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1
PLASMA-GENERATING DEVICE HAVING A
PLASMA CHAMBER

CLAIM OF PRIORITY

This application is a continuation of U.S. application Ser.
11/482,581 filed on Jul. 7, 2006, now U.S. Pat. No. 8,109,928
which claims priority of a Swedish Patent Application No.
0501604-3 filed on Jul. 8, 2005.

FIELD OF THE INVENTION

The present invention relates to a plasma-generating
device, comprising an anode, a cathode and a plasma channel
which in its longitudinal direction extends at least partly from
a point located between the cathode and the anode, and
through the anode. The invention also relates to a plasma
surgical device and the use of the plasma surgical device in the
field of surgery.

BACKGROUND ART

Plasma devices refer to devices configured for generating
plasma. Such plasma can be used, for example, in surgery for
destruction (dissection, vaporization) and/or coagulation of
biological tissues.

As a general rule, such plasma devices have a long and
narrow end that can be easily held and pointed toward a
desired area to be treated, such as bleeding tissue. Plasma is
discharged at a distal portion of the device. The high tempera-
ture of plasma allows for treatment of the affected tissue.

WO 2004/030551 (Suslov) discloses a plasma surgical
device according to prior art. This device comprises an anode,
a cathode, and a gas supply channel for supplying plasma-
generating gas from the plasma-generating system. The
device further comprises a number of electrodes arranged
upstream of the anode. A housing of an electrically conduc-
tive material which is connected to the anode encloses the
device and forms the gas supply channel.

Owing to the recent developments in surgical technology,
laparoscopic (keyhole) surgery is being used more often.
Performing laparoscopic surgery requires devices with small
dimensions to allow access to the surgical site without exten-
sive incisions. Small instruments are also advantageous in
any surgical operation for achieving good accuracy.

‘When making plasma devices with small dimensions, there
is often a risk that due to the temperature of the cathode,
which in some cases may exceed 3000° C., other elements in
the proximity of the cathode would be heated to high tem-
peratures. At these temperatures, there is a risk that these
elements may be degraded, thus, contaminating the generated
plasma. Contaminated plasma may introduce undesirable
particles into the surgical area, which may be harmful to a
patient.

Thus, there is a need for improved plasma devices, in
particular plasma devices with small dimensions that can
produce high temperature plasma.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
improved plasma-generating device. Plasma is generated
inside the device and is discharged from the discharge end,
also referred to as the distal end. In general, the term “distal”
refers to facing the discharge end of the device; the term
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“proximal” refers to facing the opposite direction. The terms
“distal” and “proximal” can be used to describe the ends of
the device and its elements.

Additional objects of the invention are to provide a plasma
surgical device and a method of use of such a plasma surgical
device in the field of surgery.

According to one aspect of the invention, a plasma-gener-
ating device comprising an anode, a cathode and a plasma
channel that in its longitudinal direction extends at least partly
between the cathode and the anode is provided. The plasma
channel has an inlet located between the distal end of the
cathode and the anode; the plasma channel has an outlet
located at the distal end of the device. According to the inven-
tion, the cathode’s distal portion has a tip tapering toward the
anode, a part of the cathode tip extending over a partial length
of a plasma chamber connected to the inlet of the plasma
channel. (In the remainder of the disclosure, unless expressly
stated otherwise, the term “cross-section” and its variations
refer to a cross-section transverse to the longitudinal axis of
the device.) The plasma chamber has a cross-sectional area
that is greater than a cross-sectional area of the plasma chan-
nel at its inlet.

The plasma channel is an elongate channel in fluid com-
munication with the plasma chamber. In one embodiment, the
plasma channel extends from the plasma chamber toward and
through the anode. The plasma channel has an outlet in the
anode. In operation, the generated plasma is discharged
through this outlet. The plasma chamber has a cylindrical
portion and, preferably, a transitional portion between the
plasma channel and the cylindrical portion of the plasma
chamber. Alternatively, the cylindrical portion of the plasma
chamber and the plasma channel can be in direct contact with
each other.

The plasma chamber is the space in which a plasma-gen-
erating gas, supplied to the plasma-generating device, is
mainly converted to plasma. With a device according to the
invention, completely new conditions of generating such a
plasma are provided.

In prior art plasma-generating devices, damage and degen-
eration of the elements surrounding the cathode, due to its
high temperature, were prevented by placing these elements
at considerable distances from the cathode. On the other
hand, in the prior art, the tip of the cathode was often placed
atthe inlet of the plasma channel to ensure that the electric arc
terminates in the plasma channel. Due to high temperatures of
the cathode, distances between the cathode and other ele-
ments had to be made large, which resulted in considerably
large dimensions of the device relative to the dimensions of
the cathode. Such prior art devices thus had diameters greater
than 10 mm, which can be unwieldy and difficult to handle. In
addition such devices were unfit for laparoscopic (keyhole)
surgery and other space-limited applications.

