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ABSTRACT: Dissociation of water molecules after soft X-ray absorption
can yield neutral fragments in high-Rydberg (HR) states. We have studied
the production of such fragments by field ionization and ion time-of-flight
(TOF) spectrometry. Neutral HR fragments are created at all resonances
below the O 1s ionization potential (IP) and particularly within 1 eV above
the O 1s IP. The latter effect is due to the recapture of the O 1s
photoelectrons into HR orbitals of the molecular water ion after the
emission of a fast Auger electron. H2O

+(HR) fragments subsequently
dissociate, yielding neutral H(HR) and O(HR) fragments, as were found by
measuring the TOF spectra by pulsed field ionization. Such measurements
were carried out at the O 1s → 4a1 and 2b2 resonances as well as just above
the O 1s IP. The TOF spectra also reveal two series of oscillatory structures that are attributed to quantum beats involving Lyman
emission in one of the series and field ionization of H(HR) fragments in the other series.

I. INTRODUCTION

Interaction of soft X-ray photons with water molecules
produces several kinds of particles: electrons, positive ions,
negative ions, neutral fragments, and photons of different
wavelengths. Photodissociation of water molecules can occur
in particularly numerous ways when the incident photon
energy approximately equals the ionization potential (IP) of
the O 1s shell (539.79(2) eV1). At photon energies slightly
below the O 1s IP, an O 1s electron can be excited to empty
molecular (valence) orbitals or to atomic-like Rydberg orbitals.
If the used photon energy is larger than the O 1s IP, an O 1s
electron can be removed from the molecule; this process is
known as O 1s photoionization (or less precisely, inner-shell or
core photoionization). The inner-shell hole states decay very
quicklyin the femtosecond timescaleby emitting an
electron or a soft X-ray photon. In water, the electron
emission channel is predominant; the probability of soft X-ray
fluorescence for the O K-shell is less than 1%.2 The electron
emission from core-hole states has a specific name: it is called
normal Auger decay when the initial core-hole state is ionized,
and resonant Auger decay when the core-hole state is neutral.
The final states of the water molecule following resonant and
normal Auger decay often have two holes in the valence
orbitals and readily dissociate. Owing to these dissociation
processes, a multitude of different particles can be observed at
the O 1s edge.
Several different particle yieldsmeasurements of particle’s

intensity as a function of photon energyhave been reported

in the 1s excitation region of the water molecule, e.g., a total
ion yield,3 partial ion yields (of ions such as O+, H+, O−, and
H−),4 a partial Auger electron yield,5 the yield of metastable H
atoms,6 and Lyman-α and Balmer yields due to excited H
atoms.7,8 In the present paper, we will show a hitherto
unpublished yield of neutral fragments in high-Rydberg (HR)
states at the O 1s edge of H2O, where the term “high-Rydberg”
refers to states with the principal quantum number n ≥ 20. For
brevity, we call it the yield of (neutral) HR fragments. The
neutral fragments in question are created in excited states
below their first ionization energy; they are characterized by a
vacancy in the outermost occupied orbital and an electron
occupying a high-n orbital. Examples of the species dealt with
in this study are an oxygen atom in the 1s22s22p3(4S°)ns state
or a hydrogen atom in an nl state, H(nl), where n is of the
order of 20−40 in both cases. Expectedly, the yield of HR
fragments mostly resembles the yield of metastable hydrogen
atoms6 because H atoms in HR states are an important subset
of metastable atoms. By pulsed field ionization and time-of-
flight (TOF) spectrometry, we could determine that H and O
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atoms were produced in HR states after core excitation and
core ionization of water molecules.
A quantum beat experiment is often explained using a model

system with four energy levels: a ground state |g⟩, two excited
states |a⟩ and |b⟩ that are separated by ℏωab from each other,
and a final state |f⟩, see, e.g., ref 9. The model system is
subjected to a light pulse that can coherently excite the two
closely spaced excited states |a⟩ and |b⟩. If both the excited
states can decay via fluorescence emission to the same final
state |f⟩, the intensity of the detected signal as a function of
time contains two uncoherent termscorresponding to
separated decays from the states |a⟩ and |b⟩and a coherent
or cross term that is modulated by the frequency ωab. This
coherent term is called the quantum beat. In quantum beat
experiments, the coherent excitation of the excited states is
often achieved with the aid of a laser, but also other methods
are possible.10 Quantum beats have been observed in so-called
beam-foil experiments, where monoenergetic beams of H+,
H2

