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Dominance of double processes in complete Auger decay of Rb*(3d~1)
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The complete Auger decay of Rb™(3d~!) including single and double processes is investigated using the
distorted wave approximation. The direct double Auger decay was calculated by separating the knock-out and
shake-off mechanisms. For single Auger decay of the 3d~! hole state, it is generally believed that the dominant
channels should be levels belonging to the configurations of [15?2s22p®3s23p®3d'°14s?4p*5s, 4s4p°Ss, and
45%4p55s. Here we predict that the strongest channels originate from 4s?4p*4d5s, which accounts for 36.3%

of the single Auger decay rate. The levels belonging to this configuration can further decay to Rl

b**, resulting in

a large fraction of cascade double Auger decay. Moreover, the probability of direct double Auger decay in Rb is
also high because of its Ss electron. The branching ratios of cascade and direct double Auger decay are predicted
to be 50.60% and 22.13%, respectively, resulting in the dominance of double Auger decay with a fraction of

72.73% in the complete Auger decay of Rbt(3d~1).

DOI: 10.1103/PhysRevA.101.012507

I. INTRODUCTION

Single Auger decay (SAD) happens when an inner valence
vacancy forms and an outer-shell electron fills the vacancy,
emitting an Auger electron. Double Auger decay (DAD) [1-4]
and triple Auger decay [5,6] can also happen if energetically
allowed. In DAD, the two Auger electrons can be emitted
sequentially or simultaneously, resulting in cascade double
Auger decay (CDAD) or direct double Auger decay (DDAD).
The higher-order DDAD process is caused only by electron
correlation, and understanding this correlation helps to control
multielectron processes [7]. Investigating DDAD requires a
sophisticated theoretical methodology and a model that fully
considers electron correlation [8—10]. Thus studying direct
higher-order Auger decay is challenging.

The ground state of the alkali metal rubidium
[Ar]3d 104s24p65s (where [Ar] means 1522s22p63s23 p6) has a
5s electron in the outermost shell and an inner 4d shell, which
affects the overlapping of the wave functions of the initial and
final Auger decay states. Unfortunately, there is little research
on the Auger decay of the open-shell atoms of Rb™(3d~")
[11,12] compared with the closed shell atoms (such as Ne
[13,14], Ar [15], Kr [16,17], and Xe [18]). Aksela et al
[11] experimentally studied the My sNO and M sNN Auger
decay of Rb to understand how the outermost 5s electron
affected the hole states. To explain their experiment, they also
performed extensive multiconfiguration Dirac-Fock (MCDF)
calculations, which revealed the importance of the 5s electron
on the electron correlation of the final Auger states. They
stated that even the most elaborate configuration interaction
(CI) calculations failed to identify the observed spectra.
Very recently, Keskinen and co-workers [12] investigated the
Auger decay of these states by using a photoelectron-Auger
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electron coincidence measurement. Also, 3d photoionization
and subsequent Auger decay of Rb™(3d°4s24p®5p) have been
investigated experimentally and theoretically [19]. The KLL
Auger spectrum of rubidium has been studied by Inoyatov
[20]. However, the research was limited to SAD and no
research has been reported on the DDAD of Rb*™(3d~"), to
the best of our knowledge. Triple Auger decay is not relevant
here, because the energy of Rb* (3d —1) is not high enough to
undergo it, either in cascade or direct processes.

The extra S5s electron in the outermost shell of Rb ver-
sus Kr ([Ar]3d'%45?4p%) produces new features in its 3d~!
Auger decay. First, the treatment of the electron correlation
in Rb™(3d~") is much more complicated than in Krt(34~!),
as mentioned above. Second, the dominant Auger decay
channels are qualitatively and quantitatively different. It is
generally believed that the dominant Auger decay channels
should be quantum states of the configurations of 4p—2,
4s57'4p~', and 4572, For Kr*(3d~"), this idea roughly holds.
For Rb*(3d~!), however, this idea is untenable. Finally, the
branching ratio (BR) of DAD of Rb™(34~") is much larger
than that of Kr*t(3d~"), whereas Rb*(3d~!) is reversed, with
DAD dominating its total Auger decay.

In this work, we investigated the complete Auger decay,
including single and double processes of RbT(3d~") at the
fine-structure level, using the distorted wave approximation.
The DDAD rates are computed using the theoretical frame-
work of the separation of knock-out (KO) and shake-off (SO)
mechanisms [8]. The CI calculation was done at large scale
in order to obtain results that are as accurate as possible.
The calculated natural lifetime width and SAD spectra are
compared with available experimental and theoretical results
[12].

