1 DESCRI PTI ON PLASMA TEMPERATURE CONTROL APPARATUS AND PLASNVA
TEMPERATURE CONTROL METHOD 5 TECHNI CAL FI ELD [ 0001] The
present invention relates to a plasm tenperature control apparatus
for controlling the tenperature of plasna, 10 and a pl asna
tenperature control nmethod. BACKGROUND ART [ 0002] Conventionally, the
tenperature of plasma has been 15 thought to be roughly determ ned by
the type of gas generating the plasnma, the flow rate of gas, the
quantity of energy applied, the netP¥RAPTONer ati ng the plasma, the
at nosphere in a plasma generating chanber, and the like. [0003]
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TECHNICAL FIELD
[0001]

The present invention relates to a plasma temperature
control apparatus for controlling the temperature of plasma,

and a plasma temperature control method.

BACKGROUND ART
[0002]

Conventionally, the temperature of plasma has been
thought teo be roughly determined by the type of gas generating
the plasma, the flow rate of gas, the quantity of energy applied,
the method of generating the plasma, the atmosphere in a plasma
generating chamber, and the like.

[0003]

However, from the perspective of applicaticon to various
fields, enabling the temperature of plasma to be controlled over
a wider temperature range is being demanded. For example, in
surface treatments using a conventional plasma apparatus,
reaction speeds and treatment results are controlled through
control of the temperature of the cbject to be treated (such
as a substrate when treating a semiconductor). However, when
methods in which the temperature of the object to be treated
is controlled are used, a problem occurs in that the objects
that can be treated and the like become limited.

[0004]

In particular, there has recently been demand for lower

plasma temperatures. Therefore, some attempts at lowering the

temperature of plasma have been made by reducing energy supplied



25 control of the tenperature of the object to be treated (such as a
substrate when treating a sem conductor). However, when nethods in
whi ch the tenperature of the object to be treated is controlled are
used, a problemoccurs in that the obj ec%s that can be treated and
the |like beconme limted. 30[0004] In particular, there has
recently been demand for |ower plasma tenperatures. Therefore, sone
attenpts at lowering the tenperature of plasma have been made by
reduci ng enckQPlesppl 923 by2ineres abimmh thesfbyv inatecadigrs tthaeftow irdtce

of gas inje t i e i Lgy.S lied to the
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tenperature y ti u not _be achi eved. [0005 . _For_,
exgprrpl e, re ung%l%gcr? dgg nt%%ekggn%ie?%r%rjes o’?ecﬁ‘]ca?gr‘ra lg%‘ie‘ﬁeé%n S3PpEaR by
usi ng pulssed gt tspplgdandi omt @suld trett Ibe swppkyeag the pl asma
with el ectri[c r, thereby reducing the 10 total quantity of energy
added to the %%}ﬁem (to a very small quantity of 0.2Wto 3W, when

generating the pl aspBexdmpasdirkiaBtidA & tRBPLeRSS - DaSRE BRAS) 4 MpiGh
a discharge el ectrode is cooled. However, this attenpt too ains to
suppress "t SR5Er AtEFBPTES Y YH1hEUAFRE RIS anEP hang| Bl tdfest 1o
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tenperature o ma, helium gas having high heat conductivi _
used as 1Bl agwdadaguanehty gehersres 2¢dedidoplthsnplisma diteas etety speilig

ener at i on (LR 20 2nd ponr ISSTepBELES E AT o
i nterm ttentddgigarhor apdattérarehay ddien mgdehénquaith ty difsddrergy
added to th%l%b%%%ﬁe%%cxmled. However, this attempt too aims to suppress
"temperature rise” in the electrode and the plasma (refer to
15 Non-patent Literature 1).
[0006]

Furthermore, to lower the temperature of plasma, helium
gas having high heat conductivity is used as plasma gas, heat
generated in the plasma is released by being transmitted to the

20 gas, electric power required for plasma generation isminimized,
and power supply to the plasma is intermittently performed,
thereby reducing the guantity of energy added to the plasma as
a total (refer to pages 235, 236, and 245 of Non-patent
Literature 2).

25 [0007]

Moreover, attempts have been made to "not increase the
plasma temperature at all” by pulse operation, power reduction,
and increased flow rate of gas. However, these attempts all
suppress temperature rise by "the temperature of the gas to be

30  supplied"™,

(0008]
Non-patent Literature 1: The 35th IEEE International Conference
on Plasma Science (ICOPS 2008) Oral Session 1E on Monday, June
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2). 25[0007] Moreover, attenpts have been nmade to "not
I ncrease the plasma tenperature at all"™ by pul se operation, power
reduction, and increased flow rate of gas. However, these attenpts

all suppress tenperature rise by "the t erature of the gas to be 30
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5
DISCLOSURE OF INVENTION
PROBLEM TO BE SOLVED BY THE INVENTICN
[0009]
Although attempts have been made to achieve reduction in

10 plasma temperature in this way, none of the attempts are able

to actualize significant temperature reduction.
[0010]
Furthermore, conventionally, in the technical field of
plasma, although controlling the temperature of plasma is

15 imperative, a technical idea of controlling the temperature of
plasma by controlling the temperature of plasma-generating gas
before being turning into plasma had never been conceived and
was unexpected. In particular, the idea of reducing the
temperature of "the gas to be supplied” had not existed in the

20 past. Moreover, in vapor phase synthesis using a conventional
plasma apparatus, the temperature of plasma could only be
controlled through control c¢f electric power applied to the
plasma and the flow rate of gas.

[0011]

25 Therefore, in light of the above-described issues, an
object of the present invention is to provide a plasma
temperature control apparatus and a plasma temperature control
method, in which plasma at room temperature or below,
particularly below zero, can be generated and plasma

30 temperature can be more accurately controlled over a wide

temperature range, from low temperatures to high temperatures.

