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Abstract.

Two electron emission following photoabsorption near the Kr 3d threshold is
investigated both experimentally and theoretically. On the experimental side, electron
/ electron coincidences using a magnetic bottle time of flight spectrometer allow us to
observe the complete Double Photo Ionisation (DPI) continua of selected Kr?* final
states, and to see how these continua are affected by resonant processes in the vicinity
of the Kr 3d threshold. The analysis is based on a quantum mechanical approach that
takes into account the contribution of three different processes: A) Auger decay of
the inner 3d vacancy with the associated post collision interaction (PCI) effects, B)
capture of slow photoelectrons into discrete states followed by valence multiplet decay
(VMD) of the excited ionic states and C) valence shell DPI. The dominant process for
each Kr2*(4p~2) final state is the photoionization of the inner shell followed by Auger
decay of the 3d vacancies. Moreover, for the 4p~2(3P) and 4p~2(1D) final ionic states
an important contribution comes from the processes of slow photoelectron capture

followed by VMD as well as from double ionization of the outer shell involving also
VMD.
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1. Introduction

Photon absorption by an atom can lead to the emission of two electrons through different
mechanisms, depending on the conditions considered. For example, if the photon energy
exceeds slightly the double photoionization (DPI) threshold, then the two emitted
electrons have a small energy and we deal with the direct double ionization of the outer
shell. When the photon energy is above an inner shell threshold the double ionization
is associated usually with inner shell photoionization followed by emission of an Auger
electron. Such a kind of DPI is referred to as indirect DPI (see, e.g., the reviews of
Briggs and Schmidt 2000, Avaldi and Huetz 2005). Depending on the photon energy
and on the final states of the residual ion, many different indirect processes can occur,
and it is needed to develop the proper tools for disentangling all the different pathways
involved in the electron emission.

One point of primary importance is to define precisely the final ionic state which is
created after the Auger decay or after DPI in order to separate the different processes
at play and to study the role of electron correlation for each final state. Recently,
progress in electron—electron coincidence techniques (Penent et al 2005a) allowed us to
achieve such a goal. The first investigations used threshold electron — Auger electron
coincidences (Hikosaka et al 2000). They could, for instance, clarify the dynamics
of the threshold electron production in the DPI processes near Ar 2p (Lablanquie et
al 2005) and Xe 4d inner shell thresholds (Sheinerman et al 2006). A much more
powerful coincidence method using a magnetic bottle time of flight spectrometer is able
of revealing the complete state selected DPI continua over a much wider range of kinetic
energies (Eland et al 2003, Penent et al 2005).

In this paper we have used this last method to measure the evolution with photon
energy of state selected K72t DPI continua in the vicinity of the 3d threshold. While
the complete DPI continua can be observed, we will concentrate on the edge of these
distributions, corresponding to electrons of less than typically 5eV. This choice comes
from the fact that most dynamical effects are observed there. It also includes the
situation where the 3d photoelectron escapes with low kinetic energy. Furthermore it
corresponds to the zone where this time of flight technique gives the best experimental
energy resolution.

Interpretation and analysis of the experimental spectra are made within the
framework of a quantum mechanical model that is fully described in a previous paper
(Sheinerman et al 2007). This model has been developed to take into account both
the photoionization of inner and outer shells and to describe two kinds of electron
correlation which are the most important in the considered energy region, namely post
collision interaction (PCI) and valence multiplet decay (VMD). The PCI is known to
play a crucial role in resonance processes with slow electron production (see for example
the reviews of Kuchiev and Sheinerman 1989, Schmidt 1992). This form of electron
correlation involves interaction between the photoelectron and the Auger electron as
well as the influence of the ionic field, which varies in the course of the Auger decay,
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on the photoelectron. For small energies of the photoelectron, the PCI distortion leads
to a decrease of the photoelectron energy and subsequently to an increase of the Auger
electron one. If the exchange of energy between the photoelectron and Auger electron
exceeds the excess of the photon energy above threshold, the slow photoelectron can
even be captured into a discrete state of the residual ion.

The valence multiplet decay represents the decay by autoionization of a discrete
state n'l’ created in the field of the doubly charged ion of 4p~2(***1L;) term. If
this state lies higher than the double ionization threshold of another final ionic state,
4p~2(?5F1L), then autoionization can occur with emission of a slow autoionizing electron:
Ap 2B LT — dp~2(P9FLL) + equto- Initially, the VMD effects were investigated in
the decay rates of valence shake—up states of Ne and Ar (Becker et al 1989, Armen and
Larkins 1991, 1992, Becker et al 1993). An important role of VMD has been revealed
in the threshold electron spectra (Lablanquie et al 2005, Sheinerman et al 2006) and in
the population of the highly excited Rydberg states (De Fanis et al 2004, Kitajima et
al 2006).

We have carried out a comparison between the experimental and calculated two-
electron emission for the 4p~2(1S), 4p~2(*D) and 4p~2(*P) Kr?** final ionic states.
Our analysis shows that three different processes contribute to the DPI yield. One
is the PCI distorted Auger decay following creation of a 3d hole, the second is Auger
decay where a slow photoelectron is temporarily captured into a discrete quasistationary
state and is subsequently re-emitted via VMD and the third is indirect valence double
photoionization via creation and decay of intermediate discrete states of the singly
charged ion.

The paper is organized as follows. In Section 2, the processes investigated are
presented and discussed. In Section 3 the experimental set up is presented and a first
analysis of the measured spectra is done. Section 4 presents the description of the
theoretical model. In Section 5 the results of calculation and the comparison between
the calculated and measured spectra are presented as well as the analysis of the results
obtained. The atomic system of units |e| = m, = h =1 is used throughout.

