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The radiative and Auger rates of doubly excited states of positive ions where the principal quan-
tum numbers of both electrons are large ( ~6) are studied using a restricted-configuration-
interaction method. The partial radiative and Auger rates to final states are calculated for doubly
excited states of Ar' +. It is shown that the propensity rule for both the radiative and Auger decay
is hv =

v&
—v; =0, where v is the bending vibrational quantum number of the doubly excited state.

Systematics of the radiative and Auger rates along different sequences of doubly excited states are
also investigated.

I. INTRODUCTION

Doubly excited states of atoms and ions have been
studied over the past few decades both theoretically and
experimentally. In most of these investigations, doubly
excited states are populated by electron, photon, or ion
impact from the ground states of target atoms. The
states populated in these collisions are low-lying doubly
excited states where the principal quantum number of at
least one of the electrons is small. In recent years, doubly
excited states where the principal quantum numbers of
both electrons are large have been studied experimentally
either by two-step laser excitations' or through double-
capture processes in the collision of multiply charged
ions with multielectron targets.

While some gross features of these doubly excited
states can be estimated from the experimental data under
a number of assumptions, a deeper understanding of the
subject requires the knowledge of properties such as the
energy levels and the radiative and Auger decay rates of
these states. Such information cannot be derived from
the experimental data since the energy resolution in gen-
eral is not enough to separate individual states.

From the theoretical viewpoint, information on doubly
excited states where the principal quantum numbers are
large is complicated by two factors: (l) Electron correla-
tion plays a major role in doubly excited states and
configuration interaction must be considered for the cal-
culation of energy and decay rates for each state; (2) the
number of states within a narrow energy range and the
possible number of decay channels for each state are very
large. To compile such information for a certain subset
of doubly excited states useful for experimentalists is a
formidable job.

In this article we study the decay properties of doubly
excited states where the principal quantum numbers of
both electrons are large. Our goal is to find out if there
are some simple systematics which are of general
significance. In particular, we wish to identify simple ap-
proximate selection rules, or propensity rules, for the ra-
diative and Auger decay rates. These rules isolate the
few major decay channels for each group of doubly excit-
ed states.

The propensity rules for autoionization processes have
been discussed qualitatively in previous studies using hy-
perspherical potential curves, ' or in terms of
molecular-orbital (MO)-type potential curves. The sys-
tematics along the rotor series has been discussed by
Chen and Lin. These discussions are limited to doubly
excited states where the principal quantum numbers are
relatively small ( ~6). The propensity rule has also been
studied by Matsuzawa and co-workers ' for the general-
ized oscillator strengths for transitions between doubly
excited states of helium atoms using wave functions ob-
tained by the hyperspherical approach. Note that in the
optical limit, the generalized oscillator strength is pro-
portional to the dipole oscillator strength and thus the
same propensity rule is expected. In our calculation we
sample a much larger number of transitions using the
simpler configuration-interaction CI wave functions. For
simplicity we concentrate on doubly excited states of
Ar' + where the principal quantum numbers of both
electrons are in the range of 6—10. The selection of
Ar' + makes the calculation of the decay properties
easier, but the derived propensity rules are expected to
work for other systems.

Knowledge of the radiative and Auger rates of doubly
excited states is important in understanding the stabiliza-
tion of doubly excited states formed in collisions between
multiply charged ions with atoms, molecules, and sur-
faces. The branching ratio for the radiative decay with
respect to the Auger decay determines whether doubly
excited states will be observed as transfer ionization or
true double capture. An estimate of the lifetimes of
these states is also needed for the understanding of the
formation of "hollow atoms" in ion-surface collisions. '

An existing estimate of the lifetimes of such doubly excit-
ed states has been based on the simple hydrogenic mod-
el" or single configuration model' where the important
configuration interaction has been completely neglected.

In this paper we us the simple configuration-
interaction method to calculate the energies and the radi-
ative and Auger decay rates of doubly excited states
where the principal quantum numbers of both electrons
are large. To sort out the systematics, we first review the
designation of doubly excited states in Sec. II, while the
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restricted configuration-interaction method and the cal-
culation of Auger and radiative rates are discussed in Sec.
III. The results are presented in a number of subsections
in Sec. IV, and the final conclusion is given in Sec. V.

