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Abstract
This study focuses on the role of negative-ion formation in the decay of core—valence doubly-
excited water molecules. Combining negative-ion/positive-ion coincidence measurements with cal-
culated energies of core—valence doubly-excited states, we find that O~ and H™ production is
enhanced selectively. In particular, we suggest that O~ production is correlated to double occu-
pancy of the anti-bonding 4a; virtual orbital, while H™ appears at electronic states with double
occupancy in 2bs. We also show that H™ and O~ can be created as a result of electron recapture

close to the O 1s ionisation potential.
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I. INTRODUCTION

Water is probably the most studied compound, and photon-induced dissociation has been
the topic of several earlier works. Nevertheless, despite the apparent simplicity of the water
molecule, several things remain unknown about it. Studies of the fragmentation of the
water molecule provide insights into the molecule’s constitution and chemical properties.
Photodissociation of water is a process commonly studied in order to establish an efficient
hydrogen-production method for energy generation and storage, or to improve our knowledge
of atmospheric chemistry. A comprehensive understanding of the fragmentation process is

fundamental to progress towards either of these goals.

When exposing the water molecule to soft X-ray radiation with an energy above the O 1s
ionisation potential (IP, 539.9 eV) [1], an electron from the core orbital O 1s can be ejected
from the water molecule, which becomes ionised. The core-ionised state usually decays
within a few fs via normal Auger transitions, which consist of an outer-shell electron filling
the core hole, paired with the emission of another outer-shell electron. This process usually

leads to rapid fragmentation of the molecule.

Whereas molecular ionisation dominates above the core ionisation edge, other possibilities
exist for the initial process. At certain incident photon energies, a core electron and a valence
electron can be simultaneously excited to empty molecular or Rydberg orbitals, putting the
system in a core—valence doubly-excited state. At higher excitation energies, it is also
possible for the emission of a core electron to be accompanied by the excitation of a valence
electron, creating ionised shake-up states. Other above-threshold effects in molecules are
shape resonances, where the core electron is temporarily trapped by a potential barrier.

However, shape resonances are not present in isolated water molecules.

Several published studies have addressed these above-threshold effects in gaseous water
molecules. Shake-up levels have been studied in water by means of photoelectron spec-
troscopy with 650 eV incident photon energy [2]. The first of several shake-up limits was
identified 17 eV above the O 1s ionisation limit, which would translate to 557 eV excitation
energy. Kiviméki et al. [3] used photoabsorption and fluorescence spectroscopy to identify
doubly-excited states above the O 1s threshold. Two broad structures were observed at
photon energies 555-560 eV . In addition, Stolte et al. [4] have measured both negative

and positive ion yields up to 552.5 eV. They observed an above-threshold resonance peak



in the O™ negative-ion yield of the water molecule near 550 eV, which was attributed to a
doubly-excited state. Guided by this result, Piancastelli et al. measured the resonant Auger
spectrum at this resonance and observed that the spectrum displayed features originating
from an Auger decay in an excited fragment [5]. This electronic decay was concluded to oc-
cur after ultra-fast dissociation, where the core—valence doubly-excited molecule dissociates
on the same time-scale as the Auger decay (a few fs).

Strahlman et al. recently published a study [6] where the fragmentation processes of core-
excited and core-ionised water molecules were studied with negative-ion/positive-ion coin-
cidence (NIPICO) spectroscopy. In particular, this study showed a broad above-threshold
resonance with a maximum at ~556 eV excitation energy in the NIPICO yield for the H= /O~
pair. Strahlman et al. argued that this broad peak had to be due to neutral doubly-excited
molecules decaying by resonant Auger decay and fragmenting to a H= /O™ /H" ensemble.
The study also showed that O~ fragments were produced as a result of post-collision interac-
tion (PCI) effects—namely, electron recapture. The study did not, however, reproduce the
O~ peak previously observed by Stolte et al. at 550 eV. The partly different results in the
two studies prompted us to perform the present investigations with an improved instrument.

