PRL 95, 083002 (2005)

PHYSICAL REVIEW LETTERS

week ending
19 AUGUST 2005

Multielectron Spectroscopy: The Xenon 4d Hole Double Auger Decay
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A magnetic bottle spectrometer of the type recently developed by Eland er al. [Phys. Rev. Lett. 90,
053003 (2003).] has been implemented for use with synchrotron radiation, allowing multidimensional
electron spectroscopy. Its application to the Xe 4d double Auger decay reveals all the energy pathways
involved. The dominant path is a cascade process with a rapid (6 fs) ejection of a first Auger electron
followed by the slower (> 23 fs) emission of a second Auger electron. Weaker processes implying
3 electron processes are also revealed, namely, direct double Auger and associated Rydberg series.
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Core photoionization is an efficient way to investigate
matter, as both the photoelectron ejected from the core hole
and the subsequently emitted electrons convey information
on the target. It is the interpretation of the photoelectric
effect by Einstein in 1905 [1] that opened the way to the
study of the structure of energy levels. Photoelectron spec-
troscopy, that is, removal of an electron by a photon, was
then used to explore not only valence shells but also inner
shells [2]. However, core holes result in short-lived highly
excited species, and Auger [3] discovered that their deex-
citation can occur either by radiative decay or by emission
of secondary electrons, the so-called Auger electrons.
Auger spectroscopy is widely used today both in basic
research and in material science [4]. Coincidence detection
of the photoelectron and a subsequent Auger electron have
proved useful in studies of both solid and diluted species to
sort out overlapping inner-shell hole decay paths, and to go
beyond the two step description implied in the above
description [5—8]. Yet these studies have remained limited,
and a multielectron spectroscopy that unites photoelectron
and Auger electron spectroscopies and present complete
multidimensional energy maps of all emitted electrons has
still to be developed.

Such a multielectron Auger spectroscopy method is
presented here and is used to elucidate the case where a
shallow inner shell hole decays by emission of more than
one Auger electron. Deep inner shells are known to decay
by cascade emission of Auger electrons, corresponding to
transitions between successive inner-shell levels [9], while
the first accessible inner shell is expected to decay by
emission of a single Auger electron only. A weaker channel
was, however, discovered in noble gazes, with emission of
2 electrons: the double Auger process [10]. Its interest lies
in the strong electron correlation from which it originates.
One important question concerns its dynamics: is it a direct
double Auger process where both Auger electrons emitted
simultaneously share continuously the excess energy, or is
it a cascade process with subsequent emission of electrons
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of well defined energies? Recently coincidence experi-
ments addressed this point [11,12], but they were restricted
to limited coincidences between two released electrons,
whereas coincidence detection of all three electrons is
necessary for a complete characterization.

We present here a new experiment in which all released
electrons (here up to three) are detected in coincidence and
resolved in energy. Applied to the xenon photoionization, it
enables us to get a complete picture of the energetics of the
4d hole decay, and especially to reveal the complete two-
dimensional spectra of the double Auger decay path, hith-
erto unknown.

The multielectron spectrometer is a smaller version
(2.4 m instead of 5 m) of the one developed in Oxford
[13]. Its principle is the measurement of electrons’ times of
flight in a magnetic bottle [14] with a position sensitive
detector coupled to a multihit time-to-digital converter.
The interaction zone is located close to the pole of a strong
(0.5 T) permanent magnet (NdFeB) adjustable in position,
whose field guides essentially all emitted electrons through
a long solenoid (5 G) towards the detector. Photoionization
is brought by synchrotron light produced by the SA31
grazing incidence beam line from the Super ACO storage
ring in Orsay, France. The two-bunch operation mode of
the synchrotron was used, providing a 120 ns period be-
tween light pulses. This high repetition rate prevents the
direct measurement of electron times of flight that can
extend up to a few microseconds. However, these can be
reconstructed in specific circumstances, such as Auger
processes created with photons of known high excess en-
ergies: the trick is that the fast photoelectrons have known
kinetic energies, so that their absolute times of flight can be
reconstructed even if measured modulo the small inter-
pulse period. Absolute times of flight of subsequent Auger
electrons, detected in coincidence with the photoelectron,
are then automatically obtained, and Auger electron ener-
gies can be unambiguously deduced. Calibration of the
time to energy conversion was obtained with Xe Auger
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lines of known energies [15] and by measuring the arrival
time of zero energy electrons. Compared to other similar
methods that collect all electrons, such as the ones that
combine homogeneous electric and magnetic fields
[16,17], angular information is here sacrificed in favor of
high energy resolution, which is energy dependent and
varies from 20 meV at low electron energies (<1 eV) to
100 meV at 10 eV.