By having a plasma chamber, a portion of which is between
the cathode distal end and the plasma channel inlet, it is
possible to provide a plasma-generating device with smaller
outer dimensions than those in the prior art.

For plasma-generating devices, it is not uncommon for the
cathode tip to reach the temperature that exceeds 2,500° C.,
and in some cases 3,000° C., in operation.

The plasma chamber is a space around the cathode, espe-
cially the tip of the cathode. Consequently, the plasma cham-
ber allows the outer dimensions of the plasma-generating
device to berelatively small. The space around the cathode tip
reduces the risk that, in operation, the high temperature of the
cathode would damage and/or degrade other elements of the
device in the proximity of the cathode tip. In particular, this is
important for devices intended for surgical applications,
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where there is a risk that degraded material can contaminate
the plasma and accompany the plasma into a surgical area,
which may harm the patient. The plasma chamber is particu-
larly advantageous for long continuous periods of operation.

A further advantage of having the plasma chamber is that
an electric arc, which is intended to be generated between the
cathode and the anode, can be reliably obtained since the
plasma chamber allows the tip of the cathode to be positioned
in the vicinity of the plasma channel inlet without contact
with other elements, thus significantly reducing the risk of
these elements being damaged and/or degraded due to the
high temperature of the cathode. If the tip of the cathode is
positioned at too great a distance from the inlet of the plasma
channel, the electric spark between the cathode and the clos-
est surface may be generated. This would result in the arc not
entering the plasma channel, thus causing incorrect operation
of the device and, in some cases, also damage to the device.

Embodiments of the invention can be particularly useful
for miniaturized plasma-generating devices having a rela-
tively small outer diameter, such as less than 10 mm, or even
less than 5 mm. Plasma-generating devices embodying the
invention can generate plasma with a temperature higher than
10,000° C. as the plasma is being discharged through the
outlet of the plasma channel at the distal end of the device. For
example, the plasma discharged through the outlet of the
plasma channel can have a temperature between 10,000 and
15,000° C. Such high temperatures are possible as a result of
making the cross-section of the plasma channel smaller. A
smaller cross-section plasma channel, in turn, is possible
because the distal end of the cathode does not have to be
located in the plasma channel inlet and can be located some
distance away from the inlet. A smaller cross-section of the
plasma channel also improve accuracy of the plasma-gener-
ating device, compared with prior art devices.

It has also been found that properties of the plasma-gener-
ating device depend on the shape of the cathode tip and its
position relative to an insulator sleeve arranged along and
around the cathode. For example, it has been found that such
an insulator sleeve is often damaged if it surrounds the entire
cathode tip, due to a high temperature of the cathode tip in
operation. It has also been found that in operation, a spark
may occur between the cathode and the insulator sleeve if the
entire cathode tip is positioned outside the insulator sleeve, in
which case such a spark can damage the insulator sleeve and
result in impurities.

In one embodiment, the insulator sleeve extends along and
around parts of the cathode such that a partial length of the
cathode tip projects beyond the distal boundary of the insu-
lator sleeve. Preferably, the distal boundary of the insulator
sleeve is a surface facing the anode. In operation, the insulator
sleeve protects parts of the plasma-generating device
arranged in the vicinity of the cathode from the cathode’s high
temperature in operation. The insulator sleeve may have dif-
ferent shapes, but it is preferably an elongated tube.

For proper operation of the plasma-generating device, it is
essential that a spark generated at the cathode tip reaches a
point in the plasma channel. This is accomplished by posi-
tioning the cathode so that the distance between (i) the distal
end of the cathode and (ii) the proximal end of the plasma
channel is less than or equal to the distance between (a) the
distal end of the cathode and (b) any other surface. Specifi-
cally, the distal end of the cathode is closer to the inlet of the
plasma channel than to any other point on the surface of the
plasma chamber or of the insulator sleeve.

By arranging the cathode so that the tapering tip partially
projects beyond the boundary surface of the insulator sleeve,
aradial distance is established between the cathode tip and the
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boundary surface of the insulator sleeve. This distance mini-
mizes the possibility that, in operation, the insulator sleeve
would be damaged by the heat emanating from the cathode
tip. The tapered shape of the cathode tip, used in the preferred
embodiment, results in the progressive increase of the radial
distance between the insulator sleeve and the cathode in the
direction of the operational temperature increase (down-
stream). An advantage achieved by such a configuration is
that a cross-sectional gap between the cathode and the insu-
lator sleeve can be increased without increasing the outside
dimensions of the device. Consequently, the outer dimen-
sions of the plasma-generating device can be made suitable
for laparoscopic surgery and other space-limited applica-
tions.

In the preferred embodiment, substantially half of the
length of the cathode tip projects beyond the distal boundary
surface of the insulator sleeve. This arrangement has been
found particularly advantageous for reducing the possibility
of insulator sleeve damage and the occurrence of the electric
spark between the cathode and the insulator sleeve, as
explained next.

