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(54) PLASMA GENERATION DEVICE

(57) There is provided a plasma generation device
capable of suppressing arc discharge in which discharge
is localized to cause a high temperature, and allowing
atmospheric discharge plasma to be stably generated
with a high generation efficiency in a low temperature at
about a room temperature without being spatially biased.
The plasma generation device arranged with a plurality
of electrodes facing each other includes a discharge po-
sition control unit, which is arranged between each of the
plurality of electrodes, and is formed by containing an
inverse characteristic material composed of a fluid having
polarizability and a property that dielectric constant de-
creases with an increase in temperature, in a container
formed of a dielectric material, wherein the inverse char-
acteristic material is spaced apart from each of the plu-
rality of electrodes.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a plasma gen-
eration device for generating discharge plasma, particu-
larly to a plasma generation device for generating a large
volume of stable atmospheric plasma.

BACKGROUND ART

[0002] Atmospheric plasma is a plasma to be gener-
ated with an electric discharge under an atmospheric
pressure. The atmospheric plasma is utilized in a variety
of technologies, such as disinfection, bacterial killing, an-
tisepsis, gas decomposition, and material surface plas-
ma-modification, and is broadly used for generation of
ozone to be used for various sterilization, water purifica-
tion technologies using ozone, sterilization technologies
using oxygen plasma in a medical field, and more. As
plasma generation devices for generating atmospheric
plasma, a conductive electrode such as metal, and a di-
electric electrode on the surface of which is laminated
with a dielectric material are mainly used. In a variety of
needs including the uses described above, a high-quality
atmospheric plasma generation technology for stably
generating plasma without being localized at a certain
area is demanded. As for a conventional plasma gener-
ation device, there is a technique in which a solid dielec-
tric member is provided on at least one facing surface of
a pair of electrodes facing each other to adsorb and fix
an object to be treated, thereby carrying out uniform plas-
ma treatment on the object to be treated (refer to, for
example, Patent Document 1). And, there is a technique
in which a recess serving as a space for injecting a die-
lectric material therein is provided at the center of an
upper electrode for an etching device, and the dielectric
material is supplied into the recess depending on an in-
plane distribution of electric field intensity of plasma to
be generated, thereby uniformizing the in-plane distribu-
tion of the electric field intensity (refer to, for example,
Patent Document 2). Also, as for a conventional plasma
generation device, there is a technique in which a first
electrode to which a discharge voltage is applied from a
power supply unit, a dielectric material which is spaced
apart from the first electrode with a predetermined inter-
space and surrounds the first electrode, a liquid dielectric
material to be filled in the interspace between the first
electrode and the dielectric material, and a second elec-
trode disposed to be spaced apart from the dielectric ma-
terial with a predetermined interspace are provided,
thereby suppressing excess plasma generated at areas
such as gaps between the electrodes and boundary re-
gions around the electrodes (refer to, for example, Patent
Document 3). Further, there is a technique in which an
object gas to be treated and a carrier gas are passed
through the inside of an inner tube of a double tubular
dielectric material, a conductive liquid to be passed

through between the inner tube and an outer tube is
served as an outer electrode, blade parts are arranged,
and a conductive continuous coil laid at a longitudinal
outer circumference area of the blade parts is served as
an inner electrode, thereby carrying out treatment on the
object gas to be treated passing through the inside of the
inner tube (refer to, for example, Patent Document 4).
[0003] As described above, a device for generating
uniform plasma on an object to be treated, a device for
suppressing generation of excess plasma due to a con-
figuration in which an electrode is immersed in a liquid,
a device for generating plasma so as to efficiently carry
out treatment on an object gas to be treated, have been
proposed as conventional plasma generation devices.

RELATED ART DOCUMENT

Patent Documents

[0004]

Patent Document 1:

Japanese Unexamined Patent Application Pub-
lication No. 2005-332784

Patent Document 2:

Japanese Unexamined Patent Application Pub-
lication No. 2009-212129

Patent Document 3:

Japanese Unexamined Patent Application Pub-
lication No. 2007-59385

Patent Document 4:

Japanese Unexamined Patent Application Pub-
lication No. 2010-51941

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

[0005] Conventional atmospheric plasma generation
devices (being used in a low temperature) require a volt-
age higher than that of low pressure plasma generated
under a low pressure condition due to a characteristic of
the atmospheric plasma that the plasma is generated
under an atmospheric pressure. In a discharge using a
high voltage, the discharge has a tendency to readily shift
from a glow discharge, in which the discharge is not lo-
calized and the plasma can be used in a low temperature
at about a room temperature, to an arc discharge, in
which the discharge is localized to cause intense light
and a heat of about a few thousand degrees. Accordingly,
there are problems that, once the arc discharge occurs,
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volume of plasma to be generated decreases by the lo-
calization of plasma; and a generation region and a re-
action region of plasma, radicals and the like are reduced.
Then, consequently, efficiency of plasma treatment
would be diminished; and an object to be treated using
the plasma (for example, an object to be sterilized when
the purpose is a sterilization treatment) would be dam-
aged by the high temperature.
[0006] The present invention has been made to resolve
the above problems and an objective of the present in-
vention is to provide a plasma generation device capable
of stably generating atmospheric discharge plasma sup-
pressing an arc discharge that is a discharge being spa-
tially localized, with a generation efficiency higher than
that of a conventional method.

