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PLENARY SESSION
IIVIEHAPHBIE JOKJIAIBI

T'EHEPALIMSI HUBKOTEMIIEPATYPHOM IIJIABMbBI B BOJIBIIINX
BAKYYMHbBIX OBBbEMAX U EE IPUMEHEHUSA
Kosaan H.H."*
"®eoepanvroe cocyoapemeennoe Grodaicemnoe yupescoenue Hayku
Huemumym cunvnomounot snekmponuxu Cubupcrxoco omoenenus Poccutickou
axaoemuu nHayk, Poccus, 634055, Tomck, np-m Axademuueckuti 2/3;
’®edepanvroe cocydapcmsennoe 6100xcemHoe 0Bpazo8ameibHoe yupelcoeHie

gvicuie2o npogheccuonanvbHoz2o obpazosanus « Hayuonanvhuiii ucciedoeamensckuti

Tomckuti 2ocyoapcmeennwiil ynusepcumemy, Poccus, 634050, Tomck,

np-m Jlenuna 36, koval@opee.hcei.tsc.ru

PaccMoTpeHsl  ycTpoMcTBAa M IPUHLMIIBIL  T'€HEpAUMM  OJAHOPOJIHOU
HU3KOTEMIIEPATYPHOM IUIa3Mbl B HECAMOCTOSTENBHBIX MAYTOBBIX W TJICKOLIUX
paspsgax npu agasinenuu (O1) [la B oOvemax (0,1 -1) M. Hcnons3oBanue
KOMOMHAIIMM HAKAJEHHOI0 M TIOJIOr0 KAaTOJOB TMO3BOJSIET WHUIMUPOBATH W
NOAJIEPKUBATh Pa3psAll C TOKAaMU B AECATKU-COTHHU aMIIep MPU HANPSKEHUSAX TOPEHUS
NECATKU-COTHU BOJIBT B pekuMax 0e3 o0pa3oBaHUsl KaTOJHOTO MSITHA. JTO B CBOKO
Odepefb TO3BOILICT TEHEPHPOBATE OJHOPOJHYIO ~TasopaspsjHyio IUIasMy ¢
koHuentparueii 10°-10"" cM™ B 3HAYHTETBHBIX BAKYYMHBIX 06hEMAX.

[IpuBeneHbsl TpPUMEpPHl HCHOJB30BAHUS TAaKOM TIUIa3Mbl [JJI  pean3aluu
KOMIUIEKCHBIX MPOIECCOB MOAU(PUKAIMA TMOBEPXHOCTH MATEPUANIOB U W3JCIUH,
BKJTFOYAsi OYMCTKY M aKTUBAIIMIO TIOBEPXHOCTH, a30TUPOBAHUE HA TITyOUHY B JIECATKH-
COTHU MHKPOMETPOB U ITUIA3MEHHO-AaCCUCTUPOBAHHOE HANBUICHUE CBEPXTBEPJIBIX
HAaHOCTPYKTYPUPOBAHHBIX  (DYHKIMOHAIBHBIX  TOKPHITUH  HA  MOBEPXHOCTh
MarepuagoB U u3genuil. OnucaHbl ONBITHBIE ABTOMATU3UPOBAHHBIE HOHHO-
MJIa3MEHHBIE YCTAHOBKHU JIJISI peain3aliii TaKuX MPOIECCOB.

Kpome Toro, mokazaHo, 4TO Ha OCHOBE CO3JaHHOM B OOJBIIMX OO0BEMax
TUIOTHOM HU3KOTEMIIEpaTypHOM TUIa3Mbl MOXKHO CO3/1aBaTh 3(PGEKTUBHBIE SMUTTEPHI
AJIEKTPOHOB JUIsl TEHEPAIUU ITyYKOB OOJIBIIIOTO CEYEHUSI.

[IpuBeneHbl NpPUMEPHI 3JIEKTPOHHO-IYYKOBBIX YCTAHOBOK C IJIA3MEHHBIMU
KaToJlaMU JIJIsl TeHEPAIMU UMITYyJIbCHO-TIEPUOIMUYECKUX MYUYKOB C TOKAMHU B JECATKU-
COTHU aMmmep NpH UIUTENbHOCTSAX HMITYJIbCOB B JIECATKU-COTHH MHUKDPOCEKYHH M
YCKOPSIIOIINX HAMPSHDKEHUSAX B IECATKU-COTHU KUIJIOBOJIBT.

[Tokazano, uto 00pabOTKa TMMOBEPXHOCTH MATEPUATIOB TAKUMH ITyYKAMH
MO3BOJISIET MPOU3BOAUTH €€ MOJIU(DUKAINIO (IIEKTPOHHO-ITYYKOBOE BBITJIAKUBAHHE,
3aKaliKy, W3MEIbYEHUE CTPYKTYpHI), CYIIECTBEHHO YJydinas (U3MKO-XUMUUYECKUE,
MPOYHOCTHBIC, TPUOOJOTMYECKUE U JPYTrU€ CBOMCTBA IOBEPXHOCTHOTO CJIOS.
Pa3zpabareiBaeMoe 37eKTPOHHO-HOHHO-IIJIA3MEHHOE 000PYI0OBAaHUE U PEATU3yEMbIE C
€ro HCIMOJb30BAHUEM IIPOIIECChI, MEPCHEKTUBHBI JJIsI TOBBIIMICHUSI CPOKA CIIY>KOBI
MaTepuanoB U U3ACIUN.

Pabora BpINOTHEHA NpU YacTUYHON (uHAHCOBOW moxjaepkke PODU (mpoekt
Ne14-08-00997-a, Ne13-08-98108-p_cubupsb_a)
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®UN3NYECKHUE OCHOBBI YIIPABJIEHHUSI CBOMCTBAMU
NOBEPXHOCTHBIX CJIOEB HEOPTAHUYECKHUX MATEPHUAJIOB
IMPU BO3JIEMCTBUU BBICOKOYACTOTHOT O PA3PSIA
MHNOHMUKXEHHOI'O JTIABJIEHUSI
Aoayaun U1,
Kazanckuit nayuonanvuwiil ucciedosamenbckul
MexXHON02UYeCKUL YHUBepCUumem,
Poccus, yn. K.Mapxkca, 0.68, 2. Kazanw, abdullin_i@kstu.ru

Kak wu3BecTHO, CpoK chnyXObl W HAJASKHOCTh W3ACIUA BO MHOTOM
ONPENEIACTCS COCTOSSHUEM IIOBEPXHOCTHOIO CJIOsi, IIPM O3TOM HaJIW4YME Ha
IOBEPXHOCTH TPEIIMHOBAaTBIX M pelbe(HBIX CJIOEB MPHUBOJUT 3a4acTyl0 K
CYILIECTBEHHOMY YMEHBLIEHUIO CpOKa CIyXObl u3aenuid. B Hacrosiiee Bpems
HanOoJjiee NPHUMEHSEMBIMM METOAaMU MO OOpabOTKE MOBEPXHOCTU SBISIOTCS
NeKTpo(pu3nyeckue MeToAbl.  BOJIBIIMHCTBO  3JIEKTPO(PU3MYECKUX  METOOB
00paboOTKH MOAUPUIUPYIOT CIIOM, WJIM CO3/JAaI0T MOKPBITHUS, OT MHUKPOHHOH 10
MUJUTUMETPOBOM TOJIILUHBL. P METOIOB MO3BOJISAIOT U3MEHATH OTAEIbHBIE CBOMCTBA
HAHOCJIOEB, HO MPHU ATOM OCTaJIbHbIE CBOMCTBA OCTAIOTCA 0€3 U3MEHEHUS.

AHamu3 27eKTpodU3HUUYECKUX METOJI0OB MOJIU(MUKAIMU [MOKA3bIBAET, YTO
BO3/ICHICTBUE HA TMOBEPXHOCTh B HHUX, KakKk IMPaBWIO, OCYIIECTBISACTCS
KOHIIGHTPUPOBAHHBIMH IOTOKAMHU SHEPTHH MHTEHCHBHOCTHIO 0T 10° K u BbIme, mpu
SHEPTHH HOHOB (€CIH 9TO METOIbI HOHHOH 06paboTkn) ~10°-10° 5B u Gonee. B To
K€ BpeMs, CylllecTByeT auana3zoH ’Hepruii ot 30 mo 100 5B, KOTOpHIM HE OXBaueH
3TUMHU METOJAMH, U MOXHO OKHJAaTh, YTO HCIIOJIb30BAHWE HU3KOIHEPreTHUECKHUX
HMOHOB MO3BOJIUT pPEaJU30BaTh MPOIECCHl IAAIe oOpaOOTKH MOBEPXHOCTH 0e3
HapyLIEHUs WM C YJY4YIIEHUEM CTPYKTYpbl MPUIIOBEPXHOCTHBIX ciioeB. [loToku
MOHOB B TAakOM JHMalla30HE »HEpPrud BO3MOXKHO Tmoiiydyatb B BY paspsanmax
IOHMKEHHOT'O JTaBJICHUS.