MEANS FOR SOLVING PROBLEM



[ 0009] Al t hough attenpts have been nade to achi eve reduction
in 10 plasma tenperature in this way, none of the attenpts are able
to actualize significant tenperature reduction. [0010]

Furthernore, conventionally, in the technical field of plasng,

al t hough controlling the tenperature of plasma is 15 inperative, a
technical idea of controlling the tenperature of plasma by
controlling the tenperature of plasnma-generating gas before being
turning i ntolM&ma had never been conceived and was unexpected. In
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FOR SOLVI NG J2ReBhEMhg4dAb4]i s controlled by controlling the temperature

10 of the plasma-generating gas
[0013]

The above-described "temperature of the plasma" and
"plasma temperature” refer to the kinetic temperature of atoms
or molecules forming the plasma, namely the temperatures of

15 translation, rotation, and vibration (referred to hereinafter
as gas temperature, whereas the kinetic temperature of
electrons is referred to as electron temperature), in a
non-thermal equilibrium state.

{0014]

20 The plasma temperature control apparatus according to a
second aspect is the plasma temperature control apparatus
according to the first aspect, in which the plasma-generating
gas temperature control section controls the temperature of the
plasma-generating to be higher or lower than room temperature.

25 [0015]

The plasma temperature control apparatus according to a
third aspect is the plasma temperature control apparatus
according to the first or second aspect, in which the
plasma-generating gas temperature control section controls the

30 temperature of the plasma-generating gas to a temperature lower
than room temperature, and makes the temperature of the plasma
generated in the plasma generating section a temperature lower

than room temperature.



To sol ve the above-described issues, a plasnma tenperature control
apparatus according to a first aspect of the present invention

i ncludes: a plasnma generating section that turns a 5

pl asma- generating gas into plasnma; and q%plasna-generating gas
tenperature control section that controls the tenperature of the

pl asma- generating gas supplied to the plasnma generating section. The
tenperature of the plasna generated in the plasna generating section
is controll elPBflcontrol ling the temperature 10 of the
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temperature control apparatus including a temperature

15 measuring section that measures the temperature of the plasma.
The temperature of the plasma-generating gas is controlled by
feeding back the plasma temperature measured by the temperature
measuring section to the plasma-generating gas temperature
control section.

20 [o0018]

A plasma temperature control method according to a sixth
aspect is a plasma temperature control method that controls the
temperature of plasma, in which the temperature of plasma is
controlled to an arbitrary temperature by controlling the

25 temperature of a plasma-generating gas for the plasma by
controlling to the temperature of the plasma-generating gas to
be higher or lower than room temperature.

{0019]

In the plasma temperature control apparatus and the

30 plasma temperature control method of the present invention,
significant reduction and rise in the plasma temperature is
achieved by the temperature of the plasma-generating gas being

controlled to be higher or lower than room temperature. The



The plasna tenperature control apparatus according to a fourth aspect
is the plasma tenperature control apparatus according to any one of
the first to third aspects, in which 5 the pl asna-generating gas
tenperature control section includes a plasna-generating gas cooling
section and heating section. The tenperature of the plasma-generating
gas is controlled by the cooling section cooling the

pl asma- generating gas and the heating section heating the cool ed
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EFFECT OF THE INVENTION
f0021]
According to the plasma temperature control apparatus and
20 the plasma temperature control method of the present invention,
significant reduction in plasma temperature can be achieved,
andplasma at room temperature or below, particularly below zero,
can be generated. In addition, the plasma temperature can be
more accurately controlled over a wide temperature range, from

25 low temperatures to high temperatures.

BRIEF DESCRIPTION OF DRAWINGS
[0022]
Fig. 1 is a block diagram of a plasma temperature control
30 apparatus according to an embodiment of the present invention;
Fig. 2 is an overall schematic diagram of the plasma
temperature control apparatus in Fig. 1;

Fig. 3 is a graph showing a relationship between plasma



5 of the present invention, the plasna tenperature control section is
provided with the plasma-gas cooling section and heating section. As
a result of the tenperature of the plasma-generating gas being
controll ed through cooperation between the cooling section and the
heati ng section, the 10 tenperature of the plasma-generating gas can
be accurately controlled with conparative ease. Furthernore, the

pl asma tenperature can be precisely controlled bgﬁthe pl asma

t enper at ur e HERAHFTG Ssabtli bhrarbafarengnd REteirashe stemperdt opeldmg in

appl yi ng feedhack 10t henBLagPa & eaner,afur, | ;15secti.on. EFFECT
OF THE | NVENTI OC\EIﬁ[ Qozal] E\gcorg?ﬁg to t%fel pal%g%?fgttpgrrﬁérifﬁ'r eé)’control
apparatus and 20 the.pfasha veapersdtawiggcenteld tivetdidgh bétvben prleseamat

i nvention, signjfi tjon<.n_plas t rat ur.e can pe
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tenperatures to hrgH-tempet 8?55_15%5‘@:0%%5%%?%6@ IBRAYE &g trol
[0022] Fig. dbpasatubl ackodifgs amm afncaxndrasmBolenpeE atag control 30
appar at us accordingﬂto ap enbodi nent of the present invention; Fig. 2
is an overal |l schénfiti & Hf &yreaftdrl Féagragnalt Rhyeratiamwesshirss

apparat us i ndhi@ved; by the plasma temperature control apparatus in Fig.
10 5.

BXPLANATIONS OF LETTERS OR NUMERALS

BEST MODE (S) FOR CARRYING OUT THE INVENTION
15 [0023]

A plasma temperature control apparatus of the present
invention is capable of arbitrarily controlling the temperature
of plasma by adjusting the temperature of a plasma-generating
gas using a plasma-generated gas temperature control section.

