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Introduction

One of the promising applications of low-
temperature plasma is plasma-chemical synthesis
of new materials. In point of fact, if one does not
take into account low energy processes which are
complicated and often nonlinear, low-temperature
plasma is an ideal environment for investigations
of molecules formation processes, even at
quantum-chemical level. Low-temperature plasma
is the object for investigations of substance
formation processes with accounting for statistics.
On the other hand, in low-temperature plasma one
can relatively easily control parameters
(temperature and electron concentration) and,
therefore, control synthesis process.

In the case of absence of local thermodynamic
equilibrium, for example, in glow discharge
plasma at pressure lower than 200 torr, often
ionization waves can be observed [1,2]. lonization
waves develop in a tube restricted space and can be
observed visually. Ionization wave is a local
inhomogeneity of electron concentration changing
in time [1].

It is historically formed that the method of
effective synthesis of fullerenes, new soluble
carbon allotrope, was developed by the group of
W. Kreatschmer in 1990. The synthesis was
carried out in cooling carbon-helium plasma at 100
torr pressure. This plasma corresponds to glow
discharge plasma, i.e. self-excited ionization waves
can appear in this plasma. Other plasma synthesis
methods exist (laser ablation, combustion of
organic compounds in the absence of oxygen), but
they are less efficient. In setups fed by direct
current or alternating current of industrial
frequency the increasing of pressure to more than
200 torr leads to the absence of fullerenes in
carbon condensate. On the other hand, there is no
information about observations of ionization waves
at high pressures including atmospheric pressure.

Further, in the base of ionization waves theory
lies the condition of electron recombination on the
walls of tube restricting discharge volume, and the
question about opportunity of the ionization waves
presence  without this  condition remain
undetermined. Thus, one can state that
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1. Electron  concentration  together  with
temperature are the main parameters determining
the fullerene molecules formation.

2. Generation of forced oscillations of electron
density will permit fullerene synthesis at
atmospheric pressure.

Results and discussion

We considered fullerene molecules formation in
carbon plasma basing on quantum-chemical
calculations with accounting for statistics and
charges of carbon clusters. The charges of carbon
clusters depend on ionization potential, electron
affinity and electron concentration [3,4].

In Fig.1 one can see that taking into account
cluster charges leads to absolutely different result
in comparison with electro-neutral carbon vapor.
The same results were obtained in calculations of
two stages of fullerene formation. For every
temperature the electron concentration exists at
which the Cg, formation rate is maximal.
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Fig. 1. Formation rate of Cg in one stage of
reactions: / — with accounting for the cluster
charges, 2 — without accounting for the cluster
charges.

In Fig.2 one can see that the influence of
ionization waves reduces to increasing the
fullerene formation rate in certain area of
temperatures and electron concentrations.

Conclusions

The experiments carried out allowed us to
detect forced ionization waves in discharges of
kilohertz frequency range at atmospheric pressure
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[5]. It required not only to reconsider main
conceptions of ionization waves arising, but also
allowed developing ideas connected with
controlling role of electron concentration in plasma
synthesis of carbon nanostructures.
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Fig. 2. Influence of electron concentration
waves on Cgo formation rate.

Thus, our investigations showed that in inert
gas flow one can produce local inhomogeneity of
electron concentration by exciting forced
ionization waves at atmospheric pressure.
lonization waves provide more favorable regime
for fullerene formation. Earlier our group reported
about plasma-chemical reactor for fullerene
synthesis at atmospheric pressure in carbon-helium
flow [6,7]. Carbon condensate produced in the
reactor contained up to 15% of fullerene mixture:
60% of Cg, 25% of Cy and 15% of higher
fullerenes. But of major importance is the
possibility to synthesize such substances as
endohedral and heterofullerenes at atmospheric
pressure. It is possible because at atmospheric
pressure one can fulfill continuous input of a
doping substance without disturbance of plasma
parameters. By adding easily ionized substances,
like Na or K, one can increase electron
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concentration and decrease temperature. We have
produced new  perspective  substance
heterofullerene CsoB. This molecule has a dipole
moment of 0.75 D.

