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Production of excited H atoms at the C 1s edge of the methane molecule studied by
VUV-photon—photoion and metastable-fragment—photoion coincidence experiments
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Coincidences between neutral particles and photoions have been measured at the C 1s edge of the CHy
molecule. These neutral particles are either vacuum ultraviolet (VUV) photons or metastable fragments and their
contributions can be separated temporally. Observed VU V-photon—photoion coincidences were mostly triggered
by Lyman emission in excited H atoms. Two metastable fragment-photoion channels were observed and assigned
to H*-H* and H*-CH,,* (n = 0-3) coincidences, where H* signifies a metastable H atom. The coincidence yields
as a function of photon energy revealed all the core excitations, but were particularly enhanced just above the C
1s ionization threshold and also displayed the vibrational structure related to the core-ionized C 15! state. The
metastable H atoms observed in the present study were produced in highly excited Rydberg states and could be
partly field ionized. The approximate kinetic energy distributions of the metastable H* atoms have been derived
from the H*-H* coincidence measurements performed at the C 1s — 3 p and 3d resonances as well as just above

the C 1s threshold.
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I. INTRODUCTION

Hikosaka et al. [1] observed in 2005 that particularly
many excited, long-living neutral N atoms were produced in
photoionization of the N, molecule, when the photon energy
was tuned to the vicinity of the N 1s ionization potential
(IP). The authors attributed the enhanced production of the
metastable atoms (N*) to recapture processes that occur in
the context of post-collision interaction (PCI). Just above
the N 1s threshold a slow photoelectron is overcome by
a subsequently emitted, but faster Auger electron. The two
electrons can exchange energy and the photoelectron can even
be pushed back to the molecule, occupying a Rydberg orbital.
An electronic state with two valence holes and an electron in
a Rydberg orbital is thus formed; such a state can be denoted
as a two-hole one-electron (2h-le) state or as a val 2nA!
state, where val indicates a valence orbital and n) gives the
principal and orbital quantum numbers of the Rydberg orbital.
The dicationic core starts to dissociate into two N ions. The
molecular Rydberg electron ends up in a Rydberg orbital of
one of the fragment ions, which thus becomes an excited
neutral atom. Lifetimes of the Rydberg excited states Valflnl h
which are built around a vacancy in the outermost orbital
val;, are proportional to n® and can be in the microsecond
range, if the principal quantum number # is sufficiently high
(A~15-40). Nitrogen atoms in high-n Rydberg states were
efficiently produced also just below the N 1s threshold, where
the initial excitation promotes an N 1s electron to a high-n
Rydberg orbital of the molecule [1]. The principal quantum
number of the Rydberg electron is not expected to change
appreciably during resonant Auger decay of core-excited states
and subsequent dissociation. Similarly, metastable fragments
have been observed at the C1 2 p edge of the HCI molecule [2],
at the O 1s edge of the H,O molecule [3], and at the C 15 edge
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of the CO molecule [4], implying that their creation is a general
phenomenon in threshold photoionization of molecular inner
shells. Measurements above the core ionization thresholds
have revealed that metastable fragments were also created
at core-valence double excitations and at 1s photoionization
shake-up thresholds of the N, and CO molecules [4,5].

Some atomic states are metastable because their fluores-
cence decay to lower energy states is dipole forbidden. The
hydrogen atom in the 2s state, H(2s), is an example. In
principle, fluorescence decay is allowed from highly excited
Rydberg states (valflnl 1, but it becomes less and less probable
as n increases. Such states can then be considered metastable
if they do not fluoresce within the execution time of a
particular experiment. In addition, truly metastable states can
be formed as a result of low-energy fluorescence cascades.
It is therefore not surprising that fluorescence emission in
neutral fragments has been observed at the core edges of
many small molecules such as N,, H,O, NH3, CHy, and
CO, [6-10]. Fluorescence emission in fragments is usually
enhanced at all core excitations of the studied molecules, but
the enhancement has been found to be particularly large, when
the initial excitation reaches Rydberg orbitals withn > 4 or 5,
i.e., in the region close to the core IP [7—10]. Emission has also
been found to persist while crossing the core IP, after which
it diminishes gradually as a function of photon energy. That
behavior has been attributed to recapture processes following
core ionization and Auger decay [10,11]. All in all, low-energy
fluorescence emission after core excitation and ionization in
small molecules can be explained using the same mechanisms
as the production of metastable fragments.

In experiments aimed at the detection of neutral particles,
charged particles can be avoided by a suitable choice of
potentials in the apparatus. However, special experimental
arrangements are usually necessary to study metastable atom
formation because microchannel plate (MCP) detectors, which
have been used in the above-mentioned experiments [1-5],
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also detect VUV and soft x-ray photons. Hikosaka et al. [1]
measured the yield of N* atoms in coincidence with N* ions at
the N 1s edge of N, using two MCP detectors facing each other.
In Refs. [2-5], a special filling mode of the SPring-8 storage
ring was exploited in such a way that the signal observed
around the arrival times of synchrotron light bunches was
vetoed, avoiding the detection of fluorescence emission in the
excited fragments with lifetimes in the low nanosecond range.
The signal during the remaining time was assumed to arise
from metastable atoms, allowing one to record clean yields of
metastable atoms. In a study of H,O, Harries et al. [3] coupled
the metastable atom detection with an ion time-of-flight (TOF)
spectrometer. They observed the yields of H* in coincidence
with different ions, thus obtaining more detailed knowledge of
dissociation channels that produce metastable fragments.

Methane, CHy, is the simplest saturated hydrocarbon. Its
electron configuration in the ground state (7; symmetry) is
la122a% 1t26, where 1a; is the C 1s orbital, and 2a; and 1#, are the
C-H bonding valence orbitals. Methane also has two unoccu-
pied antibonding valence orbitals 3a; and 2¢,. It appears, how-
ever, that atomiclike Rydberg orbitals 3sa;,3 pt,,3d1,,... are
much more important for electronic transitions in methane than
the antibonding orbitals. For instance, the valence absorption
spectrum of CHy4 can be interpreted as transitions to Rydberg
orbitals [12,13]. The core excitation spectrum below the C 1s
IP is also commonly attributed to C 1s — Rydberg transitions,
while the empty valence orbitals may induce a small amount
of valence character in some core-excited states [14,15]. Pho-
todissociation of CHy into ionic fragments has been studied ex-
tensively in the valence and inner-shell regions (see, e.g., [16],
and references therein). Metastable molecular fragments have
been observed upon 60 eV electron impact on methane [17],
while the creation of excited H atoms is a common phe-
nomenon in valence and core photoionization of methane (see,
e.g., [9,18]). In the present paper, we study the production of
neutral fragments at the C 1s edge of CH4 by exploiting VU V-
photon—photoion and metastable-fragment—photoion coinci-
dence measurements. The metastable-fragment—photoion co-
incidences are found to be strongly enhanced at the C ls
threshold of CHy4.