Pesynprarel ucciienoBaHuii IOKa3blBalOT, 4yro BY 1miazma NOHMXEHHOrO
NAaBJICHUS TO3BOJSET NPOBOAUTH OOpaOOTKY HEOPraHMYECKHX MaTepuasioB
pa3IMYHON (bu3nuecKoro IIPUPOJIBI 151 CTPYKTYPBI: MPOBOJIAIINE,
MOJIYIIPOBOJHUKOBBIE, OUANEKTPUUECKUE; METAJUIbl U WX CIUIABBI; CTEKJIA; TOHKHE
IUICHKHU, MOpoiKoBble. C ee MOMOIIbI0 MOXHO MPOBOJAUTH TIIYOOKYIO OYHUCTKY H
AKTHUBAIIMIO TIOBEPXHOCTH C yAAJIEHUEM JE(PEKTHBIX CIOEB, MOJUPOBKY, YIIPOUHEHHE,
HaHOCUThH U MOAU(PUIMPOBATH TOHKOIUICHOYHBIE U MHOTOCJIOMHBIE TOKPBITHSI.

Muoroobpasue npumeHeHnii BUY  1masMpl  TOHHKEHHOTO  JIaBJICHHS
00yClIaBIMBAETCsI HEKOTOPBIMU OCOOEHHOCTAMH, OTJIMYAIOIIMMHU €€ OT pa3psaoB,
OJIM3KHUX IO AMAana3oHy AaBJICHUN (TJICIOLIUHN pa3psia) Wik crnocoOy BBOAA SHEPTUU
(BY mHOyKUMOHHBIN pa3ps aTMOCPEPHOrO JaBICHUSA).

UccnenoBanus npoBoawinch Ha BU mia3MeHHBIX yCTAHOBKAaX, COCTOSIIIUX W3
CTaHJIAPTHBIX OJIOKOB U 3JIEMEHTOB, BKIIOUAIOUINX B cebs reHepatop, BU unaykTop
u BY s5eKkTpobl, BaKyyMHYIO CUCTEMY, CUCTEMY MOJIa4yM I1JIa3MO00pa3yIoIIero raza
Y IMAarHOCTUYECKOM ammaparypsl. M3ydanuce CBOMCTBaA paspsna B MHEPTHBIX Ia3ax
(aproH, HEOH, Tejui, KPUNTOH) U B CMECHU aproHa ¢ aKTUBHbIE Ta3aMu (KUCIOPOI,
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a30T, MpomnaH-OyTaH, YTJEKUCIbIM Ta3, Bo3ayx). HcciemoBanus MPOBOAWINCH B
IMana3oHe pacxojaa IazMoobpasyromero raza ot 0 go 0,2 1/c, mpu M3MEHEHHUH
nasieHusa ot 13 no 133 I[la. MomHocTs B pa3psae BapbupoBanach ot 0,5 no 60 kBT,
4acToTa re’eparopa uaMmeHsuiach ot 1,76 no 30 MI'u. B yka3zaHHBIX auama3oHax
peanu3oBaHbl pa3nuuHbie BUALI BYU pa3psioB: MHAYKIIMOHHBIE C COJICHOUIATbHBIM
UHJIYKTOPOM, EMKOCTHOT'O THIIA C KOJBLEBBIMH U INIOCKUMU 3eKTpogaMu. CBoKCTBa
IJ1a3Mbl ONPEAEISUTUCH C TOMOIIBIO JUAarHOCTUYECKOTO KOMILIIEKCA.

B pe3ynbraTe KOMIUIEKCHBIX HcchaenoBanuii BU pa3psoB NOHMKEHHOTO
JABJICHUSI YCTAHOBJIEHO, YTO B OTJIMYHME OT APYTMX BUIOB ra30BbIX Pa3ps0B, OHU
XapaKTEepU3yITCS CIAETYIOIIUM:

1) MOTOK ImIa3Mbl, BBITEKAIONIUNA HM3Pa3psAIHON B padodyro KaMmepy oOpasyeT
IUTA3MEHHYIO0 CTPYI0 JmuHOM 10 0,5 M, B KoTOpoil BhImensercs a0 50% oT obmieit
MOIITHOCTH, BKJIaibiBaeMoil B  paspsia. KoHIeHTpalus 3J€KTpOHOB B CTpye Ha
HECKOJIBKO TMOPSKOB BBIIIE, YEM OHA JOJIKHBI ObITh B pachajarouieics Iiasme, u,
KpOME TOTr0, 00HAPY>KUBAETCS CYLIECTBEHHOE 3JIEKTPOMArHUTHOE MOJIE;

2) y TMOBEPXHOCTHM Te€la, MOMENIEHHOr0 B IUIa3My, oOOpa3yeTrcs Cclou
HECKOMIIEHCUPOBAHHOTO MOJ0XKUTENIbHOTO 3apsiaa (CII3) TonumHol, B 3aBUCUMOCTH
OT CTENEHU TEPMHUUYECKOW HepaBHOBECHOCTH mia3mbl, OT 0,1 mo 2 mm. Ilpu sTom
MOTEHIAAJI T€JIa OTHOCUTENBHO MJIa3Mbl JOCTUTaeT 3HaueHni Bennunnsl 30-100 B;

3) Omnaromapss Hamuuuio  CII3, Ha moBepXHOCTH oOpaslia MOCTYyMaeT
cnabounnTencuBHsIi (0,3 — 25 A/M%) TOTOK HE3K0dHEpreTHdHbIX (30 — 100 3B) HOHOB
1a3MO00pa3yIomero ra3a, KOTOPBIM W SIBISETCS  OCHOBHBIM  (haKTOPOM,
BO3JECHCTBYIOIIMM Ha CBOMCTBA ITOBEPXHOCTHOTO CJIOA MaTEepUaIa.

[Ipy CTONKHOBEHMH C TIOBEPXHOCTHIO HMOHBI TEpPENaloT MPUOOPETEHHYIO
kuHetnyeckyro sHepruto (30-100 5B) wu oHepruro pexoMOMHAIIMM aTOMaM
KPUCTAJJTMYECKOM PEIIETKU TBEPAOTO Teia. ITO U SBISIETCS OCHOBHBIM (pakTopom
JUTSL  peamu3alii  TMPOIECCOB TIyOOKOW OYHCTKH, TOJUPOBKH, TOBBIIICHHUS
YCTaJIOCTHOM MPOYHOCTH C OJJHOBPEMEHHBIM HABEJICHHUEM OCTATOYHBIX HAMPSKEHUH,
coznanust aud@dy3HbIX U HaHOAU(P(Y3HBIX CIOEB, HAHECEHHUE U MOIUDUKAIIMS
TOHKOIJICHOYHBIX MOKPHITUM TOHKOTUJICHOUHBIX TOKPBITHIA.

PazpabGorana wmaTemMarnueckas MoOJieNlb, ONUCHIBAIOIIAs MPOIECCHl B
kBasuHeWTpansbHoi miazme, CII3 u nBoitHOM cioe. B pesynbTare pacdeToB
YCTaHOBJICHBI 3aBUCUMOCTH OCHOBHBIX XapaKTEPUCTUK IUTa3Mbl (IIPOCTPAHCTBEHHBIE
pacrpeneneHus  dJEKTPOMArHUTHOTO — TOJIS,  KOHUEHTpPAUWU  DJIEKTPOHOB,
AIIEKTPOHHON U Ta30BOM TeMIEpaTyp, SHEPTUsl HOHOB U IUIOTHOCUTh MOHHOTO TOKa
Ha MOBEPXHOCTh 00pasIiia) OT mapaMeTpoB ycTaHOBKH. [loka3aHo, YTO TIPH SHEPTHIX
uoHoB 10 100 »B woHHBIT 1OTOK (oKycupyercss Ha MHKPOHEPOBHOCTSIX
MOBEPXHOCTH, CIJIEJICTBUEM YEro SBISICTCS M30MpaTeNbHBIN XapaKTep IIa3MEHHOU
o0paboTku.  OOHapykeHHBI  3(dQeKkT  sABISIETCS  OCHOBOM  pealn3aluu
NEPEYUCIICHHBIX BBIIIE MPOLIECCOB K OCHOBHBIM OTJIIMYHMEM JAaHHOTO BHUJA
IUIa3MOXHUMHUYECKO 00pabOTKU OT IPYTHUX.