+, and H3
+ ions were sent through single or double carbon

foils and fluorescence due to excited H atoms was observed
from short sections at right angles to the beam exiting from the
foil.11 When a static electric field was introduced along the
beam of excited hydrogen atoms, the intensity of Lyman-α
emission was found to show quantum beats as a function of
distance from the foil. Knowing the velocity of the exiting
atomic beam, each detection point could be correlated to a
certain time after excitation. Quantum beats can also appear
upon field ionization. Leuchs and Walther12 populated highly
excited n 2D levels of sodium atoms by stepwise excitation with
two dye lasers and applied an electric field to ionize the states a
certain time after the laser excitation. A quantum beat signal
was observed in the number of field electrons when the time
delay between excitation and ionization was varied. In another
study of highly excited sodium n D states, Jeys et al.13 varied
the slew rates and strengths of the electric fields in their
experiment and could elucidate the physics of quantum beats
observed in field ionization. More recently, Feynman et al.14

have studied quantum beats in field ionization of high-Rydberg
Rb atoms and presented fully quantum mechanical calculations
of the electron’s path to ionization. Our TOF spectra obtained
with pulsed field ionization show two different series of
quantum beats in the same measurement: one of them is
related to fluorescence emission from excited H atoms and the
other to field ionization of H(HR) fragments.

II. EXPERIMENTAL SECTION
Some of the present authors have recently modified an existing
ion time-of-flight spectrometer in order to observe neutral HR
fragments from molecular samples.15 The instrument can be
used in the usual multibunch mode of a synchrotron radiation
source. Its operation is based on field ionization of HR
fragments in a volume shielded electrically by polarized grids
from the interaction region where the synchrotron radiation
beam crosses a jet of sample molecules. If the interaction
between radiation and molecules produces neutral HR
fragments, these species can drift into this specific volume
(source region in Figure 1), while positive ions created in the
interaction region are pulled to the opposite direction using a
cation extractor. In addition to the source region, the modified
ion TOF mass spectrometer has all the other usual parts: an
acceleration region, a field-free drift tube, and a microchannel
plate (MCP) detector. The width (2 mm) of the source region
determines the mass resolution of the instrument.

The modified TOF spectrometer was operated in two
different modes to detect neutral HR fragments. A pulsed
mode was used to determine the identities and relative
intensities of the formed neutral HR fragments. In this mode,
the potential in the entrance electrode was varied periodically
using a high-voltage pulser, which was driven by a signal
generator operating at a 10 kHz frequency (the pulse length
was 5 μs). When the potential of the entrance electrode was
rapidly raised to a high value (+193 V), field ionization became
possible, and a start signal was sent for a TOF measurement.
The rise time of the voltage pulse is specified to be less than 25
ns at the maximum output voltage of ±950 V, so it should have
been even shorter with +193 V. The resulting electric field of
∼970 V cm−1 in the source region lowered the ionization
energy of the species by ∼190 cm−1 (as calculated from the
equation ΔE = 6√F, where E is given in cm−1 and F is given in
V cm−116). This field can ionize H(nl) atoms with n ≥ 24 and
O atoms in the 2s22p3(4S°)ns/nd states with n ≥ 25 or 24.17

An ion hitting the MCP detector gave a stop signal. The start
and stop signals were fed into a time-to-digital converter
system (ATMD-GPX from ACAM), with a time resolution of
82 ps.
The operation potentials of the TOF spectrometer were

selected according to the simulations,15 but they approximately
followed the Wiley−McLaren space focusing conditions. The
potentials of the electrodes can also be set at suitable constant
values to collect the yield of field-ionized HR fragments, while
positive ions created in the interaction region are blocked. We
achieved this by grounding the electrodes on both sides of the
source region while keeping the drift tube at −1.6 kV and
cation extractor at −100 V (see Figure 1); this potential
configuration allowed the detection of field-ionized species
created in the acceleration region. The electric field of 3.2 kV
cm−1 could field ionize H(nl) atoms with n ≥ 18 and O atoms
in the 2s22p3(4S°)ns/nd states with n ≥ 19.17 A yield
measurement performed in these conditions also contained
contributions from metastable atoms that were not field
ionized and from VUV and soft X-ray photons that the MCP
detector can detect. The total contribution of those three kinds
of particles was measured separately by preventing all positive
ions from entering the drift tube. We did that by setting the
potential to +250 V in the drift tube while keeping the other
potentials the same.

