe!,
we assume that the collisional features for the double tran
are the same for both projectiles~samenln8l 8 for the most
populated levels and same energy gain!. With the fact that
the energy gain observed for the most populated levels in
ground-state projectile is of order (;65– 67 eV), we place
in the energy scale of Ar61, the levels 2p53s3d4d and
2p53s3d4 f .

They appear to be at nearly 375 eV above the ground s
Ar61(3s2)1S0 .

A. Structure of the four-open-shell configuration

Ab initio studies of selected configurations of Ar61 with
four open shells 2p53s3l4l 8 were performed, the choice fo
l and l 8 being guided by the experimental scaling law pr
posed by Hutton@13#. The relativistic Hartree exchange po
TABLE VI. Characteristic energies for Ar61(2p63dnl) ~see caption Table IV!.

Levelsn
Energies from

GS ~eV!
Energies gains

~eV!
Electron energies
for decay to 3s

Electron energies
for decay to 3p

5 138.8 48.9 14.5
6 147.0 40.7 22.7 5.2
7 151.9 35.8 27.6 10.1
8 155.1 32.6 30.8 13.3
9 157.3 30.4 33.0 15.5

10 158.8 28.9 34.5 17.0
11 160.0 27.7 35.7 18.2
12 160.9 26.8 36.6 19.1
13 161.6 26.2 37.3 19.8
14 162.1 25.7 37.8 20.3
15 162.5 25.3 38.2 21.0
20 163.8 24.0 39.5 22.3
` 165.5 22.2 41.2 24.7
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tential ~HXR! method and the computed codes by Cow
were applied to 2p53s3d4d and 2p53s3d4 f . Due to the
fact that any 3s3d configuration is nearly degenerate wi
3p2, resulting in a strong mixing of their1D terms, it may
be expected that 2p53s3dnl and 2p53p2nl form a mixed
group whatevernl is. Therefore several studies were mad
~a! in the unrealistic assumption of an ‘‘isolated’’ configur
tion 2p53s3p4d and ~b! for the group 2p53s3p3d
12p53p24d.

Although it is closer toLS than toj j coupling conditions,
case~a! shows that due to the spin-orbit interaction of 2p5, S
andL quantum numbers are inappropriate. Except for so
quintet levels, intermediate coupling conditions prevail. T
case ~b! shows that the overlap of both configurations
about 70% of their total width and the 3s3d-3p2 interaction
leads to shifts as large as 2.5 eV for some of the 350 ca
lated levels. The levels with dominant 2p53s3d4d character
are located in the range 359.6–374 eV above the gro
state 3s2 1S0 . In the case of the 2p53s3d4 f configuration
the upper calculated level is 381 eV above the ground 3s2.
These results are sketched in Fig. 5.

B. Stabilization of triply excited Ar 61 ion

Given the level energies relative to Ar71 ion levels, Auger
decay should involve two steps.~i! In a first step, one Auge
electron is emitted,

Ar61~2p53s3d4l !2S11LJ→Ar71~2p53l3l 8!2LJ1e,
~23!

where the electron is of low energy.
~ii ! Then a second Auger autoionization step would f

low,

Ar71~2p53l3l 8!2LJ→Ar81~2p6!1S01e, ~24!

where the electron has an energy of the order of 100 eV
slightly more~102–150 eV! ~Fig. 3!.

FIG. 4. Auger spectrum for the energy range 0–45 eV in
emitter frame. The region of interest for the first Auger electr
emission of triply excited Ar61 ions is shaded.
n

:

e
e

u-

d

-

or

C. Analysis of the experimental data

The likeliness of this two-step stabilization scheme is s
ported by two features seen in the Auger spectrum~Figs. 3
and 4!.

