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Complex decay patterns in atomic core photoionization disentangled by ion-recoil measurements
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Following core 1s ionization and resonant excitation of argon atoms, we measure the recoil energy of the
ions due to momentum conservation during the emission of Auger electrons. We show that such ion momentum
spectroscopy can be used to disentangle to some degree complex decay patterns, involving both radiative and
nonradiative decays.
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I. INTRODUCTION

The successful modeling of the interaction of x-ray radi-
ation with a free atom is the gateway for extension of this
approach to dynamical properties of material and bio systems.
Complex phenomena such as decay dynamics following
core excitation or core ionization in isolated many-electron
atoms involve multistep vacancy cascades leading to multiply
charged ions. Such processes are usually investigated by
examining some of the possible channels one at a time and then
trying to construct a consistent picture including the missing
ones with the support of theoretical predictions. However, it
would be highly desirable to devise a method by which a
unified picture involving all possible channels at the same
time is obtained by means of a single set of measurements. In
this article, we present a tentative approach to such a method in
a prototypical example, namely core-excited or core-ionized
argon.

The decay processes following Ar 1s photoionization have
been investigated with a variety of experimental and theoretical
tools. The system relaxes the 1s vacancy through either photon
emission (radiative decay) or electron emission (nonradiative
decay). The relative weight of the radiative channel in Ar
had been estimated to be between 8 and 14% [1,2]. In turn,
the radiative and nonradiative pathways branch into several
different subchannels. Radiative decay can lead to a state
with one Ar 2p hole (Kα) or with a valence hole (Kβ).
Nonradiative decay can proceed via a variety of vacancy
creations in shallower levels, such as KLL (the 1s hole is
filled and two vacancies are created in the Ar 2p and 2s levels),
KMM (1s hole is filled and two valence vacancies are created),
or a mixture such as KLM [3]. To further complicate the above
picture, Kα radiative decay leads to an intermediate state with
still relatively deep holes and is likely to be followed by LMM

Auger decay [1,3]; therefore the radiative and nonradiative
channels are intertwined.
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In particular, Auger L2,3MM decay patterns of K-excited
or ionized Ar, following Kα radiative decay, which are
of special interest for the present experiments, have been
investigated with electron spectroscopy [4,5], x-ray fluores-
cence, and Auger electron coincidence [6], photoion-Auger
electron coincidence [7], and electron-ion and electron-
electron coincidence techniques [3]. While the single-channel
measurements underline the complexity of the Auger L2,3MM

decay, coincidence experiments allow one to deepen the
picture, connecting some selected Auger electron energies to
a group of specific ions [7] or to Kα emission followed by
electron emission [6]. The relative weight of radiative versus
nonradiative decay can be estimated from cross-section calcu-
lations but cannot be derived experimentally from the existing
data sets.

In this article, we follow an approach that relies on the mea-
surement for each ionic species of the recoil energy of the ion
due to electron emission. Ion-recoil spectroscopy has recently
gained attention in the gas phase, where it was efficiently
used as a probe of two-photon ionization mechanisms on free-
electron lasers [8], vibrational excitation [9], and interatomic
Coulombic decay [10], and was demonstrated in solids and
quantified similarly to the Mössbauer effect [11]. We report
here the use of ion-recoil momentum spectroscopy to disentan-
gle multiple decay patterns. For momentum conservation, the
departing electron induces recoil on the ion which is directly
proportional to the ion mass and to the electron velocity. From
the ion-recoil momentum vector, it is possible to correlate the
creation of a specific charged species Arn+, with n = 1–7, to a
radiative, nonradiative, or mixed multistep process following
Ar 1s photoionization or resonant excitation. It is possible
to distinguish between an ion produced by the emission of
very fast electrons (2600–2900-eV kinetic energy), which
implies KLL or KLM Auger electron emission, therefore
Auger decay as the first step, or electrons with lower energy
(200-eV kinetic energy), which implies LV V Auger decay,
and therefore Kα radiative decay as the first step followed
by Auger. By evaluating the relative abundance of the various
ions from the mass spectrum, and knowing by which pathway
each ion is produced, we can estimate the relative percentage
of radiative versus nonradiative decay.
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II. EXPERIMENTAL SETUP