Means for Solving Problems

[0007] In an aspect of a plasma generation device to
be disclosed in the present application, the plasma gen-
eration device is arranged with a plurality of electrodes
facing each other, that includes a discharge position con-
trol unit, which is arranged between each of the plurality
of electrodes, and is formed by containing an inverse
characteristic material composed of a fluid having polar-
izability and a property that dielectric constant decreases
with an increase in temperature, in a container formed
of a dielectric material; wherein the inverse characteristic
material is spaced apart from each of the plurality of elec-
trodes. As described above, according to the plasma
generation device to be disclosed in this application, the
discharge position control unit formed of the inverse char-
acteristic material in which the dielectric constant de-
creases with the increase in temperature is provided, and
the inverse characteristic material is spaced apart from
each of the plurality of electrodes. Therefore, the dielec-
tric constant in a region in the vicinity of an electrode
where plasma has been generated decreases due to the
increase in temperature, and discharge is suppressed in
the region; while the plasma is induced into an adjacent
region (a region where plasma has not yet been gener-
ated) having a dielectric constant higher than that of the
present region. Accordingly, the discharge position
would sequentially move to other regions, thereby allow-
ing spatially non-localized plasma, in which an arc dis-
charge is suppressed, to be generated.
[0008] And, in another aspect of the plasma generation
device to be disclosed in the present application, depend-
ing on the needs, the discharge position control unit may
be formed by containing an inverse characteristic mate-
rial composed of a fluid having polarizability, in a con-
tainer formed of a dielectric material. As described above,
according to the plasma generation device to be dis-
closed in this application, the discharge position control
unit may be formed by containing the inverse character-
istic material having polarizability, in the container formed
of the dielectric material. Therefore, the container can be
formed into a complicated shape. Further, the fluid having

polarizability has a high dielectric constant particularly
compared to other substances, and the rate of increase
in temperature accompanying the application of an AC
electric field is high. Accordingly, the dielectric constant
would sharply decrease with the increase in temperature
in a region where the plasma has been generated, there-
by allowing spatially non-biased plasma, in which an arc
discharge is suppressed, to be generated. As for the po-
larizability, an electric dipole moment [unit: debye (D),
D=3.33564 x 10-30 C·m] possessed by the inverse char-
acteristic material may be used as an indicator. When
the electric dipole moment is larger than 0 D, it is indicated
to possess a polarizability.
[0009] Also, in another aspect of the plasma genera-
tion device to be disclosed in the present application,
depending on the needs, thermal conductivity of the fluid
may be no more than 4 W/(m·K). As described above,
according to the plasma generation device to be dis-
closed in this application, the thermal conductivity of the
fluid is relatively low that may be no more than 4 W/(m·K).
Therefore, the increase in temperature in a region in the
fluid where plasma has been generated becomes further
localized, and a temperature distribution having a re-
markable temperature difference emerges. Accordingly,
the discharge position becomes more likely to move to
other regions, thereby allowing spatially non-biased plas-
ma, in which an arc discharge is further suppressed, to
be generated.
[0010] Then, in another aspect of the plasma genera-
tion device to be disclosed in the present application,
depending on the needs, the discharge position control
unit may include a partitioned area arranged to plurally
partition the inverse characteristic material facing one of
the plurality of electrodes. As described above, according
to the plasma generation device to be disclosed in this
application, the partitioned area arranged along the di-
rection facing one of the plurality of electrodes may be
provided. Therefore, in the inverse characteristic mate-
rial, an increase in temperature due to the plasma gen-
eration occurs partition by partition, in the partitioned ar-
ea, and the increase in temperature becomes more lo-
calized, and then the temperature distribution having the
remarkable temperature difference emerges. According-
ly, the discharge position becomes more likely to move
to an adjacent partitioned region, thereby allowing spa-
tially non-biased plasma, in which an arc discharge is
further suppressed, to be generated. And, due to the
presence of the partitioned area, when the inverse char-
acteristic material is a fluid, convection which lessens the
temperature difference in the fluid would be suppressed;
on the other hand, when the inverse characteristic ma-
terial is a solid, the temperature distribution would be
facilitated in the solid by the temperature insulation in the
solid. Thus, in both cases, the temperature distribution
in the inverse characteristic material can be generated
reliably by the plasma generation, and a variety of avail-
able inverse characteristic materials can be widened. For
example, when each of the plurality of electrodes has a
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planar shape, the partitioned area is set in the perpen-
dicular direction to the electrode surface of each of the
plurality of electrodes, and is arranged in a horizontal
direction along the electrode surface, thereby allowing
the inverse characteristic material to be plurally parti-
tioned.
[0011] Further, in another aspect of the plasma gen-
eration device to be disclosed in the present application,
depending on the needs, one electrode of the plurality of
electrodes may be formed of a linear shaped conductor;
the discharge position control unit formed in a cylindrical
shape may be arranged along an outer circumference in
an axial direction of said one electrode through a plasma
generating area formed of a gap; another electrode of
the plurality of electrodes may be arranged around the
outer circumference of the discharge position control unit;
and a plasma generating gas may be supplied into the
plasma generating area to generate plasma. As de-
scribed above, according to the plasma generation de-
vice to be disclosed in this application, the discharge po-
sition control unit may be formed in a cylindrical shape.
Therefore, radial plasma would be generated not only in
an axial direction but also on a plane perpendicular to
the axial direction of the cylindrical shape, thereby allow-
ing three-dimensionally non-biased plasma to be gener-
ated.
[0012] Furthermore, in another aspect of the plasma
generation device to be disclosed in the present applica-
tion, depending on the needs, the plurality of electrodes
may be arranged along an outer periphery of the dis-
charge position control unit at equal intervals; and the
discharge position control unit may include a treatment
space, in the inside of which a plasma treatment object
is stored. As described above, according to the plasma
generation device to be disclosed in this application, the
plurality of electrodes may be arranged along the outer
periphery of the discharge position control unit at equal
intervals; and the discharge position control unit may in-
clude the treatment space, in the inside of which the plas-
ma treatment object is stored. Therefore, the plasma
would be generated so as to three-dimensionally sur-
round the treatment space which is formed by being sur-
rounded around by the plurality of electrodes. Accord-
ingly, the plasma treatment can be efficiency carried out
on the plasma treatment object by the three-dimension-
ally non-biased plasma generated in the treatment
space.
[0013] Still further, in another aspect of the plasma
generation device to be disclosed in the present applica-
tion, depending on the needs, the plurality of electrodes
may be respectively connected with power supplies; and
the power supplies may be controlled so that each phase
difference between the mutual adjacent power supplies
is respectively different by an equal interval so as to be
a total of 360° phase difference. As described above,
according to the plasma generation device to be dis-
closed in this application, the plurality of electrodes may
be respectively connected with the power supplies; and

the power supplies may be controlled so that each phase
difference between the mutual adjacent power supplies
is respectively different by an equal interval so as to be
a total of 360° phase difference. Therefore, the discharge
would be constantly and cyclically generated between
the respective electrodes. Accordingly, the discharge
would uniformly surround the treatment space also over
time, and the plasma would be three-dimensionally gen-
erated also in a direction piercing through the direction
facing across the treatment space, thereby allowing the
plasma treatment to be carried out efficiently on a plasma
treatment object.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]