Figure 1. Scheme of the modified ion TOF spectrometer constructed
to measure the TOF spectra from neutral fragments in high-Rydberg
states, which are field ionized by a high-voltage pulse in the source
region.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c06940
J. Phys. Chem. A 2021, 125, 713−720

714

https://pubs.acs.org/doi/10.1021/acs.jpca.0c06940?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c06940?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c06940?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c06940?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c06940?ref=pdf


The measurements were performed at the Gas-Phase
Photoemission beamline18 at the Elettra synchrotron radiation
facility in Trieste, Italy. The storage ring was operated in the
multibunch mode with a 2 ns interval between electron
bunches. An effusive beam of water vapor from a hypodermic
needle was introduced into the interaction region, resulting in
an ambient pressure of 7.0 × 10−6 mbar in the vacuum
chamber during most measurements. The pressure in the
interaction region was estimated to be 10−50 times higher.

III. RESULTS AND DISCUSSION
III.1. Yield of Neutral HR Fragments. Figure 2 shows the

sum yield (black dots) of field-ionized HR fragments,

(nonionized) metastable neutrals, and energetic photons
measured across the O 1s excitations and the O 1s IP. The
contribution of the latter two groups of particles was measured
separately in similar conditions (pressure, a measuring time of
10 s, and a photon energy resolution of 0.2 eV) by preventing
positive ions from entering the drift tube (hence, field-ionized
HR fragments were not measured). That result is shown by a
blue curve in the bottom of the graph; we see that the
contribution of metastable neutrals and energetic photons to
the black curve is negligible at most photon energies. Also
shown is the total ion yield (red solid curve), which was
recorded in a separate measurement using a higher photon
resolution of about 70 meV. It is scaled at the same height with
the black curve around 534 eV photon energy. The inset shows
two of the yields in the region of the core−valence double
excitations and thresholds for O 1s shake-up photoionization.
The comparison of the HR yield to the total ion yield reveals

that the production of HR fragments is slightly enhanced, in
relative terms, at the second resonance (O 1s → 2b2). The
difference between the HR yield and total ion yield increases
when the photon energy approaches the O 1s IPin this
region, the O 1s electron is excited to increasingly higher
Rydberg orbitalsand rises dramatically just after the core
ionization threshold.
The production of neutral HR fragments has been described

in some detail in earlier papers,15,19 but the mechanisms are
summarized here for the sake of completeness. As a starting

point, we assume that a neutral HR fragment can be formed
following the (resonant or normal) Auger decay of the core-
hole state, only if the parent molecular ion has an electron in
an HR orbital before dissociation. The core-excited states
below the O 1s IP predominantly decay via spectator resonant
Auger decay, where a valence electron fills the core hole while
another valence electron is emitted. The electron originally
promoted to an unoccupied valence or Rydberg orbital acts as
a spectator, occupying the same orbital after resonant Auger
decay. However, there is possibility that the electron jumps to
a higher orbital during the decay; this is called a shake-up
process. Shake-up processes to different orbitals have different
probabilities according to the overlaps of the wave functions of
the involved orbitals before and after the resonant Auger decay.
Armen20 has calculated for atoms that the higher is the
principal quantum number n of the promoted electron in the
core-excited state, the more likely become shake-up processes
toward HR orbitals in resonant Auger decay. If shake-up
processes follow similar trends in molecules, we may expect
(valence)−2HR1 states of the molecular ions to be created most
abundantly just below the core (O 1s) ionization potential.
When such states dissociate, a neutral fragment can receive an
electron in an HR orbital, forming a (valence)−1HR1 state.
Such a state can be field ionized, and we can observe the event
as the resulting ion hits the MCP detector.
The mechanism to explain the production of molecular HR