II. EXPERIMENT

The experiments were carried out at the Gas Phase Pho-
toemission beamline [19] at the Elettra synchrotron radiation
facility in Trieste (Italy). The beamline receives radiation
from an undulator in the photon energy range of about
14-900 eV and uses a spherical grating monochromator to
provide intense and highly monochromatic light in a chosen
experimental station. The electron storage ring operated in the
usual multibunch mode with 2 ns separation between electron
bunches.

A scheme of the experimental setup is shown in Fig. 1.
Briefly, it consists of a time-of-flight spectrometer (with the
drift tube length of 105 mm) to separate ions based on
their mass to charge ratio and an MCP detector to detect
neutral particles. The devices were installed along the electric
vector of the linearly polarized incident light. The general
setup was already presented in [10], hence only the changes
to it are discussed here. First, the gas inlet system via a
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FIG. 1. (Color online) A scheme of the experimental setup used
to measure coincidences between neutral particles and photoions.
The front view of the four-sectioned anode is shown on the right
side. Typical potentials used at different surfaces are also given. The
distance between the two meshes at =175 V was 11 mm, the distance
between the repeller mesh (at +175 V) and the second mesh (at
4300 V) was 7 mm, and the distance between the second mesh and
the front of the MCP was 4.5 mm.

hypodermic needle was replaced by a supersonic molecular
beam that advanced from bottom to top and crossed the
photon beam perpendicularly. Pressure of the CHy gas in
the gas inlet system (i.e., before expansion into the vacuum
chamber) was about 0.17 bar, while pressure in the experi-
mental chamber was 9 x 10~7 mbar during the measurements.
Second, the microchannel plate detector used for VUV-photon
and metastable particle detection was changed. A standard
MCP can detect VUV photons with wavelengths shorter than
~150 nm and metastable atoms with a comparable amount
of internal energy, i.e., above ~8.3 eV. Neutral atoms can
also be detected with MCPs by virtue of their kinetic energy,
but then the threshold is hundreds of eVs [20]. The new
MCP detector was equipped with a specifically constructed
anode, consisting of four horizontal sections. Signals could be
obtained independently from each section of the anode, while
capacitive coupling allowed a free choice of the polarization
of the detector. The intensity of the incident photon beam
was monitored with a Si photodiode located at the exit of the
experimental chamber. The photon energy scale was calibrated
according to the C 1s — 3 pt, excitation at 288.00 eV [21].
The width of the incident photon band was about 0.1 eV in
most neutral particle-photoion coincidence measurements.
The potentials on the meshes around the interaction region,
which is marked by a star in Fig. 1, and on the front side of the
neutral-particle detector were such that cations, anions, and
electrons created in the interaction region could not reach the
detector. We still needed to separate the start signals originating
from VUV photons and from metastable fragments because
both can be detected by an MCP. This was done by recording
them in coincidence with positive ions. We used the signals
from the four-sectioned anode of the neutral-particle detector
as start signals for time-resolved coincidence measurements,
while stop signals were taken from the MCP detector of the ion
TOF spectrometer. These signals were fed in the time-to-digital
converter system (ATMD-GPX [22]). VUV photons provide
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prompt start signals, as fluorescence lifetimes are generally
short. Hence VU V-photon—photoion coincidence spectra con-
sist of well-defined peaks. Metastable fragments are slower,
providing delayed start signals, and are likely to have wide
kinetic energy distributions. Metastable-fragment—photoion
coincidences are therefore expected to form broad structures
at shorter relative arrival times than those initiated by VUV
photons. To be able to detect more clearly such coincidences,
we delayed the stop (photoion) signals electronically by 3.0 us.
The neutral-particle—photoion coincidence spectra shown in
this paper display the number of coincidences binned in 4 ns
intervals.

We observed contamination signals in VUV-photon—
photoion coincidence spectra during previous measure-
ments [10]. The source of contamination could not be identified
at that time, but during the present experiments we realized that
those coincidences were caused by electrons that were created
when photoions hit the mesh in front of the MCP detector
of the ion TOF spectrometer or the MCP itself (see Fig. 1).
As shown below, that contamination signal could be reduced
drastically with the use of the four-sectioned anode.

III. RESULTS AND DISCUSSION

A. Interpretation of the coincidence spectra

Figure 2 shows the neutral-particle-photoion coincidence
spectra of CH4 measured at the photon energy of 288.0 eV,
which corresponds to the maximum of the C ls — 3pt,
excitation. The upper spectrum was obtained when the whole
surface of the neutral-particle detector was used, while in
the lower spectrum only the two outermost sections of the
anode were connected to the electronics modules. The spectra
have been normalized to the same height at the sharp peak
around 3400 ns, after which one of the spectra was shifted
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FIG. 2. (Color online) Neutral-particle—photoion coincidence
spectra of CH,; measured at the photon energy of 288.0 eV
(C 1s — 3pt, excitation). The top spectrum was measured us-
ing the whole anode of the neutral-particle MCP detector, while
in the bottom spectrum only the two outermost sections of the anode
were connected. Different contributions to the coincidence spectrum
are labeled (see text for details). The photoion signal has been delayed
by 3.0 us.
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upwards for clarity. Because of the delay of the ion signal by
3000 ns, the zero of the real time scale is at 3000 ns. We can
attribute the observed structures to three different types of
start signals.