II. THEORETICAL METHOD

The calculation of Auger decay was carried out using
the perturbation theory, implemented by the distorted wave
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approximation using the flexible atomic code (FAC) devel-
oped by Gu [21]. Accurate wave functions are required for the
three successive ionization stages of Rb™, Rb?*, and Rb>* in
order to obtain accurate DDAD rates. A complete description
of this theoretical formalism can be found in previous work
[22-24], but a brief outline is given as follows.

In first-order perturbation theory, the SAD rate can be
written as (atomic units are used in this section) [21,25]

2

A = W*|Z—|w : )

i<j

where |W;) and |W;}) are the wave functions of the initial and
Auger ionic states (plus a free electron). The CDAD rates are
determined by two steps of SAD of Rb™ and Rb**.

The DDAD rates are obtained in second-order perturbation
theory as
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where |\Il}%+) is the wave function of the final state with a
charge g + 2 plus two continuum electrons. The total energy
E = 5?* + Enax is conserved with that of the initial level £ =
&i, where Ep.x = k}l/Z + kJ%Z/Z with ky; and ky, being the
momenta of the two Auger electrons. To simplify the DDAD
calculations, we used the generally agreed-on mechanisms
of shake-off and knock-out [8]. The rates of KO and SO
mechanism can be written as
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where A}, is the single Auger decay rate from the initial hole
level i to a middle level m and o0,,/(g¢) is the cross section
of the inelastic scattering of the intermediate Auger electron
from the middle level m to the final level f.

To properly describe the electron correlations,
large-scale CI calculations were done to obtain the
single and double Auger decay rates for the hole states
of 3d°4s?4p®5s in Rb*. For Rb', we included the
interactions among the fine-structure levels belonging to
the following configurations: 3d'%4s%4pS, 3d'%4s?4p°nl,
3d104s4p6nl, 3d104s24p44dnl, 3d104s24p45snl,
3d'%4s%4p*5p?, 3d'%45%4p*5d2, 3d'%4s4p>4dnl,
3d104s4p55snl, 3d94s24p6nl, 3d94s24p55snl, 3d94s4p65snl,
3d%4s*4p*4d5s?, and 3d°4s*4p*4d®5s (nl = 4d, 4f, 5s, 5p,
5d, 5f, 6s, 6p, 6d). The same scale of CI was applied to
Rb** and Rb’*. In short, we performed calculations that
includes the electron correlations among the singly and
doubly excitations from the respective ground configurations

TABLE I. The final levels, angular momenta J, energies (in eV)
relative to the ground level of Rb™ (45%4p%), transition energies AE
(ineV) andrates A' (s™!) for the SAD of Rb™ (3 5/2531/2 )3 hole state.
To save space, only stronger channels with rates larger than 1.0 x

10'2 5! are given. Figures in square brackets indicate powers of ten.
Final level J Energy AE Al
452[(4p1/24p32)24d2 ) 10551 12 1/2 10747 575 2.418[12]
[4S1/24p%/2(4p§/2)3/2]25sl/2 5/2 6593 4759 1.755[12]
[(As1/240% )04 P2 125512 32 6612 47.19 3.359[12]
[(4s1/24p12)04 P’ 2105512 12 6670 46.83 2.534[12]
(451,28p124P%2)055112 12 67.52 4572 1.700[12]
42 (4p1 p4p3 )5 s lspSsi s 3/2 TO.01 4322 9.465[12]
AS2[(4p1jp4pl )5 pdds )i Ss1s 3/2 70.10 4315 1.032[13]
452(4p1 4P )3 2, 12 77.50 3573 1.232[12]
452 (4p3 4ds )1 5512 3/2 7800 3521 1.562[12]
4s2[(4p1/24p§/2)1/24d3/2]1551/2 3/2 78.86 3436 2.760[12]
(451,24p2 1 4D% 2155112 1/2 7887 3434 1.193[13]
4sz(4p§/24d3/2)15s1/2 3/2  79.11 3410 5.832[12]
4s24p1/2(4p§/2)0552 1/2  79.77 33.45 1.846[12]
452(4p3 4ds 1201551 2 1/2 8137 31.84 1.630[12]
4594 p%5s, 5 12 8675 2647 6.490[12]
(451242 143 oddsplodds, 172 9871 1451 1.582[12]
(451242 403 )3 s podds ) 172 99.08 1413 1.322[12]
452(4p1 jp4p3 025512 5/2 5127 6195 6.342[12]
452(4[)1/24[7%/2)25‘?1/2 3/2 5154 6194 5.562[12]
4524p*Ss, 1/2 5350 59.79 1.254[12]
4s2(4p1/24p§/2)24d5/2 1/2 5330 57.92 1.130[12]
All possible channels 1.246[14]

of Rb*, Rb**, and Rb** to the pathways of 4d, 4f, 5s, 5p,
5d,5f, 6s, 6p, and 6d.

