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Energy Correlation of the Three Electrons Emitted during the Triple Photoionization of Ar
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We report on an experimental investigation of energy correlation among three electrons emitted in
valence triple photoionization (TPI) of Ar. The energy correlations reveal a predominant contribution
from sequential TPI processes involving intermediate Ar’* formation, which suggests that such indirect
contributions should be included in the formulation of the threshold law for TPI cross sections. The
differential cross section for direct TPI at about 150 eV above threshold producing one slow electron with
a few eV kinetic energy is found to have a deeply hollow U-shaped profile in energy sharing between the

other two electrons.
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Multibody Coulomb interaction in multiple photoioni-
zation of atoms and molecules has become a growing field
of research in recent years. Even for double photoioniza-
tion (DPI) of two-electron atomic systems, which are the
simplest cases of multiple photoionization, the resultant
three-body Coulomb problem cannot be solved analyti-
cally. Because of the massive experimental and theoretical
efforts exerted over the past two decades, our understand-
ing of this prototype multiple photoionization process has
improved very significantly [1,2].

Comparatively little attention has been paid so far to the
four-body Coulomb problem which arises in the triple
photoionization (TPI) of atoms. While TPI of Li is the
prototype of the four-body Coulomb problem [3], it has the
peculiarity of being associated with electron emissions
from two different shells. In contrast, TPI from the same
valence orbitals, which can occur, for example, in a rare
gas atom like Ar, lacks this complication and thus can play
a benchmark role in investigations of the four-body
Coulomb problem [4,5]. So far, experimental studies on
TPI have been limited to the total TPI cross sections which
can be studied by photoion spectroscopy. In these studies,
the main focus has been on the energy ranges near TPI
thresholds [4-9]. The experimental cross sections are in
essential agreement with the Wannier threshold law
[10,11], but also show some deviations from it, in response
to which modified threshold laws have been suggested [7—
9,12]. Much deeper insights into TPI dynamics can be
gained from energy and angular correlations among the
three outgoing electrons. While some theoretical studies
on this topic have already been reported [13—17], to the
best of our knowledge, no experimental study has yet
succeeded in observing energy or angular correlations in
TPI. This may be related to the fact that such studies
require a highly sensitive multielectron coincidence ex-
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periment, because of the extremely small TPI cross
sections.

In this Letter, we report the first experimental observa-
tion of energy correlations among three valence electrons
emitted in TPI, which marks an important step forward in
the study of multiple photoionization processes. The
present observations were achieved for TPI of Ar using a
state-of-the-art multielectron coincidence method [18,19].
The spectra reveal that sequential TPI processes via inter-
mediate Ar’>" formation contribute dominantly to the total
TPI cross sections at the measured photon energies. The
direct and indirect mechanisms can be distinguished, and
we have extracted the first differential cross sections for the
direct TPI process.

The experiments were performed at the undulator beam
line BL-16A of the Photon Factory. Single bunch operation
of the storage ring provided a 624 ns repetition period for
the 200-ps-wide light pulses. Synchrotron radiation was
monochromatized by a grazing incidence monochromator
using a varied-line-spacing plane grating, and the photon
bandwidth was set at 30 meV. A mechanical chopper in the
form of a cylinder with 100 slots was employed to reduce
the light repetition rate, by admitting one light pulse in
every 12 us period to the interaction region of our spec-
trometer [20]. Multicoincidences were recorded between
electrons and analyzed in energy by their flight times in a
magnetic bottle electron spectrometer [18]. The descrip-
tion of the analyzer and the data accumulation scheme are
given elsewhere [19,20]. Calibration of the conversion
from electron flight time to energy was achieved by mea-
suring conventional He 1s photoelectron lines at different
photon energies. It was estimated that the energy resolving
power of the apparatus, E/AE, was nearly constant at ~60
for electrons of £ > 5 eV, though, for electrons of E <
5 eV, AE was limited to ~20 meV. It was also estimated
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that the detection efficiency was constant at ~60% for
electrons of less than 200 eV [21].

The TPI cross section as a fraction of the total ionization
cross section gradually increases from the threshold
(84.124 eV [22]), before it reaches a plateau (~2%) start-
ing around ~v = 200 eV [23]. The plateau continues up to
the 2p-to-Rydberg excitation range. In order to get a
favorable coincidence rate for TPI, we accumulated coin-
cidence data sets at two photon energies, hv = 199.5 and
234.7 eV, around the plateau range. Figure 1 shows the
triple coincidence yields as a function of E; + E, + Ej,
extracted from the data set accumulated at hv = 234.7 eV.
Here, E|, E,, and E; denote the kinetic energies of the first
(fastest), second (medium energetic), and third (slowest)
electrons to arrive at the detector. The coincidence yield
curve is plotted also as a function of the Ar’* binding
energy with respect to the neutral ground state. Three
overlapping peaks are seen in the binding energy range
82-91 eV, sitting on a background of false coincidences.
These peaks can be identified as the levels arising from the
3p 3 configuration [22]. The intensity ratios of the S, 2D,
and 2P peaks in Fig. 1 are found to be 1.1:1.4:1 by a least-
squares fitting using a sum of Gaussian functions; they
change slightly to 1.1:1.8:1 at hv = 199.5 eV. These ratios
do not agree with the statistical weights of 0.67:1.67:1 as
4S formation is particularly enhanced in the present obser-
vations. In addition to these first three clear peaks, weak
structures assigned to the Ar** (357 13p~2) states are dis-
cernible in the binding energy range of 97-109 eV of Fig. 1.

