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. Introduction

Absorption of a single high-energy photon by a condensed
atter often results in emissions of two or more electrons from

he surface. Auger decay following inner-shell photoionization of
he constituents of the condensed matter is one of the impor-
ant origins of the multi-electron emissions, while the emissions
f multiple valence-band electrons also occur sizably as a result of
ulti-electron photoemission and inelastic scattering of initially-

jected electron [1]. Electron coincidence spectroscopy, which
nables one to clarify energy correlations between electrons
mitted in pair, is especially useful to identify the individual path-
ays of the multi-electron emission processes [2,3]. In order to

btain reasonable coincidence efficiencies, electron spectrome-
ers with large acceptance solid angles have been adapted to the
lectron coincidence measurements. For example, Thurgate and
o-workers have improved photoelectron-Auger electron coin-
idence apparatuses based on two hemispherical analyzers [4],
nd Mase and co-workers have developed a coincidence appara-

us consisting of a symmetric mirror analyzer and a cylindrical

irror analyzer [5]. Kirschner and co-workers have utilized two
emispherical energy analyzers installed with two-dimensional

∗ Corresponding author.
E-mail address: hikosaka@las.u-toyama.ac.jp (Y. Hikosaka).

ttp://dx.doi.org/10.1016/j.elspec.2016.10.006
368-2048/© 2016 Elsevier B.V. All rights reserved.
detectors [6,7]. Meanwhile, Gotter et al. have demonstrated angle-
resolved photoelectron-Auger electron coincidence measurements
using an array of seven hemispherical spectrometers [8]. However,
statistics and energy resolution of coincidence spectra have been
occasionally compromised even in such two-electron coincidence
measurements.

In this work, we have introduced for the first time the mag-
netic bottle technique [9] into electron coincidence investigation
of multi-electron emissions from solid surfaces. This technique,
enabling one to collect almost all the electrons emitted into the
whole solid angle, has been successfully used in electron coinci-
dence studies for gas-phase atoms and molecules. Thanks to the
extremely-high collection-efficiency, not only two-electron coin-
cidence but also multi-electron coincidences (three-fold or more)
have been effectively achieved, and varieties of multi-electron
emission pathways including such topical processes as triple pho-
toionization [10,11] and double core photoionization [12] have
been disclosed. In the present study, the feasibility of a magnetic-
bottle electron spectrometer for solid samples is demonstrated by
its application to multi-electron emissions from water molecules
condensed thickly on solid surface.

Electron emission processes from water molecules are of par-
ticular interest, because of their connection with radiation damage

of bio-cells. The DNA strand breaks in bio-cells exposed to ionizing
radiations are caused partly by the impacts of electrons emitted
from the ionization of cell-solvent water, where the impact of

dx.doi.org/10.1016/j.elspec.2016.10.006
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2016.10.006&domain=pdf
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Fig. 2. Total electron yield spectra around oxygen K-edge, measured before and

from the copper wire on irradiation of 738.2 eV photons, before and
Fig. 1. Schematic of the magnetic bottle electron spectrometer.

low electrons can efficiently induce DNA strand breaks through
esonant capture processes [13,14]. An important fraction of the
low electrons can be produced in the Auger decay of the core-
ole formed by the initial inner-shell ionization. For isolated water
olecules, the slow electron formation relevant to the inner-shell

hotoionization has been investigated by multi-electron coinci-
ence spectroscopy [15]. It was observed that the autoionizing O
toms produced by the dissociation of Auger-final H2O2+ states
emarkably yield discrete structures in the energy distribution of
he slow electrons [15]. It is interesting to investigate whether the
nergy distribution of the slow electrons from solvent water con-
ensed by hydrogen bonding also shows such discrete structures.

In this study, we have investigated multi-electron emissions
rom condensed water molecules and obtained coincidence Auger
pectra with satisfactory statistics. Moreover, the energy distribu-
ion of the slow electrons ejected in the Auger decay of the O1s
ore hole is deduced from three-fold coincidences, where any tan-
ible structure due to O autoionization cannot be identified. To our
nowledge, such a three-fold coincidence has never been achieved
or solid samples, which verifies the powerfulness of the magnetic
ottle technique in electron coincidence spectroscopy for multi-
lectrons ejected from surfaces.

. Experimental

The experiment was performed at the beamline BL4B of the syn-
hrotron radiation facility UVSOR. The single bunch operation of the
torage ring provided light pulses with a 178-ns repetition period
or the 110-ps-width light-pulses. The synchrotron radiation from

 bending magnet of the storage ring was monochromatized by
 grazing incidence monochromator using a varied-line-spacing
lane grating. The monochromatized light was focused to 0.5 mm
horizontal) × 0.3 mm (vertical) in size.