FIG. 1 shows configuration diagrams of a plasma
generation device according to a First Embodiment
of the present invention.
FIG. 2 shows temperature property charts of dielec-
tric constant and thermal conductivity of an inverse
characteristic material in the plasma generation de-
vice according to the First Embodiment of the
present invention, and configuration diagrams of the
plasma generation device according to the First Em-
bodiment of the present invention.
FIG. 3 shows a configuration diagram of the plasma
generation device, and an explanatory diagram illus-
trating plasma generation according to a Second
Embodiment of the present invention.
FIG. 4 shows explanatory diagrams illustrating con-
figurations of the plasma generation device accord-
ing to a Third Embodiment of the present invention.
FIG. 5 shows explanatory diagrams illustrating con-
figurations of the plasma generation device accord-
ing to a Fourth and Other Embodiments of the
present invention.
FIG. 6 shows explanatory diagrams illustrating tim-
ing charts of AC power supplies of the plasma gen-
eration device according to Other Embodiments of
the present invention.
FIG. 7 shows experimental results of time depend-
ence of water temperature (outermost surface of the
glass) and emission spectrum, and emission spec-
trum distribution after a lapse of 30 minutes from the
start of a discharge; where the discharge was carried
out under an argon atmosphere in the plasma gen-
eration device according to the present invention.
FIG. 8 shows an experimental result of time depend-
ence of peak (wavelength: 763.511 nm) of emission
from a discharge unit in the plasma generation de-
vice according to the present invention.
FIG. 9 shows an experimental result when a dis-
charge in the plasma generation device according
to the present invention was applied to a large vol-
ume of dielectric container having a complicated
shape.
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BEST MODE FOR CARRYING OUT THE INVENTION

(First Embodiment)

[0015] Hereinafter, a plasma generation device ac-
cording to a First Embodiment will be described based
on FIG.1 and FIG. 2.
[0016] FIG. 1 shows configuration diagrams of the
plasma generation device, and explanatory diagrams il-
lustrating generation of plasma according to the First Em-
bodiment of the present invention; and FIG. 2 shows tem-
perature property charts of dielectric constant and ther-
mal conductivity of an inverse characteristic material in
the plasma generation device of FIG. 1, and configuration
diagrams of the plasma generation device according to
the First Embodiment of the present invention.
[0017] In FIG. 1 (a), the plasma generation device ac-
cording to the Embodiment has a configuration that in-
cludes: a counter electrode 1; a contact electrode 2 ar-
ranged with facing the counter electrode 1; a dielectric
container 31 formed of a dielectric material interjacent
between the plurality of electrodes serving as the counter
electrode 1 and the contact electrode 2; a discharge po-
sition control unit 3 arranged in the dielectric container
31, and formed of an inverse characteristic material 32
in which dielectric constant decreases with an increase
in temperature; and an AC power supply 4 configured to
apply alternating-current or pulsed voltage to between
electrodes of the counter electrode 1 and the contact
electrode 2.
[0018] An electrode such as a metal electrode or an
insulation film coated metal electrode may be used for
the counter electrode 1 and the contact electrode 2. And,
a metal such as platinum, aurum, or palladium may be
used for the metal electrode, and platinum is desirable
for ease of handling. The dielectric container 31 is not
particularly limited as long as it is a solid having a property
of a dielectric material, and for example, borosilicate
glass or titanium silicate glass may be used.
[0019] The discharge position control unit 3 is formed
of an inverse characteristic material 32. The inverse char-
acteristic material 32 is a substance having an inverse
characteristic (a property that the dielectric constant de-
creases with an increase in temperature). Due to the con-
figuration according to the Embodiment that the inverse
characteristic material 32 is spaced apart from each of
the counter electrode 1 and the contact electrode 2 (each
of the plurality of electrodes), the inverse characteristic
material 32 would not be affected by the increase in tem-
perature occurring in the respective electrodes at the time
of discharge. Accordingly, in the inverse characteristic
material 32, only a region where the discharge has oc-
curred becomes a high temperature region. That is, since
the high temperature region would be localized in a tem-
perature distribution emerging in the inverse character-
istic material 32 at the time of the discharge, the dielectric
constant in the region where the discharge has occurred
in the inverse characteristic material 32 decreases due

