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(57) Abréegée/Abstract:
The present invention relates to a plasma-generating device comprising an anode, a cathode and an elongate plasma channel
which extends substantially in the direction from said cathode to said anode. The plasma channel has a throttling portion which Is
arranged In said plasma channel between said cathode and an outlet opening arranged In said anode. Said throttling portion
divides said plasma channel into a high pressure chamber, which Is positioned on a side of the throttling portion closest to the
cathode, and has a first maximum cross-sectional surface transversely to the longitudinal direction of the plasma channel, and a
low pressure chamber, which opens Into saild anode and has a second maximum cross-sectional surface transversely to th
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maximum cross-sectional surface. Moreover at least one intermediate electrode Is arranged between said cathode and sa
throttling portion. The Iinvention also relates to a plasma surgical device, use of such a plasma surgical device In surgery and a
method of generating a plasma.

al direction of the plasma channel, said throttling portion having a third cross-sectional surface transversely to th
al direction of the plasma channel which Is smaller than said first maximum cross-sectional surface and said secor
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(57) Abstract: The present invention relates to a plasma-generating device comprising an anode, a cathode and an elongate plasma
@ channel which extends substantially in the direction from said cathode to said anode. The plasma channel has a throttling portion
& which is arranged in said plasma channel between said cathode and an outlet opening arranged in said anode. Said throttling portion
R divides said plasma channel into a high pressure chamber, which is positioned on a side of the throttling portion closest to the cathode,
& and has a first maximum cross-sectional surface transversely to the longitudinal direction of the plasma channel, and a low pressure
& chamber, which opens into said anode and has a second maximum cross- sectional surface transversely to the longitudinal direction
N of the plasma channel, said throttling portion having a third cross-sectional surface transversely to the longitudinal direction of the
plasma channel which is smaller than said first maximum cross-sectional surface and said second maximum cross-sectional surface.
Moreover at least one intermediate electrode is arranged between said cathode and said throttling portion. The invention also relates
to a plasma surgical device, use of such a plasma surgical device in surgery and a method of generating a plasma.
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PLASMA-GENERATING DEVICE, PLASMA SURGICAL DEVICE, USE OF A
PLASMA-GENERATING DEVICE AND METHOD OF GENERATING A PLASMA

CLAIM OF PRIORITY
[0001] This application claims priority of a Swedish Patent Application No. 0501602-7
filed on July 8, 2005.

FIELD OF THE INVENTION
[0002] The present invention relates to a plasma-generating device, comprising an anode,
a cathode and an elongate plasma channel which extends substantially in the direction from
said cathode to said anode. The plasma channel has a throttling portion which is arranged in
sald plasma chamber between said cathode and an outlet opening arranged in said anode. The
invention also relates to a plasma surgical device, use of such a plasma surgical device in

surgery and a method of generating a plasma.

BACKGROUND ART
[0003] Plasma-generating devices relate to devices which are arranged to generate a gas
plasma. Such devices can be used, for instance, in surgery to stop bleeding, that is
coagulation of biological tissues.
[0004] As a rule, said plasma-generating device 1s long and narrow. A gas plasma i1s
suitably discharged at one end of the device and its temperature may cause coagulation of a
tissue which 1s affected by the gas plasma.
[0003] Owing to recent developments in surgical technology, that referred to as
laparoscopic (keyhole) surgery is being used more often. This implies, inter alia, a greater
need for devices with small dimensions to allow accessibility without extensive surgery in
surgical applications. Equipment with small dimensions are also advantageous to allow good
accuracy 1n the handling of surgical instruments in surgery.
[0006] WO 2004/030551 (Suslov) discloses a plasma surgical device according to prior
art which 1s intended, inter alia, to reduce bleeding in living tissue by a gas plasma. This
device comprises a plasma-generating system with an anode, a cathode and a gas supply
channel for supplying gas to the plasma-generating system. Moreover the plasma-generating
system comprises at least one electrode which is arranged between said cathode and anode. A
housing of an electrically conductive material which i1s connected to the anode encloses the

plasma-generating system and forms the gas supply channel.
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[0007] It is also desirable to provide a plasma-generating device as described above which 1s

capable, not only of coagulation of bleeding in living tissue, but also of cutting tissue.

[0008] With the device according to WO 2004/030551, a relatively high gas flow speed of a
plasma-generating gas is generally required to generate a plasma for cutting. To generate a plasma
with a suitable temperature at such gas flow speeds, it is often necessary to supply a relatively high
electric operating current to the device.

(0009} [t is nowadays desirable to operate plasma-generating devices at low electric operating
currents, since high electric operating currents are often difficult to provide in certain
environments, such as medical environments. As a rule, high electric operating currents also result
in extensive wiring which can get unwieldy to handle in precision work, for instance in keyhole
surgery.

[0010] Alternatively, the device according to WO 2004/030551 can be formed with a
substantially long plasma channel to generate a plasma with a suitable temperature at the required
gas flow speeds. However, a long plasma channel can make the plasma-generating device large
and unwieldy to handle in certain applications, for example medical applications, especially
keyhole surgical applications.

[0011] The plasma generated should in many fields of application also be pure and have a low
degree of impurities. It is also desirable that the generated plasma discharged from the plasma-
generating device has a pressure and a gas volume flow that are not detrimental to, for instance, a
patient who is being treated.

[0012] According to that described above, there is thus a need for improved plasma-
generating devices which can be used, for instance, to cut biological tissue. There is thus a need for
improved plasma-generating devices which can generate a pure plasma at lower operating currents

and at lower gas volume flows.

SUMMARY OF THE INVENTION

[0013] An object of the present invention is to provide an improved plasma-generating
device.
{0014] Another object is to provide a plasma surgical device and use of such a plasma

surgical device in the field of the surgery.

[(0015] A further object is to provide a method of generating a plasma and use of such a

plasma for cutting biological tissue.
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[0016] According to one aspect of the invention, a plasma-generating device is provided,
comprising an anode, a cathode and an elongate plasma channel which extends substantially
in the direction from said cathode to said anode, which plasma channel has a throttling
portion which is arranged in said plasma channel between said cathode and an outlet opening
arranged in said anode. Said throttling portion of the plasma-generating device divides said
plasma channel into a high pressure chamber, which is positioned on a side of the throttling
portion closest to the cathode and has a first maximum cross-sectional surface transversely to
the longitudinal direction of the plasma channel, and a low pressure chamber which opens
into said anode and has a second maximum cross-sectional surface transversely to the
longitudinal direction of the plasma channel, said throttling portion has a third cross-sectional
surface transversely to the longitudinal direction of the plasma channel which is smaller than
said first maximum cross-sectional surface and said second maximum cross-sectional surface,
at least one intermediate electrode being arranged between said cathode and said throttling
portion. Preferably, the intermediate electrode can be arranged inside the high pressure
chamber or torm a part thereof.

[0017] This construction of the plasma-generating device allows that plasma provided in
the plasma channel can be heated to a high temperature at a low operating current supplied to
the plasma-generating device. In this text, by high temperature of the plasma is meant a
temperature exceeding 11,000°C, preterably above 13,000°C. The provided plasma 1s
suitably heated to a temperature between 11,000 and 20,000°C in the high pressure chamber.
In an alternative embodiment, the plasma is heated to between 13,000 and 18,000°C. In
another alternative embodiment, the plasma is heated to between 14,000 and 16,000°C.
Moreover, by low operating current 1s meant a current level below 10 ampere. The operating
current supplied to the device is suitably between 4 and 8 ampere. With these operating
currents, a supplied voltage level is suitably between 50 and 150 volt.