Figure 2 represents the energy distributions among three
electrons, where the vertical axes correspond to E5 and the
horizontal ones to E; — E,. These maps have been ex-
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FIG. 1 (color online). Distributions of the kinetic energy sum
for three electrons detected in coincidence, extracted from the
coincidence data set accumulated at hv = 234.7 eV. The accu-
mulation time was 12 h, at count rates below 3000 Hz. True
triple coincidence rate is around 1.5 Hz. A scale showing binding
energy with respect to the neutral ground state is included at the
top, and Ar®" levels are indicated with bars [22]. The four
energy ranges used for extraction of the energy correlation
maps in Fig. 2 are indicated by shading.

tracted from the data set accumulated at hv = 234.7 eV,
by restricting E; + E, + E; to the four ranges indicated in
Fig. 1. The E| + E, + E; ranges for Figs. 2(a)-2(c) cor-
respond to the formation of individual Ar*" states, while
the one in Fig. 2(d) corresponds to the false coincidence
background. The way of plotting is equivalent to the Dalitz
plot [24], and compacts the energy distributions of the
three electrons. All the maps show strong enhancements
around £ — E, = 150 eV and E; = 0 eV, which are due
predominantly to false coincidences including two slow
(near 0 eV) electrons. Unfortunately, such false coinci-
dences are very intense as compared to the true coinci-
dence events from TPI with its inherently low branching
ratio.

A prominent horizontal stripe is visible in Fig. 2(c) at
E; = 2.2 eV. In addition, closer inspection identifies simi-
lar, but weaker, horizontal stripes in Figs. 2(a)-2(c). The
curves in the right-hand panels, which are the projections
of the yields on the maps onto the vertical axes, exhibit the
peaks corresponding to the horizontal stripes. In contrast,
no such stripe is discernible in Fig. 2(d), which implies that
the horizontal structures are due to TPI of Ar. Each hori-
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FIG. 2 (color online). Two-dimensional maps of correlations
among three electrons, where the sums of the three electrons are
restricted to the ranges for the formation of (a) Ar’* (3p~32P),
(b) Ar*"(3p732D), and (c) Ar*"(3p~34S) and (d) to a back-
ground range. The ranges for these choices are indicated in
Fig. 1. Intensities are plotted on a common linear scale. The
areas of E; — E, < 14 eV are blind due to the detection dead
time arising from inseparable electron signals. The right-hand
panels show projections of the yields on the maps onto the
vertical axes.
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zontal stripe can be attributed to a sequential TPI process in
which the slowest electron is emitted with a fixed energy
and the other electrons have distributed energies. Direct
TPI can hardly be seen on the maps, as the expected
smooth distributions can produce only low-contrast
features.

Figure 3 shows the FE5 distributions for formation of the
AT (3p~3) states at hv = 234.7 [solid (black) lines] and
199.5 eV [dashed (red) lines]. The E; distributions at the
two photon energies for each final Ar’" state formation
agree precisely in the positions of the sharp peaks. This
agreement demonstrates that the horizontal stripes in Fig. 2
are associated with initial DPI followed by autoionization
of the Ar’" states formed. If the peaks were due to single
photoionization into Ar* states, they should move as a
function of photon energy. The sharp peaks in Fig. 3 can
thus be assigned to autoionization of Ar’>" into Ar’"; in
fact, the energies of some peaks agree with Ar’" auto-
ionization energies observed in the Auger decay of
Art(2p~1) [25]. For example, the most intense peak at
E; = 2.2 eV in Fig. 3(c) can be assigned to the autoioni-
zation of a 352 satellite state with a 3p~*3d? configura-
tion [25,26]. The energy distribution of the two photo-
electrons emitted in formation of this Ar’" state is shown
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FIG. 3 (color online). Net distributions of slowest electrons for
the formation of (a) Ar’**(3p 32P), (b) Ar*"(3p32D), and
(c) Ar*T(3p~34S), where the false contributions have been
subtracted. The false contributions are assumed to be the same
as the distribution in the right panel of Fig. 2(d) and to have the
background intensities seen in Fig. 1. The curves that are solid
(black) and dashed (red) are deduced from the data sets accu-
mulated at hv = 234.7 and 199.5 eV, respectively. The counts in
the dashed (red) curves are magnified by a factor of 4.5, for
comparison. Discretization by 30 meV step was adopted for all
the distributions.

in Fig. 4(a). This distribution reflects the coincidence
yields along the horizontal stripe seen at E3 = 2.2 eV in
Fig. 2(c). It shows a continuous profile increasing gradu-
ally toward the minimum and maximum energies. Such a
U-shaped profile is expected in direct DPI [27], and it
agrees well with those we observed in Ne valence DPI
with similar available energies [21]; the profile thus con-
firms that the Ar’>" state is produced essentially by direct
DPI. No sharp peaks denoting sequential DPI are visible in
the distribution, but weak peaks might be hidden by the
limited statistics.