II. DESIGNATION AND SYSTEMATICS OF DOUBLY
EXCITED STATES

According to the independent electron model, each
doubly excited state can be represented by the notation
Nlnl', in addition to the exact quantum numbers L, S,
and m. (relativistic effects are neglected completely in this
work). The X and n are the principal quantum numbers
of the inner and the outer electrons, respectively. For
simplicity, the subset of states with fixed N, n, , L, S, and
m. , will be called to form a manifold of states. For the
high-Z ions considered here, the splitting of levels within
a manifold is small compared to that of states from
different manifolds. Since configuration interaction is
large, the notation Nlnl' is inadequate, and 1 and 1'

should be replaced by quantum numbers K, T, and A
such that each state is designated' ' by „(K,T)g

+'L . The approximate quantum numbers E, T, and
A have simple geometric meanings. In particular, K has
to do with the nodal structure of the wave function in an-
gle 0,2 between the two electrons with respect to the nu-
cleus. It is also related to the bending vibrational quan-
tum number U =N —K —1. T is the projection of L
along the interelectronic axis and A is +1 ( —1) for sym-
metric (antisymmetric) stretches. If the doubly excited
state does not have symmetric or antisymmetric
stretches, then its vibrational motion is similar to the lo-
cal modes in molecules and A =0 is assigned for such
states. The enumeration of the quantum numbers I( and
T for states within a given manifold has been described
previously. '

According to the „(K,T)~ 'L designation, there
are a number of sequences that can be identified depend-
ing on which set of quantum numbers are being fixed.

(a) Simple Rydberg series: This is the series of states
„(K,T)g, +'L with all the quantum numbers fixed ex-
cept for n. The correlation pattern for all the states
within the Rydberg series remains nearly independent of
n If the .wave function is expressed as F(R)@(R;II),
then N(R;0) remains roughly the same for all the states
while the number of nodes in F (R ) increases by one for
each increasing value of n. ' This is similar to the simple
Rydberg series for singly excited states except that each
state is not represented by a single configuraiton.

(b) Rotor series: This is the series of states „(K,T)~
+'L for fixed „(K,Tg), with varying L, S, and m. Each

successive member of the rotor series has one more unit
of angular momentum than the previous member and two
neighboring states have opposite vr (even or odd) and S
(singlet or triplet). The rotor series terminates at a cer-
tain L,„.' ' The correlation pattern for members of
the rotor series remains nearly constant, and higher L
corresponds to higher rotational excitations.

(c) Vibrational series: This pertains to the states in the
manifold for fixed n, N, L, S, and ~. Using

U =N —E —1, the states within the manifold have
different vibrational quantum numbers U and the wave
functions have different nodal structures in 0&2.

(d) Double-Rydberg series: This pertains to intrashell
states ~(K, T)g, +'L which have the fixed vibrational
quantum number U =N —K —1, in addition to fixed T, L,
S, and ~. The principal quantum number N of both elec-
trons changes by one unit along the series but with the
values of U fixed. States within the double-Rydberg series
have a fixed number of nodes in 0&2.

III. THE CALCULATION OF ENERGIES
AND RADIATIVE AND AUGER RATES

OF DOUBLY EXCITED STATES

A. Restricted configuration-interaction approach

Doubly excited states can be calculated using different
theoretical approaches. For the present purpose, it is
desirable that each wave function and the radiative and
Auger rates be easily calculated. To this end, we adopt
the conventional configuration-interaction (CI) approach
but each state is labelled using the „(K,T)~ +'L"
designation. The CI approach is convenient for obtaining
many wave functions in a single calculation. On the oth-
er hand, the CI approach is known to converge slowly for
neutral atoms and for low-Z ions if the hydrogenic wave
functions are used as basis functions. ' We avoid this
limitation by performing calculations for the heliumlike
Ar. For such a system, configuration interaction between
states belonging to different shells is small and can be
neglected in general. In other words, for each L, S, and
~, only the intrashell coupling between the Nlnl' states
with fixed N and n is to be included. We mention that for
neutral and low-Z ions a better starting point is to use the

multiconfig�ur

atio Hartree-Fock approach for each
orbital. "