(1) VUV photons emitted in the interaction region give
rise to sharp coincidence peaks, if molecular dissociation is
fast and the lifetime of the VUV emitting state is relatively
short. A vast majority of these start signals is expected to
arise from Lyman emission due to excited H atoms. Lyman-«
emission [H(2p) — H(ls) transitions] has been observed at
this resonance [9]. As the initial resonant excitation is to the
3p orbital, Lyman-8 emission [H(3p) — H(ls) transitions]
is also expected to be important. The lifetime of the H(3p)
state is about 5.4 ns [23]. The three sharp peaks just below
4500 ns in Fig. 2 can be assigned to the VUV-photon-CH,, ™
coincidences, where n = 0-2, while the CH; ™ ion barely rises
above the background at 4500 ns. The peak at 3400 ns is
assigned to VUV-photon-H" coincidences. It shows a slight
asymmetry to the left side in accord with a lifetime in the
few nanosecond range; the FWHM of this peak is ~25 ns, but
also the kinetic energy distribution of the detected photoion
contributes to the observed line shape. The attributions of
the peaks agree with the photoelectron-photoion coincidence
(PEPICO) measurements that were performed with the same
potentials around the interaction region and in the ion TOF
spectrometer. A PEPICO spectrum measured just above the C
1s IP revealed a very weak C>* peak but no other dicationic
peaks, in agreement with earlier studies [24,25]. The intensity
of possible VUV-photon-C?* coincidences did not rise above
the detection level in our experiments.

(2) The second contribution is represented by the coinci-
dence peaks at about 2.0, 3.0, and 4.0 us in the top spectrum
of Fig. 2. These peaks practically disappeared when only the
two outermost sections of the anode of the neutral-particle
detector were used. We attribute them to a contamination
signal due to electrons that were created when photoions
hit the mesh in front of the ion detector or the front side of
the detector itself. Because these two surfaces were at higher
negative potentials than the front side of the neutral-particle
detector, such electrons could be accelerated backwards along
the drift tube, cross the interaction region, and be detected at
the neutral-particle detector. It took about 20 ns for electrons
to complete that passage. If the same ion that caused electron
emission from the mesh or MCP was detected in coincidence
with the electron, a coincidence peak arose close to the zero
of the time scale (which was at 3000 ns) because that ion was
already close to or even in the ion MCP detector. If another ion
was detected in coincidence with such an electron, the resulting
coincidence peak appeared at a position different from 3000 ns.
Our assignment of the electron-photoion coincidence peaks
is given in Fig. 2. Note that if a CH,* ion caused electron
emission from the mesh or the ion MCP, the H™ ion from the
same dissociation event had already been observed and the
coincidence peak appeared before the real zero of the time
scale. From another point of view, one could consider that a
part of this “electron contamination signal” originated from
true photoion-photoion coincidences that were detected in an
indirect way.

(3) When only the two outermost sections of the anode
were used in the coincidence measurement, two broad features
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around 3.0 and 4.0 us were clearly brought forth (see the
bottom spectrum of Fig. 2). We assign them to metastable-
fragment—photoion coincidences. Metastable fragments are, of
course, slower than VUV photons and their kinetic energies are
expected to have wide distributions. This is in agreement with
the large widths and positions of these coincidence features.
The one at around 3.0 us corresponded to the arrival of the
HT ion, while the other feature was due to the detection of
a heavier fragment (probably any of CH, ™, where n = 0-3,
even though the masses were not resolved). Based on the time
difference between the start signals generated by VUV and
metastable fragments, the metastable fragment is calculated
to be so fast that it could conceivably be only H (see also
Sec. IITE).

Electron-induced coincidences can be barely seen around
3000 ns in the bottom spectrum of Fig. 2. The flow of electrons
from the ion TOF to the neutral-particle detector was thus
significant only close to the symmetry axis of the experimental
setup. Other neutral-particle—photoion coincidence spectra
discussed in this study were measured using the two outermost
sections of the neutral-particle MCP detector. Contamination
due to electron start signals was found to be of the same
magnitude as in the bottom spectrum of Fig. 2. When
the spectrometer is operated in the normal PEPICO mode,
contamination peaks are almost invisible.

B. Coincidence spectra below the C 1s edge

The spectra of Fig. 2 were measured at the C 1s — 3pt,
excitation. The created core-excited state decays predom-
inantly via spectator Auger transitions, populating mostly
(val)™23pt} states [15,26], where val (=valence) is 1t, or
2a,. These singly ionized final states have binding energies
higher than 25 eV. According to the PEPICO study of Field
and Eland [27], such ionic final states always fragment.
The excited electron in the 3p orbital in the parent ion
can end up in an excited orbital of some fragment during
dissociation. If a hydrogen atom in the 3p state is created
(adiabatic dissociation), it can decay by Lyman-f emission
(3p — ls transition) or by Balmer-o« emission 3p — 2s
transition). The branching ratios of these transitions have
been calculated to be 88% and 12%, respectively [28]. In the
case of Lyman-$ emission, a photon at 102.6 nm is emitted,
which can be detected by the MCP detector and can lead
to an observed coincidence event. All VUV-photon—photoion
coincidences observed in the spectrum can be explained by this
mechanism. For instance, dissociation CH4*[(val)~23p!] —
H3p) + H' + CH,, followed by Lyman-8 emission in the
excited H atom, would bring up the VUV-H" coincidence
peak (the constituents of CH, can naturally appear as smaller
fragments as well). If the H(3p) atom decays by Balmer-«
emission, which has been observed at this resonance [9], a
metastable H(2s) atom is formed. As discussed below, H(2s)
states are expected to be depleted because of the electric field
in the interaction region. Therefore, in order to explain the
observed H*-photoion coincidences, we need to assume that
H atoms are produced in higher Rydberg states after resonant
Auger decay. We denote such atoms as H(HR). Their identity
will be discussed in more detail in Section III D.
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FIG. 3. (Color online) Neutral-particle—photoion coincidence
spectra of CHy measured at the photon energies of 288.7 eV (C
1s — 3dt, excitation) and 250 eV (bottom). The intensity of the
bottom spectrum has been multiplied by 50. The photoion signal was
delayed by 3.0 us. The measuring time for each spectrum was 2 h.