to the above-described inverse characteristic, and then
any further discharge becomes unlikely to occur in the
region where the discharge has occurred, compared to
other regions. As a result, the discharge position would
sequentially move sharply to other regions as time pass-
es, and spatially non-localized plasma would be gener-
ated, thereby reliably allowing for suppression of arc dis-
charge.
[0020] The discharge position control unit 3 formed by
containing the inverse characteristic material 32 in the
dielectric container 31 may be arranged, as shown in
FIG. 1 (a), between the counter electrode 1 and the con-
tact electrode 2. Then, the discharge position control unit
3 may be configured so as to contact neither the counter
electrode 1 nor the contact electrode 2. And, as shown
in FIG. 1 (b), the discharge position control unit 3 may
also be arranged so as to contact the contact electrode
2, or may also be arranged so as to contact the counter
electrode 1.
[0021] And, as for the dielectric container 31, which
constitutes the discharge position control unit 3, as
shown in FIGS. 1 (c) and (d), a plurality of dielectric con-
tainers 31 may be arranged in the facing direction of the
respective electrodes, and also, as shown in FIGS. 1 (e)
and (f), a plurality of dielectric containers 31 may be ar-
ranged in a direction perpendicular to the facing direction
of the respective electrodes. As described above, in the
discharge position control unit 3, the number and the po-
sitional relationship of the dielectric containers 31 are not
particularly limited. Also, when a plurality of dielectric
containers 31 are arranged, the inverse characteristic
materials 32 to be contained in the dielectric containers
31 may be the same type, or may also be different types.
[0022] In this regard, as for the discharge position con-
trol unit 3, almost all over the region of a discharge region
emerging between the respective electrodes of the coun-
ter electrode 1 and the contact electrode 2, is preferably
shielded. Due to such a configuration, the discharge po-
sition control unit 3 would firmly cover the discharge re-
gion, and therefore the temperature distribution of the
inverse characteristic material 32, which constitutes the
discharge position control unit 3, would be formed all over
the discharge region exhaustively. Accordingly, non-lo-
calizing plasma is generated as a consequence, thereby
reliably allowing for suppression of arc discharge.
[0023] Similarly to the above case, as shown in FIG. 1
(h), almost all over the region of the discharge region (the
region surrounded by the dashed line and facing surfaces
of the respective electrodes in the figure) emerging be-
tween the respective electrodes is preferably shielded
also when the facing surfaces of the respective elec-
trodes of the counter electrode 1 and the contact elec-
trode 2 are different in size from each other (FIG. 1 (h)
shows a case, as one such example, where the size of
the facing surface of the counter electrode 1 is larger
than that of the contact electrode 2).
[0024] As for the inverse characteristic material 32, in
addition to a solid having an inverse characteristic (a
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property that the dielectric constant decreases with an
increase in temperature), it is preferably a liquid (includ-
ing a form of sol and a form of gel) having a high (remark-
able) inverse characteristic (the property that the dielec-
tric constant decreases with the increase in temperature).
As shown in FIG. 2(a), examples of such a liquid include:
water, nitrobenzene, methyl alcohol (methanol), toluene,
and acetone, those have an excellent temperature de-
pendence property in solvent dielectric constant. Their
respective electric dipole moment (serving as an indica-
tor of polarizability) [unit: debye (D)] values are: water
(1.85 D), nitrobenzene (4.22 D), methyl alcohol (1.69 D),
acetone (2.88 D), and toluene (0.36 D). It is preferably a
material having an electric dipole moment of larger than
0.36 D, such as water, nitrobenzene, methyl alcohol
(methanol), or acetone; and particularly preferably water
having the highest electric dipole moment. And, as shown
in FIGS. 2 (b) and (c), it is preferably a liquid having a
relatively low thermal conductivity of no more than 4 W/
(m.K), and particularly preferably water also for ease of
handling. As for the thermal conductivity, when the ther-
mal conductivity is larger than 4 W/(m·K), temperature
gradient in the temperature distribution cannot be ob-
tained sufficiently, and then movement of discharge be-
comes unlikely to occur.
[0025] Hereinafter, specific plasma generation accord-
ing to the Embodiment will be described based on the
above-described configurations.
[0026] In the Embodiment, as shown in FIG. 2 (d), wa-
ter serving as an example of the inverse characteristic
material 32, and the dielectric container 31 configured to
contain the water are disposed between the electrodes
of the counter electrode 1 and the contact electrode 2,
as the discharge position control unit 3. A discharge gas
such as air, argon, helium, nitrogen, and oxygen, is let
flow into in-between the electrodes, and AC voltage is
applied from an AC power supply 4 to between the elec-
trodes. By the application of voltage, plasma P is gener-
ated with discharge between the electrodes. And partic-
ularly, when air and oxygen are used for the discharge
gas, ozone and an oxygen radical are generated.
[0027] Since the plasma generation device according
to the Embodiment is provided with the discharge posi-
tion control unit 3 formed of the inverse characteristic
material 32, in which the dielectric constant decreases
with the increase in temperature, a temperature distribu-
tion T1 is formed in the inside of the discharge position
control unit 3, as shown in FIG. 2 (e), at the time when a
discharge occurs from the counter electrode 1 or the con-
tact electrode 2. Although the mechanism of forming such
a temperature distribution T1 has not yet been elucidated
in detail, it can be inferred based on the functions to be
described below. First, by applying AC voltage to be-
tween the counter electrode 1 and the contact electrode
2, molecules in the inverse characteristic material 32 that
received the AC voltage vibrate in accordance with an
inherent polarizability of the individual molecules. As a
result of the vibration of the molecules, heat would be

locally caused in the inverse characteristic material 32,
and then a temperature distribution T1, in which a region
most strongly affected by an AC electric field becomes
the highest temperature, emerges. In order to obtain a
significant temperature distribution T1, the inverse char-
acteristic material 32 preferably has a polarizability, more
preferably has a high polarizability. In other words, the
inverse characteristic material 32 is preferably composed
of a molecule having a high electric dipole moment, and
particularly preferably a molecule having an electric di-
pole moment of higher than 0.36 D.
[0028] When the temperature distribution T1 is formed
in the inside region of the discharge position control unit
3, the dielectric constant would decrease in the inside
region of the discharge position control unit 3 nearer to
a localized region where a discharge has occurred, due
to the property of the inverse characteristic material 32
that the dielectric constant decreases with the increase
in temperature. Consequently, discharge is suppressed
in the localized region where a discharge has previously
occurred, while discharge is facilitated in surrounding ad-
jacent regions where the dielectric constant is high, and
then the discharge region would move in the directions
indicated by arrows A in the figure. Due to the movement
of the discharge region in the directions indicated by ar-
rows A, a temperature distribution T2 having a gradient
flatter than that of the temperature distribution T1 is
formed in the discharge position control unit 3, and the
discharge region is to be spreading thereafter so as to
become a temperature distribution having more flatter
gradient. As described above, since the discharge posi-
tion sequentially moves, such a discharge, occurring in-
tensively at one point, would be eliminated, thereby sup-
pressing the increase in temperature caused by the in-
tensive discharge. Thus, the increase in temperature in
the inverse characteristic material would be also sup-
pressed.
[0029] Meanwhile, in an electrode configuration of a
conventional plasma generation device, there is a con-
figuration in which an electrode is immersed in a liquid
(Patent Document 3 previously described). However, in
the configuration, a high-temperature region is not local-
ized in the temperature distribution emerged accompa-
nying discharge, in the liquid, and the distribution is to
spread all over the liquid homogeneously and smoothly.
Therefore, the above device is different from the plasma
generation device according to the Embodiment, not only
on the electrode configuration but also on the functions.
As for a reason, since an electrode is generally a con-
ductor, it has an electrically conductive property. And on
another point, it also has a thermally conductive property.
Therefore, the electrode has also a characteristic of high
in thermal conductivity, that is, a property as a thermal
conductor. Accordingly, in the conventional plasma gen-
eration device, the temperature distribution emerges in
the liquid at the time of discharge due to a thermal energy
caused by the discharge, and movement of the thermal
energy also occurs through an electrode having a high
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thermal conductivity. In contrast to the plasma generation
device according to the Embodiment in which the high-
temperature region is localized, the above-described
high-temperature region is not localized in the tempera-
ture distribution emerged accompanying discharge, in
the liquid, and the distribution is to be spreading all over
the liquid homogeneously and smoothly.
[0030] As described above, by emergence of the tem-
perature distribution and the decrease of the dielectric
constant according to the temperature distribution in the
inside of the discharge position control unit 3, discharge
in the region where plasma has been generated with the
localized discharge is suppressed, while discharge is fa-
cilitated in adjacent regions (a region where plasma has
not yet been generated, or a region where a plasma den-
sity is low) where the dielectric constant is higher than
that of the region where the localized discharge has pre-
viously occurred. Accordingly, the discharge position
would sequentially move to other regions, thereby allow-
ing spatially non-biased plasma, in which a localized arc
discharge is suppressed, to be generated. Further, a di-
electric container and a cooling unit for cooling the re-
spective electrodes may be disposed. For example, by
cooling the inverse characteristic material 32 with the
cooling unit, forming of a significant temperature distri-
bution would be facilitated, and the discharge position
can be accurately moved by the discharge position con-
trol unit 3. The cooling operation may be carried out while
once stopping the discharge, or may also be carried out
during the discharge. Since plasma obtained in the man-
ner described above is a plasma having a high stability,
that is capable of being applied in a wide range of fields
including sterilization and inactivation of bacteria and
mold, and toxins produced by them, on the surface of
food, and also disinfection, bacterial killing, antisepsis,
gas decomposition, material surface plasma-modifica-
tion, and more.