Complementing the previous experiments, we have performed quantum chemical calcu-
lations to further characterise the doubly-excited states and confirm the assignment of the
experimental features. We have used multi-configurational self-consistent field calculations
based on the restricted active space method including a perturbative treatment of dynami-
cal correlation (RASPT?2) [7, 8] for an accurate description of the multi-electron excitation

process.

II. METHODS AND INSTRUMENTATION

The experimental work was performed using the Gas Phase Photoemission beamline at
the Elettra synchrotron in Trieste, Italy. The beamline has an undulator light source. A
spherical grating monochromator selects the photon energy, ranging from 13.5 eV to about
900 eV. Moreover, the radiation is linearly polarised. The beamline has been described in
detail in previous studies [9)].

For the experiment, we used an ion spectrometer assembly amended from the NIPICO

instrument described in earlier works [6, 10, 11]. The pre-existing Wiley—McLaren type [12]

4



negative-ion TOF spectrometer was kept with identical performance as in our recent study
[11]. A replacement for the positive-ion spectrometer was installed, as shown in Fig. 1.
The new installation is, in fact, a time-of-flight spectrometer, although much shorter, to
offer a high acceptance angle of positive fragments, which is especially useful to detect
light hydrogen ions with a high transverse momentum. While the previous positive-ion
spectrometer could accept all positive ions produced from the dissociation of water up to a
cut-off kinetic energy of 2 eV [6], the shorter instrument used in this work accepts positive
ions up to a cut-off energy of 32 eV. The resolution was still sufficient to distinguish all

possible fragment ions.
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FIG. 1. Drawing of the NIPICO instrument. The positive ion (red) side has a very short drift
tube. The negative ion (blue) side is unchanged compared to our previous setup [10]. Electrons
(light blue) are deflected from the detector by a weak magnetic field.

The positive-ion detector is a secondary electron multiplier (SEM-7M) from Baspik [13].
It is composed of an entrance mesh and two stacked MCPs connected in series, followed
by an anode to pick up the electron signal. The signal is amplified and read by a time-
to-digital converter, analogous to that of the negative-ion detector [10]. What is recorded
is not a pure time-of-flight spectrum but rather an arrival-time-difference spectrum, where
each peak is a signature of a negative-ion/positive-ion pair. The additional mesh inserted
between the positive-ion detector and the extraction mesh enabled us to slightly modify the
arrival times of the positive ions, hence the arrival-time difference. Such temporal tuning
helps to distinguish real ion—ion coincidence peaks from spurious peaks. The drift tube

potential in the negative-ion TOF spectrometer can be similarly tuned to distinguish real



ion—ion coincidence peaks from electrons, photons, or spurious effects. Permanent magnets
outside vacuum prevented electrons from reaching the negative-ion detector, although some
were still recorded. In contrast to our previous work, only double coincidences (NIPICO)
were recorded.

The pure water sample was prepared via freeze-pump-thaw cycling in order to remove
all the residual gases from the sample container. The vapour pressure of the sample was
sufficient to sustain an effusive jet through a gas needle close to the interaction region of
the instrument. The valve used to regulate the gas flow was heated to 50°C so as to avoid
condensation. The pressure in the chamber was 2.6 - 10~ mbar but was estimated to be
10-50 times higher in the interaction region. A photodiode was also placed in the path of
the beam downstream of the interaction region in order to normalise the collected data to
the beam intensity.

The detection rate was in the 102 Hz range for the negative-particle detector, and it was
approximately ten times higher for positive ions. We estimated the contribution from elec-
trons to be larger than the contribution from negative ions in the negative-ion spectrometer,
even with the permanent magnets acting as a filter. However, since electrons are faster than
any positive ion, these coincidences were filtered electronically.

The arrival-time difference coincidence spectrum measured with this setup is shown in
Fig. 2. The different peaks were identified by measuring the spectra with different drift tube
voltages and by comparing the results to the previous study [6]. Four NIPICO peaks were
identified: O~ /H*, H=/H*, H-/O", and H~/O*". The broad peaks located at 900 ns and
1000 ns, as well as the sharp peaks at 580 ns and very close to 0 ns are spurious peaks that
arise from the electronics, or from cross-talk between the detectors. Those peaks, as well
as the spurious peaks between 2000 ns and 3000 ns, are known from previous studies done
with the original experimental setup [6], and we can confirm their spurious character using

their insensitivity to the magnitude of the applied potentials.