states above the O 1s IP is based on the post-collision
interaction21 and electron recapture processes embedded in it.
When the photon energy is just above the core IP, a slow 1s
electron can be ejected into the continuum. In molecules
containing light atoms, the resulting core hole is typically filled
by normal Auger decay, whereby a fast Auger electron is
emitted. The Auger electron can “overtake” the photoelectron,
and the two electrons can exchange energy in the field of the
ionized molecule: the photoelectron loses energy and the
Auger electron gains energy (these effects are clearly seen in
the core photoelectron and Auger electron spectra measured at
photon energies close to the core IP). The energy loss of the
photoelectron can be so large that the molecular ion can
recapture the electron. The electron can end up in an HR
orbital of the singly ionized parent molecule: electronic states
of type (valence)−2HR1 can again be reached. Their
dissociation can produce neutral HR fragments that can be
field ionized. Figure 2 shows that recapture processes
populating HR states of the water ion are very efficient just
above the O 1s IP of water. The above-described mechanisms
can also be used to explain the production of HR fragments in
the photon energy range of 548−575 eV, where core−valence
double excitations and thresholds for O 1s shake-up ionization
are located.
Harries et al.6 have measured the yield of metastable H

atoms from water by using two MCP detectors shielded from
the interaction region by two polarized grids and exploiting the
timing structure of the pulsed synchrotron radiation source.
They separated the intensity of the metastable atoms from that
of fluorescence by looking at different time regions;
fluorescence reached the detector within 100 ns of the ring
pulse, while metastable atoms arrived in the range of 1−2 μs.
The metastable H atoms with lifetimes longer than 2 μs
include H(2s) and various H(HR) states. The authors did not
find any evidence from other neutral species (O, OH, H2, or
H2O) in their measurements. On the other hand, Hikosaka et
al.22 have observed that molecular water ions in HR states,

Figure 2. Different particle yields measured across the O 1s edge of
the water molecule. The most intense resonances and O 1s ionization
potential are indicated. The inset shows the results in the region of
core−valence double excitations and O 1s shake-up limits.
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produced in recapture processes, can dissociate into excited O
and OH fragments, which in turn can decay by electron
emission (i.e., autoionization). That process can be interpreted
as electron reemission following photoelectron recapture.
III.2. Time-of-Flight Spectra of Field-Ionized HR

Fragments. Pulsed field ionization TOF spectra were
measured using long acquisition times at the O 1s → 4a1
and 2b2 resonances as well as at the photon energy of 540.35
eV, which corresponds to the maximum of the HR fragment
yield in Figure 2. These spectra are shown in Figure 3a. The

intensity scale refers to the uppermost spectrum and results
from binning events in 4 ns wide time windows. The other
spectra have been normalized with respect to the uppermost
spectrum using the measured photon flux ratios. The TOF
spectra have been mass calibrated by assuming that the peaks
at 382 ns and 1.62 μs are due to H(HR) and H2O(HR),
respectively, and by using the equation given in ref 23. The
calculated positions for the O(HR) and OH(HR) peaks,
shown with dashed lines in Figure 3a, agree well with the other
features observed in the TOF spectra. The observed position
of the O(HR) peak agreed with that of the corresponding peak

in the CO2 molecule, measured under similar experimental
conditions.23 We also measured a field ionization TOF
spectrum at the photon energy of 540.35 eV using a lower
pressure of 2.2 × 10−6 mbar in order to find out whether the
prominent oscillations between the H(HR) and O(HR) peaks
depended on the pressure. That low-pressure spectrum is
compared in Figure 3b to the uppermost TOF spectrum of
panel a; the intensity of the latter spectrum has been divided
using the ratios of measuring times and pressures of the
vacuum chamber. The data in Figure 3b have been binned in
10 ns wide windows.
We can see in Figure 3a that the intensity ratio between the

