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(54) JET SYSTEM FOR PLASMA GENERATION IN LIQUIDS

(67)  Theinventionisrelated to the jet system for plas-
ma generation in liquids. It consists of a dielectric cylin-
drical rod with one end conically bevelled. An orifice with
the diameter from 0.1 to 2 mm is made along its whole
longitudinal axis. A metal electrode is inserted in this or-
ifice so that a free space is created between its end and
the conical end of the cylindrical rod. The system further
consists of the second electrode which can be coaxially
mounted to the ceramic cylindrical rod. One the elec-
trodes is grounded. The cylindrical rod and both elec-
trodes are immersed into the liquid with conductivity of

10-15 000 wS/cm. The subject matter of the invention is
also the method of plasma generation using the jet. When
direct current or alternating current voltage in the range
of 50 Hz-2450 MHz is applied, microbubbles are created
due to electric current passing through the orifice in the
jet. The electric discharge is ignited inside microbubbles
when the voltage amplitude is at least 700 V. Microbub-
bles with plasma inside further expand into the liquid, and
an electromagnetic radiation in the wavelength region up
to 1100 nm is emitted.
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Description

Field of the invention

[0001] The invention is related to a jet system for plas-
ma generation in liquids.

Background of the invention

[0002] Nowadays, a wide spectrum of systems gener-
ating plasma at various conditions is available. Due to
the simplicity and related application potentials, electric
discharges generated at atmospheric pressure are one
of the most important fields. There are many kinds of
such discharges these days, and they differ in their prin-
ciple, electrode configuration and power supplies.
Among such discharges, various plasma jets play anim-
portant role. In these devices, plasma is blown from a
modified capillary into generally gaseous surroundings.
Usually, argon or helium with various reactive gas ad-
mixtures (nitrogen, oxygen, organic volatile precursors,
etc.) are used for plasma generation. A specific situation
occurs when plasma of the electricdischarge is in contact
with liquid because highly energetic reactive species in
plasma (electrons, ions, atoms, radicals, etc.) can initiate
number of chemical processes in the liquid phase which
lead to hardly predictable results.

[0003] Besides electric discharges generated in gas-
es, systems for plasma generation directly in the liquid
phase have become a subject of interest in the last few
years. In such systems, it is necessary to derive benefit
from a strongly inhomogeneous electric field influenced
by a substantially high density and different electric prop-
erties of liquids. Therefore, typical electrode configura-
tions are point-to-plate or coaxial operated in both polar-
ities. Less typical but also applicable is a pin-hole con-
figuration where electrode spaces are separated by a
dielectric barrier made of convenient material and with a
small orifice in it. According to the ratio of the barrier
thickness to the orifice diameter, we can distinguish a
diaphragm discharge (theratio is approximately one) and
acapillary discharge (the thickness is substantially higher
than the orifice diameter). Electric discharges generated
under the liquid surface (generally containing various
conductive solutions) are commonly supplied by pulsing
high voltage both in direct current and alternating current
regimes up to the microwave region.

[0004] The principle of the electric discharge genera-
tion in the liquid phase itself is not fully explained up to
now. There are two fundamental theories. The first one,
so-called an electron theory, supposes that the break-
down (i.e. the discharge creation) is caused by the same
principle as in gases, i.e. by the generation of electron
avalanches. Then, the discharge structure is similar to
the corona discharge generated in gases. The second
theory, so-called thermal, is based on the fact that the
liquid is locally heated in regions with high electric field
intensity (and thus with high current density). This effect
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leads to the formation of microbubbles in which the elec-
tric breakdown appears and the discharge is created.
Subsequently, the microbubble is expanded. The last re-
sults show that except very short pulsing discharges in
the orders of nanoseconds, the primary effect is the mi-
crobubble generation. On the other hand, there are sev-
eral results indicating the direct plasma propagation from
bubbles into the surrounding liquid in accordance with
the electron theory, i.e. by the direct electron ionization
of liquid molecules. Independently on the detail break-
down principle itself it can be claimed that plasma in lig-
uids can be generated using various electrode configu-
rations as well as ways of electric supply.

[0005] At present, there are a number of various lab-
oratory setups for plasma generation in liquids. The only
known commercially available device is Arthrocare. How-
ever, practical experience with this device shows a rela-
tively short lifetime of the main head in which the plasma
is generated, and also a relatively small output (units of
watts, only) which may not be sufficient for some appli-
cations.