Electron coincidence measurements were carried out with the
agnetic bottle electron spectrometer [16] whose schematic is

hown in Fig. 1. A strong permanent magnet whose top is of a con-
cal shape (∼1 T at the tip) is placed a few mm away from the focal
oint of the monochromatized light. A 1.5-m long solenoid tube,

orming a homogeneous magnetic field (∼1 mT)  in its inside, faces
o the permanent magnet across the focal point of the monochrom-
tized light. Electrons formed around the focal point are captured
y the magnetic field lines and are guided towards the microchan-
el plate detector located around the opposite end of the solenoid
ube. Signals from the detector are fed into a multi-stop time-to-
igital converter (Roentdek TDC8). Conversion from the electron
ime-of-flight to kinetic energy was calibrated by measuring Ar
p photoelectron spectra at many different photon energies. The
nergy resolving power of the apparatus was estimated, from the

hotoelectron lines, to be nearly constant at E/�E  = 35 [16]. It was
lso estimated from the coincidence yields between Ar 2p photo-
lectrons and the corresponding Auger electrons that the electron
under the cooldown (cooling time of 1–5 h) of the copper wire. The photon energy
resolution is around E/�E  = 5000. Intensities of the spectra were normalized at
530  eV.

detection efficiencies decrease slowly with electron kinetic energy
from ∼50% (E ≈ 0 eV) to ∼40% (E = 600 eV) [16].

In the present measurement, a copper wire of a 0.3-mm diam-
eter was  placed at the focus point of the monochromatized light,
at right angles to the photon beam and the solenoid tube axis. No
particular cleaning was  applied to the wire surface, and hence it
should be severely contaminated with carbon and oxygen. Water
molecules were adsorbed on the surface by continuously cooling
the wire down to the liquid nitrogen temperature, under exposure
to the background pressure inside the chamber (∼1.8 × 10−8 Torr)
in which water vapor should be one of the dominant residual gases.
In practice, the background pressure decreased to ∼1.0 × 10−8 Torr
during cooling, according to the condensation of water vapor.

Fig. 2 shows total electron yield spectra around oxygen K-edge,
measured before and under cooling of the copper wire. Through the
present work, both the entrance and exit slits of the monochroma-
tor were set to be extremely narrow in order to reduce the electron
count rate to less than 10 kHz, and the photon energy resolution
reached the best value (E/�E  = 5000) of the monochromator. As
seen in Fig. 2, before the cooldown of the copper wire, the total
electron yield spectrum shows a single peak around 533 eV. As cool-
ing time goes on, while the peak around 533 eV becomes weaker
and shifts lower photon energy side, an enhancement appeared
in 535–545 eV remarkably grows up. The spectrum after 2-h cool-
ing, which exhibits a broad band with maxima around 537 V and
542 eV and a weak shoulder around 535 eV, resembles closely the
NEXAFS spectra of ice [17–19], certifying thick adsorption of water
molecules on the wire surface. The spectral intensity increases with
increasing cooling time of more than 2 h, implying that the thick-
ness of the condensed water layer is still comparable to the escape
depths of the ejected electrons (∼1 nm for 500 eV electrons [20]).
This is because, considering that electrons generated at a distant
depth much beyond their escape depth can hardly get out into the
vacuum, further growth of the layer whose thickness already got
much beyond the escape depth does not results in such an increase
of the electron yields.

3. Results and discussion

Coincidence datasets were accumulated for electrons emitted
under the cooldown. The measurement under the cooldown was
started after an advance cooling of 2 h, to ensure sizable adsorp-
tion of water molecules on the wire surface. The photon energy
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Fig. 3. Two-dimensional maps showing energy correlations of the coincident elec-
trons emitted from the copper wire on irradiation of 738.2 eV photons, (a) before
and (b) under the cooldown to the liquid nitrogen temperature. The measurement
under the cooldown was started after an advance cooling of 2 h, to ensure a thick
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Fig. 4. Photoelectron spectrum obtained by integrating the coincidence counts on
the map  in Fig. 3(b) over the range of x = 450–530 eV. The three kinetic energy ranges
for the extractions of the curves in Figs. 5(a)-(c) are indicated.