2. Processes

We consider the DPI process where the residual Kr?* ion is left in a precisely defined
final state 4p~2(*T1L) with L and S being the total angular momentum and spin of the
ion. Moreover, we study the case where the photon energy is close to the threshold of
the inner shell and one of the emitted electrons has a small energy, in the limits of a few
eV. A general classification of the processes which can occur in this case was given in the
paper of Sheinerman et al (2007). Here, we specify the processes which can lead to the
emission of two electrons near the Kr 3d—threshold. They are schematically represented
in Fig 1 as a guide and consist in:

A. The process of 3d-subshell ionization with subsequent Auger decay 3d~! —
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4p~2 + e Auger- 1t can be represented in the form:

v+ Kr — K™ (3d™) + ephoto(k) —
— K (dp (")) + eauger(P) + Ephoro(k) - (1)

The energy Ej of the slow photoelectron in the intermediate state differs from its value
E). in the final state. This difference is due to the PCI effects: it leads to a decrease of
the photoelectron energy.

B. Photoionization of the inner 3d—subshell followed by Auger decay and recapture
of the slow photoelectron into a discrete state 4p~2(>'*1L;)n'l’. As discussed in the
introduction, VMD can occur if this discrete state is embedded in a double ionization
continuum: E(4p~2(2*+1L)n/l') > E(4p~2(**1L)). Autoionizing electrons are emitted
with energies 0 < Ej < 4.1 eV because the difference of the doubly charged ionic states
Kr?t (4p~2) with different terms lies within this limit. The process of the PCI capture
of the photoelectron in an intermediate state followed by VMD can be represented as

Y + Kr — Kr+(3d71) + 6photo(f() - Kr2+(4p72(251+1L1)) + 6photo(f() + eAuger(f)) -
— K (dp 2 (L)) + e auger(P) — K (dp~2(*FTL)) + Cauger(P) + Cauto(k) , (2)

where Ly, S are the angular momentum and spin of the ionic core in the intermediate
state.

Note that if the photon energy is lower than the inner shell threshold then no
photoelectron can be created in the continuum . But, in this case, the population of the
Krt*(4p=2(331+1 L1 )n'l') state may occur through a resonant Auger decay (Armen et al
2000). In our case this decay has the form Kr*(3d 'nil;) — Krt*(4p=2(** 1Ly )n'l') +
eauger(P). The total scheme of this process is written as

v+ Kr — Kr*(?)d’lnlll) — Kr+*(4p’2(251+1L1)n'l') + e auger(P) —
— Kr** (4p2(** "' L)) + uger(P) + Cauto(K) - (3)

C. Photoionization of the outer 4p shell with excitation of another 4p electron into
a discrete orbital. As well as in process (2) the resulting intermediate excited state can
decay by VMD if it lies above a final doubly charged ionic state. This scheme of double
ionization of the outer shell including the VMD processes can be written in the form:

ol + Kr N Kr+*(4p—2(251+1L1)n1l1) + ephoto(p) N
— KT (4p2(* L)) + €photo(P) + Cauto(K) - (4)

There is also another process for the valence electrons ionization. It is the direct
double ionization of the outer 4p—shell:

v+ Kr — Ke** (4p?(**'L)) + e1(k) + e2(p) - (5)

The direct DPI of the outer shell has the following characteristics (Briggs and Schmidt
2000, Avaldi and Huetz 2005). i) The cross section of the process depends smoothly on
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the photon energy. ii) The process goes on without creation and decay of intermediate
resonant state and the electron distribution is monotonic. iii) Cross section for the direct
process (5) is much less than the cross sections of the resonant processes (1)—(4). Hence
the direct double ionization of the outer shell represents only a small part of the total
cross section for two electron emission. This is why we will neglect the direct double
photoionization of the outer 4p shell in our analysis and limit ourselves to processes

(1)—(4) only.
3. Coincidence measurements for two electron emission

3.1. Ezrperimental set-up

The experiment was performed at BESSY on beam line UE56/2-PGM-1, during single
bunch operation of the storage ring, which provides light pulses of a few tens of ps
width every 800.5 ns. The photon resolution was of the order of a few meV. The core
of our HERMES (High Energy Resolution Multi Electron Spectroscopy) experimental
set—up is a magnetic bottle time of flight spectrometer of the type developed by Eland
et al (Eland et al 2003). The present apparatus has been described elsewhere (Penent
et al 2005, Lablanquie et al 2007). Briefly, a strong permanent magnet (0.57") located
close to the source volume and a long solenoid (1073 T') create a magnetic mirror that
guides essentially all produced electrons to the detector located at the end of the 2.4
m flight tube. The position of the magnet was adjusted with a XYZ manipulator to
optimize the time of flight resolution and the image of the collision center on the detector
(visualized directly on a phosphor screen). A repelling potential (~ 0.5V') was applied
to the magnet to accelerate low energy electrons so that they arrive to the detector in
a finite time (less than 6 s here). A multi-hit time-to-digital converter (TDC) with
250 ps resolution was used to reference the electron times of flight with respect to the
light pulses and to record electron-electron coincidences. Calibration for the conversion
from the electron time of flight to energy was performed by measuring He photoelectron
spectra at known photon energies. The electron count rate was maintained at around
10 kHz by adjusting the photon flux, in order to keep a reasonable amount of random
coincidences.

3.2. Presentation of the experimental data

Two-dimensional electron-electron coincidence maps have been measured at selected
energies around Kr 3d thresholds. An example is chosen in Fig 2 (top), which contains
all features present in other spectra. It was measured at a photon energy of 95.24 eV,
that is 200 meV above the Kr 3ds/, threshold. Diagonal lines of constant kinetic energy
sum trace the formation of the different Kr?" final states. The Kr?T4p~2(3P) state is
partly resolved into its *P, and ®Py; components. The intensity along the lines show
the energy sharing between the 2 electrons for the different DPI continua. Three of
them, corresponding to the formation of the Kr?*4p=2 levels are represented in Fig 2
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(bottom). Only the low energy part of the DPI continua is represented because the high
energy part is its mirror image, but is affected by a worse experimental resolution.