ITII. EXPERIMENTAL RESULTS

Coincidences above the O 1s ionisation edge were measured by scanning the photon energy
from 540 eV to 567 eV in 0.4 eV steps, collecting data for 600 s at each step. The intensity of

the coincidence peak, normalised to the photon beam intensity, was plotted against photon
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FIG. 2. Arrival-time difference spectrum recorded at 536.0 eV, which corresponds to the location
of the |O1s™12bd) resonance below threshold. The four NIPICO peaks are indicated. The several
spurious peaks are discussed in the text.

energy, as illustrated in Fig. 3. The density of energy points is thus five times higher than in
previous measurements with 2 eV steps [6], and the statistics are higher. Clearly, a lot more
details are visible in this measurement. The improved detection of fast ions, namely HT,
is especially significant for the O~ /HT channel. The O~ /H* channel is stronger that the
H~ /O™, opposite to earlier results [6]. We conclude that O~ /HT was previously suppressed
by the low detection rate of H', and appeared essentially featureless. This more reliable

measurement shows a higher O~ /H" yield and a much improved level of detail in general.

The present spectrum is characterised by some striking differences between, primarily,
the O~ /H™ channel and the H™ containing channels (H~/H*, H=/O", and H=/O*""). The
O~ /HT spectrum has two major features. Just above threshold, the O~ /H* ion pair yield
rapidly diminishes, as can be seen in more detail in Fig. 4. According to Stolte et al. [4]
and Strahlman et al. [6], this is caused by post collision interaction (PCI) effects, more
specifically, electron recapture. Electron recapture arises when a core-ionised molecule un-

dergoes Auger decay, and the slow O 1s photoelectron is recaptured by the molecule as the
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FIG. 3. Integrated NIPICO yields above the ionisation threshold. The photoabsorption crossection
curve is reproduced from Ref. [3] and the shake-up limits were obtained from Ref. [2]. The
calculated positions of the doubly-excited states, indicated with dashed vertical lines and labelled
with numbers 1-5, are given in Tab. I.

removal of a fast Auger electron increases the attractive potential of the ionised molecule.
The likelihood of electron recapture decreases as the energy increases above the IP in an
almost exponential fashion [14, 15]. This effect is also seen for the H= /O™ yield, but not for
the other H™ channels.

A structured feature can be seen in O~ /H™ between 548 and 557 eV, with (at least) two
peaks at 550 and 554 eV. The first of these peaks was also observed by Stolte et al. in the
O~ non-coincident yield at 550 eV. However, the measurements of the O~ yield did not go
above 552.5 eV, and they could therefore not observe the peak at 554 eV. As mentioned, the
earlier study by Strahlman et al. [11] lacked sufficient statistics and resolution to observe

the O~ /H*' peak. Interestingly, the peak at 550 eV does not overlap with any feature in
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FIG. 4. NIPICO yields close to the O 1s IP (539.9 eV) for all observed negative-ion/positive-ion
pairs. The O~ /HT curves have been multiplied with 0.2 for easy comparison. The data displayed in
this figure arise from two separate scans (indicated by solid and dashed lines), where the intensity
of the synchrotron beam was increased three times for the higher energy measurement. This gives
rise to an uncertainty in the normalisation of the dashed lines to the solid lines.

the photoabsorption cross section, in the total ion yield, or in any fluorescent yield [3].

Therefore, its appearance seems to be significant only in the O~ yield.

All H™ containing channels have similar appearances above 545 eV, with a single broad
feature peaking at ~556 eV, in agreement with the observation of the H™ /O feature in our
earlier study [11]. Contrary to the O~ yield, the increase of the H™ yield overlaps with the

increase in photoabsorption cross section (and with increases in fluorescence yields [3]). Its

right shoulder also extends above the two lowest shake-up limits.