We performed the measurements on beamline LUCIA [12]
at SOLEIL, Orsay-France. The beamline delivers a linearly
polarized monochromatic photon beam in the 0.8- to 8-keV
energy range. The photon energy was calibrated on the argon
1s → 4p resonance at 3203.54 eV and ionization potential
(IP or Vion) at 3206.26 eV [13]. The data were obtained using
a newly developed setup, CELIMENE, that belongs to the
extended family of cold target recoil momentum spectroscopy
(COLTRIMS) apparatuses [14,15]. The instrument, which will
be described in detail in a future publication, is based on the
double-velocity spectrometer developed in the group of D.
Dowek in Orsay, France [16]. In this study, the photon beam
crossed a cold supersonic jet of argon at a right angle, forming
an interaction volume of approximately 0.1 × 1 × 2 mm3.
Electrons and ions were separated and accelerated toward
facing time-of-flight (TOF) spectrometers perpendicularly to
the photon beam and atomic jet, with a static electric field
(typically 20 V/cm) chosen to collect within a 4π solid angle
all the photoelectrons and ions with a maximum kinetic energy
of 8 eV in this study. The particles were detected with 80-mm
position sensitive detectors using delay lines [17]. Both time of
flight and impact positions of the ions and electrons detected
in coincidence were recorded, allowing us thus to determine
the full momentum vector of all particles for each ionization
event [14]. The electron and ion spectrometers are strictly
identical, and calibration was made using the photoelectron
emission from Ar+ measured 6 eV above the threshold, which
decays only through radiative emission; no Auger electron is
emitted, and no postcollision interaction (PCI) occurs. Because
the ion velocities are deduced from impact positions and time
of flight, the resulting momentum resolution achieved is not
constant across the range of measurements and is higher for
slow ions. With 10 V/cm of extraction field, the momentum
resolution was found to be 3 a.u. at 3.5 a.u. and 6.5 a.u. at
12 a.u. This limited momentum resolution is essentially due
to the finite, and rather large, size of the interaction volume.
Improvement in the design and operation of the supersonic jet
should increase dramatically the resolution.

In this configuration, the setup was used to measure the
(Vx,Vy,Vz) components, with (x,y) in the plane of the detector,
of the velocity vectors Vn+ and Ve− of each (Arn+,e−) coinci-
dent event, where e− is the photoelectron above the ionization
threshold, or a slow shakeoff electron for measurements done
at the 1s → 4p resonance. The coincident detection of an
energy-analyzed electron allows us to filter out contributions
from shells other than the K shell.

III. RESULTS

A. Ion branching ratios

The branching ratios of the various decay channels are
deduced in part from the branching ratios of the different
ionic channels. However, the probability of electron recapture
affects these ratios at photon energies close to IP [18]. We
measured the ion branching ratios at 6, 4, and 2 eV above
the threshold. We used as a reference the TOF spectrum
measured at hν = 3212.3 eV, 6 eV above the threshold, where
it was shown that no electron recapture occurs from ion yield

TABLE I. Probability of electron recapture as a function of photon
energy above threshold and ionic charge. Numbers in italics refer to
the number of ions coming from the recapture of an electron by the
ion species of charge q + 1. Zeros in bold face are assumed.

Branching ratios (%)

hν (eV) Ar+ Ar2+ Ar3+ Ar4+ Ar5+ Ar6+ Ar7+

3203.54 (1s → 4p) 3.1 7.5 25.6 36.6 19.7 4.2 0.4
3208.3 (Vion + 2 eV) 1.4 13.5 16.3 44.1 19.9 4.4 0.4

from recapture 0.5 4.3 7.0 4.8 1.2 0.1 0
3210.3 (Vion + 4 eV) 1.1 11.3 14.2 46.1 22.0 4.8 0.4

from recapture 0.3 1.9 2.4 2.2 0.7 0.1 0
3212.3 (Vion + 6 eV) 0.86 9.7 13.6 46.3 23.5 5.46 0.5

from recapture 0 0 0 0 0 0 0

measurements [13]. The probability of recapture for each ion
as a function of Eexc = hν−Vion is given by

Nq(Eexc) = Nq+1→q(Eexc) + Nq(6) − Nq→q−1(Eexc), (1)

with N7+1→7 = 0 and N1→1−1 = 0. Calculated values for
recapture probability as a function of photon energy and ionic
charge above the threshold are given in Table I. Finally, we
obtain for the various Arn+ ion charges following the branching
ratios (±0.15%): Ar+ (0.9%), Ar2+ (9.7%), Ar3+ (13.7%),
Ar4+ (46.3%), Ar5+ (23.5%), Ar6+ (5.5%), and Ar7+ (0.5%),
found in good agreement with the values reported in the
literature [1,13]. Total electron recapture was found to amount
to 17.9% at 2 eV above the threshold, and 7.5% at 4 eV.
Along the 1s → 4p resonance, the branching ratios measured
are (±0.15%): Ar+ (3.1%), Ar2+ (7.5%), Ar3+ (25.6%), Ar4+
(39.6%), Ar5+ (19.7%), Ar6+ (4.2%), and Ar7+ (0.4%).