Figure 1 displays the complete two-dimensional energy
map of the double Auger decay of the Xe 4d holes, created
by photoionization. To ensure that the photoelectrons are
faster than any Auger electrons, 110.4 eV photons were
chosen . We consider here only those events where all three
electrons associated with double Auger processes are de-
tected. The time of flight of the first, rapid photoelectron
enables one to recognize which sublevel (4ds,, or 4ds),)
was created. Strong electron correlation is already evident
from the intensity of this double Auger decay path com-
pared to the one where only one Auger electron is emitted.
The constant transmission of our spectrometer as a func-
tion of electron energies enables us to extract this infor-
mation directly from the number of coincidence events,
taking into account the electron detection efficiency. We
obtain for this ratio of double to single Auger probabilities,
values of 34 * 5% and 20 * 4%, respectively, for the 4d5,
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FIG. 1 (color online). Decay of xenon 4d holes by emission of
two Auger electrons. All three electrons of the process are
detected in coincidence. The two-dimensional plot of the
Auger double continua are filtered according to the associated
photoelectron. Intensity color scale was selected to enhance
structures. Maximum count is 186 (4d;/, case) or 248 (4ds,).
Scattered points as well as the horizontal lines at about 0.2 eV are
due to false coincidences.

and 4ds,, decays, in good agreement with estimates from
photoelectron-ion coincidence experiments [18,19]. The
two-dimensional surfaces of Fig. 1 show strongly struc-
tured lines of constant Auger energy sum, associated with
different Xe3* final states. These are revealed by project-
ing Fig. 1 along the x = y diagonal, as in Fig. 2. Lorentzian
broadening of the peaks, due to the finite lifetime of the 4d
holes (6.3 = 0.2 fs for 4d3/, and 5.9 = 0.2 fs for 4ds),)
[20] is clearly seen. Relative positions of the Xe*" states
are found to be in good agreement with spectroscopic
tables [21]. The probability for populating each state is
reported in Table I. Statistical branching ratios for this
double autoionization process are not observed, contrary
to the double photoionization case [13], although configu-
ration mixing [21] may redistribute intensities among all
j = 3/2 Xe*" states. Low excess energies may also be the
origin of the low 2P3, population and of the lower relative
intensity of the Xe**2Ds ), states when populated by 4ds
decay rather than by 4d3,, and, in fact, observed branching
ratios are surprisingly close to the ones expected in a crude
Wannier model [22].

As the binding energies of the Xe™ 4d ! states have been
accurately measured (within =12 meV) [23], our experi-
ment determines the absolute binding energies of the Xe>*
states, and leads to a value of 64.09 = 0.04 eV for the triple
ionization threshold in xenon. Note that previous direct
measurements of this threshold show large scatter and error
bars: electron impact estimates vary from 64.35 = 0.10 eV
[24] to 66.15 = 0.10 eV [25] while a photoionization ex-
periment reported 64.1 = 0.3 eV [26]. Our method is more
accurate and also more reliable than indirect determination
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FIG. 2 (color online). Histogram of the sum of the two Auger
energies following a 4d hole, as deduced from integration along
the diagonal lines of Fig. 1. The histogram can be referenced to
the Xet4d ™! energy levels [23] to yield the binding energies of
the final Xe®" states (bottom axis).
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TABLE 1. Branching ratios (BR) for the formation of Xe?"
states by double Auger decay of the Xe 4d holes.

4S3 2 2D3/2 2D5/2 2Pl 2 2P3/2
4ds ), 100 80 50 10 10
4ds, 100 70 30
Stat.? 100 100 150 50 100
Wan.4d; ;" 100 68 58 34 17
Wan.4ds)," 100 50 35

Statistical BR (2j + 1).
BR from available phase space in Wannier model [22].

obtained from the analysis of emission lines that give the
position of the Xe?" ground state at 33.105 eV [5] and its
ionization potential at 31.05 = 0.04 eV [21],i.e.,64.105 =
0.04 eV.