In the low-energy part 0,E,40 eV between 8 and 14
eV, a series of closely packed transitions—whose intensi
are departing from a regular Rydgerg series with intensit

varying asn23—are seen superimposed over the peaks
to the autoionization decay of the levels populated by dou
transfer to the ground-state projectile that populated 3pnl
and 3dn8l states withn>7 andn8>5, respectively. Owing
to the levels’ position 2p53s3d4d and 2p53s3d4 f relative
to the levels 2p53l3l 8, these transitions are energetical
possible ~Fig. 5!. Once the first Auger electron has bee
emitted, the second step ends in the release of an electro
energy between 102 and 150 eV. Some radiative casc
feed to 2p53l3l 8 comes from the single-capture leve
2p53s4d, 4f , dominantly quartet states, while doublets d
cay via an Auger process. This combined population casc
and Auger ending in 2p53l3l 8 should explain the weak line
in the energy range 102–150 eV. These levels are the in
mediate continua for the first Auger step while (2p6) 1S0 is
the single available continuum for the Auger decay
2p53l3l 8.

V. DISCUSSION AND CONCLUSION

Although a comparison turns out to be rather complicat
the calculated electron energies are compared with Au
energies in Table VII, for the decay of the states populate
double capture by the ground-state projectile. In the ene
range 8–14 eV are seen in the superimposed closed box
electrons from the first Auger decay step of sta
2p53s3d4d and 4f to 2p53l3l 8.

From the analysis of the spectra, we have clear evide
that levels with highn values~up ton520! are populated in
the symmetric Rydberg series 2p63pnl and 2p63dnl. The
3dnl terms have branching ratios that favor the decay

FIG. 5. Level diagram showing from the entrance channel~left
side! Ar81(2p53s)3p0, the SC channel~central part! with levels
2p53l3l 8 and 2p53l4l 8 and the DC exit channels 2p53s3d4d and
2p53s3d4 f . ~SC denotes single capture and DC denotes dou
capture.! Levels are shown above the first ionization limit o
Ar71(Ei5143.4 eV) central part and the second ionization limit
Ar61 ~sum ofEi5267.7 eV! ~right side!.

e
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TABLE VII. Comparison of experimental and calculated electron energies. The box encloses the energy rfegion corresponding to
Auger electron emitted further to the dominant double capture by the metastable projectile Ar81(2p53s)3P0 into Ar61@2p53s3d4d and
3d4 f ] 2S11.
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2p63p. For emission energy.25 eV, the lines for the deca
to 2p63s have extremely weak intensities. The term
2p6(4l )2 if present at all, would be limited to the deca
2p64s2 and 2p64p2. In the vacuum ultraviolet range n
transition attributable to the optical decay of Ar61(4 f 2) 1D2
could be seen. However, due to the configuration interac
and mixing, these terms may well couple and mix to t
3dnl or/and 3pnl terms. The terms 2p63pnl ~with n510
and 11! are missing in the Auger spectrum; they~Table VII!
have probably a high fluorescence yield since in the T
spectrum, a relative increase of the counting rate is meas
at 52–53 eV~Fig. 1 and Table IV!. The reason for this is tha
the overlap of the wave functions of the two electrons
significantly differentn and differentl is so small that the
two-electron state is likely to decay radiatively and in p
ticular for the states with the highestJ values. The nonsym
metric double capture, leading dominantly to the populat
.
ta

P
.

ys
n
e

S
ed

r

-

n

of Ar61(2p63d4l )2s11LJ and Ar61(2p53s3d4l )2s11LJ
states produces with small probability asymmetric Rydb
states.

Our results rather explain and support a two-step tw
electron transfer mechanism to both ground- and metasta
state projectiles; coupling between symmetric (4l4l 8) states
~so far not observed! and asymmetric (3ln8l 8) states might
be effective for states of the same parityJ quantum numbers
and are energetically close.

For the double transfer to the metastable projectile a
Auger step stabilization process has been identified. Once
first electron of low energy is emitted the ion reaches
intermediate available continuum@(2p53l3l 8)2LJ states# and
then the second Auger electron is emitted~energies of order
102–150 eV!, leaving the ion state Ar81(2p6)1S0 @20–22#.
The auto transfer to Rydberg state~ATR! mechanism@23,24#
for populating asymmetric Rydberg states cannot be ide
fied in the present results.
, J.
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