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Abstract
Two-dimensional (2D) absolute measurements of hydrogen peroxide (H2O2) and
approximations of the hydroperoxyl radical (HO2) in the effluent of a COST Reference
Microplasma Jet operated with a He/H2O feed gas are presented. Gas-phase densities are
mapped using photofragmentation laser-induced fluorescence (PF-LIF) under three boundary
conditions: open effluent, a solid target, and a liquid target. A novel method is presented for
separating PF-LIF signals from H2O2 and HO2 using comparative measurements in oxygen-rich
and oxygen-free environments to exploit the preferential formation of HO2 in the presence of
molecular oxygen. This separation strategy is supported by results from a plug-flow plasma
chemistry model. Measured densities agree closely with model predictions in both magnitude
and trend, while the 2D experimental distributions provide additional insight into the spatial
dependencies of these species. In particular, the results show distinct differences in species
transport depending on the target type: solid surfaces induce lateral deflection and reduced
centerline densities, whereas liquid interfaces promote axial accumulation and higher near-axis
concentrations.
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1. Introduction

Reactive oxygen and nitrogen species (RONS) produced by
atmospheric-pressure plasmas are central to a wide range of
biological, chemical, and medical applications, where their
controlled production and transport influence processes such
as enzymatic reactions, wound healing, sterilization, and
oxidative stress-related therapies [1–3]. Among these spe-
cies, hydroxyl radicals (OH), hydrogen peroxide (H2O2), and
hydroperoxyl radicals (HO2) play key roles. OH is one of
the most reactive species produced in plasma environments,
contributing to antimicrobial activity, oxidative modification
of biomolecules, and the initiation of radical-driven reaction
cascades [4–6]. H2O2, while less reactive than OH, serves as a
key mediator in plasma-liquid interactions and is widely used
in medical disinfection, tissue regeneration, and enzymatic
processes [2, 7]. The lower reactivity of H2O2 extends its life-
time in solution, making it more likely to accumulate and
transport in applications. HO2 is an intermediate species in the
conversion between OH and H2O2 that plays a crucial role in
the oxidative balance of plasma environments [8]. The rela-
tionships between these species influence plasma-driven bio-
chemical pathways.

An improved understanding of the role of OH, HO2, and
H2O2 in plasma interactions with solid and liquid interfaces is
particularly important for applications such as plasma-assisted
wound healing and plasma-liquid chemistry for biomedical
processes [9, 10]. When plasma-generated RONS come into
contact with a solid or liquid interface, their transport and
reactivity can be significantly altered, affecting their availabil-
ity in biological or chemical systems [11, 12]. However, spa-
tially resolved measurements of species densities near inter-
faces pose substantial challenges. Diagnostics often lack suffi-
cient spatial resolution or introduce perturbations, conditions
that compromise the accuracy of near-surface measurements
[13, 14]. For example, optical emission and absorption spec-
troscopy provide inherently line-integrated measurements,
resulting in spatial and temporal averaging that hinders accur-
ate resolution of steep density gradients [15–18]. Molecular
beam mass spectrometry provides sensitive universal species
detection but is typically limited to measurement of species
directly intersecting with surfaces. In contrast, laser imaging
diagnostic techniques can provide spatially resolved measure-
ments without significantly disturbing the plasma or its inter-
actions with a surface.

Laser-induced fluorescence (LIF) is a widely used tech-
nique for spatially resolved imaging of species that have com-
patible absorption and emission transitions. Our recent study

used OH-LIF imaging to investigate two-dimensional (2D)
distributions of OH densities in the effluent of the COST
Reference Microplasma Jet (COST-Jet) as the plume interacts
with solid surfaces [19]. To provide a more complete picture
of reactive oxygen species (ROS) in the COST-Jet effluent,
complementary measurements of H2O2 and HO2 were per-
formed with the effluent propagating into an open atmosphere
and interacting with solid and liquid surfaces. However, these
species are directly inaccessible by LIF because their elec-
tronically excited states are highly predissociative. Instead,
photofragmentation-LIF (PF-LIF) is used to detect HO2 and
H2O2. In this pump-probe technique, HO2 and H2O2 are first
photodissociated by a pump laser, resulting in photolytic pro-
duction of either one or two OH molecules, respectively. The
OH photofragments are then detected using a probe laser for
OH-LIF measurements. This technique has been used in com-
bustion and plasma applications [20–23].