20 For example, as a result of the temperature of the plasma-
generating gas being adjusted, a plasma temperature of 0°C or
below, and furthermore, a temperature of plasma that is near
the boiling point of the substance used as the plasma-generating
gas (for example, a temperature that is the absolute temperature

25 of 10K or below, when heliumgas is used as the plasma-generating
gas) canbe achieved. The plasma temperature control apparatus
includes a plasma generating section that turns a plasma-
generating gas intoplasma, a plasma~generating gas temperature
control section that controls the temperature of the

30 plasma-generating gas suppliedto the plasma generating section,
and the like. The plasma-generating gas is a gas before being
turned into plasma and gas generated as plasma, also generally

referred to as a plasma gas. The plasma-generating gas



Fig. 3 is a graph showing a relationship between plasma 7
tenperature and tinme before and after the start of cooling in the

pl asma tenperature control apparatus in Fig. 2; Fig. 4 is a
graph showing a relationship between plasm tenperature and tine
after the start of cooling in the plas 5 tenperature control
apparatus in Fig. 2; Fig. 5is a block diagramof a plasna

t enperature control apparatus according to another enbodi nent; and
Fig. 6 is a ‘@&Hnaréitudragrarref sprasomm asenpenatol ddeapht snvedidnenaid ng

CETTERS OR NOVEAL & oBRaT RODE & - Pers LRI RG! ot F e N O 20
15[ 0023] compofepltagsalorgpes atlurics capiabdke appavatusibing Hehepr esent
invention i lLe of arbjtrarily controlling the te rat ure_ of

pl asma by afﬁeﬁﬂ t %%gt U ﬁeO? eﬁjﬁ%r?aa{%srﬁe/a—&enfrﬁltégﬁagﬂﬁhefﬁn}%ﬁﬁ Biésﬂgf ng
a pl asmasgengmaired iggydsenperatiiit ot @btidl 15§84 isQih a20aF@in exardliem,

as a result of ,the tenperature of the plasma-generating gas being
adj Ustod, a 'GIASHE BBRpSr AETR DIOVES BUFORISAnd T L AFRmEIRE naRe

t enper at ur e @ cRb&saBrbhatbés, RER!, dhewhekkiRpROl Bt Ohilbersubstanee
used as the plasma-generating gas (for_exanple, a tenperature that is
t he absol ut &CehiRiakgredpheqiprigiedor Phayle Ml ARG LATgasy ilondsed

as the plasm@sgenefAt hhge %%klﬁ%&%aq%@a/ﬂesm&@'s%@ir{ gameLILuRe

control apparatus includes a plfasma gerierating section that turns a
pl asma- d8nersdiithg Yamay ol prasiteltatpbastretgenefae PAgsyagemperature

t enper at ur e CQRL-LOI E%eé ' cégﬁ; r.ql € r he .30
pl asma- genercgt irenggga s&fﬁ;:%l%l %%?%8 t ell%IdZté%rE‘ %ie%errggpg%%fggg%}%%’ San
the |ike. The pgianmmdgénke atdmpmdPLCS ahdastbih ogendye tignt, upiedmiant o

o asrm and SSRGUIERSL ot At Aead SR8 GLALLYLS! RS ' 8t
elements analysis, nano-particles generation, plasma light
15 sources, plasma arc machining, gas treétment, and plasma
disinfection.
[0024]
Fig. 1 is a block diagram of a plasma temperature control
apparatus 10 according to an embodiment of the present invention.
20 The plasma temperature control apparatus 10 according to the
present embodiment includes a plasma-generating gas supplying
section 20, a plasma~generating gas temperature control section
30, a plasma generating section 40, a power supply 50, and the
like. The plasma generating section 40 may have any structure
25 andbe based on any principle, as long as it is capable of turning
the plasma-generating gas into plasma. For example, various
methods and means can be used, such as an inductively coupled
plasma method, a microwave plasma method using a cavity
resonator or the like, and an electrode method such as parallel
30 plates or coaxial-type. As the power supply 50 used to generate
plasma, various modes can be used, from direct current to
alternating current, high-frequency waves, microwaves or more.

In addition, plasma may be generated by injection of light such



8 tenperature control section can control the plasma-generating gas
to be above or bel ow roomtenperature, and nay be any conponent as
long as it is capable of controlling the tenperature of the

pl asma- generating gas. As the plasma- 5 generating gas, in addition
to nobl e gas such as argon or helium vaftious gases such as oxygen,
hydr ogen, nitrogen, nethane, chlorofluorocarbon, air, and water
vapor, or a mxture thereof and the |i ke can be applied. Plasma may
be in a | ar &} Y as6Hi-z8Boskavavesmypthdhie rbdsel fromnttsidsar t Tie¢ aslasinteh

sonme in an iQzed ; stat€,n0 i i.tatign . The
pl asma terrpe#ga]{t urelc ntr ol ggpg?%b{%ﬂn agcréag%%lség ’tbg %glém@&dsgtlrn ge
of fields, swwipussidilenyasl- tokleusaiblonl {DLT), thikouétimeegenkidt kod,the

| asma processj_ng, em . cal Vvapor deposifion D , trace
gl errentg an;ﬁlslysel'g, Fﬁ%ﬁ%g%g?%’clt&se é)\ei gsfngt Poncr {:Ja%?méﬁ%%%ﬁ“ f? may
Zpu_rc](cas, 5pl ammeoralteo s prmﬂn'mbp@gp@asihgm%uzakﬁn@d_ @fﬂaﬂn?ds anld means.

i sinfection, ig. is.a bloc i agram of a plasnma
t enper at ur e Mllgaib%ﬁpﬁﬁﬁesf%ta%@?ﬁ%wtt %“%ﬁneﬁ%’c?(ﬂ%mt ‘gefsct%ed
present invefdricdifte?) dbeabhayhc-aipasaldiiReCit Gk R AlntspHric
according to the present enbodi nent includes a plasnma-generating gas
suppl yi ng sEHGSEHIS0LS 4SBR AR Y BlasHR 95y sFas Lngnmnsitaony €0 c aRegiasma

section 30, @RiRa$IBnIeBeHal FHSSEGIHRY 48moBpRAVRE SHPR V-0, and
the like. The plasma generating section 40 nmay have any structure 25

and be Blsed%#5dny principle, as long as it is capable of turning
the plasma- gener apigg §ass |4 LA s Hha PXAMRI So: 1 L4 TRY DOMS
y plasna od,

and nmeans can be uséd, such as an I nductive coupfe
a m cr onwave teinpseratreehodntsd hgerpaativsy 10edondiigr br Bse thekplaama

an el ectrod pay al |l el | ates_or _coaxial:type. As
t he power s%ﬁ?ﬂa ;gggnéls%g: tt% %nggdde%% Emgggg%{"c 5??%ﬁ§eﬁ%&g§_}c{gﬁqﬁ%ﬁcy’
used, from dioneetjudliibentmtml @de rqeaidrag iayr denfce hilght: fiseguency