Further we plan to measure plasma parameters
directly during the synthesis. Also we plan to
continue synthesis of new substances whose
molecules have asymmetric distribution of electron
density, i.e. the molecules that have a dipole
moment.
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Nel) and Russian state science and technical
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YIOPABJISIOIIASA POJIb QJIEKTPOHHOM KOHIIEHTPAIIUA
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Breaenue

OgHO M3  NEPCHEKTUBHBIX  MPUIOKEHUH
HU3KOTEMIIEpaTypHOU TTa3MBl — 3TO
IJIa3MOXUMHUYECKUM CHHTE3 HOBBIX MaTepuaios. B
CYLIHOCTH, eciau HE YUYUTHIBATh
HU3KOPHEPreTUUECKUE MIPOLIECCHI, KOTOpbIE
CJIOXKHBl W  3a4acTyl0 HE€ JIMHEHHBI, TO

HU3KOTEMIIepaTypHas Ijia3mMa - 5TO HIealbHas
cpexa Ajsl uccielOBaHus MPOLECCOB 00pa3oBaHUS
MOJIEKYJ JJa)ke€ Ha KBAHTOBO-XMMHYECKOM yPOBHE.
[Ipu ywere cTaTUCTUKH HHU3KOTEMIIEpATypHas
IU1a3Ma CTAHOBUTCSA OOBEKTOM JUI HCCIEIOBaHUS
mporeccoB oOpazoBanus BemiecTBa. C nmpyroit
CTOPOHBI, B  HHU3KOTEMIIEpaTypHOH  ILIa3Me
OTHOCUTENIBHO JIETKO YIPaBJsATh MapaMeTpamu
(TeMriepaTypoil ¥ 3NMEKTPOHHOW KOHIEHTpAIlUei),

a 3HA4YMT, €CTh BO3MOXHOCThb YHOpaBJIATh
mponecccoM CUHTE3a.
B ClIy4ace OTCYTCTBU JIOKAJIbHOT'O

TEPMOAMHAMUYECKOTO PaBHOBECHS, HAIlpUMep, B
I1a3Me TICIOIIEro pa3psAa, BO3HUKAIOLIETO IPHU
nasieHusx menee 200 Topp, yacTo HaOMIONAIOTCS
HOHM3aNOHHBIE BONMHEI [1, 2]. MoHW3anmmoHHBIC
BOJIHBI Pa3BHUBAIOTCSI B OTPAHUYCHHOM TpPyOKOH
MPOCTPAHCTBE W JIETKO HAOIIONAIOTCS BU3YaJbHO.
WNonmzanmonHas BOJIHA 3TO JIOKaITbHAs
HEOJTHOPOJTHOCTh  JJIEKTPOHHOW KOHIIEHTPALIUU
HU3MEHSIoascs BO BpemeHu [1].

Hcropudeckn CIOXKWIOCH TakK, YTO TPYMIION
HcclieioBareen o1 PYKOBOJICTBOM B.
Kpetumepa B 1990 1. Ol pa3paboTaH MeTON
3¢ HEeKTUBHOTO TIOJTyYeHUs ¢dymiepeHoB,
pacTBOpUMO¥ AJITOTPOITHOM MoU(UKAITIU
yraeposa. CuHTe3  ocyllecTBIseTcd  INpHU
OXJIKJICHUU YTJIEPOTHO-TEINEBON IJIa3Mbl TIPH
nasiaeHun 100 Topp. Orta mnazMa mo mapameTpam
COOTBETCTBYET IUIa3Me TICIOIIEro paspsijaa, T.e. B

HEed MOTYT BO3HHUKATh CaMOBO30YKIAIOIIHECS
MOHM3AaIMOHHBIE BONHEL. CyIIEeCTBYIOT eme u
TIpyTHe ILUTa3MEHHEBIE METOJIBI TTOJTYICHISI