C menwio paspaboTku crocoba MoauUKAIMUA, TO3BOJSIONIETO YIYYIIUTh
KaueCTBO W HAJIGKHOCTh M3JIEIMA MAaIIMHOCTPOCHHMS, MPOBEIAEHBI HCCIEIOBAHUS
B3auMojencTeuss BY  1mmasmMbl  TTIOHMKEHHOTO  JABJIEHUS C  METajlJlaMH,



JTUAJIEKTPUKAMU, MOJYITPOBOJHUKAMHU U TOHKOIUICHOUYHBIMU CTPYKTypamu. Kaxmyro
TPyIIly MarepuajoB (GOPMHUPOBAIM W3 TPEIACTAaBUTENEH, HanbojIee MHUPOKO
NpUMEHSIEMBIX B Tpou3BojcTBe. [loaToMy U3 MeTamaoB BBIOpaHBl  CTaIH
KOPPO3UOHHOCTOMKHUE, KAPOCTOMKHUE, KAPOIMPOUYHbIE M U3HOCOCTOMKHME Tuma X13,
12X18HIT, 08X18T1; cranu KOHCTPYKLUMOHHBIE, YTIEPOIUCTHIE KAYECTBEHHBIE TUIIA
cranb 50, crans 40, cranp 30; TuraHoBwie ciasel BT-1, BT-3, BT-6, BT-8, BT-9;
JIETUPOBAaHHBIN 4yryH, Mmeab Tuna MOOQO, natyHb, amtomuHueBble criaBbl (16T,
AMILI, cunyMuHBI U clielMalibHasi MPOBOAsIIAs KepaMuka, TBep bl cruiaB BK6-OM.
W3 nusnexkTpukoB BBIOpAHBI HEOPraHUYECKHE: MOJIMKOp, CUTaill, candup, cTekia
paznmuunbix Mapok (KB, K8, cunukaTtHbie), KBapll, MUPEKC, TaUTMA-raJoJIMHUEBBIN
rpaHaT, UCKyCCTBEHHBIN aliMa3, — U OPraHWYEeCKHUE: MOJUATWICH, monucTupoi. U3
MOJIyIIPOBOJTHUKOBBIX MAaTe€pUaIoB 0O0paOOTKE TOJBEPrajiich KPEMHHM, T€pMaHH,
apCeHu]| rajuiusi, KOTOpPbIE HCIOJIb3YIOTCS B B3JEKTPOHHOM M MHKPOIJICKTPOHHOM
MIPOMBIIIEHHOCTH.

B pesynprare ycraHoBieHo, 4TO ¢ mnomombro 1asMsel BY  paspsnpa
MOHUKEHHOTO  JIaBJICHUSI MOXHO  peaiu30BaTh  MpoIEcchl  (HOPMUPOBAHUS
muddy3uoHHbIX cinoeB 10 200 MKM ¢ OJJHOBPEMEHHBIM MOJIyYEHHUEM 3aXOPOHEHHBIX
CJIOEB aTOMOB, B TOM 4YHCJIE€ W HHEPTHOro rasza, ToOJIIMHA 3aXOPOHEHHBIX CJIOEB
nocturaet 20 HM.

[Ipu nobGaBnenuu B 1Ia3Moo0Opasyromuii ra3 pearupyromux ra3oB (N, O,
CO,, CHy, C3Hg+C4H () Ha MOBEPXHOCTH TUTAHOBBIX CILJIABOB, CTajeil 00pa3yroTCs
HUTPHUIIBI, OKCUABI MU KapOWUIbl COOTBETCTBYIOIIMX METAIOB, YBEIMYUBAIOTCA
nmapaMeTpbl pPEIIeTKH Kak TmapameTpa a, Tak u c¢. OOHapyKeHa TeHIEHIUA
MOBBIIIICHUS TBEPAOCTH IMOBEPXHOCTH IOCIE 0O0pabOTKH B KHCIOPOIOCOACPIKAIICH
Jia3me.

BY nmna3MenHas o0paboTka 3HAYUTENBHO ycKopseT Aud@y3uoHHbIE
MPOIIECCHI, KaK U3 Fa30BOM Cpejbl B MOBEPXHOCTHHIE CIIOM MaTepuasa, TaKk U BHYTPH
Hero. Hampumep, mpouecc azotupoBanusi B BU miazMe MOHMKEHHOTO JaBIICHUS
npoTeKkaeT B 8 pa3 OBICTpee «KJIACHYECKOro» IEYHOro aszotupoBaHus. BUY
I1a3MeHHas o0pa0oTKa yCKOpsieT Takke mporecchl camoauddy3uum B crajsx.
CrnencTBueM 3TOTO SIBJISIETCS YCKOPEHHUE MPOIECCOB OTIYCKAa M PEKPUCTATUIM3ALUU
110 CPaBHEHUIO C OOBIYHON TEPMHUYECKOM 00pabOTKOA.

Pe3ynbTaThl KOpPpPO3MOHHBIX HCHBITAHUNA OOpa3lOB W3 CTalled U TUTAHOBBIX
CIUIaBOB TOKa3alaW, 4YTO B pe3yJibTare Bo3aeicTBus BY 1mia3mMbl MOHMKEHHOIO
JABJICHUS TPOWCXOAWT OOIee YBEIMYEHHWE KOPPO3UOHHOW CTOWKOCTH, HYTO
00BsICHAETCSI 00pa30BaHMEM Ha TTOBEPXHOCTH MOIU(DHUITMIPOBAHHOTO HAHOCIIOA.

B pesynbpraTe 00paboTku BoOJb(PpaMoO-KOOAIBTOBOTO CIlaBa CTpyiiHbiM BU
pa3psAa0oM TOHM)KEHHOTO JIaBJICHHUS B CMECH aproHa M TIpolaH-OyTaHa oOpa3yeTcs
MOAU(DUIIMPOBAHHBIN MOBEPXHOCTHBIN cioit Tonmuuon ot 70 go 420 um. Hapyxubiit
nojAciond ToamuHOW ~10 HM comep>KUT yriepoa B Buje rpadura, B MEPEeXOTHOM
noacnoe tonumHod or 10 HM nmo 70-420 HM yriaepoa NPUCYTCTBYET B COCTAaBE
KapOuaa Boib(dpama, B anmazonogo0HoM coctosiHuu U B cBsa3six C-H u C-O-H.

JleTanbHbIe UCCIIEIOBAHUS ¢ TIpUMEHsAeM (pakTorpaduyeckoro aHaiausa Mocje
YCTaJOCTHBIX UCTIBITAHUM TTOKA3aJIH, YTO MOCTe TIa3MEHHON 00paboTKK pa3pylieHUe
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HAYMHAETCS] C OAHOW CTOPOHBI, YCTAJIOCTHAs IMPOYHOCTb U MPEJET BBIHOCIUBOCTU
BO3pacTaeT Ha 25-35% c OJTHOBPEMEHHBIM yBEIMYEHUEM MUKpPOTBepaocTy Ha 10% u
(GopMHpOBaHMEM IUIABHBIX OJIIOp CKUMAIOLIUMX OCTATOYHBIX HANPSHKEHUN 10
200 MKM TJIyOMHOM, W C OJHOBPEMEHHBIM YMEHBIICHHEM IIEPOXOBATOCTH Ha
2 Knacca.

O6paboTka METaUIOB M CIUIABOB, JUAJICKTPUKOB MO3BOISAET 3h(PEKTUBHO
POU3BOJIUTh OUUCTKY M aKTUBAIMIO MEPE] HAHECEHHEM IMOKPBITUW, YTO MO3BOJISIET
NOJIy4aTh BBICOKOKAUYECTBEHHbBIE TMOKPBITUS C aAr€3MOHHOM MPOYHOCTH MOpsJKa
10° Ia pu Temmeparype, He npepsimaroreii 100°C Ha CHITyMHHaX.

[IpyHUIMOMATBHBIM ~ OTJIMYMEM  IJIA3MEHHOW  TMOJUPOBKH  METAJUIOB,
JTURJIEKTPUKOB, IOJIYIIPOBOJHUKOB SIBISIETCS BO3MOXXHOCTH OJHOBPEMEHHO C
MOJIMPOBKOM 110 14 Kiacca u BhINIE yAAIATh TPEIIMHOBATHIE U pelibeHBIE CIIOU, YTO
NO3BOJISIET CYLIECTBEHHO MOBBICHTH YCTAJIOCTHYIO IMPOYHOCTh M KOPPO3HOHHYIO
OpoyHOCTh. lloMMpoBKa [MAIEKTPUKOB MO3BOJISIET YMEHBIIUTH KOA(P(OUIHEHT
paccesinus B 1,5-2 pasa.

[Ipn B3auMOAEHCTBUM C TMOJYNPOBOJHUKAMU YMEHbBIIAETCA IUJIOTHOCTh
oOpaTtHoro Toka Ha 50%, noBsIlIa€TCs MPOOMBHOE HAIPSKEHUE p-71 TIEpexo1a U Ha |-
2 nopsiAKa NOBBIMIAETCS MIIOTHOCTh YIAKOBKH.