II1. RESULTS AND DISCUSSION
A. Single Auger decay

We first investigate the SAD of the four fine-structure
levels of (3d5’/125s1 /2)3,2 (which means (3d5’/125s1 ,2)3 and
(3d5712551/2)2) and (3d37/125S1/2)1’2 (which means (3d37/125S1/2)1
and (3d3_/125s1/2)2) belonging to Rb™(3d~!5s). To save space,
the stronger decay channels are given in Table I with rates
larger than 1.0 x 10'> s~!' for the level of (3d5’/£5s1/2)3.
We found that multiple decay pathways are possible for
this Auger process, which is much more complicated than
those of closed-shell atoms [13—17]. There are two very
strong channels with rates larger than 1.0 x 103 s7!,
which are designated as [4S2((4p]/24p%/2)5/24d5/2)]5S1/2]3/2
(1032 X 1013 S_l) and [(4S1/24p%/24p%/2)|5S1/2]1/2 (1193 X
1013 s71).

Figures 1 and 2 show the Auger electron spectra of
Rb™" (3d5_/12) and Rb+(3d3_/12), respectively. These figures were
produced by statistically averaging the Auger spectra of the
(3d; 3551/2)3 and (3d; }551/2)2 levels for Rb* (3dg))), as well
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FIG. 1. Auger electron spectra for single Auger decay of
Rb+(3d5_/12) compared with experiment [12] and MCDF calculation
[12].

as (3d;,,551/2)1 and (3ds35s12)2 levels for Rb*(3d; ). The
Auger electron spectra were calculated according to natural
lifetime broadening with a Lorentzian profile

2 I
I(E) =

S 5
7 T? +4(E — Ep)? )

where I(E) is the intensity of the Auger electron with a
kinetic energy E, I'; is the Lorentzian full width at half
maximum (FWHM), and E, is the central energy of the
Auger transition. The dominant pathways are identified and
marked in the figures. The strongest peak, near 45 eV, orig-
inates mostly from the levels of configuration 4s°4p>4d5s,
although the levels of 4s>4p*4d? contribute somewhat. The
second strongest peak, near 35 eV, also originates mostly
from the levels of configuration 4s%4p>4d5s, with some con-
tributions from 4s%4p*4d* and 4s°4p35s®. Here, the Auger
channels of 4s?4p*5s, 4s4p’5s, and 4s°4p®Ss, which are
generally believed strong, are much weaker than those of
45*4p34d5s.
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FIG. 2. Auger electron spectra for single Auger decay of
Rb*(3d; ;) compared with experiment [12] and MCDF [12].

Radial wave function
o
S

=1

-0.5

r(A)

FIG. 3. Radial wave functions of the bound electrons of Ss
(violet dotted line), 4d (red dashed line), 4p (green dotted-dashed
line), 4s (blue dotted-dashed-dashed line), 3d (magenta dotted-
dotted-dashed line), and the continuum electron ¢ p (solid black line).
The continuum electron is ejected from the Auger decay channel
of (3d57£531/2)3 - 4S2[((4P1/24P§/2)5/24d5/2)5/25S1/2]3/2 + ep, with
a kinetic energy of 43.3 eV.

The reason for the strongest Auger decay channels origi-
nating from the levels of 4524 p34d5s can be understood from
the definition of Auger decay rate [see Eq. (1)], which is deter-
mined by the transition matrix element of Coulombic interac-
tion among electrons over the initial and final states. From the
definition, we know that the Auger decay is completely caused
by electron correlation among the bound and continuum elec-
trons. Besides the definite overlapping of the wave functions
of angular parts, the decay channels are closely related with
the radial wave functions. In Fig. 3, we show the radial wave
functions of the bound electrons of Ss, 4d, 4p, 4s, and 3d
and continuum electron ejected from the Auger decay channel
of (3d57§551/2)3 — 452 [((4p124D3 )5)524d5/2)5/2551 /21372 +
gp. From the inspection of this figure, we find that the wave
functions of 4s and 4p electrons do have a strong overlapping
with the continuum electron and thus the Auger channels
of 4s?4p*5Ss, 4s4p°5s, and 45°4p®5s belong to the stronger
channels. However, stronger correlation between 4d and Ss
electrons and the continuum electron than that of 4s and
4p is found. As shown in Fig. 3, 4s and 4p electrons are
more localized in a smaller distance r from the nucleus
and more localized in a smaller spatial range. Meanwhile,
the amplitude of the continuum wave function is smaller
at a smaller r and with increasing r, the amplitude of the
continuum wave function increases until reaching a steady
value with an equivalent amplitude. This is a common feature
of distorted ionic potential. Unlike the 4s and 4p electrons,
the wave functions of 4d and 5s maximize their value of
amplitude at a larger r and expand in a much wider spatial
range. Therefore the integral of Eq. (1) over the physical space
is larger between the 4d and 5s and continuum electron than
that of the 4s and 4p electrons. As a result, the Auger decay
rate originating from levels belonging to the configuration of
45%4p34d5s is larger than those of 4s°4p*Ss, 4s4p’5s, and
45°4p®5s configurations.
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TABLE II. The level-to-configuration rates (s~!) and BRs (in percent) for the SAD of initial levels of (3d5’/§5s| 2)3 (a), (3d5’/§5s1 2)2 (b),