(Second Embodiment)

[0031] Hereinafter, the plasma generation device ac-
cording to a Second Embodiment will be described based
on FIG. 3. FIG. 3 shows a configuration diagram of the
plasma generation device, and an explanatory diagram
illustrating plasma generation according to the Second
Embodiment of the present invention.
[0032] In FIG. 3, the plasma generation device accord-
ing to the Embodiment is a modified mode of the plasma
generation device shown in FIG. 1, and is defined to have
a configuration that the counter electrode 1 and the AC
power supply 4 similar to those in the First Embodiment
are provided; and the contact electrode 2, the dielectric
container 31, and the discharge position control unit 3
have a circular cylindrical shape. Further, as shown in
FIG. 3 (a), a gas flow path 5 configured to let a discharge
gas flow into the vicinity of the counter electrode 1 is
provided.
[0033] The plasma generation device according to the

Embodiment is defined that, as shown in FIG. 3 (b), the
contact electrode 2, the dielectric container 31, and the
discharge position control unit 3 have a circular cylindrical
shape; and the counter electrode 1 is formed of a linear
shaped conductor; the discharge position control unit 3
formed in a cylindrical shape is arranged along the outer
circumference in an axial direction of the counter elec-
trode 1 through a plasma generating area formed of a
gap; the contact electrode 2 is arranged around the outer
circumference of the discharge position control unit 3;
and the discharge gas is supplied into the plasma gen-
erating area to generate plasma.
[0034] For the contact electrode 2 shown in FIG. 3, a
shape such as a dot, a straight line, or a plane may be
used. However, when a shape of a dot or straight line is
used, an electric field is concentrated at the outside re-
gion of the dielectric container 31, and unnecessary dis-
charge is likely to occur. Therefore, a plane shape is pref-
erably used. The dielectric container 31 may partially
have a conductivity. The discharge position control unit
3 is formed, as shown in FIG. 3 (b), in a cylindrical shape
arranged along the outer circumference in an axial direc-
tion of the counter electrode 1 through a plasma gener-
ating area formed of a gap. And, the surface of the counter
electrode 1 may be coated with an insulation film coating
6 formed of an insulation film, according to usage.
[0035] Hereinafter, specific plasma generation accord-
ing to the Embodiment will be described based on the
above-described configuration.
[0036] In the Embodiment, water, which is an example
of the inverse characteristic material 32, and the dielectric
container 31 to contain the water are disposed between
the electrodes of the counter electrode 1 and the contact
electrode 2, as the discharge position control unit 3. A
discharge gas such as air, argon, helium, nitrogen, and
oxygen is let flow into the vicinity of the counter electrode
1 via the gas flow path 5, and AC voltage is applied from
the AC power supply 4 to between the electrodes. By the
application of voltage, plasma P is generated with the
discharge between the electrodes. And particularly,
when air and oxygen are used for a discharge gas, ozone
and an oxygen radical is generated.
[0037] As described above, in the plasma generation
device according to the Embodiment, since the discharge
position control unit 3 is formed in a cylindrical shape,
radial plasma would be generated not only in an axial
direction but also with respect to a plane perpendicular
to the axial direction of the cylindrical shape, thereby al-
lowing three-dimensionally non-biased plasma to be sta-
bly generated.

