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As a powerful oxidant, atomic oxygen (O) holds considerable promise for a
variety of biomedical and industrial applications. However, the inability to
quantify solvated oxygen atoms has prevented the determination of the fun-
damental parameters governing its behaviour in relevant aqueous environ-
ments. Here, we directly image ground-state oxygen atoms in water using
femtosecond two-photon absorption laser-induced fluorescence. Measure-
ments show that oxygen atoms persist for tens of microseconds in water,
penetrating hundreds of micrometres into the liquid. This observed longevity
has significant implications, suggesting a need to re-evaluate existing models
of solvated atomic oxygen reactivity and transport. Beyond atomic oxygen,
this technique is broadly applicable to other solvated atomic species of
interest, including nitrogen (N) and hydrogen (H). This work establishes that
radical atomic species can be quantified in liquid with ultrafast laser spectro-
scopy, providing the basis for the determination of key properties including

reaction rates, chemical lifetimes, and Henry’s law constants.

Several recent studies have demonstrated the potential of atomic
oxygen (O) for a variety of uses in biomedicine and chemistry'™,
primarily due to its oxidative capacity’. These nascent applica-
tions are often contingent on O atoms reacting in liquid®®.
However, the behaviour of O in aqueous environments (O,q)
remains enigmatic, as little is known about its reaction rates’,
diffusion coefficients, or transport from the gas phase'®". This
lack of understanding persists due to the inability to accurately
measure concentrations of O in liquid, an issue compounded by
the absence of the aforementioned chemical reference data.
Attempts to characterise O,q with chemical probes have proven
problematic, as O often degrades the probes or reacts indis-
tinguishably from other reactive oxygen species (ROS)"™.
Understanding the dynamics of solvated O requires a selective
and quantifiable diagnostic capable of spatial and temporal
resolution. The prerequisites for such a method include the
ability to probe the atomic ground state, where the vast majority

of O atoms reside at room temperature, as well as a mandate to
leave the ambient liquid environment unperturbed.

Optical techniques applied to the liquid phase are natural candi-
dates for the direct detection of solvated O. Of these, two-photon
absorption laser-induced fluorescence (TALIF) offers the highest
degree of spatiotemporal resolution and can measure atoms in the
ground state. TALIF is commonly used to quantify several reactive
atomic species in the gas phase, including 0'*", N, and H"**. In O, it
relies on the simultaneous absorption of two photons tuned to the
0(2p**P)) » O(3p °P)) resonance. In the absence of other de-excitation
mechanisms, O(3p °P)) fluoresces at 844.6 nm with a radiative lifetime
of -35ns”. The principal challenge for applying TALIF in liquid is
obtaining a detectable signal, as the liquid phase strongly limits the
efficiency of both the excitation and the fluorescence of the atomic
species. Excitation is inherently limited by the pulse energy that can be
applied without appreciably heating the liquid, while the highly colli-
sional liquid environment rapidly quenches the laser-excited state.
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However, with a sufficiently fast excitation and detection scheme, it is
possible to overcome these constraints.

Here, we demonstrate that solvated O atoms can be imaged using
a femtosecond (fs) laser for TALIF in liquid. With fs-TALIF, the limita-
tions of existing methods for measuring O,q can be effectively
addressed. Direct measurements highlight the stability of O atoms in
water, suggesting a chemical lifetime of at least tens of microseconds.
With an induced flow, this allows O,q to reach depths of several hun-
dred micrometres. Ab initio molecular dynamics (AIMD) simulations
are also used to approximate the collisional quenching rate of laser-
excited O,q. This enables estimates of solvated O densities, along with
a Henry’s law constant. These results establish fs-TALIF as a viable
technique for directly quantifying solvated atomic species and provide
a framework for determining the fundamental parameters that govern
their behaviour.

Results and discussion

Detection of solvated O atoms

Detection of an atomic species using TALIF is fundamentally about two
processes: the efficiency of excitation and the effective branching
ratio, which describes the fraction of laser-excited atoms that subse-
quently emit a photon in the wavelength region of interest”. The pri-
mary constraints for applying TALIF in liquid concern these processes,
as limitations on pulse energy restrict excitation efficiency, while the
highly collisional environment results in a very low branching ratio.
However, both of these can be addressed using an ultrafast (fs) laser”.

For excitation of ground-state O to occur, two photons with the
appropriate combined energy must concurrently reside within the
absorption cross section of the atom. Assuming an identical beam
geometry and pulse energy, a laser pulse that is n-times faster will
produce an n-fold higher density of photons. As TALIF is a two-photon
process, this will increase instantaneous two-photon absorption by a
factor of n* and the total number of excitation events by n over the
duration of the laser pulse. As a result, a faster laser proportionally
increases the excitation efficiency. This is of particular importance for
aqueous environments where the laser should not considerably heat
(or boil) the target liquid. The use of a femtosecond laser allows for a
lower pulse energy while still achieving sufficient excitation for
detection.