Our method of calculation is best illustrated by an ex-
ample. To obtain the six wave functions within the 6161
'S' manifold, two-electron product wave functions ~6161'S') are constructed where each 61 is a hydrogenic or-
bital with effective charge Z*. The six basis functions are
used to diagonalize the two-electron Hamiltonian. The
effective charge Z is obtained variationally to give the
minimum energy for the lowest state. It is clear that in
this approach the CI includes only the angular correla-
tion, while the radial correlation is partially accounted
for by the effective charge Z*. Limiting the selection to
6161 configurations only avoids the variational collapse
when the effective charge is varied. To check the accura-
cy of this appraoch, we also include in the CI calculations
basis functions for states such as mlnl 'S' (n, m )6),
where each orbital is a hydrogenic wave function with
Z*. For Ar' +, the mixing of 6161 states with these latter
configurations is small, even for the higher energy states
within the 6161 'S' manifold.

This approach is similar to the earlier extensive CI cal-
culations carried by Lipsky, Anania, and Conneely' for
the low-lying doubly excited states (iiilnl' states for
N ~ 3) of He-like ions. We used this method to calculate
the energy levels of the 3131' and 4141' doubly excited
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states of C and O +, and the results' were found in
good agreement with those calculated by Ho and by
Bachau ' as well as with experiments. The method has
also been used to calculate the energy levels of 3l3l'
states of Be-like ions where the results are in good
agreement with experiments and with other calculations.
In this article we extend this method to doubly excited
states where the principal quantum numbers of both elec-
trons are large. We concentrated on the 616'' doubly ex-
cited states. There are already quite a large number of
states within this manifold, and the possible number of
radiative and Auger decay channels for each state is quite
large. The propensity rules derived from this calculation
can be applied to other NlN/' intrashell states of higher
N, and for other two-electron ions. We mention that
there are no systematic investigations of such high-lying
doubly excited states both theoretically and experimen-
tally except for the photoabsorption studies in H (Refs.
24 and 25) and in He.

Our approach gives a slightly different effective charge
for states within different manifolds. For inter shell
states, we actually constuct two-electron states where the
inner electron "sees" a charge Z = 18, and the outer elec-
tron "sees" a charge Z = 17 (symmetrization of the wave
function is included). The wave functions thus calculated
are not orthogonal, but such nonorthogonality is ac-
counted for in the calculation of radiative and Auger ma-
trix elements.

C. Calculation of radiative and Auger rates

With the initial- and final-state wave functions calcu-
lated as described above, the radiative rates averaged
over the initial magnetic substates '0; and summed over
the final magnetic states 4& are calculated (in a.u. ) by

W~ =2ot co f,
where f is the oscillator strength and ai is the energy sep-
aration between the initial and final states. The Auger
width, according to the golden rule, is calculated (in Ry)
by

(2)

which is converted to the Auger rate (in mRy) by

(10' /s) =20.6I

IV. RESULTS AND DISCUSSION

A. Final states populated by radiative and Auger decays
from the initial 6(5, 0)6+ 'S' state

For doubly excited states where both electrons are
highly excited, there are many final states that can be
reached by radiative or Auger processes. In this section,
we examine the partial radiative and Auger rates to each
of the final states.

B. Doubly-excited-state basis (DESB) functions

Approximate doubly-excited-state wave functions for
intrashell states of two-electron systems have been ob-
tained from the group-theoretical consideration by Her-
rick and Sinanoglu. ' They are called the doubly-
excited-state basis (DESB) functions where each state is
designated by the K and T quantum numbers. The DESB
functions can be considered as approximate CI functions
where the CI coeKcients are given analytically in terms
of 9-j symbols. In essence, the DESB functions include
most of the intrashell angular correlation, which is the
dominant correlation for doubly excited states of high-Z
ions. For semiquantitative analysis we can use DESB
functions to calculate radiative and Auger rates.

1. Dependence on the principal quantum numbers
offinal states

In terms of the CI representation the initial 6(5, 0)6+ 'S'
state is given primarily as a linear combination of
configurations 6l (l =0—5). Since the radiative process
is given by the one-body dipole operator, the final states
populated are „(K,T)g, 'P', where n =6. In other words,
the principal quantum number of one of the electrons
remains the same, with the other electron making transi-
tions to smaller N &6. There is no selection rule on the
values of I and l' of the final states since, except for the
1snp state, the final states are doubly excited states, and
configuration mixing for each state is large.

