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Core-valence double photoionization of atomic mercury
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Multielectron coincidence spectroscopy has been used to study core 4 f valence 5d, 6s double photoionization
of atomic mercury. Multiconfiguration Dirac—Fock calculations were performed to calculate the energies and to
estimate the single-photon intensities of the 4 f'3(54°6s? + 5d'°6s') double-ionized states of atomic mercury.
Reasonable agreement between the measured and simulated spectra is found if the relaxation effects of the
bound-state density is taken into account in the computation of the photoionization amplitudes.
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I. INTRODUCTION

Electron spectroscopy is a well-established method for
studies of electronic structure in various forms of matter.
Presently, third-generation synchrotron radiation sources and
very-high-resolution electron spectrometers are common tools
for experimentalists. To study multiple photoionization pro-
cesses various multielectron coincidence setups have also been
developed [1]. In our studies, the magnetic bottle multielectron
coincidence apparatus developed by Eland et al. [2] has been
implemented for use with synchrotron radiation (SR) [3]
and has been applied to studies of multiple photoionization
in various rare gas atoms (see, for instance, Refs. [3-5]).
The very high efficiency of the magnetic bottle has also
provided superior means to the experimental studies of single-
photon-induced double and multiple photoionization. Such
experiments have recently been performed on several gas phase
atoms and molecules for core-core- [6—8] and core-valence-
type of transitions [9-12].

Mercury is a liquid metal at room temperature whose
electronic ground-state configuration is determined by the
filled 4f, 5d, and 6s orbitals outside a xenon structure
([Xel4f1#5d'°652) (the 4 f orbital being deeper than 5p or-
bitals). Even due to the recognized environmentally and human
health-hazardous nature of several mercury compounds, it is
still widely used, for example, in mining, the cosmetics indus-
try, and manufacturing of fluorescent lamps. The electronic
structure of mercury atoms has been investigated on solid-
and vapor-phase photoionization by Svensson et al. [13] in
the 70s using x-ray-tube radiation for ionization. The relative
cross sections, branching ratios, and angular distributions of
electrons has been further studied by Kobrin et al. [14]. The
main Auger decay pathways of 4 f core vacancy has been
analyzed by Aksela et al. [15]. The ionized states of Hg
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have been studied by several authors, mostly with optical
spectroscopy [16-21], the most recent work [22] used the
multielectron coincidence technique relating the previously
observed optical spectra to the absolute binding-energy scale.

In the present work, we investigate the core-valence
4f~1 (5d~" or 6s7') doubly ionized states of mercury
by applying multielectron coincidence spectroscopy together
with synchrotron radiation excitation. To analyze the observed
spectra, multiconfiguration Dirac—Fock calculations were per-
formed to calculate the energies and to estimate the single-
photon intensities of the 4f!3(5d°6s> 4 5d'%6s') double
ionization of atomic mercury. The results demonstrate the
capability of the present coincidence experiment in combina-
tion with synchrotron-radiation ionization to resolve the states
of direct double-electron emission previously unreachable by
conventional electron spectroscopy. The comparison between
the calculations and the experimental findings show the
usefulness of the present approach in understanding the many-
body phenomena where a detailed theoretical description is
extremely difficult.

II. EXPERIMENTS

The experiments were carried out at the SOLEIL syn-
chrotron radiation source in Saint-Aubin (France). The mag-
netic bottle multielectron coincidence spectrometer, described
in Ref. [3] was used at the PLEIADES beamline [23-27],
which covers the energy range of 7-1000 eV. Liquid Hg was
evaporated to the gas phase using a resistively heated oven.
Previously, because the electrons have a relatively long time
of flight (up to 5 us), a specially designed chopper [28,29]
was used to decrease the single-bunch pulse frequency of
the storage ring to a 80 kHz pulse repetition rate. In the
present measurements, the chopper was not used in order to
maximize the count rate with the flux obtained at the beamline.
The separation of the light pulses in a single-bunch mode of
SOLEIL synchrotron is 7 = 1184 ns.
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The time of flight of slow photoelectrons can be longer
than 7 and could be only measure modulo [T]. However,
since in core-valence double ionization, two photoelectrons
are emitted that are followed by at least one fast Auger electron
that arrives within a single 1184 ns period there is no longer
ambiguity on the ionizing light bunch and the absolute time
of flight of the two photoelectrons are measured with respect
to the good ring clock signal. The way to do is to select three-
electron coincidence events with one Auger electron in the
energy windows [47-57 eV] corresponding to the decay of
core-valence doubly ionized states. Electron time of flights are
measured by a time-to-digital converter (TDC) with a 250 ps
resolution. The TDC acquisition procedure is initiated by the
detection of a first electron (START), which opens a gate for
8 ws during which the arrival times of successive electrons are
measured as well as the (delayed) ring clock signal. The TOF
of electrons are determined as the time difference between
their arrival and this ring clock signal.