The second major limitation in applying TALIF in a liquid envir-
onment is the high collisional frequency compared to the gas phase.
This has consequences for both the two-photon excitation and the
effective branching ratio. Considering the vibrational modes of H,0,
nearly all collisions between O,q and H,O likely result in the quenching
of laser-excited O. If a laser pulse is not appreciably faster than the rate
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Fig. 1| Experimental setup for imaging solvated O atoms. A schematic repre-
sentation of the experimental setup with the fs laser incident perpendicular to the
water surface. An ICCD image of the water surface during plasma operation is

of collisional de-excitation, two-photon pumping will not sufficiently
populate the upper state to allow for detection of the fluorescence
signal. Moreover, the highly collisional environment raises the detec-
tion threshold considerably. For solvated O atoms, collisional
quenching occurs several orders of magnitude more frequently than
radiative de-excitation”, so the resultant effective branching ratio is
very small. This makes the additional excitation efficiency provided by
the ultrafast laser critical for O,q detection.

To provide an efficient source of O atoms to a target liquid, O
delivery was mediated by the COST Reference Source?, a microscale
atmospheric pressure plasma jet (u-APPJ). A well-studied and repro-
ducible reference source”?*, the COST jet generates O in the active
plasma through dissociative collisions between high-energy electrons
and molecular oxygen (O,) present in the feed gas”. The O atoms
produced in the active plasma are subsequently expelled via the gas
flow into the plasma-free effluent (also free of electrons?,
metastables’”, and electric fields*). In this study, peak O densities in
the effluent were measured to be around 1.5 x 10" cm™, representing a
dissociation fraction above 2% at a gas temperature of 350K. As a
continuous-wave source, the plasma delivered a consistent flux of O
atoms to a volume of deionised water held in a quartz cuvette 5 mm
from the nozzle of the jet. Previous modelling studies of the COST
jet'®”, when applied to the operating conditions used here, suggest a
total O flux as high as 3 x 10's™ at the water interface. The highest
density of solvated O is then expected directly below the deformation
zone created by the incident gas flow on the water surface, as shown
in Fig. 1.

Given the constraints for a laser diagnostic to image solvated O
atoms, a series of measurements was required for the confirmation of a
TALIF signal from O, (see Methods). The first measurement recorded
the fluorescence with the plasma on and the laser tuned to the two-
photon resonance of O (225.7 nm). Next, a laser background was taken
at the same excitation wavelength with the plasma off. For the laser
background, the gas flow was maintained to ensure a consistent
air-water interface between the two measurements. Another mea-
surement was then recorded with the plasma on, but with the ICCD
gated after the laser pulse. With the delayed gate, if the fluorescence
originates from O, the signal below the water surface should be quickly
quenched, while the gas-phase fluorescence would persist due to its
longer lifetime. Finally, the first two measurements were repeated with
the laser tuned off resonance. For the off-resonance measurements,
any observed signal cannot be attributed to O TALIF.

The results of this series of measurements are shown in Fig. 2a-d
and conclusively demonstrate the presence of an on-resonance O
fluorescence signal, below the water surface, with a laser-excited
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shown at right with error bars denoting the FWHM uncertainty in the location of the
interface. With a 2 slm gas flow, the atmospheric pressure plasma jet provided a
total O flux at the water surface of up to 3 x 10**s™,
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Fig. 2| Confirming the detection of 0,4 with fs-TALIF. a The on-resonance, laser
background-subtracted O fluorescence signal, recorded with the ICCD gated to
capture the laser pulse and TALIF signal in water. The location of the water surface
is denoted by the dashed red line. b The time-delayed, on-resonance O fluorescence
signal recorded 3 ns after (a). ¢ The signal-to-laser background ratio for (a) for
pixels beneath the water surface with a signal of at least 12 counts s™. d The off-
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resonance (wavelength centred at 224.7 nm), laser background-subtracted signal,
gated to include the laser pulse. e The lifetime of the fluorescence signal above and
below the water surface. The surface and the error bars corresponding to the
FWHM uncertainty in its location are shown in pink. f Absolute densities of solvated
atomic O. Here, (b) has been subtracted from (a) to account for scattering from the
intense gas-phase fluorescence.