During operation, a spark may be generated from an edge
of the cathode at the base of the cathode tip as well as the
distal-most point of the cathode tip. To prevent spark genera-
tion from the base of the cathode tip, the cathode is preferably
positioned in a way that the distal-most point is closer to the
plasma channel inlet than the edge at the base of the cathode
tip to the boundary surface of the insulator sleeve.

In the preferred embodiment, the cathode tip projects
beyond the boundary surface of the insulator sleeve by a
length substantially corresponding to a diameter of the base
of the cathode tip.

The length of the cathode tip refers to the length of the
distal cathode end part, which tapers toward the anode. The
tapering cathode tip connects to a proximal portion of the
cathode with a substantially uniform diameter. In some
embodiments, the tapering cathode tip is a cone. In some
embodiments the cone may be truncated. Moreover, the base
of the cathode tip is defined as a cross-section of the cathode
area at a location where the tapering portion meets the portion
with a substantially uniform diameter.

In operation, a plasma-generating gas flows in the gap
formed by the inner surface of the insulator sleeve and the
outside surface of the cathode.

In one embodiment, in the cross-section through a plane
along the base of the cathode tip, the area of the gap formed by
the insulator sleeve and the cathode is equal to or greater than
a minimum cross-sectional area of the plasma channel. The
minimum cross-sectional area of the plasma channel can be
located anywhere along the plasma channel. This relationship
ensures that the gap formed by the cathode and the insulator
sleeve is not a “bottleneck” during the plasma-generating
device startup. This facilitates a relatively quick buildup to the
operating pressure of the plasma-generating device, which, in
turn, results in shorter startup times. Short startup times are
particularly convenient in cases when the operator starts and
stops the operation of the plasma-generating device several
times during a procedure. In one embodiment, the cross-
sectional area of the insulator sleeve’s hole is between 1.5 and
2.5 times the cross-sectional area of the cathode in a common
cross-sectional plane.

In one embodiment, the insulator sleeve has an inner diam-
eter in the range of 0.35 mm and 0.80 mm, preferably 0.50-
0.60 mm, in the vicinity of the base of the cathode tip. It is
appreciated, however, that the inner diameter of the insulator
sleeve is greater than the diameter of the cathode in a common
cross-section, thus forming a gap between them.
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The cathode tip has a length that is greater than the diam-
eter of the base of the cathode tip. In one embodiment, the
length is equal to or greater than 1.5 times the diameter of the
base of the cathode tip. The shape and the position of the tip
relative to the insulator sleeve provides the distance between
the cathode tip and the insulator sleeve (especially the insu-
lator sleeve’s distal surface). This distance prevents damage
to the insulator element during operation of the plasma-gen-
erating device. In an alternative embodiment, the length of the
cathode tip is 2-3 times the diameter of the base of the cathode
tip.

As mentioned above, in the preferred embodiment the
insulator sleeve extends along and around a portion of the
cathode. The plasma chamber extends between a boundary
surface of the insulator sleeve and the plasma channel inlet.
Thus, the portion of the plasma chamber where the plasma-
generating gas is mainly converted into plasma extends from
the distal-most point of the cathode tip to the plasma channel
inlet.

In one embodiment, the plasma chamber has a portion
tapering toward the anode, which portion connects to the
plasma channel. This tapering portion provides a transition
between the cylindrical portion of the plasma chamber and
the plasma channel inlet. This transitional portion facilitates
favorable heat extraction for cooling of structures adjacent to
the plasma chamber and the plasma channel.

It has been found optimal to make the cross-sectional area
of the plasma chamber cylindrical portion about 4-16 times
greater than a cross-sectional area of the plasma channel,
preferably at the inlet. This relationship between the cross-
sectional area of the plasma chamber cylindrical portion and
of the plasma channel results in a space around the cathode
tip. This space reduces the risk of damage to the plasma-
generating device due to high temperatures which the cathode
tip might reach in operation.

Preferably, the cross-section of the plasma chamber is cir-
cular. Preferably the plasma chamber diameter is approxi-
mately equal to the length of the plasma chamber. This rela-
tionship between the diameter and length of the plasma
chamber has been found optimal for reducing the risk of
thermal damage to the device elements, while at the same
time reducing the possibility of the generation of a misdi-
rected spark.

Preferably, the diameter of a cross-section of the cylindri-
cal portion of the plasma chamber is 2-2.5 times a diameter of
the cathode tip base.

Preferably, the length of the plasma chamber is 2-2.5 times
the diameter of the base of the cathode tip.

It has been experimentally found that the functionality and
operation of the plasma-generating device was affected by
varying the position of the cathode tip with respect to the
plasma channel inlet. Specifically, the generation of the elec-
tric arc was affected. For example, it has been observed that if
the distal end of the cathode is positioned too far from the
plasma channel inlet, an electric arc would be generated in an
unfavorable manner between the cathode and another sur-
face, but not in the plasma channel. Moreover, it has been
found that if the cathode tip is positioned too close to the inlet
of the plasma channel, there is a risk that, in operation, the
cathode may touch an intermediate electrode. This will cause
that electrode to heat up resulting in damage and degradation.
In one embodiment, the cathode tip extends into the plasma
chamber by half, or more than half, the length of the plasma
chamber. In another embodiment, the cathode tip extends
over ¥4 to %3 of the plasma chamber length.