N:o State Dipole moment| Energy

(Debye) (eV)

GS -1.8813 0
015~ 4al) -0.6608 534.1
1015~'2bL) -0.9635 536.1

|O1s~1b; '4a2) 2.0407 549.6(15.4)
|01s7'3a; *4a2) 2.1877 551.3(17.2)
|O1s~1b; '4a?) 1.1472 553.4(19.3)
|O1s~*1b; '2b2) 1.4024 554.4(18.3)
|O1s713a; '2b3) 1.3974 556.1(20.0)

O =~ W N+~

TABLE I. The results from the RASPT2 calculations of the core—valence doubly-excited states.
Assignments, dipole moments, and energies of the ground and the lowest core-excited states are also
given for comparison to the core—valence double excitations. For the core—valence doubly-excited
states, the additional energy required to excite the second electron is given in parenthesis.

IV. CALCULATIONS

The core excitations, including the doubly-excited states, were derived from multi-state
RASPT?2 calculations [7, 8] in MOLCAS [16]. Briefly, the calculations were performed in Cj
symmetry on an isolate water molecule at a geometry with O-H distances of 0.9588 A and a
bond angle of 104.21° using the ANO-RCC basis set [17] augmented with a Rydberg basis
set. The RASPT?2 calculations were performed with 11 active orbitals, of which the O 1s
orbital was put into the RAS3 space. This allowed us to control the occupancy of the core
orbital and reach core-excited states. We used the same setup as in our previous calculations
of potential energy surfaces for X-ray spectrum simulations of the water molecule [18] with
a few exceptions: we used an imaginary shift of 0.15 au and performed state-averaging over
40 states each in A’ and A” symmetry. Stability tests—varying the number of core-excited
states, the active space, and the Rydberg basis—showed a variation of less than +0.1 eV
in the lowest core-valence doubly-excited state presented in Table I: |O1s~'1b;'4a?). The
|O1s713a; "4a2), |O1s~!1b, '4a2), and |O1s~'b; '2b2) states also showed variations of about
4+0.1 eV. However, the |O1s~'1b;'2b2) state could not be assigned in the calculations using
the larger active space and Rydberg basis. The variations increased with increasing excita-
tion energy—which is seen already for the ]018_13a1_12b§>, where the variation is +0.4 eV.
Hence, we were not able to assign the |O1s~!1b,'2b2) state, which is highest in energy and

mixes strongly with other core-excited states in our description.
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Along with the difficulties to assign the [O1s~'1b; '2b2) state, we notice that when includ-
ing more Rydberg basis functions, it becomes increasingly difficult to reach and assign the
|O1s713a; '2b3) state. Increasing the number of roots in the calculation of the core-excited
states for a given basis leads to variations on the order of 0.2 eV in that state. We also
note that the larger Rydberg basis leads to a larger reference in the RASPT?2 calculation of
the |Ols~'3a;'2b3) state, but we anticipate that a significantly improved accuracy would

require a larger active space.

From our calculations, we assign five doubly-excited states in Table I. These states are
formed by simultaneous excitation of an O 1s core-electron and an electron from the three
highest occupied valence orbitals into the anti-bonding virtual orbitals, 4a; or 2by. Further,
we only present the states with double occupation in the anti-bonding orbital, although
doubly-excited states with simultaneous occupation of both the 4a; and 2b, orbitals also
occur at intermediate energies. Furthermore, while valence-Rydberg double excitations
occur in the higher end of this energy interval, we do not have an adequate description of
these states. Given the anti-bonding character of both 4a; and 2b, orbitals, we expect the
doubly-excited states (which have double occupied anti-bonding orbitals) to yield stronger
gradients than the main |Ols™'4aj) and |O1s7!2bl) core excitations regardless of which
valence orbital is depopulated. However, the measured fragmentation is due to core-excited
state dynamics and dynamics in the final state of the Auger process, neither of which are

modelled in the present study.