(Third Embodiment)

[0038] FIG. 4 shows explanatory diagrams illustrating
configurations of the plasma generation device accord-
ing to a Third Embodiment of the present invention. In
the plasma generation device of the above Embodiment,
the discharge position control unit may be provided with
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a partitioned area 7 configured to plurally partition the
inverse characteristic material 32 facing any one of the
plurality of electrodes. As the partitioned area 7, a plane
plate formed of a resin such as a plastic may be used.
The partitioned area 7 is formed, as shown in FIG. 4 (a),
so that their respective end portions are in close contact
with a wall surface on the side nearer to a discharge
region (an opposite side to the contact electrode 2) in the
discharge position control unit 3, when the dielectric con-
tainer 31 is arranged, as shown in the previously-pre-
sented FIG. 1 (b), so as to be in contact with the contact
electrode 2, as shown in FIG. 4 (a), and an electric field
(shown by arrows in the figure) emanates from the con-
tact electrode 2. As shown in FIG. 4 (a), by forming the
partitioned area 7 to be in close contact with the wall
surface where an intensity of the electric field emanated
in the discharge position control unit 3 at the time of a
localized discharge is the largest, the partitioned area 7
would partition a discharge starting point with closely con-
tacting a discharge starting surface. Accordingly, the in-
crease in temperature occurring accompanying the dis-
charge in the inverse characteristic material 32 can be
generated more locally, thereby allowing a temperature
distribution having more remarkable temperature gradi-
ent to be obtained.
[0039] The partitioned area 7 may be disposed so that
whole the inverse characteristic material 32 is partitioned
so as to be divided into each individual section, or may
also be disposed, as shown in Fig. 4 (b), only in the vicinity
of a wall surface on the side nearer to the discharge re-
gion (an opposite side to the contact electrode 2) in the
discharge position control unit 3. Even when the parti-
tioned area 7 is disposed only in the vicinity of the wall
surface on the side nearer to the discharge region (the
opposite side to the contact electrode 2) in the discharge
position control unit 3, as shown in FIG. 4 (c), formation
of a temperature distribution T3 having a temperature
gradient similar to the previously-presented Fig. 2 (d) can
be facilitated due to the partitioned area 7. Also, even
when the dielectric container 31 is arranged, as shown
in the previously-presented FIG. 1 (b), between the coun-
ter electrode 1 and the contact electrode 2, as shown in
FIG. 4 (d), by forming the end portion of the partitioned
area 7 to be in close contact with the wall surface on the
side nearer to the discharge region (a side nearer to the
contact electrode 2) in the discharge position control unit
3, the partitioned area 7 can facilitate formation of the
temperature distribution T3 similarly to the above.
[0040] As for the shape of the partitioned area 7, in
addition to the above shapes, such as a concentric
shape, a matrix shape, or a reed-like shape can be ap-
plied. For example, as shown in FIG. 4 (e), when the
partitioned area 7 is formed into a concentric shape, a
temperature distribution is to be formed so that temper-
ature is different with respect to each region surrounded
by each adjacent concentric circle. After the first dis-
charge, the discharge position would sequentially move
region by region. Or, for example, as shown in FIG. 4 (f),

when the partitioned area 7 is formed into a matrix shape,
the discharge position would sequentially move grid-sec-
tion by grid-section, which constitutes the matrix. Even
when no partitioned area 7 is provided, a sequential tem-
perature distribution is spontaneously formed in the in-
verse characteristic material; on the other hand, when
the partitioned area 7 is provided, a temperature distri-
bution is formed with respect to each region partitioned
by the partitioned area 7. As described above, by provid-
ing the partitioned area 7, the temperature distribution
can be formed forcibly. Therefore, even when a sufficient
temperature distribution is difficult to be obtained by the
inverse characteristic material alone, a significant tem-
perature distribution can be obtained reliably, thereby al-
lowing a variety of available inverse characteristic mate-
rials to be widened.
[0041] As described above, since by providing the par-
titioned area 7, the increase in temperature caused by
the plasma generation occurs partition by partition, in the
inverse characteristic material 32, the increase in tem-
perature becomes more localized. And then a tempera-
ture distribution having a remarkable temperature differ-
ence is generated, and the discharge position becomes
more likely to move to an adjacent partitioned region,
thereby allowing spatially non-biased plasma, in which
an arc discharge is suppressed, to be generated. And,
due to the presence of the partitioned area 7, when the
inverse characteristic material 32 is a fluid (such as a
liquid including a form of sol and a form of gel), convection
which lessens temperature difference in the fluid would
be suppressed; on the other hand, when the inverse char-
acteristic material 32 is a solid, the temperature distribu-
tion would be facilitated in the solid by temperature insu-
lation in the solid. Thus, in both cases, the temperature
distribution in the inverse characteristic material 32 can
be generated reliably by the plasma generation, and a
variety of available inverse characteristic materials 32
can be widened.

(Fourth Embodiment)

[0042] FIG. 5 (a) shows an explanatory diagram illus-
trating a configuration of the plasma generation device
according to a Fourth Embodiment of the present inven-
tion. In FIG. 5 (a), the plasma generation device accord-
ing to the Embodiment is a modified mode of the plasma
generation device shown FIG. 3 (a), and has a configu-
ration that the counter electrode 1 and the AC power
supply 4 similar to those in the Second Embodiment are
provided; and the contact electrode 2, the dielectric con-
tainer 31, and the discharge position control unit 3 have
a circular cylindrical shape; a discharge gas (plasma gen-
erating gas) is let flow into (outlined arrow) the vicinity of
the counter electrode 1; and the discharge gas (plasma
generating gas) is let out (black arrow) from a bottom
portion of a treatment space 110 in which a plasma treat-
ment object 100 is to be stored. The plasma treatment
object 100 is placed in the treatment space 110 in the
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inside of the discharge position control unit 3, and is po-
sitioned in the vicinity of the inner side of the contact
electrode 2 which surrounds around the discharge posi-
tion control unit 3. Due to such a configuration, in the
treatment space 110 storing the plasma treatment object
100, sterilization would be efficiency carried out by plas-
ma fully filled inside the discharge position control unit 3.
In addition, the contact electrode 2 may be divided into
a plurality of pieces to be arranged along the outer pe-
riphery of the discharge position control unit 3, at equal
intervals. In this case, discharge would be sequentially
generated with respect to each electrode of the divided
contact electrodes 2 at the outer periphery of the counter
electrode 1, on the basis of the counter electrode 1. Thus,
a cyclic discharge can be generated in the treatment
space, in the inside of which the plasma treatment object
is stored, thereby allowing the plasma treatment to be
carried out efficiently on the plasma treatment object.