In order to understand better the different contributions, we have selected in Fig
3 two final states, namely Kr*"(4p=2) 3P, (bottom curves) and 'D (top curves), and
compared the associated DPI continua populated at 95.24 eV photon energy Fig 3
(right panel) with the ones obtained at two other photon energies. Fig 3 (left panel)
shows the spectra obtained at 85 eV, below the 3d excitation region. Valence DPI
(process C in section 2) is then the only possible contribution. The ' D DPI continuum
is populated by the direct valence DPI (equation (5)), which manifests itself by a weak
U-shape continuous intensity. The 2P, DPI continuum, on the other hand contains
only weak contributions of direct valence DPI and is dominated by indirect processes
(equation (4)), as evidenced by the peaked structure between 0 and 2 eV. This structure
corresponds to the VMD of Rydberg series converging to the K72 (4p~2) 1D state.
Comparison with the photoelectron spectra in (Alitalo et al 2001) suggests a dominant
series of Kr*"(4p~2)(* D)nd(*S) configuration. The validity of such an assignment was
discussed in Eland et al (2003) for the equivalent xenon case. Note that the VMD
4p~2(*D)nd(®S) — 4p~2(3P) + equto(k) is forbidden due to the parity conservation
law. However in our case this transition occurs in the presence of the photoelectron
ephoto(P) (see the eq.(4)). Hence exchange of angular momentum between the electrons
photo(P) and €qu10(k) can probably occur and VMD of the 4p~2(*D)nd(%S) state takes
place leading to autoionization. Other series seem to be important at lower photon
energies as observed in (Eland et al 2003). The electron energy cut-off associated with
high n Rydbergs occurs at the difference of binding energy between the Kr?*(4p~2)
D and 3P, states at 1.816 eV (NIST 2007). We deal in fact here with the population
of the Kr?*(4p~2) 'D channel: the continuum part is observed in the Kr*" 1D DPI
continuum while the discrete part is observed through its autoionization into the Kr?*
3P, continuum. Autoionization to the Kr2* 3P170 channels is found to be about 3 times
less intense, which explains the similar count rates at the 0 eV edge of the Kr?*(4p~2)
D DPI continuum and at the cut off mentioned above (continuity in the Kr*t 'D
DPI channel). The spectra of the central pannel in Fig 3 have been obtained at 98.54
eV photon energy, 3.5 eV above the 3ds/, threshold. The same valence DPI processes
as above are present, but the dominant contribution to the electron signal is now due
to the Auger decay of the 3d holes (process A in section 2). A PCI distortion of the
coincidence peaks is clearly visible.

At 95.24 eV photon energy (Fig 3, right panel) the capture of the slower 3ds/,
photoelectron followed by its re-emission by VMD takes place (equation (2)). The 1D
DPI continuum shows that the 3ds/, photoelectron peak has moved down to 1.35 eV
and that only a part of the distorted 3ds/; photoelectron peak is observed above 0 eV.
The missing part, expected for un-physical negative electron energies, corresponds in
fact to the capture of the 3ds/ photoelectrons in Kr**(4p~2)(* D)nl Rydberg states
with simultaneous emission of a fast Auger electron. The subsequent autoionization of
these Rydberg states by VMD is observed here in the *P, DPI continuum. Note that
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capture is preferentially into high levels with n > 10. In the same way, the Rydberg
structure observed in the ' D DPI continuum (Fig 3 top curve, right panel) corresponds
to the capture of the 3dss photoelectron in the (4p~2)(*S) channel. The Rydberg
series involved in the capture are predominantly (4p—2)(1S)np and (4p~2)(* D)np, as was
established by Aksela et al (1997), and indeed we observe similar quantum defects for
the two dominant Rydberg series. Surprisingly, the position of the Kr**(4p=2)(*D)np
Rydberg states to which recapture occurs is found to coincide, within our experimental
resolution, with that of the Kr**(4p=2)(*D)(n — 1)d(*S) states populated by indirect
valence double ionization at 85 eV (equation (4)).

Back to the coincidence map in Fig 2 (top panel), the 3ds/, photoelectron / Auger
electron coincidences give rise to the spots on an horizontal line with a 1.35 eV energy
ordinate. Most of the other features reveal the PCI capture of the 3dsz/; photoelectron
into the different K72 channels, followed by their autoionization by VMD to lower
Kr?* states. For instance capture into the Kr?*™ (1S) channel form intermediate
Kr**(4p=2)(1S)nl states with the simultaneous emission a fast Auger electron of around
53 eV. Subsequent autoionization by VMD of these intermediate states to the lower
Kr** (D) and (*P) states are revealed by the spots with an abscissa around 53 eV and
appear on the diagonal lines corresponding to these final states. Similar considerations
allow us to identify all the capture processes of the 3ds/; photoelectron into the different
Kr** channels, as reported in Fig 2. As an example, the spots associated with a fast
electron of around 39 eV indicate the capture of the 3ds/, photoelectron into the K r2t
45 4p~1(1P) channel. Similar processes were identified for Ar 2p by Feng et al in
their non coincidence experiment (Feng et al 2005). Finally the autoionization of highly
excited Kr™* states imbedded in the DPI continuum (Kikas et al 1996) is responsible
for the weak structure in the 4p=2 'D and 3P continua for fast electrons of 45-50 eV
energies.

In the following we will focus on the low energy part of the spectrum (electron
energies of less than 5 eV), and the above assignments will be validated by our
calculations.

4. Calculation for two electron emission

4.1. Theoretical model

In order to calculate the amplitudes of different resonant processes for two electron
emission an unified approach was developed (Sheinerman et al 2007) in the framework
of quantum mechanical many—body theory. We will apply this approach to the processes
(1)—(4) when the two electrons with momenta k, p are ejected and the residual ion is
left in the state 4p=2(2°*1L). Due to the energy conservation

w= By + E, — E(Kr*" (4p2(*"'L))) (6)

the coincidence measurements of the energies Fj, and E, define precisely the final ionic
state for every selected energy w of incident photon. The amplitudes of processes are
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ALM

LMSMg
mner A

marked as inner—val

(w, k, p) for the process (1), (w, k, p) for the processes (2)
and (3) (note that both the processes (2) and (3) are considered as processes of the same
kind), and AXN5Ms (o, Kk p) for the process (4), where M and Mg are the projections
of the angular momentum and spin of the final ionic state. The general expressions for
these amplitudes are given in the paper of Sheinerman et al (2007). A short description
and physical explanation of the model used are presented below.