(3d3_/125s1 21 (c), and (3d3_/'25s1 2)2 (d). Only those with a value of BR larger than 1.0% are given. The configuration—averaged results of 3d —15g
(f) are compared with previous theoretical work [11]. Figures in square brackets indicate powers of ten.

Rate BR

Final config. a b c d Ref. [11] a b c d f Ref. [11]
45%4p° 1.530[12] 2.635[12] 1.390[12] 2.299[12] 1.977[12] 1.321[12] 1.2 21 1.2 1.9 1.6 14
4s%4p*ad 2.367[12] 2.208[12] 2.798[12] 2.228[12] 2.357[12] - 1.9 1.8 2.3 1.8 2.0 -
45%4p*5s 1.471[13] 1.463[13] 1.470[13] 1.516[13] 1.480[13] 2.498[13] 11.8 11.7 122 126 123 20.8
4s54p35s 2.155[13] 7.286[12] 6.648[12] 1.635[13] 1.445[13] 7.350[13] 17.3 5.8 5.5 13.6 120 61.2
45°4p°5s 1.205[13] 1.216[13] 1.139[13] 1.140[13] 1.182[13] 1.838[13] 9.7 9.7 95 9.5 9.8 15.3
45%4p34d> 5.564[12] 5.839[12] 4.733[12] 4.397[12] 5.217[12] - 45 47 3.9 36 43 -
454p34d5s  3.925[13] 4.881[13] 5.192[13] 3.952[13] 4.361[13] - 31.5 39.1 43.1 328 363 -
4524p3555d 1.576[12] 1.297[12] 1.401[12] 1.397[12] 1.435[12] - 1.3 1.0 1.2 1.2 2.1 -
4s4p*ad® 3.563[12] 3.415[12] 3.151[12] 3.242[12] 3.384[12] - 29 2.7 26 2.7 2.2 -
4s4p*4d5d 2.022[12] 2.091[12] 2.035[12] 2.020[12] 2.041[12] - 1.6 1.7 1.7 1.7 1.6 -
4524p*4d>5s  6.008[12] 5.905[12] 5.737[12] 5.810[12] 5.892[12] - 48 47 48 438 3.6 -
4524p355° 3.449[12] 5.879[12] 2.310[12] 5.059[12] 4.288[12] - 27 4.7 1.9 42 3.0 -
Total 1.136[14] 1.122[14] 1.082[14] 1.089[14] 1.113[14] 1.185[14] 91.2 89.7 899 904 90.8 98.7

As shown in Figs. 1 and 2, our theoretical Auger elec-
tron spectra are compared with available experimental and
theoretical results [12]. The theoretical results are MCDF
calculations using the atomic structure code GRASP2K [26,27]
and the RELCI component of the RATIP package [28,29].
To compare it with experimental data, we considered instru-
mental broadening in our spectra. As shown in both figures,
our calculated SAD electron spectra agree well with the
available theoretical results [12]. Both theoretical calculations
reasonably explain the experimental results [12]. In particular,
the energy positions and relative intensities of the Auger
channels of 4s%4p*5s and 4s4p>5s are in good agreement
with the experimental measurement. In the electron energy
range of 30—40 eV, however, the energy locations predicted
by both theoretical calculations are about 2 eV smaller than
those of the experiment, and the theoretical peak intensity
is higher than that of the experiment. Thus both theories
predicted energy levels of the 4524 p34d5s configuration that
were 2 eV higher than the experimental results. Although
we did a large-scale CI calculation, the electron correlations
for the levels of 4s24p34d5s are still inadequate to obtain a
converged result. According to our calculation, the energy is
in the range of 65.62-67.49 eV for the levels of 4s4p°5s,
but it is in the range of 68.57-81.36 eV (with an interval of
12.79 eV) for the levels of 4s?4p34d5s. This result indicates
strong CI for the Auger decay of Rb"(3d~"), which requires
the inclusion of enough electronic correlations, as demon-
strated in investigations of Auger decay [30,31] and pho-
toionization processes [32]. With a large energy interval and
correlations with many more highly excited states, adequate
description of 454 p*4d5s requires the inclusion of more elec-
tron correlation from levels with higher energies than those
of 4s%4p>4d5s.

