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Decay Channel Dependence of the Photoelectron Angular Distributions in Core-Level Ionization
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For K-shell photoionization of neon dimers, we report Ne 1s photoelectron angular distributions for
Ne?* + Net and Ne' + Ne' channels exhibiting quite different patterns. Noninversion-symmetric
patterns of the former obtained by the fast interatomic Coulombic decay of Auger final states show
direct evidence of core-hole localization. Dipolar patterns of the latter obtained by the slow radiative
decay of the other Auger final states clearly show that the radiative process is slow enough to allow
dicationic dimers to rotate many times before fragmentation.
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According to chemical bonding theory, the valence elec-
trons can be delocalized to form a chemical bond, and the
core electrons are completely localized on each atom.
Therefore, it is considered that the core hole created by
x-ray absorption is localized even in symmetric molecules.
However, according to quantum theory, the core-hole states
of the symmetric molecules are degenerate to satisfy the
symmetry requirements; i.e., the symmetry-adapted core-
hole states are constructed using symmetrized combina-
tions of the localized core-hole states. Although this is
often called core-hole delocalization, the symmetry resto-
ration in the orbital picture is not related to the core-hole
delocalization [1]. In such symmetry-adapted representa-
tions, a question arises whether or not the core hole should
be considered localized on one specific atomic center. One
can argue that a simple answer to the question does not
exist due to the fact that the selection of the appropriate
physical representation depends on the scheme of mea-
surements [2]. That is, if one specific atom having the core
hole can be distinguished from the measurements, the
measured parameters are described by the localized core-
hole states, and if not, they are described by the symmetry-
adapted core-hole states. The core-orbital photoionization
process of Ne dimers (Ne,) provides an ideal showcase to
resolve the elusive fundamental problem, because both
removal of a 1s electron and successive Auger decay are
essentially of atomic nature in the van der Waals molecules
[3]. In this Letter, we report Ne 1s photoelectron angular
distributions (PADs) from Ne, in coincidence with Ne?*
and Ne* ions produced via interatomic Coulombic decay
(ICD) [3-10] of Auger final states and PAD in coincidence
with Ne* and Ne™ ions via radiative decay [11,12] of the
other Auger final states.

The experiment has been conducted at the undulator
beam line BL-2C [13] of the Photon Factory using a multi-
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coincidence velocity-map imaging spectrometer [14]. Ne
dimers were produced by expanding Ne gas cooled to 83 K
through a 50- um-diameter orifice at a stagnation pressure
of ~1 atm [15]. The photon beam crossed perpendicularly
with the supersonic jet of the Ne dimers from a skimmer.
Electrons and ions were extracted by a uniform electro-
static field on opposite sides towards two position- and
time-sensitive detectors with delay-line readout [16], and
were detected in coincidence. The ion momenta were
determined from the times of flight and impact positions
on the detector. The projection of the electron momenta on
the coplanar plane, which is defined by the electric vector
and propagation direction of incident light, was determined
from the positions. Figure 1 shows the correlation diagram
of the electron energy (E,) and kinetic energy release
(KER) of the fragment ions, measured in coincidence
with (a) Ne?' and Ne™ ions and (b) two Ne™ ions. The
E, distributions were obtained by peeling the projection
images of electrons. For the Ne?* 4+ Ne* channel, the
island at E, = 10 eV corresponds to the Ne 1s photoelec-
trons, whose energy is independent of the KER. In addi-
tion, prominent diagonal structures due to the ICD
electrons [3] are observed and are denoted as ICD1 and
ICD2. For the Ne* + Ne™ channel, only the island corre-
sponding to the photoelectrons was observed. The weak
diagonal line in E, <2 eV is due to the ICD electrons
following Ne 2s photoionization [6]. In order to elucidate
the interplay between the photoemission dynamics and
fragmentation pathways, the triple coincidence signals of
Ne*, Ne™ (or Ne?"), and Ne 1s photoelectrons were
analyzed to obtain the vector correlations between them.
Figure 2 shows polar plots of the Ne 15 PADs relative to
the dissociation axis of (a) Ne?* + Ne™ and (b) Ne™ +
Ne™ breakup channels along with our results of calcula-
tions. The laboratory-frame PADs (LF-PADs) of Ne,,
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FIG. 1 (color). Correlation diagram between electron energy
and kinetic energy release (KER) in fragmentation into (a) Ne?"
and Ne™ ions and (b) Net and Ne™ ions. The color coding
shows the relative electron intensities in arbitrary units. The
photon energy was tuned to be 880.2 eV, just 10 eV above the Ne
1s ionization potential.