1aeS, | IRt RURNES SLoTRLE:c LI AGALLLON, DLESTR, Y, Agferal o0 Y
outsi de. ThegepkaafBing device, or the like is used. The plasma generating
section 40 is operated under ordinary plasma generating
conditions. A high-frequency power supply 52 is used as the
power supply 50 supplying electric power to the plasma
20 generating section 40. A high-frequency matching circuit 54
is disposed to perform matching with the plasma generating
section 40. In this way, the high-~frequency power supply 52
supplies electric power to the plasma generating section 40.
[0026]
25 The plasma—generating gas temperature control section 30
sends the plasma-generating gas via a gas pipe 12 through a
cooler 32 that uses liguid nitrogen, cools the plasma-
generating gas, and injects the cooled plasma-generating gas
into the plasma generating section 40. Inthe cooler 32, liquid
30 nitrogen is placed in a container. The gas pipe 12 for the
plasma-generating gas is placed into and taken out of the
container, thereby adjusting the temperature. The plasma-

generating gas 1is sent via the gas pipe 12 from a plasma-



generating section 40 may generate plasma by conbusting conbusti bl e
gas, conbustible liquid, conbustible solid, and the |iKke.
Furthernore, the plasna generating section 40 may 5 generate plasma
by conbining the plurality of methods agﬂ means. According to the
present enbodi nent and an enbodi ment descri bed hereafter, a plasna
generating device for use under atnospheric pressure is used as the
pl asma generating section 40, and plasma generation is performed
under at nos eI IE s §GfeStepROB2BFCtion 22 [pogthe Fgodr o%@r atdssing

schematic diaarqugnoh orae sBk- 85I AT ALHAS, 69040l ARPALAIISH 40 Inhe

Fig. 1. As the pllasma generating section 40, an sp I C pressure,
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generating sRGHoeBd4h the02&} i Rrhe opl B IERE (Al ﬂgpQQ%,t\@HQ%fﬁszl%e
control section 30 sends the plasnma-generating gas via a gas pipe 1

through 18 cosmeraginghaeceie’ 40.qand fiherbges, &eofbetheat insulating
pl asie. genenikbidagass  add {8l CcishddiR<Cobafl! 35I%s &L I neg8s
the c € )

into the plasma generafing section 40. I'n 0 I'qu
ni trogen isDbollaeediern foapest nilpleer, Themgdsingitpent?2 daor stble as dry air,

pl asma- gener;at.i i ed.iqto aken t.of .the co i_ner
t her eby adj&%%?ggt?ﬁi #%ﬁ%ﬁgigt%Fegﬁﬁhggg¥%éE%¥a§%é?a?%%g %ﬁﬁé%é?ngeﬁF
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f2|20;[N0r ;?g g%%ég{ %g%@%%tteqﬁ%lig?4? gee%%%%eigghfg%fﬁg Zﬁlat%rl:q.a 14
may be constantly circulated. To quickly control the
temperature of the plasma-generating gas to an arbitrary
temperature, according to the present embodiment, the gas pipe
12 and the plasma generating section 40 may be cooled or

20 temperature-~adjusted in advance.
[0027]

The temperature of plasma is measured by a plasma
temperature measuring section 60. The plasma temperature
measuring section 60 measures the temperature of plasma (gas

25 temperature Tg) by a thermocouple 62 being set at a plasma
ejection outlet of the plasma generating section 40. At this
time, to accurately measure the temperature of plasma, the
thermocouple 62 is surrounded by aluminum tape (not shown) and
external disturbance is suppressed. To prevent the

30 temperature of the plasma generating section 40 from being
measured, the aluminum tape is bent such that a temperature
sensing section of the thermocouple 62 does not come into

contact with the plasma generating section 40. The plasma



tenperature of the plasnma-generating gas is neasured as required by a
pl asma- generating gas tenperature neasuring 5 section 34 in the gas
pi pe 12 imedi ately before the plasm generating section 40. To
suppress changes such as increase in the tenperature of the

pl asma- generating gas from occurring again after gas cooling, a heat
insulating material 14 is disposed in the periphery or within the gas
pi pe 12, the plasma 10 generating section 40, and the like. As the
heat i nsul atiSRPSFALEFEaMNe2FUTRR R B DA SHESEs LeRBEAREN TR §RASHNS

sponge, pol yestalon @3B ik dlﬁ%ae&qpé&.raem@&ls geéﬁlgﬁm
air, insul atlo&% as such as SFG epoxy, acrylic, para fin

the like canl sed. V\hen aliquid or agas is used as the 15 heat

i nsul ating naterlﬁgx%4 &Q ehQSEBa&*&%ﬁe S o}, 0BY, kgfﬁ%asma

constantly circul ate contro errpera ure o
pl asma- géneﬁammagaSEt@mheacrcmttrloarlyedtmme_:r aharaéaov@cdesdrmlgeﬂ@ltalsma

present enbqdi he_gas_pipe 12 and ener section
40 may be Cgc%mg%'}tgrtu%s gﬂ%er%taﬁpar ﬁ@dalgﬁ tﬁtfoi% 28
The t enper atenbedafiepk asing. bs dmeasﬂbed bwh@ @st;aesfmmetrﬁ;rm@é abHlected for
measuri ng sg%il on_60. Tgfe F‘l aF t ature rreasur section 60
measur es t he'fFehPErAture & CprFaBad’ %rzg e eTgf Hhe plasma
t her nocoupl ea@2pbetogrselled vy RiaIT 18186t Las ﬁyéérﬁ‘é @néﬁ%ﬁbaaaa
generatl ng section 40. At this time, to accurately neasure the

t enper atlfir e 190 eFEEE et RS PHESHE A AT SeStiFD ARde PrFidiigalAtim
tape (not shewgheanth &Xd efdiderdiSLEr BAREE T SptaRREESS S SJ&rEG%V%%

the 30 tenperature of the plasna generating séction 40 from
measur ed, tRe Bl PlAaGRAtapeerat bxhgaswdssdraria thenpes @tl@ﬁel%@hgpngh

section of the therameouple; 62 1080 190 6B LA gﬁatfgtsu%%l%g%%y

pl asma generating section 40. T erature neasure
the plasma rceppedat Uitenredder pnglsécm@m@ﬂgarsamtsplgaged ia @anjected