[0018] Low operating currents are often an advantage in, for instance, surgical
environments where it can be difficult to provide the necessary supply of higher current
levels. As a rule, high operating current levels cause unwieldy wiring which can be difficult
to handle in operations requiring great accuracy, such as surgery, in particular keyhole
surgery. High operating currents can also be a safety risk for an operator and/or patient in
certain environments and applications.

[0019] The 1invention is based on, for instance, the knowledge that a plasma which is
suitable for, for instance, cutting action in biological tissue can be obtained by designing the

plasma channel 1n a suitable manner. An advantage of the present invention is the use of a
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high pressure chamber and a throttling portion which allow heating of the plasma to desirable
temperatures at preferred operating currents. By pressurizing the plasma upstream of the
throttling portion, it is possible to increase the energy density of the plasma in the high
pressure chamber. By increased energy density is meant that the energy value of the plasma
per unit volume is increased. Increased energy density of the plasma in the high pressure
chamber allows, in turn, that the plasma can be given a high temperature in heating by an
electric arc which extends in the same direction as the plasma channel between the cathode
and the anode. The increased pressure in the high pressure chamber has also been found
suitable to operate the plasma-generating device at lower operating currents. Furthermore the
increased pressure of the plasma in the high pressure chamber has also been found suitable to
operate the plasma-generating device at lower gas volume flows of a supplied plasma-
generating gas. For example, experiments have shown that pressurization of the plasma in the
high pressure chamber to about 6 bar can at least allow improved efficiency by 30% of the
plasma-generating device compared with prior art technique where the plasma channel is
arranged without a high pressure chamber and without a throttling portion.

[0020] [t has also been found that power loss in the anode can be reduced, compared with
prior art plasma-generating devices, by pressurizing the plasma in a high pressure chamber.
[0021] It may also be desirable to discharge the plasma at a lower pressure than that
prevailing in the high pressure chamber. For instance the increased pressure in the high
pressure chamber can be detrimental to a patient in, for example, surgical operations by a
plasma-generating device according to the invention. However, it has been found that a low
pressure chamber which is arranged downstream of the throttling portion reduces the
increased pressure of the plasma in the high pressure chamber as the plasma passes the
throttling portion when flowing from the high pressure chamber to the low pressure chamber.
When passing the flow portion, parts of the increased pressure of the plasma in the high
pressure chamber are converted into kinetic energy and the flow speed of the plasma is thus
accelerated in the low pressure chamber in relation to the flow speed in the high pressure
chamber.

[0022] A further advantage of the plasma-generating device according to the invention
thus 1s that the plasma discharged through an outlet of the plasma channel has higher kinetic
energy than the plasma in the high pressure chamber. A plasma jet with such properties has
been found to make 1t possible to use the generated plasma for, for instance, cutting living
biological tissue. The kinetic energy is suitable, for example, to allow a plasma jet to

penetrate an object affected by the same and thus produce a cut.

-4



CA 02614372 2008-01-07
WO 2007/006516 PCT/EP2006/006688

[0023] It has also been found convenient to supply to the plasma-generating device low
gas volume flows in surgical applications since high gas volume flows can be detrimental to a
patient who 1s treated with the generated plasma. With low gas volume tlows of the plasma-
generating gas supplied to the plasma-generating device, it has been found that there 1s a risk
of one or more electric arcs forming between the cathode and the high pressure chamber,
referred to as cascade electric arcs.

[0024] It has also been found that the risk of occurrence of such cascade electric arcs
increases with a reduced cross-section of the plasma channel. Such cascade electric arcs can
have a negative effect on the function of the plasma device, and the high pressure chamber
can be damaged and/or degraded owing to the effect of the electric arc. There is also a risk
that substances released from the high pressure chamber can contaminate the plasma, which
can be detrimental, for instance, to a patient when the plasma generated in the plasma-
generating device is used for surgical apphications. Experiments have shown that the above
problems can arise, for instance, at a gas volume flow which is less than 1.5 1/ min and a
cross-section of the plasma channel which is less than 1 mm”.

[0025] Thus, the invention is also based on the knowledge that it has been found suitable
to arrange at least one intermediate electrode 1n the high pressure chamber to reduce the risk
that such cascade electric arcs occur. It is consequently an advantage of the plasma-
generating device according to the invention that said at least one intermediate electrode
allows the cross-section of the high pressure chamber to be arranged in such a manner that a
desirable temperature of the electric arc, and thus a desirable temperature of the provided
plasma can be achieved at the applied operating current levels stated above. It has also been
found in an advantageous manner that the arrangement of an intermediate electrode 1n the
high pressure chamber gives a reduced risk of the plasma being contaminated. An
intermediate electrode arranged in the high pressure chamber also helps to heat the generated
plasma in a more efficient manner. By intermediate electrode is meant in this text one or
more electrodes which are arranged between the cathode and anode. It will also be
appreciated that electric voltage is applied across each intermediate electrode 1n operation of
the plasma-generating device.

[0026] Thus, the present invention provides, by the combination of at least one
intermediate electrode arranged upstream of the throttling portion and a smaller cross-section
of the high pressure chamber, a plasma-generating device which can be used to generate a

plasma with unexpectedly low contamination levels and other good properties for surgical

operation, which is useful for instance when cutting biological tissue. However, it will be
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noted that the plasma-generating device can also be used for other surgical applications. For
instance, it is possible to generate, by variations of, for instance, operating current and/or gas
flow, a plasma which can be used for, for instance, vaporization or coagulation of biological
tissue. Also combinations of these applications are conceivable and in many cases
advantageous 1in many fields of application.

[0027] It has also been found that the plasma-generating device provided according to the
invention allows in a desirable manner controlled variations of a relationship between thermal
energy and kinetic energy of the generated plasma. It has been found convenient to be able to
use a plasma with different relationships between thermal energy and kinetic energy when
treating different types of objects, such as soft and hard biological tissue. It has also been
found convenient to be able to vary the relationship between thermal energy and kinetic
energy depending on the blood intensity in a biological tissue that is to be treated. For
instance, it has been found that in some cases it is convenient to use a plasma with a greater
amount of thermal energy in connection with higher blood intensity in the tissue and a plasma
with lower thermal energy in connection with lower blood intensity in the tissue. The
relationship between thermal energy and kinetic energy of the generated plasma can be
controlled, for example, by the pressure level established in the high pressure chamber, in
which case a higher pressure in the high pressure chamber can give the plasma increased
kinetic energy when being discharged from the plasma-generating device. Consequently,
such variations of the relationship between thermal energy and kinetic energy of the
generated plasma allow, for instance, that the combination of cutting action and coagulating
action in surgical applications can be adjusted in a suitable manner for treatment of different
types of biological tissue.

[0028] Suitably, said high pressure chamber is formed mainly of said at least one
intermediate electrode. By letting the high pressure chamber consist wholly or partly of said
at least one intermediate electrode, a high pressure chamber is obtained, which effectively
heats the passing plasma. A further advantage that can be achieved by arranging the
intermediate electrode as part of the high pressure chamber is that the high pressure chamber
can be arranged with a suitable length without, for instance, so-called cascade electric arcs
being formed between the cathode and the inner circumferential surface of the high pressure
chamber. An electric arc formed between the cathode and the inner circumfterential surface of
the high pressure chamber can damage and/or degrade the high pressure chamber as

described above.
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[0029] In one embodiment of the plasma-generating device, the high pressure chamber
suitably consists of a multi-electrode channel portion comprising two or more intermediate
electrodes. By arranging the high pressure chamber as a multielectrode channel portion, the
high pressure chamber can be given an increased length to allow the supplied plasma to be
heated to about the temperature of the electric arc. The smaller cross-section of the high
pressure chamber, the longer channel has been found necessary to heat the plasma to about
the temperature of the electric arc. Experiments have been made where a plurality of
intermediate electrodes are used to keep down the extension of each electrode in the
longitudinal direction of the plasma channel. Use of a plurality of intermediate electrodes has
been found to allow a reduction of the applied electric voltage across each intermediate
electrode.