lifetime significantly shorter than gas-phase O. Fig. 2a shows the on-
resonance, plasma-on measurement after subtraction of the 225.7 nm
laser background. The background-subtracted signal in the water
peaks at -30 counts s near the interface. It decreases away from the
surface but is evident several hundred micrometres into the water.
Fig. 2b shows the signal recorded with the ICCD gated 3 ns after Fig. 2a.
As expected, it indicates that the fluorescence in water is quickly
quenched while the gas-phase signal remains. For the delayed gate, the
intensity of the gas-phase fluorescence is approximately halved. This
confirms that the signal observed below the water surface in Fig. 2a
does not originate from Oy, either directly or as a reflection. In Fig. 2c,
the ratio of the on-resonance signal and the laser background is shown
for pixels below the water surface with a raw intensity of at least 12

countss™. The signal-to-background ratio is at least five for the
majority of pixels along the laser path and has a clear maximum near
the water surface, where 0,4 densities should be highest. Coupled with
the results of the delayed-gate measurement, the magnitude and
spatial extent of the signal-to-background ratio are further evidence
that solvated O atoms are responsible for the observed fluorescence
below the water surface. Finally, the laser background-subtracted off-
resonance measurement is displayed in Fig. 2d. The absence of an off-
resonance signal, along with the ultra-narrowband interference filter
used on the ICCD, reaffirms that O TALIF is shown in Fig. 2a, b and
lends additional confidence that O,q is being imaged below the water
surface.
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To further investigate the quenching environment in the gas and
liquid phases, a complementary study was performed to record
effective lifetimes of laser-excited O with a 0.5ns ICCD gate. To
accomplish this, a technique was used that differentiates the fluor-
escence of species affected by distinct quenching environments®,
where the lifetime and relative signal strength at each pixel are
recovered from a series of time-delayed images. The resulting life-
time data are shown in Fig. 2e. Only data with a signal-to-noise ratio
of at least 1 are displayed. In the gas phase, effective lifetimes range
from 1 to 5ns, decreasing in proximity to the water surface. This is
likely due to the higher concentration of H,O in the gas phase near
the liquid, which efficiently quenches laser-excited 0?>*. Below the
water surface, effective lifetimes are less than 0.25 ns — the detection
limit of this technique. This reflects very efficient quenching of the
laser-excited species, as would be expected for solvated O atoms.
This clear distinction between quenching environments further
confirms that the fluorescence observed below the water surface
originates from O,q.

The spatial extent of the signal below the water surface must also
be reasonable to claim that it originates from O,q. Fig. 2a shows that
fluorescence is observed at a depth of several hundred micrometres.
To reach this depth, O,q must have limited reaction pathways in water.
It was previously assumed that solvated O would react directly with
water molecules to produce hydroxyl radicals. However, molecular
dynamics simulations have identified an energy barrier that prevents
this reaction®*?, a finding supported by several empirical studies'****,
Alternatively, O,q can react with solvated O, from the gas phase to
form O5”'% In the absence of other reaction partners in DI water, this is
the dominant extinction pathway of O,4’. Assuming that the extended
duration of He/O, gas flow on the small water surface effectively out-
gases the DI water in the cuvette, the concentration of solvated O, can
be estimated using Henry’s law". At an effluent temperature of 350 K,
the extrapolated concentration of solvated O, is 2.0 x 10" cm. With a
rate constant of k=5 x 1072 cm®s™ for the reaction between O and O, in
the liquid phase”*, a chemical lifetime of 100 ps for O,q can be esti-
mated. As a result, a flow velocity of -1 m/s in the closest half mm to
the surface would be sufficient to explain the observed spatial extent
of O,q. Fluid modelling with similar APPJs has indicated that this is
realistic near the water surface considering the angled orientation of
the plasma jet, the small water volume, and 2 slm flow rate used
hereZ7,34,35.

Density calibration of solvated O atoms

The direct detection of solvated O demonstrates that femtosecond
TALIF can be used to image atomic species in liquid. However, an
accurate density calibration is essential for the successful applica-
tion of this technique. For TALIF measurements in the gas phase, this
is regularly completed with noble gases of known density?’. Xenon
(Xe), for instance, is often used to calibrate TALIF measurements of
O, given its nearly identical two-photon excitation and fluorescence
scheme?**%, An essential feature of this calibration procedure is
the ability to establish the effective branching ratio of the two spe-
cies. In water, the nearly instantaneous collisional quenching of
laser-excited O and Xe precludes an accurate in situ determination
of their respective branching ratios. Given the additional uncer-
tainties introduced by changes in the experimental setup required
for Xe TALIF, an alternative approach to density calibration was
considered.

