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2s–photoionisation of atomic magnesium: Shake processes
and Coster–Kronig radiationless decay
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Abstract. 2s–photoionization of magnesium is analyzed for incident energies ranging up to three times the 2s
threshold (96.6 eV). The 3s shake processes amount to almost 30% of single photoionization. The shake–up cross
section 3s → 4s exceeds 14% of the single one, and the conjugate shake–up probability plays an important role in
the energy range up to three times the 2s threshold. The 2s2p63s2 Auger and Coster–Kronig rates are calculated,
and the 2s22p53s 1P◦ exit is found to be favoured (80% of the total decay), giving rise to the line MgIII 231.73 Å.
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The aim of this research note is to examine the possibility
of the production of multiply-ionized third–row elements
in excited states by the double step process consisting of
L–shell photoionisation followed by radiationless Auger
and Coster–Kronig decays. In this way, groups of lines are
emitted with relative intensities defined by the Auger pa-
rameters and radiative cascades. For third–row elements,
the energies needed for ionizing 2s and 2p subshells are
relatively low compared to the energies needed for K ion-
isation of the second–row elements. We first consider the
behaviour of magnesium and then comment on the more
interesting cases of aluminium, silicium and phosphorus.

It is known that the creation of a K–vacancy in third–
row atoms starts de–excitation cascades, producing multi-
ply charged ions via consecutive radiationless transitions
(Carlson & Krause 1965). Yields of cascade-produced ions
are independent of external conditions, for example elec-
tron density and temperature, since they are due en-
tirely to intra–atomic processes. For second–row atoms,
K–ionization can be followed by only one KLL Auger
decay, therefore most of the states produced are twice
ionized. The photon energies needed to photoionize the
second–row atoms range from 123 (Be) to 874 eV (Ne).
For third–row atoms the 2s or 2p subshell can be ionized at
relatively lower energies (Mg 2s–subshell ionization poten-
tial is 96.5 eV, Breuckmann 1977). However, twice ionized
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states can still be produced via L1L23M1 Coster–Kronig
and L1M1M1 Auger transitions.

In addition to radiationless decay of the 2s–subshell
vacancy, we also consider other mechanisms leading to
multiple ionization, namely shake and conjugate shake
processes. Note that if we define in a simple one configu-
ration model the magnesium target as 2s22p63s2, the sin-
gle photoionization refers to the production of 2s2p63s2

ionized magnesium. In the case of a multiconfiguration
model, single photoionization refers to the main expected
state production.

Shake processes are due to a change of an effective po-
tential of approximately one unit felt by outer shell elec-
trons upon inner–shell ionization. As a result, one or more
outer subshell electrons can be shaken, i.e. either shaken
up to upper subshells or shaken off to continuum states
(Åberg 1967). Both shake processes (noted hereafter as SU
and SO) are important and their relative importance de-
pends on outer subshell occupancy and symmetry. Typical
relative probabilities for outermost subshell electrons to
be shaken up or off upon inner shell ionization are ap-
proximately 10 to 20% (Carlson & Nestor 1973). double
shake (dS) processes, i.e. the processes where two outer
electrons are excited or ionized, occur with much smaller
probability (by about one order of magnitude less).

An understanding of the shake processes upon 2s
and 2p photoionization of magnesium can be obtained
through the Sudden Perturbation Theory. In SPT,
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the outer-subshell 3s electrons are considered to be moving
in the field created by the nucleus and all other electrons.
After innershell ionization, the 3s–electron then finds itself
in a new Hamiltonian, and it now has a non–zero prob-
ability to be found in any of the excited/ionized ns or εs
states of the new Hamiltonian. SO and SU transitions are
governed by monopole selection rules, and their probabil-
ities can be calculated using the overlap integrals between
the orbitals of the initial state and those of the inner–
shell–ionized one (Sachenko & Demekhin 1965). For mag-
nesium the SU transitions will be mainly 3s → ns, while
the 2p → 3p excitation is very weak for an initial 2s va-
cancy. There exists substantial experimental evidence that
the SPT approximation gives good estimates for shake–off
and shake–up probabilities as the result of photoionization
as long as the photoelectron and shaken electron do not
come from the same shell (Åberg 1969).

In contrast to the monopole shake processes discussed
above, the conjugate shake–up excitation, 3s → 3p in our
case, does not obey monopole selection rules, and it has to
be treated in a more elaborate model, taking into account
contributions due to collisions of the 2s ejected electron
with the outer subshell electrons. While monopole exci-
tation probabilities reach constant relative energy value,
the relative conjugate SU cross–section decreases rapidly
with incident energy. However, for a large photon energy
range, say up to two times the 2s threshold energy, and for
transitions with no change of principal quantum number,
the conjugate shake–up is not a negligible feature (Badnell
et al. 1997).

