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Plasma jets interacting with liquids are studied for biomedical effects in plasma medicine. While 

many processes induced in the liquid can be explained by equilibrium chemistry, plasma liquid 

interaction and plasma biological effects are strongly influenced by non-equilibrium chemistry and 

by radiation energy transfer processes. The work presents the role of metastable species and VUV 

radiation in energy dissipation processes relevant for plasma medicine. The complex challenges of 

diagnostics in filamentary plasma jets, usually studied in many plasma medical investigations are 

presented at the example of planar laser induced fluorescence spectroscopy and laser absorption 

spectroscopy. Finally, standard chemical methods are used to correlate liquid to gas phase 

chemistry and correlate the response of biological systems to plasma treatment.  

 

 

1. Introduction 

 

Cold atmospheric pressure plasma jets have 

emerged in the 1990s [1] and sparked the new field 

of plasma medicine ([2] and references therein). In 

recent years the interaction of plasma with biological 

targets was investigated by many groups. Since 

biological systems are usually in a wet or liquid 

environment, the effect of plasmas onto liquids has 

gained increasing attention in the research field of 

plasma medicine e.g. [3-7]. Fundamental pre–

requisite for these plasma-liquid-biological cell 

systems is the operation of the discharge at 

atmospheric pressure. Many of these plasma sources 

are plasma jets, which at atmospheric pressure often 

are filamentary with plasma channel dimensions of 

few tens of micrometres. These small dimensions 

result in high gradients in space but also in time.  

 

Fig. 1: filamentary plasma jet effluent splitting at the tip 

Filamentary plasma jets exhibit dynamic 

processes that were termed plasma bullet, but are 

streamer like ionization waves with velocities of 

several ten thousands m/s [8]. The pathways that 

these so-called guided streamers take are determined 

by the surrounding atmosphere [9].  

 

2. Plasma Source 

 

In this work, investigations on a cold atmospheric 

plasma jet (CAPJ) featuring guided streamers 

operating with helium (He) or argon (Ar) at a 

frequency of about 1 MHz are presented. The 

surrounding gas of the CAPJ is controlled using a 

shielding gas device, which allows creating a 

defined gas curtain around the plume of the jet. 

Shielding gas nitrogen (N2 purity 99.999 %) and 

oxygen (O2 purity 99.995 %) in varying ratios with 

water admixtures was applied. 

 

3. Particle and Discharge Dynamics 

 

Reactive species can be transported to the liquid 

[10,11], can be generated by radiation impinging on 

the liquid surface or can be generated in secondary 

reactions in the liquid phase [12].  

Especially the surrounding atmosphere influences 

the species composition and excitation dynamics 

drastically. Using helium as feed gas, metastable 

helium species play a dominant role in energy 

dissipation. In case of the gas curtain containing no 

oxygen, metastable He(2
3
S1) species are not to be 

found outside the jet discharge zone [13]. A 

dominant role can be attributed to negative oxygen 

ions. Apart from forming a storage for negative 

charges over one excitation period [14], they might 
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be one responsible factor for actually guiding the 

streamer inside a noble gas channel surrounded by 

ambient air impurities [9].  

For an energy transport and dissemination, 

metastable species play a major role in noble gas 

atmospheric pressure plasma jets. 

Diagnostics of these species is intricate, 

especially in the case of filamentary argon plasma 

jets. The filaments are arbitrarily traveling through 

the gas stream [9]. A tuneable diode laser absorption 

spectroscopy measurement reveals this by 

absorption peaks attributed to Ar(1s5) metastables 

traveling through the probing laser beam (Fig. 2). 

 

 

Fig. 2: Ar(1s5) temporal optical depth measured at a 

wavelength of 811.5 nm by tuneable AOM laser 

absorption spectroscopy in the effluent of an atmospheric 

pressure argon plasma jet  

 
2. Liquid interaction 

 

 

Fig. 3: H2O2 concentration measured in plasma-treated 

liquid and densities of OH, HO2 and H2O2 obtained from 

a kinetic model for shielding gas compositions ranging 

from pure N2 to pure O2. 