Fig. 5. Auger electron spectra obtained in coincidence with (a) O1s photoelectrons,
(b)  energy-loss photoelectrons due to inelastic scatterings, and (c) electrons in the
broad maximum. The photoelectron energy ranges set for the extractions of these
Auger spectra are indicated in Fig. 4. In (c), the raw Auger spectrum (solid black)
includes a large contribution from the inelastic scattering process, and net spectrum
dsorption of water molecules on the wire surface. The accumulation times were
 h and 20 h, respectively, with count rates around 5 kHz.

s ∼200 eV above the O1s threshold of condensed water (∼533 eV
17,21]). The two-dimensional maps in Fig. 3 display the energy cor-
elations of the coincident electrons included in the accumulated
oincidence datasets, where the coincidence counts are plotted as

 function of faster (x-axis) and slower electron energies (y-axis).
everal diagonal lines seen commonly in these two maps are arti-
acts due to rebounds in the electron signals. On the map  from the
ccumulation before the cooldown [Fig. 3(a)], a weak structure run-
ing vertically is discernible around (x, y) = (450 eV, 230–260 eV).
his structure is ascribable to the coincidences between the C1 s
hotoelectrons (450 eV) and the C1 s Auger electrons (230–260 eV)
jected from the carbon contamination on the wire. The corre-
ponding structure becomes less remarkable in the map  from the
ccumulation under the cooldown [Fig. 3(b)], but otherwise a clear
tructure running horizontally appears around (x, y) = (400–530 eV,
00 eV). The emergent structure is assignable to the coincidences
etween the O1s photoelectrons (200 eV) and the O1s Auger elec-
rons (400–530 eV) from condensed water molecules.

To display the O1s photoelectron structure closely, the coinci-
ence counts on the map  in Fig. 3(b) are integrated in the range
f x = 450–530 eV and projected onto y-axis. The spectrum thus
btained is presented in Fig. 4. The O1s photoelectron peak is

bserved around a kinetic energy of 205 eV, and a continuous
tructure is remarkably exhibited on the lower kinetic energy
ide. The continuous structure is attributed mainly to the pho-
oelectrons with reduced energies due to inelastic scatterings on
(red filled area) is obtained by assuming that the contribution from the inelastic
scattering is described by the distribution in (b). (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of this article.)

the escape from the inside of the water condensation. On the
continuum structure, a broad maximum is discernible around a
kinetic energy of 180 eV. One may  consider that this structure is
due to an enhancement in the inelastic scattering at the specific
energy loss corresponding to the valence excitation in the coun-
terpart water molecules. In the meanwhile, for monolayer H2O
adsorbed on Si surface, the formation of 1 s satellite states result-
ing from the promotion of a valence electron accompanying O1s
ionization is observed with a similar energy separation [22]; this

single-molecule process possibly contributes to the enhancement
observed for the present multi-layer sample.

Fig. 5 presents Auger electron spectra observed in coinci-
dence with O1s photoelectrons (region (a) in Fig. 4), energy-loss
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Fig. 6. Two-dimensional map showing energy correlation between the O1s photo-
electrons and slow electron below a kinetic energy range of 6 eV, which is extracted
from the triple coincidence events including a fast Auger electron in the kinetic
energy range of 450–530 eV. The top panel shows an enlargement of the spectrum in
0 Y. Hikosaka et al. / Journal of Electron Spectr

hotoelectrons due to inelastic scatterings (region (b) in Fig. 4),
nd electrons in the broad maximum (region (c) in Fig. 4). The
uger spectrum in coincidence with O1s photoelectrons, shown in
ig. 5(a), resembles the conventional Auger spectrum [23]. Consid-
rable intensity is observed even below 420 eV, which is ascribable
o an energy loss of the Auger electrons due to the inelastic scatter-
ng. In the Auger spectrum derived in coincidence with energy-loss
hotoelectrons due to inelastic scatterings [Fig. 5(b)], the O1s Auger

eature is less pronounced compared to that in Fig. 5(a), implying
hat effect from inelastic scattering is enhanced in the selection to
he low energy tail of the O1s photoelectron peak. This observation
an be understood as follows: the selection of photoelectrons with
nergy loss picks out the photoemission events for H2O molecules
istant from the outermost surface and thus the Auger electrons
jected from these molecules are also subject to remarkable inelas-
ic scattering.

The raw coincidence Auger spectrum deduced for the broad
aximum [solid black curve in Fig. 5(c)] includes a large contribu-

ion from the ordinary inelastic scattering process, corresponding
o the background intensity underling the enhancement structure
een in Fig. 4. Assuming that the spectral shape of the contribution
rom the ordinary inelastic scattering process is rarely depen-
ent on the kinetic energy of the energy-loss photoelectron and is
escribed by the spectrum in Fig. 5(b), the contribution can be rea-
onably subtracted from the raw spectrum. The residual spectrum,
hown as red filled area in Fig. 5(c), exhibits an Auger structure
n which low kinetic energy tail due to the inelastic scattering is
ess remarkable. Thus, it is likely that the main contributor to the
nhancement is the formation of the 1 s satellite states. The Auger
tructure in the red filled area in Fig. 5(c) lies in a similar energy
ange to the Auger decay of the O1s state [Fig. 5(a)], though the 1 s
atellite states gain an excess energy of the valence excitation com-
ared to the main O1s state. A similar behavior is observed in the
uger decay of the O1s satellite states in isolated H2O molecules

15]. These observations are understood in terms of the spectator
ehavior of the excited valence electron: the excited valence elec-
ron is kept in the initially-excited orbital through the Auger decay
nd the Auger final states are correspondingly more excited.