[0030] It has also been found suitable to arrange a larger number of intermediate
electrodes between the throttling portion and the cathode when increasing pressurization of
the plasma in the high pressure chamber. In addition, it has been found that by using a larger
number of intermediate electrodes when increasing the pressurization of the plasma in the
high pressure chamber, it is possible to maintain substantially the same voltage level per
intermediate electrode, which reduces the risk of occurrence of so-called cascade electric arcs
when pressurizing the plasma in the high pressure chamber.

[0031} When a high pressure chamber with a relatively great length is used, 1t has been
found to be a risk that the electric arc cannot be established between the cathode and the
anode if each individual electrode is made too long. Instead, shorter electric arcs can be
established between the cathode and the intermediate electrodes and/or between intermediate
electrodes adjoining each other. It has thus been found advantageous to arrange a plurality of
intermediate electrodes in the high pressure chamber and, thus, reduce the voltage applied to
each intermediate electrode. Consequently it is advantageous to use a plurality of
intermediate electrodes when arranging a long high pressure chamber, especially when the
high pressure chamber has a small cross-sectional surface. In experiments, it has been found
suitable to supply to each of the intermediate electrodes a voltage which is lower than 22 volt.
With preferred operating current levels as stated above, it has been found that the voltage
level across the electrodes suitably is between 15 and 22 volt/mm.

[0032] In one embodiment, said high pressure chamber 1s arranged as a multielectrode
channel portion comprising three or more intermediate electrodes.

[0033] In one embodiment of the plasma-generating device, the second maximum cross-

sectional surface is equal to or smaller than 0.65 mm?®. In one embodiment, the second
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maximum cross-sectional surface can be arranged with a cross-section having an extension
between 0.05 and 0.44 mm®. In an alternative embodiment of the plasma-generating device,
the cross-section can be arranged with a surface between 0.13 and 0.28 mm?. By arranging
the channel portion of the low pressure chamber with such a cross-sectional surface, it has
been found possible to discharge a plasma jet with high energy concentration through an
outlet of the plasma channel of the plasma-generating device. A plasma jet with high energy
concentration is particularly useful in applications for cutting biological tissue. A small cross-
sectional surface of the generated plasma jet is also advantageous in treatments where great
accuracy is required. Moreover, a low pressure chamber with such a cross-section allows the
plasma to be accelerated and obtain increased kinetic energy and a reduced pressure, which 1s
suitable, for instance, when using the plasma in surgical applications.

[0034] The third cross-sectional surface of the throttling portion is suitably in a range
between 0.008 and 0.12 mm?. In an alternative embodiment, the third cross-sectional surface
of the throttling portion can be between 0.030 and 0.070 mm?”. By arranging the throttling
portion with such a cross-section, it has been found possible to generate in a suitable manner
an increased pressure of plasma in the high pressure chamber. Furthermore pressurization of
the plasma in the high pressure chamber affects its energy density as described above. The
pressure increase of the plasma in the high pressure chamber by the throttling portion is thus
advantageous to obtain desirable heating of the plasma at suitable gas volume flows and
operating current levels.

[0035] It has been found that another advantage of the selected cross-section of the
throttling portion is that the pressure in the high pressure chamber can be increased to a
suitable level where the plasma flowing through the throttling portion is accelerated to
supersonic speed with a value equal to or greater than Mach 1. The critical pressure level
required in the high pressure chamber to achieve supersonic speed of the plasma in the low
pressure chamber has been found to depend on, inter alia, the cross-sectional size and
geometric design of the throttling portion. It has also been found that the critical pressure to
achieve supersonic speed is also affected by which kind of plasma-generating gas 1s used and
the temperature of the plasma. It should be noted that the throttling portion always has a
smaller diameter than the cross-section of both the first and the second maximum cross-
sectional surface in the high pressure chamber and the low pressure chamber, respectively.
[0036] Suitably the first maximum cross-sectional surface of the high pressure chamber is

in a range between 0.03 and 0.65 mm®. Such a maximum cross-section has been found
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suitable for heating the plasma to the desired temperature at suitable levels for gas volume
flow and operating currents.

[0037] The temperature of an electric arc which is established between the cathode and
the anode has been found to be dependent on, inter alia, the dimensions of a cross-section of
the high pressure chamber. A smaller cross-section of the high pressure chamber gives
increased energy density of an electric arc which is established between the cathode and the
anode. Consequently, the temperature of the electric arc along the centre axis of the plasma
chamber is a temperature which is proportional to the relationship between a discharge
current and the cross-section of the plasma channel.

[0038] In an alternative embodiment, the high pressure chamber has a cross-section
between 0.05 and 0.33 mm?. In another alternative embodiment, the high pressure chamber
has a cross-section between 0.07 and 0.20 mm®.

[0039] It may be advantageous to arrange the throttling portion in an intermediate
electrode. By such an arrangement, it has been found that the risk is reduced that so-called
cascade electric arcs occur between the cathode and the throttling portion. Similarly, 1t has
also been found that the risk decreases that cascade electric arcs occur between the throttling
portion and intermediate electrodes possibly adjoining the same.

[0040] It is also suitable that the low pressure chamber comprises at least one
intermediate electrode. This means, inter alia, that the risk of so-called cascade electric arcs
occurring between the cathode and the low pressure chamber decreases. One or more
intermediate electrodes in the low pressure chamber also means that the risk decreases that
cascade electric arcs occur between possibly adjoining intermediate electrodes.

[0041] In an advantageous manner, intermediate electrodes in the throttling portion and
the low pressure chamber contribute to the possibility of establishing in a desirable manner an
electric arc between the cathode and the anode. Moreover, for some applications it may be
convenient to arrange the throttling portion between two intermediate electrodes. In an
alternative embodiment of the plasma-generating device, the throttling portion can be
arranged between at least two intermediate electrodes which form part of the high pressure
chamber and at least two intermediate electrodes which form part of the low pressure
chamber.

[0042] It has been found suitable to design the plasma-generating device in such a
manner that a substantial part of the plasma channel which extends between the cathode and

the anode is formed by intermediate electrodes. Such a channel is also suitable when heating

of the plasma is possible along substantially the entire extent of the plasma channel.

_9.



CA 02614372 2008-01-07
WO 2007/006516 PCT/EP2006/006688

[0043] In one embodiment of the plasma-generating device, the plasma-generating device
comprises at least two intermediate electrodes, preferably at least three intermediate
electrodes. In an alternative embodiment, the plasma-generating device comprises between 2
and 10 intermediate electrodes, and according to another alternative embodiment between 3
and 10 intermediate electrodes. By using such a number of intermediate electrodes, a plasma
channel with a suitable length for heating a plasma at desirable levels of gas flow rate and
operating current can be obtained. Moreover, said intermediate electrodes are suitably spaced
from each other by insulator means. The intermediate electrodes are suitably made of copper
or alloys containing copper.

[0044] In one embodiment, the first maximum cross-sectional surface, the second
maximum cross-sectional surface and the third cross-sectional surface are circular in a cross-
section transversely to the longitudinal direction of the plasma channel. By forming the
plasma channel with a circular cross-section, for instance manufacture will be easy and cost-
effective.