In this study, PF-LIF measurements of the 2D distribu-
tions of absolute H2O2 densities in the effluent of the COST-
Jet operated with a He/H2O admixture in N2 and air environ-
ments were performed. Thesemeasurements were then used to
estimate corresponding HO2 density distributions by develop-
ing an approach to separate the contributions of H2O2 andHO2

to the PF-LIF signals. The experimentally determined dens-
ities align closely with predictions from a zero-dimensional
(0D) plug-flow plasma chemistry model. The 2D maps reveal
the formation of ‘reaction fronts’ where the plasma effluent
interacts with ambient air, as well as the influence of target
boundary conditions on species transport. When the COST-
Jet plume impinges on a fused silica (FS) disk, radicals are
deflected outward, decreasing centerline densities, whereas
impingement on liquid water produces narrower horizontal
distributions and higher centerline densities of both H2O2 and
HO2. These spatially resolved observations, enabled by coup-
ling of the PF-LIF technique with chemical kinetic model-
ing, provide insights into the modulation of ROS at plasma-
interface boundaries.

2. Experimental setup

2.1. Plasma source

The COST-Jet is a capacitively coupled atmospheric-pressure
plasma source sustained by radio frequency (RF) excitation
at 13.56 MHz. A comprehensive description of its design and
functionality can be found in Golda et al [24]. The device fea-
tures electrodes 30 mm in length and 1 mm wide, positioned
1 mm apart, resulting in a plasma volume of 30 mm3.
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Figure 1. Experimental setup. The excitation laser beam for OH-PLIF (282 nm) is overlapped with the H2O2 photodissociation laser beam
(213 nm or 216 nm) by using high-reflectance mirrors. Both beams are formed into thin sheets by a +500 mm cylindrical lens. A UV-fused
silica (UVFS) beamsplitter diverts a small fraction of the beams into a controlled flow of H2O2 and a beam profiling camera for real-time
beam monitoring. The main beams are cropped by a knife edge before entering the six-way glass cross, where they traverse the central axis
of the COST-Jet effluent and finally terminate at a beam dump. The PF-LIF signal is recorded by an ICCD camera equipped with a
310/10 nm band-pass filter. Downstream of the cross, a movable platform carrying either a solid (FS disk) or liquid (water) target can be
raised to specified distances from the jet nozzle.

In the present experiments, helium was used as the primary
feed gas to the jet, with controlled addition of water vapor
at a concentration of 0.25%. The total gas flow rate for the
He/H2O admixture was maintained at 1 slm. High-purity
helium (Matheson Ultra-High Purity, 99.999%) was used.
The humidified helium mixture was produced by directing
108 sccm of dry helium through a water bubbler kept in a
temperature-controlled water bath at 20 ◦C. The humidified
heliumwas then combinedwith 892 sccm of dry helium, yield-
ing a final water mole fraction of 0.25%.

The plasma jet power was stabilized at 750 ± 10 mW and
continuously monitored using an oscilloscope connected to
the internal current and voltage probes of the COST-Jet. The
plasma jet was housed within a six-way glass cross, as shown
in figure 1. The cross had an internal diameter of 5 cm and leg
lengths of 8 cm and 13 cm, oriented perpendicular and parallel
to the laser beam, respectively. The COST-Jet was mounted on
the upper port, while a translation stage, optionally equipped
with a solid (2.5 cm diameter FS disk) or liquid target (2.5 cm
diameter water reservoir/pool), was mounted through the bot-
tom port. Openings around the stage and target allowed gases
to flow out of the cross. Optical access was provided through
quartz ultraviolet-FS (UVFS) windows that sealed the remain-
ing ports.

To maintain a stable meniscus in the water pool and avoid
variations in the water level due to evaporation, the liquid was

continuously circulated using a pump system configured with
a trickle flow. This system ensured a consistent water level
while maintaining a quiescent surface throughout the experi-
ment. The water reservoir featured tapered edges to accentuate
the meniscus, enabling consistent optical access and minimiz-
ing surface distortion from possible volume changes.

Encasing the jet within the six-way cross enabled envir-
onmental control while maintaining atmospheric pressure
through the top and bottom outlets. To regulate the atmosphere
surrounding the COST-Jet and its effluent, an 8 slm flow of
either air or N2 (4 slm from each of two axisymmetric top
inlets) was introduced. The inlets and outlets were sufficiently
far from the plasma effluent to prevent any significant disturb-
ances of the jet flow. The nitrogen flowwas sourced from evap-
orated liquid nitrogen, while air was supplied via the house air
compressor, which may have introduced slight variations in
ambient humidity. For calibration, the cross was filled with
uniform concentrations of H2O2 vapor or acetone as a fluores-
cent tracer gas.