To better understand the Auger decay channels, Table II
shows the level-to-configuration rates and BRs of the domi-
nant pathways of the four fine-structure levels of Rb™(3d ™).

The largest BR originates from 4s’4p34d5s, which con-
tributes to the two strongest structures near 45 and 35 eV.
The next strongest Auger electron spectra get contribu-
tions from 4s24p*5s, 4s4p’Ss, and 4s°4p%5s, accounting for
~12%, ~12%, and ~10%, respectively. Generally, it is be-
lieved that the dominant Auger decay channels for the SAD
of Rb"(3d~") should be levels of 4s4p’5s, 4s24p*5s, and
4594 p%55. Here we predict that the largest BR originates from
4s24p34d5s, which accounts for 31.5%, 39.1%, 43.1%, and
32.8% for the four initial levels of Rb*(3d~"). The calculated
lifetime of Rb*(3d~!) is 81.0 meV, close to the experimental
value of 79.0 meV [11].

Aksela et al. [11] reported the Auger decay rates for the
configuration averaged results of Rb"(3d~"), which were ob-
tained by summing all possible final states and then averaging
over the initial states of (3d5}5s1/2)32 and (3dy5551/2)1.2-
We compare these data with our results in Table II. The
largest discrepancy is in the BR of 4s4p°5s, with 61.2% in
the previous work [11] and only 12.0% here. This is because
Aksela et al. attributed the contribution of 4s%4p*4d5s to
4s54p°5s [11], while we predict a BR of 36.3% for the configu-
ration of 4s°4p34d5s. Summing the 4s4p°5s and 4s>4p34d5s
configurations accounts for a BR of 48.3%, which is much
closer to the BR predicted by Aksela et al. [11].

B. Double Auger decay

The calculated first ionization potentials of Rb* and Rb**
are 27.11 and 38.78 eV, respectively, which are close to
the values of 27.29 and 39.25 eV from NIST [33]. The
energy to ionize Rb™ to Rb*' is at least 66.54 eV [33].
The binding energy of Rb*(3d~!) is 117.4 eV [11], while
the energy to ionize Rb* to Rb** is at least 118.74 eV [33].
Thus the triple Auger decay of Rb*(3d~!) is energetically
forbidden.
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TABLE III. The final levels, angular momenta J, transition
energies AE (in eV) and rates A2,,, (s7') for the CDAD of
Rb+(3d5’/125s1 ,2)3,2 hole states. Only stronger channels with rates
larger than 1.0 x 10'? s7! are given. Figures in square brackets
indicate powers of ten.

TABLE IV. The final levels, angular momenta J, transition
energies AE (in eV) and rates A%, (s7!) for the DDAD of
Rb+(3d5’/12551/2)312 hole states. Only stronger channels with rates
larger than 5.0 x 10'" s7! are given. Figures in square brackets
indicate powers of ten.

Initial level Final level J AE Aoap Initial level Final level J AE Al
(3d;;,551,2)3 457 (43 )a4P% 2 4857 LI2213]  (3d;iSsip)s 45%4pi (4l 2 4622 2365[12]
AP4p p@4pl e 1 4787 1480[13] As124p3 5 (4P )2 2 3183 2.662[12]
454p 2 (43 0)3 2 2 4622 2.157[13] 4s124p12(4P42)o 1 3131 1.297[12]
4 (4P2 )04 0 4774  5.367[12] 4510407 ,(4D3 )32 1 2723 2.325[12]
45 (4p )0 0 4371  3.666[12] AP@pidp ) nSs, 1 18.64  1438[12]
451/24[7%/2(4]72/2)3/2 2 31.83 3.879[12] 451/24171/2(417‘;/2)0 0 3095 7.709[11]
451/24p1/2(4p§/2)0 1 31.31 2.246[12] 4s2(4p§/2)3/24d5/2 2 2122 7.669[11]
45124p7 (430052 1 2723 1663[12] AP @pipdpd)snSsi, 2 1944 6.087[11]
42(4pYapdds, 3 2016 1761[12] 4s°4p3 5 (4p4 )0 0 1088 8.889[11]
432(4p§/2)3/24d3/2 3 16.98 1.589[12] 452(4p§/2)3/24d5/2 3 20.16  5.528[11]
All possible channels 8.480[13] 432(4P|/24P§/2)5/253|/2 2 19.64  5.291[11]
(Bdsp5sin)y  45PApin(4pd )i 1 4792 1.182[13] 452 (4p3)5)324d3 1 1834 5.604[11]
A%4pip@4pYy)s, 2 4627 1.897[13] 452 (Ap1pApd)spdfs, 2 1018 5.971[11]
452(417%/2)24;7%/2 2 48.61 9.373[12] All possible channels 3.459[13]
452 (4p% )odP3) 0 4779 3700[12]  (dsi5s10)2  45%4pin(4pd)sn 2 4627  2.188[12]
452(4173‘/2)0 0 4376  2.961[12] 451/24]7%/2(417%/2)3/2 2 31.88 3.873[12]
4124p7 (430052 2 3188 3.858[12] As1,24p12(4p3))o 1 3135  1.049[12]
451 24p12(4p40)0 1 3135  2272[(12] 4s124p12(4P42)o 0 31.00 6.973[11]
4510407 ,(4p3 s 1 2728 1.660[12] 4510403 ,(4p3 )32 1 2728  9.177[11]
A9@pYpdds, 3 2020 1767[12] 452 (4p3 )3 04ds 2 2 2126  7.405[11]
457 (4[)%/2 )324d3), 3 17.03 1.586[12] 457 (417*_2)/2 )3/24ds), 3 2020 6.585[11]
All possible channels 7.497[13] 452(4p1/24p§/2)5/25s1/2 2 1949  5.702[11]
452 (Ap1pApi i pSsiy 1 18.68  8.189[11]
4s2(4p§/2)3/24d3/2 1 18.39  9.583[11]
Because of its extra outermost 5s electron, most of the 4s%4p1 5 (4p3 )0 0 1092 9.075[11]
final states in SAD of Rb™(3d~!) can Auger decay fur- 452 (4p1 A3 )apdfs 2 1022 5.946[11]
ther to the higher ionization stage of Rb>* by cascade pro- All possible channels 3.506[13]