In one embodiment, the distance between the distal end of
the cathode and the inlet of the plasma channel is approxi-
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mately equal to the length of the portion of the cathode tip that
projects into the plasma chamber beyond the boundary sur-
face of the insulator element.

Moreover, preferably, the distance between the distal end
of the cathode and the plasma channel inlet is substantially
equal to a diameter of the cathode tip base.

Positioning the distal-most point of the cathode tip at a
distance from the inlet of the plasma channel ensures that an
electric arc can be safely generated while at the same time
reducing the risk that material of the elements forming the
plasma channel are damaged by the heat emanating from the
cathode in operation.

The plasma chamber is preferably formed by an interme-
diate electrode that shares a cross-section with the cathode
tip. Because an intermediate electrode forms the plasma
chamber, the structure of the device is relatively simple. Pref-
erably, the plasma channel is formed at least partly by at least
one intermediate electrode.

In one embodiment, the plasma chamber and at least a part
of the plasma channel are formed by the intermediate elec-
trode that shares a cross-section with the cathode tip. In
another embodiment the plasma chamber is formed by an
intermediate electrode that is electrically insulated from the
intermediate electrodes forming the plasma channel.

In an exemplary embodiment of the plasma-generating
device, the plasma channel has a diameter of about 0.20 to
0.50 mm, preferably 0.30-0.40 mm.

In one embodiment, the plasma-generating device com-
prises two or more intermediate electrodes forming at least a
part of the plasma channel. In an exemplary embodiment, the
intermediate electrodes jointly form a part of the plasma
channel with a length of about 4 to 10 times a diameter of the
plasma channel. The part of the plasma channel formed by the
anode preferably has a length of 3-4 times the diameter of the
plasma channel. Moreover, an insulator washer is arranged
between each adjacent pair of intermediate electrodes as well
as between the most-distal intermediate electrode and the
anode. The intermediate electrodes are preferably made of
copper or alloys containing copper.

In one embodiment, the diameter of the cathode at the base
of the tip is between 0.30 and 0.60 mm, preferably 0.40 to
0.50 mm.

According to another aspect of the invention, a plasma
surgical device comprising a plasma-generating device as
described above is provided. Such a plasma surgical device
may be used for destruction or coagulation of biological
tissue. Moreover, such a plasma surgical device can be used in
heart or brain surgery. In addition, such a plasma surgical
device can be used in liver, spleen, or kidney surgery.

BRIEF DESCRIPTION OF THE DRAWING

The invention will now be described in more detail with
reference to the accompanying schematic drawings, which,
by way of example, illustrate preferred embodiments of the
invention.

FIG. 1a is a longitudinal cross-sectional view of an
embodiment of a plasma-generating device according to the
invention; and

FIG.1bis a partial enlargement of the embodiment accord-
ing to FIG. 1a.

DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1a shows a longitudinal cross-section of one embodi-
ment of a plasma-generating device 1 according to the inven-
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tion. The cross-section in FIG. 1a is taken through the centre
of the plasma-generating device 1 in its longitudinal direc-
tion. The device comprises an elongated end sleeve 3 that
encloses other elements of the device. In operation, plasma
flows from the proximal end of the device (left side of FIG.
1a) and is discharged at the end of the end sleeve 3 (right side
of FIG. 1a). The flow of plasma gives meaning to the terms
“upstream” and “downstream.” The discharge end of sleeve 3
is also referred to as the distal end of device 1. In general, the
term “distal” refers to facing the discharge end of the device;
the term “proximal” refers to facing the opposite direction.
The terms “distal” and “proximal” can be used to describe the
ends of device 1 as well as its elements. The generated plasma
can be used, for example, to stop bleeding in tissues, vaporize
tissues, cut tissues, etc.

The plasma-generating device 1 according to FIG. 1a com-
prises cathode 5, anode 7, and a number of electrodes 9', 9",
9" referred to as intermediate electrodes in this disclosure,
arranged upstream of anode 7. In the preferred embodiment,
the intermediate electrodes 9', 9", 9" are annular and form a
part of a plasma channel 11, which extends from a position
downstream of cathode 5 and further toward and through
anode 7. Inlet 35 (in FIG. 15) of plasma channel 11 is at the
proximal end the plasma channel. Plasma channel 11 extends
through anode 7 where its outlet is arranged. In plasma chan-
nel 11, plasma is heated and discharged through the outlet.
Intermediate electrodes 9', 9", 9" are insulated and separated
from direct contact with each other by annular insulator wash-
ers 13', 13", 13" The shape of the intermediate electrodes 9',
9", and 9" and the dimensions of the plasma channel 11 can
be adjusted for any desired purpose. The number of interme-
diate electrodes 9', 9", 9" can also be varied. The exemplary
embodiment shown in FIG. la is configured with three inter-
mediate electrodes 9', 9", 9"'.