(dbynmepeHoB (METOA JIA3epHOTO HCHAPEHUS U
METOJI CXKWUTAHUS OPraHWYECKHX BEIICCTB B
YCIOBUAX HEJOCTATKA KHUCIOPOJa), HO OHH MEHEe
a¢dexTuBHEI. B ycraHoBkax, paboTamommx Ha
MIOCTOSSHHOM TOKE WM TOKE MPOMBIILICHHON
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4acTOThI, MOBbIIeHUE AaBiieHus: 6onee 200 Topp
MPUBOJUT K  OTCYTCTBHIO  (YJUIEPEHOB B
yraepoqHoM koHpaeHcare. C Apyrod CTOpPOHBI, B
JIUTepaType HEBO3MOXKHO HAWTH WMHGOPMAIHIO O
HaOJIOJICHUM WOHHU3AIIMOHHBIX BOJH MPY BBICOKHX
JaBIICHUAX, BKJIIOYas 1 atMochepHoe. bonee Toro,
B OCHOBE TCOPHUH HOHU3AIMOHHBIX BOJH JICKHUT
YCIIOBHE PEKOMOMHAIIMU 3JCKTPOHOB Ha CTEHKax
TpyOKH OrpaHHuYHUBAKOIIEH 00BEM pa3pAAHON
KaMepbl W OCTaeTCs OTKPBITBIM  BOMPOC O
BO3MOXXHOCTH BO3HHUKHOBEHHS HOHHU3AIMOHHBIX
BOJIH 0e3 3Toro ycnoBus. U Tak, MOXHO cIenaTh
CIIEIYIOIINE YTBEPIKICHUS:

3. DneKkTpoHHAs  KOHIEHTpamus, Hapsagy C
TEeMIIEpaTypo SIBJISTFOTCS OCHOBHBIMHU
napameTpaMu, ONpeACSIOIUME  (HOPMHUPOBAHHUE
MOJIEKYJT (hyrurepeHa.

4. Teneparus BBIHY XK ICHHBIX KosieOaHMit
9JIEKTPOHHOM TUIOTHOCTH TMO3BOJHUT OOECIEUUTh
cuHTe3 (DyIUIePEHOB MPU aTMOC(HEPHOM JaBICHHH.

Pe3yabTaThl 1 00Cyxk1eHne

Mb1  paccMmoTpenn  0oOpa3oBaHHUE  MOJIEKYIT
(dbynmepeHa B yrIEpOJHON IJIa3Me€ Ha OCHOBE
KBaHTOBO-XVUMHUYECKUX  pPacyeToB, C  Y4ETOM
CTaTHCTUKU U 3apsiOB YIJIEPOJHBIX KIIACTEPOB.
Ceuenne KOaryJsili{d YTIEPOTHBIX KIIACTEPOB, a
3HAYUT U CKOPOCTh O0pa3oBaHUs (yJUICPCHOB
3aBHCHT OT WX 3apsloB. 3apsusl KJIACTEPOB
3aBUCAT KaK OT IIOTEHI[MAJIOB MOHMU3AIIMHU, TaK U OT
CPOACTBA K DJIGKTPOHY M OT KOHIICHTpAlUU
SJEKTPOHOB [3-4 .

W3 puc. 1 BUAHO, 9TO YYeT 3apsHKEHHOCTH
KHaCTepOB HpI/IBOILI/IT K COBepHIeHHO I/IHOMy
pe3ynbraty. Takue xe pe3ylbTaThl MONYYarTCs U
mpu pacuere B JaBe cragud. i  Kaxmon
TEeMITepPaTyPhI CyIIEeCTBYET KOHITCHTPAIIHSI
AJIEKTPOHOB, MPH KOTOPOH CKOPOCTH 0Opa3OBaHMUS
Cso MaKCHUMaJIbHA.

N3 puc. 2 Mbl MOXEM BHUJETh, YTO BIIHUSHHE
HMOHM3AIIMOHHON BOJHBI Ha CKOPOCTh 00pa30BaHUs
(yJUIepeHOB CBOIUTCS K €€ YBEIUYCHUIO B
HEKOTOpPOW 00JacTh TeMIepaTyp W AJIEKTPOHHBIX
KOHIIEHTpaIuH.
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Puc. 1. Cxopoctb ob6pazoBanuss Cg B OAHY
CTaJuil0 peaknui: [ C YYeTOM 3apsjoB
KJIACTEPOB, 2 — 03 yueTra 3apsiioB KIaCTEPOB.
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Puc. 2. Bausuune BomH 7n,
obpazoBanus Cg