cesses. As shown in Figs. 1 and 2, the corresponding Auger
ionic states with Auger electron energy less than 48 eV are
energetically allowed to undergo CDAD. Thus, the levels
belonging to the configurations of 4s24p34d5s, 4s*4p34d>,
4s24p35s2, 4s04p65s, 4s4p44d2, 4s24p35s5d, 4s24p24d25s,
and 4s24p>4d5d can further decay to Rb**. The generally
believed stronger Auger decay channels originating from lev-
els belonging to the configurations of 4s24p*5s and 4s4p’5s
have no pathways to further decay to Rb*" by cascade
Auger processes. Table III shows the stronger CDAD channels
with rates larger than 1.0 x 10'? s~! for the initial states of
(3d57125S1 /2)3.2. Our calculated total CDAD rates are 8.480 x

1013, 7.497 x 103, 7.146 x 10"3, and 8.316 x 103 s~! for
the initial states of (3515—/‘2551 12)3.2 and (3d3_/125s1 /2)1.2, com-
pared with the total SAD rates of 1.264 x 10'4, 1.248 x 104,
1.205 x 10", and 1.205 x 10 s~!. As shown in Table III,
the predominant CDAD channels are levels of the ground con-
figuration 4s24p* and the first excited configuration 4s°4p34d
of Rb**, with BRs in the total CDAD process of 66.7%
and 14.6%, respectively. Since the energies of the dominant
SAD production of the first step such as 4s>4p34d5s, are

only slightly higher than the ionization threshold of fur-
ther Auger decay, the final states of CDAD processes are
predominantly levels belonging to the ground configuration
4524p*,

Table IV shows the level-to-level DDAD rates for the
stronger channels of (3d5’/12531 ,2)3,2 with a rate larger than

5.0 x 10'" s7!. The direct double Auger electron spectra
are shown in Fig. 4 for the four levels of Rb™(3d~"). The
strongest DDAD channel is [4s],4p? /2(4p§ 12)3/2]2 for both

levels of (3ds;5551/2)3,2, with DDAD rates of 2.662 x 10'?

and 3.873 x 10'? s7!, respectively. The strongest peak, in the
energy range of 30-34 eV, gets contributions from the final
levels belonging to the configuration 4s4p>. The strongest
peak, in the energy range of 25-30 eV, comes mainly from
the levels belonging to the configuration 4524 p>4d, with some
contribution from 4s4p°.

Table V shows the level-to-configuration rates and BRs of
the dominant final configurations for the DDAD processes
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TABLE V. The level-to-configuration DDAD rates AzDDAD (s7!) and BRs (in percent %) of the initial levels (3d5’/§5s1 12)3 (a), (3d5’/§5s1 202
(b), (3d3’/125s 1/2)1 (c), and (3d3’/;5s1 )2 (d) of Rb™ for the stronger configurations of Rb*. Figures in square brackets indicate powers of ten.