In the embodiment shown in FIG. 1a, cathode 5 is formed
as an elongate cylindrical element. Preferably, cathode 5 is
made of tungsten, optionally with additives, such as lantha-
num. Such additives can be used, for example, to lower the
temperature that the distal end of cathode 5 reaches.

In the preferred embodiment, the distal portion of cathode
5 has a tapering end portion 15. Tapering portion 15 forms a
tip, as shown in FIG. 1a. Preferably, cathode tip 15 is a cone.
In some embodiments, cathode tip 15 is a truncated cone. In
other embodiments, cathode tip 15 may have other shapes,
tapering toward anode 7.

The proximal end of cathode 5 is connected to an electrical
conductor to be connected to an electric energy source. The
conductor, which is not shown in FIG. 1aq, is preferably sur-
rounded by an insulator.

Plasma chamber 17 is connected to the inlet of plasma
channel 11. Plasma chamber 17 has cylindrical portion 32,
and in the preferred embodiment also transitional portion 25.
A cross-sectional area of cylindrical portion 32 is greater than
a cross-sectional area of plasma channel inlet 35.

Plasma chamber 17, as shown in FIG. 1a, has circular
cross-sections. In the preferred embodiment, the length of
plasma chamber is approximately equal to the diameter of
cylindrical portion 32. Plasma chamber 17 and plasma chan-
nel 11 are arranged substantially concentrically to each other.
In the preferred embodiment, cathode 5 is arranged substan-
tially concentrically with plasma chamber 17. Cathode 5
extends into plasma chamber 17 over approximately half of
the plasma chamber 17°s length. Plasma chamber 17 is
formed by a recess in the most proximal intermediate elec-
trode 9'.

FIG. 1a also shows insulator sleeve 19 extending along and
around a portion of cathode 5. Cathode 5 is arranged substan-
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tially in the center of the through hole of insulator sleeve 19.
The inner diameter of insulator sleeve 19 is slightly greater
than the outer diameter of cathode 5. The difference in these
diameters results in a gap formed by the outer surface of
cathode 5 and the inner surface of insulator sleeve 19.

Preferably, insulator sleeve 19 is made of a temperature-
resistant material, such as ceramic, temperature-resistant
plastic, or the like. Insulator sleeve 19 protects constituent
elements of plasma-generating device 1 from heat generated
by cathode 5, and in particular by cathode tip 15, during
operation.

Insulator sleeve 19 and cathode 5 are arranged relative to
each other so that the distal end of cathode 5 projects beyond
the distal end of insulator sleeve 19. In the embodiment
shown in FIG. 1a, approximately half of the length of the
cathode tip 15 extends beyond distal end of insulator sleeve
19, which, in that embodiment, is surface 21.

A gas supply part (not shown in FIG. 1) is connected to the
plasma-generating device. The gas supplied, under pressure,
to the plasma-generating device 1 consists of the same type of
gases that are used in prior art instruments, for example, inert
gases, such as argon, neon, xenon, or helium. The plasma-
generating gas flows through the gas supply part and into the
gap formed by the outside surface of cathode 5 and the inside
surface of insulator sleeve 19. The plasma-generating gas
flows along cathode 5 inside insulator sleeve 19 toward anode
7. (As mentioned above, this direction of the plasma flow
gives meaning to the terms “upstream” and “downstream” as
used herein.) As the plasma-generating gas passes distal end
21 of insulator sleeve 19, the gas enters into plasma chamber
17.

The plasma-generating device 1, shown in FIG. 1a, further
has auxiliary channels 23. Auxiliary channels 23 traverse a
substantial length of device 1. In some embodiments, a proxi-
mal portion of each channel 23 is formed, in part, by a housing
(not shown) which is connected to end sleeve 3, while a distal
end of each channel 23 is formed, in part, by end sleeve 3. End
sleeve 3 and the housing can be interconnected by a threaded
joint or by other coupling methods, such as welding, solder-
ing, etc. Additional channels 23 can be made by extrusion of
the housing or mechanical working of the housing. In alter-
native embodiments, auxiliary channels 23 can also be
formed by one or more parts which are separate from the
housing and arranged inside the housing.

In one embodiment, the plasma-generating device 1 has
two auxiliary channels 23 connecting inside end sleeve 3 in
the vicinity of anode 7. In this configuration, the auxillary
channels collectively form a cooling system where one aux-
iliary channel 23 has an inlet and the other channel 23 has an
outlet for a coolant in the proximal end of device 1. The two
channels are connected with each other to allow the coolant to
pass between them inside end sleeve 3. It is also possible to
arrange more than two auxiliary channels in the plasma-
generating device 1. Preferably, water is used as coolant,
although other fluids are contemplated. The cooling channels
are arranged so that the coolant is supplied to end sleeve 3 and
flows between intermediate electrodes 9', 9", 9" and the inner
wall of end sleeve 3.