H(HR) and O(HR) fragments increases when going from the
4a1 resonance to the 2b2 resonance. This behavior is in
agreement with the corresponding intensity ratios of the H+

and O+ ions in the partial ion yield measurements.4 The
absolute number of H(HR) and O(HR) greatly increases in
the top spectrum of Figure 3a, which is not surprising,
considering that the yield of all neutral HR fragments has a
maximum at that photon energy (Figure 2). The normalized
intensity of both H(HR) and O(HR) decreased when the
pressure was lowered, but that of O(HR) decreased propor-
tionally more (Figure 3b). We suggest tentatively that at the
higher pressure, more O(HR) fragments were depleted in
collisions on the way from the interaction region to the source
region because O(HR) fragments are on average slower than
H(HR) fragments. With hindsight, it would have been better
to perform the experiments at a lower ambient pressure than
7.0 × 10−6 mbar.
Apart from the H(HR) and O(HR) peaks, there are traces

of OH(HR) fragments in the two TOF spectra measured at
the below-edge resonances. Surprisingly, the parent molecule
also appears in the field ionization mass spectra. It is stronger
in the measurements performed at the core excitations than
above O 1s threshold. To explain the H2O(HR) peak, we must
have water molecules in (valence)−1HR1 states in the source
region. In the case of core excitations, this could only happen if
the core-excited states decayed via soft X-ray emission to
valence-excited states and during the decay, the electron in the
4a1 or 2b2 orbital shook up to an HR orbital. Such transitions
are very unlikely and they occur in the femtosecond timescale,
so the molecules are in the interaction region when they
happen. The lifetimes of the (valence)−1HR1 states can be long
enough (hundreds of nanoseconds or even greater) for such
species to drift into the source region before their de-
excitation. However, it is very difficult to explain why a peak
originating from soft X-ray fluorescence (H2O(HR)) would be
as intense as peaks originating from resonant Auger decay
(H(HR) and O(HR)). It is more likely that the H2O(HR)
peak is electron induced. Photoelectrons and Auger electrons
emitted from sample molecules can enter the source region
and excite neutral molecules to HR states. Field ionization
could then create H2O

+ ions that are detected. If this scheme is
correct, the height of the H2O(HR) peak should follow the
photoionization cross section, which seems to hold true: the
H2O(HR) peak is the highest at the O 1s → 2b2 resonance.
Furthermore, if H2O(HR) was electron induced, the intensity
of the corresponding peak should depend quadratically on the
pressure because its appearance relies on two consequent
events. There is indeed no evident H2O(HR) peak in the TOF
spectrum measured at the lower pressure in Figure 3b. That
spectrum does not have good statistics, but it nevertheless
shows the oscillations between the H(HR) and O(HR) peaks,

Figure 3. (a) TOF spectra of field-ionized HR fragments measured at
the photon energies of 534.0 eV (O 1s → 4a1 resonance), 536.0 eV
(O 1s → 2b2 resonance), and 540.35 eV (just above O 1s IP). The
flight times are referred to the arrival of HV pulses at 0 ns. The
oscillatory structures in the time ranges of 0−350 and 500−1500 ns
are discussed in the text. The measuring time of each spectrum was 4
h. (b) TOF spectra of field-ionized HR fragments measured at the
photon energy of 540.35 eV at two different pressures. They have
been normalized to the measuring time and pressure of the vacuum
chamber.
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some of which have similar amplitudes to the H2O(HR) peak
in the spectrum measured at the higher pressure in Figure 3b.
Note also that the normalized intensities of H(HR) and
O(HR) increased with the decrease in pressure; the behavior
of H2O(HR) was opposite. Pressure dependence of the
H2O(HR) signal gives further evidence that H2O(HR) was
electron induced.
The OH+ ion is a common photodissociation product at the

O 1s edge of water,4 and excited neutral OH fragments have
been observed after recapture processes.22 In Figure 3a, the
intensity ratio between the H2O(HR) and OH(HR) peaks is
similar at the 4a1 and 2b2 resonances, whereas that between the
H2O(HR) and O(HR) peaks changes. This could indicate that
OH(HR) mostly results from electron-induced processes,
where H2O(HR) molecules dissociate into OH(HR) before
the arrival of the HV pulse. In fact, we cannot find convincing
evidence in our spectra that there would be a photon-induced
contribution to the OH(HR) peak. If it exists, it is much lower
than those for H(HR) and O(HR).
Ionization of HR fragments by electrons is worth

considering because electrons can enter the source region. If
electrons were created without initial velocity in the center of
the interaction region, it would take only about 1.5 ns for them
to reach the source region (we assume that the HV pulse is on
at +193 V and that there is a homogeneous electric field in the
interaction region). In reality, photoelectrons and Auger
electrons have substantial kinetic energies, but that does not
affect our conclusion: If electrons coming from the interaction
region ionize HR fragments in the source region, the resulting
ion signal would appear within the same peaks of the TOF
spectrum as the ion signal directly caused by field ionization.
Photoelectrons and Auger electrons can enter the source
region also when there is no HV pulse (which is the case for
95% of the time). If they ionized HR fragments effectively, they
would rapidly quench HR fragments in the source region.
III.3. Quantum Beats in Pulsed Field Ionization TOF