which were obtained by integrating the PADs over all the
back-to-back directions of the ion pairs, are also shown in
the center. The systematic errors of each coincident PAD
can be evaluated from the deviation of the data points of the
LF-PAD from the dipolar pattern expressed by the fitted
curve. They are comparable to the statistical errors of the
data points. In the calculations, we employed the time-
dependent density functional theory (TDDFT) described in
Ref. [17], using the LB94 exchange-correlation potential
with the ground-state density. The calculations were con-
ducted using both localized and delocalized descriptions of
the core-hole states. The molecular-frame PADs (MF-
PADs) for the localized core hole are shown by thin curves
in Fig. 2(a), where the photoelectron is ejected from the
right Ne atom. The MF-PADs for the delocalized core-hole
state with o, symmetry are shown by blue curves in
Fig. 2(b) where the photoelectron is ejected coherently
from both left and right Ne atoms, while those with o,
are shown by red curves. The superposition of the two MF-
PADs for o, and o, components is shown with thin black
curves in Fig. 2(b) which is identical to the superposition of
the two MF-PADs for the localized core holes on the left
and right Ne atoms. The asymmetry parameter B3 for the
LF-PAD was also calculated. As can be seen in Fig. 2(a),
the PADs for the Ne?* + Ne* channel depend on the
mutual angle between the polarization vector and dissocia-
tion axis. Surprisingly, broken inversion symmetry of the
PAD is seen clearly in the parallel geometry beyond the
statistical errors of the data points, although the symmetry
breaking is little recognized in the perpendicular. This
observation implies that the atomic site of primary photo-

Ne* Ne*

FIG. 2 (color). Polar plots of the Ne 1s PADs from Ne, in
coincidence with (a) Ne?* + Ne™ and with (b) Ne' + Ne*
fragments at 10 eV photoelectron energy. The polarization vector
(¢) of the incident light and the dissociation direction of ion pairs
are indicated. Filled circles with statistical error bars: experi-
mental data; thick curves: fitting to data by Legendre polyno-
mials up to tenth order, or by [1 + BP,(cosf)]; thin (black)
curves: localized (a) and delocalized (b) theoretical MF-PADs
which are normalized at the maximum data. In (b) la'&?1 (blue)
and 1o,' (red) components of MF-PADs are shown. Theoreti-
cal LF-PADs (broken curves) are hardly seen due to the overlap
with fitting curves (see text).

emission is recorded in the coincident PADs and that the
fragmentation process is fast. As a consequence, the PADs
result in the “MF-PADs.” On the other hand, the PADs for
the Ne™ + Ne* channel depend only on the polarization
vector, and they are almost identical to the “LF-PADs.”
This implies that the dissociation direction of two Ne* has
no correlation with the dimer axis at the instant of the Ne
1s photoionization. Thus, the PADs shown in Fig. 2 dem-
onstrate an intriguing new phenomenon on the relaxation
of the core hole; the Ne?t + Ne™ channel retains the
memory of both the molecular orientation and the initial
core-hole localization, while both are lost in the Ne™ +
Ne* channel.