Lhaper st b iR e Lhha Ptag LROERE, MOX! - 120 ST XREL I P hee

check whet hér or errpera ure ca
t he above- deséprbethdpledserr tapercdicdr plsﬂm+@én@mam@t gss 1 aggecdeng

to the present enbodi nent will be escrlbe t was

conduct 6 T P TE DU T08E BEoPRRERE T UhATHEF " Ehe ALNbEr AU O RE

pl asma can hemeosts othetkdry. controlling the plasma-generating gas
[G029]

20 Fig. 3 shows a relationship between plasma temperature
and time before and after the start of cooling when the
atmospheric pressure, high-frequency, non-equilibrium plasma
generating device is used as the plasma generating section 40,
helium gas is used as the plasma-generating gas, the temperature

25 and the flow rate thereof are respectively -163°C and 15 liters
(L) /minute, and the power supply 50 supplies RF power of 60W.
Point zero on the horizontal axis in Fig. 3 indicates the time
at which the cooled plasma-generating gas is injected into the
plasma generating section 40, or in other words, the start of

30 cooling of the plasma. The standard plasma temperature of the
helium plasma generated by the atmospheric pressure, high-
frequency, non-equilibrium plasma generating device is 80°C to

100°C. The plasma temperature becomes 40°C from 80°C two



10 injected into the plasma generating section 40. Specifically, in
the plasma tenperature control apparatus 10 shown in Fig. 2, the

pl asma- generating gas passes via the gas pipe 12 through the cool er
32 filled with liquid nitrogen and is sg&ficiently cool ed. Then, the
cool ed pl asma-generating gas is injected 15 into the plasma
generating section 40. The plasnma tenperatures before and after the
cool ed plasna eneraﬁtgg as is |n ected are neasured at, a constant

time mtervaﬂ1 h §§a5$e T1G9Rt % PRsaRed.~ Y0628 ftonmights

shows a r el iRy, P Abet WBeBnek askdut eNPEIFILe aRd: bk e hef.are.and
after the start of cooling when the atnospheric pressure,

hi gh- frequenwmﬂon equi librium plasnma generating device is used as

the plasma generathngggecid 0N r4Q. helydym Qaf%ias%ilbﬁﬁq) '%Sbgpﬁe?rﬁésrlas a

pl asma- generating gas, the tenpérature 25 an rate
are r espéct |Wpﬁrﬁi§@3€ and 1bn¢iakher (Uhy mitagtesfandol freg power asuppl y

50 supplies 0 0 th or| ontal_axis in

Fig. 3 indi Cd;'[feel;%%}[ﬁﬁﬁct Franggy% V\ﬁi%hﬁe tg{SBI éng ag erl e?a‘ﬁsﬁﬁ gas
is injected plratsmat het plsasaadwwehatpl@smaegtenemaﬂﬂng Osfedtl‘ioﬁt hes haarics,
the start of %qglu¥% oLh gﬁggasna Thg standard plas

tenperature % et 0m e ST REEE BY 93y ARoSpRReTRture and
pressure, hltgxre- fftlequeutg tlm@ﬂ‘bdaﬁqlaﬂé rdswacpligsie geser atl g devidcasi s
80C to jlﬁ pLﬁJ& t enper a ure beconmes 40C from 80C two 12

m nut es ftelﬁtFﬁé M Ce 19 hS RBESRPR 080 SPBY 165 Frtt aFnRias,
and becones cakedht - BSvdC oaf beky tuel vewi ns 910wh0P3 01 . nqad@i&é %sma
Fig. 4 shows a relationship between plasma 5 tenperature and

after the st&PP=sRtEER| FiR) ifeALaVEi 8 eCtat thsasitrsE of s%crmlrlg@- Fiyfpés
at nospher i ¢ tpr assit e- P a8 e St dhﬁ)d&s%Qgiﬁ hifu Pl 2SPRPENES ki, %@ of

section 40, heliumgas is used as the plasma-generati ng gas,
tenperaturecﬁﬁéilflﬁe flowrate thereof are respectively about -17OC
and 10 19 I|bg§§ (L) /mnute, and the power supply 50 supplies
alternating current power of 90kV and 73W As shown in Fig. 4, the

pl asma t enper at ur®ig hat and Bboutéd 44€aatlyt hbostmat,ofascmoiemgltdb&DShéo

about +90C RCREL-EPQHL o% AL pTNLEGRERMLLNS 363419 c5285b0%n ehse
way, the plasma temperature can be controlled. Even when the
plasma-generating gas temperature is changed, the plasma does
20 not become unstable at least within a visual range, and a
phenomenon in which the plasma is extinguished could not be
observed.
[0032]
In the experiment shown in Fig. 3, regarding helium plasma
25 generated by the plasma generating section 40, as a result of
the plasma-generating gas supplied to the plasma generating
section 40 being cooled to -163°C, a low~temperature plasma of
-23.7°C can be generated. In the experiment shown in Fig. 4,
as a result of the plasma-generating gas being coecled to about
30 -170°C, a low-temperature plasma of about -90°C can be generated.
It is thought that time of a number of minutes is required for

the plasma temperature to drop because the time is mainly used

to cool the gas pipe 12. The present method indicates that the



Fig. 3 and Fig. 4 clearly showthat, as a result of the tenperature
of the plasma-generating gas being changed in this way, the plasna
tenperature can be controlled. Even when the plasma-generating 20
not become phenonenon observed. [0032] ;kn the experiment shown in
Fig. 3, regarding heliumplasma 25 generated by the plasma generating
section 40, as a result of the plasma-generating gas supplied to the

| asma generatin ection 40 bein oIed to - 63C a lowtenperature
Dl aom of - 2 FMREkARASe e RAPSTEORT (P RS LRRe Y SHBAFPY M (he
as a result odmddreHuras oE- gnaepa@érﬁw-mﬂ&_u&@ gael.ed to about 30