[Ipoiecc monmyyeHWss TOKPBITUKA C noMmolblo T1asMel  BY  paspsga
NOHMKEHHOIO  JABJICHUSI TMO3BOJISIET MOJy4YaThb I[UIGHKA C  YJIy4YIICHHBIMH
napaMeTpaMH: TOBBIIIEHHOW aJre3MOHHOM MPOYHOCTHIO 3a CYeT 0O0pa3oBaHUs
IU(pQGy3HOr0 TMEPEXOAHOTO CJIOS; IUIOTHOCTBIO MPUOIMAKEHHOW K IJIOTHOCTH
00BEMHOI0 MaTepHala; MOBEPXHOCTbIO, HA KOTOPOHM MNPAKTUYECKH OTCYTCTBYIOT
IpUMECHBIE J€PEKThI, MUKPOIOPHI, MUKPOTPEIIUHbI. [IOKpBITHS MOXXHO HAHOCHUTH
KaK Ha W3JENUs CIOXXKHOW KOH(UTypalMy, TaK U HAa BHYTPEHHIOI IMOBEPXHOCTH
TpyOUaThIX U3AEIHIA.

PazpabGoran mpoiuecc 00beMHON OOpabOTKM MOPUCTBIX  MaTEpPUATIOB
(cuymKaresnsi pa3JIM4HbIX BUJIOB COPOEHTOB), MO3BOJISIOIINN CYIIECTBEHHO YJIYUIINUTh
UX XapaKTEPUCTUKH 32 CUET YBEIMYEHHUS YJI€JIbHOW MOPUCTOCTH M BbIPABHUBAHUS
IPOLIEHTHOT'O COJIEPKAHUS PA3TUYHBIX MOP.

B pe3ynbrare nOpOBENEHHBIX  HUCCIENOBAHMM  pa3paboTaH  KOMIUIEKC
o0opyI0BaHUsI U TEXHOJOTUN KoTopble BHeapeHbl Ha (upme JDPC (I'epmanus) u
PECXAVYP (IlIseitapusi), mATH MEIUKOMHCTPYMEHTAIbHBIX 3aBogax, KMIIO,
I'IIO, na dupme MemOpan Bnamucrap, Ha ABYX NPEANPHUATHAX MPOU3BOSALIINX
HatypajibHble BMM.

PaGota BeimonHeHa mpu ¢(uHancoBou momuepxkke PODU (mpoektsr 12-01-
00955, 14-01-00755) u MunoOpuayku P® (6a3oBas yacTh roc3amanusi, IPOEKT OT
01.02.2014 r. Ne 2196).
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BBICOKOYACTOTHAS IVIASMA U IIJIABMOTPOHBI.
KOHCTPYKIUU U TAPAMETPbBI TEXHOJIOT'N.
C.B. [ApecBun, K. Amypy
CIIoI'TIY 195251, Poccus, Canxkm-Ilemepoype, Ilonumexuuyeckas, 29
UPMC-ENSCP France

B nokmane chmenan  0030p HMCTOPUM  M3Y4Y€HUS BBICOKOYACTOTHBIX
0€32JIEKTPOHHBIX Pa3psIoB MHAYKIIMOHHOTO U €MKOCTHOTO THIOB, HadyuHas C
nepBbix padot I'mrropda (1882r), Ix. Tomcona, H. Tecna, BIJIOTH J0 CO3/IaHMS
NEPBBIX KOHCTPYKIMHA Pa3psIHBIX KaMmep, KOTOpbIe YXKE MOXHO OBUIO Ha3BaTh
BBICOKOYACTOTHBIMU I1a3MoTpoHaMu (1959 — 1962 r.r.)

Onucansl  mepBble  KoHCTpykiuuu  BUM  —  mmasMoTpoHOB — Juist
a’POJIMHAMUYECKUX UCIBITAaHUN JIOOOBOM YaCTU PAKET, BXOJAIIUX B IUIOTHBIE CIIOU
aTMoc(ephl.

JlaeTcsi onMcaHWe YCTAaHOBOK JJisi MOJIYYEHHsS] 0COO0 YHCTOro KBapLEBOTO
crekna B BUU mma3marpoHax;

IJ1a3MOXMMHYECKOTO CHHTE3a IBYOKHCH TUTAaHA U IBYOKHCH KPEMHHS ;

OMKCAHUE METOJIOB OYUCTKHU U CHEepoUIn3aIli MEJIKUX TYTOIIABKUX YaCTHUIL B
BYU mra3zmarponax.

Onucana  kOHCTpyKuust  cBepxmomHoro BUM  mnasmorpona s
A’POJMHAMUYECKOTO UCIIBITAHUS MOJIETTH KOCMUYECKOT0 Kopabiisa «bypan»

Jana uHpOpMaIIHsI 0 METOIaX MATEMAaTUYECKOTO MOJCIUPOBAHUS TIJIa3MBbl.

Haetcs wuHpOpManus O CTPYKType Y4YeOHOro IIjlaHa CHeIHaIn3aIuu
«IIna3zMeHHasi TEXHUKA U TEXHOJIOTHS.

Haetcs mepeuenb MOHOTpaduii ¥ y4eOHBIX TOCOOUIA.

EXCITED STATES FROM RF PLASMA EXPERIMENTAL STUDIES AND
SPECIFIC CHEMICAL PROPERTIES
Jacques AmourouxUPMC-ENSCP France
Serguey DresvinPSU of Saint Petersbourg Russia

Abstract

The goal of our purpose is to point out the unusual chemistry under plasma
conditions .we have chosen simple species such as hydrogen atom or molecule and
some radicals species which are the key parameters of surfa ce treatment in
microelectronic and polymer surface treatment.

From optical emission spectroscopy to fundamental orbital simulations and
some specific surface properties we explain what is a chemical phenomenon and how
to measure the difference from fundamental states and excited states. For that we
need measures and scales of reactivity that is why we have developed d ifferent
concepts connected with usual thermodynamic measures such as electronic affinity,
polarisability ,acid base scale,dipole measure with and without electrical field , Bohr
radius and volume of excited sates,viscosity ,triplet spin state ,homo and lumo
orbitals ,and the very important laws of Polanyi ( Nobel Prize) to explain the role of
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vibration and rotation states during the electron —atom or molecule interaction in the
elementary step of the plasma reaction

In any case we try to demonstrate through our experimental set up the role of
these concepts which permit to clarify some results and give us a fool to qualify the”
chemistry of a plasma” and open the way of process such as surface treatment of
polymer with specific polar surface properties, depollution process, high purity
material .

The plasma chemistry began a tool connected with the quantum mechanics and
open the understanding of the specific properties of e xcited orbitals from atom or
radicals ( CF,, CH,, NH, N,, O,, etc)

But at last we point out the unusual main properties of plasma processes :
energy efficiency and sustainable development by low consumption of reagents (10-°
of the usual chemical process) that is why plasma processes are the best way for gas
phase depollution .

TRANSPORT PHENOMENA AND INSTABILITIES IN LOW
TEMPERATURE MAGNETIZED PLASMAS
J.P. Boeuf
LAPLACE, Univ P Sabatier, 118 Route de Narbonne, 31062 Toulouse, France
Email :;jpb@laplace.univ-tlse.fr

We present recent studies on rotating instabilities in low temperature plasma
devices in crossed electric and magnetic field (EXB) configurations. We will focus
on the simple geometry of a c ylindrical magnetron discharge and will describe the
formation of'r otating instabilities as predicted by Pa rticle-In-Cell Monte Carlo
Collisions (PIC MCC) simulations.

At pressure in the range 1-10 mtorr, the instabilities are associated with a
rotating azimuthal ionization front “rotating spoke”. The rotating spoke is a strong
double layer moving towards the higher potential region at a velocity close to the
critical ionization velocity, a c oncept proposed by A Ifvén in the context of the
formation of the solar system'”. The mechanisms of cross-field electron transport
induced by this instability will be described in detail.

At pressure below a few 0.1 mtorr, the plasma may be locally nonneutral and
the simulations predict the formation of electron vortices that rotate in the azimuthal
direction. These vortices may move between cathode and anode while rotating
azimuthally, interact and merge. Similar phenomena have been described
experimentally by Kervalishvili’ and coworkers and have some common features
with vortices observed in pure electron plasmas and resulting from the diocotron
instability.

REFERENCES

[1] J. P. Boeuf and B. Chaudhury, Phys. Rev. Lett. 111, 155005 (2013).

[2] A. Piel, Adv. Space Res. 10, 7 (1990); N. Brenning, Space Sci. Rev. 59,
209 (1992)

[3] N.A. Kervalishvili, J. Georgian Geophysical Society 15, 137 2011
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STRONGLY COUPLED CHARGED DUST SYSTEM UNDER
LABORATORY AND MICROGRAVITY CONDITIONS: ORDERED
STRUCTURES AND PHASE TRANSITIONS
O.F. Petrov, V.E. Fortov
Joint Institute for High Temperatures RAS
Russia, 129515 Moscow, Izhorskaya 13 bld.2, ofpetrov@ihed.ras.ru

The charged dust system represent a non-neutral or quasi-neutral systems (dusty
plasmas) containing micron-sized particles of a substance with electrical charges up
to 10°-10’e. As a result of strong interaction, the dust particles may form the ordered
structures of liquid and crystal types. The laboratory dusty plasma is the unique
object for studying the structures, phase transitions and transport phenomena on the
“kinetic level”.