We employ a one–configuration approximation to cal-
culate 2s and 2p ionization cross–sections. Shake–up,
shake–off and double shake probabilities are calculated us-
ing SPT. The R-matrix technique is employed to calculate
shake–up and conjugate shake–up probabilities upon 2s
photoionization and to obtain the L1L23M1 Coster-Kronig
decay rates.

1. L–shell photoionization and shake processes

Calculated 2p and 2s subshell cross sections are shown
in Fig. 1. They are calculated in the one–configuration
relaxed–core approximation using Dirac-Fock wavefunc-
tions for both core electrons and the photoelectron (Kau
et al. 1997). The energy scale is given in units X =
hν/IP2s, defined as the ratio of the incident electron en-
ergy to the 2s theoretical ionization potential.

Relative probabilities (defined with respect to single
ionization) calculated with SPT for Mg and its isoelec-
tronic series are listed in Table 1. One can see that the
probabilities of the shake processes upon 2p and 2s ion-
ization do not differ much. That is because the change of
potential felt by a 3s electron is approximately the same
upon creation of either of the vacancies. Along the isoelec-
tronic sequence, the relative change of potential weakens,
and the shake probabilities decrease.

We use the R-matrix approach to describe both the
MgI ground state and the diffusion Mg+ + e−. The sets

Fig. 1. L-photoionization cross section of atomic magnesium.
X is the ratio of photon energy to the 2s subshell ionization
potential

of terms were generated with the Superstructure code
(Eissner et al. 1974). Each nl orbital is defined by a
scaling parameter λnl obtained from an energy minimi-
sation on a limited number of MgII low–lying terms.
For the successive subshells, i.e. 1s, 2s, 2p, 3s, 3p, 4s
and 4p, these are: 1.4766, 1.0488, 0.9978, 0.9241, 0.9210,
0.9174, 0.9161. Target configurations used are: i) the lower
terms 1s22s22p63s, 3p, 4s, and 4p; and the upper ones
ii) 1s22s22p53s2, 3s4s, and iii) 1s22s2p63s2, 3p2, 3s4s, and
3s3p. The close–coupling expansions are completed by the
bound channels: 1s22s22p63s2, 3p2, and 3s4s. This method
takes into account configuration interaction effects both
in the target and the residual ion, as well as the channel
coupling for the Mg+ + e− free systems representing all
possible scattering features.

Including all configurations i), ii) and iii) mentioned
above in the close–coupling expansion, we obtain an ion-
ization potential of 0.5558 Ry, a value which compares
well with experimental result (Moore 1966). The 2s ion-
ization potential is then 98.0 eV, which is slightly above
the experimental value of 96.5 eV.

The relative 3s → 4s SU probability obtained with the
R-matrix approach reaches a constant value of 14% of the
single ionization. The relative probability of the conjugate
3s → 3p SU is 17.7% atX = 1.2. It decreases with photon
energy, but at X = 3 is still about 4%.

The SPT and R-matrix results for the 3s → 4s SU
probability compare reasonably well (see Table 1). The
SPT relative total shake probability following 2s vacancy
is 19.35%. The 4s and 5s shake–up and shake–off rel-
ative probabilities are 17.03, 0.9 and 1.4% respectively.
The shake–up probability dominates the shake–off. We
feel that the contribution of the SO processes might be
underestimated in SPT. The mean radii of the 1s, 2s, 2p
and 3s orbitals are 0.130, 0.689, 0.685, and 3.249 au i.e.
both 2s and 1s electrons are well inside the 3s sphere.
We then expect that the relative shake probabilities due
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Table 1. Relative probabilities (in %) of shake processes upon L–shell ionization calculated within SPT

Initial vacancy Process Mg Al+ Si++ P+++

2s 3s → 4s 17.03 14.051 7.27 4.12 2.69

2p 18.07 7.93 4.59 3.05

2s 3s → 5s 0.89 0.60 0.40 0.29

2p 0.96 0.66 0.45 0.33

2s SO 1.43 0.91 0.61 0.43

2p 1.65 1.15 0.79 0.59

2s dS 0.93 0.19 0.07 0.03

2p 1.07 0.24 0.09 0.04
1 R–matrix result.

Table 2. Relative probabilities of shake processes upon K-ionization of Mg (in %)

3s → 4s 3s → 5s 3s SO 2p SO Width, eV

SPT 21.3 1.1 2.4 4.3 0.3041

Experiment2 17.1 3.0 10.2 14.8 0.35
1 Our calculation in one-configuration approximation.
2 Breuckmann (1977).