In Table I we list the Auger energy e (for transitions to

TABLE I. Auger energies, partial Auger rates, partial radiative rates, and branching ratios of the de-
cay of the 6(5,0)6+ 'S' state of Ar' +. The integer N refers to the principal quantum number of the
inner electron in the final state. Auger decay to the 5lel states is not energetically allowed.

Auger
energy (Ry)

306.397
63.397
18.397
2.647

Auger
rate (10' s ')

0.25
2.79
7.94

20.96

Branching
ratio (X100)

0.7
7.5

21.2
56.0

Radiative
rate (10" s ')

4.11
0.84
0.29
0.14
0.07

Branching
ratio ( X100)

1 1.0
2.2
0.8
0.4
0.2

Total 31.94 85.4 5.45 14.6
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Nial states), the total Auger and radiative rates to each of
the principal quantum number N((6). The branching
ratio for each transition is also shown. We note that the
Auger decay tends to populate the highest energetically
allowed N, while the radiative decay tends to populate,
the lowest N. The Auger rate decreases rapidly with de-
creasing N and the radiative rate decreases rapidly with
increasing N. The branching ratio for the total Auger
processes is 85% and for the radiative processes is 15%.

2. The propensity rule for radiative decays

The radiative decay rate, as shown by Eq. (2), is pro-
portional to cu D, where co is the energy difference and D
is the dipole matrix element, between the initial and final
states. The radiative rate is dominated by N =1 since ~
is largest for such a transition. Among the possible final
Nl6l' states for a fixed N, the co for different states are
comparable and thus the radiative rates ref1ect the magni-
tude of the dipole matrix elements, or the degrees of over-
lap between the wave functions of initial and final states,
weighted by the dipole operator. In Table II, we show
the oscillator strengths of the dominant final states popu-
lated by the radiative process to each N. Among the
2N —1 final states (each is labeled by the quantum num-
bers K, T, A, and vf) that are allowed for each N (n =6),
only one state (vf =0) is populated predominantly. We
note that these states have identical vibrational quantum
number as the initial state (v; =0). Thus the propensity
rule for the radiative transition is AU =0.

To understand this propensity rule, we compare in Fig.
1 and Fig. 2, respectively, the hyperradial wave functions
F (R ), and the charge density and the contour plots of the
initial and the five final states belonging to N =3. To this
end, each CI wave function is rewritten as F(R)@(R;II),

where R = ( r
1
+ r 2 )

' ~
( r, is the radial distance of the

electron i from the nucleus) is the hyperradius and 0 the
five angles. Plotted in Fig. 1 are the functions
~R

'~ F(R)~ and in Fig. 2 are the functions ~C&(R;Q)~ at
R =3 on the (a, g&2) plane [a=arctan(r2/r& )] after be-
ing averaged over the rotation of the whole atom.
Among the five final states, the radial functions F(R ) are
quite similar, thus the large difference in the oscillator
strength is attributed to the degree of overlap in the an-
gular functions @(R;0) between the initial and final
states. Since the initial state is concentrated in the large-
0&2 region, the final states populated are those which have
large distributions in the large-19&z region (see Fig. 2).
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3. The propensity rule for Auger decays

The 6(5, 0)6+ 'S' initial state can also decay by Auger
transitions, with the final states represented by Nial 'S'.
In Table I we show the dominant N populated is N =4,
since N=5 states are not allowed energetically. The
Auger rate to each final NIel 'S' state for different I is
quite comparable. For example, for N=4, the relative
rates for I =0, 1,2, 3 are 1.0, 6.4, 5.3, and 0.6, respective-
ly.