-170C, a lowtenperature plasma of about -90C can be generated. It is
t hought t hat qqﬁﬁ of a nunber of mnutes is required for the plasna

tenperature to drapcBeaaHsed Nt bhBBdiRe MR $hd!$88sent invention, all
5 that is required is to control the temperature of the
plasma-generating gas. Therefore, in the plasma generating
section 40 in which an electrode is present, the temperature
of the plasma-generating gas may be controlled by controlling
the temperature of the electrode.
10 [0034)]

Fig. Sisablockdiagramof the plasma temperature control
apparatus 10 according to another embodiment. The plasma gas
temperature control apparatus 30 according to the present
embodiment includes a plasma~generating gas cooling section 36

15 for cooling the plasma-generating gas and a plasma-generating
gas heating section 38 for heating the cooled plasma-generating
gas. The temperature of the plasma-generating gas is first
cooled by the plasma—-generating gas cooling section 36 and then
heated by the plasma-generating gas heating section 38 to be

20 controlled to a predetermined temperature. As a result, the
temperature of the plasma-generating gas can be accurately
contreclled with comparative ease.

[0035]

The temperature of the plasma-generating gas can be used

25 to precisely control the plasma temperature by the plasma
temperature measuring section 60 measuring the plasma
temperature and feeding back the measured plasma temperature
to the plasma-generating gas temperature control section 30.
When the plasma—-generating gas temperature control section 30

30 has the plasma-~generating gas heating section 30, feedback may
be applied to the plasma-generating gas heating section 38, and
the plasma-generating gas heating section 38 may be controlled.

The plasma temperature can be controlled with further accuracy



to cool the gas pipe 12. The present nethod indicates that the 13
tenperature of plasma can be controlled by controlling the
tenperature of the plasna-generating gas. [0033] According to the
enbodi ment of the present invention, all ,5 that is required is to
control the tenperature of the plasma-génerating gas. Therefore, in
the plasma generating section 40 in which an electrode is present,

t he terrperaturgl of the pl asna-generating gas may be controll ed by
control | i ng Bh&'9¥nFaPACHFE BEIR R IUReT dde theOpoes4in which tIfieg 5

is a block diaghmgehet-Be:inkagasn i@@g{ﬁllgaetgoehé%lé&néf@ér}& g
according to anot her enbodi ment. The plasma gas tenperature contrgl
appar at us 3eiderdifg tpc?qulﬁlge‘é@rﬁh%wgéﬁﬁﬁn@mbmmmés all that is
pl asma- gener@dﬂg:eglafs% tRg pﬁ%%Hao e&?egécd% mggg {'19 &5 on 60
pl asma- generating gas and a plasma-generating gas hea |%g Secfhon 38
for heat Png MRS UEEOR @daemlafsnrategmmraauumg agdsfothﬁeetiiearqnlert@t be exppfl itskie

pl asma- gener. f ol.ed the | asma- generat i a
cool i ng sectlﬁltoelrf%gggahdjcﬁﬁeég O% dby" F% rlfgeé“gﬁl ré?l%%r%g@%dsby
heati ng secttihenp38sine ben;?@:admﬁer mblaedriﬂgaseﬁlf*&d:ﬁi @onuA@dche like are
t enper at ur e. As .2 rfgsg the tenperature of the plasma-generating
gas can be accuréfné Control |l ed with conparative ease. [0035] The

t emrper at ur e [Of03Bhe pI asma- generating gas can be used 25 to precisely
control 1éhe pl asnma teraierature by the gl asma tenperature nmeasuring
section 80 neasurfHg: thd ‘b‘l"%@nﬁri‘@hﬁér RecOnane Lt al Agnp dePeFature
measured pl agmend gm@&atﬂgﬁ@:é&&ﬂ% B RSABY GBpErathdg 09Bs Eﬁgrm@f kYRR
control section 30. Wen the plasma-generating gas tenperature
control secfi@n 80 3D hasCUHe plogs FiageibraPl AgRydsenrenstvges eehi ba
30, feedbac p r gas.ch

section 38, Iégﬁmﬁfﬁglg?aééﬁﬁ%il%grﬁﬁyggﬂggglﬁggfglﬂég]hxg%%t| on %%hlﬁggke
control | ed. @2PRErptasnkl t aegrerditngr &oc dhebpresant obmimetiniartt .f urt her

accur aC¥5 [0037]

Here, the temperature of the plasma generated by a typical

corona-discharge or barrier-discharge plasma device is within
a range of about 25°C to 100°C. On the contrary, in the plasma
temperature control apparatus 10 according to the present

20 embodiment, the plasma temperature can be more accurately
controlled over a wider temperature range of about -90°C to
200°C (temperature set by the melting point of a material that
becomes a thigh-temperature section or the like).

[(0038]

25 As a result of the plasma temperature being controlled
to an arbitrary temperature in this way, the possibility of the
plasma temperature control apparatus 10 being used for numerous
applications emerges. For example, as a result of the
temperature of plasma becoming the same temperature as that of

30 ahuman body, about 36.5°C, using the plasma temperature control
apparatus and the plasma temperature control method according
to the present embodiment, damage and load occurring during

irradiation onto a human body can be reduced. Therefore, direct



14 by heat capacity being reduced in the area in which the

pl asma-generating gas is supplied to the plasm generating section
40. According to the present enbodinent, all that is required is for
the plasna tenperature neasuring secti on 60 to 5 nmeasure a specific
tenperature and for feedback to be appli éd. Therefore, the position
in which neasurenent is perfornmed by the plasma tenperature neasuring
section 60 and the like are not limted. [0036] 10Fig. 6 shows a
graph of thePtda dirGaigtdenatPefpbredn ody Hasemgsapnasiehperandr e

control appaggdiakQ di thl hedmehs 8N ddfha 16 £ileh Esigoﬁﬁkig§§aﬁgfq the
pl asma tenperature can be arbitrarily controlled by the plasm
t enperat ure E¥hi%lol apparatus 10 according to the present enbodi ment.