In Fig. 3(c), the majority of sharp peaks lie below 2.4 eV,
which is the energy difference between Ar** (3p32D) and
Ar3*(3p~34S). This observation indicates that most of the
peaks in this region, except for the large peak at E; =
2.2 eV, correspond to Rydberg states converging to
Ar3*(3p~32D). Similar features at higher energies, proba-
bly due to the Rydberg states converging to Ar’* (3p~32P),
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FIG. 4 (color online). (a) Kinetic energy distribution of the two
photoelectrons emitted in DPI into an Ar?>* (35~ 2) satellite state,
which reflects the coincidence yields for the horizontal stripe at
E; = 2.2 eV in Fig. 2(c). The false contribution estimated from
the distribution at a vicinal E3 range (2.03-2.14 eV) was sub-
tracted. (b) Kinetic energy distributions of the two electrons
emitted with electrons in E5 = 1-2 eV [solid (black) lines] and
3—4 eV [dashed (red) lines] in TPI into Ar’*(3p 32D). The
contributions from false coincidences were subtracted by assum-
ing that the false contribution profiles are described by the
distributions extracted for the same FE; ranges and the back-
ground E| + E, + Ej range indicated in Fig. 1. The gaps seen in
the middle and both extremes of all the curves are due to the
detection dead time arising from inseparable electron signals.
Discretization by 150 meV step was adopted for all the distri-
butions.
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are seen in Figs. 3(b) and 3(c), but they are less pronounced
as compared to the Rydberg structure related to
Ar’T(3p~32D). The fact that the formation of Rydberg
states converging to Ar**(3p~32D) is more favorable
than formation of states converging to Ar’* (3p~32P) sug-
gests that direct TPI into Ar*"(3p~32D) is also more
intense than that into Ar**(3p~32P). This is because DPI
into a Rydberg-type Ar>* state can be regarded as an
extreme case of the direct TPI process, where one of the
three photoelectrons has too little energy to escape and is
trapped in a Rydberg orbital.

It is expected that direct TPI should result in smooth
structures underlying the sharp peaks in Fig. 3, because the
available energy for the formation of the individual Ar’*
state is shared continuously by the three photoelectrons.
Indirect TPI processes forming sharp peaks may also con-
tribute weakly to the smooth structures in the E5 range
below the peak energies, because the autoionization elec-
trons could be detected as the middle energy ones. The
relative intensities of the smooth underlying continua in
Fig. 3 indicate that direct TPI is strongest in the 2D
channel, less strong in the 2P channel and weak in the *S
channel. The more intense direct TPI in the 2D channel
than in the other channels is thus in accord with the
intensity of the corresponding Rydberg features.

Figure 4(b) plots the energy distributions of the two
faster electrons emitted in formation Ar**(3p~32D), for
events selected by restricting the slowest electron energy to
E; = 1-2 eV and 3-4 eV. Although weak peak structures
are discernible in these restricted E; ranges in Fig. 3(b), we
believe that most of the selected intensity can be attributed
to direct TPI. The distributions again show U-shaped
profiles, but the profiles are more enhanced around the
maximum and minimum energies, as compared with the
U-shaped profile in Fig. 4(a). The observed distributions
show that for the emission of a low energy electron, a
highly unequal energy sharing is favored for the other
two electrons. One possible interpretation of this unequal
energy sharing is that emission of a high energy photo-
electron is accompanied by an emission of two slow elec-
trons in a process of “double shakeoff”. Theoretical
calculations have predicted such U-shaped distributions
in TPI of Li with the available energies of 116.5 eV [14]
and 115 eV [16]; the present observation qualitatively
confirms these theoretical predictions.

In conclusion, we have observed for the first time the
energy distributions among three electrons emitted in TPI
of Ar, with a state-of-the-art multielectron coincidence
method. We have observed a predominant contribution
from indirect TPI via intermediate Ar** formation. Al-
though the experiments were performed, for practical co-
incidence rate reasons, at photon energies far from the TPI
threshold, the same indirect TPI can be expected to con-
tribute significantly to the cross section in near-threshold
ionization. Such contributions may be the source of the
observed deviation [5] from the Wannier threshold law, as
has been predicted by Gribakin, Sahoo, and Ostrovsky [9].

Furthermore, double differential cross sections for direct
TPI at 150 eV excess energy are found to present a deeply
hollow U-shaped profile, when the energy of one of the
electrons is fixed at low energy. This is the first experimen-
tal visualization of the direct triple escape dynamics.
Comparison with theoretical calculations should bring
more detailed understanding of direct TPI dynamics; no
directly relevant calculation is available for the present
case and we strongly hope that our data may stimulate
such a theoretical effort.
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