The phase transitions in quasi-two-dimensional dust structures suspended in rf
discharge were studied. The experimental results have revealed the existence of
hexatic phase as well as solid-to-hexatic phase and hexatic-to-liquid transitions. The
spatial distribution of pair interparticle interaction forces was recovered byt he
original method based on solving the inverse problem using Langevin equations.The
measured phase-state points with the theoretical phase diagram of t wo-dimensional
Yukawa system have been obtained.

The formation of ordered structures from large number (~10%) of charged
diamagnetic dust particles in a cusp magnetic trap was studied under microgravity
conditionsonboard ISS.The magnetic susceptibility and charge of the particles have
been estimated.

The numerical simulations of the lunar plasma-dust exosphere caused by action of
solar ultraviolet radiation and the incoming solar wind on the lunar surface have been
carried out. The influence of the solar wind flux on the near-surface photoelectron
sheath formation as well as conditions of dust levitation above the lunar surface have
been analyzed.

This work was partially supported by the Russian Foundation for Basic Research
(Projects No. 13-02-01393 and 13-02-12256) andby the Program of the Presidium of
RAS “Matter under High Energy Densities”.

JIMTEPATYPA
1. G. Rauhut, P. Pulay. J. Phys.Chem.99 (1995) 3093.

2. J.D. Cox, G. Pilcher.Thermochemistry of organic and organometallic
compounds. Academic Press, New York, 1970.
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MULTIPLE STEADY-STATE SOLUTIONS IN THE THEORY OF DC
GLOW AND ARC DISCHARGES AND SIMULATION OF CATHODE SPOTS
Benilov M. S.
Departamento de Fisica, Universidade da Madeira, 9000 Funchal, Portugal
benilov@uma.pt

Self-consistent theoretical models of dc glow discharges and plasma-cathode
interaction in arc discharges in ambient gas, including the most basic ones, admit
multiple solutions existing for the same discharge current. These solutions exist
simultaneously with the solution given in textbooks, which describes a discharge
mode with a uniform or smooth distribution of current over the cathode surface, and
describe modes with various configurations of cathode spots: normal spots on glow
cathodes, patterns of multiple spots recently observed on cathodes of glow
microdischarges, spots on arc cathodes.

The existence of multiple solutions was hypothesized in 1963 for arc-cathode
interaction [1] and derived in 1988 for glow discharges [2]; further references of
historical interest can be found in [3] and [4], respectively. However, the central role
of multiple solutions was fully realized only in the late 1990s in the theory of arc
plasma-cathode interaction. By now, multiple solutions describing diffuse and spot
modes of c urrent transfer to cathodes of hi gh-pressure arc discharges have been
computed under different conditions by different research groups, validated by an
extensive comparison with the experiment, and proved relevant for i ndustrial
applications. Most of effort was invested in low-current high-pressure arcs, which are
used in high-intensity discharge lamps. Multiple solutions in the theory of glow
discharges have started to be systematically computed only recently.

An example of multiple solutions is shown in Fig. 1. In the case of glow
discharge, <j> designates the average density of electric current to the cathode
surface, R is the discharge tube radius, /4 is the interelectrode distance, and U is the
discharge voltage; R and % are radius and height of the cathode and U isthe near-
cathode voltage drop in the case of arc cathode. This figure refers to the simplest case
where the lateral surface of the glow discharge tube reflects the ions and the
electrons, while the lateral surface of the arc cathode is thermally and electrically
insulated. In this case, one of the multiple solutions, namely, the one represented by
the line NP, is one-dimensional (1D) and describes states with a uniform distribution
of current over the electrode surface. The other existing solutions are
multidimensional and describe modes with different configurations of cathode spots.

In the case of gl ow discharge (Fig. 1a), the 1D solution NP describes the
Townsend discharge for very low current densities, the abnormal discharge for high
current densities, and the unstable discharge with the falling current-voltage
characteristic (CVC) for intermediate current densities. This solution is similar to the
p =30Torr, R = h = 0.5 mm. Data from [4,7]. (b) Cathode of an arc discharge. Ar
plasma, p = 1 bar, W cathode, R =2 mm, # = 10 mm. Data from [§].
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Fig.1. CVCs and schematics of current density distribution over the cathode
surface described by different steady-state solutions. (a) Glow discharge. Xe plasma,
2D (axially symmetric) solutions branch off from the 1D solution; 3D solutions
branch off from the 1D and 2D solutions. The bifurcation points, i.e., the states where

this happens, are marked in Fig. 1 by circles.
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Classic solution which 1s based on a linear approximation of electric field in
the near-cathode space-charge sheath and is given in textbooks (e.g., [5,6]). Solutions
a,by and a;Qb; are 3D and 2D, respectively, and describe modes with a normal spot
positioned at, respectively, the edge or the center of the glow cathode. Solution a3Sb;
1s 2D and describes a mode with a ring spot at the periphery of the cathode observed
in [10]. Solutions a;ob;y and a4b14 are 3D and describe modes with patterns of
multiple spots observed recently in glow microdischarges; e.g., [9] and references
therein.

In the case of arc-cathode interaction (Fig. 1b), the 1D solution NP describes
the diffuse mode of current transfer and is similar to the solution considered in the
book [11]. The solution that branches off at the state a; is 3D and describes a mode
with a spot at the edge of the cathode. The other solutions are unstable in this
geometry and do not realize in the experiment.

The mechanism ensuring existence of multiple solutions for both glow and arc
cathodes originates in basic processes of the near-cathode space-charge sheath. It
follows that basic processes in the near-cathode space-charge sheath are sufficient to
produce self-organization. This is a very general mechanism present in all discharges
where the near-cathode sheath plays a significant role. It may play a role in
appearance of spots or patterns also on cathodes of ac and pulse discharges.

Although the physics of pl asma-cathode interaction in dc glow and arc
discharges is very different, the overall patterns of multiple solutions shown in Figs.
la and 1b are remarkably similar. Of course, this is not surprising: in terms of general
theoretical physics, near-cathode regions of both discharges represent bistable
nonlinear dissipative systems; cathode spots represent self-organization phenomena;
hence solutions describing the spots must conform to general trends of self-
organization in bistable systems. This allows one to understand multiple solutions in
the theory of glow and arc cathodes and different spot patterns described by these
solutions within the same framework.

These solutions are important also beyond their usefulness for understanding
and modelling cathode spots in dc discharges. The fact that the model of dc glow
discharges between parallel electrodes, which is the workhorse of the gas discharge
theory and modelling, admits a new class of multidimensional solutions and these
solutions are of physical relevance, is by itself surprising and theoretically interesting.
These solutions add to understanding of the physics contained even in simple gas
discharge equations; another illustration of the richness of the discharge science.
Furthermore, understanding of these solutions may be important also in apparently
simple situations where multiple solutions are not of primary concern.

The existence of multiple solutions describing different modes of ¢ urrent
transfer to electrodes is, of course, not a feature specific for dc discharges: in the case
of ac and pulse discharges one can think of multiple nonstationary solutions, one of
which varies only in the axial direction (is 1D in space) and describes a spotless mode
and the others vary also in transversal directions and describe different self-organized
modes. A feature which is specific for dc discharges is the existence of bifurcations
of (steady-state) solutions, and this feature, having been predicted theoretically, was
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also confirmed experimentally. This feature offers the possibility of a systematic
computation of multiple solutions in the cases of both dc glow discharges and arc-
cathode interaction. Such approach can be used for understanding and modelling
steady-state spots or patterns governed also by other mechanisms, provided that the
transition between steady-state modes occurs without temporal oscillations.

This talk is dedicated to a review of multiple solutions in the theory of dc glow
discharges and plasma-cathode interaction in arc discharges obtained to date, their
systematization, and analysis of their properties and physical meaning. The outline of
the talk is as follows. The concept of multiple solutions in the theory of dc glow
discharges and plasma-cathode interaction in arc discharges is formalized and
properties of these solutions are analyzed on the basis of general trends of the theory
of self-organization in bistable nonlinear dissipative systems. Relevant aspects of
computation of these solutions are discussed. Typical results of calculations of
multiple solutions are shown and compared with trends observed in the experiment.
Other topics to be discussed include: transition from self-organized modes of current
transfer to modes where current spots represent concentrations of current caused by
non-uniformities of the cathode surface; solitary cathode spots; role of Steenbeck’s
principle of m inimum power in modern theory and modelling; examples of
apparently simple situations where glow discharges and arc-cathode interaction
reveal complex behavior; observations of s pots and patterns on electrodes of gas
discharges and the first-principle theory and modelling where available; the place of
the approach based on multiple steady-state solutions in the theory and modelling of
gas discharges; possible directions of future work.
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ATMOSPHERIC SURFACE-WAVE-SUSTAINED ARGON PLASMA
KINETICS
P. Marinova, M. Pencheva, E. Benova
St. Kliment Ohridski University of Sofia, Sofia, Bulgaria

Argon plasma column sustained by travelling electromagnetic surface wave is
theoretically studied by means of a self-consistent model. This model consists of both
electrodynamics of the wave propagation and kinetics of the electrons and the heavy
particles. Basis of the modelare Boltzmann’s equation, particles balance equations
and Maxwell’s equations. The model is applied to the plasma—dielectric—vacuum
configuration at atmospheric pressure.Because of the high pressure it is necessary to
account for the effect of e lectron and heavy particles interactions ont he wave
propagation. Therefore the electron—neutral collision frequency in the expression for
the plasma permittivity is considered. Using the full expression for the plasma
permittivity in the Maxwell’s equations, a complex dispersion equation is obtained.
Its solutiongives dependences, usually presented through phase and attenuation
diagrams. The wave energy balance equation solved together with the electron energy
balance equation provides a link between electrodynamics and kinetics.The self-
consistent model of plasma sustained byt raveling electromagnetic wave at
atmospheric pressure allows us to study the influence of the discharge conditions on
the plasma properties.