Table 3. Auger and Coster-Kronig decay rates (in eV) for the MgII 1s22s12p63s2 state

Approximation Final state Width

2p6 2p53s (3P◦) 2p53s (1P◦) 2p53p 2p54s

R–matrix 0.004 0.049 0.55 0.08 0.01 0.68

One-configuration 0.009 0.0005 0.7463 0.0101 0.77
1 Calculated with SPT as a result of the change of potential due to L1L23M

Coster-Kronig decay.

to 1s–vacancy must be close to those produced by 2s/2p–
vacancies. Since the experimental data exist on shake
probabilities upon 1s ionization (Breuckmann 1977, ion-
ization by 3.8 keV electron impact), we performed the
SPT calculation on shake probabilities upon K–ionization.
Calculated shake probabilities are compared to the exper-
imental data in Table 2. As one can see from Table 2,
the SPT 3s SU probabilities compare well with the exper-
iment (21.3%+1.1% vs. 17.1%+3.0%). At the same time,
the SO probabilities are underestimated, as expected. The
SU processes dominate both theoretically and experimen-
tally. We then consider the SPT SO data in Table 1 (about
1.5%) to be a lower limit estimate of the SO probabilities
upon L–ionization.

Although the main producer of the line-emitting ex-
cited states, MgIII 1s22s22p53s is the decay of the 2s–
vacancy (we shall address this aspect shortly), even be-
low the 2s–threshold these states can be produced via SO
processes upon 2p–ionization. This mechanism can give
a noticeable contribution since in the L-threshold region

the 2p–ionization cross section is about five times greater
than that of the 2s–subshell (see Fig. 1).

2. Decay of the MgII 1s22s12p63s2 state

Using the R–matrix and Superstructure codes, we anal-
yse the resonant behaviour of the S scattering matrix of
the Mg++ + e+ collision for large incident energies, i.e. in
the vicinity of the 2s2p63s2 term (Brenig & Haag 1959).
The scaling parameters used for 1s, 2s, 2p, 3s, 3p, 4s are
1.4700, 1.0489, 0.9996, 1.0251, 1.01621, 1.02992 respec-
tively with all terms issued from configurations 2p6, 2p53s,
3p, 4s. Two closed channels from configuration 2s2p63s are
present. The bound channels are 2s2p63s2, 3s4s, 3p2. The
total calculated Auger width is 0.68 eV.

The decay probabilities obtained within the R-matrix
technique are presented in Table 3 together with those ob-
tained in a one-electron approximation using Hartree-Fock
wavefunctions for both core and Auger/Coster-Kronig
electrons. This comparison demonstrates strong CI and
channel coupling effect on branching ratios. Thus in the
one-electron approximation, the 2p53s (1Po) final state has
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a branching ratio of about 99% while upon allowance of
CI and channel coupling it is 80.3%. Note that shake–
off in the Auger decay itself occurs simultaneously, i.e.
ionization of a second electron.

It follows from the results presented in Table 3 that sin-
gle ionization of the 2s subshell will result predominantly
in emission of the line issued from the 2p53s (1Po) state.
At the same time as the SU states such as 1s22s2p63s4s
are produced with noticable probability, these will give
rise to another emission state MgIII 2p54s.

3. Conclusion

The example of magnesium confirms that L–shake pro-
cesses are important comprising 20–30% of the single ion-
ization process, the conjugate excitation is substantial over
a large energy interval. The Mg++ 2p–hole state 1Po pro-
duction following 2s vacancy is favoured. This is a general
feature of the 2s–hole decay for the third–row atoms and
ions. In others words radiationless decay creates mostly
2p–hole excited states of the residual ion. These 2p–hole
states will Auger decay. Let us now consider the ground
state of atomic Phosphorus 1s22s22p63s23p3 4So. Upon
2s–ionization, we see creation of 2s2p63s23p3 3So and 5So.

2s2p63s23p3 → 2s22p63s23p, 2s22p63s3p2, 2s22p63p3

(Auger)
or → 2s22p53s23p2, 2s22p53s3p3 (Coster–Kronig)

and again by Auger cascade
→ 2s22p63s2, 2s22p63s3p, 2s22p63p2.

Similarly, the shake–off terms are 2s2p63s23p2 2P and 4P
and we have:

2s2p63s23p2 → 2s22p63s2, 2s22p63s3p, 2s22p63p2

or → 2s22p53s23p, 22p53s3p2

and finally → 2s22p63s, 2s22p63p.
Note that if we add the probabilities of Auger–Shake off,
the degree of ionization of the residual ion reaches six.
Each stage of ionization gives rise to groups of lines which
are well defined. Obviously, theoretical difficulties arise
due to the breakdown of LS coupling in 2p–hole configura-
tions. The 2s–hole atomic magnesium leads to the emission
of a unique relatively strong line and to the production

of a ground state of once, twice and multiply–ionized tar-
gets. Such scenarios are efficient in the haloes of PN where
the hardening of the radiation field is due to the fact that
the central region is almost optically thick to ionizing ra-
diation, so that the more energetic photons preferentially
reach the halo (Machando & Pottasch 1989). For low elec-
tron density plasmas undergoing soft X–irradiation (say
above a few hundred eV), relative intensities of these
lines, issued from successive ionization states, are mainly
determined by Auger and Coster–Kronig rates.
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