Fig. 5 shows the calculated X-ray absorption spectrum above the O 1s IP. In compari-
son to the measured photoabsorption cross section in Fig. 3, it shows a good overlap with
observed features. The calculated peak at 550 eV is however not observed in the exper-
imental spectrum, indicating that these are weak transitions against the photoionisation
background. The calculations are designed to determine the energies of the core-valence
double excitations, and we ascribe the disagreement to limitations in the description of the
continuum states, which might artificially enhance the oscillator strength. We also note that
the states with double excitations into 4a; are expected to be strongly dissociative and yield

broad spectral features.
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FIG. 5. The above-IP region of the calculated X-ray absorption spectrum. Both the discrete
transitions and a sum spectrum convoluted with the Gaussian function (full-width-half-maximum
of 1.3 eV) are shown. The core—valence doubly-excited states presented in Table I are marked with
red lines for the excitations into 4a; and with blue lines for the excitations into 2bs.

V. DISCUSSION

A defining feature of above-IP excitation is that a core electron can be kicked out of
the molecule to create a highly excited core-ionised state HyO". The core-ionised water
molecules typically relax on the femtosecond time scale by emission of a Auger electron
[19] or, with much lower probability, a fluorescent photon [20, 21], which is a competing
process. The result of the Auger process is a HyO7+*)|val2) state (where ”val” indicates any
available valence orbital—2ay, 1b9, 3a;, or 1b;—and * denotes a valence-excited species). It
has only one possible negative-ion fragmentation channel (H=/O** /H™). Such fragmentation
would make a featureless contribution to the H=/O*" and H-/H' yields in Fig. 3. At
energies close to and just above IP, the normal Auger decay can also include recapture

of the (slow) photoelectron into a virtual ("virt”) orbital. The result is a singly-charged
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HyO™|val2virt!) state where "virt” can be a 4a;, 2by, or Rydberg orbital. Such states can
fragment into O~ /H™/H, H~/O"/HT, or H~/O*" /H. The probability for electron recapture
falls off as a close-to-exponential function as the photon energy increases away from the IP
[14, 15]. The detailed view in Fig. 4 shows an exponential trend for H~/O* and O~ /H*.
While we acknowledge that the normalisation between the two datasets is uncertain, the
decaying trend is clearly visible in both. The exponential character of the H~ /O yield has
not been observed previously. This observation confirms that both O~ and H™ fragments
can be produced following electron recapture.

The H-/H* and H~/O?", which can also be reached through a doubly-charged parent
molecule, do not show the same falling trend. The H~/O?T remains almost flat at the IP,
while H=/H* rather increases. This signifies the opening of the H~/O?* /HT fragmentation
channel through normal Auger decay, which appears very close to the IP and extends towards
higher energies.

In our previous study [11], we argued based on the recorded data that non-resonant
radiative decay makes a contribution to the H™ production above IP. We justified that
claim based on the H™/H™ yield increase just above threshold while other H™ channels
remained essentially flat. This study shows a less distinct rise in H~/H*. In addition, we
can confirm the participation of H™ in electron recapture. This makes it more plausible that
the increase in H™/H™ originates from the opening up of a normal Auger decay channel
rather than radiative decay.

The origin of features in the NIPICO yields between 545 eV and 565 eV is due to core—
valence double excitations. The shake-up process, where one electron is emitted and another
is promoted to a virtual orbital |Ols~'val~!virt!), can in principle contribute to negative-
ion production above the first shake-up limit [2] but would only produce an increased yield
above this photon energy. As such increases are not visible in Fig. 3, the shake-up contri-
bution should be small compared to that of doubly-excited states. The absence of shape
resonances in water makes double excitations the only processes capable of producing the
discrete features in the above-IP region. The core—valence double excitation involves one
O 1s core electron and one valence electron being promoted to virtual orbitals, which cre-
ates a neutral HyO**|Ols™'val~lvirt?) state. Fig. 3 shows a convincing overlap between the
calculated energies of the doubly-excited states and observed features. It is striking that