The self-consistent model built up inthis way gives the dependence of the
electron energy distribution function on the discharge conditions in parallel with the
plasma characteristics such as axial distribution of electrons, ions, excited atoms,
electron mean energy, and wave characteristics. Influence of the wave frequency on
the discharge parameters: plasma density, electron mean energy and electron —
neutral collision frequency can be investigated as well.

QJIEKTPOPUINYECKUE MEXAHU3MbI UHAKTUBAIIUN
MHUKPOOPI'AHU3MOB 3APA KEHHBIMU YACTUIAMM I1JIA3MBbI
Axumes 10.C., I'pyminn MLE., Kapanbuuk B.B., Ilerpsikos A.B.,
Tpywukun H.!., EpmosaeBa C.A., CoicoasaTuna E.B., FOposa M.A.,
MyxaueB A.A.
I'HIL] PO TPHHUTH, Poccusa, 142190, e. Mocksa, 2. Tpouyk, ya. Ilywkosoix 12
NRNU ““MEPhI’’, Russia, 115409, Moscow, Kashirskoe Shosse 31
N.F.Gamaleya FSBU RIEM, Russia, 123098, Moscow, Gamaleya Str 18
E-mail: akishev@triniti.ru

Baxneitmeit npobiemoil  KIMHHUKA  WH(PEKIMOHHBIX  Oone3He u
MEIUIMHCKON MHUKPOOHMOJIOTHUM SIBIISETCS HEYKJIOHHBIH POCT uMciia 3a00JIeBaHUM,
BBI3BIBAEMBIX ~ AHTHOMOTUKOYCTOWYMBBIMM  IITAMMaMH  MHUKPOOPTaHHU3MOB.
Curyanusa ycyryOmisiercss TeM, UTO Hapsjy C paclIMpeHUEeM CIEKTpa
HEed(P(PEKTUBHBIX AHTUOMOTHUKOB B OTHOIICHUU KIIACCUYECKU «IPOOJIEMHBIX)
OakTepuil, Takux Kkak Staphylococcusspp, Pseudomonasspp, Burkholderiaspp,
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BO3HUKAIOT  PE3UCTEHTHBbIE  IITAMMbl  MHUKPOOPraHM3MOB,  paHee  He
NPEJICTABIISIBIINX TEPANEBTUUECKUX NPOOIEM, NpPUMEPAMH KOTOPBIX SBIISIIOTCS
Legionellaspp, Enterococcussppu np. C apyroil CTOpoHbl, CHOCOOHOCTb OaKTepuii
00pa3oBbIBaTh OMOIUIEHKH, B TOM YHCIE Ha PAHEBBIX MOBEPXHOCTSIX U M3JEIHIX
MEIUIMHCKOIO HAa3HAYeHHUs, B KOTOPBIX OHM HAMHOTO YCTOWYMBEE K JHOOBIM
BO3JICHCTBUSIM, €1le 0oJiee YCIOXKHSIET 3a7ja4y MO IEKOHTAMUHAIIIH.

B Ttakoil cutyanuu HEOOXOIUMBI pa3pabOTKa W BHEIPEHUE B MEIUIIMHCKYIO
IPAaKTUKy COBPEMEHHBIX TEXHOJOTWW, OCHOBAaHHBIX M Ha HCIOJb30BAHUU
razoo6pasnoit HuzkoremmneparypHor mminasmel (HTII). Baxknas oco6ennocts HTII
COCTOUT B TOM, YTO OHAa HEPABHOBECHA M MOTOMY CO3/JaeT OOJIbIIOE KOJIUYECTBO
XUMUYECKH aKTHUBHBIX areHTOB (3apsiKEHHBIC M BO30Y K/IEHHBIC YaCTUIIBI, CBOOOTHBIC
paguKaibl, 3JEeKTpruueckue noyist u Y D-u3nydyeHue) Nnpu NpakTUYEeCKH KOMHATHOMU
TeMIeparype IiazMooOpasytomiero raza. HWMuartepec Ouomenuumabsl k  HTII
00yCIIOBJIEH ee OakTepuUuAHbIMH CBOMCTBaMU. OHOBPEMEHHOE BO3ACICTBUE BCEX
arentoB HTII Ha MUKpOOpraHu3Mbl YBEJIIMYMBAET MHTErPaIbHBIM OaKTEpULIUAHBINA
apdexr HTIT (BO3MOXKHO W 3a CUET CHHEpPru3Ma areHTOB), HO MPHU 3TOM CHJIBLHO
YCIIOKHSIET BbISICHEHUE (QU3HKO-XUMHUYECKHX MEXaHU3MOB B3aMMOJCICTBUSI areHTOB
C pa3HbIMU KOMIIOHEHTaMH KJIETKH, a TAKK€ MEXaHW3MOB CHHEpru3Ma IUIa3MEHHBIX
areHToB. [l0 3TOM MpUYMHE yKa3aHHbIE MEXAHU3MBbI JO CUX IOP MPAKTHUUYECKU HE
BbIsICHEHBI. OTCYTCTBHE MeXxaHU3MOB OakTepunuanoro nevicreust HTII He mo3Bosser
chopMynupoBaTh TpeOOBaHUS K IJIa3Me, HEOOXOAUMOM ISl PelIeHUs KOHKPETHOU
OMOMEIUIIMHCKONW TMpOOJeMbl, 4YTO CHACPKUBAET pPa3pabOTKy MEepPCHEKTUBHBIX
MJ1a3MEHHBIX TEXHOJIOTUM U UX BHEAPEHUE B MEIULIMHCKYIO MPAKTUKY.

B o6mem cinydae B3aummoaeiicteue HTII ¢ OumomumieHIMH MOXET OBITh
MHOT'OCTQIMITHBIM BIUIOTh /10 TOJHOIO pa3pylleHHs KIeTKu (au3uc). B moknane
Oyner paccMoTpeHa HadaibHasi, camas Obictpast ctaguss HTII-unakTuBanmu, Ha
KOTOPOM HE YCIIEBAET Pa3BUTHCA CTPECCOBBIN OTBET OakTepuanbHO kieTku. [lpu
3TOM OyJeT y4TeHO, 4TO OcHOBHbIMU areHTamu HTII, Bo3meicTByromuMu Ha
OMOJIOTMYECKWE MUIIEHU, SBISAIOTCA  yhabTpaduosieroBoe wuznydenue (UV),
3apsOKEHHBIE YaCTULBI M 3JIEKTpUYeckue mojisi, umMu coszaanHble (E), a Ttaxke
paaukaigbl M JIpyrue  aKTUBHble  HeWTpanbHble 4actuubl  (R).  Jlnuna
noryionieHuss UV HaMHOTO MPEBBIIAET XapaKTEPHbIA pa3Mep KIETOK, MOAITOMY OHO
BO3JICHCTBYET OJHOBPEMEHHO Ha Bce (HapYy>KHbIe W BHYTPEHHHE) KOMIIOHEHTHI
KJIETKH, YTO YKa3blBa€T Ha BAXHOCTh TIeOMETPHUYECKOro ¢akrtopa (OTHOIIECHUE
IUIOIIA M BHEIIHEHW MOBEPXHOCTH KJIETKHM K ee 00beMy). R-areHtsl B OTCyTCTBUU
APYTUX TOpaXXaroluxX (akTOPOB BO3AECUCTBYIOT B NEPBYIO OuYepe/lb Ha BHEIIHHE
CTPYKTYpbl KJIETKH. 3apsbkeHHble dyactuilbl HTII MoryT okaspiBaTh mpsiMoe
OMoXMMHYECKOe JEeMCTBHE Ha KJIETKHM, HO B OIPEIEICHHbIX YCIOBHUSIX Ooiee
3((PEKTUBHBIM MOXKET OKA3aThCS UX IEKTPO(PU3NIECKOE BO3ICHCTBHE.