A

Calculating the amplitude (w, k, p) for the process (1) we have first of all
to take into account the PCI effects. We study the near-threshold region. Hence, the
energy of the photoelectron can be considered much smaller than the energy of the
Auger electron (Ephoto S 5 €V, Epyger ~ 40 — 50 V). The fast Auger electron rapidly
leaves the zone of reaction and the direct interaction between the photoelectron and
the Auger electron can be neglected. In this case, the PCI reduces to the interaction
between the slow photoelectron and the field of the ion target which varies in the course
of Auger decay. The amplitude of such a process can be presented through the overlap

integral (Kuchiev and Sheinerman 1985, 1986)
(Ppyllaw) = /0 Py (1) aua(r) dr ™

Here Pg, ; is the radial part of the final photoelectron wave function calculated in the
field of the doubly charged ion. The function a,,(r) is the radial part of the function
A(w,r), which describes the creation of the photoelectron and its propagation to the
point r in the field of the singly charged ion. This function is found as solution of the
inhomogeneous differential equation (see Kuchiev and Sheinerman 1985, Sheinerman
2003). Solving this equation we obtain the functions a,;(r) which are used for the
calculation of the amplitude. Both the possible transitions 3d — Eip and 3d — Ejf
are taken into account in the amplitude. Hence it is represented as a linear combinations
of the overlap integrals (Pg, ,||awp) and (Pg, rl|aw,f)-

Besides the overlap integrals, the amplitude AXM (W, k, p) is determined by the

matrix element of the Auger decay. Note that our calculation is carried out in the LS—
coupling scheme with one—electron wave functions calculated in the Hartree—Fock (HF)
approximation. Then the two electron wave function of the final ionic state is written
as:

Wi (ta, 1) Z Clon 1 Papm (Ta) Papms (L) (8)
where Cﬁ%m is the Clebscthordan coefficient and @4, (r;) is the one electron wave
function of the outer 4p—shell vacancy. In this case the matrix element of the Auger
decay can be presented through a multiplication of the 3j—symbols and the reduced
matrix element of the Auger decay (3d, E,l, ||V,||4p,4p) (its definition can be found,
(w, k, p) is
determined by the combination of the overlap integrals (7), reduced matrix elements of

for example, in Amusia 1990). The final expression for the amplitude AEZM

the Auger decay and 3j—symbols.

LMSMg
inner—uval

To calculate the amplitude A; (w, k, p) for the processes (2) and (3), one

has to take into account that these processes are formed by two transitions: from the
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initial state to the intermediate state 4p~2(?*1+1L;)n'l’ and from this intermediate state
to the final ionic state 4p~2(?>°T1L) with emission of the autoionizing electron. The first
transition is determined by the overlap integral (7) whereas the second transition - by
the matrix element of the VMD.

According to the rules of quantum mechanics, all real and virtual excited states of
the singly charged ion in a selected channel can form the intermediate state. It means
that to evaluate the amplitude of the processes (2), (3) we have to take into account all
the possible electron states n’l’ both in the discrete spectrum and the continuum. Then
the amplitude can be presented by the integral:

I(wa Eka lk) laa g, Ms) -

_ /dE (4p, Exly HUg(MS>|| Eyly, 4p) <Pquq | aw,la>
" w—E,— E,+ E(Kr?t(Ly)) +ily/2

' 6la7lq Y (9)

where the overlap integral is given by the eq.(7) and the reduced matrix elements of
the VMD (...||U,(Ms)]|...) are expressed through direct and exchange Coulomb matrix
elements (Amusia 1990). Note that these matrix elements are calculated also in the HF
approximation. The wave functions of the excited electron states Pg,, (1) can belong
both to the discrete spectrum and to the continuum in the field of the double charged ion
state Kr?T(4p~2(LiMy)) (L1, M, are the angular momentum of the ionic intermediate
state and its projection). Hence the integration over dE, in the eq.(9) includes the sum
over all possible states of the discrete spectrum. The energies E,, E, and E(Kr*"(L;))
are respectively the energies of the electron in the states |p), |q) and of the doubly
charged ion Kr*T(LyMy). T'y is the width of the intermediate excited state.

Finally the amplitude Aﬁlﬂgg,]‘_djal
the integrals I (9), the reduced matrix elements of the Auger decay, 3j— and 6j—symbols.

Now let’s concentrate on the amplitude AﬁalMeii‘gS (w, k, p) for the valence shell DPI,

(w, k, p) is expressed through the combination of

eq.(4). This process occurs also in two steps. In the first step an outer shell electron
is ionized with simultaneous excitation of another valence electron into the excited
state n/l’. In the second step the VMD of the Kr™* ion occurs with ejection of the
autoionizing electron. Because an explicit quantum mechanical consideration of the
two—step processes demands that we take into account all the possible intermediate
electron states n'l’ both of the discrete spectrum and the continuum, the first step of
the process (4) should be considered as a general process of double ionization of the outer
shell. There are different mechanisms for outer shell direct double photoionization in
many—electron atoms: correlations in the initial state, knocking out of second electron
by first electron, shake-off (Chang and Poe 1975, Carter and Kelly 1977). For simplicity,
our approach is restricted to the easiest shake process. According to this approximation
one of the electrons of the valence shell absorbs a photon and is ejected into continuum.
The other electron of the valence shell is emitted into continuum or excited into discrete

state due to the shake process as it feels a change of the field inside the atom. In this

LMSMg
Avalence

case the keystone of calculation of the amplitude (w, k, p) presents the integral

Il(wa Epa Ek;> lka g, Ms) =
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_ /dE (4p, Exly H[jg(MS>|| Eqly, 4p) (Eqly || 4p) 5lq71.
4 w—Ep—Eq+E(Kr2+(L1))+iF2/2 ’

(10)

where (4p, Eyly, ||U,(Mg)|| E,ly,4p) is the reduced matrix element of the valence
multiplet decay; (E,l, || 4p) is the reduced matrix element of the shake process:

(Edy|9) = [ Pey, () Pylr)dr (1)

LMSMg
Avalence

The final expression for the amplitude (w, k, p) is determined by the
combination of the integrals I;, reduced matrix elements of the photon absorption
(Eyl, || V1| 4p) (see, Amusia 1990), 3j— and 6j-symbols.