Summary of an invention

[0006] Limitations mentioned above can be solved by
the jet system for plasma generation in liquids, according
to the invention. It consists of a dielectric cylindrical rod
which can have one end conical. Along its longitudinal
axis, an orifice with the diameter of 0.1-2.0 mm is made
in which a metal electrode is inserted from the non-con-
ical end so that a small free space is created between
the end of the electrode and the optionally conical end
of the dielectric rod. The ceramic cylindrical rod can be
partly provided by teflon cover. Further, the rod contains
the second electrode which can be coaxially mounted to
the ceramic cylindrical rod whereas one electrode is
grounded. The cylindrical rod with both electrodes are
immersed into liquid with conductivity of 10-15 000
wS/cm.

[0007] The cylindrical rod is preferably made of ceram-
ics or silica glass. The orifice in the cylindrical rod could
be cylindrical, conical or of other shape.

[0008] The liquid, in which the cylindrical rod with elec-
trodes is immersed, can be water, water solution of inor-
ganic salt, organic solution or a mixture of water and or-
ganic liquid.

[0009] The subject of the invention is also the method
of plasma generation in liquids using the jet system ac-
cordingto the invention. On one of the electrodes, voltage
of atleast 700 V is applied. As the total current must pass
through the liquid in the orifice of the cylindrical rod, fast
local heating of the liquid occurs in the free space be-
tween the end of the rod and the end of the electrode
inside the rod, which leads to microbubbles creation. De-
pending on the geometry and liquid conductivity, the dis-
charge breakdown appears at the definite amplitude of
the applied voltage; in general, 700-1300 V is needed for
plasma creation inside microbubbles. These bubbles are
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further intensively heated by plasma, and as they are
spatially limited by the rod size, they expand from the
orifice in the rod towards the surrounding liquid. Thus the
plasma discharge itself is created which emits electro-
magnetic radiation with a maximal wavelength of 1100
nm. It is supposed, that the emitted electromagnetic ra-
diation has its bottom bound at 90 nm.

[0010] Forthe device power supply, both direct (of both
polarities as well as stabilized or non-stabilized) and al-
ternating current up to frequencies in the region of mi-
crowaves (50 Hz-2450 MHz) can be used, while the sup-
ply regime can be pulsing or continual.

[0011] Depending on the power supply, properties of
generated plasma are different, and thus consequent
processes initiated by the discharge in liquid can also
vary. The plasma itself combines a variety of effects
which influences the processes in the liquid. Reactive
species produced by the electric discharge (in the case
of water solutions, especially electrons, atomic hydrogen
and oxygen and OH radicals are formed) induce a com-
plicated chemistry both in plasma and in the liquid itself.
Chemical processes are also influenced by electrochem-
ical phenomena, especially by electrolysis in the case of
the direct current supply regime. Besides, a variety of
physical phenomena generated by the discharge can
have a synergic action. Among them, we can observe an
effect of the strong inhomogeneous electric field at the
jet end, electromagnetic radiation including the part in
the UV region (OH radical emission with the maximum
of 305-315 nm) and VUV region (up to 91-121 nm from
the atomic hydrogen), a flux of accelerated bubbles
through the liquid from the jet (velocity up to m/s) and
shockwaves created by the bubble cavitation when the
discharge is quenched. The detailed study of bubbles
generation and their propagation was provided using ul-
trafast camera films.

[0012] Thejetsystemaccordingtothe inventionis very
simple, easy producible and thus cheap. It has a long
lifetime and high performance. The jet itself is fast and
easily changeable which enables a long-time utilization
of the whole system with minimal operation costs. Con-
trary to plasma jets generated in gases, no systems for
gas flow control are required. Further, possibilities of
power supplies are extremely wide. It is possible to use
various power sources and electric supply modes with
the same jet. This provides a wide spectrum of possibil-
ities for various applications. The multi jet system based
on the same configuration can be constructed, too.

Brief description of drawings

[0013]

Fig. 1: A schematic drawing of the plasma jet with a
conical end and one electrode coaxially mounted into
a dielectric cylindrical rod for plasma generation in
liquids.
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Fig. 2: An example of a plasma micro-jet as a cylin-
drical rod with plain ends for plasma generation in
liquids.