[0045] In an alternative embodiment of the plasma-generating device, the cathode has a
cathode tip tapering towards the anode and a part of the cathode tip extends over a partial
length of a plasma chamber connected to said high pressure chamber. This plasma chamber
has a fourth cross-sectional surface, transversely to the longitudinal direction of said plasma
channel, which fourth cross-sectional surface at the end of said cathode tip which is directed
to the anode is larger than said first maximum cross-sectional surface. By providing the
plasma-generating device with such a plasma chamber, it will be possible to provide a
plasma-generating device with a reduced outer dimension. In an advantageous manner, 1t 1s
possible, by using a plasma chamber, to provide a suitable space around the cathode,
especially the tip of the cathode closest to the anode. A space around the tip of the cathode i1s
suitable to reduce the risk that the high temperature of the cathode in operation damages
and/or degrades material, adjacent to the cathode, of the device. In particular, the use of a
plasma chamber is advantageous with long continuous times of operation.

[0046] Another advantage that is achieved by arranging a plasma chamber 1s that an
electric arc which is intended to be established between the cathode and the anode can be
safely obtained, since the plasma chamber allows the tip of the cathode to be positioned 1n the
vicinity of the opening of the plasma channel closest to the cathode without surrounding
material being damaged and/or degraded owing to the high temperature of the cathode. If the
tip of the cathode is positioned at too great a distance from the opening of the plasma

channel, an electric arc is often established between the cathode and surrounding structures 1n
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an unfavorable manner, which may result in incorrect operation of the device and in some
cases also damage the device.

[0047] According to a second aspect of the invention, a plasma surgical device is
provided, comprising a plasma-generating device as described above. Such a plasma surgical
device of the type described above can suitably be used for destruction or coagulation of
biological tissue, especially for cutting. Moreover, such a plasma surgical device can
advantageously be used in heart or brain surgery. Alternatively, such a plasma surgical device
can advantageously be used in liver, spleen or kidney surgery.

[0048] According to a third aspect of the invention, a method of generating a plasma is
provided. Such a method comprises supplying, at an operating current of 4 to 10 ampere, to a
plasma-generating device as described above a gas volume flow of 0.05 to 1.00 I/min of a
plasma-generating gas. Such a plasma-generating gas suitably consists of an inert gas, such as
argon, neon, xenon, helium etc. The method of generating a plasma in this way can be used,
inter alia, to cut biological tissue.

[0049] The supplied flow of plasma-generating gas can in an alternative embodiment be
between 0.10 and 0.80 I/min. In another alternative embodiment, the supplied flow of
plasma-generating gas can be between 0.15 and 0.50 I/min.

[0050] According to a fourth aspect of the invention, a method of generating a plasma by
a plasma-generating device is provided, comprising an anode, a cathode and a plasma
channel which extends substantially in the direction from said cathode to said anode, said
method comprising providing a plasma flowing from the cathode to the anode; increasing
energy density of said plasma by pressurizing the plasma in a high pressure chamber which is
positioned upstream of a throttling portion arranged in the plasma channel; heating said
plasma by using at least one intermediate electrode which is arranged upstream of the
throttling portion; and decompressing and accelerating said plasma by passing it through said
throttling portion and discharging said plasma through an outlet opening of the plasma
channel.

[0051] By such a method, it is possible to generate a plasma which is substantially free of
contaminants and which can be heated to a suitable temperature and be given suitable kinetic
energy at desirable operating currents and gas flow levels as described above.

[0052] Pressurization of the plasma in the high pressure chamber suitably comprises
generating a pressure between 3 and 8 bar, preferably 5-6 bar. Such pressure levels are

suitable to give the plasma an energy density which allows heating to desirable temperatures
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at desirable operating current levels. Such pressure levels have also been found to allow that
the plasma in the vicinity of the throttling portion can be accelerated to supersonic speed.
[0053] The plasma is suitably decompressed to a pressure level which exceeds the
prevailing atmospheric pressure outside the outlet opening of the plasma channel by less than
2 bar, alternatively 0.25-1 bar, and according to another alternative 0.5-1 bar. By reducing the
pressure of the plasma discharged through the outlet opening of the plasma channel to such
levels, the risk is reduced that the pressure of the plasma injures a patient who 1s surgically
treated by the generated plasma jet.

[0054] By the increased pressure of the plasma in the high pressure chamber, 1t has been
found that the plasma flowing through the plasma channel can be accelerated to supersonic
speed with a value equal to or greater than Mach 1 in the vicinity of the throttling portion.
The pressure that is required to achieve a speed higher than Mach 1 depends on, inter alia, the
pressure of the plasma and the type of supplied plasma-generating gas. Moreover, the
necessary pressure in the high pressure chamber depends on the cross-sectional surface and
geometric design of the throttling portion. Suitably the plasma is accelerated to a tlow speed
which is 1-3 times the super-sonic speed, that is a flow speed between Mach 1 and Mach 3.
[0055] The plasma is preferably heated to a temperature between 11,000 and 20,000°C,
preferably 13,000 to 18,000°C, especially 14,000 to 16,000°C. Such temperature levels are
suitable, for instance, in use of the generated plasma for cutting biological tissue.

[0056] To generate and provide the plasma, a plasma-generating gas can suitably be
supplied to the plasma-generating device. It has been found suitable to provide such a
plasma-generating gas with a flow amount between 0.05 and 1.00 I/min, preferably 0.10-0.80
I/min, especially 0.15-0.50 I/min. With such flow levels of the plasma-generating gas, it has
been found possible that the generated plasma can be heated to suitable temperatures at
desirable operating current levels. The above-mentioned flow levels are also suitable in use of
the plasma in surgical applications since it allows a reduced risk of injuries to a patient.
[0057] When discharging the plasma through the outlet opening of the plasma channel, 1t
is suitable to discharge the plasma as a plasma jet with a cross-section which is below 0.65
mm?®, preferably between 0.05 and 0.44 mm”, especially 0.13-0.28 mm?. Moreover the
plasma-generating device is suitably supplied with an operating current between 4 and 10
ampere, preferably 4-8 ampere.

[0058] According to another aspect of the invention, the above-mentioned method of

generating a plasma can be used for a method of cutting biological tissue.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0059] The invention will now be described in more detail with reference to the
accompanying schematic drawings which by way of example illustrate currently preterred
embodiments of the invention.
[0060] Fig. 1a is a cross-sectional view of an embodiment of a plasma-generating device
according to the invention;
[0061] Fig. 1b is partial enlargement of the embodiment in Fig. 1a;
[0062] Fig. 1c is a partial enlargement of a throttling portion which 1s arranged 1n a
plasma channel of the plasma-generating device 1n Fig. 1a;
[0063] Fig. 2 illustrates an alternative embodiment of a plasma-generating device; and
[0064] Fig. 3 illustrates another alternative embodiment of a plasma-generating device.
[0065] Fig. 4 shows in a diagram, by way of example, suitable power levels to affect
biological tissue in different ways; and
[0066]} Fig. 5 shows in a diagram, at different operating power levels, the relationship
between the temperature of a plasma jet and the gas volume tlow of provided plasma-

generating gas for a plasma-generating device.

DESCRIPTION OF PREFERRED EMBODIMENTS
[0067] Fig. 1a is a cross-sectional view of an embodiment of a plasma-generating device
1 according to the invention. The cross-section in Fig. 1a is taken through the centre of the
plasma-generating device 1 in its longitudinal direction. The device comprises an elongate
end sleeve 3 which accommodates a plasma-generating system for generating plasma which
is discharged at the end of the end sleeve 3. The generated plasma can be used, for instance,
to stop bleeding in tissues, vaporize tissues, cut tissues etc.
[0068] The plasma-generating device 1 according to Fig. 1a comprises a cathode 5, an
anode 7 and a number of electrodes 9, 9', 9" arranged between the anode and the cathode, 1n
this text referred to as intermediate electrodes. The intermediate electrodes 9, 9', 9" are
annular and form part of a plasma channel 11 which extends from a position 1n tront of the
cathode 5 and towards and through the anode 7. The inlet end of the plasma channel 11 1s
positioned next to the cathode 5 and the plasma channel extends through the anode 7 where
its outlet opening is arranged. In the plasma channel 11 a plasma is intended to be heated so
as to finally flow out through the opening of the plasma channel in the anode 7. The
intermediate electrodes 9, 9', 9" are insulated and spaced from each other by an annular

insulator means 13,13°, 13”. The shape of the intermediate electrodes 9, 9°,9” and the
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dimensions of the plasma channel 11 can be adjusted to the desired purposes. The number of
intermediate electrodes 9, 9', 9" can also be optionally varied. The embodiment shown 1n Fig.
l1a is provided with three intermediate electrodes 9, 9', 9".