Since O1s photoionization of a single H2O molecule is predom-
nantly followed by the Auger decay, the O1s photoelectron and
uger electron are basically emitted in pair from the molecule.
owever, a considerable fraction of these electrons should be lost in

he way to the ejections into the vacuum. In practice, in the coinci-
ence dataset accumulated under the cooldown, coincidence count
etween O1s photoelectron and O1s Auger electron is 4.5% of the
otal count of the O1s photoelectron and 1.4% of that of the Auger
lectron, where the Auger electrons in the kinetic energy range of
50–530 eV are chosen. Here, the total count of the Auger electron
as observed to be three times as much as that of the photoelec-

ron. The higher ejection probability for the Auger electrons is a
ood correspondence to the fact that the electron escape depth for
he Auger electrons (kinetic energy ∼500 eV) is a few times larger
han that for the O 1 s photoelectron (kinetic energy ∼200 eV) [20].

Next, we inspect the slow electron emission accompanying the
uger decay of the O1s core hole. Such slow electrons should be
bserved in three-fold coincidence with the O1s photoelectron
nd the fast Auger electron. Fig. 6 displays the energy correlation
etween the photoelectrons (x-axis) and additional slow electrons
y-axis) in the kinetic energy range of 0–6 eV, obtained from the
riple coincidence events including a fast Auger electron in the
inetic energy range of 450–530 eV. A vertical stripe is seen at
he O1s photoelectron energy, delineating the distribution of the

low electrons accompanying the Auger decay of the O1s core hole.
he slow electron spectrum extracted by the yields along the ver-
ical stripe is shown in the right panel. The slow electron spectrum
hows a continuous distribution decreasing gradually as increas-
Fig. 4, and the right panel plots the slow electron spectrum extracted by integrating
the horizontal range for the O1s photoelectrons.

ing the electron energy. It is reported for isolated H2O molecules
that a similar continuous distribution of slow electrons is produced
through the double Auger decay of the O1s core-hole state [15];
it is likely, however, that the contribution from the double Auger
decay is minor in the slow electrons ejected from condensed water.
This is because, while the sum of the energies of the two  Auger
electrons emitted in the double Auger process should show the
H2O3+ states populated finally, the corresponding H2O3+ structures
cannot be identified in the sum of the energies of the fast Auger
electron and slow electron (not shown). Therefore, majority of the
slow electrons observed in the O1s decay of the condensed water
is probably the secondary electrons produced by scatterings of the
ejecting photoelectrons and Auger electrons.

The total counts of the spectrum in the right panel in Fig. 6, cor-
responding to the yields of the three-fold coincidences among the
O1s photoelectron, the fast Auger electron and the slow electron,
are about 17% of the number of the coincidences between the O1s
photoelectron and the fast Auger electron. By taking the detection
efficiency (∼50%) of the slow electron into account, ∼34% of the
pairs of the O1s photoelectron and fast Auger electron are accom-
panied by the ejection of a slow electron in the range of 0–6 eV.
This observation implies that slow electrons are efficiently formed
by the inelastic scattering of photoelectrons and Auger electrons.
Note that, considering that the escape depth [20] for the slow elec-
trons less than 6 eV is an order of magnitude larger than that of the
fast Auger electron, the ejection probability for the slow electrons
should be significantly large.

The distribution of the slow electrons emitted after O1s pho-
toionization in isolated H2O molecules remarkably exhibits below
2 eV the autoionization lines of superexcited O atoms [15]. These
superexcited O atoms are formed by double OH-bond breaking at
highly-excited H2O2+ states populated after the Auger decay of the
O1s core-hole state. The corresponding autoionization lines are
hardly discernible in the slow electron distribution in the right
panel of Fig. 6. Since the superexcited O formation constitutes only
0.8% in the O1s decay of the isolated H2O molecules [15], even if
this process occurs similarly in condensed phase, the autoioniza-

tion lines are masked by the slow electrons formed efficiently by
the inelastic scattering. On the other hand, it is anticipated that
the formation of superexcited O atoms is suppressed in condensed
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hase, because of fast electron transfers from neighbor molecules
o the Auger final states before their dissociation.

In conclusion, we have applied multi-electron coincidence
pectroscopy using a magnetic bottle electron spectrometer to
ulti-electron emissions from condensed water molecules. Coin-

idence Auger spectra were obtained not only for the O1s decay
ut also for the satellite decay. Moreover, three-fold electron coin-
idence was achieved. The present work demonstrates that the
agnetic bottle technique is promising in electron coincidence
easurements of solid samples.
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