Spectra. The uppermost TOF spectrum in Figure 3a shows a
distinct series of oscillations between the H(HR) and O(HR)
peaks. The period of these oscillations appears constant, ∼115
ns. Some weak features beyond the O(HR) peak also belong to
this series; for instance, two of them are in the range of 2100−
2300 ns. An inspection of that TOF spectrum in the range of
0−350 ns reveals several narrow peaks, some of which also
appear at the same positions in the spectrum measured at the
O 1s → 2b2 resonance. The interval between many of those
peaks is ∼20 ns. The two series appear superimposed in the
range of 450−700 ns. A Fourier transform analysis of the
oscillations revealed frequencies at about 8.8 MHz (114 ns)
and 49 MHz (20 ns); the results are shown in Figure 4.
The small peaks at shorter flight times than the H(HR) peak

cannot arise from ions created in field ionization because
corresponding signals are detected before the fastest possible
ionic fragment, the proton. MCP detectors can also detect
photons of sufficiently short wavelengths. The detector of this
particular ion TOF spectrometer has previously detected
Lyman radiation due to excited H atoms.24 Such emission
usually takes place in the nanosecond timescale. Characteristics
of Lyman emission change in the electric field. For instance,
hydrogen atoms can be created in the metastable H(2s) state,
whose lifetime is 0.14 s in field-free conditions. A very low
static electric field in the range of 10−2 V cm−1 can already mix
the H(2s1/2) and H(2p1/2) states and shorten the lifetime of
the H(2s) states through Lyman-α emission.25 The lifetime

depends on the strength of the electric field.26 In our
experiments, the H(2s1/2)/H(2p1/2) mixing occurred in the
interaction region even without the voltage pulse because the
electric field was then about 91 V cm−1. This field increased to
∼270 V cm−1 with the arrival of the HV pulse.
We believe that the abrupt change of the electric field

created conditions for quantum beats. Our experimental
arrangement was rather contrary to that in the beam-foil
experiments,11 where a beam of fast, monoenergetic excited H
atoms entered a region of static electric field. In our
experiments, excited H atoms moved in random directions in
the interaction region, whereas the electric field was rapidly
changed from one value to another. Looking at the uppermost
TOF spectrum in Figure 3a, we can see that the baseline
intensity does not change appreciably when the voltage pulse
arrives at time = 0 ns. That intensity probably contained
contributions from several Lyman decay channels (as well as
from randomly created ions). Some individual channels may
increase in strength, while other channels may decrease when
the electric field changes. However, the arrival of the HV pulse
provided a way to change the population of the excited states
coherently at a precise moment. The main effect of the HV
pulse could then be that it “switched on” the coherent term in
the intensity equation (see Section I), bringing it into the
observation window of our experiment. The observation of an
oscillating peak structure just above 0 ns in the uppermost
spectrum of Figure 3a agrees qualitatively with that suggestion,
even though there are some small ripples in the intensity even
before 0 ns. Quantum beats related to fluorescence emission
do not stand out in the spectrum measured at the lower
pressure in Figure 3b. This could have been due to statistics