[0069] In the embodiment shown in Fig. 1a, the cathode 5 1s formed as an elongate
cylindrical element. Preferably, the cathode 5 is made of tungsten with optional additives,
such as lanthanum. Such additives can be used, for instance, to lower the temperature
occurring at the end 15 of the cathode 5.

[0070] Moreover the end 15 of the cathode 5 which is directed to the anode 7 has a
tapering end portion. The tapering portion 15 suitably forms a tip positioned at the end of the
cathode as shown in Fig. 1a. Suitably the cathode tip 15 is conical in shape. The cathode tip
15 can also be part of a cone or have alternative shapes with a geometry tapering towards the
anode 7.

[0071] The other end of the cathode directed away from the anode 7 1s connected to an
electrical conductor to be connected to an electric energy source. The conductor is suitably
surrounded by an insulator. (The conductor is not shown in Fig. 1a.)

[0072] A plasma chamber 17 is connected to the inlet end of the plasma channel 11 and
has a cross-sectional surface, transversely to the longitudinal direction of the plasma channel
11, which exceeds the cross-sectional surface of the plasma channel 11 at the inlet end
thereof. The plasma chamber 17 as shown in Fig. 1a is circular in cross-section, transversely
to the longitudinal direction of the plasma channel 11, and has an extent L, 1n the
longitudinal direction of the plasma channel 11 which corresponds to approximately the
diameter D, of the plasma chamber 17. The plasma chamber 17 and the plasma channel 11
are substantially concentrically arranged relative to each other. The cathode 5 extends into the
plasma chamber 17 at least half the length L, thereof and the cathode 5 1s arranged
substantially concentrically with the plasma chamber 17. The plasma chamber 17 consists of
a recess integrated in the first intermediate electrode 9 which is closest to the cathode 5.
[0073] Fig. 1a also shows an insulator element 19 which extends along and around parts
of the cathode 5. The insulator element 19 is suitably formed as an elongate cylindrical sleeve
and the cathode 5 is partly positioned in a circular hole extending through the tubular
insulator element 19. The cathode 5 is arranged substantially in the centre of the through hole
of the insulator element 19. Moreover the inner diameter of the insulator element 19 1s
slightly greater than the outer diameter of the cathode 5, thus forming a distance between the
outer circumferential surface of the cathode 5 and the inner surface of the circular hole of the

insulator element 19.
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[0074] Preferably the insulator element 19 is made of a temperature-resistant material,
such as ceramic material, temperature-resistant plastic material or the like. The 1nsulator
element 19 intends to protect adjoining parts of the plasma-generating device from high
temperatures which can occur, for instance, around the cathode 5, in particular around the tip
15 of the cathode.

[0075] The insulator element 19 and the cathode 5 are arranged relative to each other so
that the end 15 of the cathode 5 directed to the anode projects beyond an end face 21, which
is directed to the anode 7, of the insulator element 19. In the embodiment shown 1n Fig. la,
approximately half the tapering tip 15 of the cathode 5 extends beyond the end face 21 of the
insulator element 19.

[0076] A gas supply part (not shown in Fig. 1a) is connected to the plasma-generating
part. The gas supplied to the plasma-generating device 1 advantageously consists of the same
type of gases that are used as plasma-generating gas in prior art instruments, for instance 1nert
gases, such as argon, neon, xenon, helium etc. The plasma-generating gas is allowed to flow
through the gas supply part and into the space arranged between the cathode 5 and the
insulator element 19. Consequently the plasma-generating gas flows along the cathode 5
inside the insulator element 19 towards the anode 7. As the plasma-generating gas passes the
end 21 of the insulator element 19 which is positioned closest to the anode 7, the gas is
passed into the plasma chamber 17.

[0077] The plasma-generating device 1 further comprises one or more coolant channels
23 which extend into the elongate end sleeve 3. The coolant channels 23 are suitably partly
made in one piece with a housing (not shown) which is connected to the end sleeve 3. The
end sleeve 3 and the housing can, for instance, be interconnected by a threaded joint, but also
other connecting methods, such as welding, soldering etc, are conceivable. Moreover the end
sleeve suitably has an outer dimension which is less than 10 mm, preferably less than 5 mm.
At least a housing portion positioned at the end sleeve suitably has an outer shape and
dimension which substantially correspond to the outer shape and dimension of the end sleeve.
In the embodiment of the plasma-generating device shown in Fig. 1a, the end sleeve 1s
circular in cross-section transversely to the longitudinal direction of the plasma channel 11.
[0078] In one embodiment, the plasma-generating device 1 comprises two additional
channels 23, one constituting an inlet channel and the other constituting an outlet channel for
a coolant. The inlet channel and the outlet channel communicate with each other to allow the
coolant to pass through the end sleeve 3 of the plasma-generating device 1. It is also possible

to provide the plasma-generating device 1 with more than two cooling channels, which are
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used to supply or discharge coolant. Preferably water is used as coolant, although other types
of fluids are conceivable. The cooling channels are arranged so that the coolant is supplied to
the end sleeve 3 and flows between the intermediate electrodes 9, 9', 9" and the inner wall of
the end sleeve 3. The interior of the end sleeve 3 constitutes the area that connects the at least
two additional channels to each other.

[0079] The intermediate electrodes 9, 9', 9" are arranged inside the end sleeve 3 of the
plasma-generating device 1 and are positioned substantially concentrically with the end
sleeve 3. The intermediate electrodes 9, 9', 9" have an outer diameter which 1n relation to the
inner diameter of the end sleeve 3 forms an space between the outer surface of the
intermediate electrodes and the inner wall of the end sleeve 3. It is in this space the coolant
supplied from the additional channels 23 is allowed to flow between the intermediate
electrodes 9, 9', 9" and the end sleeve 3.

[0080] The additional channels 23 can be different in number and be given different
cross-sections. It is also possible to use all, or some, of the additional channels 23 for other
purposes. For example, three additional channels 23 can be arranged where, for instance, two
are used for supply and discharge of coolant and one for sucking liquids, or the like, from an
area of surgery etc.

[0081] In the embodiment shown in Fig. 1a, three intermediate electrodes 9, 9', 9" are
spaced apart by insulator means 13, 13', 13" which are arranged between the cathode 5 and
the anode 7. However, it will be appreciated that the number of electrodes 9, 9', 9" can be
optionally selected according to any desired purpose. The intermediate electrodes adjoining
each other and the insulator means arranged between them are suitably press-fitted to each
other.

[0082] The intermediate electrode 9" which is positioned furthest away from the cathode
5 is in contact with an annular insulator means 13" which is arranged against the anode 7.
[0083] The anode 7 is connected to the elongate end sleeve 3. In the embodiment shown
in Fig. 1a, the anode 7 and the end sleeve 3 are formed integrally with each other. In
alternative embodiments, the anode 7 can be formed as a separate element which 1s joined to
the end sleeve 3 by a threaded joint between the anode and the end sleeve, by welding or by
soldering. The connection between the anode 7 and the end sleeve 3 is suitably such as to
provide electrical contact between them.

[0084] The plasma-generating device 1 shown in Fig. 1a has a plasma channel 11 which
comprises a high pressure chamber 25, a throttling portion 27 and a low pressure chamber 29.