B. Ion-recoil energy

The energy spectra derived from the velocity vectors for
each Arn+ ion (n = 2–4) are shown in Fig. 1(a) as two-
dimensional maps that represent for each ionization event
the photoelectron energy as a function of ion energy, from
measurements done at 3208.3 eV photon energy, 2 eV above
the threshold, with a 10-V/cm extraction field. These maps
contain a wealth of information on the ionization process
(PCI, decay pathways, etc.). In the following, we will only
focus on the energy of the ions. It is clear from the maps in
Fig. 1(a) that the three ions shown here possess different energy
distributions. Ar2+ has a very small kinetic energy, and most
events are below 10 meV. Ar3+ has a more extended energy
distribution that includes a low-energy component comparable
to Ar2+ [labeled (1) in Fig. 1(a)] and a larger component with
a maximum at around 35 meV [labeled (2) in Fig. 1(a)]. Ar4+
shows only a high-energy component centered around 35 meV.

C. Auger electron momentum

In molecular photoionization, the momentum of the frag-
ment ions mainly comes from kinetic-energy release during
the dissociation of the molecule (see for instance [19,20]). For
an isolated atom, the momentum gained by the ion during
photoionization is mainly due to momentum conservation
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FIG. 1. (Color online) (a) Kinetic-energy correlation diagram:
photoelectron energy as a function of ion-recoil energy, measured
at 3208.3-eV photon energy, 2 eV above threshold. (b) Auger
electron momentum derived from the ion-recoil by momentum
conservation.

when the atom emits an electron. The ion energy measured
in Fig. 1(a) is thus a recoil energy. The momentum of a
2-eV photoelectron (0.38 a.u.) is small compared to the
momentum transfer due to the emission of a 200-eV Auger
electron (similar to a LMM Auger electron in Ar), which
corresponds to 3.8 a.u., or a 2700-eV Auger electron (similar
to a KLL Auger electron in Ar), which corresponds to
14 a.u. Therefore the ion momentum distribution reflects the
electronic decay that follows core excitation. This property
was used recently by A. L. Landers et al. [21] to study
the angular correlation between photoelectrons and Auger
electrons after K-shell ionization in neon, at 873 eV. In
this case, recoil momentum analysis was limited to Ne2+
“kicked” by an 800-eV Auger electron (7.7 a.u.). In the case
of argon K-shell ionization, the many decay pathways lead
to the formation of highly charged ions and the emission
of Auger electrons with very different momenta, providing
the opportunity to test our primary assumption that relaxation
pathways, associated with undetected particles (x-ray photons
or Auger electrons), can be determined via ion momentum
spectroscopy.

The three components (Px,Py,Pz) of the momentum vector
PA associated with Auger emission were determined from the
measurement of the ion velocity vectors Vn+ , by momentum
conservation: PAn+ = −mArVn+ . Because the interaction re-
gion between the supersonic jet and the photon beam has a
finite size, it must be taken into account. All momenta were
normalized using Ar+ above IP, which can only be formed
above the threshold by Kβ radiative decay and therefore
does not have any measurable momentum. A Kβ photon
(hν = 3190 eV) carries a momentum of 0.8 a.u., which when
transferred to the ion leads to a kinetic energy of 0.15 meV,
well below the measurable level. It is thus neglected. On
the same magnitude, the momentum transfer due to the slow
photoelectron could be taken into account because its kinetic
energy was directly measured. The Auger electron momentum
component Py is shown in Fig. 1(b) as a function of Px for each
Arn+ ion (n = 2–4) (the third component Pz is not shown).
The data for the ion species with higher charge are similar
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FIG. 2. (Color online) Norm of the Auger electron momentum
vector for Ar2+, Ar3+, and Ar4+ in a histogram. The intensity of the
spectra is arbitrarily normalized. The data were collected at 3208.3 eV,
2 eV above the K threshold [13].

to Ar4+. In the case of cascade Auger emission, PA includes
all the contributions from subsequent Auger electrons emitted
isotropically and not only the momentum of a single Auger
electron. However, we can assume the momentum distribution
mainly represents the first Auger electron, which carries the
largest kinetic energy. Following a stepwise process, in which
electrons are not angularly correlated, the second step decay
only widens the momentum distribution. The momenta in
Fig. 1(b) show the same differences seen in the ion-recoil
energy. Notably, Ar3+ shows two momentum components
as two concentric rings labeled (1) and (2). The magnitude
of the full momentum vector PA was derived from the
three components (Px,Py,Pz) by integration over all emission
angles. The resulting Auger momentum spectra are shown
as histograms in Fig. 2 (2 eV above IP) and in Fig. 3 (on
resonance) for each Arn+ ion (n = 2–4).