2.2. PF-LIF for hydrogen peroxide and the hydroperoxyl
radical

The PF-LIF setup for the optical detection of H2O2 and HO2 is
similar to that presented in [25] and is shown in figure 1. The
H2O2/HO2 detection uses a pump-probe technique, where a
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pump laser (λ = 213 nm or 216 nm) dissociates H2O2 and
HO2 to form OH molecules, and the OH photofragments are
detected using a probe laser (λ = 282 nm) to excite LIF.

Both the nativeOH in the jet and theOHgenerated via PF of
HO2 and H2O2 are excited by the probe laser, which is tuned
to the Q1(1) rotational transition in the A←X (1,0) band at
281.996 nm (referred to as 282 nm). This transition is well
suited for OH-LIF measurements because it combines a high
line strength with spectral isolation, and its N = 1 rotational
state is significantly populated under the plasma temperatures
studied; all reasons why it has been employed in earlier OH-
LIF/PF-LIF work [19, 21, 25]. To isolate the contribution of
photolytically produced OH, the native OH-LIF signal is sub-
tracted; further details on the native OH in this plasma source
and gas admixture are provided in Quesada et al [19].

The pump and probe lasers operated at a pulse repetition
rate of 10 Hz. For the experiments involving targets, a 216 nm
laser was used as the pump laser, whereas a 213 nm laser was
used for the open effluent experiments. This choice was due
to the availability of the lasers at the time of the respective
experiments. The absorption cross-sections of H2O2 and HO2

at 216 nm and 213 nm differ by less than 10% [26, 27], allow-
ing for this flexibility in wavelength selection without signi-
ficant impact on photolysis efficiency.

The 216 nm pump laser beam (4 mJ/pulse) was gen-
erated by mixing the output of a dye laser (Continuum
ND6000) pumped by the second harmonic of a Nd:YAG laser
(Continuum Surelite, λ = 532 nm) with the third harmonic
of the same Nd:YAG laser (λ = 355 nm), as previously
described in [28, 29]. The 213 nm laser beam provided sig-
nificantly greater energy (12 mJ/pulse) and was produced by
5th harmonic generation of a Nd:YAG laser (Spectra Physics).
Calculations based on the fluence of the lasers and the corres-
ponding absorption cross-sections for H2O2 yield a PF fraction
of ⩽ 6%, which is well below saturation levels.

The 282 nm excitation wavelength is generated using a
frequency-doubled dye laser (Lambda-Physik), pumped by
the second harmonic of a Nd:YAG laser (Spectra Physics).
The resulting OH-LIF emission from the A→X (1,1) and
A→X (0,0) bands is detected with an intensified CCD cam-
era (Andor iStar) equipped with a bandpass interference fil-
ter centered at 310 nm. A pump-probe delay of 50 ns is used
to minimize interference from scattering and broad-spectrum
fluorescence generated by the pump laser. The OH-LIF probe
laser was operated in the linear excitation regime. This was
confirmed by a power-dependence measurement, which is
shown in supplemental figure 1.

To correct for variations in OH(A) collisional quenching
rates due to local variations in gas composition and temper-
ature, pixel-resolved quenching rate measurements were per-
formed for each atmosphere and geometry (effluent in open
ambient conditions or impinging on a solid/liquid target) using
the OH radicals produced natively in the plasma jet, follow-
ing the method in Quesada et al [19]. The temporal decay
of the OH-LIF signal was measured by acquiring a series of
LIF images at different delay times between the 282 nm laser
pulse and the image intensifier gate. The resulting temporal

decay of the LIF signal at each pixel in the image was fit to
an exponential function with the exponential time constant
corresponding to the fluorescence lifetime, the reciprocal of
the quenching rate. Experimentally determined maps of OH
fluorescence lifetimes used for OH-LIF image correction for
He/H2O in open air and N2 atmospheres are shown in the sup-
plementary information of Quesada et al [19]. Because vibra-
tional and rotational energy transfer (VET/RET) processes act
during the excited-state lifetime of OH, their influence is inher-
ently included in these pixel-resolved quenching rates and thus
accounted for in the calibrated densities reported here.

Variations in optical throughput of the imaging system,
including vignetting effects caused by obscuration near the
solid or liquid surfaces, as described in [19], were accoun-
ted for with flat-field correction measurements by filling the
six-way cross with a uniform mixture of acetone and record-
ing acetone LIF signals. Spatial variations in the laser beam
profiles that arose during the measurements were corrected
by sampling the laser beams with a beamsplitter and direct-
ing them through a separate flow of a homogeneous H2O2

gas mixture and recording the resulting PF-LIF signal with a
second camera. To ensure a consistent spatial overlap of the
pump and probe lasers, the sampled laser beams were direc-
ted onto a beam profiling camera that monitored their intensity
distributions.