The propensity rule for the Auger process can be ob-
tained if the final states are expressed in terms of eigen-

Ii T A uf 10'f

6 3

6 5

0
1

0
—1

2
1

0
3
2
1

3
2

0
—1

+1
0

—1

+1
—1
—1

+1
—1
—1

+1
—1

1.45
6.05
0.44
0.05

16.11
1.12
0.09

44.61
2.27
0.08

181.90
5.19
0.05

TABLE II. Oscillator strengths for the radiative decay of the
6(5,0)6+ 'S' state of Ar' +. The final doubly excited states are
approximated by the DESB functions. The bending vibrational
quantum number of the initial state is u;=0. Note that the
dominant final states populated have uf =0. Final states with
large vf are not populated. The states for which 10'f (0.01 are
omitted.
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FIG. 1. Absolute values of the weighted hyperradial wave
functions of the (A) initial state 6(5,0)6+ 'S' and of the final
states: (B) 6(2,0)3

'P', ( C) 6(1, 1)3+ 'P', (D) 6(0,0)3
'P', (E)

6(
—1, 1)3+ 'P', and (F) 6(

—2, 0)3 P'.
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channels in the context of the multichannel quant d-
ect theory. In the present case these eigenchannels can

be easily obtained. Such eigenstates in the continuum are
the continuation of the bound doubly excited states desig-
nated b ~k 0', + '

y „~k, 0', & S, as n ~~. In the present calcula-
tion, we assume that these eigenstates can be approximat-
ed by the DESB states where the mixing coefficients are
evaluated for %=6 and n =20. Since there is little n
dependence of the DESB functions for each channel

, such a representation for the eigenstates(~ O)+ l~e

~ ni+ 1 e,(K,O)& S in the continuum is quite useful. If the
Auger rate is calculated with respect to each such an
eigenchannel (labelled by a vibrational quantum number
Uf), strong selectoin rules for the Auger rates can be
found. The calculated Auger widths with respect to Uf

are shown in the histogram in Fig. 3. The propensity rule
of AU =0 is quite apparent for higher X. Transitions in-
volving a large change in Av have negligible Auger
widths. The large width for Uf =U; can be attributed to
the isomorphism of the electron correlation pattern be-
tween initial and final states.

To summarize this section, we reiterate that Auger
transitions tend to populate final Nial states with largest
X which are energetically possible, and the radiative pro-
cess tends to decay to 1s6p 'P' state which has the largest
photon energy. For the doubly excited states or continu-
um states within a given X manifold, the propensity rule
for radiative and Auger processes is AU =0.

B. Radiative and Auger decays of the states
within the 6l6l 'S' manifold

6{5,O) 6 Total radiative and Auger rates

6 (2,0) 3

6{&,1) 3
Ir

I

) IILI Iw

The partial Auger and radiative rates for the six states
within the 6l61 'S' manifold are displayed in Table III.
These states, which are classified with the (IC, O)+ quan-
tum numbers, can be viewed as the sequence of vibration-
al states within the 616/ manifold. The total Auger rate
increases initially with decreasing values of K, reaching
the maximum near K = 1, and decreases for further nega-
tive values of K. The total radiative rates remain quite
small along the sequence such that the Auger yield for
the whole sequence is nearly unity except for the last
member of the sequences which has an Auger yield of
only 46%.

Comparing the partial Auger decays among the states
isted in Table III, the dominant decay channel is still to

1.2

v =024

1.0 — 6 ~ 6

0.9—
0.8

6(—1,1) 3 'P

(—2,0)

0.7—
0.6—
0.5 :
0.4—
0.3—
0.2—
0.1

0.0
1

v=02

II
2

v =024

FIG. 2. S rSu face and contour plots of the electron density on
the ( n, 0») plane at R =3 for the states indicated.

FIG. 3. The partial Auger widths for the 6(5,0)6+ 'S' state of
Ar' + on the principal quantum number N and the bending vi-
brational quantum number v of the final states. The initial state
has v =0. The histogram shows that u =0 states are preferen-
tially populated.
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TABLE III. Dependence of partial Auger rates, radiative rates, and branching ratios of the 6(K,O)6+ 'S' states of Ar' + on the
principal quantum number X of the inner electron of the final states. Doubly excited states are calculated by CI. The binding ener-
gies are also given. The rates are given in units of 10' s

, T)
(Ry)

(5,0)
17.603

IR

(3,o)
17.510

IR

(1,0)
17.383

IR

( —1,0)
17.207

( —3,0)
16.948

( —5,o)
16.459

0.254 4.171
2.757 0.887
7.892 0.317

20.810 0.147

0.043
2.167

26.743
107.021

0.344
0.494
0.344
0.187

0.003
1.408
8.971

186.562

0.020
0.159
0.176
0.196

0.000 0.185
0.272 0.046
7.823 0.083

92.770 0.139

0.001
0.031
0.859

28.718

0.255 0.001
0.147 0.004
0.070 0.015
0.048 0.547

0.183
0.166
0.153
0.156

Total 31.715 5.524 135.976 1.371 196.946 0.553 100.865 0.455 29.610 0.521 0.568 0.660

the highest N values allowed. For the radiative decays,
the partial rates do not maximize at the lowest values of
N for the higher vibrational states within the manifold.
This point is further discussed below.