Examples of the invention embodiments

Example 1

[0014] According to the Fig. 1, the jet for plasma gen-
eration in liquids consisted of a dielectric rod 1 which had
one end conically bevelled. Along the whole length of the
rod 1, a cylindrical orifice was made in the longitudinal
axis. A metal electrode 2 was inserted in the orifice of
the rod 1 and tightened into the orifice so that a free space
3 was created between the end of the electrode 2 and
the conical end of the ceramic rod 1. The diameter of the
orifice in the rod 1 and the electrode 2 was in the range
of 0.2-1 mm.

[0015] The second electrode 4 of the system was
placed coaxially to the cylindrical rod 1, and due to the
safety work, it was grounded. The ceramic cylindrical rod
1 and both electrodes 2 and 4 were immersed into the
water solution of inorganic salt (NaCl, KCI or Na,SO,)
using the distilled water; solution conductivity was in the
range of 10-15 000 wS/cm. For practical and safety work,
a part of the cylindrical rod 1 serving for the handgrip was
equipped by a teflon cover 5 (Fig. 1).

[0016] After the high voltage application on the second
electrode 2, electric current started to flow through the
liquid. As the total current must have passed through the
liquid in the free space 3 of the orifice in the ceramic
cylindrical rod 1, a fast local overheating in this space led
to the microbubbles formation. Depending on the above
mentioned conditions, the electric breakdown appeared
inside microbubbles at the tested voltage range of 1-5
kV. These microbubbles were further intensively heated
by the plasma. As they were spatially limited by the orifice
in the ceramics, they expanded from the orifice of the
ceramic cylindrical rod 1 into the surrounding liquid. Thus,
the plasma discharge (jet) itself was created outspread-
ing into the bulk solution, where it initiated chemical and
physical processes.

[0017] Forthis example, following power supplies were
used: stabilized direct current voltage where the elec-
trode 2 was either positive or negative, non-stabilized
(half-wave rectified) voltage, direct voltage (in both po-
larities), alternating voltage (50 Hz), high frequency volt-
age (1-100 kHz) and radio frequency voltage (13.56
MHz). In all cases, the discharge breakdown and stabi-
lized discharge operation was achieved at the amplitude
of the applied voltage for at least 5 minutes.

[0018] Estimation of conditions for the discharge
breakdown and its energetic consumption was realized
by time resolved characteristics of voltage and current
over the system. Electromagnetic radiation emitted by
the discharge was observed by spectrometry in the range
of 200-1100 nm; however, the electromagnetic radiation
in the region from 90 nm is also supposed to be emitted.



5 EP 3 122 161 A1 6

Creation of bubbles and their velocities were determined
by microphotography based on the known exposition
time and the microbubbles path length. The detailed
study of these processes was provided using ultrafast
camera films. Formation of shockwaves was observed
just by hearing as well as by records using a piezo-mi-
crophone installed under the vessel with the solution in
which the jet was immersed. Presence of chemically re-
active species (atomic hydrogen and oxygenand OH rad-
ical) was confirmed by spectrometric measurements. Hy-
drogen peroxide, as a stable reactive species, was de-
termined colorimetrically using a selective reaction with
peroxotitanyl ion. Efficiency of plasma generated by the
jet system according to the invention was proved by or-
ganic dye degradation process at selected conditions.
Achieved results were in a good agreement with results
obtained previously in a common diaphragm discharge.
Recently, the multi jet system based on the same con-
figuration was successfully tested.

Example 2

[0019] Instead of the ceramic cylindrical rod 1, a silica
glass capillary with the outer diameter of 1 mm was used
(Fig. 2). It had a plane end and a cylindrical longitudinal
orifice. Experiments at the same conditions as in the Ex-
ample 1 were carried out using this capillary.

[0020] The jet in such design is applicable as an ex-
tender of a catheter or for the treatment of archaeological
objects with an extremely broken surface including small
cavities. The jet in such design is also possible to insert
in very narrow and deep spaces.

Industrial applicability

[0021] The jetsystem generating plasma in liquids can
be utilized directly for the removal of corrosion layers
from archaeological objects made mainly of glass and
ceramics. Thanks to its size, it is possible to treat broken
object surfaces relatively easy or with only a small mod-
ification of the side output. Next applications can be found
in the field of organic compounds removal from water
solutions, especially from those produced by special
manufacturing. Further application is a material surface
treatment in water and organic solutions, including na-
nomaterials. Potential applications in the field of organic
liquids are also fully opened because they can lead to
the formation of new compounds with unique properties.
Beyond the technical field, the jet is applicable in medi-
cine, micro-invasive surgery or biological decontamina-
tion.