Here, O,q densities are calibrated by comparing the time-
normalised intensities of the TALIF signals in the gas and liquid
phases”. This is advantageous as it only requires an estimate of the
effective branching ratio for O in liquid, as opposed to a technique
incorporating Xe TALIF in liquid. The equation for the density cali-
bration of O,q is given in equation (1). The subscripts aq and g denote
the aqueous and gas phase, respectively, for the effective branching

ratios (a), normalised signal intensities (S), and O densities (no):

_ 95aq

n
Osq AaqSe

ng @

g

Atomic O densities in the gas phase ("og) were calibrated using Xe
TALIF measurements in accordance with the procedure outlined
previously”*”*%, The gas-phase calibration included in situ effective
lifetime measurements of laser-excited O and Xe atoms at atmospheric
pressure. For the liquid phase, the effective branching ratio of O,q was
estimated with AIMD simulations of solvated O atoms®*%. By
accounting for the diffusion of O in room temperature water and
assuming that all collisions result in quenching of the laser-excited
state, AIMD simulations estimated the collisional quenching rate of
O@3p *P) to be 1.45 x 10" s™. The corresponding effective branching
ratio (daq) is then 1.99 x 10™, almost three orders of magnitude less
than the value of ag recorded in situ for the operating conditions used
here. With an estimate for a,q, solvated O densities were calculated
using equation (1). The result of the calibration applied to the laser
background-subtracted measurement (Fig. 2a), is shown in Fig. 2f.
Verbatim, it depicts solvated O densities on the order of 10'° cm™ near
the water surface. However, uncertainty in the calibrated densities of
0,4 is substantial, based on the assumption that all collisions between
0,4 and water molecules result in de-excitation. If collisions occur
without quenching, the branching ratio would increase accordingly,
reducing the estimated values of n,_. Therefore, the calibrated O,q
densities presented here should be interpreted as upper-bound
approximations, with accuracy limited by uncertainty in the colli-
sional quenching coefficient of laser-excited O,q by water.

Spatial mapping of O in water

To further examine O transport at the air-water interface, the laser was
scanned horizontally across the region where the gas flow impinges on
the surface. The resulting measurements are compiled in Fig. 3a. The
density calibration for O,q was applied for Fig. 3b, ¢, where no,, is
shown as a function of penetration depth.

As expected, the highest concentration of O,q was found on the
left side of the deformation zone, where the gas flow is nearly per-
pendicular to the surface. This corresponds to the region where
x<0.5 mm in Fig. 3a. Here, maximum densities of solvated O are as high
as 10" cm™ near the surface of the water and decrease with depth. No
0,q is observed beyond a depth of 0.4 mm. On the right side of the
deformation zone, where the gas flow is more parallel to the surface,
only noise is evident below the air-water interface. In this region, the
penetration depth of solvated O is mediated by diffusion rather than
the induced flow. Applying the diffusion coefficient estimated by AIMD
simulations for O,q, a 0.5 pm penetration depth is predicted within one
chemical lifetime, well below the resolution of this experimental setup.
The observed spatial distribution of O,q is therefore in good agree-
ment with expectations based on the distinct transport regimes for
solvated O. These spatially resolved measurements highlight the
importance of the induced flow for both the direct detection of O,q, as
demonstrated here, and applications that require penetration
depths >1 pm.

In addition to probing liquid-phase dynamics, fs-TALIF enables
the study of interfacial transport of atomic species. While this experi-
ment was not explicitly designed to determine a Henry’s law constant,
one can still be estimated if local equilibrium is reached between the
gas and liquid phases near the water surface. This assumption is likely
valid in the present setup, given the steady-state nature of the O flux
and induced flow, along with the relatively long chemical lifetime of
0,4 in DI water. A dimensionless Henry’s law constant, defined as
H =ng, /no,, can then be established from measurements of O on
either side of the air-water interface. In this study, O densities appear
to reside around 10" cm™ above the water, with higher than usual
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Fig. 3 | Spatial mapping of solvated O densities. a A composite of O TALIF
measurements from a series of scans across the air-water interface. b Calibrated
0,4 densities in the region where the gas flow is nearly perpendicular to the water
surface. The depth denotes the distance to the air-water interface. Densities within
the FWHM uncertainty of the surface position are not shown. ¢ O,q densities as a
function of depth in the liquid, averaged over +0.2 mm from the zero position on
the x axis of (b).

uncertainty due to imaging the fluorescence through the deformed
surface. This value for n, would give a dimensionless Henry’s law
constant of HSC ~ 10. Coilsidering the caveats associated with the
absolute calibration of ng_, this should be regarded as an upper-
bound estimate. Nevertheless, the Henry's law constants for other
atomic reactive nonmetals suggest that this value is reasonable. Those
with available data have dimensionless Henry’s law constants that fall
between hydrogen (H¢ = 6.4 x 107*) and chlorine (H ¢ = 57), including
fluorine (H ¢ = 0.50), iodine (H ¢ = 2.0), and bromine (H““ = 30)". In
addition, a recent study modelled the effectHgC would have on phenol
consumption in plasma-treated solution”. It was determined that a
wide range of prospective Henry's law constants could give the
observed trends in phenol consumption, with model and experiment
diverging as HSC approached 20. This further supports the estimate of
HSC =10 derived from direct imaging of O, if appropriately interpreted
as an upper-bound value.