15[ 0037] 2he el bRTPREAH D kd MRPLISIB IS ALY, B0 |

typi cal corona-di scharge or bartier- charge asma device 1's
a range of atanar PBTS¢ 6yhODEsiOmricheuctate argathent hbephasarhe plasma

t enperat ure trol paratus 10 according to the present .20
enbodi nent , f%@eg%é:g%% ?gerrlrtp?eer 3?{5?%0%%&168 W@pﬁfég}lﬁ?ecf%ﬁ%h?% R
over a w derddsdmeer ehemicalangecoloabout ca®OG 4103006 dh craet atiyre peat

by the nelti oint of a material that becones a thigh-tenperature
section or t%v%’%?pafﬁ(%’@]&f§ﬁ§ G JEHICHF e R P aSAR e

bei ng contrad edai®id), acbbidady tbemResadddf bioddime MY inkhe surface
possibility of the plasma tenperature control agparat us 10 bei ng used
8

|
for numdPoudTER5IFRaY i BRs2 eRRPgbls. OfFdhce tamprEataEe a0F et timtaciiaged
t enper at ur e fafa sphAsEBn P REARBY1 LHE SABASIRS AILE A% %9@551% o et

human body, about 36.5C using the plasna tenperature contr
appar at us af@tPrcpnhsehl ¢@npadihg eeawniarospeedhadddacetaieny tesulie

e G L R e

of plasma could not be controlled in conventional vapor phase

15  synthesis, as a result of the gas temperature being controlled
using the plasma temperature control apparatus and the plasma
temperature control method accerding to the present embodiment,
advantages can be gained in vapor phase synthesis in nano-
particle manufacturing and the like.

20 [0040]

According to the present embodiment, compared to the
conventional plasma device, so-called high non-equilibrium
plasma that has low gas temperature and high electron
Temperature can be generated. Furthermore, as a result of the

25 gas temperature of plasma being controlled using the plasma
temperature control apparatus and the plasma temperature
control method according to the present embodiment, non-
equilibrium of plasma can be controlled.

(0041]

30 According to the present embodiment, a configuration is
used in which the periphery or the interior of the gas pipe 12
and the plasma generating section 40 are filled with substance

of the heat-insulating material 14 thereof. Therefore,



15 plasma irradiation to a human body becones possible, and
application to the nedial dental fields is anticipated. [0039] In
addition, according to the present enbodinent, in 5 vapor phase
synt hesi s and surface treatnent, becausg the plasna tenperature can
be controlled to a tenperature opti nal 8t the desired chenica
reaction and catal yst reaction, various types of vapor phase

synthesis and surface treatnent can be performed. In addition,
accor di ng t ¥HeHceddpy ehfrml went be iinpried egur dng @brornpd ad ieHta rass

a result of dhe .t amer ahykg-ef 1§ ragd p ei .
controlled,E%he.tenperatu?e ofeéééééiég@%%%ggfe%ggggﬁpbegﬁﬁnﬁq%ﬂﬁhﬁi
and t he reactiteribspeddee giederioxainn afeslbcsrtanl besvdntiol|atadinty

addi tion, althaough,th . r pl asma .coul d_not be

control | ed f% convgkt?%%gén%ﬁ%%g{%%%ggrggtségﬁ%%;ﬁ%ﬁ B Be REFHPTSA-
t he gas tenperdtherecbel ngnsoht tiohd eskapsintg eshe fphaghavd By atddite ons
control apparatus and the plasm tenper.ature control netho ccordi ng
to the preséfit’ ﬁb&BFﬁ%ﬁ??gad%%{h?Hﬁ C@e‘?ﬁﬁﬁégﬁai:ﬁﬁdb? n rpli&&e
synt hesi s i futanerpatrt] ctee nered &ot Urivegrand theeFikeriR0[£040]

Accordi ng to,the6%resent nbodi ment, conpared to the conventiona

pl asma devi CEPIEFPEAFLRY AFGH$ON- equil i bri um pl asma that has | ow gas

t enperat ure [@pd2hi gh el ectron tenperature can be generated.
Furthernore, as a result of the 25 gas tenperature of plasma being

control tBd using The PYeSFRt temsartdonr éscont r bimbprhranlos tanghehe
pl asma t enpepalulaeEoRt Kok g@&&aﬁ]%&%qrd& {4 Jde %’l%ﬁn%ﬂtt. be
p I'Ted. 80ﬁiT

enbodi ment, non-equilibriumof pllasma can be contro
30Accor di ngmedifhedpred esive @ibicd] nenttheaivphéhgutation stagesedthout

Cencrat g SEERREENGOE BT SI1, B LR, SATePLESy 2a0"akbeg) 2o
heat - i nsul athrngughteepirapridte vembihat Therdf thiepludtdlity of constituent
15 elements disclosed in the above-described embodiments, various
inventions can be formed. For example, some constituent
elements may be eliminated from the overall constituent
elements according to the embodiments. Furthermore,
constituent elements over differing embodiments can be combined
20 accordingly. In addition, various modifications can be made
without departing from the spirit of the invention.
[0043]
According to the above-described embodiments, the plasma
temperature is more effectively controlled through use of a
25 plasma generating device for use under atmospheric pressure and
plasma generation performed under atmospheric pressure.
However, depending on the intended application, a plasma
generating device for use in a vacuum or for use under low
pressure can be used, and the plasma temperature can be
30 controlled under conditions from a vacuum to atmospheric
pressure or more.
f0044]