6(»O)6 'S'

2. The propensity rule for radiatiue and Auger rates

In order to elucidate the propensity rule of the radia-
tive and Auger decay rates we first show in Fig. 4 the
density plots of the six initial states in the 6l6l 'S' mani-
fold. The plots show that higher vibrational states indeed
display more nodal structures along the 0&z axis and that
the charge distribution moves progressively toward
smaller 0,2 with decreasing K (or increasing u).

The propensity rule for the radiative rates for the states
within the 6l6l 'S' manifold can be seen from Table IV.
Both initial and final states are labelled by the K and T
quantum numbers, but for the present purpose the vibra-
tional quantum numbers v; and vf are more relevant. In
Table IV, each Av =0 transition is underlined with a
solid line if it is the dominant transition. From the table
it is clear that Av =0 is indeed the dominant transition in
most cases. Even if b, u =0 is not the dominant one (un-
derlined with dashed lines), transitions that involve large
b v tend to have smaller oscillator strengths. If the initial
state has a large value of v, and all the final states have
smaller values of vf, then final states involving smaller Av

are predominantly populated. We further comment that
since the 1s6p state has vf =0, radiative transitions from
u;WO states to the ls6p state are small. This explains
why the total radiative decay rates for all the initial u, +0
states are smaller.

Similar approximate selection rules can be obtained for
Auger decay rates, as shown in Table V for the Auger de-
cay to the N=4 limit. Auger rates from the last two
states (u; =8 and 10, respectively) are smaller. Among
the final states in the N =4 manifold, the largest vf is 6
and thus the Av =0 selection rule cannot be satisfied for
v;=8 and 10. For the v;=10 state the smallest Av =4.
This accounts for its small Auger rate.

(3 O)+ 1$4

,(y,o)6 'S'

(—&,O)6 'S'

,( 3,()),' 's'

6(—5,O)6 'S'

C. Systematics of total Auger and radiative rates
along the rotor series

The partial, as well as the total, Auger and radiative
rates for the second ( P ) and the third ('D') member of

FIG. 4. Similar to Fig. 2 except for all the states within the
6(E,O)6 'S' manifold. States with smaller E (larger v) have
more nodal lines along the 0» axis.
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TABLE IV. Oscillator strengths of 6(E,O)6+ 'S' states of Ar' + within the 6l6I 'S' manifold. The
final states are 6(K, T)~ 'P'. For each N, the entries vf =u; are underlined. Within the final 6{E,T)z
P manifold for a given N, if the oscillator strength to a given state is less than 2%%uo of the maximum

value in that manifold, the entry is left blank.

,0)

2f

(3,0)
2

10 f
(1,0)

4
10 f

(
—1,0)

6
10'f

( —3,0)
8

10'f

( —S,O)

10
10'f

(0,0)
(1,0)
(0, 1)

( —1,o)
(2,0)
(1,1)
(0,0)

( —1.1)
( —2, 0)

(3,0)
(2, 1)
(1,0)
(o, 1)

( —1,0)
( —2, 1)
(-3,'0)

1.57
5.09
1.04
0.33

14.77
1.56

42. 50
2.25

0.13

0.43
3. 14

3.20
11.64
2.53
0.73
1.25

10.40
40.68

5.12

0.01
0.05
0.48
0.62

0.62

8.13
O. 50

2.56
28.60
23.08

4.25
1.77

0.06
0.04
0.16
0.13

0.73
3.27
0.33

1.01
2.38
2.31

37.37

0.09

1.02

0.24
0.59
2.75

0.21
4.47
9.46
0.20

0.07

1.18

4.09
3.51

7.20
36.19

the 6(5,0)6+ rotor series are shown in Table VI. Each
member in this rotor series has v, =0. It is clear that the
total radiative yield is about 15%%uo and the total Auger
yield is about 85% for both states. This is essentially
identical to the branching ratios shown in Table I for the
'S' state, which is the first member of the rotor series.