Additional studies employing fs-TALIF should make a concerted
effort to refine the collisional quenching coefficients of solvated laser-
excited atomic species, as the uncertainty in the branching ratio pro-
pagates to all other quantities derived from the density calibration. An
accurate assessment of the collisional quenching coefficient would
allow many currently unknown parameters to be quickly established,
including Henry’s law and reaction rate constants, chemical lifetimes,
and diffusion coefficients for atomic species of interest. This would aid
in the implementation and optimisation of a host of novel applications
predicated on solvated reactive atomic species.

In summary, this work demonstrates the direct imaging of
ground-state O in liquid using femtosecond TALIF. This technique
provides spatiotemporal resolution of solvated O, offering an alter-
native to existing indirect detection methods. We also introduce an
approach for density calibration that utilises AIMDs simulations to
estimate the effective branching ratio of laser-excited O,q. This allows
in situ quantification of solvated O without the need to employ
inherently problematic chemical probes. Our findings definitively
indicate that O atoms are stable in water and persist for tens of us
based on the presence of O,q several hundred micrometres below the
water surface. In addition to atomic O, this non-intrusive approach is
applicable to other solvated atomic species of interest, including N and
H. This diagnostic has significant implications for determining the
fundamental parameters of solvated atomic radicals, including reac-
tion rates, diffusion coefficients, and Henry’s law constants. The
determination of these properties will enhance understanding of the
behaviour of these species in the aqueous phase and facilitate their use
for a variety of biomedical and chemical applications.

Methods

COST reference microplasma source

The atomic oxygen delivered to the water in these experiments was
produced by the COST jet, a reference atmospheric pressure plasma
jet*. The COST jet is a 13.56 MHz RF plasma source with a 1mm x 1
mm x 30 mm plasma channel bound by two stainless steel electrodes,
along with two quartz panes that allow optical access to the active
plasma. Unlike other plasma jets, the COST jet is uniquely suited for
selective ROS delivery as the active plasma is not in contact with the
ambient air. The perpendicular orientation of the gas flow and electric
field ensures that most electrons”* and metastables’* are restricted
to the active plasma. This, along with the expansive literature available
for the COST jet as a reference source, makes it an ideal tool to study O
atoms’?,

To give the best opportunity for O,q detection, the COST jet was
configured to maximise O flux at the water surface. To do so, a more
aggressive 2 slm flow was employed along with a 0.3% O, gas admix-
ture in the He feed gas. Although maximum O densities are found at
higher O, admixtures®?, ozone formation, via reactions between
atomic and molecular oxygen, scales with O,”. The lower O, admixture
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was used to increase the chemical lifetime of O in the gas and liquid
phases. In addition, a relatively high voltage of 300 Vs was applied to
the powered electrode to ignite the plasma and optimise O produc-
tion. Under these operating conditions, the total flux of O atoms at the
water surface may exceed 3 x 10*s™, depending on the surface loss
probability. This value is based on the densities of O measured in the
gas phase, in addition to the transport efficiency of O to the liquid
target. To achieve the stated flux, 70% of the O produced by the jet
would have to reach the water 5mm from the nozzle. Two modelling
studies of O transport in the effluent of a He/O, COST jet suggest that
this is more than reasonable when considering differences in flow rate
and O, admixture'®?,

Xe TALIF measurements for the absolute density calibration of O
in the gas phase were performed by flowing a helium/air/xenon
admixture through the jet without plasma ignition, similar to the
technique used in Myers et al.”’. The total concentration of Xe in the
feed gas was 0.03%.

Optical measurements

The laser source used for the fs-TALIF experiments is an amplified
femtosecond laser (Solstice ACE, Spectra-Physics), equipped with an
optical parametric amplifier (TOPAS Prime Plus, Light Conversion),
capable of generating 100 fs pulses with >2 pJ energy/pulse, tunable
~225nm at a repetition rate of 1kHz. A fused silica prism was used to
separate UV light from all other frequencies, and a 20 cm focal length
fused silica lens focused the laser on the surface of the water. The
imaging system consisted of a low noise CCD camera (Pixis 512, Prin-
ceton Instruments) equipped with a gated double-stage intensifier
(Quantum Leap, Stanford Computer Optics) capable of varying gating
times as low as 0.3 ns. A variable-focus 50 mm lens (Nikkor) with a
spacer provided imaging from a distance of 5-10 cm. Collectively, the
imaging system allowed for a minimum ICCD gate of 2.2 ns, utilised for
all images presented here. The time delay between the laser excitation
and ICCD gating was controlled by a digital delay generator (DG645,
Stanford Research Systems).