Intermediate electrodes 9', 9", 9" and insulator washers
13', 13", and 13" are arranged inside end sleeve 3 of the
plasma-generating device 1 and are positioned substantially
concentrically with end sleeve 3. The intermediate electrodes
9', 9", 9" and insulator washers 13', 13", and 13" have outer
surfaces, which together with the inner surface of sleeve 3
form auxiliary channels 23.

The number and cross-section of auxiliary channels 23 can
vary. It is also possible to use all, or some, of auxiliary chan-
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nels 23 for other purposes. For example, three auxiliary chan-
nels 23 can be arranged, with two of them being used for
cooling, as described above, and the third one being used for
removing undesired liquids or debris from the surgical site.

In the embodiment shown in FIG. 1a, three intermediate
electrodes 9',9", 9™ are spaced apart by insulator washers 13",
13", 13" arranged between each pair of the intermediate
electrodes, and between the distal-most intermediate elec-
trode and anode 7. The first intermediate electrode 9', the first
insulator 13" and the second intermediate electrode 9" are
press-fitted to each other. Similarly, the second intermediate
electrode 9", the second insulator 13" and the third interme-
diate electrode 9" are press-fitted to each other. The number
of intermediate electrodes 9', 9", 9" is not limited to three and
can vary for different embodiments.

The proximal-most electrode 9" is in contact with annular
insulator washer 13", which in turn is arranged against anode
7. While in the preferred embodiment, insulators 13 are wash-
ers, in other embodiments they can have any annular shape.

Anode 7 is connected to elongate end sleeve 3. In the
embodiment shown in FIG. 1a, anode 7 and end sleeve 3 are
formed integrally with each other. Note that in this configu-
ration, “anode” refers to the portion of the joint structure that
has a substantial positive charge. In alternative embodiments,
anode 7 can be formed as a separate element which is coupled
to end sleeve 3 by any known means, such as a threaded joint,
welding, or soldering. The connection between anode 7 and
end sleeve 3 provides electrical contact between them.

With reference to FIG. 1b, geometric relationships
between the parts included in the plasma-generating device 1
are described below. It will be noted that the dimensions
stated below merely constitute exemplary embodiments of
the plasma-generating device 1 and can be varied according
to the field of application and the desired plasma properties.

The inner diameter d, of insulator sleeve 19 is only slightly
greater than the outer diameter d_ of cathode 5. In the embodi-
ment shown in FIG. 15, the outer diameter d. of cathode 5 is
about 0.50 mm and the inner diameter d, of insulator sleeve 19
is about 0.80 mm.

In FIG. 15, tip 15 of cathode 5 is positioned so that about
halfthe length oftip 15, L_, projects beyond boundary surface
21 of insulator sleeve 19. In the depicted embodiment shown
in FIG. 15, this length of projection 1, approximately equals
diameter d,. of cathode 5 at base 31 of'tip 15.

The total length L. of cathode tip 15 is about 1.5-3 times
diameter d_ of cathode 5 at base 31 of cathode tip 15. In the
embodiment shown in FIG. 15, the length L of cathode tip 15
is about 2 times the diameter d_ of cathode 5 at base 31 of the
cathode tip 15. In one embodiment, cathode 5 is positioned so
that the distance between the distal-most point 33 of cathode
tip 15 and the plasma channel inlet 35 is less than or equal to
the distance between distal end 33 of cathode tip 15 and any
other surface, including any surface of plasma chamber 17
and boundary surface 21 of insulator sleeve 19. Furthermore,
in one embodiment, cathode 5 is positioned so that the dis-
tance between the distal end 33 of cathode tip 15 and the
plasma channel inlet 35 is less than or equal to the distance
between the edge at base 31 of cathode tip 15 and boundary
surface 21 of insulator sleeve 19.

In one embodiment, the diameter d_. of cathode 5 at base 31
of'cathode tip 15 is approximately 0.3-0.6 mm. In the embodi-
ment shownin FI1G. 15, the diameter d . of cathode 5 at base 31
of tip 15 is about 0.50 mm. Preferably, cathode 5 has a
substantially uniform diameter d_. between base 31 of the
cathode tip 15 and its proximal end. However, it will be
appreciated that it is possible have this diameter non-uniform
along the extent of cathode 5.
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Preferably, cylindrical portion 32 of plasma chamber 17
has a diameter D_,, approximately 2-2.5 times the diameterd,
of cathode 5 at base 31 of cathode tip 31. In the embodiment
shown in FIG. 14, the cylindrical portion 15 of plasma cham-
ber 17 has the diameter D, that is 2 times the diameter d, of
cathode 5 at base 31 of cathode tip 31.

Preferably, the length of plasma chamber 17 is approxi-
mately 2-2.5 times the diameter d . of cathode 5 at the base 31
of'tip 15. In the embodiment shown in FIG. 15, the length L ,
of the plasma chamber 17 approximately equals the diameter
of cylindrical portion 32 of plasma chamber 17, D,.