Figure 3 shows the VUV photon/H*-photoion coincidence
spectra measured at the photon energies of 250 and 288.7 eV.
The former energy can only induce valence ionization pro-
cesses, while the latter photon energy corresponds to the
C ls — 3dt, excitation [15,29]. The coincidence spectrum
measured at the C 1s — 3dt, resonance is very similar to
the spectrum measured at the C 1s — 3pt, resonance (the
lower spectrum in Fig. 2). The only difference in relative
intensities is that the VUV-CH,, " (n = 0-3) coincidence peaks
appear slightly weaker at the C 1s — 3dt, resonance. If
adiabatic dissociation occurs after resonant Auger decay from
the C 1s7'3dt) state, one expects an enhanced production
of hydrogen atoms in the 3d state. This excited atom can
decay via H(3d) — H(2p) — H(ls) emissions in field-free
conditions. The second-step photon emission (Lyman-«) could
be detected in our experiment, which should favor the occur-
rence of VUV-photon—photoion coincidences in the spectrum.
We do not observe this in our experiment; in contrast, the
coincidence spectrum is similar to the one measured at the
C 1s — 3pt, excitation, where both VUV-photon—photoion
and H*-photoion coincidences are expected. We attribute
this to the fact that in the presence of an electric field the
H(3!) states mix with each other, their degeneracy is re-
moved, and the transition probabilities change [30]. Hydrogen
states in the electric field are discussed in more detail in
Sec. IIID. A neutral-particle—photoion coincidence spectrum
was also recorded at the C 1s — 3 pt, 4+ vy excitation [15,29],
where the excitation of the symmetric stretch vibration
accompanies the electronic transition. The result (not shown)
was similar to the one obtained at the C 1s — 3 pt, resonance.

Direct valence photoionization also results in neutral-
particle—photoion coincidences, as can be seen from the mea-
surement done at the photon energy of 250 eV (lower spectrum
of Fig. 3). Note, however, that the normalized intensity of
the spectrum at Av = 250 eV is about 50 times lower than
at the C 1s — 3dt, excitation. The relative intensities of the
coincidence peaks differ in the two spectra. In particular, the
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VUV-photon—photoion coincidence peaks are more intense
at the resonance energy. This is because resonant Auger
decay of the C 1s7'3dt) state and subsequent dissociation
predominantly produce hydrogen atoms in low-Rydberg states
with n & 3, which emit VUV and visible photons within a few
nanoseconds, favoring the VUV-photoion coincidences. (The
argument is also valid for the C 15713 pt) core-excited state.)
The H*-CH,,™ coincidence feature is wider at the C 1s — 3dt,
excitation than at hv = 250 eV, which indicates the ejection
of slower metastable atoms at the resonance energy.

The production of excited H atoms in valence photoioniza-
tion of CH4 has been studied at much lower photon energies
and it has been mostly attributed to doubly excited states
(see, e.g., [18]). Such states are not populated at the photon
energy of 250 eV, but it is likely that excited H atoms are
also produced in direct ionization via population of so-called
correlation satellite states, which appear in the inner-valence
photoelectron spectrum of CHy [31]. The most intense of
them were attributed to val=>2¢} and val=3a] states, which
involve the occupation of the antibonding valence orbitals.
However, regarding the general importance of Rydberg orbitals
in the excited states of methane, the correlation satellite
intensity may be mostly due to the population of val~?Ryd!
states. Such an attribution would also be in line with the
assignment of the C 1s shake-up photoionization spectrum
of methane [32]. If val~2Ryd’ states are produced in direct
valence photoionization, excited H atoms can be created
in subsequent dissociation. Similar states are reached after
resonant Auger decay, but in direct valence photoionization the
n range of Rydberg orbitals populated is more widely spread.
If n of the Rydberg orbital in the correlation satellite state is
high enough, subsequent dissociation can create metastable H
atoms. We suggest that this is the origin of the H*-photoion
coincidences observed in our experiments at hv = 250 eV.

The VUV-photoion coincidences in the same spectrum
follow the dissociation of correlation satellite states when
lower molecular Rydberg orbitals are populated. The lower
Rydberg orbitals are more likely to be populated in pho-
toionization than higher Rydberg orbitals, yet the area of the
H*-photoion coincidence features is larger than that of VUV-
photoion features at the photon energy of 250 eV. (From a
discussion presented in Sec. III D, we estimate that the limit
between the low and high Rydberg orbitals in this context may
be located at n & 7.) The detection of metastable atoms by
the MCP detector therefore appears to be much more efficient
than the detection of Lyman radiation. We cannot estimate the
detection efficiencies of VUV photons and metastable atoms
because the relative numbers of each type of particles are
not known after dissociation. Furthermore, some metastable
H atoms were field ionized before reaching the MCP detector
(see Sec. IIID), and acceleration of resulting protons greatly
enhanced their detection efficiency [33].

It is interesting to note that among the VUV-photon—-CH,, ™
coincidence peaks, the VUV-photon—C* peak is the strongest
one after direct valence photoionization. In contrast, Ct was
the second weakest ion after Ho* in the partial ion yields
measured around the photon energy of 250 eV [16]. In
VUV-photon—photoion coincidence measurements, the C* ion
can appear if C* is so highly excited that it itself emits a
VUV photon or if C* is created together with a VUV-emitting
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H* atom. The small branching ratio of the C* ions at hv =
250 eV [16] and the “high” intensity of the VUV-photon-C™*
peak imply that the former channel is predominant; the process
is surely possible if the created C* ion has a vacancy in the
2s subshell [10]. VUV emission from molecular fragments
is probably very weak or negligible. VUV-photon-CH" and
—CH; coincidence peaks, which were barely visible at 250 eV
photon energy, are deduced to arise when VUV emission takes
place in H*. In conclusion, if valence ionization is followed by
VUV-photon emission, dissociation of CH4* to H* + CH,,*
(n = 1-3) is not particularly likely, but the smallest ionic
fragments H* and C* are favored.

C. Production of H* atoms at the C 1s edge

The yields of HHR)-H* and H(HR)-CH,,™ coincidences
were measured by collecting ions that arrived within the
time windows of 2.4-3.2 and 3.45-4.25 us, respectively. The
windows were carefully set not to contain any VUV-photoion
coincidence peaks (see Figs. 2 and 3). An equally long window
was set up for false coincidences at the arrival times of
5.0-5.8 us. The coincidence events within these windows were
counted during 120 s at each photon energy in the range of
about 287-293.5 eV, using an energy step of 20 meV; the total
measuring time was above 16 h. The results are shown in Fig. 4
after subtraction of false coincidences and normalization to the
photon flux. The yield of H(HR)-CH,, ™ coincidences has been
scaled at the C 1s — 3 pt, excitation to the same height as the
total ion yield (TTY) that was measured simultaneously. The
relative heights of the two H(HR)-photoion coincidence yields
reflect the experimental observations.