For TALIF measurements, the laser system was tuned to the
appropriate wavelength for two-photon excitation (225.7 nm for O and
224.3nm for Xe*), and the fluorescence collected by the imaging
system was passed through interference filters centred at 844.6 nm for
O (bandwidth of 0.8 nm) and 830 nm for Xe (bandwidth of 10 nm). The
0.8 nm ultra-narrowband filter for O was of particular importance for
0,4 detection, isolating the fluorescence signal and excluding inelas-
tically scattered laser light from the bulk liquid.

The experimental setup employed to image solvated O atoms is
depicted in Fig. 1. It consists of a source of O atoms (the COST jet)
incident on a water target, a femtosecond laser with the requisite
optics, and an ICCD to collect the fluorescence signal. The effluent of
the plasma jet was directed onto a volume of deionised (DI) water in a
quartz cuvette. DI water was used to maximise the chemical lifetime of
O atoms in the aqueous phase, allowing the best chance for detection.
The fs laser was focused on the surface of the water vertically along the
z axis and the plasma jet was positioned towards the interface at an
angle 22.5 degrees from the normal. The ICCD was then placed along
the y axis at a distance of 5cm from the imaged region. To limit the
effect of evaporation on the water level during the course of the
measurement, the cuvette was linked to a large external reservoir of DI
water (-10 litres). Despite this, slow evaporation does occur, lowering
the water level ~-35 pm per hour. This is derived from a shift of 22 pmin
the water level between two measurements 37 minutes apart. This shift
is almost imperceptible over the time scale of a single measurement
(-15 minutes), is considerably less than the uncertainty in the location
of the interface, and is accounted for by recording the location of the
surface periodically over composite measurements. The gas flow from
the plasma jet impinging on the air-water interface creates a defor-
mation of the water surface on the order of 1-2 mm. To determine the

exact position of the water surface, the ICCD recorded images with
microsecond gating times, and the resulting images were processed
using edge detection filters. Matlab image processing was able to
identify the location of the interface with a half width at half maximum
(HWHM) precision of approximately 100 pm. The mean full width at
half maximum (FWHM) uncertainty for each measurement is indicated
by error bars in Figs. 1, 2e, f, and 3a.

To identify fluorescence from solvated O, a series of measure-
ments was required: First, the TALIF signal was recorded with the laser
tuned on-resonance (225.7 nm), plasma source on, and the ICCD gated
to include the laser pulse (¢ = O ns). This contained the fluorescence
signal from solvated O atoms, as well as contributions from unwanted
sources. Next, the laser background was taken with the plasma off (no
O atoms) and the same gate delay. To identify the O fluorescence, the
laser background was then subtracted from the first plasma-on mea-
surement. The resulting image is displayed in Fig. 2a, with the location
of the water surface annotated by the dashed red line.

On-resonance measurements were also performed with a delayed
ICCD gate. By gating the ICCD after the laser pulse, it was possible to
differentiate the very short-lived TALIF signal originating from sol-
vated O (on the order of picoseconds) and fluorescence from gas-
phase O, which has an effective lifetime of several nanoseconds. Fig. 2b
shows the background-subtracted image at ¢ = 3 ns. A sharp cutoff in
fluorescence is apparent at the water surface, demonstrating the stark
difference in lifetimes between the gas- and liquid-phase signals. To
account for any contribution of scattered gas-phase O fluorescence to
the signal observed below the water surface, the delayed-gate image
was subtracted from Fig. 2a before the density calibration was applied.
This results in slight differences in the spatial distributions of O,q in
Fig. 2a, f, and 10-20% lower O,q densities than would be found
otherwise.

A complementary study was completed to investigate the tem-
poral dynamics of the O fluorescence in greater detail. For this test, a
4 1 per pulse UV pump laser was used to generate the fs-TALIF signal
from O in the gas and liquid phases. The fluorescence was collected
with a Pl Max 1024i and an intensifier gate of 0.5ns, allowing for
superior temporal resolution to the 2.2ns gate used initially. The
results, shown in Fig. 2e, confirm the aggressive quenching environ-
ment for solvated O atoms with effective radiative lifetimes
of <0.25ns.

To further validate that solvated O was the source of the recorded
signal below the water surface, measurements were also performed
with the laser tuned off-resonance (224.7 nm). With the ICCD gated
with the laser pulse, no signal was visible after background subtraction
(Fig. 2d). The absence of signal off-resonance, coupled with the much
faster decay of the on-resonance fluorescence below the water surface,
is clear evidence that solvated O is being imaged directly.