The propensity rule AU =0 for radiative and Auger de-
cays also holds for these states. In Table VII, the indivi-
dual dominant AU =0 radiative decay channels are shown
of the first three excited states along the 6(5, 0)6+ rotor
series. Each initial state can decay to final states with
AS =0, AL = 1,0, —1, and a change in parity. The par-
tial radiative rate decreases rapidly with increasing inner
principal quantum numbers N. For AL =0 transitions
the radiative decay is negligible since the condition
AU =0 cannot be satisfied. In other words, for P', 'D
and F' symmetries there are no Uf =0 states (the lowest
states have Uf =1 in each case). Table VII also shows
that L ~L —1 transitions are more favorable than
L ~L +1 transitions for each N of the Anal states. This
latter fact is well known for the radiative decay of singly
excited states.

The same AU =0 propensity rule also applies to Auger
decays. Figure 5, which is similar to Fig. 3 except for the
(5,0)+ P' state, displays that the propensity rule b, v =0
applies, especially for higher N.

D. Auger widths along the rotor series and along
the double-Rydberg series

The systematics of Auger widths along the rotor series
were examined previously for low doubly excited states
for low-Z atoms and ions. It was found that the Auger
width remains nearly constant along the rotor series until
near the end of the series. This is further illustrated in
Fig. 6 where the widths of the iv(N —1,0)& rotor series
for N=6, 8, and 10 are shown. Along the double-
Rydberg series (the vertical sequence in Fig. 6), however,
the widths do not decrease smoothly with increasing 1V as
in the usual Rydberg series. In fact, Fig. 6 shows that the
width for the X = 10 rotor series is actually broader than
the width for the X =6 rotor series. This irregularity can
be quite pronounced locally, as displayed in Fig. 7 for the

TABLE V. Partial rates (10' s ') for the Auger decay to the, (K,O)4 'S channels from the 6(K, O)6+
'S' states of Ar' +. The entries illustrate the propensity rule for autoionization: uf =u;.

(5,0)
0

(3,0)
2

(1,0)
4,

(
—1,0)

6
( —3,0)

8
{—5,0)

10

(3,0)
(1,0)

( —1,0)
( —3,o)

21.0
4.7
0.4

5.7
104.6

8.2
7.6

0.2
10.9

177.3
1.4

2.0
0.4

90.4

0.6
2.2

32.7
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TABLE VI. Auger rates, radiative rates, and branching ratios of the 6(5,0)6+ P' and 6(5,0)6+ 'D'
states of Ar' +. Doubly excited states are calculated by CI. (a) Calculated for 'P'. and (b) for 'D'.

1

2
3
4
5
Total

Auger
energy (Ry)

63.40
18.40
2.65

Auger
rate (10" s

1.06
4.77

17.37

23.20

Branching
ratio (X100)

(a) for P'

3.7
16.9
61.5

82.1

Radiative
rate (10' s ')

3.66
0.87
0.31
0.14
0.07
5.05

Branching
ratio ( X100)

12.9
3.1

1.1
0.5
0.2

17.8

1

2
3
4
5

Total

63.41
18.41
2.66

1.13
5.29

19.33

25.75

(b) for 1De

3.7
17.5
64. 1

85.3

2.97
0.87
0.34
0.16
0.08
4.42

9.8
2.9
1.1
0.5
0.3

14.6

~(N —1,0)~ 'S' and Jv(N —2, 1)~ 'I" double-Rydberg
series. Each state can Auger decay to a number of final
N&lel' states. The highest possible XI, which also ac-
counts for the highest partial Auger width, is also listed
in Fig. 7. An anomalously large Auger width occurs
whenever the Auger electron energy is quite small. This
happens for (N, N&)=(3, 2), (7,5), and (10,7) in Fig. 7.
The large width is due to the normalization factor of the
continuum Auger electron wave functions. Recall that in
Eq. (2) the continuum wave function is normalized per
units of energy which has an amplitude proportional to
kf When k& is small, the Auger width becomes
large. Factoring out this "singularity, " a plot of k&r„
where k&/2 is the Auger energy, would display the desir-
able smooth dependence of k&I z versus X. This is
shown in Fig. 8.