Ha CKOpPOCTb

BriBoabI
IIpoBeneHHbIC HAMU SKCIEPUMEHTHI TO3BOIHIIN
OOHapyXHTh  BBEIHY)KICHHBIC  HOHH3AIIMOHHBIC

BOJIHBI, BO3HHUKAIOIINE B paspsaax Kl 1 auamnazoHa
npu atMoc(hepHOM AaBieHuH [5]. DTO HE TOIBKO
noTpebOBao OT HAc IIEPECMOTPETh OCHOBHBIC
KOHIICTIIIMM ~ BO3HUKHOBEHHWS  HMOHHM3AaLMOHHBIX
BOJIH, HO ¥ TIO3BOJIMJIO PAa3BUTh HICH CBS3aHHBIC C
YIpaBISIONICH poJibIO 3JEKTPOHHOU
KOHIIGHTpallud  Ipd  IJIa3MEHHOM  CHHTE3€
YIJIEPOAHBIX HAHOCTPYKTYD.

Takum  oOpa3om, [daHHBIE  HCCICHOBAaHMSA
[IOKa3ali, YTO B IIOTOKE MHEPTHOTO ra3za MOXKHO
OCYIIECTBUTh  JIOKAIbHYIO  HEOJHOPOIHOCTHh
3EKTPOHHOMN KOHIIEHTpalHH, BO30YyKaas
BBIHY)KICHHBIC ~ MOHHU3ALMOHHBIC BOJHBI  IIPH
aTMocdepHoM naBieHUH. VIOHW3aIlMOHHBIC BOJHBI
o0ecreunBalOT Oosiee  ONAroMpHUATHBIA  PEXKUM
obpazoBanusi  ¢yuiepeHoB. Panee  Hammm
KOJIJIEKTUBOM JOKJIAJbIBAIIOCE O Pa3pabOTaHHOM
HaMH TUIA3MOXMMHUYECKOM PEaKTOpe JUIsl CHHTE3a
¢ymiepeHOB NpH aTMOC(EpPHOM MOaBICHUU B
MIOTOKE YTJIEPOMHO-TEIMEBOW IIIa3Mbl  [6, 7.

500

497

VYraepoaHbli  KOHJEHcAT,
peaktope, comepxutr 1m0 15% dynnepenoBoit
cmecu: 60% Cgp, 25% Ci0 m 15% BeICIINX
(ymnepenoB. Ho camoe BakHOE 3TO TO, YTO TPHU
aTMOC()epHOM JIaBICHHUM MOKHO CHHTE3UPOBATH
TaKye BELIeCTBAa KakK SHAO- U TeTepO]yIIIepeHBI.
OTO BO3MOXHO, TaK Kak TIpu aTMOCHEpPHOM
JIABICHWH MOXXHO OCYIIECTBIISITE HEMPEPHIBHOE
BBEJICHHE BEIECTBa-JOMaHTa 0e3 HapyleHus
rapaMeTpoB TUTa3MBl. JobaBmnsis JIETKO
HOHM3UpYyroluecs BemiecTBa Tuna Na win K
MOKHO YBEIMYUBATh 3JIEKTPOHHYIO
KOHIIEHTPAIMIO U CHIDKATh TEMIEepaTypy Mia3Mbl.
Hamu yxe momydyeHO HOBOE TMEPCIEKTHBHOE
BemecTBo - rerepodymiepen CsoB. Ero monekymna
obnamaeT AumonbHBEIM MoMeHTOM (0,75 D).

B JanbHeUIeM MBI IJIaHUPYEM
PETUCTPHUPOBATH rapaMeTpbl TIa3MBl
HEMOCPEICTBEHHO B Ipollecce cuHTe3a. Tak ke Mbl
IUIAHUPYEM TIPOJIOJKUTh CHHTE3 HOBBIX BEIIECTB,
MOJIEKYJIBI KOTOPBIX HMEIOT HECHMMETPUIHOE
pacnpezeneHre 3NEeKTPOHHON KOHIEHTpAIuH, T.€.
00J1a1al0T IUTIOTIBHBIM MOMEHTOM.
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