The throttling portion 27 is positioned between the high pressure chamber 25 and the low
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pressure chamber 29. Thus by high pressure chamber 25 is meant in this text a part of the
plasma chamber 11 which is positioned upstream of the throttling portion 27 in the flow
direction of the plasma from the cathode 5 to the anode 7. By low pressure chamber 29 is
meant that part of the plasma channel 11 which is positioned downstream of the throttling
portion 27.

[0085] The throttling portion 27 shown in Fig. 1a constitutes the smallest cross-section of
the plasma channel 11. Consequently the cross-section of the throttling portion 27 1s smaller
than the maximum cross-section of the high pressure chamber 25 and the maximum cross-
section of the low pressure chamber 29, transversely to the longitudinal direction of the
plasma channel. As shown in Figures la and 1c, the throttling portion 1s preferably a
supersonic or a de Laval nozzle.

[0086] The throttling portion 27 causes the pressure in the high pressure chamber 25 to be
increased in relation to the pressure in the low pressure chamber 29. When the plasma flows
through the throttling portion 27, the flow speed of the plasma is accelerated and the pressure
of the plasma drops. Consequently a plasma discharged through the opening of the plasma
channel 11 in the anode 7 has higher kinetic energy and a lower pressure than the plasma in
the high pressure chamber 25. According to the plasma-generating device shown 1n Fig. 1a,
the opening of the plasma channel 11 in the anode 7 has the same cross-sectional surface as
the maximum cross-sectional surface of the low pressure chamber 29.

[0087] The plasma channel 11 in the embodiment shown in Fig. 1a is preferably formed
so that the plasma channel 11 gradually tapers to a smallest cross-section of the throttling
portion so as then to gradually increase in cross-section again. This form of the plasma
channel 11 in the vicinity of the throttling portion 27 reduces, for instance, turbulence in the
plasma. This is advantageous since turbulence may otherwise reduce the flow speed of the
plasma.

[0088] In the partial enlargement shown in Fig. 1¢ the plasma channel 11 has a
converging channel portion upstream of the smallest cross-sectional surface of the throttling
portion 27, seen in the flow direction of the plasma. Moreover the plasma channel 11 has a
diverging channel portion downstream of the throttling portion 27. In the embodiment shown
in Fig. 1c, the diverging part of the plasma channel 11 has a shorter extent in the longitudinal
direction of the plasma channel 11 than the converging part.

[0089] With the design of the plasma channel 11 in the vicinity of the throttling portion

27, in the embodiment of the plasma-generating device shown in Fig. 1c, it has been found
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possible to accelerate the plasma in the throttling portion 27 to supersonic speed with a value
which is equal to or greater than Mach 1.

[0090] The plasma channel 11 shown in Fig. 1a is circular in cross-section. Suitably the
high pressure chamber has a maximum diameter between 0.20 and 0.90 mm, preferably 0.25-
0.65 mm, in particular 0.30-0.50 mm. Moreover the low pressure chamber suitably has a
maximum diameter between 0.20 and 0.90 mm, preferably 0.25-0.75 mm, in particular 0.40-
0.60 mm. The throttling portion suitably has a minimum diameter between 0.10 and 0.40
mm, preferably 0.20-0.30 mm.

[0091] The exemplary embodiment of the plasma-generating device 1 shown in Fig. 1a
has a high pressure chamber 25 with a diameter of 0.4 mm. The low pressure chamber 29 has
a diameter of 0.50 mm and the throttling portion 27 has a diameter of 0.27 mm 1n the
embodiment shown 1n Fig. la.

[0092] In the embodiment of the plasma-generating device shown in Fig. 1a, the
throttling portion 27 is positioned substantially in the centre of the extent of the plasma
channel in the longitudinal direction. However, it has been found possible to vary the
relationship between kinetic energy and thermal energy of the plasma depending on the
location of the throttling portion 27 in the plasma channel 11.

[0093] Fig. 2 is a cross-sectional view of an alternative embodiment of the plasma-
generating device 101. In the embodiment shown in Fig. 2, the throttling portion 127 1s
positioned in the anode 107 in the vicinity of the outlet opening of the plasma channel 111.
By arranging the throttling portion 127 far downstream in the longitudinal direction of the
plasma channel 111, for instance in the anode 107 or in the vicinity of the anode 107, a
plasma can be obtained at the opening of the plasma channel 111 which has a higher amount
of kinetic energy compared with the plasma-generating device 1 shown in Fig. 1a. It has been
found that a certain type of tissue, for instance soft tissue such as liver tissue, can be cut more
easily with a plasma having a higher amount of kinetic energy. For example, 1t has been
found suitable to generate a plasma which consists of approximately half thermal energy and
half kinetic energy for such cutting.

[0094] Moreover the alternative embodiment of the plasma-generating device 101 in Fig.
2 comprises seven intermediate electrodes 109. However, it will be appreciated that the
embodiment of the plasma-generating device 101 in Fig. 2 can optionally be arranged with
more or fewer than seven intermediate electrodes 109.

[0095] Fig. 3 shows another alternative embodiment of the plasma-generating device 201.

In the embodiment shown in Fig. 3, the throttling portion 227 is placed in the first
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intermediate electrode 209 closest to the cathode 205. By arranging the throttling portion 227
considerably far upstream in the extent of the plasma channel 211, a plasma can be obtained,
which has a lower amount of kinetic energy when being discharged through the outlet open-
ing of the plasma channel 211 compared with the embodiments in Figs 1a and 2. It has been
found that, for instance, certain hard tissue, such as bone, can be cut more easily with a
plasma having a higher amount of thermal energy and a lower amount of kinetic energy. For
example, it has been found convenient to generate a plasma which consists of approximately
80-90% thermal energy and 10-20% kinetic energy for such cutting.

[0096] Moreover the alternative embodiment of the plasma-generating device 201 in Fig.
2 comprises five intermediate electrodes 209. However, it will be appreciated that the
embodiment of the plasma-generating device 201 in Fig. 2 can optionally be arranged with
more or fewer than five intermediate electrodes 209.

[0097] It will appreciated that the throttling portion 27; 127; 227 can be arranged 1n an
optional position in the plasma channel 11; 111; 211 depending on desirable properties of the
generated plasma. Moreover it will be appreciated that the embodiments shown 1n Figs 2-3,
in addition to the differences described above, can be arranged in a way similar to that
described for the embodiment in Figs 1a-1c.

[0098] Fig. 4 shows by way of example suitable power levels to achieve different effects
on a biological tissue. Fig. 4 shows how these power levels relate to different diameters of a
plasma jet which is discharged through the plasma channel 1; 111; 211 of a plasma-
generating device 1; 101; 201 as described above. To achieve different effects, such as
coagulation, vaporization and cutting, on a living tissue, the power levels shown 1n Fig. 4 are
suitable. These different types of effect can be achieved at different power levels depending
on the diameter of the plasma jet. To keep the necessary operating currents down, 1t has thus
been found convenient to reduce the diameter of the plasma channel 11; 111; 211 of the
plasma-generating device, and consequently a plasma jet generated by the device, as shown
in Fig. 4.

[0099] Fig. 5 shows the relationship between the temperature of the plasma jet and the
volume flow of the provided plasma-generating gas, for instance argon, for a plasma-
generating device 1; 101; 201 as described above. To achieve the desirable etfect, such as
coagulation, vaporization or cutting, it has been found convenient to use a certain supplied
gas volume flow at different power levels as shown in Fig. 5. To generate a plasma with a
desirable temperature, as described above in this text, at suitable power levels, it has been

found desirable to provide a low gas volume flow of the plasma-generating gas. To keep the
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necessary operating currents down, it has thus been found convenient to reduce the gas
volume flow of the supplied plasma-generating gas to the plasma-generating device 1; 101;
201. A high gas volume flow can also be detrimental to, for instance, a patient who 1s being
treated and should thus suitably be kept low.