Figure 3 gives one-dimensional double Auger spectra
filtered according to both the initial hole and the Xe** final
states, deduced by plotting intensities along the coinci-
dence lines of Fig. 1, as a function of E; and E,.
Intensity is dominated by peaks lying on a weak contin-
uum, attributed to direct double Auger process. The peaks
reveal that sequential ejection of the Auger electrons domi-
nates this ““double autoionization process’ in a similar way
to autoionization in double photoionization of the noble
gases [13,27]. These cascade decays can be rationalized by
considering the intermediate Xe?* states X. Each may give
rise to various spots on Fig. 1 labeled X7, depending on
whether the state is populated from the 4d level s = 3/2 or
5/2 and decays to the Xe*" level i = 1 to 5 (taken in order
of increasing binding energy). Such X? spots correspond to
a pair of Auger electrons, (1X7, 2X7), where 1X! denotes
the energy of the first emitted Auger electron. This will
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FIG. 3 (color online). One-dimensional double Auger spectra
associated with the formation of the specified Xe37 final states,
through double Auger decay of the 4d5, (left) or 4ds;, (middle)
hole, and deduced from Fig. 1. Right: an enlargement of the
ZAZ/ 2 peak from the left panel, fitted with a Lorentzian function
of 28 meV FWHM. As experimental broadening is not included,
it implies a Xe?* intermediate A of a lifetime longer than 7 =
1/28 meV = 23 fs. Zero intensities in the middle of each spec-
trum, at equal Auger energies result from the 150 ns dead time of
the detector.

present a Lorentzian profile when projected as in Fig. 3,
due to the 4d; hole lifetime. The 2X? electron, on the other
hand, will reflect the lifetime of the intermediate X state. In
spite of some experimental, energy dependent broadening
due to the time of flight technique, we observe that inter-
mediate states are of longer lifetime than the 4d holes,
giving thinner second Auger lines. Furthermore, if 1X] >
2X?, then we expect a horizontal spot in Fig. 1, which is the
case for most of the peaks, but a vertical spot when 1X7 <
2X3, as observed for peaks Af/ 2, Bi/ 2, and Bg/ 2 With the
help of properties such as IX?/2 = le/2 + S04, with
8044 = 4d spin-orbit splitting, or 2X; = 2X} + SO;
with SO;; splitting of the Xe3* levels i and j, it is possible
to reconstruct the cascade trees from Fig. 1. It appears that
2 dominant Xe?" states A and B, of binding energies 66.00
and 67.27 eV, are the origins of most structures and repre-
sent 33% of all double Auger decays. A is the most intense
and can decay to the Xe** ground (*S) and first excited
(2D3 /) states, with the release of a second Auger electron

of 2477 =24Y2=185eV or 24)?=24}7=
0.22 eV, respectively, and branching ratios of (73/27),
directly obtained from relative peak areas. Peak shape of
this second electron is affected by the resolution of our
apparatus and by the lifetime of the Xe?" intermediate
state, which is found to be longer than 23 fs; see Fig. 3.
Apart from these 2 states, a series of Xe2* states is visible
in Fig. 1 decaying to the Xe*" ground state. Their inten-
sities as observed in the 4d;/, double Auger map and in
Fig. 3 suggest a Rydberg series of R, Xe>" states converg-
ing onto the (2D;,,) Xe** state, except for the structure
labeled C3. We propose that the strong Xe?* intermediate
states A, B, and C are the last members of the correlation
Auger satellites of 552 configuration [28], and result from
an Auger decay of the 4d holes by a 2 electron process
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FIG. 4. Scheme for the main decay of the 4d holes by cascade
emission of two Auger electrons.
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involving two Ss electrons. By contrast, the R, Rydberg
series implies higher electron correlation and a true 3 elec-
tron process, similar to the double Auger process they are
the precursors of. Figure 4 summarizes the decay paths
revealed in this study. Theoretical investigations are clearly
needed to reproduce the double Auger continuum and
investigate the nature of the resonant decay paths.

Finally, complete Auger spectra of the 4d decays can be
obtained by considering all 2 electron coincidence events
where a 4d photoelectron and an Auger electron have been
detected, as reported in [29]. They are similar to the tradi-
tional Auger spectra ([28] and references therein), but
filtering of the hole helps sort out Auger lines and makes
possible the observation of the complete Auger spectra
down to zero kinetic energy. The double Auger part of
the spectra can be simply deduced by scaling the results
obtained from triple electron coincidence events.

As a conclusion, implementation with synchrotron ra-
diation of the magnetic bottle multielectron spectrometer
introduced in Oxford [13] has been demonstrated to reveal
energetics and dynamics of Xe 4d double Auger decay.
This apparatus is expected to be of general interest for
multiple Auger processes in atoms and molecules.
Furthermore, significant dynamical energy exchange with
Auger pair (postcollision interaction process) are expected
when the photoelectron escapes with low energy. A study
of such effects is under way using the unique properties of
this apparatus and is expected to provide a detailed view of
3 electron interactions.
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