For calibration of the H2O2 PF-LIF signal, the signal from
the jet was compared with a reference signal obtained by per-
forming a PF-LIFmeasurement using a homogeneous gas flow
with a known amount of H2O2. The H2O2 was produced by
passing Ar through a bubbler filled with a 50 wt% H2O2 solu-
tion in water. The H2O2 density in the bubbler exhaust was
determined using optical absorption measurements. The bub-
bler exhaust flowed through a 33 cm absorption cell, where the
absorbance of the pump laser was measured after four passes
through the cell. To estimate the HO2 densities, the H2O2 cal-
ibration was scaled by an efficiency factor to account for the
greater sensitivity of the PF-LIF technique to HO2, as dis-
cussed in section 3.1.

2.3. 0D plasma chemistry model

GlobalKin is a 0D plasma kinetic model designed to simulate
flowing plasmas using a plug-flow approximation, account for
diffusion to surfaces, and incorporate changes in gas compos-
ition resulting from both heavy particle and electron impact
processes. A detailed description of GlobalKin can be found
in Lietz et al [11].

In summary, GlobalKin predicts species densities by integ-
rating continuity equations that account for chemical reactions
involving heavy particles and electron impact processes, dif-
fusion to surfaces and surface chemistry, and gas flow. The
gas temperature is computed using an energy conservation
equation, which factors in Joule heating by the plasma, reac-
tion enthalpies (both exothermic and endothermic), Franck–
Condon heating, and heat transfer to the reactor walls through
thermal conduction. The electron energy equation is solved
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separately to obtain the mean electron energy (or electron tem-
perature).

Electron impact rate coefficients and transport coefficients
are derived from solutions to Boltzmann’s equation for the
electron energy distribution across a range of reduced electric
field values (E/N, electric field/gas density). These solutions
generate a lookup table of transport and reaction rate coeffi-
cients as a function of the average electron energy. This table
is then interpolated based on the current electron temperat-
ure and periodically updated during the simulation to reflect
changes in gas composition.

The model uses a plug-flow approximation to address gas
flow, which applies for subsonic, constant-pressure conditions
where diffusion along the flow direction is negligible. The gas
is tracked as it moves through the reactor as a fluid plug with
a cross-sectional area equal to that of the reactor. The velo-
city of this gas plug is dictated by the initial flow rate, the gas
density, and the reactor’s cross-sectional area. Since reactions,
gas inflow, and temperature variations affect the gas density,
the plug speed is adjusted dynamically to maintain a stable
pressure.

Power deposition by the plasma (W cm−3) is defined as
a function of position along the reactor length when using the
plug-flow approximation. The power density profile is normal-
ized such that its integral across the entire reactor matches the
total specified power input. Along the reactor axis, power is
evenly distributed except for the first and last millimeter of the
reactor, where a ramp-up and ramp-down occur, respectively.
No power dissipation occurs beyond the electrode boundaries.

The reaction mechanism used here consists of 101 gas-
phase species and 2183 chemical reactions. The species
included in the gas-phase mechanism are He, O2, N2, and
H2O, along with their associated ions, electronically excited
states, and vibrationally excited species. More details regard-
ing the gas-phase reaction mechanisms can be found in Lietz
and Kushner [11] and Kruszelnicki et al [8]. Any deviations
in reaction rate coefficients from these models are presented
in the supplementary information table of Quesada et al [19].

The system parameters used in the model were chosen
to represent the COST-Jet experimental conditions, includ-
ing gas composition, flow rate and reactor dimensions. The
gas plug was tracked as it traveled through the 30 mm length
of the reactor, where its temperature increased by approx-
imately 50 K while moving through the plasma before leav-
ing the powered region. Upon exiting, the plasma effluent
encountered ambient humid air or a nitrogen atmosphere, with
ambient gases introduced into the plug flow to approxim-
ate interdiffusion between helium and the surrounding envir-
onment. At this stage, the gas temperature in the plasma
plume rapidly dropped due to both thermal conduction and the
entrainment of cooler ambient gas.
GlobalKin was used to investigate the effluent, region past

the electrode/nozzle boundary, for the He/H2O gas admix-
ture as it flowed into air and nitrogen environments. The air
and nitrogen atmospheres were simulated with initial molar
compositions of N2/O2/H2O = 0.78/0.20/0.02 and N2/H2O =
0.98/0.02, respectively [30].

Figure 2. 2D PF-LIF signal distribution in an (a) air atmosphere
and (b) N2 atmosphere for the COST-Jet effluent with a He/H2O
admixture.