Photon-energy calibration of the monochromator was
checked by measuring the total electron yield of autoionizing
He doubly excited states below the Het(N=2) threshold.
The TOF to kinetic-energy calibration was performed by
measuring the N=2 photoelectron satellite line of helium
at a number of kinetic energies starting from threshold.
The helium N=1 line was used for kinetic energies above
40 eV. This calibration was cross checked with the positions
of the double-ionized states of mercury, where the 5d%6s%(1S)
state was taken to be at 48.90 eV binding energy [30]. Small
energy shifts induced by different experimental conditions
(e.g., deposition of mercury in the chamber inducing contact
potentials) were corrected as constant energy shifts using a
strong autoionization Auger line 5d3 16 p*(1So) — 5d'°('Sy)
at 0.55 eV of excited mercury atoms as an autocalibration point
for low kinetic energy. See Ref. [22] for further details.

The detection efficiency of the magnetic bottle was deduced
through the ratio of Kr 3d photoelectron detected (or not)
in coincidence with Auger electrons and was found to be
around 63% for electrons from O to 200 eV allowing effective
detection of 25% for three electrons and 15% for four electrons
in coincidence.

III. CALCULATIONS

A. Amplitudes for double photoionization

To model the simultaneous ionization of two electrons
in a weak photon field, we need suitable photoionization
amplitudes with two electrons in the continuum and with a
change in the bound-state configurations from 5d 10652(1S0)
ground to the 4 f1354°6s% + 4 f135d'%6s core-valence states
of mercury. Since the electron-photon interaction only acts
upon a single electron at a given moment (within the weak
radiation field at a synchrotron), such a double-ionization
process occurs formally only in second- or higher-order
perturbation theory and requires (at least) one additional
electron-electron interaction in order to allow the emission of
two electrons. Until now, however, no rigorous computational
scheme has been developed that enables one to compute such
second-order processes with two electrons in the continuum
for correlated many-electron systems owing to the complexity
of the associated continua.
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In the past, shake-up or shake-off probabilities for the
simultaneous excitation or ionization of some valence electron
were estimated from the overlap of the one-electron orbitals,
if the wave functions of the initial and final bound-states were
calculated separately. This model assumes that the major part
of the excess energy is given to the photoionization of one
(the core) electron, while a second (weakly bound valence)
electron is released into the continuum owing to the rapid
change in the atomic potential. Only very recently [11,31],
we have developed a computational approach in which the
two-electron continua are taken into account explicitly. Here,
we shall give a brief account on the computational procedure
but otherwise refer the reader for further details to the reference
above.

Within the electric-dipole approximation, the double pho-
toionization of atoms and ions is formally described by means
of the (dipole) amplitudes

D(w;yyJyPyre1kr, €262 - vi i Py), (D

which connects the initial state |y;) = [y (y; J; P;)) of the atom
to the final state [y/(yJ s Py)) of the photoion, and with two
photoelectrons in the continuum. In this notation of the double
photoionization process, it is assumed that the photoelectrons
escape as two partial waves |€ k) and |e,k,) with angular mo-
mentum (quantum numbers; i = 1,2)k; = £(j + 1/2)forl =
J £ 1/2, and with the kinetic energies €; and €;, respectively.
Only the sum of these two energies € +€ = E; + w — Ey
is determined owing to the conservation of energy by the total
energy of the system as defined on the right-hand side of the
expression. However, rather a large or even huge number of
total final states |V;) = |ysJ s Pr,€1k1,€2k2, : ¥, J; Py) occurs
for the overall system “photoion 4+ two electrons,” and all
with total energy E;, = Ef + €| + €, = E; + w. They arise
from the different coupling possibilities of the two outgoing
electrons to the (total) angular momentum of the photoion, so
that|J; — 1] < J; < |J; + 1|and P, = P; isfulfilled within the
electric-dipole approximation, and which makes an accurate
computation of these amplitudes a real challenge even for
present-day computers [32].