According to the above-described embodiments, the



heat - proofi ng effect can be inproved, and abnormal di scharge, power

| oss, high-frequency inpedance changes, and the like attributed to
deterioration of electrical insulating capacity caused by
condensation and frost formation can be_prevented. 5 Furthernore,

i nsul ating properties of high-voltage sé@ti ons can be increased,
abnormal di scharge can be avoi ded, and furthernore, the present
invention is effective for mniaturizing devices. [0042] 10The
present i nverRIRATFE oL ChPt BYadnt yaenr i raboves- deséovbeed by the
enbodi ment s. ,Const i dent, S : di.fie nd.speci fi [

t he i npl erren% ation gtst aget\?\n}lgggg% %gé%glr‘?fng rtgr% gﬁe g%?lgl ?hro?‘?%e%e
invention. |¢raldgyt ££bhed whtbugluvdppr opragene chobeveat,i ohhef relt@ods can
plurality of it ts disclosed in.the above-described
enbodi mantS1b§/§r@§§usuf%g%§{n§%§ﬁg%ne Bga?%?n%?f}ejﬁo NS ERAPIED 8 fpoled
constituent ket paeaisg thyobgheltimimadetahitOmstbr Qver@lilceCOns biotusdyr,
el ements accordi rg,g to tggﬁgnbodi ments._Furthernore, constituent

el ements ovet™ A%t &8 K§§ odF MRt TR IR TESRBY nddFodt Lok o Hatgity. @

I n addi tionhasar-iponp Nedtf beabionsr Cax khamadeeW thowafdepant i Rgefrom
the spirit of the inventiogn. [0043] . According to the .
above- descr iEFETHSALHEALRY 43t Gitabraddbrprlritally e¥papded using an

ef fectivel y G@ntidall, ed bbnosgthateePfvAR5 BLASHB geRer atﬂu@%ggér@iégs,

for use under atnospheric pressure and plasnma generation per

under at!ffosgFstieadpPésthe ebl3pnRnasne nisiasdong bairdecomtashded

application,; ;. Rlkasra.genes ahd %qy' useg,,| cgm{g of far

use under Iovjﬁzé%r essure cEz?m %{eléll}%e , ééc(r;ig-‘g{ gspﬁggnlge?ee‘)é%era uerdéaéléjn be

30 control | éibgrderntbdrditpphsed riomaa plasoengte stppbpires idatr essihe

or more. [0Q4dlACGORMLNG: AP Jd1% 13ROV e flES GG 1§ BN .. 1S o
solid-state plasma-generating gas may be directly supplied to

15 the plasma gas supplying path or the plasma generating section.



17 tenperature of the plasnma-generating gas is |owered by the

pl asma- generati ng gas passing via the gas pipe through the cool er
filled wth liquid nitrogen. However, other nethods can be used. For
exanpl e, the plasma-generating gas can cool ed 5 by passing through
ot her coolants, such as dry ice or ice ter, or may be cool ed using
a refrigerator, a Peltier elenment, a heat-punp heat exchanger, or the
like. I'n addition, the plasna-generating gas can be adi abatically
expanded usidd*3& expander, a Joul e- Thonson val ve, or the like.

Furthernore,; 10 igst,ead,9f + SR, rati el led, a
liquid-state plasna?gengrat%ﬂgagﬁs nafgﬁg?gsaégg%?%%”gﬁ%ﬂgﬁﬁggg ently
supplied to a pl agnnlgamasugiptsatrigigpatelctapnt hbapl tismmes ge pdragtriang
section. At iLvely iqui d-state or, solid-state
plasna-geneﬁg%%%ékégg ﬁ%% %%Q%iéiﬁﬁqaf §ﬁﬁblied to 15 the plasma gas
suppl yi n§g pat h or atdle gasenegenengtgangt ansd datiure dSn€tdl MbctioAthat
pl asma tenperature cantrol apparatus co ising: a plasnma generatin
section that® Fﬁzsaab? £§Wﬁ?ggﬁ‘é’r‘%€' n %Eéaﬁﬁﬁﬁg%?%‘éﬁngaﬂ SE%‘pplle%
pl asma- generat icthg §aashenpenatal the yidtabnseghkosifshat controls the
tenperature of the glasna-generatin% gas_supplied to the plasma
generating secti ohSwhePRsipture of The; péagpapseRttAtehin fEepPasama

gener ated | RehBeapkAgnRA9Rar & £5G: SECEd PPy ic%n%?@ii@th%%ﬂetﬁémperatu e
controlling the tenperature 10 of the plasma-generating gas. = 2. Tﬁe

pl asma tBnp&fatheeréamroverppiiniduigasecording to claim 1, wherein
t he pl asna-generating gas tenperature control section controls the
tenperature of the plasna-generating to 15 be higher or |ower than
room t enper &tur e. Thg, pIarmyp | taswe resnper abut eok appaoiatappacabuding to

according t @laim 1, wherein the plasma-generating gas temperature control
section controls the temperature of the plasma-generating to

15 be higher or lower than room temperature.

3. The plasma temperature control apparatus according to
claim 1 or 2, wherein the plasma-generating gas temperature
control section controls the temperature of the plasma-

20 generating gas to a temperature lower than room temperature,
and makes the temperature of the plasma generated in the plasma

generating section a temperature lower than room temperature.

4, The plasma temperature control apparatus according to any
25 one of claims 1 to 3, wherein the plasma-generating gas
temperature control section includes a plasma-generating gas
cooling section and heating section, wherein
the temperature of the plasma-generating gas is
controlled by the cooling section cooling the plasma-generating
30 gas and the heating section heating the cooled plasma-

generating gas.

5. The plasma temperature control apparatus according to any



claim1l or 2, wherein the plasma-generating gas tenperature control
section controls the tenperature of the plasma- 20 generating gas to
a tenperature | ower than roomtenperature, and nmakes the tenperature
of the plasma generated in the plasm g(fgerati ng section a
tenperature | ower than roomtenperature:“4. The plasna tenperature
control apparatus according to any 25 one of clains 1 to 3, wherein
the plasma-generating gas tenperature control section includes a

pl asma- generdts wf gagiegolli By Secedmenrisididieati ng section, wherein
the tenperature o : gener ating ] roll he
cool ing section c%olkigfr?ll Q%ﬁgﬁ%? asrnat-ugtéLrI\1 rgggﬁébéogggé rgénadsq'}%%yﬁégti ng
secti on heattianpetaguceobEdtht aghesigenetatreig gas. 19 one of clains 1

to 4, conprising: t enper re asuring section that,
measures the t enpefat Eerergp%fa?%e pqaria;érl}&, ﬁﬁé?‘%rﬁg?%’éa‘i%% d’e of
t he pl asfa- gemerratlileg gpstdeslingcbatk alHeedl hymb eadigeyhack hoes plas py
t enperat ure tg{eaﬁur ed by the terrfer ature, measuri"ln% section to the

rati s e

pl asna- gene TR T BPAPUr B¢ SREFOPR & lasma-generating gas

temperature control section.