List of reference numbers

[0022]

1 - cylindrical rod
2 - metal electrode
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3 - free space
4 - second electrode of the system
5 - teflon cover

Claims

1. Thejetsystemforplasma generationinliquids, char-
acterized by the fact that it consists of a dielectric
cylindrical rod (1) optionally with one conically bev-
elled end, where an orifice with the diameter from
0.1 to 2 mm is made along the whole longitudinal
axis of the rod (1), a metal electrode (2) inserted in
the orifice from the non-conical end so that a free
space (3) is created between the electrode (2) end
and the optionally conical end of the cylindrical rod
(1); the cylindrical rod (1) is optionally partially pro-
vided with a teflon cover (5) and the system further
consists of the second electrode (4) optionally coax-
ially mounted to the dielectric cylindrical rod, (1) while
one of electrodes (2) or (4) is grounded, the dielectric
cylindrical rod (1) and both electrodes (2) and (4) are
immersed into any liquid with conductivity of 10 - 15
000 wS/cm.

2. The jet system according to the claim 1, character-
ized by the fact that the dielectric cylindrical rod (1)
is made of ceramics or silica glass.

3. The jet system according to the claims 1 to 2, char-
acterized by the fact that the free space (3) in the
cylindrical rod (1) is cylindrical or conical.

4. The jet system according to the claims 1 to 3, char-
acterized by the fact that the liquid is water, water
solution of inorganic salt, solution of organic com-
pound or a mixture of water and organic liquid.

5. The method of plasma generation in liquids using
the jet system according to the claims 1 to 4, char-
acterized by the fact that voltage of at least 700 V
is applied on one of electrodes (2) or (4), whereas
theinduced electric current passes through the liquid
in the orifice of the dielectric cylindrical rod (1), in the
free space between the end of the rod (1) and the
end of the electrode (2) inside the rod (1) microbub-
bles are created and the electric discharge in these
microbubbles is ignited at the amplitude of voltage
applied on the electrode (2) or (4), consequently, mi-
crobubbles expansion through the orifice in the die-
lectric cylindrical rod (1) into the liquid induces plas-
ma emitting electromagnetic radiation with the max-
imal wavelength of 1100 nm.

6. The method of plasma generation according to the
claim 5, characterized by the fact that direct current
voltage or alternating current voltage in the range of
50 Hz - 2450 MHz is applied, whereas the supply
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regime is pulsing or continuous.

Amended claims in accordance with Rule 137(2)
EPC. 5

1. The method of plasma generation in liquids using
the jet system consisting of a dielectric cylindrical
rod (1) with one conically bevelled end or with both
ends non-conical, where an orifice with the diameter 70
from 0.1 to 2 mm is made along the whole longitu-
dinal axis of the rod (1), a metal electrode (2) inserted
in the orifice from the non-conical end so that a free
space (3) is created between the electrode (2) end
and the other conical end or between the electrode 75
(2) end and the other non-conical end of the cylin-
drical rod (1) and the system further consists of the
second electrode (4) while one of electrodes (2) or
(4) is grounded, where the voltage of at least 700 V
is applied on one of electrodes (2) or (4), character- 20
ized by the fact the dielectric cylindrical rod (1) and
both electrodes (2) and (4) are immersed into any
liquid with conductivity of 10 - 15000 pwS/cm, where-
as the induced electric current passes through the
liquid in the orifice of the dielectric cylindrical rod (1), 25
in the free space between the end of the rod (1) and
the end of the electrode (2) inside the rod (1) micro-
bubbles are created and the electric discharge in
these microbubblesis ignited at the amplitude of volt-
age applied onthe electrode (2) or (4), consequently, 30
microbubbles expansion through the orifice in the
dielectric cylindrical rod (1) into the liquid induces
plasma emitting electromagnetic radiation with the
maximal wavelength of 1100 nm.

35
2. The method of plasma generation in liquids accord-
ing to the claim 1, characterized by the fact that the
liquid is water, water solution of inorganic salt, solu-
tion of organic compound or a mixture of water and
organic liquid. 40

3. The method of plasma generation according to the
claims 1 to 2, characterized by the fact that direct
current voltage or alternating current voltage in the
range of 50 Hz-2450 MHz is applied, whereas the 45
supply regime is pulsing or continuous.
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