Figure 4. Fourier transforms of the field ionization TOF spectrum
measured at the photon energy of 540.35 eV in the flight time ranges
of (a) 5−365 ns and (b) 460−1430 ns. The maxima are located at
∼49 MHz in panel (a) and at ∼8.8 MHz in panel (b).
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because their absolute intensities are expected to be almost 20
times smaller than those in the spectrum measured at the
higher pressure.
However, the beat period of ∼20 ns seen in the uppermost

spectrum of Figure 3a does not agree with the 2s1/2−2p1/2
splitting of the H energy levels, which should give a beat period
in the range of 0.6−0.9 ns in an electric field below 270 V
cm−1.11 Statistics and time resolution of our experiment were
not sufficient to resolve such a short quantum beat period, but
the emission from the 2s1/2−2p1/2 states may have contributed
to the background of the measured TOF spectra. The observed
beat frequency should thus originate from the energy
difference between some other energy levels. Another pair of
states that could be associated with high fluorescence intensity
results from the mixing between the 3p3/2 and 3d3/2 states. The
3d3/2 state could become significantly populated in fluo-
rescence from higher np states, as it is the lowest d state. The
energy difference between the 3p3/2 and 3d3/2 states is smaller
than 49 MHz in field-free conditions,17 but it is calculated to
increase to about 135 MHz in the field of ∼90 V cm−1 (for |mj|
= 1/2) and even higher in the field of ∼270 V cm−1.27 In
reality, we do not accurately know the electric field in the
interaction region because field penetration from the
acceleration region quite certainly decreased it from the
nominal value. Consequently, we cannot assign the quantum
beats with the period of 21 ns to specific excited states of H
atoms using the available information of the experimental
conditions. In our experiments, electron field-influenced
Lyman emission could also have taken place in the source
region. However, excited H atoms should have been far more
numerous in the interaction region, where they were originally
created, than in the source region, where some H atoms in
metastable or high-Rydberg states drifted.
In the quantum beat field ionization experiments of highly

excited n 2D levels of sodium atoms, the fine structure splitting,
which was responsible for the quantum beats, was measured to
be in the range from 10 to 3 MHz for n = 21 to 31.12 The beat
frequency of 8.8 MHz observed for the oscillations between
the H(HR) and O(HR) peaks in our TOF spectrum (Figure
3b) occurs within the same range. We attribute those
oscillations to field ionization of H(HR) states, even though
we cannot assign the observed beat frequency to energy
differences between specific energy levels of hydrogen atoms.
Our experiment is very different from those used in refs
12−14, which combined laser excitation of Na or Rb atoms
with field ionization. Laser excitation could create coherently
populated states before field ionization. In our study, H(HR)
fragments that result from the dissociation of excited molecular
water ions are individual particles in different electronic states
and not coherent. The coherent population of states, which is
required for quantum beats to appear, should be formed by the
action of the quickly rising HV pulse. We explain in the
following how quantum beats could appear in our experiments.
The wave functions and energy level structure of the

hydrogen atom in the electric field (the Stark structure) can be
described by the principal quantum number n, magnetic
quantum number m, and parabolic quantum numbers n1 and
n2, which obey the relation n1 + n2 + |m| + 1 = n.28 The Stark
effect mixes the energy levels of the same magnetic quantum
number and produces a complex set of many avoided level
crossings when the electric field is increased.14 An electron that
begins in a single state at low field will spread out over multiple
states as it passes through avoided crossings until field

ionization.29 Feynman et al.14 and Gregoric et al.29 have
performed quantum mechanical calculations for the spreading
of the amplitude using hydrogen-like wave functions in the
parabolic basis and compared them with the experimental
results of Rb atoms in high-Rydberg states. The calculations
show that the spreading of amplitude can become very
complicated if there are several avoided crossings before field
ionization. However, it also seems possible that the amplitude
can remain concentrated in two states (see Figure 1a in ref 29).
The avoided crossings provide a means to populate coherently
two (or more) energy states. Feynman et al.14 considered a
model experiment with two pairs of states that undergo just
two avoided crossings when the electric field is ramped up and
described how quantum beats can arise when the electrons
field ionize. The reader is referred to their study for the details
of the mechanism. The cited studies12−14,29 deal with quantum
beats observed in electron detection. However, the same
mechanism is also valid for quantum beats observed in ion
detection because field ionization of a hydrogen atom in an HR
state produces simultaneously a free electron and a proton.
The quantum beat structure in our field ionization TOF
spectra could thus be understood if the quickly ramped up
electric field gave rise to two predominant and coherently
populated electron states that field ionized.
We believe that many different H(HR) states are populated

after recapture processes when the photon energy is set just
above the O 1s threshold. When those states are field ionized,
one could expect that several different beat frequencies appear
simultaneously and that the sum of their individual
contributions would effectively flatten the observed spectrum.
The appearance of a dominant quantum beat frequency (at 8.8
MHz) could indicate that energy differences between the
energy levels do not depend much on the specific quantum
numbers of the H(n,m,n1,n2) states, when n is rather large, or
that we have a situation where field ionization of some specific
H(n,m,n1,n2) states is far more important than that of the other
H(HR) states. The latter option seems more likely since field
ionization probabilities of H atoms in high-Rydberg states can
vary tremendously as a function of n in a given electric field.30