We see that metastable H(HR) atoms are produced at every
C ls — Rydberg excitation. In comparison to the TIY, their
production is slightly enhanced at the 4p and 4d resonances,
and increasingly more at higher Rydberg (n > 5) excitations
before forming maxima just above the C 1s IP. The H(HR)-
CH,, " coincidence yield reveals two clear peaks and a hint of a
shoulder above the ionization limit, whereas the corresponding
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FIG. 4. (Color online) The H*-H' and H*-CH,* coincidence
yields at the C 1ls edge in comparison with the TIY. The C
ls excitations have been assigned according to [15,29]. Photon
energy resolution was about 70 meV. The arrows above the C 1s
IP (290.735 eV [29]) indicate the photon energies at which the
coincidence spectra of Fig. 5 were measured.
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FIG. 5. (Color online) Four neutral-particle—photoion coinci-
dence spectra measured at the C 1s edge. The three lowest photon
energies correspond to those indicated by arrows in Fig. 4; the
measuring time was 4 h for each of them. The bottom spectrum
was measured about 4 eV above the C 1s IP for 2 h, but the exit slit of
the monochromator was twice larger. The spectra have been shifted
vertically for clarity.

features are less evident in the HHR)-H* coincidence yield.
We ascribe the peaks to the C 1s~!, v = 0 and 1 states, i.e., to
the vibrational structure of the core-ionized state. The energy
separation between the peaks agrees well with the difference of
about 397 meV observed between the v = 0 and 1 vibrational
levels of the C 15! state using photoelectron spectroscopy
[34,35]. In our experiment, the maxima occur at higher excita-
tion energy than the nominal C 1s thresholds because of PCI.
The resulting recapture processes yield molecular ions in 2h-1e
states whose dissociation in turn produces excited H atoms.

Neutral-particle—photoion coincidence spectra were mea-
sured at the two maxima and at the shoulder observed in
the H(HR)-CH,,™ coincidence yield just above the C Is
threshold (these photon energies are indicated by arrows in
Fig. 4) and additionally about 4 eV above the C 1s IP. The
results are shown in Fig. 5 after scaling of the 294.7 eV
spectrum (it was multiplied by 1.3) so that the heights
of the VUV-photon-H™ coincidence peaks are similar. The
H(HR)-photoion coincidence peaks are much more intense and
much wider in the three “threshold” spectra than in the
spectrum measured at the higher photon energy. There are
no resonances or ionization limits in the excitation energy
range between the C 1s IP and 295 eV [34]. Thus the huge
differences in the spectra should be attributed to recapture
processes that occur in just-above-threshold photoionization,
but hardly at all at the photon energy of 294.7 eV. The shift
of the H(HR)-photoion coincidence intensity towards longer
arrival time differences indicates that considerably slower
H(HR) atoms are ejected from the molecular ions just at the
threshold than at photon energies when recapture events are not
important (see also Fig. 4). Some H(HR)-CH,,™ coincidence
intensity extends below the VUV-H* peak, which means that
the coincidence yields shown in Fig. 4 underestimate the
importance of these processes at the C 1s threshold.

Our experiments show that the H(HR)-CH,, ™ coincidence
channel is more enhanced at the C ls threshold than the
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H(HR)-H™ channel. As the relative intensities of the H(HR)-
photoion coincidence channels are similar around the photon
energy of 294.7 eV (Fig. 5), recapture processes appear to
favor the creation of H(HR) atoms together with CH,,* ions
rather than with H' ions. The dissociation after recapture
is determined by the double valence-hole configuration, like
after normal Auger decay, because the interaction between
the electron in a faraway Rydberg orbital and the valence
electrons is weak. The normal Auger decay populates the
final states 2a; 2, 2a; "1z, ', and 1t, 2, among which the last
mentioned are by far the most intense (see e.g., [15,24]). The
fragmentation of CH4>* after Auger decay has been studied
using coincidence techniques, for instance, by Kukk et al. [24]
and by Flammini et al. [25]. From the analysis of the Auger
electron-ion-ion coincidence maps the latter authors concluded
that the fragmentation process is stepwise and mainly occurs
via the formation and dissociation of the CH; T intermediate.

In the special case of core ionization just above the C 1s
threshold, we expect to observe H*-H* coincidences only
when the fragmentation of CH4>* yields two H™ ions, one
of which becomes a metastable neutral atom by receiving the
recaptured photoelectron upon dissociation. Auger electron-
H*-H* coincidences were not reported in [25], but quite a
few of them were actually observed when the kinetic energy
of the Auger electrons was set at 231, 238, and 250 eV
(£1.1%) [36], corresponding to the 2a; %, 2a; ' 1¢;"!, and 1z,
final states, respectively. It was not possible to quantify the
relative intensities of the Auger electron-H"—H™ coincidences,
as some protons were lost because of their large momenta in the
direction perpendicular to the axis of the ion TOF spectrometer
used in [25]. However, we believe that the branching ratio
of the Auger electron-HT-H™" coincidences to all Auger
electron-ion-ion coincidences decreases with the increase of
the Auger electron kinetic energy. The relative intensities of
the Auger electron-CH,,* (n = 0-3) coincidences were in fact
highest for the Auger electron kinetic energy of 250 eV [25],
corresponding to the 1z, 2 final states. As the 1ty 2 states of
CH,>* cannot undergo second-step Auger decay, it is unlikely
that their dissociation produces two H™ ions together with a
CH,™ (n = 0-3) fragment; that is possible only if a H™ ion is
also created.

The lowest limit to produce two protons from CH4 via
the reaction CHy — CH, + H* + H* is 36.5 eV [37]. In
the recent work of Wolff et al. [16], dissociation channels
associated with two protons were observed to be important
already at the first studied photon energy, 40 eV. The branching
ratio of the HT-H" ion pair is the most intense one among
all possible ion pairs in the photon energy range of 100-
480 eV [16]. Interestingly, it shows a distinct drop at the C 1s
edge, while the branching ratios of the HY-CH,* (n = 1-3)
ion pairs are enhanced at that photon energy.