From the amplitudes (1), the cross section (intensity) for
the simultaneous emission of two electrons,

4nlqw

Z /del
3(2J + 1)

x |D(w; vy J s Pro€rit ek vidi P, 2

is obtained by a summation over the partial waves 1,k of the
emitted electrons and the total angular momentum of J, of the
overall scattering states as well as by an integration over one
of the free electrons. The energy of the second electron, €;,
is then determined by energy conservation. Moreover, since
the initial states has J; = 0, the summation over the total
angular momentum is restricted to J, = 1 in the present case
(and the electric-dipole approximations). In practice, however,
computation of these dipole amplitudes is hampered by the
fact that the initial and final ionic (bound) states have a quite
different electronic structure, i.e., occupation of the electronic
shells. This difference gives a zero amplitude if calculated
with a frozen set of atomic orbitals and remains tiny if typical
electronic correlations are taken into account.
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To avoid the (unfeasible) summation over the complete
many-electron continuum in second-order perturbation theory,
a rather rough but justified approximation is based on the
relaxation of the electron density over the course of the
photoionization process together with the computation of such
“relaxed-orbital” amplitudes [33,34]. The separate optimiza-
tion of the bound states, namely, leads to (two sets of) electron
orbitals which are not quite orthogonal to each other and which
are able to capture a significant part of the correlations among
the electrons. In this approximation, then, a nonzero amplitude
arises for various single-photon processes already with the
standard definition of the photoionization amplitudes if the
overlap of all the one-electron orbitals is taken properly into
account. It is this approach that has been utilized in the present
work [35].

B. Wave functions and intensities for double ionization

As outlined above, the single-photon double ionization
of atoms and ions cannot be understood without a proper
treatment of the correlated wave functions. To generate
these wave functions for the initial and final ionic states,
the multiconfiguration Dirac—Fock (MCDF) method [35,36]
has been utilized and combined with partial waves for the
outgoing electrons. In particular, the GRASP92 code [37] has
been utilized to compute the 5d4'°6s2 'S, ground and the
417154°6s% + 4 f~15d'%6s core-valence states of mercury.
Apart from the Dirac—Coulomb Hamiltonian, moreover, the
Breit interaction was added to the representation of the
bound-state density but not to the orbital functions themselves.

To estimate the relative intensities for the double ionization
of atomic mercury, the PHOTO component of the RATIP
program [38,39] has been adapted do deal with two electrons
in the continuum. To this end, two partial waves with proper
energy sharing are coupled to the states of the photoion in
order to generate scattering states with proper energy and
symmetry within the continuum. All continuum spinors are
solved within a spherical but level-dependent potential of
the final ion (the so-called optimal-level scheme within the
GRASP92 program) and by including the exchange interaction
of the emitted electron with the bound-state density. For
further details on the computations of the photoionization
amplitudes, we refer the reader to Refs. [31,35]. However,
little is known so far of how this approximation works
for calculating the (double-differential) photoionization cross
sections with different energy sharing among the two electrons.
Despite the rather crude model for calculating these intensities
for different final states of the photoion, the comparison below
shows overall a very reasonable agreement between theory
and experiment. It is therefore interesting to further analyze
this model for other photon energies as well as explicitly for
different relative energies of the (two) emitted electrons.

IV. RESULTS AND DISCUSSION
A. Double photoionization

The population of the 4f~'V~! double photoionization
final states was obtained from the multielectron coincidence
data-set collected at the photon energy of 175.8 eV. To separate
the two simultaneously emitted core-valence electrons from
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FIG. 1. (Color online) Energy correlation between the two pho-
toelectrons emitted upon core-valence double photoionization. They
have been detected in coincidence with a third Auger electron of
47-57 eV kinetic energy.