(Other Embodiments)

[0043] The present invention is not limited to the Em-
bodiments described above. FIG. 5 (b) shows an explan-
atory diagram illustrating a configuration of the plasma
generation device according to Other Embodiments. The
plasma generation device according to the Embodiment
has a configuration, as shown in FIG. 5 (b), that a plurality
of electrodes 1-1,1-2,1-3, and 1-4 are arranged along the
outer periphery of the discharge position control unit 3 at
equal intervals; and the discharge position control unit 3
is provided with the treatment space 110, in the inside of
which a plasma treatment object 100 is stored. In the
configuration, as shown in FIG. 5 (b), the discharge gas
(plasma generating gas) is let flow in (outlined arrow)
through a gap between the electrodes, and is let out
(black arrows) through other gaps between other elec-
trodes. In addition, as for the flow of the discharge gas
(plasma generating gas), in FIG. 5 (b), the gas may be
let flow in through between the respective electrodes,
and may be let out toward the upper and lower directions
with respect to the plane of the paper. For the plurality
of electrodes, electric current in which phase difference
required for discharge is controlled may be supplied from
a single power supply. In this case, due to the control of
the phase difference, the discharge can be carried out
with sequentially moving the discharge region.
[0044] Further, as shown in FIG. 5 (b), the plurality of
electrodes are respectively connected with power sup-
plies 4-1, 4-2, 4-3, and 4-4, and the power supplies are
controlled so that each phase difference between the mu-
tual adjacent power supplies is to be different by an equal
interval so as to be a total of 360° phase difference (for
example, each phase difference between the respective
power supplies is different by 90° in the example of the
figure). Each of the power supplies may be arranged so
that the phase difference is produced clockwise, or may
also be arranged so that the phase difference is produced
counterclockwise.

[0045] FIG. 6 (a) shows a timing chart of the AC power
supplies in the above case. Each voltage to be applied
by the power supplies 4-1, 4-2, 4-3, and 4-4 is respec-
tively denoted by V1, V2, V3, and V4 [V] in FIG. 6 (a). Due
to the configuration described above, as shown in FIG.
6 (a), each interval X indicating occurrence of discharge
is constantly and cyclically generated between the elec-
trodes facing across the treatment space 110 as time
passes. As described above, since the plurality of elec-
trodes are respectively connected with the power sup-
plies, and the power supplies 4-1, 4-2, 4-3, and 4-4 are
controlled so that each phase difference between the mu-
tual adjacent power supplies is controlled to be different
by an equal interval so as to be a total of 360° phase
difference, discharge would be constantly and cyclically
generated between the respective electrodes. Accord-
ingly, the discharge would uniformly surround the treat-
ment space 110 also over time, and the plasma would
be three-dimensionally generated also in a direction
piercing through the direction facing across the treatment
space 110 in which the arc discharge described above
would be suppressed, thereby allowing the plasma treat-
ment to be carried out efficiently on the plasma treatment
object 100.
[0046] In this regard, the number of the plurality of elec-
trodes is set to be four in the above embodiment. How-
ever, it is not limited to such an even number of pieces,
and it may also be an odd number of pieces. For example,
as shown in FIG. 5 (c), the plurality of electrodes are an
odd number of pieces, that is three here, and they are
respectively connected with the power supplies 4-1, 4-2,
and 4-3, and the power supplies may be controlled so
that each phase difference between the mutual adjacent
power supplies is to be different by an equal interval so
as to be a total of 360° phase difference (for example,
each phase difference between the respective power
supplies is different by 120° in the example of the figure).
Each of the power supplies may be arranged so that the
phase difference is produced clockwise, or may also be
arranged so that the phase difference is produced coun-
terclockwise. In the configuration, as shown in FIG. 5 (c),
the discharge gas (plasma generating gas) is let flow in
(outlined arrow) through a gap between the electrodes,
and is let out (black arrows) through other gaps between
other electrodes. In addition, as for the flow of the dis-
charge gas (plasma generating gas), in FIG. 5 (c), the
gas may be let flow in through between the respective
electrodes, and may be let out toward the upper and lower
directions with respect to the plane of the paper.
[0047] FIG. 6 (b) shows a timing chart of the AC power
supplies in the above case. Each voltage to be applied
by the power supplies 4-1, 4-2, and 4-3 is respectively
denoted by Va, Vb, and Vc [V] in FIG. 6 (b). Due to the
configuration described above, as shown in FIG. 6 (b),
discharge from each of the plurality of electrodes would
be constantly and cyclically generated onto the treatment
space 110, and thereby allowing the plasma treatment
to be carried out efficiently on the plasma treatment object
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100.
[0048] In this regard, it is set in the above description
that a plurality of discharge position control units 3 are
arranged with respect to each of the plurality of elec-
trodes. However, it is not limited to the above arrange-
ment, and the discharge position control unit may also
be set as one unit, or may also be set as two units.
[0049] Hereinafter, Examples will be described for
more specifically showing characteristics of the present
invention. However, the present invention is not limited
to the following Examples.

(Example 1)

[0050] Based on the configuration of the Third Embod-
iment, stability of discharge was confirmed under an ar-
gon atmosphere (a thermocouple thermometer <Digital
Thermometer IT-2200 and K-type Thermocouple manu-
factured by AS ONE Corporation>; and a spectrometer
<Fastevert S-2431 manufactured by SOMA OPTICS,
Ltd>). Water was used as a material having a property
that the dielectric constant decreases with an increase
in temperature. Two borosilicate glass tubes having dif-
ferent diameters (outside diameter of the inner tube: 6
mm; outside diameter of the outer tube: 18 mm; thick-
ness: 1 mm respectively) were arranged in a coaxial
structure similarly to FIG. 3 (a) to be used as the dielectric
container. A discharge voltage with a frequency of 10
kHz and a voltage magnitude of 4.5 kV was used. Argon
was used for the discharge gas. FIG. 7 (a) shows exper-
imental results of time dependence of water temperature
(outermost surface of the glass) and emission spectrum;
and FIG. 7 (b) shows experimental results of emission
spectrum distribution after a lapse of 30 minutes from the
start of the discharge; where the discharge was carried
out under an argon atmosphere in the plasma generation
device according to the present invention. According to
FIG. 7, it is recognized that the temperature of an inverse
characteristic material increased accompanying the dis-
charge as time passes when intense peak wavelengths
were measured at a wavelength of 309.06 nm and at a
wavelength of 764.03 nm; and plasma was generated by
the stable discharge without occurrence of an arc dis-
charge.