In summary, the yields of both HHR)-CH,* (n = 0-3)
and H(HR)-H" coincidence channels are greatly enhanced
at the C 1s threshold due to recapture processes. The
increase in the former channel is stronger. Following C ls
photoionization, normal Auger decay mostly populates the
1ty ? final states, whose dissociation yields particularly many
molecular ions CH;" (n = 1-3) [25]. The C 1s photoelectron
may be recaptured during Auger decay and it may end up in a
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HR orbital of any fragment after dissociation. If the recapture
probability does not depend on the character of the Auger
final states, the relative intensities of the Auger transitions
and subsequent dissociation channels can explain why the
production of H(HR)-CH,, ™ (n = 0-3) pairs is larger than that
of the H(HR)-H™ pairs in C 1s threshold photoionization.

We observe that the coincidence spectrum measured at the
photon energy of 291.67 eV has already changed from the one
taken at 290.98 eV (see Fig. 5): The relative intensity of the
H(HR)-CH,,* coincidence feature has dropped and the H(HR)-
photoion coincidence intensity has partially shifted towards
the corresponding VU V-photon—photoion coincidence peaks.
In order to explain these changes, we should remember that
at the photon energy of 291.67 eV core photoionization
can take place from three vibrational levels (v = 0-2) of
the C 1s~! state. In the coincidence spectrum, we measure
the sum of their contributions. At hv = 291.67 eV, the
photoelectron recapture occurs efficiently if the photoelectron
comes from the C 1s~!, v = 2 state. Instead, it appears that
if the photoelectron comes from the C 1s~!, v = 0 state, its
recapture has become significantly less probable. The resulting
H*-photoion coincidence intensity starts to show characters
that are associated with above-threshold C 1s ionization,
represented by the lowermost spectrum in Fig. 5.

D. Effect of the electric field

The detected events in our spectra can be interpreted
qualitatively as VUV-photon—photoion and metastable-atom—
photoion coincidences, as we have presented above. We can,
however, gain more insight into the atomic states contributing
to the spectra if we consider the effect of the electric field.
In principle, all excited H atoms have enough internal energy
to be detected by the MCP detector, hence their detection as
metastable atoms is just a matter of lifetime. The electric field
can change the lifetimes of the excited states or it can ionize
them [38].

In our experimental configuration the detected metastable
atoms should have a lifetime of at least ~300 ns, which is
the time difference between the VUV-photon—-H" and the
H*-H" coincidence peaks in Figs. 2 and 3. The H(2s) state
is metastable and it has enough internal energy (10.20 eV)
to be detected by an MCP detector. However, an electric
field F of ~320 V/cm normally applied in the interaction
region can cause a mixing between the 25/, and 2p;, states
and efficiently deplete the H(2s) population via Lyman-o
emission [39]. According to Ref. [40], the lifetime of the
H(2s) state is about 8 ns in the field conditions used in
the interaction region. That lifetime is compatible with the
observed FWHM (25 ns) of the VUV-photon-H™" coincidence
peak in Fig. 2. So instead of giving rise to the H*-photoion
coincidences, the H(2s) state is expected to contribute to the
VUV-photon—photoion coincidences. The radiative lifetimes
of the H(n/) states withnl = 5s,12p,9d, and 7 f exceed 300 ns
in field-free conditions [23]; the lifetime increases with n for
a given /. In the presence of the electric field (the Stark effect),
the wave functions and the energy levels of the hydrogen atom
can be described by the principal quantum number rn, the
magnetic quantum number m, and parabolic quantum numbers
ny and np, which are related by n; +n, + |m| =n — 1 (see,

PHYSICAL REVIEW A 88, 043412 (2013)

e.g., [30,41]). The radiative transition probabilities depend on
the new quantum numbers, but the total decay probability from
a given shell n remains the same as in the field-free case [42].
Calculations [30] indicate that in the electric field the average
lifetime of a couple hundred nanoseconds is reached forn = 7.
We therefore assume that the metastable fragments observed
in our experiments were H(n > 7) atoms.

A constant dc field can also ionize H(HR) atoms. The
electric field required to field ionize H(n) atoms at the
rate of ~10° s7!, in a very rough approximation, ranges
from ~5.1 x 10%/(9n*) V/cmto ~5.1 x 10° /(4n*) V/cm for,
respectively, the lowest energy and highest energy members
of the n Stark manifold [38]. Using the first relation, we
estimated that H(HR) atoms with n > 37 were field ionized in
the interaction region in the usual measuring conditions (see
Fig. 1). However, the resulting ions were pushed towards the
ion TOF spectrometer and did not give any start signals. The
field was lower, about 180 V/cm, between the repeller mesh
and the second mesh in front of the neutral-particle MCP
and was not expected to field ionize further H(HR) atoms.
In contrast, F was much higher, ~5.3 kV /cm, between the
second mesh and the front of the neutral-particle detector, so
it could ionize H(HR) atoms with n > 18. These atoms were
converted to H ions, which were then accelerated towards the
MCP detector and detected. It should be remembered that all
the given ranges of n are approximate.

In order to verify whether field ionization played a role
in our experiments, we performed two coincidence measure-
ments in which the potential of the second mesh was changed
from 4300 V to —1.8 kV (see Fig. 1). In that way, the
region of the highest field (now ~2.8 kV/cm) was shifted
further away from the MCP detector. That field could ionize
H(n > 21) atoms at the rate of ~10° s~!. The coincidence
spectra measured at the photon energy of 290.89 eV in the
two different conditions of electric fields are presented in
Fig. 6. This photon energy is just above the C 1ls IP and
corresponds to the energy where the HHR)-CH,, ™ (n = 0-3)

8507 hy=290.89 ev H* - CH," 00

3004 |—— 2nd mesh = +300 V
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= 2
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FIG. 6. (Color online) The neutral-particle-photoion coincidence
spectrum of methane measured at the photon energy of 290.89 eV
with two different sets of electric fields. The spectrum taken with the
second mesh set at —1800 V was measured for 2 h, and the other
spectrum for 4 h. The shift of the H*-photoion coincidence peaks
proves that the electric field ionizes H atoms in high Rydberg states.
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FIG. 7. (Color online) The neutral-particle—photoion coincidence
spectrum of methane measured at the photon energy of 334 eV with
two different sets of electric fields. The sharp peak at 3000 ns and the
bump around 2000 ns are due to electron-triggered start signals. The
top spectrum has been shifted upwards by 100 counts for clarity.

coincidence yield reached the maximum (see Fig. 4). The
“metastable” features clearly moved with the change of the
field, indicating that field ionization converts some H(HR)
atoms to H' ions. Subsequent acceleration of the H' ions made
them arrive sooner in the detector. Therefore, the closer to
the corresponding VUV-photon—photoion coincidence peaks
the H(HR)-photoion coincidence events appeared, the further
away from the detector were the metastable atoms field
ionized. This measurement proves that photoionization of CHy
at the photon energy just above the C 1s IP led to creation of
H(HR) atoms with n > 21 or so. Even though these particles
were detected as ions in the neutral-particle detector, they were
created as metastable atoms in the interaction region.