B noknage OyayT mpencTaBiieHbl pe3yJbTaThl HUCCIEAOBAaHUM Jis Cilyyas,
KOI'/Ia 3JIEKTPO(PU3HUECKOE BO3ACICTBUE ABIIAETCS onpenesnstomum. [Ipu stom OyayT
paccMOTpPEHBI 1Ba MPEEIbHBIX ciiydas: 1) 3JeKTpUYeCKUi 3apsi OTKIaAbIBA€TCS Ha
KJIETKE OYEHb OBICTPO M BHYTPHU KJIETKH BO3HUKAIOT CUJIbHBIE JIEKTPUUYECKUE OIS,
UHAYLHMPYIOUIME €€ Npo0oil, U 2) 3JIEKTPUUYECKUH 3apsii OTKIAIbIBACTCS OYEHb

16



MEJUIEHHO U 3JeKTpopu3nueckuil 3pPexT OyAeT onpenensiTbcss U3MEHEHHEM cOopTa
OTPUIATENIFHBIX HOHOB BOJW3M BHEIIHEH CTEHKH KJIeTOYHOW MmeMOpanbl. Oba
yKa3aHHbIX 3 (eKTa CIoCOOCTBYIOT YBEIMUEHUIO MPOHUIIAEMOCTH MeMOpaHbl i R-
areHToB IUIa3Mbl, YTO MOXET MPUBECTH K BO3HUKHOBEHHUIO CHUHEpPIrU3Ma MpHU
OJHOBPEMEHHOM BO3eKcTBUY Ha KJIeTKY R u E arenramu HTII.

Ha Puc.l. npencraBnensl Qortorpaguu ycTpoicTB, HCIOIb30BAaHHBIX B
AKCIEPUMEHTAX IO MCCIIEIOBAHUIO INEKTPOPU3NUECKUX MEXAHU3MOB MHAKTUBALIUU

MHUKPOOPTaHHU3MOB 3apPs’KEHHBIMU YaCTUIIAMU I1JIa3MBI.
a) b)

Air outlet

Puc. 1. a) ®oro mnpokaunBaemMoil Ta30pa3psAIHON KaMepbl, B KOTOpPOH
PacIoIOKEeHBI ANEKTPOIHASL cUcTeMa U vaiika [leTpu ¢ MukpoopraHuzmMamu.

b) N3o6paxenue yamku Iletpu, oOpadareiBaemoit HTII; obmacte A Ha arape
obpabareiBacrcs UV, R, u E arenramm, oGmacte B oOpabareiBactcss UV m R
areHTaMmH.

PaGota Beimonnena npu ¢uHaHcoBoil mojaepkke PODU (rpant Neld—02-
01067, rpant Ne14-02-31490 momn).

HEJIOKAJIBHBIE ABJIEHUA 1 DOOEKTHI B [INTASME ATOMAPHBIX U
MOJIEKVYJIAPHBIX 'A30B
bornanos E.A., KpacuisaukoB M.B., Kynpsasues A.A.

Cankr-IletepOyprckuii rocyiapcTBeHHbIN yHuBepcutet, Poccus, 198504 yi.
VYaesanoBckas 1.3, akud@ak2138.spb.edu.

Jns  HaxoxneHus (QyHKuuu pacnpenenenus dnekTpoHoB (OPD), mnpu
MOJICTUPOBAHUM  Ta30pa3psiIHONM  MJIa3Mbl, OOBIYHO HCIIOJIB3YETCS JIOKAIbHOE
npuOIMKEHNE.ITO 03HAYAET, UYTO MPU PEIICHUH KHHETHYECKOTO YpPaBHEHHUS B HEM
OoTOpachIBAIOTCA WIEHBI C MPOCTPAHCTBEHHBIMH TPOU3BOJHBIMU M PaIUATbHBIM
nosieM, a ®PD akTopusyercs B BUAE MPOU3BEICHUS

fow.r)=n,(r) f2(w,.E/ p) (1)

B sTOoM npubnmkenun pacnpeenieHue 3JIeKTPOHOB 10 KUHETUYECKOW YHEpruu
W B JAaHHOM TOYKE IMPOCTPAHCTBA /' 3aBUCUT OT  JIOKAJIbHBIX 3HAYEHUU
PUBEACHHOTONPOOJIBLHOTO MOJs £/ p W Apyrux mnapameTpoB (TeMmIeparypsl rasa,

KOHIIGHTpAIuu  BO30YXKIEHHBIX  dYactunm W T.I1.). COOTBETCTBEHHO W
MPOCTPAHCTBEHHOE paclpeiefieHue KOHCTAaHT CKOPOCTEH MpoLeccoB BO30YKICHUS U
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MOHM3ALMU ONpeaeNstoTcs npoduiieM n,(r). ITH IpOLECCHl ONMPEAEIsIOT OCHOBHBIE

ONTUYECKHUE U DJIEKTPOKUHETUYECKUE CBOMCTBA IJ1a3MBbl.

[IpuBneKkaTeaTbHOCTh U MIMPOKOE PACTPOCTPAHEHHE JIOKAIBHOTO MPUOIMKEHUS
BO MHOI'OM CBSI3aHbI CO 3HAUUTEIBHBIM YIPOIICHUEM BBIYMCIUTEIBHON MPOLEAYPHI
OpU PEUIEHUU KUHETUYECKOro ypaBHEHUs bojblMaHa, KOTOpOE B 3TOM Ciydae
3aBUCHUT JIUIIb TOJBKO OT OJJHOM MEPEMEHHOM — OT IHEPTUHU (CKOPOCTH).

B Tex cnyuasx, Korja B KHHETHYECKOM YpaBHEHHM HENb3sl IMpeHeOpeub
YIEHAaMU C IPOCTPAHCTBEHHBIMU IPAJUEHTaMM, COOTBETCTBYIONYyI0 PP HaspBaroT
HEJOKallbHOU (cM., Hampumep, [1,2]), MOCKOIbKY OHa OMNpeAensieTcs 3HAYECHUSIMU
¢u3nyecKux XapaKTepUCTHK (B TMEPBYIO OYepeib, HAMPSHKEHHOCTEH Moei) He B
JAHHOM TOYKe, a B 00JacTH, ONpeAesIeMON JJIMHOM >HEPreTUYEeCKON penakcaluu
Ae >> A - IIHBI CBOOOTHOTO TIpo0era snekTpoHa. B GyHKIIMK OT MOJTHOM SHEPTHH

e=w+ep(r)=mV?/2+ep(r) )
(KMHETUYECKOH TUTIOC MOTEHIMAIBHOM), KOTOopasi COXpaHseTcsl Ha MaciiTadax ~ /18,
TakagHenokabHass PPD moxkeT Kak 3aBUCETh OT paauyca, TaK U HE 3aBHUCETh. B

nroboM cimydae HenokanpHas OPD He QaxTopusyercs B BUAE MPOU3BEACHHUS THIIA
(1), nns ee HaxOXKACHUS HAI0 3HATh MPOCTPAHCTBEHHBIM MNpodwib MOTEHIMANIA
@(7) u pemath KAHETHIECKOE YPABHEHHE, 3aBUCAIIEE YXKE HE TOJIBKO OT DHEPTHH, HO
U OT IIPOCTPAHCTBEHHBIX MEPEMEHHBIX (ITOAPOOHEE CM., Harpumep, [1,2]).

Kpurepuun npuMEeHMMOCTH JOKAIbHOTO MPUONMKEHUS OOBIYHO MOJYYaroT
CTaHAAPTHBIM 00pa3OM W3 YCIOBHUSI MaJOCTH YJICHOB B KMHETHUYECKOM YPaBHEHHUU C
IPOU3BOJIHBIMU II0 KOOPAMHATE [0 CPAaBHEHUIO C YIEHAMH C IMPOU3BOAHBIMHU IIO
SHEpruM. DTO JaeT OueHKy R>> A, (cMm., Hampumep, [1,2]), T.e. XapakTepHas
muddy3uonHas aauHa R TUIa3MEHHOTO o00beMa JIOJDKHA NPEBBIIATh JJTUHY
pelaKkcaIiy MIEKTPOHOB 110 dHeprun A,.. [Tociie 00 MOKHO OIIEHUTD KaK

A =.2D.T, 3)
rne D.=VA/3 - kodpdummeHT cBoOOAHON AUPPY3UN DIESKTPOHOB, a BpEMS
ASHEPTETUUECKOU pelaKcauu

-1 _ *
T, =0v+v (4)
ompenensieTcs MOTePSIMH SHEPTHH TPHU YIPYTUX M HEYNPYTUX  CTOJKHOBECHHSX
(COOTBETCTBYIOIIME  4YacTOThlv W v . Ilpu HEynpyrux  CTOJKHOBCHHSX,