Quantum beats were not considered in our previous study of
neutral HR fragments in the CO2 molecule,23 but weak
oscillations can be distinguished above the O(HR) peak in
some of the field ionization TOF spectra (see Figures 3 and 44
in ref 23). An inspection of the spectra in the time domain
revealed a beat period of ∼120 ns, which is not conclusively
different from that observed in the present study (114 ns).
Ion TOF spectrometers are commonly operated by pulsed

extraction fields. What was particular in the present experi-
ments that made the quantum beats visible? First, we blocked
the flow of positive ions from the interaction region. If such
ions are collected, their rates are typically several orders of
magnitude higher than those of the field-ionized HR
fragments. Second, one of our experiments was performed in
conditions where the production of excited H atoms seems
exceptionally high, namely, just above the O 1s edge of the
water molecule.
The present work demonstrates that quantum beats can be

studied by time-of-flight spectrometry in combination with
pulsed field ionization. The present TOF spectrometer could
be improved rather easily to function better in quantum beat
experiments. For instance, one could mount double meshes to
limit penetration of the electric field from the acceleration
region to the source region, which would allow more
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quantitative information to be obtained from the states
involved in quantum beats. The cation extractor could be
mounted in another direction, eliminating or at least
decreasing the flow of electrons from the interaction region
toward the source region of the TOF spectrometer. That
should decrease electron-induced processes in field ionization
TOF spectra.

IV. CONCLUSIONS

We have studied the production of neutral HR fragments at
the O 1s edge of the water molecule. Although HR fragments
are neutral, they can rather easily be observed with our
modified ion TOF spectrometer that has a specific section to
field ionize neutral HR fragments either with a static or pulsed
electric field. The yield measurement of neutral HR fragments
can be done with a static electric field. It is a robust experiment
and can be performed relatively fast (we used 10 s per energy
point). We observed neutral HR fragments at all core
excitations below the O 1s IP and at core−valence double
excitations above the O 1s IP. Particularly, many of these
rather exotic species are produced when the exciting photon
energy exceeds the O 1s IP by few tenths of an electronvolt.
This is the energy region where a molecular water ion can
recapture a slow O 1s photoelectron in one of its HR orbitals
after the emission of a fast Auger electron. Subsequent
dissociation of the H2O

+(HR) ion yields atomic species,
H(HR) and O(HR), which were verified by measuring the
TOF spectra of the HR fragments by pulsed field ionization.
The TOF spectra also reveal the molecular species OH(HR)
and H2O(HR), which were interpreted to arise from electron-
induced excitation of neutral water molecules into HR states.
Additionally, our field ionization TOF spectra showed two

series of periodic features that cannot arise from simple field
ionization of neutral HR fragments. We attribute them to
quantum beats occurring in Lyman emission in one of the
series (period ≈ 20 ns) and field ionization of H(HR)
fragments in the other series (period ≈ 114 ns). The rapid
increase in the electric field used to field ionize neutral HR
fragments caused sudden changes in the mixing and evolution
of the quantum states of the highly excited H atoms.
Apparently, pairs of excited states became coherently excited,
and their subsequent decay via fluorescence or field ionization
led to conditions required for quantum beats. We cannot
assign the observed quantum beats to definite pairs of excited
states as the electric fields in the different sections of the TOF
spectrometer were not exactly known. However, possible
candidates for triggering quantum beats in fluorescence are the
(3p3/2−3d3/2) → 1s transitions. The quantum beats related to
field ionization involved much higher n quantum numbers,
most likely in the range of 25−40.
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(24) Kivimak̈i, A.; Álvarez-Ruiz, J.; Sergo, R.; Richter, R. 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. Phys. Rev. A 2013, 88,
No. 043412.
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