Rate BR

Final config. a b c d a b c d

45%4p* 2.311[12] 2.278[12] 2.132[12] 2.184[12] 8.5 8.2 7.8 7.9
4s%4p’4d 6.046[12] 7.131[12] 6.849[12] 6.015[12] 223 25.9 25.1 21.7
4s*4pPaf 2.800[12] 2.819[12] 2.604[12] 2.656[12] 10.3 10.3 9.5 9.6
4524 p35s 3.864[12] 3.327[12] 3.124[12] 3.902[12] 142 12.1 114 14.0
4s*4p35f 6.307[11] 6.480[11] 8.934[11] 9.422[11] 23 24 33 34
45*4p6p 6.978[11] 7.836[11] 8.961[11] 9.017[11] 2.5 2.8 33 32
4s4p° 5.531[12] 5.125[12] 5.096[12] 5.474[12] 20.4 18.6 18.7 19.7
4s4p*ad 3.237[12] 3.317[12] 3.519[12] 3.555[12] 11.9 12.1 12.9 12.8
45s4p*5s 9.276[11] 9.383[11] 1.028[12] 1.001[12] 34 34 3.8 3.6
4594 p® 6.969[11] 7.115[11] 6.890[11] 6.994[11] 2.6 2.6 25 25
Total 2.674[13] 2.708[13] 2.683[13] 2.733[13] 98.4 98.4 98.3 98.4

of Rb*(3d~"). For the four initial states of RbT(3d~'),
the decay rates to different final configurations are nearly
equivalent except for 45%4p>5f and 4524 p36p. For these two
configurations with a higher excited 5f or 6p electron, the
decay rates of (3d5’/§5s1 2)3,2 are slightly smaller than those
of (3d3_/§551 /2)1,2. For each initial state, the strongest channel

originates from 4s>4p34d, accounting for ~22%. The next
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FIG. 4. Direct double Auger decay electron spectra of
(3d571253I/2)3 (a), (3d5712551/2)2 (b), (3d37125S1/2)1 (c), and
(3dy3551/2)2 (d).

strongest one is 4s4p° with a BR of ~19%. The next strongest
channels belong to 4524 pSs, 4s*4p’4f, 4s4p*4d, and 4s>4p*.
The BRs of the ground configuration 4s°4p* of Rb>* are
8.5%, 8.2%, 7.8%, and 7.9%, for the four initial levels, re-
spectively. This is different from the CDAD processes, where
the fraction of the pathway to the ground configuration 4s%4 p*
is ~66.7%.

Table VI summarizes our results, including the Auger
decay rates and BRs of SAD, DDAD, CDAD, and DAD of the
four levels of Rb*(3d~"). For the four initial levels, the total
SAD rates and DDAD rates are very close. The CDAD has a
high BR, which accounts for 53.26%, 46.91%, 46.01%, and
53.32% for (3d;35s1/2)32 and (3d5)5551/2)1 2, respectively.
The configuration-averaged BRs of the CDAD and DDAD
processes are predicted to be 50.60% and 22.13%, resulting in
the dominance of DAD, accounting for 72.73% of the Auger
decay of Rb*(3d~"). The phenomenon of dominance of DAD
was experimentally investigated by Koizumi et al. [34], who
studied the relative ion yields Rb"t (n = 1-3) of the Auger
decay of the 3d hole states of 3d°4s24p°5snp (n = 5—6) for
atomic Rb. These authors observed that the production of
DAD (Rb*") are dominant among the singly, doubly and triply
charged ions.

To explain the extremely large BR of DAD, we propose
that the outermost 5s electron is the physical origin. We
compare Rb with its neighboring element Kr, which has a
ground configuration of 4524 pé, but no outermost Ss electrons.
This comparison is shown in Table VI. For Kr*(3d~ "), the
BR of the DAD processes has been reported to be 32(£4)%
[35], 30((£)1)% [36], 26% [37], and 25% [38] experimentally
and has been theoretically predicted to be 33.2% [23]. As
mentioned above, the DAD BRs of Rb™(3d~!) are much
larger than those of Kr*(3d~1).

With the same 3d initial hole in both Kr*(3d~') and
Rb™(3d~") but one extra 5s electron in Rb™(3d~!), the Auger
decay of Rb"(3d~!) is remarkably different from that of
Kr™(3d~"). One big difference appears in the CDAD pro-
cesses, where the BR of Rb™(3d~") (50.6%) is triple that
of Krt(3d™!) (16.6%). Another difference appears in the
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TABLE VI. Rates (s~!) and BRs (in percent %) of the SAD, DDAD, CDAD, and DAD of Rb*(3d~") levels. The BRs of DDAD and
CDAD are defined as A}, , /A and A%, /A, where A is the total decay rate obtained by summing the SAD rate and DDAD rate. The BR of
DAD is a summation of that of DDAD and CDAD. For comparison, the results of Kr*(3d ~1) [23] are also given. The last line of each ion
shows the configuration averaged results. Figures in square brackets indicate powers of ten.