[00100] Consequently, it has been found that a plasma-generating device 1; 101; 201 in the
embodiment shown in Figs 1a-3 makes it possible to generate a plasma with these properties.
This has, in turn, been found advantageous to provide a plasma-generating device 1; 101; 201
which can be used for cutting, for instance, living biological tissue at suitable operating
currents and gas volume flows.

[00101] Suitable geometric relationships between the parts included in the plasma-
generating device 1; 101; 201 will be described below with reference to Figs 1a-1b. It will be
noted that the dimensions stated below constitute only exemplary embodiments of the
plasma-generating device 1; 101; 201 and can be varied depending on the field of application
and the desired properties. It will also be noted that the examples described in Figs 1a-b can
also be applied to the embodiments in Figs 2-3.

[00102] The inner diameter d; of the insulator element 19 is only slightly greater than the
outer diameter d. of the cathode 5. In one embodiment, the difference in cross-section, 1n a
common cross-section, between the cathode 5 and the insulator element 19 1s suitably equal
to or greater than a cross-section of the inlet of plasma channel next to the cathode 5.

[00103] In the embodiment shown in Fig. 1b, the outer diameter d. of the cathode 5 is
about 0.50 mm and the inner diameter d; of the insulator element 19 1s about 0.80 mm.
[00104] In one embodiment, the cathode 5 is arranged so that a partial length of the
cathode tip 15 projects beyond a boundary surface 21 of the insulator element 19. In Fig. 1b,
the tip 15 of the cathode 5 is positioned so that approximately half the length L. of the tip 15
projects beyond the boundary surface 21 of the insulator element 19. In the embodiment
shown in Fig. 1b, this projection Il corresponds to approximately the diameter d; of the
cathode 5.

[00105] The total length L. of the cathode tip 15 is suitably greater than 1.5 times the
diameter d. of the cathode 5 at the base of the cathode tip 15. Preferably, the total length L. of
the cathode tip 15 1s about 1.5-3 times the diameter d. of the cathode 5 at the base of the
cathode tip 15. In the embodiment shown in Fig. 1b, the length L of the cathode tip 15

corresponds to approximately 2 times the diameter d; of the cathode 5 at the base of the

cathode tip 15.
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[00106] In one embodiment, the diameter d. of the cathode 5 is about 0.3-0.6 mm at the
base of the cathode tip 15. In the embodiment shown in Fig. 1b, the diameter d. of the
cathode 5 is about 0.50 mm at the base of the cathode tip 15. Preferably, the cathode has
substantially the same diameter d. between the base of the cathode tip 15 and the end,
opposite to the cathode tip 15, of the cathode 5. However, it will be appreciated that 1t 1s
possible to vary this diameter d. along the extent of the cathode 5.

[00107] In one embodiment, the plasma chamber 17 has a diameter D, which corresponds
to approximately 2-2.5 times the diameter d; of the cathode 5 at the base of the cathode tip
15. In the embodiment shown in Fig. 1b, the plasma chamber 17 has a diameter D¢, which
corresponds to approximately 2 times the diameter d. of the cathode 5.

[00108] The extent L, of the plasma chamber 17 in the longitudinal direction of the
plasma-generating device 1 corresponds to approximately 2-2.5 times the diameter d. of the
cathode 5 at the base of the cathode tip 15. In the embodiment shown in Fig. 1b, the length
L., of the plasma chamber 17 corresponds to approximately the diameter D¢y, of the plasma
chamber 17.

[00109] In one embodiment, the tip 15 of the cathode 5 extends over half the length L, of
the plasma chamber 17 or over more than half said length. In an alternative embodiment, the
tip 15 of the cathode 5 extends over 1/2 to 2/3 of the length Ly, of the plasma chamber 17. In
the embodiment shown in Fig. 1b, the cathode tip 15 extends at least half the length Ly, of the
plasma chamber 17.

[00110] The cathode 5 extending into the plasma chamber 17 is in the embodiment shown
in Fig. 1b positioned at a distance from the end of the plasma chamber 17 closest to the anode
7 which corresponds to approximately the diameter d. of the cathode 5 at the base thereof.
[00111] In the embodiment shown in Fig. 1b, the plasma chamber 17 is in fluid
communication with the high pressure chamber 25 of the plasma channel 11. The high
pressure chamber 25 suitably has a diameter d¢, which is approximately 0.2-0.5 mm. In the
embodiment shown in Fig. 1b, the diameter d., of the high pressure chamber 25 is about 0.40
mm. However, it will be appreciated that the diameter d¢y, of the high pressure chamber 25
can be varied in different ways along the extent of the high pressure chamber 25 to provide
different desirable properties.

[00112] A transition portion 31 is arranged between the plasma chamber 17 and the high
pressure chamber 25, constituting a tapering transition, in the direction from the cathode 5 to
the anode 7, between the diameter D, of the plasma chamber 17 and the diameter d¢j, of the

high pressure chamber 25. The transition portion 31 can be designed in a number of
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alternative ways. In the embodiment shown in Fig. 1b, the transition portion 31 is designed as
a bevelled edge which forms a transition between the inner diameter D¢y, of the plasma
chamber 17 and the inner diameter d.,, of the high pressure chamber 25. However, it will be
appreciated that the plasma chamber 17 and the high pressure chamber 25 can be arranged 1n
direct contact with each other, without a transition portion 31 arranged between the two. The
use of a transition portion 31 as shown in Fig. 1b results in advantageous heat extraction for
cooling of structures adjacent to the plasma chamber 17 and the high pressure chamber 25.
[00113] The plasma-generating device 1 can advantageously be provided as a part of a
disposable instrument. For instance, a complete device with the plasma-generating device 1,
outer shell, tubes, coupling terminals etc. can be sold as a disposable instrument.
Alternatively, only the plasma-generating device 1 can be disposable and connected to
multiple-use devices.

[00114] Other embodiments and variants are conceivable with-in the scope of the present
invention. For instance, the number and shape of the electrodes 9, 9', 9" can be varied
according to which type of plasma-generating gas is used and the desired properties of the
generated plasma.

[00115] In use, the plasma-generating gas, such as argon, 1s supplied through the gas
supply part to the space between the cathode 5 and the insulator element 19 as described
above. The supplied plasma-generating gas is passed on through the plasma chamber 17 and
the plasma channel 11 to be discharged through the opening of the plasma channel 11 in the
anode 7. Having established the gas supply, a voltage system is switched on, which imtiates a
discharge process in the plasma channel 11 and establishes an electric arc between the
cathode 5 and the anode 7. Before establishing the electric arc, it is convenient to supply
coolant to the plasma-generating device 1 through the coolant channel 23, as described
above. Having established the electric arc, a gas plasma is generated in the plasma chamber
17 and, during heating, passed on through the plasma channel 11 towards the opening thereof
in the anode 7.

[00116] A suitable operating current for the plasma-generating devices 1, 101, 201 in Figs
1-3 is 4-10 ampere, preferably 4-8 ampere. The operating voltage of the plasma-generating
device 1, 101, 201 is, inter alia, dependent on the number of intermediate electrodes and the
length of the intermediate electrodes. A relatively small diameter of the plasma channel
enables relatively low energy consumption and relatively low operating current when using

the plasma-generating device 1, 101, 201.
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[00117] In the electric arc established between the cathode and the anode, a temperature T
prevails in the centre thereof along the centre axis of the plasma channel and is proportional
to the relationship between the discharge current I and the diameter d., of the plasma channel
(T=k*1/d.) . To provide a high temperature of the plasma, for instance 11,000 to 20,000°C,
at the outlet of the plasma channel in the anode, at a relatively low current level, the cross-
section of the plasma channel, and thus the cross-section of the electric arc heating the gas,
should be small. With a small cross-section of the electric arc, the electric field strength in the
plasma channel has a high value.