3. Mapping of H2O2 and HO2 in the plasma effluent

3.1. Interpretation of the PF-LIF signal

The PF-LIF images of the COST-Jet effluent with a He/H2O
gas admixture recorded in air and N2 environments are shown
in figure 2. Each PF-LIF image is the difference between the
OH-LIF signals with and without the pump laser. The PF-LIF
signal is approximately 3% of the LIF signal from nativeOH in
the effluent. Interpretation of PF-LIF signals from H2O2 and
HO2 is complicated by the fact that both molecules produce
OH photofragments upon dissociation. For reactive flows that
contain spatially overlapping mixtures of H2O2 and HO2, the
selective detection of each species using the PF-LIF technique
is challenging. The signals from these species are separated by
performing measurements in environments with and without
oxygen exploiting the preferential formation of HO2 in the
presence of oxygen. The spatial distribution of the PF-LIF
signal differs significantly depending on whether the effluent
enters ambient air or nitrogen atmospheres, likely reflecting
differences in contributions from these precursor molecules.
Hydrogen peroxide and the hydroperoxyl radical are the
primary precursor molecules produced by the plasma that pho-
todissociate to produce ground-state OH radicals. The photo-
absorption cross-sections for H2O2 and HO2 at 213–216 nm
are approximately 3.4 × 10−19 cm2 and 3.5 × 10−18 cm2,
respectively, as shown in figure 3 [26, 27]. Contributions to
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Figure 3. Absorption cross-section of H2O2 and HO2 plotted as a
function of laser wavelength from [26, 27].

the PF-LIF signal from water vapor are negligible, since the
photoabsorption cross-sections for H2O are on the order of
10−24 cm2 or less in this spectral region at 292 K [31]. The
absence of detectable PF-LIF signal from the 2500 ppm of
water vapor in the jet when the plasma was turned off con-
firmed that contributions from water vapor were negligible.

The ratio of PF-LIF signals from H2O2 and HO2 is
given by:

S(H2O2)

S(HO2)
=
nH2O2

nHO2

·
(
σH2O2 ·ϕH2O2

σHO2 ·ϕHO2

)
(1)

where n is number density, σ is absorption cross-section, and ϕ
is the quantum yield of OH photofragments. The second ratio
on the right-hand side of equation (1) is the relative detection
efficiency of the PF-LIF signal for these two molecules:

γ =
σH2O2 ·ϕH2O2

σHO2 ·ϕHO2

. (2)

The absorption cross-section of H2O2 is an order of mag-
nitude smaller than that of HO2. However, the quantum yield
for OH production of H2O2 is twice that of HO2 (ϕH2O2 = 2
and ϕHO2 = 1 based on [32]). As a result, the relative detection
sensitivity, γ, is approximately 0.2, indicating that the PF-LIF
signal is about five times more sensitive to HO2 than it is to
H2O2. To determine when the PF-LIF signals in the COST-
jet could contain significant contributions from both precursor
molecules, the signal ratio in equation (1) was evaluated using
the modeling results. The modeling results inform the analysis
of the measured PF-LIF signals by providing an estimate of
the number density ratio, nH2O2/nHO2 . The measurements are
otherwise independent of the modeling results.

The modeling provides predictions of the H2O2 and HO2

densities as a function of distance from the COST-jet nozzle
exit for the nitrogen and air atmospheres, as shown in figure 4.
In the N2 atmosphere, the predicted H2O2 densities are con-
sistently two orders of magnitude higher than those of HO2.
In this case, equation (1) yields a PF-LIF signal ratio of
S(H2O2)/S(HO2)∼ 20. That is, the PF-LIF signal from
H2O2 is expected to be about 20 times larger than that of HO2.

Figure 4. Model-predicted volume-averaged number densities of
H2O2 and HO2 as a function of distance from the COST-Jet nozzle
for a He/H2O admixture (1 slm, He/H2O = 99.75/0.25) in both N2

and air atmospheres.

In the air atmosphere, however, the predicted HO2 densities
are significantly larger, while the H2O2 densities are similar
to those of the nitrogen atmosphere. Enhanced HO2 forma-
tion can occur near the effluent–air interface through the three-
body reaction:

H+O2 +He→ HO2 +He (3)

where the production rate of HO2 is limited by the availab-
ility of O2 [19]. The predicted HO2 number densities vary
with downstream distance as air is entrained into the jet
effluent. At the location of peak HO2 density, the ratio of
H2O2 and HO2 densities is approximately 4. The predic-
tions for the air atmosphere thus indicate that the PF-LIF sig-
nal ratio S(H2O2)/S(HO2) is expected to be of order unity,
and therefore contributions from both molecules must be
considered.