DDAD CDAD DAD

Atom Initial level Energy SAD Rate Rate BR Rate BR Rate BR
Rb* (3d5_/12551/2)3 113.2 1.246[14] 3.459[13] 21.73 8.480[13] 53.26 1.194[14] 74.99
(3d5’/125s1/2)2 1133 1.248[14] 3.506[13] 21.94 7.497[13] 46.91 1.100[14] 68.85
(3d3’/5531/2)1 114.7 1.205[14] 3.481[13] 2242 7.146[13] 46.01 1.063[14] 68.43
(3d3’/§5s1/2)2 114.7 1.205[14] 3.544[13] 22.72 8.316[13] 53.32 1.186[14] 76.02

3d~!5s 113.8 1.230[14] 3.489[13] 22.13 7.876[13] 50.60 1.136[14] 72.73

Kr* 3d5’/'2 79.1 1.367[14] 2.613[13] 16.1 2.693[13] 16.5 5.306[13] 32.6
3d3’/'2 80.3 1.345[14] 2.796[13] 17.2 2.732[13] 16.8 5.528[13] 34.0

3d~! 79.6 1.358[14] 2.686[13] 16.5 2.709[13] 16.6 5.395[13] 332

DDAD processes, where the BR of Rb*(3d ") is higher than
that of Kr*(3d~"). The averaged—configuration of BR of the
DDAD processes is predicted to be 22.13% for Rb*(3d7!),
which is larger than the value of 16.5% for Krt(3d~').The
larger DDAD probability of Rb™(3d ") is due to the existence
of the 5s electron. In the present work, we calculated the
DDAD rates based on knock-out and shake-off mechanisms.
As demonstrated in our previous work [22-24], the knock-out
mechanism usually dominates the DDAD processes, while the
shake-off mechanism is usually orders of magnitude smaller.
As shown in Egs. (2) and (3), the rates contributed by the
knock-out mechanism are determined by the electron impact
ionization cross sections of the second step of Auger decay. As
shown in Fig. 5, the electron impact ionization cross-sections
of the 5s electron in Rb** is larger than that of the 4p electron
in Kr**.

0.5 —
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L I
E, =5559e¢V 7/ 1.2 2 2 324
= /( VRO 457 (p ] 4p,), 55, )] + ¢ — Rb” (4s™dp’) + 2¢
> 03 1 | —
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=] ;!
S 1 !
k5t r / 1 Voo a0, 3.2 3 1
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FIG. 5. Electron impact ionization cross sections from
Rb> (4524p? 12432025512 to final configurations of Rb** (45%4p*)
(black solid line) and Rb** (4524pSs) (red dashed-dotted line), and
(4524p3 )4p3 )2 of Ki** to final configurations Kr'* (4574p®) (blue
dashed line). The energies of Auger electrons are marked in black
and blue vertical dashed lines for Rb and K, respectively.

IV. CONCLUSION

We theoretically investigated the complete Auger de-
cay pathways, including single and double processes of
RbT(3d~") by utilizing the distorted wave approximation.
The DDAD rates are computed using the theoretical frame-
work of the separation of knock-out and shake-off mecha-
nisms. The lifetime of single Auger decay is predicted to be
81.0 meV, which agreed well with the experimental value of
79.0 meV. Our calculated SAD electron spectra make good
agreement with previous theoretical results and reasonably
explain experimental results. For the Auger decay of the
3d~! hole state, it is generally believed that the dominant
channels of SAD should be levels belonging to configurations
of 4524p*5s, 4s4p°5s, and 4s°4p°Ss. Here we predict that the
strongest configuration originates from 4s>4p*4d5s, which
accounts for 36.3% of the total decay rate. The reason for the
strongest Auger decay channels originating from the levels of
45?4p34ds5s, is due to the much stronger overlapping of the
wave functions among the 4d and 5s electrons and continuum
electron compared with that of the 4s and 4p electrons. The
levels of configuration 4524 p34d5s can further decay to Rb*™,
resulting in a high fraction of cascade double Auger decay.
The branching ratios of cascade and direct double Auger
decay are predicted to be 50.60% and 22.13%, resulting in
the dominance of double Auger decay with a fraction of
72.73%. Compared with the Auger decay of Kr™(3d~"), the
branching ratio of DDAD of Rb"(3d~") is 37% higher. The
higher probability of DDAD in Rb is due to the 5s electron
in Rb™(3d~"), which has a larger electron impact ionization
cross section than Kr in the second step of the knock-out
mechanism. This work deserves further experiments to verify
the dominance of double Auger decay in Rb™(3d~").
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