The cross section for the two electron emission is given by the square of the modulus
of the sum of amplitudes and can be written as

do ) = 64 72 dQ, dS Z ’ ALM ALMSMs ALMSMS) ’2 , (12)

dE ( inner znner val + valence
k
M,Mg

where the amplitudes in parenthesis describe the processes (1)—(4). It should be noted
that the numerical factor before the integral takes into account that the HF one-electron
radial wave functions which are used for calculation of the amplitudes are normalized on
the energy scale (in Ry) to a delta-function. Carrying out the integration over the solid
angles (), €2, and summation over the magnetic quantum number M, we can present
the final form of the cross section as a sum of 17 terms:

do 64 72
d—Ek( w) = — (ZT) : (13)

The equations for the terms T}-7}7; are given in Sheinerman et al (2007). They are

expressed through combinations of the 6j—symbols, integrals I, I; (see the eq.(9), (10))
and matrix elements which are presented above. Note that the sum (13) includes
interference terms and allows us to calculate coherent and incoherent contribution of
different processes to the cross section.

4.2. Calculation of the cross section

We consider only the Kr*™ ions with two 4p vacancies. As our calculations are
carried out in the scheme of LS—coupling we consider three different final states of
the doubly charged Kr*"(4p=2) ion: 4p—2(3P), 4p~2('D), 4p~%('S). The energies of
these states calculated in the HF approximation differ approximately by 2eV from
the exact experimental values (Sheinerman et al 2007). Calculating the integrals I,
I, in egs.(9), (10) and the overlap integrals (7) we have used the experimental values
E('Dy) = 40.175¢eV, E('Sy) = 42.461¢eV for the (*D), (*S) ionic states and have
chosen the averaged experimental value E = 38.76 ¢V for description of the 4p~2(3P)
state (NIST data).

In the case of the final ionic state 4p~2(*P) there are two intermediate ionic
states 4p~2(1D) and 4p~2(1S) which lie higher than the state 4p=2(3P). They can
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contribute to the cross section by means of the processes (2)—(4). Only the intermediate
state 4p~2(1D) has been taken into account in this case because the energies of the
autoionizing electrons from the VMD of the 4p=2(1D)n/l’ states are located just in the
region 0—2 eV, where a rich structure was revealed in the measured spectra. In the case
of the 4p~2(! D) final ionic state we have taken into account the intermediate 4p—2(1S)
state which lies higher than the final state and contributes through processes (2)—(4).
For the highest final ionic state 4p~2(1S) only process (1) can contribute to the cross
section .

Our calculations were carried out for three different energies of the incident photon:
w=100.04eV,w =95.24eV and w = 94.74 eV . These energies correspond respectively
to an excess photon energy of AE = 5.0V, 0.2 eV above the 3d3/,—subshell threshold,
and of AE = —0.3 eV below the 3d3/,—subshell threshold. The choice of these energies
is conditioned by the different role of processes (1)—(4) in two electron emission (see Fig
3). For the first photon energy we expect a very minor role of the PCI capture effects.
Hence the cross section has to be determined by processes (1) and (4). For w = 95.24¢eV
the PCI capture is expected to be very important and all three processes (1), (2) and (4)
contribute to the cross section. The lower photon energy lies just below the threshold
and the resonant Auger decay of reaction (3) occurs. So for this energy the processes
(1), (3) and (4) are important.

Carrying out the calculations of the amplitudes AXM and AEMSMs

inner inner—uval we take into

account the transition of the 3d—electron both with the increase and the decrease of
the angular momentum: 3d — ep, 3d — ef. Apart from this, our calculation takes
into account that the intermediate states 4p=2(*'*1L)ep, 4p~2(®>*T1L,)ef can be
populated by the transition of the 3d-electron from two subshells: 3dz/; and 3ds/,.
Because of different ionization energies of these subshells: FE(3ds;;) = 93.79 eV,
E(3dsss) = 95.04 eV (Schmidt 1997) the excess energy above the threshold for the
3ds) electron differs from the 3ds/, one for the same energy of the incident photon. As
a consequence of this fact the amplitudes a,, (M, 5) which describe the transitions of the
inner electron from the subshells 3ds/2, 3ds/2 are different. Hence the matrix element
(5) is presented as a linear combination of these amplitudes:

(Pri | aw) = ar(My) (P, 1 || awi(Ms)) + ar(Ms) (P, || aw(Ms)) (14)

where the factors a;(My;) give the relative strength of these transitions. In our
calculations these factors were chosen in accordance with the statistical weights of the
3d3/2 and 3ds,5 subshells.

The widths of the inner vacancy and intermediate states have to be considered
as parameters in the calculation. The widths I' of the 3d—holes are equal to 88 meV
(Jurvansuu et al 2001). The value of the width I'y of the intermediate excited states
4p=2(35F1L)n'l" was chosen equal to 20 meV in accordance with the experimental
resolution of the coincidence measurements which give that I'y; < 20 meV (Eland et
al 2003).