[00118] The different embodiments of a plasma-generating device according to Figs 1a-3
can be used, not only for cutting living biological tissue, but also for coagulation and/or
vaporization. With a simple movement of his hand, an operator can suitably switch the

plasma-generating device between coagulation, vaporization and coagulation.

-23 .



CA 02614372 2013-09-20

WHAT IS CLAIMED:

l. A plasma-generating device comprising
an anode;:
a cathode; and
a plasma channel, extending longitudinally between said cathode and through said
anode, and having an outlet opening at the end furthest from said cathode, a
part of said plasma channel being formed by one or more intermediate
electrodes electrically insulated from each other and said anode,
said plasma channel having a throttling portion, said throttling portion gradually
tapers said plasma channel and dividing said plasma channel into
(1) a high pressure chamber having a first maximum cross-sectional surface
transversely to the longitudinal direction of the plasma channel, said
high pressure chamber positioned on a side of the throttling portion
closest to the cathode, and
(2) a low pressure chamber having a second maximum cross-sectional
surface transversely to the longitudinal direction of the plasma
channel, said low pressure chamber positioned on a side of the
throttling portion furthest from the cathode,
said throttling portion having a third cross-sectional surface transversely to the
longitudinal direction of the plasma channel, which is smaller than said first
maximum cross-sectional surface and said second maximum Cross-

sectional surface, the throttling portion being positioned far downstream in
the longitudinal direction of the plasma channel in the anode or in the

vicinity of the anode.

2. The plasma-generating device of claim 1, wherein said throttling portion 1s

a de Laval nozzle.

3. The plasma-generating device of claim 1, wherein said throttling portion 1s

a supersonic nozzle.
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4. The plasma-generating device of claim 1, wherein said high pressure

chamber 1s formed substantially by said at least one intermediate electrode.

5. The plasma-generating device of claim 1, wherein said high pressure

chamber is formed by two or more intermediate electrodes.

0. The plasma-generating device of claim 1, wherein said high pressure cham-

ber 1s formed by three or more intermediate electrodes.

7. The plasma-generating device of claim 1, wherein said second maximum

cross-sectional surface is less than or equal to 0.65 mm?”.

8. The plasma-generating device of claim 1, wherein said third cross-sectional

surface is between 0.008 and 0.12 mm?®.

9. The plasma-generating device of claim 1, wherein said first maximum

cross-sectional surface is between 0.03 and 0.65 mm?.

10.  The plasma-generating device of claim 1, wherein said throttling portion is

formed by an intermediate electrode.

11.  The plasma-generating device of claim 1, wherein said low pressure cham-

ber 1s tormed by at least one intermediate electrode.

12.  The plasma-generating device of claim 1, wherein said throttling portion is

arranged longitudinally between two intermediate electrodes.

13.  The plasma-generating device of claim 1, wherein said throttling portion is
arranged longitudinally between at least two intermediate electrodes which form a part of
the high pressure chamber and at least two intermediate electrodes which form a part of

the low pressure chamber.
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14.  The plasma-generating device of claim 1, the part of said plasma channel
being formed by one or more intermediate electrodes is formed by two or more

itermediate electrodes.

15.  The plasma-generating device of claim 14, the part of said plasma channel

being formed by one or more intermediate electrodes 1s formed by 3-10 intermediate

electrodes.

16.  The plasma-generating device of claim 1, wherein said first maximum
cross-sectional surface, said second maximum cross-sectional surface and said third cross-

sectional surface are circles.

17.  The plasma-generating device of claim 1, further comprising a plasma
chamber connected to said high pressure chamber,

wherein said cathode has a tip, said tip being a portion of the cathode closest to the
anode and tapering toward the anode, a part of the cathode tip extending
over a partial length of the plasma chamber,

wherein said cathode plasma chamber has a fourth cross-sectional surface,
transversely to the longitudinal direction of said plasma channel, said fourth
cross-sectional surface at an end of the cathode tip closest to the anode

being greater than said first maximum cross-sectional surface.

18. A plasma surgical device comprising a plasma-generating device as

claimed in claim 1.

19. Use of the plasma surgical device as claimed in claim 18 for cutting

biological tissue.

20.  Use as claimed in claim 19 for use in heart or brain surgery.

21.  Use as claimed in claim 19 for use in liver, spleen or kidney surgery.
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22. A method of generating plasma comprising supplying to the plasma
generating device of claim 1 a flow of plasma-generating gas at a rate of 0.05 to 1.00

I/min, at an operating current of 4-10 ampere.

23.  'The method of 22, wherein said plasma-generating gas is an inert gas.

24.  The method of claim 22, wherein said plasma-generating gas is argon.

25.  The method of claim 22 suitable for cutting biological tissue.

26. A method of generating plasma using a plasma-generating device
comprising an anode, a cathode, a plasma channel, extending longitudinally between said
cathode and through said anode, and having an outlet opening at the end furthest from said
cathode, a part of said plasma channel being formed by one or more intermediate
electrodes electrically insulated from each other and said anode, said plasma channel
having a throttling portion, said throttling portion dividing said plasma channel into a high
pressure chamber, said high pressure chamber positioned on a side of the throttling portion
closest to the cathode, and a low pressure chamber, said low pressure chamber positioned
on a side of the throttling portion furthest from the cathode, the method comprising:

providing plasma in the high pressure chamber;

pressurizing the plasma in the high pressure chamber;

heating the plasma by the one or more intermediate electrodes;

after pressurizing the plasma, passing the plasma through said throttling portion;

and

thereafter discharging said plasma through the outlet opening of the plasma

channel.

27. The method of claim 26, wherein increasing energy density of the plasma

comprises pressurizing the plasma in the high pressure chamber to a pressure between 3

and 8 bar.

28.  The method of claim 27, wherein the pressure is between 5 and 6 bar.
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29.  The method of claim 26, wherein decompressing of the plasma comprises
reducing a pressure of the plasma to a pressure which exceeds atmospheric pressure

outside the outlet opening of the plasma device by less than 2 bar.

30.  The method of claim 29, wherein the excess pressure 1s (0.25-1 bar.
31.  The method of claim 30, wherein the excess pressure 1s 0.5-1 bar.
32.  The method of claim 26, wherein accelerating said plasma comprises

accelerating the plasma in the vicinity of the throttling portion to a speed equal to or

greater than Mach 1.

33.  The method of claim 32, wherein the speed ts 1-3 times the supersonic

speed.

34.  The method of claim 26, wherein heating of the plasma comprises heating

the plasma to a temperature between 11,000 and 20,000°C.
35.  The method of claim 34, wherein the temperature 1s 13,000-18,000°C.
36.  The method of claim 35, wherein the temperature 1s 14,000-16,000°C.

37.  The method of claim 26, further comprising providing a plasma-generating

gas.

38.  The method of claim 37, wherein the plasma-generating gas has a flow rate

between 0.05 and 1.0 I/min.
309, The method of claim 38, wherein the flow rate is 0.1-0.80 I/min.

40. The method of claim 39, wherein the flow rate 1s 0.15-0.50 I/min.
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41.  The method of claims 26, further comprising discharging said plasma as a

plasma jet with a cross-section smaller than 0.65 mm”.

42. The method of claim 41, wherein the cross-section 1s between 0.07 and

0.50 mm~.

43. The method of claim 42, wherein the cross-section 1s between 0.13-0.30

mim .

44.  The method of claim 26, further comprising supplying to the plasma-

generating device an operating current between 4 and 10 ampere.

45.  The method of claim 44, wherein the operating current is 4-8 ampere.
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