the first O~ /HT feature at 550 eV coincides with states 1-2 (see Table I), while the sec-
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ond feature appears to coincide with state 3 at 553 eV. States 1-3 are all |O1s™'val~14a?)
states, suggesting that O~ /HT production is related to the doubly-occupied 4a;. Likewise,
the channels containing H~ have a similar overlap with |O1s~!'val='2b3) states. This ob-
servation is particularly striking when the H~ /O and O~ /HT yields are viewed together
in Fig. 6. Our calculations in Table I predict a 4.8 eV offset between |O1s~'val~'4a?) and
|O1s~!'val~!2b3) states. As we introduce the 4.8 eV offset to the O~ /H™T curve, the similarity
becomes obvious. Consequently, we suggest that O~ fragments are produced mainly from
4a? states while H™ fragments are produced mainly from 2b3 states. An uncertainty in this
interpretation is the |O1s~'val~'4a{2bl) states. They are likely to be populated in the same
energy region, together with double excitations involving Rydberg orbitals. If these states
were populated and participate in negative-ion production, the result would be an increased
yield of coincidences in the low end of the H /O™ feature and the high end of the O~ /H™
one. This would be expected to contribute asymmetrically to the yield curves, which is
not evident in Fig. 6. At the low end of the O~ /H™ feature, no contribution other than
|O1s~tval~'4a?) is possible.

The electrostatics of the water molecule in the different doubly-excited electronic states
was calculated and the molecular dipole moments are presented in Tab. I. However, this
static picture does not explain the different trends in fragmentation. Hence, the nuclear
dynamics and electronic decay would have to be simulated to model these processes, which

is a tremendous theoretical effort beyond the scope of the current study.

The core—valence doubly-excited state decays on a femtosecond time scale through fluo-
rescent or resonant Auger emission, where the latter is expected to be much more probable.
The resonant Auger decay can be a participator decay—where one of the electrons in a vir-
tual orbital fills the core hole, creating HyO™|val~2virt!) states identical to the final states
reached after spectator decay of resonant excitations below the O 1s IP. The core—valence
doubly-excited state can also decay through spectator decay, where a HoO1*|val 3virt?)
state is created. It has been argued that the spectator decay bears more weight than the
participator decay for resonant states in water molecules [22]. Tt is reasonable to expect
HyO™|val3virt?) states to dominate the decay. It is likely that the O~ /HT feature at
550 eV originate from fragmentation of parent molecules with a |val~®4a}) configuration. In
order for an O~ to be created, all electrons must remain attached to the oxygen atom while

two protons are detached. Consequently, the data suggest that when the 4a; orbital becomes
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FIG. 6. Comparison between H/O' and O~ /HT with a +4.8 eV offset to the latter. Note that
the curves have different intensity scales. The resonant features appear almost identical.

filled, the electrons prefer to remain with the oxygen atom as the molecule dissociates. The
resonances at 550 eV have not been observed in positive ion yields [4], nor are the resonances
visible in the XAS cross section. This suggests that the O~ /H*/HT is a significant decay

channel for these particular resonances.

For the H™-yielding resonances, centred at 556 eV, a similar argument can be made con-
cerning the spectator Auger decay. States 4-5 (see Tab. I) decay into HoO™*|val=32b3).
To create a H™ fragment from dissociation, it is possible that both 2by electrons remain
attached to one hydrogen fragment while the valence holes are distributed among the re-
maining fragments. Alternatively, one H fragment keeps an electron in an occupied valence

orbital and in addition captures one 2by electron.
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VI. CONCLUSION

Experimental improvements in the detection of negative-ion/positive-ion coincidences
combined with energy calculations of core—valence doubly-excited states have allowed us
to investigate the energy region above the O 1s IP with increased resolution and efficiency.
The study reveals that H~ and O~ production has a strong electronic state dependence (i.e.,
different fragments appear at different excitation energies). With the aid of calculations, we
assign these coincidence channels to certain doubly-excited states. Our calculations and
experimental results suggest that O~ production and H™ production are associated with
excitation to doubly-occupied 4a? and 2b3 states respectively.

Negative-ion creation through doubly-excited states occurs against a background of
negative-ion fragments created through normal Auger decay, where the doubly-ionised par-
ent molecule can dissociate into a H~/O*"/HT ensemble. The exponential fall-off of the
O~ /H* and H~ /O™ yields shows that electron recapture causes O~ /H* /H* and H= /O /H*

fragmentation close to the O 1s ionisation potential.
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