any other electron pairs emerging from the consecutive decay
processes of either 4 f or 5p ionization, a three-electron coin-
cidence method was employed. It has been established [15]
that 4f holes of a Hg™4f~! core-state decay mainly by
emitting an Auger electron in the 59-70 eV kinetic-energy
range. We observed that, for the 4 f holes of a Hg>*4 f~'v~!
core-valence state, the decay proceeds by emission of an Auger
electron of slightly lower kinetic energy, in the 47-57 eV
kinetic-energy range. As explained in the experimental para-
graph, the method consists then of filtering (core + valence)
photoelectron pairs from the dataset when they have been
detected in coincidence with a third (Auger) electron in
the 47-57 eV kinetic-energy range. Figure 1 displays the
energy correlation between the two photoelectrons, detected
in coincidence with such an Auger electron. The diagonal
lines correspond to the different core-valence Hg>* states and
display the energy sharing between the two photoelectrons.
It is observed that some states present a rather uniform
distribution associated with a direct double-photoionization
path, while for others it is structured, indicating the presence
of indirect double-photoionization paths. The experimental
population of the double-photoionized states is obtained by
integration of Fig. 1 along the diagonal lines and is shown
in Fig. 2(a) above the theoretically simulated spectrum. In
order to evaluate the experimental intensities of the observed
features, the experiment was least-square fit using Voigt
functions.

The first part of the spectrum with binding energies between
125 and 135 eV consists of two sharp peaks and is followed
between 135 and 145 eV by a second region with seven
resolvable peaks. The experimental energies and intensities
are given in Table I. The small asymmetry observed on the
first and second peak is seemingly an artefact arising from
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TABLE 1. Experimental and calculated binding energies and identification of the Hg 4 f ~' V~! double ionized states.

Experiment Theory
Peak Eb [eV](£0.1) Diff. [eV] Intensity Eb [eV] Diff. Intensity Identification
123.523 0 df 2657 (J =4
1 127.4 0.000 146 43 f 7 S_]( )
123.586 0.063 4fn6s71(J =3)
3.984 dfa6s™'(J =2
2 4.0 77 257 Fsp2 Sﬁ]( )
4.030 4f;56571(J =3)
7.866 4f5,5d5 5657 (] = 4)
8.353 4 f735d5 5657 (J = 5)
3 8.6 202 8.528 165 4 f;35ds 5657 (J = 6)
8.757 4f;25d55657(J = 2)
8.804 4 f735d5 5657 (J = 3)
10.010 4 f735d; 5657 (J = 4)
4 10.1 101 10.135 67 4 f735d;565%(J = 3)
10.481 4f,35d5565(J = 1)
11.075 4f25d; 5653 (J =5
5 11.0 128 68 Fop3dap6s (= 3)
11.543 4f;35d;565%(J = 2)
12.030 4f55d55657(J = 4)
6 12.4 92 12.331 140 4 fo35d;5565%(J = 3)
12.645 4 f5,5ds55657(J] = 2)
13.359 4 fo35d5 5657 (J) = 1)
7 13.4 157 13.416 90 4 f5,5d;55657(J = 5)
13.819 4 f535d;5565%(J = 0)
14.481 4 f5y5d;5657(J = 3)
8 14.5 74 14.484 150 4f55d5657(J = 4)
14.490 4 f535d;5657(J = 2)
9 16.1 21 16.151 20 4 f5p5d;5657(J = 1)

the overlap of decay of 5p photoionization satellite lines.
Similarly, there may exist some nonlinearity in the background
of the high-binding-energy part of the spectrum.

The simulated spectrum in Fig. 2(b) is formed convoluting
the ab-initio transition energies and intensities with a width
of 0.3 eV Gaussian and Lorentzian contributions in order to
match to the experimental conditions. A remarkably good
agreement between the simulated and observed spectra is
found as seen this figure. According to the calculations,
the two peaks at 127.4 and 131.4 eV are to the double
ionization of atomic mercury to the 4 f ~'6s~! final states of the
photoion. The splitting of the first two lines is due to the spin-
orbit splitting of the 4 f. Moreover, the calculations predict
two very-close-lying states at binding energies 123.52 and
123.58 eV, which are not resolved in the experiment. These
close-lying states arise due to the coupling of the single valence
electron to the 4 f core hole state. The binding energy of
the first line in the experiment is 127.4 eV. The prediction
(123.5 eV) deviates from this by around 4 eV, being well
in the expected range for such a multielectron atom. The
experimental energy difference between two 4 f ~'6s~! states
is 4.00 eV, which is well predicted by our calculations.