A coincidence experiment with two different electric field
settings was also performed at the photon energy of 334 eV.
The spectra, shown in Fig. 7, are characterized by the relative
intensity increase of the H*-photoion coincidence features
as compared to the measurement done at the C 1s — 3p
resonance (Fig. 2). The changes of the spectral features that
occurred upon the change of the electric field were much
smaller than at the C 1s threshold (Fig. 6), but they do exist. The
right edge of the H*-H* coincidence peak remained at the same
position with respect to the VUV-photon-H* coincidence
peak. The left flank of the feature became weaker and shifted
slightly towards the right, which may be due to field ionization
of H(HR) atoms with n > 21 and the subsequent acceleration
of the created H ions. The changes were even smaller in the
H*-CH,* coincidence peak.

The photon energy of 334 eV, which was used in the
spectra of Fig. 7, exceeds the C 1s shake-up photoionization
thresholds [34]. The removal of a C 1s electron can therefore
be accompanied by a simultaneous excitation of a valence
electron to unoccupied Rydberg orbitals, whereby excitations
to the two lowest orbitals, 3sa; and 3pt,, are the most
probable [34]. Fluorescence experiments in CH, indicate that
C 1s shake-up ionization leads to an intensity increase in
Balmer-o and Lyman-o emission [43]. Balmer-o emission
produces metastable H(2s) atoms through H(3p)—H(2s)
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transitions but, as was discussed above, the H(2s) states should
be depopulated fast by fluorescence, made possible by the
mixing of the 25, » and 2 p; s, states in the electric field. Instead,
we tentatively attribute the part of the H*-H™ coincidence
structure that did not move with the change of the electric field
(in the arrival time differences of ~3000-3200 ns) to H(n)
atoms with n ~ 7-20. Correspondingly, the part of the H*-H™"
coincidence structure that moved with the change of F can
be attributed to H(n) atoms with n ~ 21-36, whereas H(HR)
atoms withn > 37 can be field ionized in the interaction region
and should not contribute to the spectrum (as before, the given
ranges of n are approximate). H(HR) atoms should be minority
dissociation fragments at the photon energy of 334 eV, which
is above resonances and shake-up satellite thresholds and even
above core-valence double-ionization thresholds [44].

E. Kinetic energy distribution of H* atoms

Using the VUV-H' coincidence peak as a time reference,
we can obtain information about the kinetic energies of
metastable H(HR) atoms that are ejected in dissociation
together with a H™ ion. It takes about 80 ps for (VUV) photons
to pass from the interaction region to the two sections of the
MCP that were used in coincidence measurements. This time is
so short that it can be neglected in present considerations. The
lifetime of excited states of H atoms depends on the quantum
numbers of the electron orbital in the electric field. To eliminate
at least partly the contribution of the lifetime, we set the zero
of the flight time of H(HR) atoms to be at the half height
on the right flank of the VUV-H" coincidence peak (i.e., at
the rising edge in time). We assume that neutral H* atoms
reached the detector in the measurements performed at the
C 1s — 3pt, and 3dt, Rydberg resonances (i.e., they were
not ionized by the dc field), because the observed H(HR)-H™
coincidence feature was quite similar to the one recorded at
the photon energy of 334 eV, which did not react strongly
to the change of the electric field (see Figs. 2, 3, and 7). In
contrast, we suppose that field ionization took place at the
second mesh in the measurement performed at the photon
energy of 290.89 eV, which is just above the C 1s IP. After
field ionization, the H* were quickly accelerated to high
velocities in the electric field between the second mesh and
the MCP detector (see Fig. 1). It can be easily calculated that
these particles remained neutral for the major part of their
flight times; for instance, this fraction is 98.7% for a H(HR)
atom with the initial kinetic energy of 10 eV. This factor was
approximately accounted for by neglecting the flight time as
ionized species and by elongating the flight distance as neutral
by 1% for all kinetic energies. Finally, we also assume that
the start signals were detected at the points of the MCP that
corresponded to the average flight path length. In this way, we
can convert the time scale of the measured spectra to the kinetic
energy scale of the H(HR) atoms. Figure 8 shows the number
of H(HR)-H™* coincidences within 0.5-eV-wide windows that
were obtained from the sum of the measurements performed at
the C 1s — 3pt,, 3pt, + vi, and 3dt, excitations (see spectra
in Figs. 2 and 3) as well as from the spectrum measured at
the photon energy of 290.89 eV (Fig. 5). Because of the many
assumptions made, these kinetic energy distributions are only
approximate, especially for fast H* atoms.
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FIG. 8. (Color online) The approximate kinetic energy distribu-
tions of H* atoms at the C 1s threshold (hv = 290.89 eV, filled circles
connected by a dotted line) and at the C 1s — 3p1,, 3pt, + vy, and
3dt, resonances (solid curve).

Both curves in Fig. 8 display high intensity at energies
just above zero (the transformed kinetic energy scale of the
H* atoms begins at about 0.25 eV). The height of that peak
depends on the choice of the background level; we set it at
the average count number in the region above 4700 ns in the
coincidence spectra (i.e., above all the coincidence peaks). In
the measurement done at the C 1s threshold (filled circles
connected by a dotted line in Fig. 8), the kinetic energy
distribution of metastable H* atoms displays another feature,
which is centered at ~3.5 eV kinetic energy, and a slowly
decaying intensity up to 35 or 40 eV. Proportionally less
metastable H* atoms with kinetic energies between 2 and
15 eV are created at the C 1s — 3p1,, 3pt, 4+ vy, and 3dt,
excitations than at the C 1s threshold. (The feature appearing
around 19 eV in the resonant measurements is not real, but
it results from the electron contamination in start signals.)
The clear peak observed in the time-of-flight spectra around
3100 ns (see Figs. 2 and 3) is transformed to a low and wide
feature between 24 and 45 eV kinetic energy.