Based on the computational results, it is hypothesized that
the PF-LIF signal from the COST-Jet effluent flowing into air
contains contributions from both species and accordingly is
referred to as S(H2O2 +HO2)air. In contrast, the suppression
of HO2 formation when flowing into the N2 atmosphere results
in a PF-LIF signal that is generated predominantly by H2O2

dissociation and is referred to as S(H2O2)N2
. The H2O2 num-

ber density in the jet can be determined from measurements in
the nitrogen atmosphere by

nH2O2,jet =
S(H2O2)N2

·QN2

S(H2O2)cal ·Qcal
· nH2O2,cal (4)

where Q is the OH-LIF collisional quenching rate, and sub-
scripts N2 and cal refer respectively to the COST-jet with the
N2 atmosphere and the calibration measurements in which
the six-way cross was filled with a uniform distribution of
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Figure 5. 2D PF-LIF measurements for the COST-Jet effluent with He/H2O: (a) PF-LIF signal in air with contributions from both H2O2

and HO2, (b) H2O2 density from PF-LIF signal in N2, and (c) approximation of the HO2 density in air determined from equation (5).

H2O2 vapor at a density of nH2O2,cal. In equation (4), factors
that affect the OH-LIF signals such as the spectral overlap
integral, optical collection efficiency, and detector sensitivity
cancel out when calculating the ratio S(H2O2)N2

/S(H2O2)cal
because the values of these factors are identical in the plasma
and calibration measurements. The modeling results indicate
that the expected H2O2 densities are nearly identical in the air
and N2 environments. As a result, the PF-LIF signal from HO2

in the air atmosphere can be isolated by subtracting the signal
in the nitrogen atmosphere to obtain the HO2 number density:

nHO2,jet =

[
S(H2O2 +HO2)air ·Qair − S(H2O2)N2

·QN2

]
S(H2O2)cal ·Qcal

· γ · nH2O2,cal

(5)

where subscripts air and N2 refer to data from the jet in the cor-
responding atmospheres, and the detection efficiency factor, γ,
accounts for the differences in the absorption cross-sections
and quantum yields of HO2 and H2O2.

The OH-LIF collisional quenching rates, Qair and QN2 , in
equations (4) and (5) were measured on a pixel-by-pixel basis,
as described in section 2.2. For each atmosphere and geo-
metry, the corresponding quenching data were applied to cor-
rect the OH-LIF signal for both collisional quenching and

associated VET/RET processes. Detection sensitivity depends
strongly on the local quenching environment: in He-rich, low-
quenching conditions relevant to this study, detection limits
are estimated to be 1013 cm−3 for H2O2 and 0.2× 1012 cm−3

for HO2, whereas in faster-quenching environments such as air
or at high humidity, the limits increase by one to two orders of
magnitude.

Using the relationships in equations (4) and (5), the contri-
butions of HO2 and H2O2 to the PF-LIF measurements can be
separated. Spatial distributions are shown in figure 5 of (a) the
PF-LIF signal in air, (b) the H2O2 density determined from
the PF-LIF signal in N2, and (c) the HO2 density distribu-
tion in the air environment computed from equation (5). The
H2O2 density (figure 5(b)) forms a stable column over most of
the imaged region, consistent with model predictions of uni-
formH2O2 densities. In contrast, the V-shaped regions of large
PF-LIF signal intensity in figure 5(a) are reflected in the HO2

density map in figure 5(c). These regions at the periphery of
the plasma effluent are interpreted as ‘reaction fronts’ where
HO2 forms as the plasma effluent containing H atoms interacts
with ambient air containing O2. The reaction fronts merge at
approximately 8 mm downstream of the nozzle, and the HO2

density gradually decreases with increasing distance from the
nozzle.
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Figure 6. 2D PF-LIF measurements for the He/H2O COST-Jet effluent interacting with solid and liquid targets. (a)–(c) Plasma effluent
interacting with a FS disk: (a) PF-LIF signal in air (H2O2 + HO2 contributions), (b) H2O2 density in N2, and (c) approximation of HO2

density in air atmosphere. (d)–(f) Plasma effluent interacting with a water pool: (d) PF-LIF signal in air, (e) H2O2 density in N2 atmosphere,
and (f) approximation of HO2 density in air. The dotted white lines indicate the boundaries of the regions within which collisional
quenching data of excited-state OH are available, which is required for calibrated PF-LIF measurements.

Our previous study of OH densities in the COST-jet
reported similar, though less pronounced features and revealed
significant differences in OH densities in the COST-jet effluent
when flowing into nitrogen and air atmospheres [19]. The
current results corroborate the previous study’s hypothesis that
the formation of ‘reaction fronts’ in air is primarily attrib-
uted to reactions involving HO2, generated when effluent spe-
cies, dominantly H atoms, interact with O2 in the surrounding
air. Several OH-related production and consumption pathways
analyzed in [19] also influence HO2 formation.