Calculation of the amplitude AZY5Ms

valemee 10 our model takes into account that one of
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the valence electrons absorbs the photon giving rise to the transitions 4p — ¢s, 4p — ed
whereas the second valence electron takes part in the shake transition 4p — ep. For the
calculation of the integrals I, I; in eqgs.(9), (10) we take into account the contribution
of the discrete spectrum adding the sum over the lowest 11 discrete excited states ngl,,.
The matrix elements of the VMD (4p, Eily. ||U,(Ms)|| E,l,, 4p) have been calculated
in the HF approximation. In this case the wave functions of hole states 4p~! were
found from the calculation of the self-consistent configuration Kr*(...3d"%4s%4p°). The
electron wave function in the intermediate state E,l, were calculated in the field of Kr?*
ion with configuration ...3d'%4s%4p* (*3171L;). The final electron wave functions of the
state Eylp were calculated in the field of the Kr2*(...3d"%4s24p* (>F1L)) configuration.
These wave functions are not orthogonal and their use is justified by the physical picture
of the processes considered. On the other side a calculation of the matrix elements with
the eigenfunctions of the different Hamiltonians corresponds to taking into account some
of the many—electron corrections beyond the HF approximation (Amusia 1990). Note
that the many—electron correlation influences significantly the VMD rates (Armen and
Larkins 1991, 1992). However we restrict ourselves to the easiest calculation of the VMD
matrix elements for each of the processes (2)—(4) because the accurate account of the
electron correlation in the VMD is quite complicated and lies beyond our approach.

5. Results and analysis

5.1. Results of calculation

The calculated cross sections of the two electron ejection are presented in Fig 4, 5 and 6
as a function of the energy of the slow emitted electron for three different photon energies
w=100.04 eV (Fig 4), w =95.24 eV (Fig 5) and w = 94.74 eV (Fig 6). The top panel
of each figure is associated with the final ionic state 4p~2(15), the medium part with the
4p~2(D) final states and the bottom panel with the 4p~2(3P) states. The solid lines on
these figures present the full calculation taking into account the interference terms (see
Sheinerman et al 2007) whereas the dashed lines describe the incoherent contribution
of the processes (1)—(4) to the cross section. A preliminary analysis of the calculated
curves for the final states 4p~2(* D) and 4p~2(>P) was done in our previous publication
(Sheinerman et al 2007). Here we present the total results of the calculation.

On Fig 4 we can clearly see two peaks located near 4.9 eV and 6.1 eV. These
peaks are present for every final ionic states and are associated with emission of a
slow photoelectron from the inner 3ds/, and 3ds/, subshells via the process (1). The
line shapes of these peaks are distorted by the PCI: the maxima are shifted towards a
low energy (maxima of unshifted distributions are located at 5.0 and 6.25 eV) and the
peaks have an asymmetrical form. The relative strength of these peaks is determined
by the matrix elements of the Auger decay and the statistical weights of the 3d3/, and
3ds/o subshells. The 3ds/, photoelectron peak is also seen on Fig 5 and 6. The 3ds/,
photoelectron peak is shifted on these figures into the region of the discrete spectrum:
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on Fig 5 (AE = 0.2 V) we can see only the sharp right wing of this distribution, on
Fig 6 (AE = —0.3 eV') no trace of this peak is seen. It is seen that the less is the excess
energy AE the more is the PCI distortion of the line shapes in full accordance with
general PCI theory.

Then we can see on Fig 4 a weak structure between 0 and 1 eV for the 3P state
and a barely distinguishable structure near 1 eV for the ! D state. These structures are
associated with the decay of some intermediate resonant states. Because of the negligible
probability of the PCI electron capture for this excess energy AE we conclude that this
structure is due to the process of outer shell ionization (4). Note that the emission of
the electrons in the 3P final state channel via VMD of the intermediate ionic state is
stronger than in the ! D final state channel.

Much more pronounced structures can be seen on Fig 5 and 6 for the 3P and
ID final ionic states. These peaks are associated with the resonant processes (2) (for
AE =02 ¢eV) and (3) (for AE = —0.3 V). The spectrum of these peaks is formed
by the integrals I (see equation (9)). The intermediate electron states both of the
continuum and the discrete spectrum contribute to the integral I. But for each peak
the main contribution comes only from a few discrete states (Sheinerman et al 2007).

The location of these peaks is determined by the structure of the discrete spectrum
of the excited ion K7, i.e. by the energies of the 4p~2(* D, 1S)np and 4p~2(* D, *S)nf
states. The intensities of the peaks are determined by a few factors. First of all they
depend on the matrix elements of the valence multiplet decay. Secondly, they depend
on the probabilities of populating the excited ion Kr** states which differ in processes
(2) and (3). In process (2) the population of the excited states occurs via the capture
of the slow photoelectron. In reaction (3) - through the decay of the excited resonant
states. The probability of such processes depends strongly on the excess energy above
the threshold. The less is the excess photon energy AFE the higher is the probability of
population. Note that process (4) contributes also to the cross section. The population
of the intermediate states in this process occurs due to the shake phenomenon (in our
model). However for energies near threshold, —1 eV < AE < 0.5 ¢V, the population
of the intermediate discrete states (especially, 4p~2(1S)np,nf states) by process (4) is
notably less than by processes (2) and (3). Hence the main contribution to the cross
section of the two electron emission in this region comes from the processes (1) and (2)
of inner shell ionization .

Note that the contributions of processes (1) and (2) (or (3)) are comparable in
magnitudes in the case of small excess energy AFE. Hence some interference effects
might be expected in this case. Calculation taking into account the coherent sum of the
amplitudes (solid lines) and incoherent contribution of the processes (dashed lines and
color filling of the area under the curve) shows no notable difference for the case of the
3P final state. However, for the 'D final ionic state channel, there is some difference
between the two calculations. The shapes of resonant lines on the left wing of the 3ds,
peaks reveal a remarkable contribution of the interference terms.
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5.2. Comparison of calculated and measured spectra

In order to compare the theoretical curves with the experimental data we have
convoluted the calculated cross sections with a Gaussian function with a half width
of 20 meV (for small electron energy, Ey < 3 eV') and of 80 meV (for larger electron
energy, Ey > 3 eV) to simulate the electron detector resolution. Convoluted curves
are presented in Fig 7 - 9 by solid lines together with the measured spectra. At each
photon energy, the theoretical curves have been normalized to the experimental ones on
the maximum of the 3ds/» peak in the 'S final state channel. Because HF calculations
fail to reproduce the correct branching ratios (Sheinerman et al 2006) we have used the
experimental values for this normalization. The normalization factor of the theoretical
curves in the ' D and 3 P channels is then obtained by correcting the calculated branching
ratios which are approximately independent of the photon energy, R(*D : 1S) = 1.35
and R(P : 15) = 2.15, to the experimental ones which are respectively 1.59 and 1.27,
as deduced from our measurement in the 3ds/, channel (Fig 7) . Fig 7-9 show then a
reasonable agreement between the calculated and measured cross sections.