In the embodiment shown in FIG. 154, distal end 33 of
cathode 5 is positioned at a distance from the inlet 35 of
plasma channel 11. This distance is approximately equal to
the diameter d_ of base 31 of cathode tip 15.

In the embodiment shown in FIG. 15, plasma chamber 17
is in fluid communication with plasma channel 11. Plasma
channel 11 has a diameter d j;, which is approximately 0.2-0.5
mm. In the embodiment shown in FIG. 15, the diameter d_;, of
plasma channel 11 is about 0.40 mm. However, it will be
appreciated that the diameter d_, of plasma channel 11 does
not need to be uniform along the extent of the plasma channel
11 and can be non-uniform to provide different desirable
properties of the plasma-generating device 1.

In some embodiments, as shown in FIG. 15, plasma cham-
ber 17 comprises a cylindrical portion 32 and a tapering
transitional portion 25. In those embodiments, a transitional
portion 25 essentially bridges cylindrical portion 32 of
plasma chamber 17 and plasma channel 11. Transitional por-
tion 25 of plasma chamber 17 tapers downstream, from the
diameter D, of cylindrical portion 32 of plasma chamber 17
to the diameter d_;, of plasma channel 11. Transitional portion
25 can be formed in a number of alternative ways. In the
embodiment shown in FIG. 15, the transitional portion 25 is
formed as a beveled edge. Other transitions, such as concave
or convex transitions, are possible. It should be noted, how-
ever, that cylindrical portion 32 of plasma chamber 17 and
plasma channel 11 can be arranged in direct contact with each
other without transitional portion 25.

Plasma channel 11 is partially formed by anode 7 and
intermediate electrodes 9', 9", 9" arranged upstream of anode
7. The length of the part of plasma channel 11 formed by the
intermediate electrodes (from the inlet up to the anode) is
about 4-10 times the diameter d , of the plasma channel 11. In
the embodiment shown in FIG. 1a, the length of this part of
plasma channel 11 is about 2.8 mm.

The part of plasma channel 11 formed by anode 7 is
approximately 3-4 times the diameter d_,, of plasma channel
11. In the embodiment shown in FIG. 14, the length of the part
of plasma channel 11 formed by anode 7 is about 2 mm.

The plasma-generating device 1 can be a part of a dispos-
able instrument. For example, an instrument may comprise
plasma-generating device 1, outer shell, tubes, coupling ter-
minals, etc. and can be sold as a disposable instrument. Alter-
natively, only plasma-generating device 1 can be disposable
and be connected to multiple-use devices.

Other embodiments and variants are also contemplated.
For example, the number and shape of the intermediate elec-
trodes 9', 9", 9" can be varied according to which type of
plasma-generating gas is used and the desired properties of
the generated plasma.

In use, the plasma-generating gas, such as argon, is sup-
plied to the gap formed by the outer surface of cathode 5 and
the inner surface of insulator sleeve 19, through the gas sup-
ply part, as described above. The supplied plasma-generating
gas is passed on through plasma chamber 17 and through
plasma channel 11. The plasma-generating gas is discharged
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through the outlet of plasma channel 11 in anode 7. Having
established the gas supply, a voltage system is switched on,
which initiates an electric arc discharge process in plasma
channel 11 and ignites an electric arc between cathode 5 and
anode 7. Before establishing the electric arc, it is preferable to
supply coolant to various elements of plasma-generating
device 1 through auxiliary channels 23, as described above.
Having established the electric arc, plasma is generated in
plasma chamber 17. The plasma is passed on through plasma
channel 11 toward the outlet thereof in anode 7. The electric
arc established in plasma channel 11 heats the plasma.

A suitable operating current I for the plasma-generating
device 1 according to FIGS. 1a and 15 is preferably less than
10 Amperes, preferably 4-6 Amperes. The operating voltage
ofthe plasma-generating device 1 depends, among others, on
the number of intermediate electrodes 9 and their lengths. A
relatively small diameter d ;, of the plasma channel 11 enables
relatively low energy consumption and, thus, relatively low
operating current I when using the plasma-generating device
1.

The center of the electric arc established between cathode
5 and anode 7, along the axis of plasma channel 11, has a
prevalent temperature T. Temperature T is proportional to the
quotient of discharge current I and the diameter d , of plasma
channel 11 according to the following equation: T=K*1/d_,.
To provide a high temperature of the plasma, for example
10,000 to 15,000° C. at the outlet of plasma channel 11 in
anode 7, at arelatively low current level I, the cross-section of
plasma channel 11, and thus the cross-section of the electric
arc should be small, in the range 0f 0.2-0.5 mm. With a small
cross-section of the electric arc, the electric field strength in
plasma channel 11 tends to be high.