V. SUMMARY AND DISCUSSION

In this article we have studied the radiative and Auger
rates of doubly excited states of two-electron ions when
both electrons are highly excited. Calculations have been

performed for the doubly excited states of Ar' + using
the restricted configuration-interaction wave functions.
Limiting ourselves to higher Z ions, the configurations
included in the CI calculation can be limited to states
where the principal quantum numbers n and X are fixed.

Our major goal was to look for propensity rules to
identify the dominant final states populated by the radia-
tive and Auger decays. The results indicated that Auger
decay dominates for most of the intrashe11 states studied.
However, the highest few states within a given manifold
can have comparable radiative and Auger decay rates.
Among the possible final states, it was found that the pro-
pensity rule EU =0 applies well for both the radiative and
the Auger processes, and that the radiative process popu-
1ates predominantly low-energy states that have large
photon energies, while the Auger process populates states
that have sma11 Auger energies.

We have examined systematics of the radiative and
Auger rates along the vibrationa1 series, the rotor series,
and the double-Rydberg series. Along each series, the
Auger and radiative rates are expected to vary smoothly.
However, for the Auger process local sharp variations

TABLE VII. Dependence of the radiative rates on the total L, S, ~, and N of the final states 6(K, T)&
for the radiative decay of the 6(5,0)6+ P', 'D', and 'F' states of Ar' +.

3po 1De 3FO

3Se 3Pe 3D e 1Po 1Do 1Fo 3De 3Fe 3Ge

1

2
3
4
5

Total

2.00
0.47
0.18
0.08
0.04
2.77

1.66 2.24
0.28 0.67
0.12 0.26
0.06 0.12
0.03 0.06
2.15 3.35

0.73 1.83
0.12 0.73
0.06 0.28
0.03 0.15
0.02 0.08
0.96 3.07

0.05
0.05
0.03
0.02
0.01
0.16
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FIG. 5. Similar to Fig. 3 except for the 6(5,0)6+ P' state.

FIG. 7. Total Auger widths along the double-Rydberg series
for (A) ~(N —2, 1)~ 'P', (B) ~(N —1,0)& '5'. The highest
principal quantum number of the remaining ion after Auger de-
cay is also shown. A sharp increase in the Auger width occurs
when the Auger electron energy is very small.

can occur when Auger decay happens to a nearby contin-
uum state with very small kinetic energies. It is not clear
whether this sharp structure will disappear after a more
completed multichannel calculation. This type of "local"
structure makes the interpolation and extrapolation of
Auger widths quite difficult along any series as well as its
Z dependence. Recent high-resolution photoabsorption
spectra of helium atoms obtained using synchrotron radi-
ation shows that the widths of high-lying doubly excited
states display modulations due to the intershell coupling
in the energy region where such "local" structures are ex-

pected. The modulations depend on the excitation mech-
anism and it is not clear what detailed structures can be
expected when these doubly excited states are formed in
electron capture processes. Experimental data from such
collisions are strongly desirable.

We have limited our study in this article to intrashell
states which all have 3 =+1. These states decay pri-
marily by Auger process and radiative decay contributes
significantly only for the highest states within a given
manifold. It is known from the study of low-Z systems

3.0

2.0—

I I I I I

30.0

26.0—

22.0—

I

'
I

A:N(N-2, 1)N 'P'

lse

18.0—

1.0—
14.0—

4 100—

6.0—

0.0 I I I I I I I I I

1se 3po 1De 3Fo 1Qe 3Ho 1Ze 3Ko li e

2.0—

-2.0
2

I, I, I

4 6 8

E

10 12

FIG. 6. Total Auger widths along the rotor series for N =6,
8, and 10 of the z(N —1,0)z double-Rydberg series. Note all
the states have U =0 and that the width does not decrease
smoothly with increasing N.

FIG. 8. Rescaling of the Auger widths shown in Fig. 7 by
displaying kf I; along the double-Rydberg series. (See text. )
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that the Auger widths are much smaller for A = —1 and
A =0 states. For these states the Aourescence yield may
become non-negligible. Calculations are being carried
out for intershell states where this systematics is being ex-
amined.
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