In Fig 7, the two large peaks show that the main process for two electron emission
at AE = 5.0 eV is, in all channels, the 3d ionization distorted by PCI effects, process
(1). In the 3P channel the relative intensity of these peaks is very well reproduced by
our calculation. However in the 'D and 'S channels the measured intensity of the 3d3/,
peak exceeds notably the calculated one. Note that the same discrepancy was observed
in the intensities of the threshold electron spectra in Xe (Sheinerman et al 2006). This
indicates that the HF calculation of the matrix elements of the Auger decay with LS—
coupling is not sufficient to describe correctly the relative strength of the electron lines.

In Fig 7 (c) , both experiment and calculation show structure on the spectrum of
the 3P final state in the region of small electron energies, E < 2 eV , originating from
the outer shell ionization followed by VMD, eq. (4). However the experimental structure
is more pronounced and extended compared to the calculated one. A reason for this
discrepancy lies probably in the limitations of theoretical model used. Population of
the Kr*™(4p=2)(* D)nd(*S) Rydberg series, which are dominant according to Alitalo et
al (2001) is for instance not included in our model. Our approach considers only the
shake process for the excitation of a second electron of the outer shell and neglects other
mechanisms which can play an important role (Chang and Poe 1975, Carter and Kelly
1977). Taking into account the correlation in the initial state and the knocking out of
the second electron by the first one we can increase the intensity of the resonance lines.
But such elaborate calculations are beyond our model.

Our calculations reproduce well the PCI distorted line shape of the 3ds/, electrons
measured in the 1S channel also for smaller photon energies w (Fig 8 and 9 (a) ),
and we observe that the PCI distorted 3d ionization (Eq.1) is the dominant process
that leads to two electron emission in this channel for all photon energies considered.
On the other hand in the 'D and 3P channels the processes (2)—(4) contribute to the
cross section in the region of small electron energies. They are revealed in Fig 8 and



Two electron emission near the Kr 3d threshold 15

9 (c) as a dense structure in the region F < 2 eV. The calculated curves describe
quite well the contribution from the PCI distorted line shapes of the photoelectrons.
However the intensities and location of the calculated and measured resonance lines
differ. It was noted in the previous section that the location of these peaks is determined
by the structure of the discrete spectrum of the excited ion Kr**, which have been
considered in the HF approximation. The intensities of the peaks are determined by the
matrix elements which have been also calculated in the HF approximation. Hence
the disagreement between the calculated and measured resonance lines shows that
the nonrelativistic HF approximation is not sufficient to describe precisely the peaks
associated with the processes (2)—(4). It is possible that more realistic approximations
like jl coupling for the description of the atomic levels (Sobelman 1992) or taking into
account many electron correlation for the valence multiplet decay could shift the position
and the strength of the calculated peaks. Such calculation is time consuming and lies
beyond the framework of this paper.

Let’s analyze now the resonance structure in the 4p~2(3P) channel for different
photon energies w (Fig 7c, 8¢, 9¢ and Fig 3). For the energies w = 100.04, 98.54, 85¢eV
which are relatively far from threshold the probabilities of the electron recapture or
of the resonance Auger decay (equations (2), (3)) are quite small. Hence a notable
contribution to the measured spectra comes from the process of outer shell ionization,
equation (4), which occurs through the excitation of the 4p~2(*D)nl intermediate states.
However, the similarity of the structure at all the presented energies shows that process
(4) contributes also significantly for the energies w = 95.24, 94.74 eV | where we could
expect the dominant role of the processes (2), (3). Our calculation underestimates the
contribution of the process (4). Hence the calculated structure on the Fig 8c, 9c is
explained by the dominant contribution of the processes (2), (3). On the other hand
in the channel of the 4p~2(! D) final state both the measurement and calculation show
a little role for the process (4). So the structure on the Fig 8b, 9b is solely due to the
contribution of the processes (2), (3) which are going on through the creation and decay
of the 4p~2(*S)np, nf intermediate states.

Another point needs discussion: the two electron emission yield in Fig 8 b,c in the
region 1.8 < E < 2.3 eV for the ! D final ionic state, and in the region 1.4 < E < 1.8 eV
for the P state. At this photon energy, a strong PCI capture of the 3ds/, photoelectron
(process (2)) occurs, and these electrons are the autoionizing electrons produced upon
the VMD of the Rydberg states with 4p~2(1S) and 4p~2(' D) ionic cores, respectively.
The energy and distributions of these electrons reflect the probability of the PCI capture
into the different intermediate Rydberg states. The quasi continuum distributions show
that recapture is predominantly to Rydberg states of high quantum number n. Because
of the limited number of the discrete states (7,4, = 15) included in our calculation, we
cannot reproduce this distribution.