(Example 2)

[0051] FIG. 8 shows an experimental result of time de-
pendence of peak of emission (wavelength: 763.511 nm)
from a discharge unit in the plasma generation device
according to the present invention (a thermocouple ther-
mometer <Digital Thermometer IT-2200 and K-type
Thermocouple manufactured by AS ONE Corporation>;
and a spectrometer <Fastevert S-2431 manufactured by
SOMA OPTICS, Ltd>). Two borosilicate glass tubes hav-
ing different diameters (outside diameter of the inner
tube: 6 mm; outside diameter of the outer tube: 18 mm;
thickness: 1 mm respectively) were arranged in a coaxial

structure similarly to FIG. 3(a) to be used as the dielectric
container. A discharge voltage with a frequency of 10
kHz and a voltage magnitude of 4.5 kV was used. Argon
was used for the discharge gas. According to FIG. 8, it
is recognized that even when methanol (dielectric mate-
rial: purity 99.8%) was used as an inverse characteristic
material, discharge occurred similarly to water. When
methanol was used, methanol came to a boil in the middle
because of its low boiling point, and the experiment fin-
ished in five minutes. However, the temperature in-
creased at a quick rate similarly to water, and the dis-
charge became stabilized. In the cases of water and
methanol, emission intensity increases as an increase in
time (an increase in temperature), spatially non-biased
discharge was stably generated due to the average tem-
perature increase of water and methanol. In contrast,
when toluene (dielectric material: purity 99.5%), which
has a low electric dipole moment, was used as the inverse
characteristic material, an increase in temperature was
substantially absent, and a stable and dense discharge
could not obtained. It is considered that it was because
the change in temperature was absent, and therefore a
change in the dielectric constant did not occur. As de-
scribed above, it is recognized that the present invention
can be widely applied to any such materials as long as
they have a high electric dipole moment, including water.

(Example 3)

[0052] FIG. 9 shows an experimental result when dis-
charge in the plasma generation device according to the
present invention was applied to a large volume of die-
lectric container having a complicated shape. An exper-
iment was carried out in an arrangement similar to FIG.
3 (a), with the use of a borosilicate glass bulb condenser
(Allihn condenser) (length of the inner tube for cooling:
300 mm; outside diameter of the inner tube of the con-
denser: 11-25 mm) as the dielectric container having a
complicated shape, and water filled in the coolant side.
A discharge voltage with a frequency of 10 kHz and a
voltage magnitude of 4.5 kV was used. The image during
the discharge was taken by a digital camera. In typical
atmospheric discharge plasma, electric field intensity in
the discharge region has a distribution caused by differ-
ence in diameter of the inner tube, at positions along an
axial direction, and that may cause a spatial bias of plas-
ma. In contrast, regardless of the large variation, 11 mm
to 25 mm, in diameter of the inner tube in the present
plasma generation device, the discharged plasma did
not become a localized discharge such as an arc dis-
charge, due to the effects of the discharge position control
unit. And, also regardless of the large discharge region,
300 mm, spatially non-biased stabile plasma was ob-
tained. As described above, it is recognized that the
present invention can be widely applied even to the at-
mospheric discharge plasma using an electrode having
a complicated shape and a large discharge region. Par-
ticularly, as shown in FIG. 9, when the surface shape of
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the dielectric container is formed by linkage of spherical
surfaces in a beads-like shape, variation in temperature
generated in the inverse characteristic material becomes
unlikely to be transmitted around, due to the concavo-
convex shape on the surface of the dielectric container.
Accordingly, there is an advantage that a positive tem-
perature distribution is likely to be formed in the inverse
characteristic material at the time of discharge. Further,
for example, an object on which plasma is intended to
be emitted can be closely confined in a space formed in
the inside of the spherical surfaces, thereby allowing the
plasma to be emitted efficiently onto the object.

Description of the Reference Numerals

[0053]

1 COUNTER ELECTRODE
11 METAL ELECTRODE
2 CONTACT ELECTRODE
3 DISCHARGE POSITION CONTROL UNIT
31 DIELECTRIC CONTAINER
32 INVERSE CHARACTERISTIC MATERIAL
4 AC POWER SUPPLY
5 GAS FLOW PATH
6 INSULATION FILM COATING
7 PARTITIONED AREA
100 PLASMA TREATMENT OBJECT
110 TREATMENT SPACE

Claims

1. A plasma generation device arranged with a plurality
of electrodes facing each other, comprising:

a discharge position control unit, which is ar-
ranged between each of the plurality of elec-
trodes, and is formed by containing an inverse
characteristic material composed of a fluid hav-
ing polarizability and a property that dielectric
constant decreases with an increase in temper-
ature, in a container formed of a dielectric ma-
terial; wherein
the inverse characteristic material is spaced
apart from each of the plurality of electrodes.

2. The plasma generation device according to claim1,
wherein
thermal conductivity of the fluid is no more than 4
W/(m·K).

3. The plasma generation device according to claim 1
or 2, wherein
the discharge position control unit comprises a par-
titioned area arranged to plurally partition the inverse
characteristic material facing one of the plurality of
electrodes.

4. The plasma generation device according to any one
of claims 1 to 3, wherein
one electrode of the plurality of electrodes is formed
of a linear shaped conductor;
the discharge position control unit formed in a cylin-
drical shape is arranged along an outer circumfer-
ence in an axial direction of said one electrode
through a plasma generating area formed of a gap;
another electrode of the plurality of electrodes is ar-
ranged around the outer circumference of the dis-
charge position control unit; and
a plasma generating gas is supplied into the plasma
generating area to generate plasma.

5. The plasma generation device according to any one
of claims 1 to 3, wherein
the plurality of electrodes are arranged along an out-
er periphery of the discharge position control unit at
equal intervals; and the discharge position control
unit comprises a treatment space, in the inside of
which a plasma treatment object is stored.

6. The plasma generation device according to claim 5,
wherein
the plurality of electrodes are respectively connected
with power supplies; and the power supplies are con-
trolled so that each phase difference between the
mutual adjacent power supplies is respectively dif-
ferent by an equal interval so as to be a total of 360°
phase difference.
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