The second group of peaks at the binding-energy region
of 135 to 145 eV consists of several transitions to 4 f 54!
states. The calculation for this region suggest 20 contributing

transitions. While a unique identification remains a challenge
for all the levels involved, the experimentally observed
peaks may be traced to groups of transitions based on the
high-accuracy match of the predicted distribution of binding
energies (see Table I) This is also seen by the fact that the
predicted spectrum in Fig. 2 reproduces the observed structures
when convoluted with linewidth matching to the experiment.
The energies and intensities of the final states contributing
to the assigned experimental peaks are given in Table I.
Comparing the predicted relative energies to the experiment
it is obvious that the state distributions are predicted with the
accuracy of a tenth of an eV, thus a reliable identification may
be given.

As seen in Table I, rather large discrepancies between the
calculated and observed (relative) populations occur due to
the approximation as applied in the computations. In particular,
the relative intensities of peaks 2, 6, and 8 are clearly
overestimated and poorly reproduce the observed peaks. The
other peaks are reproduced better. This different behavior in
predicting relative intensities is not yet understood and will
require further computations for different photon energies
and energy sharing between the two electrons. Especially,
the effects of the energy sharing need to be explored in
further detail since, in contrast to our expectation, only a very
small effect was found in the present model. Apart from the

013411-4



CORE-VALENCE DOUBLE PHOTOIONIZATION OF ATOMIC ...

1500
z
c
=}
£ 1000
S,
2
‘@
g
z 500

0 T T T T T
125 130 135 140 145
Binding energy (exp.) [eV]

150 (b)
iy
c
=3
£ 100
S,
2
‘@
=4
Io]
£ 504

|| I| | H |
0 T T

T
120 125 130 135 140
Binding energy (theor.) [eV]

FIG. 2. (Color online) The (a) experimental and (b) predicted
spectrum of the population of the 4 f~!'V~! double-ionized states.

relaxation model itself, such an energy dependence may arise
also from the choice of the wave-function expansion.

B. Relative cross section

The relative single-to-double—ionization cross section may
be experimentally determined in the magnetic-bottle experi-
ment as the efficiency of the electron detection and is known
(63 £4% in the present experiment). The total number of
core-valence events (the coincidences of two photo and one
Auger electron) was divided by the number of detected 4 f
photoelectrons. The detection efficiency corrected observed
ratios for the core-valence double to single photoionization
probabilities are 3.5 + 1%,8.2 = 2%,7.4 & 2%,and 7.4 £ 2%
for the photon energies of 150.7, 175.8, 185.9, and 200.9 eV,
respectively. Note that the ratios at the two higher photon ener-
gies are expected to be underestimated because, at these photon
energies, the energy range of the core-valence photoelectrons
and of the Auger electrons overlap, and it is not possible to
disentangle them completely. The present theoretical approach
is unable to provide a prediction for the ratios as the single- and
double-ionization states are optimized independently. For an
accurate determination of these intensity ratios, moreover, the
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transition probabilities for the various shake-up process would
be needed. In comparison to our previous experiment with the
aluminum 2p~!'V~! direct double ionization in Ref. [40], the
trend of the observed probability as a function of excess energy
is similar. The maximum of the probability in Al is reached
around five electron volts above the double-ionization energy.
At present, the possible final states in Hg range to almost the
20 eV region, suggesting a more shallow slope for the cross
section. The first photon energy selected is just around 5 eV
above the last 4 f =154~ states, providing roughly half of the
maximum probability observed at 20 eV excess energy. Tenta-
tively, the difference of the energies could be explained by the
valence orbitals involved. According to Yeh and Lindau [41]
the aluminum 2 p reaches the maximum cross section in around
20 eV above the threshold, while the Hg 4 f cross-section slope
is more broad and rises up to 200 eV above the threshold. By
this crude comparison it is obvious that the involvement of a
valence orbital suppresses the energy scale of the cross section
of double vs the corresponding single photoionization.

V. CONCLUSION

In the present work, the 4f~'V~! core and valence
doubly ionized states of mercury have been observed with the
aid of synchrotron radiation combined with a multielectron
coincidence experiment. The relative strength of the double
(core valence) to single photoionization has also been experi-
mentally observed as a function of photon energy and shortly
discussed. Relativistic Dirac—Fock calculations have been
applied to identify the observed peaks in the double-ionization
spectra. A reasonable agreement between experiment and
theory has enabled us to assign the observed levels of the
photoion. Further theoretical work is, however, needed for
different photon energies and energy sharing between the two
electrons to better understand the limitations of the model.
The applied model for the final-state populations reasonably
reproduce the trends of the experiment, thus suggesting its
further usability in approximations of the double-ionization
intensities.
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