In weakly bound van der Waals dimers, both a 1s
photoemission and subsequent Auger decay with the life-
time of 2.4 fs [18] take place at one site. On this basis, the
decay process of core ionized Ne, can be described by a
two-step model: in the first step the Auger decay occurs at
the initial core-hole site leading to [Ne?* — Ne], and in the
second step a charge separation into two sites takes place
during successive decays. As can be seen in the diagonal
structures in Fig. 1(a), the ICD in the second step produces
the Ne?" and Ne™ ion pair. Since the Ne ' fragment arises
from the neutral atom of [Ne?" — Ne] due to the ICD, one
can presume that the initial core-hole memory was carried
by the resultant fragment Ne?>* ion. Moreover, the lifetime
of the order of 100 fs [3] of the ICD for [Ne?" — Ne] is
much faster than the rotational period of about 100 ps
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estimated from the ground-state molecular constant of
By = 0.1553 cm™! [19]. Therefore, we conclude with cer-
tainty that the PADs for the Ne?* + Ne™ channel result in
the MF-PADs, which shows noninversion-symmetric pat-
terns reflecting symmetry lowering of the core ionized
[Net — Ne]. It should be noted here that the MF-PAD
pattern is controlled by the interference between the direct
and scattered photoelectron waves, which depends on
electron energies and the mutual angle between the polar-
ization vector and dimer axis. Therefore, the degree of
core-hole localization is not directly related to the degree
of the lack of inversion symmetry in the MF-PAD. For
instance, the lack of inversion symmetry in the left MF-
PAD in Fig. 2(a) reflects the strong influence of the scat-
tered wave, in contrast to the right MF-PAD which is
nearly inversion-symmetric and hardly affected by the
scattered wave; nevertheless, the degree of core-hole lo-
calization does not depend on the geometries. The theo-
retical MF-PADs with the core hole localized on the Ne?*
site exhibit the lack of inversion symmetry; however, their
patterns differ from the experimental ones in both the
parallel and perpendicular geometries. The discrepancy is
puzzling because our TDDFT calculations of the MF-PAD
for other molecules [20—22] agree with the experimental
results overall except for the shape resonance region.
Moreover, the theoretical LF-PAD with the B of 1.88
well reproduces the experimental LF-PAD with the 8 of
1.92 £ 0.05 in the center of Fig. 2(a). A possible reason for
the discrepancy might be the existence of the resonance
because the coupling of photoemission with electronic
decays and the coupling of it with nuclear motions, which
were not included in the calculations, play an important
role in the resonance [23]. The other possible reason,
especially for the discrepancy of the favorite direction of
photoemission in the parallel geometry, might come from
the ambiguity on the observation of the core-hole position.
That is, in the time-dependent picture of the core-hole state
[24,25], the core hole is hopping from the Ne?* to Ne in the
Auger final states. The period of the hopping time can be
estimated as ~690 fs, assuming that the gerade and un-
gerade energy separation in the Auger final state is com-
parable to that (6 meV [26]) in the inner-valence ionized
states. Then, an appreciable portion of the initial core hole
can move from the Ne2" to Ne before the ICD, which was
not taken into account in the calculations.

The PADs for the symmetric charge separation channel
of Ne* + Ne* ought to be inversion symmetric because
the detection of such ions cannot distinguish the Ne atoms.
In fact, the experimental PADs are inversion symmetric
[see Fig. 2(b)], like the Ne 2s PAD from Ne, measured in
coincidence with two Ne™ ions [26]. However, an essential
difference between them exists. The present Ne 1s PAD
does not depend on the dimer axis at all, which results in a
LF-PAD; however, the Ne 2s PAD depends on the axis,
which results in a MF-PAD. In the two-step model, a
possible second step of fragmentation pathway to Ne™ +
Ne* from the Auger final [Ne?* (!D:2p~?) + Ne] state is a

radiative decay, as is the case of Ar, [11,12] because the
Auger final state is energetically lower than the triply
ionized state and cannot give off its excess energy by
electron emission. During a lifetime (approximately nano-
seconds) of the radiative decay leading to the symmetric
charge separation, the dicationic dimer can rotate many
times with a period of about 100 ps. Therefore, the memory
of the molecular axis at the instant of photoionization is
perfectly lost in the Ne 1s PAD. As a consequence, the
observed coincident PADs are not MF-PADs but LF-PADs.
Actually, the observed PADs are well explained by the
theoretical LF-PAD. That is, the experimental 8 values
determined from the PADs are 1.72 = 0.02 and 1.85 =
0.03 for the parallel and perpendicular geometry, respec-
tively, and the theoretical S is 1.88, which is also in good
agreement with the experimental 8 values, 1.85 = 0.03
determined from the LF-PAD in the center of Fig. 2(b).
This good agreement certainly supports the idea that the
coincident PADs for the Ne™ + Ne* channel are reduced
to the LF-PAD.