We turn now to Fig 9, and to the Rydberg structure we observe in channels 'D
and 2P, associated with the resonant Auger process (Eq.(3)). The photon energy of
94.74 eV, 300 meV below the 3dz/; threshold corresponds roughly to a 3ds, — 9p
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excitation. The experimental data in the 'D channel, Fig 9b shows that the resonant
Auger decay (Eq.(3)) populates mainly the 4p~2(1S)np Rydberg states with n=11 , 10
and 9 and more weakly the ones with n= 12 and 8. Weak population of other 4p—2(1S)nl
Rydberg series can also be noticed. This is in very good quantitative agreement with the
observation of Aksela et al (Aksela 1997) upon 3ds/; — 9p excitation. The calculated
spectrum in Fig 9b reproduces qualitatively the main experimental features: intensities
differ slightly due to the limitations of the HF model described above, but the position
of the Rydberg series is well predicted. For 3P channel, Fig 9c, peaks correspond to
the autoionization of 4p~2(*D)np Rydberg series in the Kr?T4p~2(3 P) channel, and the
experiment resolves here autoionization to the three (*P,10) components of the Kr?*
final state, as demonstrated by the assignment reported on the Fig 9c. As expected,
the relative experimental intensities of the different n members of a Rydberg series
are similar to that of the 4p~2(1S)np series in Fig 9b. As the HF model considers
only one single Kr?t4p=2(3P) state, only one series of autoionizing lines is predicted.
Calculation predicts that autoionization of the Kr*T4p=2(1D)11p and Kr**4p=2(1D)9f
Rydberg states gives a peak at 0.51 eV. This position matches rather the experimental
value for the autoionization to the Kr?t4p=2(3P,) final state.

Finally, it should be noted that the interference effects which are predicted on
the left wings of the calculated 3ds/; line shape cannot be clearly confirmed by the
experimental data because the resolution of our measurements is not sufficient to observe
these effects, and also because the resonant contribution seems smaller than predicted,
in the experimental spectra for the D final state.

6. Conclusion

We have considered the double ionization of Krypton by photon impact when the energy
of the incident photons is close to the threshold of the 3d inner shell. The method of
electron — electron coincidences has allowed us to measure the yield of DPI in the
channels with the precisely selected final ionic state 4p~2(***!1L). The analysis of the
measured spectra which is based on a quantum mechanical calculation has revealed
three processes leading to the emission of two electrons in the considered region. They
are: 1) the 3d-shell ionization followed by the Auger decay, distorted by PCI; 2) the PCI
recapture of the slow 3d photoelectron into a discrete state followed by VMD; 3) the
outer 4p—shell ionization with simultaneous excitation of another 4p electron followed by
VMD. The calculated cross sections agree reasonably with the measured spectra, and
reproduce the main trends. The analysis of the calculated and measured spectra shows
the role of the different processes for the two electron emission. In the 1S final ionic
state channel the DPI yield is formed solely by the ionization of the 3d shell followed
by the Auger decay. In the 'D and ®P channels all three processes play an important
role. The processes which involve the creation of an intermediate state followed by
VMD contribute in the region of small electron energy £ < 2 eV whereas the direct 3d—
ionization is observed in different regions, depending on the photon energy. For small
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excess energy above threshold, AE < 0.5 eV, the contributions of all the processes are
comparable in magnitude and lead to pronounced structures in the spectra.

Both the experimental method and the theoretical approach presented in this paper
can be applied also to the investigation of the other inner shells and other atoms. The
combination of our measured and calculated data shows clearly that present techniques
allow us to study different processes involved in the decay dynamics of inner-shell
excited systems. At the same time, they also show that much more elaborate efforts are
necessary to obtain a proper model for all details of the involved many-body effects.
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Figure Captions

Fig 1:

Fig 2:

Fig 3:

Fig 4:

Fig 5:

Fig 6:
Fig 7:

Fig &:
Fig 9:

Sketch of the different processes leading to two electron emission, as described
in paragraph 2. Three ionization channels Kr+3d—!, Kr**4p=2(**'L) and
Kr*T4p=2(?511[,)) are represented, with the continuum part (such as Kr*3d~+-e¢)
schematized by a rectangle and the associated Rydberg series (such as Kr3d 'np)
schematized by horizontal bars. (1) is 3d ionization with Auger decay, affected by
PCI. (2) is 3d recapture followed by VMD. (3) Resonant Auger with VMD.(4) is
indirect valence DPI.

(color on line) Kr Double Photoionization brought about by 95.24 eV photons, 0.2
eV above the 3ds/, threshold. Top panel displays the two dimensional electron /
electron coincidence map. Intensity is plotted on a linear scale. Diagonal lines of
constant kinetic energy sum correspond to the different Kr?* final states. Bottom
panel gives the DPI continua of three selected such states. They have been obtained
from the coincidence map by projecting intensity of the corresponding diagonal
lines on the y, slow electron energy axis. Background estimated off the diagonal
has been subtracted. The Kr 3ds/, photoelectron asymmetric peak is observed at
1.35 eV. Assignment is given for the VMD of the Rydberg states into which the
3d3/2 photoelectron has been captured.

Dependance of the Kr?T(4p~2) 3P, (bottom spectra in red) and ! D (top spectra in
black) DPI continua on the excitation energy. Left panel shows the spectra obtained
at 85 eV, below the 3d excitation threshold. Fig 3 Middle panel was measured 3.5 eV
above the Kr 3d3/; threshold and right panel 0.2 eV above. Intensities correspond to
the measured coincidence counts and can be directly compared when corresponding
to a same photon energy. Contribution of false coincidences has been removed.
Electron energy distributions for DPI into the K72t 1S, 'D and 3P continua
calculated at a photon energy w = 100.04eV, 5 eV above the 3ds/, threshold.
Same as in Fig 4, but for a photon energy 200 meV above the 3dsz/, threshold. The
solid lines results from the coherent contribution of the different processes, and the
dashed line to the incoherent one. The shaded area corresponds to the contribution
of the 3d photoionization only (process (1)) .

Same as in Fig 4, but for a photon energy 300 meV below the 3ds/, threshold.

Measured Kr?* DPI continua observed with a photon energy 5 eV above the 3ds /2
threshold and compared with the calculated DPI cross section from Fig 4. The
electron count rate was 10000 per second and the accumulation time 10 min. The
histograms correspond to a discretization with 10 meV steps.

Same as in Fig 7, but for a photon energy 200 meV above the 3ds3/, threshold.

Same as in Fig 7, but for a photon energy w = 94.74 ¢V, 300 meV below the
3d3z/; threshold, and 40 meV above the 3ds,, — 9p excitation at 94.70 eV. The
assignment of the Rydberg series populated by the resonant Auger decay (process
(3)) is indicated.
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