To obtain a 2D image of the O distribution both in water and
above the surface, the laser beam was scanned horizontally. Mea-
surements were performed at 13 locations, ~125 um apart. The result-
ing images were compiled after accounting for the laser background,
and only pixels with more than eight counts s of signal were included.
The resulting spatial map is shown in Fig. 3a. During this process, care
was taken to account for the water evaporation. For Fig. 3b, a spatial
map of the densities below the water surface was compiled using the
calibrated signals along vectors normal to the interface. As the orien-
tation of the interface is nearly constant in the region of interest, dis-
tortion in the x-direction of the 2D image should be minimal. Only
points below the HWHM uncertainty in the location of the surface are
included in Fig. 3b, c. As aresult, the zero position in the y-direction for
both figures is defined as the location of the water surface plus the
HWHM uncertainty.

For measurements in air, the COST jet was oriented vertically, and
the laser beam was focused horizontally to pass through the effluent
region. The 2.2ns ICCD gate was timed concurrently with the laser
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excitation, and the fluorescence of the atomic species (O or Xe) was
imaged. The jet effluent was vertically scanned to give a 2D spatial map
of O and Xe, while the time delay between the laser and the ICCD gate
was varied to measure the fluorescence lifetimes of O and Xe. The
recorded effective lifetimes were then used to calculate the branching
ratio for the absolute density calibration”*?%, The uncertainty in the
gas-phase O density calibration with in situ lifetime measurements was
previously found to be ~37%%.

Applying the calibration, O densities in the effluent were found to
peak at 1.5 x 10" cm™ near the nozzle of the jet. In the absence of a
liquid target, O densities 5 mm from the nozzle were 76% of their initial
value. This supports the assertion that the total O flux at the water
surface was as high as 3 x 10" s, which would require 70% of O atoms
to reach the liquid. The persistence of O in the effluent is a function of
the relatively high flow rate (2 sim) and small O, admixture (0.3%). For
comparison, a1slm He, 0.6% O, gas flow produced a 30% higher initial
O density, but only 43% of O atoms remained 5 mm from the nozzle.

Laser-water interaction

As the TALIF signal depends quadratically on laser intensity, it is
important to know the influence of the water on the propagation of the
femtosecond laser. The linear absorption of the 224-226 nm laser
beam in the water was found to be negligible. Using a fused silica cell
with water, the transmission of the UV laser beam vertically through
varying water thickness was found to be unaffected by the amount of
water over several cm. This finding agreed with the reported values for
the water UV absorption coefficient*, which is < 0.1 m™ This indicates
that absorption is not a factor within the few mm probed in these
experiments.

The laser intensity may also be influenced by the dispersion of the
water. In particular, the group velocity dispersion (GVD) leads to an
increased pulse width and a reduction in the peak laser pulse intensity.
Using the procedure to estimate the pulse increase due to the GVD
reported for 100 fs laser pulses in water at 800 nm***, the pulse width
7 after propagating through a water layer of thickness L is given by:

T=74\/1+(4InQ)GL/12)’ 2

where 1 is the initial pulse width and the GVD coefficient G is given by
the second-order dispersion of the refractive index n as a function of
the wavelength A:

2 d*nA
N _dnd 3)
2z gp?
Using the Sellmeier equation for the dispersion of the index of
refraction of water*®:

0.00644940

n?=1.7616034 — 0.01193970% + ~———
A* - 0.0148669

“@)

The GVD from equation (3) for water at 225 nm is 330 fs?/mm, and,
using equation (2), the pulse width acquires an insignificant increase
from 100 fs to 100.1 fs after passing through 0.5 mm of water.

The conclusion from the linear absorption and pulse stretching
studies is that the intensity of the pump laser beam is not significantly
affected after propagation through the first few hundred micrometres
of water. As a result, the fs-TALIF signal accurately maps the spatial
distribution of solvated O atoms in the water, as shown in Figs. 2 and 3.

Molecular dynamics simulations

To determine the collisional quenching rate and resulting branching
ratio of laser-excited O in water, AIMD simulations were performed to
estimate the collision frequency of O,q with the ambient water mole-
cules. The collision frequency is the average number of ballistic

collisions per unit time for a given particle within a given medium:

V eyt Prmed
=~ Pmed )

where 7. is the collisional frequency, pmeq is the atomic density of the
medium of interest, and ¢ is the time of interest. V., is the volume of
the collisional cylinder, which is defined as:

ch, =Up0pt (6)

where v, is the velocity of the particle and g;, is the collisional cross
section. The collisional cross section of atomic oxygen is assumed to
be 1.9 x 107 cm?, which is half that of diatomic oxygen*’. The velocity
of O in water at room temperature is unknown. The most accurate way
to determine how atomic O diffuses in water is by utilising AIMD, which
can account for the electronic, short-range van der Waals (vdW), and
long-range vdW interactions, while evolving in time through Newton’s
equations of motion.