When comparing the H2O2 and HO2 measurements in
figure 5 with the modeling results, the model predicts an H2O2

density of approximately 4 × 1014 cm−3 at the nozzle exit for
both gas environments, while measurements in the N2 atmo-
sphere indicate a density of 1.6 × 1014 cm−3 at the nozzle,
increasing to about 3 × 1014 cm−3 at 12 mm downstream.
The measurements align well with measurements by Harris
et al [17], who reported H2O2 densities of 1.4× 1014 cm−3 at
3 mm from the nozzle using a similar He/H2O admixture. Up
to 20 mm from the nozzle, Harris et al [17] measured a nearly
constant on-axis H2O2 density, with the density decreasing
with further increase in distance from the nozzle. The present
2D imaging shows a slight increase of on-axis density up to
12 mm from the nozzle.

For HO2, the model predicts a density of approximately
0.4–1× 1014 cm−3 in air at 0.2–0.5 mm from the nozzle,
compared to the measured value of 0.6× 1014 cm−3 at the
nozzle. Considering that the 0D model provides volume-
averaged densities and the measurements involve approxima-
tions, the agreement is satisfactory. This consistency supports
the approach of subtracting the PF-LIF signal measured in N2

from the total PF-LIF signal measured in air to obtain a reliable
approximation of the HO2 density distribution.

The approximation, however, is not exact. This is evident
from the small negative values observed in the HO2 profiles,
which are most likely attributable to native HO2 present in the
effluent even in the N2 case, or to slight differences in the H2O2

distribution between the nitrogen and air conditions. The sim-
ulations in figure 4 were used to estimate the systematic error
introduced by assuming negligible HO2 contributions in the
N2 environment. These simulations indicate that native HO2

in the N2 effluent would generate a PF-LIF signal equivalent
to an apparent H2O2 density of 1.5× 1013 cm−3. This con-
tribution results in an overestimation of the H2O2 density by
approximately 10%, with a correspondingly similar underes-
timation of the HO2 density. Given the absence of established
methods for directly measuring HO2 in the effluent of plasma
jets, this level of systematic uncertainty represents a reason-
able error regime.

3.2. Measured gas densities of H2O2 and HO2 when
encountering a solid or liquid interface

Two-dimensional (2D) PF-LIFmeasurements of the COST-Jet
effluent interaction with a FS disk (a)–(c) and a liquid water
pool (d)–(f) are shown in figure 6. As these images span a
wide lateral area, they include regions where OH collisional
quenching rates could not be measured due to the lack of nat-
ively produced OH in those locations. The dotted white lines
in figure 6 indicate the boundaries of the regions for which
the native OH-LIF signal was sufficiently strong to reliably
measure the LIF collisional quenching rates. The row of pixels
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Figure 7. Horizontal profiles of measured H2O2 (a), (c) and HO2 (b), (d) densities, derived from the 2D density maps in figures 5 and 6. The
plasma effluent was examined under three conditions: no target (open), a solid target (FS disk), and a liquid target (water pool). Panels (a)
and (b) depict data collected at the nozzle exit (0 mm), while (c) and (d) are 4 mm from the jet nozzle.

closest to the pool surface for which reliable data are available
is 150 µm from the surface, which is indicated by the pool
overlay in the images.

The measurements indicate that while the overall densit-
ies of estimated H2O2 and HO2 remain comparable across the
open effluent (figure 5), solid, and liquid target cases, the spa-
tial distribution of these species is notably affected. The radial
deflection of the stagnation flow produced by the jet impinging
on a surface is pronounced for the FS disk. The reaction fronts
in the PF-LIF signal in air (figure 6(a)) deflect outward upon
contact with the solid surface, resulting in lateral redistribu-
tion of reactive species. This deflection pattern is evident in
both the H2O2 (figure 6(b)) and the HO2 (figure 6(c)) distribu-
tions. The HO2 and H2O2 follow the same redirected transport
pathway when approaching a solid surface, consistent with
previously reported OH distribution patterns that followed the
helium carrier gas flow [19]. The persistence of the densities
of HO2 and H2O2 in the deflected plumes suggests that neither
species is significantly consumed at the solid surface.