It is observed that the gas-phase 
•
OH densities 

expected from kinetic modelling correlate with the 

H2O2 densities measured in plasma-treated liquids 

by a commonly used colorimetric assay as shown in 

Fig. 3. Hydrogen peroxide, as an example for 

reactive oxygen species relevant for mammalian 

systems, detected in the liquids can arise from 

different origins. One source will be the directly in 

the gas phase formed H2O2, which can be increased 

by raising the working gas humidity and be 

dissolved in the solution. Also CAPJ’s vacuum 

ultraviolet (VUV) radiation will contribute to 

hydrogen peroxide concentration since VUV will 

dissociate water molecules to form hydroxyl 

radicals, which quickly recombine to hydrogen 

peroxide.  

 

4. Conclusion 

 

While equilibrium chemistry can explain many 

RONS generation and transfer processes, non-

equilibrium processes involving electrons, 

metastables, and radiation contribute significantly to 

reactive species production in plasma medicine.  
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1. Introduction

Cold atmospheric plasma jets (CAPJ) are widely
investigated for their application potential in the
emerging field of plasma medicine [1]. The diagnos-
tics of CAPJ is challenging as the plasma interacts
with both theambient air and thetarget biological tis-
sue. As biological tissue is usually covered with a
liquid layer, the study of reactive oxygen and nitro-
gen species (RONS) that are generated in the liquid
is of supreme importance for understanding biologi-
cal response to plasma treatment, minimize risks or
side effects and optimize the treatment towards spe-
cific clinical applications.
Here, investigations on a CAPJ featuring guided
streamers (also termed plasmabullets) operating with
helium (He) or argon (Ar) at a frequency of ⇠ 1MHz
are presented. The surrounding gas of the CAPJ is
controlled using ashielding gas device, which allows
for creating adefined gascurtain around theplumeof
the jet. As shielding gas a mixture of oxygen O2 and
nitrogen N2 is used at various compositions. RONS
in liquids can either originate from the plasma plume
interacting with the shielding gas or water vapor and
subsequently be transported to the liquid, be gener-
ated in secondary reactions in the liquid phase or be
generated by radiation impinging on the liquid sur-
face.

2. Gas Phase Diagnostics and Modelling

2.1 Dynamics of guided streamers

The dynamics of the guided streamers is in-
vestigated by phase resolved optical emission spec-
troscopy and 2D plasma hydrodynamics modeling. It
was found that thepropagation of guided streamers is
significantly affected by the electronegativity of the
shielding gas: In attaching gases electrons attach to
O2 forming negative ions. The resulting charge den-
sity assumes a role similar to the dielectic walls in
surface ionization wavesobserved in CAPJ travelling
along tubes.

2.2 Plasma chemistry

The RONS procuded in the plasma plume of the
CAPJ are investigated by combining laser atom ab-
sorption spectroscopy on metastable Ar (Ar⇤), four-
rier transform infrared (FTIR) spectroscopy in the
far-field of the jet and zero-dimensional kinetic mod-
eling. The model resolves the fast sub-µs excita-

tion and ionization processes as well as the slower
gas phase reactions. The RONS O3, NO2

• , N2O5,
HNO3, N2O and H2O2 are detected via FTIR spec-
troscopy and agree well with the densities predicted
by the model.
3. Diagnostics of plasma-treated liquids

It is observed that the gas-phase •OH densities
expected from kinetic modeling correlate with the
H2O2 densities measured in plasma-treated liquids
by a commonly used colorimetric assay as shown in
Fig. 1. The hydrogen peroxide, as an example for
reactive oxygen species relevant for mammalian sys-
tems, detected in the liquids can arise from different
origins. One source will be the directly in the gas
phase formed H2O2, which can be increased by rais-
ing the working gas humidity and be dissolved in the
solution. Also CAPJ’s vacuum ultraviolet (VUV) ra-
diation will contribute to hydrogen peroxide concen-
tration since VUV will dissociate water molecules to
form hydroxyl radicals •OH, which fast recombine
to hydrogen peroxide. Beside •OH other oxygen rad-
icals such as superoxide anion are detected by spin
trapping enhanced electron paramagnetic resonance
(EPR) spectroscopy in plasma treated liquids.

Fig. 1: H2O2 concentration measured in plasma-treated
liquid and densities of OH, HO2 and H2O2 obtained
from a kinetic model for shielding gas compositions

ranging from pure N2 to pure O2.
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