IV. DISCUSSION

These momentum spectra draw a clear picture of the decay
process. For some of the ions, the yield is correlated to only
one electron momentum. Ar2+ above IP, in Fig. 2, and Ar+
on resonance, in Fig. 3, are associated with the emission of
only one electron momentum around 3.8 a.u. (the 200-eV
kinetic-energy range). It implies that the main decay channel to
produce them is Kα x-ray emission followed by Auger LV V

electron emission [1,3]. On the other hand, Ar4+ above IP,
Fig. 2, and Ar3+ on resonance, Fig. 3, are associated with fast
electrons with a momentum around 14 a.u. (the 2600–2900-eV
kinetic-energy range). They originate from a primary Auger
decay (KLL or KLM) [7,22], followed by an Auger cascade.
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FIG. 3. (Color online) Norm of the Auger electron momentum
vector for Ar2+, Ar3+, and Ar4+. The intensity of the spectra is
arbitrarily normalized. The data were collected at the 1s → 4p

resonance, 3203.54 eV [13].

The higher charge ions Ar5+ and Ar6+ (not shown for clarity)
produced by cascade processes show the same behavior. Ar3+
above IP and Ar2+ on resonance are correlated to contributions
from both low and high electron momenta, respectively 3.8
and 14 a.u., which correspond to feature (1) and (2) in Fig. 1.
Although KMM processes are rather unlikely, we observe
a weak peak for Ar2+ above IP at high momentum, which
corresponds to KMM transitions at Auger kinetic energies
around 3000 eV. KMM emission represents 4.1% of the
partial Ar2+ yield, which itself represents 9.7% of the total
ion yield at 6 eV above the threshold. We observed the same
contribution to the Ar2+ yield at 4 and 6 eV above IP, which
rules out electron recapture from Ar3+. From this we can
derive that KMM decay represents 0.4 ± 0.3% of the total
decay (radiative and nonradiative). A small contribution from
KMM decay, <0.1%, is observed in the momentum spectrum
associated with Ar+ at resonance. Above IP, the amount of
Kβ emission can be taken as equal to the amount of Ar+
produced, as no other process can lead to the singly charged ion
in the absence of electron recapture. After resonant excitation
followed by Kβ emission, neutral argon is produced and the
amount of Kβ decay cannot be measured with the present
method. The amount of Kα emission can be derived from
the emission intensity in LMM decay from Ar2+ and Ar3+
in Fig. 2 and from Ar+ and Ar2+ in Fig. 3. Intensities for
the various decay channels derived from our measurements
are found in good agreement with the theoretical intensities
reported in [1] and are summarized in Table II.

The general framework of our interpretation is confirmed
by the patterns above and below IP, which are the same if the

TABLE II. Experimental (this study) and theoretical [1] branch-
ing ratios presented as percentages, for the various decay pathways
in K-shell resonantly excited or ionized argon atoms.

Experiment Experiment Theory [1]
Transition (1s → 4p) (1s → continuum)

Kβ — 0.9 ± 0.15 0.77
Kα 8.0 ± 0.15 9.8 ± 0.15 10.92
KMM <0.1 ± 0.3 0.4 ± 0.3 0.43
KLM + KLL 92 ±0.15 88.9 ± 0.15 87.89

ion charges are shifted by one, apart from some differences
in the intensity of the respective contributions. Special cases
are Ar3+ above IP (Fig. 2) and Ar2+ on resonance (Fig. 3).
These species are produced by emission of either fast or slow
electrons, with a different intensity ratio between the two
channels above and below IP. We interpret this behavior as
related to two main pathways, radiative decay followed by
Auger electron emission accompanied by shakeoff processes,
for the slow electron emission, and Auger KLM for the fast
electron emission. The total percentage of shakeoff processes
is estimated as ±2% [7]. The difference in the branching
between radiative and nonradiative decay for Ar3+ above the
threshold and Ar2+ on resonance, mainly the higher rate of
radiative decay followed by LMM observed on resonance,
can be attributed to the fact that on resonance the electron
loosely bound and likely to be “shaken off” is the excited
electron in the 4p level, present on resonance but not above the
threshold. While it is known from literature that the percentage
of radiative decay for an Ar 1s core hole is around 11% [1], it
is difficult to measure by other methods and usually requires
a combination of techniques. Here a direct assessment of
10.6 ± 0.2% above IP can be given. This result confirms the
sensitivity of ion-recoil measurements to the study of decay
channels as a whole.

V. CONCLUSION

In conclusion, we have shown on a simple atomic system
that ion-recoil momentum spectroscopy can be used to probe
intricate decay processes that follow core ionization or excita-
tion. The method is also unique in providing direct information
on the branching between radiative and nonradiative decay. We
believe this method can be generalized to the study of more
complex systems and can be a powerful tool to investigate,
for instance, ultrafast dissociation processes in molecular
photofragmentation [23], to study the competition between
radiative and nonradiative decay as a function of chemical
environment in molecular photoionization, multiphoton pro-
cesses on free-electron lasers sources [8], and in solids where
recoil effects can be important in the fast developing field of
high-energy photoelectron spectroscopy [11].
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