Hereafter, we rationalize the fragmentation pathways
with the help of relevant potential energy curves of Ne,
shown in Fig. 3. The theoretical method was an all-electron
ab initio Hartree-Fock single-reference approach consid-
ering Ne 2s and 2p holes, explicitly using the GSCF3 code
[27-29]. The basis functions used were Ne(4111111/
31111/1°1*) and Ne(31111111/31111/1*1%) obtained
from the contracted Gaussian-type function [73/7] as
proposed by Huzinaga et al. [32]. The d-type polarization
functions wused were (¢ =0.852 and 4.55. The
van der Waals interaction was considered by the second-
order Mgller-Plesset many-body perturbation theory for a
single reference configuration. The diagonal structures in
Fig. 1(a) show that the sum of the KER and ICD electron
energy is a constant. The energy (E, + KER) of the ICD1
is about 11 eV. This value agrees with the energy difference
(11.2 eV) between [Ne?t (1P:2s712p~1); 98.5 eV + Ne]
and [Ne?t (!D:2p~2); 65.7 eV + Ne™ (2p~1); 21.6 eV].
The experimental value of the KER (~9 eV) agrees with
the KER (~9.2 eV) estimated from the potential curve in
Fig. 3 at the equilibrium distance (~3.1 A) of the neutral
Ne,. One can also notice the weak diagonal structure
(ICD2) for the sum energy of about 14 eV. This agrees
with the energy difference (14.3 eV) between [Ne?™ (P :
25 12p71); 985eV+Ne] and [Ne*t (3P:2p~2);
62.6 eV + Ne™ (2p~1); 21.6 eV].

For the Ne* + Ne* fragmentations, the most dominant
radiative decay channel is indicated in Fig. 3. From the
potential energy curves and the observed KER, significant
bond shortening during the long lifetime can be recog-
nized; the observed KER (~7 eV) of the Ne™ + Ne* pairs
leads to the consequence that the radiative decay occurs
around R ~ 2 A. This is in accord with the equilibrium
distance (~2.2 A) of the [Ne?* — Ne] and is much shorter
than that (3.1 z&) of the neutral ground state Ne, in contrast
to the innervalence ionization, in which the fast ICD
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FIG. 3 (color). Calculated potential energy curves for the
singly, doubly, and triply ionized states of Ne,. At each
dissociation limit, holes on each Ne atom are explicitly indi-
cated, in which O represents the neutral electronic configuration.
Potential curves are shifted according to the corresponding
ionization energies [30,31] at the separated-atom limit. The
dominant Auger final states are shown with the relative inten-
sities [30] in parentheses.

process occurs at the equilibrium distance of the ground
state Ne, resulting in the KER of ~4.5 eV [6,10].

In conclusion, we have demonstrated the Ne 1s PADs for
Ne?* + Net and Ne™ + Ne™ channels of van der Waals
Ne dimers. The former containing the fast ICD, equivalent
to MF-PAD, has given direct evidence of core-hole local-
ization. The latter containing the slow radiative decay has
lost the memory of molecular axis perfectly, and has been
reduced to a LF-PAD. The present data of the MF-PAD
provides a guide for further theoretical developments
which may include the nuclear motion, core-hole relaxa-
tion, and channel mixing. Our findings on the deep-core
ionization of the simplest cluster provide not only better
understanding on the core-hole localization but also key
fundamental information on core ionization and subse-
quent relaxation processes of more complex cluster sys-
tems and larger molecules, over the rather wide time scale
ranging from femtoseconds to nanoseconds because there
are no reasons to suppose our findings to be restricted to
Ne, dimers.
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Note added in proof.—When this manuscript was close
to completion, we became aware of a paper considering a
similar system [33].
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