We next consider how the feature around 3.5 eV kinetic
energy could form after photoionization at 290.89 eV photon
energy. Let us recall that recapture processes take place at this
photon energy. After Auger decay, the final state is doubly
charged and starts to dissociate because of Coulombic forces
(the CH4%* ion is not stable). If the photoelectron is recaptured,
one of the fragments becomes neutral, and the Coulombic push
ends before the two fragments have fully separated. If this
mechanism is valid, the kinetic energy of the metastable H
atom formed after recapture should be smaller than the kinetic
energy of HT after dissociation without recapture processes.
Flammini ez al. [25] determined the kinetic energies of H ions
from Auger electron-ion-ion coincidence maps: their values
range from 4.08(£0.83) eV to 7.19(£1.20) eV depending on
the dissociation channel and the kinetic energy of the Auger
electron. These results are in qualitative agreement with the
maximum at 3.5 eV in Fig. 8. Some metastable H atoms are,
however, clearly faster than the H' ions detected in the study
of Flammini et al. [25]. The difference could be due to other
dissociation channels that are associated with higher kinetic
energy releases. In particular, recapture processes occurring
in the context of double Auger decay [44] can be envisioned
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to provide a stronger Coulombic kick to a departing H* atom,
because the molecular ion after such decay is CH4** (two
Auger electrons are emitted simultaneously). We in fact expect
that dissociation produces more likely two H" ions after double
Auger decay than after normal Auger decay; the creation of
the H*-H™ ion pair is a requirement for the emergence of the
H*-H* pair after recapture. Therefore, double Auger decay
likely produces more HT-H* coincidences than what is its
probability among all Auger decay channels.

The kinetic energies of the order of 30 eV found for H*
atoms at the C 1s — 3p and 3d resonances are very high. We
expect the highest kinetic energies for the lightest fragment if
dissociation is sequential. As was mentioned above, sequential
dissociation was found to be the main dissociation mechanism
after normal Auger decay [25]. After resonant Auger decay,
the final state ion CH4 " would first dissociate to CH3 ™ + H*,
whereby H* receives most of the available kinetic energy. For
instance, if Ey, of H* is 30 eV, that of CHsz™ would be 2 eV.
In the second step, CH3™ would need dissociate to HT and
CH, (or to the constituents of the latter fragment) so that
H(HR)-H™ coincidences can be observed. The dissociation
energy of CHy — H + H* + CH, is 22.80 eV [45]. Taking
into account also the internal energy of the excited H atom—it
is close to 13.6 eV for high Rydberg states—we estimate
that the final states after resonant Auger decay should have
above 68 eV binding energy so that a H(HR) atom can
appear with Ey;, = 30 eV. This binding energy is higher than
that of any major features in the resonant Auger spectrum
measured at the C 1s — 3 pt, excitation [26], with only very
weak intensity in the appropriate binding energy region, which
corresponds to very highly excited states of CHy™. It is also
possible, and perhaps even more likely, that such fast H(HR)
atoms originate from dissociation after resonant double Auger
decay, i.e., when the core-excited state decays by emitting
two electrons simultaneously. Most metastable H* atoms are,
however, considerably slower. A similar consideration for H*
atoms having the kinetic energy of 5 eV is that they can
originate from final states with the binding energy of ~42 eV
or higher. There is considerable intensity in the relevant part
of the resonant Auger spectrum [26]. In the case of relatively
slow H* atoms, it is also possible that the molecular ion
(after resonant Auger decay) dissociates in one step only, e.g.,
CH; — H* + H' 4+ CHa.

IV. CONCLUSIONS

We have studied photofragmentation of the methane
molecule at the C 1s threshold by observing coincidences
between neutral metastable particles and photoions as well
as coincidences between VUV photons and photoions. Two
metastable fragment-photoion coincidence features were ob-
served: one of them originating from H*-H' coincidences,
the other from H*-CH,, ™ (n = 0-3) coincidences. Metastable
H atoms observed were in so highly excited Rydberg states
that their lifetime is of the same order or larger than their
flight time in our experiment (=300 ns). VUV photons
triggering the coincidence events are mostly due to Lyman
emission in excited H atoms that are created when the final
states of (resonant) Auger decay dissociate. The intensity
ratios between the H*-photoion and VUV-photon—photoion
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coincidence peaks are very similar in the spectra measured at
the C 1s — 3pt, and 3dt, resonances. This observation can
be explained by the / mixing of the H(n!) states in the presence
of the electric field. For the same reason, we did not observe
metastable H(2s) atoms, but the metastable atom signal was
likely due to H(n) atoms with n > 7. At the C 1s — 3pn,
and 3dt, resonances, the kinetic energy distribution of H*
atoms displayed a slowly decaying curve, which extended
even up to 40 eV. So fast fragments could be explained by
sequential dissociation—in which CH4" ions produced in
resonant Auger decay first dissociate into CHY + H*, followed
by the dissociation of the molecular fragment ion—or by
double Auger decay.

Metastable H atom production was strongly enhanced just
above the C 1s threshold. The H*-CH,, " (n = 0-3) coincidence
yield displayed two clear maxima above the C 1s IP. Their
energy difference corresponds to the vibrational energy of
the symmetric stretching in the C 1s~! state of CH4*. Thus
we observed metastable atom production from vibrationally
resolved core-ionized states. The increase of metastable
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fragment production at the C s threshold was attributed to
recapture processes. The slow photoelectron is pushed back to
the molecular ion after emission of an Auger electron, whereby
CH,™ ions in highly excited states are created. When these
molecular ions dissociate, excited H atoms with an electronin a
high Rydberg orbital are created. A simple change of potentials
in the experiment revealed the presence of H(n) atoms with
n > 21 at the C 1s threshold. The kinetic energy distribution
of the H* atoms, which was derived from the coincidence
spectrum measured at the C 1s threshold, shows a structure
that extends from 2 eV to above 30 eV, with a maximum
around 3.5 eV. Metastable-fragment—photoion coincidence
spectroscopy can offer a fruitful method to study the post-
collision interaction and recapture processes in molecules.
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