In contrast, when the plasma effluent interacts with a liquid
water pool (figures 6(d)–(f)), the reaction fronts appear to con-
verge more rapidly toward the central axis as they approach
the liquid surface. This effect is evident in the combined PF-
LIF signals in air (figure 6(d)) and therefore the HO2 dis-
tribution (figure 6(f)). The absence of lateral deflection of
the reaction fronts suggests that the high-humidity boundary
layer or liquid interface significantly absorbs or reacts with
HO2, effectively removing it from the gas phase. HO2 does
not rapidly react with H2O vapor at ambient temperatures

(6.04 × 10−35 cm3/molecule·s [33]) but does have a large
Henry’s law coefficient (Hcc

s = 1.69 × 104 [34]) for solvation
into water. For H2O2, solvation into the liquid could play a lar-
ger role as its Henry’s law coefficient (Hcc

s = 2.13× 107 [34])
is 100–1000 times larger than that for HO2.

To facilitate quantitative comparisons between the solid-
target, liquid-target, and no-target conditions, horizontal pro-
files of H2O2 (a), (c) and HO2 (b), (d) densities are presented
in figure 7. These profiles are extracted from the 2D density
maps in figures 5 and 6 at two axial positions: 0 mm (the jet
nozzle exit) and 4 mm (distance of the disk or pool from the
jet nozzle).

The horizontal distributions of H2O2 densities at 0 mm
from the nozzle (figure 7(a)) are similar when flowing into
the open ambient and when the effluent impinges on solid and
liquid targets. A similar trend is observed for HO2 (figure 7(b))
although the open effluent case has a larger peak HO2 dens-
ity than the cases with targets. These similarities suggest that,
within the limits of experimental uncertainty, the presence of a
surface does not significantly alter the species densities at the
nozzle exit.

Significant differences in densities occur at the 4 mm dis-
tance. In both the H2O2 and HO2 profiles, the solid-disk
scenario shows a broader lateral expansion, resulting in a
more uniform distribution of these species, especially for
H2O2. In contrast, the liquid pool gives rise to higher center-
line H2O2 densities and a narrower horizontal distribution.
Gaseous OH produced by interactions of RONS with water
vapor, whose density increases towards the surface, could
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further drive OH–OH recombination into H2O2, a process that
occurs with a high rate coefficient of 1.7 × 10−17 m3 s−1

[35]. In the three-body mediated OH recombination reaction
(OH + OH + M→ H2O2 + M), the third-body efficiency of
water is 5 to 6 times larger than that of N2 and 12 times larger
than that of He, which would further enhance H2O2 production
near the liquid surface [36–38].

The high Henry’s law coefficient for H2O2 (Hcc
s =

2.13 × 107 [34]) suggests a significant portion of the H2O2

reaching the liquid surface solvates into the liquid. Assuming
that the water is far from saturated with H2O2, so that all H2O2

at the water surface solvates, combining the average near-
surface H2O2 density of 2 × 1014 cm−3, at 4 mm from the
nozzle, with the 1 slm jet flow rate, yields an H2O2 molecu-
lar throughput of 3.3× 1015 molecules/s. This flux aligns well
with the 240µMH2O2 density observed at oneminute of treat-
ment in water samples treated 4 mm from the nozzle, corres-
ponding to 2.42 × 1015 H2O2 molecules/s [39, 40] needed to
impinge on the surface.

These observations suggest that introducing a solid versus
a liquid target can dramatically alter the transport and fate
of H2O2 in plasma effluents. One practical consequence is
that in liquid treatments, such as when cells are in a Petri
dish, the distance from the jet axis may influence expos-
ure to plasma-generated species and therefore overall biolo-
gical effects will vary, more than in analogous solid-surface
treatments.

4. Conclusions

This study presents a method to map the spatial distribu-
tion of absolute H2O2 densities and to estimate HO2 dens-
ity distributions in the effluent of the COST atmospheric-
pressure plasma jet operated with a He/H2O admixture.
Near the nozzle, densities of 1.6 × 1014 cm−3 for H2O2

and 0.6 × 1014 cm−3 for HO2 resemble the 0D plasma
chemistry model predictions. HO2 is found mostly in
‘reaction fronts’ surrounding the effluent interacting with
air.

Near-surface measurements reveal that while total species
densities are comparable across all cases, their distribution
is shaped by the target material. A solid surface results in
lateral redistribution of species that is less pronounced than
with a liquid interface, possibly due to the enhanced solva-
tion or reaction with the liquid. H2O2 is particularly sensitive
to these boundaries, forming a broad layer across solid sur-
faces while possibly solvating and accumulating in liquids.
HO2 shows smaller changes when targets are involved, poten-
tially due to its lower solubility, shorter lifetime, and faster
reaction kinetics.

These results highlight the critical role of boundary con-
ditions in the transport of ROS and underscore the import-
ance of carefully selecting and controlling target interfaces to
tailor reactive species distributions for optimized performance
in biological and chemical systems.
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