AIMD simulations of liquid water and liquid water with atomic O
were performed using the strongly constrained and appropriately
normed (SCAN) meta-GGA functional*®. SCAN is inherently non-
empirical, developed by satisfying all 17 known exact constraints on
semilocal exchange-correlation functionals. Thus, the results obtained
from SCAN are purely predictive and do not rely on training data.
SCAN has been shown to correctly predict liquid water that is denser
than ice at ambient conditions. SCAN accurately describes covalent
and H bonds due to an improved description of electronic structure
and captures intermediate-ranged vdW interactions that further
improve the structure and thermodynamics of liquid water*’.

Systems were investigated using the Vienna ab initio Simulation
Package (VASP)***2, The projector augmented wave (PAW) method**!
was utilised within the density functional theory framework®*. PAW
pseudo-potentials within VASP with the h designation were utilised for
all elements. The Gaussian smearing method was used with a width of
0.05 eV to determine the partial occupancies for each wave function. A
gamma-centred Monkhorst-Pack®'1 x 1 x 1 k-point mesh was employed
for Brillouin zone sampling. The energy cutoff was increased to
1000 eV to improve the accuracy and stability of the simulations. The
electronic self-consistent loop exit criterion was set to 10™*. Simula-
tions are spin-polarised to account for unpaired electrons.

A 90-atom supercell, which includes 30 water molecules, was
initially used in the simulations. This original supercell was generated
via packmol® to ensure a reasonable initial structure. Dynamics were
carried out in the canonical (NVT) ensemble with a Langevin thermo-
stat to control temperature. The Langevin friction coefficient for the
atomic degrees-of-freedom was set to 100 ps™.. The timestep was set to
0.5 fs, and the initial structures were equilibrated at room temperature
for 4 ps. The trajectories of the total supercell energy and pressure
were analysed as a function of time to ensure that an equilibrated state
had been reached, and each of these quantities was oscillating around
agiven value. While the temperature of interest is room temperature, it
has been shown that increasing the equilibration temperature in water
by 30 K mimics nuclear quantum effects (NQEs)*°. Thus, all calcula-
tions were performed at 328 K. The density of water was determined
by varying the volume of the supercell, calculating the pressure at each
individual volume, fitting a second-order polynomial to the pressure
versus volume curve, and identifying the volume at which the pressure
is zero. Three simulations were performed at each specified volume,
and the system was evolved for 2000 timesteps with a timestep of 1fs.
This method yielded a density of 1.07 g/cm?, which is within 2% of the
previously reported value from the SCAN XC potential*.

Given this density prediction, a single O atom was inserted into
the supercell and equilibrated for 5ps using the above simulation
conditions. Subsequently, diffusion calculations were performed in
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which the system was evolved for 20,000 steps with a timestep of 1fs,
for a total system time of 20 ps. Ten unique simulations were con-
ducted to gain statistical significance in the results. The mean-squared
displacement (msd) and the displacement were determined for the
total system, H atoms, O atoms, and the free O atom. This allowed for
the determination of both the velocity and the diffusion coefficient.
The diffusion coefficient was fit to the msd as a function of time per
Einstein’s equation (D = r*/2dt), where d is the number of dimensions,
which in this case is three. The velocity is taken as the linear fit to the
displacement as a function of time. The first 1 ps was neglected in the
determination of the slope of displacements versus time.

Although ten unique simulations were included for the mean-
squared displacement as a function of time for an O atom in water at
328K, there is uncertainty in the data that increases with time. How-
ever, a linear trend is observed (R* = 0.96), indicating reasonably
converged diffusive behaviour.

The velocity derived from this set of trajectories was determined
to be 2399.5 cm/s, and the diffusion coefficient was calculated as
1.5 x 10° m?/s. There are no prior experimental or computational
data available for comparison. Using this velocity, the experimental
density of water, and the assumed collisional cross section of O, the
collisional frequency can be estimated. This method predicts a col-
lisional frequency of 1.45 x 10" collisions per second. If it is assumed
that all collisions result in quenching of the laser-excited state, the
effective radiative lifetime of O,q is 6.9 ps. This is approximately
three orders of magnitude lower than the effective lifetime of laser-
excited O atoms in the plasma effluent. Uncertainties associated with
the prediction of the collisional frequency include the collisional
cross section for monatomic O in water and the velocity of O in water
determined by AIMD.

Data availability

The experimental data generated in this study have been deposited in
the Zenodo database under the accession code https://doi.org/10.
5281/zen0do0.15984980.
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