What is claimed:

1. A plasma-generating device comprising:

a. an anode at a distal end of the device, the anode having

a hole therethrough;

b. a plurality of intermediate electrodes electrically insu-
lated from each other and from the anode, each of the
intermediate electrodes having a hole therethrough,
wherein the holes in the intermediate electrodes and the
hole in the anode form a hollow space having
i. a first portion, which over a substantial length of this

portion has a uniform first cross-sectional area, and
ii. a second portion, which over a substantial length of
this portion has a uniform second cross-sectional area
that is smaller than the first cross-sectional area, the
second portion being downstream of the first portion;

c. a cathode having a tapered distal portion narrowing
toward a distal end of the cathode, a proximal end of the
tapered portion being a base of the tapered portion, the
tapered portion having a length being a distance from the
base of the tapered portion to the distal end of the cath-
ode; and

d. an insulator sleeve extending along and surrounding
only a portion of the cathode and having a distal end,

wherein only a part of the tapered portion of the cathode
projects beyond the distal end of the insulator sleeve into
the first portion of the hollow space, and

wherein a distal end of the cathode is located some distance
away from a proximal end of the second portion of the
hollow space.

2. The plasma-generating device of claim 1 further com-

prising an outer sleeve.

3. The plasma-generating device of claim 2, wherein the
outer sleeve and the anode are parts of an integral structure.

4. The plasma-generating device of claim 1 further com-
prising a first insulator positioned between a pair of adjacent
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intermediate electrodes of the plurality of intermediate elec-
trodes, and a second insulator positioned between a distal-
most intermediate electrode of the plurality of intermediate
electrodes and the anode.

5. The plasma-generating device of claim 1, wherein
approximately half the length of the tapered portion of the
cathode projects beyond the distal end of the insulator sleeve.

6. The plasma-generating device of claim 5, wherein a
length by which the projecting tapered portion of the cathode
projects beyond the distal end of the insulator sleeve is
approximately equal to a largest cross-sectional diameter of
the cathode at the base of the tapered portion.

7. The plasma-generating device of claim 1, wherein an
outside surface of the cathode and an inside surface of the
insulator sleeve form a gap.

8. The plasma-generating device of claim 7, wherein the
first portion of the hollow space extends from the distal end of
the insulator sleeve to the proximal end of the second portion
of the hollow space.

9. The plasma-generating device of claim 7, wherein the
gap is in communication with the first portion of the hollow
space.

10. The plasma-generating device of claim 9, wherein the
first and second portions of the hollow space are connected
through a transitional third portion of the hollow space
tapered toward the anode.

11. The plasma-generating device of claim 9, wherein a
cross-sectional area of the gap at the base of the tapered
portion of the cathode is equal to or greater than the second
cross-sectional area.

12. The plasma-generating device of claim 11, wherein the
length of the tapered portion of the cathode is greater than a
largest cross-sectional diameter of the cathode at the base of
the tapered portion.

13. The plasma-generating device of claim 12, wherein the
length of the tapered portion of the cathode is greater than or
equal to 1.5 times the largest cross-sectional diameter of the
cathode at the base of the tapered portion.

14. The plasma-generating device of claim 10, wherein the
first and third portions of the hollow space are formed by a
proximal-most intermediate electrode of the plurality of
intermediate electrodes.

15. The plasma-generating device of claim 14, wherein a
part of the second portion of the hollow space is also formed
by the proximal-most intermediate electrode.

16. The plasma-generating device of claim 15, wherein a
part of the second portion of the hollow space is formed by at
least two of the plurality of intermediate electrodes.

17. The plasma-generating device of claim 10, wherein a
combined length of the first and third portions of the hollow
space is approximately equal to the length of the tapered
portion of the cathode.

18. The plasma-generating device of claim 17, wherein the
combined length of the first and third portions of the hollow
space is approximately equal to a largest cross-sectional
diameter of the first portion of the hollow space.

19. The plasma-generating device of claim 1, wherein the
tapered portion of the cathode is a cone.

20. The plasma-generating device of claim 1, wherein a
first distance from the base of the tapered portion of the
cathode to the distal end of the insulator sleeve is equal to or
greater than a second distance from the distal end of the
cathode to the proximal end of the second portion of the
hollow space.

21. A plasma surgical instrument comprising the plasma-
generating device of claim 1.
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22. The plasma surgical instrument of claim 21 adapted for 26. The method of claim 25 further comprising one or more
laparoscopic surgery. steps of:
23. The plasma surgical instrument of claim 22 having an cutting, vaporizing, and coagulating the biological tissue.
outer cross-sectional width of under 10 mm. 27. The method of claim 25, wherein the discharged
24. The plasma surgi'cal instrument of claim 23 having an 5 plasma is substantially free of impurities.
outer cross-sectional width of under 5 mm. 28. The method of claim 25, wherein the biological tissue

25. A method of using the plasma surgical instrument of is one of liver, spleen, heart, brain, or kidney.
claim 21 comprising a step of discharging plasma from the
distal end of the plasma surgical instrument on a biological
tissue. ¥ ok ok k%
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