COMPOBOXKIAEMbIX  BO30Y)KJIEHHUEM YpPOBHS C HOMEpPOM Kk DIEKTPOH TepseT
3HAUMUTEIBHYI0 YacThb CBOEW DJHEPruH, pPaBHYIO TMOPOry BO3OYXKIEHUS & H

pENaKCUpyeT Ha OJHOM CTOJKHOBEHHHU. [Ipm ympyrom (KBazHyIlpyrom) pacCesHHH
penakcanmus 1O OJHEPrMHM IPOUCXOAWT JIMIIbL 32 MHOIO  CTOJIKHOBEHUH,
COOTBETCTBYIOIUN (DaKTOp 3HEProoOMEeHa IpHU YIPYIOM DPACCEIHHU COCTABIISAET
BEIUYMHY S=+2m/M <107, mnpu BO30OYKICHUM BpAIATCIbHBIX  YPOBHEH
0.=8B/T <<1, roe B — BpamarenbHas NOCTOsiHHasA,I — TeMmeparypa ras3a. Kak

BpeMs 7, , TaK ¥ [UIMHA A, 3aBHCAT OT YHEPTUU JICKTPOHA.
[lpu A, >R, Kak HEOAHOKPATHO NPOAEMOHCTPUPOBAHO BO  MHOTHX
uccieaoBaHusX (cM., Hanpumep, [1,2]), ucnosib3oBaHue pe3yibTaToB pacyeToB OPD
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B JIOKQIBHOM MPUONMKEHUU (PU3MUECKH HE OOOCHOBAHO M MOXKET MNPUBOAUTH K
rpyObIM OIIOKaMm.
B cBoro ouepenb, BBINOJIHEHUE YCIOBUS R > . CIy)KUT OCHOBAaHUEM JIIs

IMIMPOKOI0 MCIOJB30BaHUS  JIOKaJbHOrO mpuOmmkenuss (1) B mpakTHUECKUX
pacuerax.

[lockonbKy Ui BCEX peallbHbIX Ta30B OOBIYHO BBIMOJIHIETCS HEPABEHCTBO
v >>6v, u3 (3,4) BUOHO, YTO JUIMHBI DHEPIE€TUYECKON peakcaluyMu B yOpyroi (rae
HET HEeYyNPYIuX CTOJIKHOBEHUI) U HEYNIPYTrod 00JIaCTAX SHEPTrUi pa3InyaroTCsl OUYEHb
CUJIBHO.

Tak, B ynpyroit oOnactu sHepruii e<g (&- TEPBBIA TOPOT HEYNPYTHX

IIPOIIECCOB) JJIMHA
A 0D, [(6v)0 A/6 >1004 (5)
3HAYMTENbHA - 0OJIee YeM Ha JBa IMOpsIKa IMPEBBIIACT JIMHY CBOOOIHOIO mpobera

ANEKTPOHA.
B wHeympyroit oOnactu &£>¢, onpelnensiomied Ipouecchl BO30YXKAECHUS U

MOHM3AIUH, yKe TMpeTeprneB OJHO HEYNPYroe CTOJKHOBEHUE  JJIEKTPOH 3a
XapakTepHoe BpeMs ~1/V’ TepseT 3HAUMTEIbHYIO YaCTh CBOEH DHEPIUM, TaK YTO HPH
STOM OH YCII€BA€T CMECTUTHCS JIUMIIb HA CPABHUTEIHLHO Majoe MO CpaBHEHHIO C (5)
paccrosiHue

A0 \D, /v OJAL <(3-10)4 (6)
(/1* =1/ (N 0'*) - JUIUHA Tipo0era AIEKTPOHOB OTHOCUTEILHO HEYIPYTUX IMpoIieccoB). B

3aBUCUMOCTH OT COOTHOILICHUSI MEXKIY CEUCHUSIMU YIIPYTUX U HEYNPYTUX MPOLIECCOB
(0/0"010-100), anmuHa A. cocTapiseT BeIMYMHY IOPSAAKA HECKONBKHX JJIMH
cB00OHOTO TIpobera 3MeKTPOoHa.

@aKT CUIILHOTO pa3iuyuus JUIMH HEPreTUYeCKo penakcaiuu B yrnpyrou (5) u
Heynpyroi (6) 00JacTAX dHEPTUA SBISETCS MPUHIUIHAIBLHBIM B TEX CIIydasx, KOTaa
UMeeTCsl MPOTKEHHas ynpyras o0JacTb 3HEpPruil, T.e. 001acTb SHEPIHil, B KOTOPOU
OTCYTCTBYIOT HEYIpyrue CTOJKHOBEHHA. B mepByro ouepeab, K 3TOMY CIIy4aro
OTHOCSITCSI aTOMapHbIE Ta3bl, IJI€ SHEPTETUUECKUI 3a30p & 3HAYUTENEeH U OJIU30K K
NOTEHIMAly MOHU3AIMKU (HAlpUMEpP, B MHEPTHBIX razax & MeHsercs oT 8.3 eV B Xe
no 19.8 eV B He). [losTomy cyiiecTByeT OOJIBIION AMaNa3oH J1aBJICHUHN, KOrja Mpu
BHITIOJIHEHHHU HepaBeHCTBAa R > A, B ympyroii o61acTu SHEpIHii COXpaHIeTCs yCIOBUE
A. >R . B 3TOM cityuae, Korjia K HeJlokaibHOMY «Teiny» OPD (&< ¢ ) npummBaercs
JIOKaJIbHBIA «XBOCTHK» IPHU € > €, UCMONB30BATh JIOKajIbHOE Npubmmkenue (1) mis
pacuera EDF Henb3s kak ynpyroil (e£<eg ), Tak U B Heynpyroi (e>g ) obnacTtu
sHepruii [2]. B [2-4] ObL10 yCTaHOBJIEHO, YTO B aTOMAapHBIX Ta3ax JOKaJIbHOE

npuommwkenue i1 EDF  HenmpuMeHHMO 10 CpaBHUTEIBLHO BBICOKHX JaBJICHUM
pR<10cmTorr, T.e. IPAKTUUYECKU IJI1 BCEX PEATBbHO MCIIOJB3YEMBbIX Ha IPAKTUKE

ycnoBuil augdy3Horo pexxuma rudenu 3apsuKeHHbIX dacTull. [Ipu 3ToM okasanoch,
YTO IPY MOBBIIICHUH JABJICHUS MEPEXO] K JOKAJbHOMY CIIy4ar0 HE OCYLIECTBIIAECTCS
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IUIABHO OT NHMKUPOBAHHBIX HAa OCHU MPOQUIEH KOHCTAHT BO30YXKIECHHS B Ciydae
«UMCTOM» HENOKANbHOCTH A, >R K IIOCKUM HpO(MISAM HPU BHINOIHEHUH R > A, .

UccnenoBanus [2-4] mokaszainu, 4TO CHEIU(PUYECKUM MPOSBICHUEM HEIOKATbHBIX
ceoiictB EDF B aromapHbIX ra3zax IpU MOBBILICHUM JABJICHHUS Ta3a sBIAECTCA
CMEIIeHNE MaKCUMyMa CKOPOCTH BO30YKIEHUSI OT LEHTpa K nepudepuu pa3psiHOro
oObeMa. ITockoabKy CBOM yXOJ Ha CTEHKH AJIEKTPOHBI «4YyBCTBYIOT» C PACCTOSHUN
~ A, OT IpaHMUII IJIA3MEHHOTO 00bhEeMa, TO JJa’Ke NPU BBHICOKUX JIABJICHUSAX (BILIOTH 10

PpR<100 cmTorr) BOIU3M CTEHOK MOTYT HAOJIOJAThCS aHOMAJBHBIC PACTIPECICHUS
npoduiield Bo30yKIeHHsI B BUJE PUCTEHOYHOIO NMHUKa-careymTa [2,3].

B oTiinume oT aToMapHbIX, B MOJEKYJISIPHBIX ra3ax MOpPOr HEYNPYTHX MPOLECCOB
£ HACTOJIBKO Majl, 4TO HA MPAKTUKE MOXKHO CUHMTaTh, YTO MPHU BCEX HHEPTUIX

penakcaius 3JIEKTPOHOB ONpENEseTcss HEyNpyruMH MpoleccaMu BO30YKICHUS
BCEBO3MOJKHBIX KOJICOATENbHBIX M DJIEKTPOHHBIX COCTOSHMM Mojekyiu. [lpuduHoii
ATOrO SIBJISIETCS HE TOJBKO OO0Jiee HU3KOE PACIONIOKEHUE JIIEKTPOHHBIX TEPMOB
MOJIEKYJ, HO, TJIaBHBIM 00pa3oM, MEpexojabl 3a CYET HEYINPYTuX CTOIKHOBEHUMN
AJIEKTPOHOB  CO  BCEBO3MOXXHBIMHU  KOJICOATEIbHBIMH  YPOBHSMH  MOJIEKYI.
JleiicTBUTENBHO, Maxe A1 Hanbonee 3PpPEeKTUBHOTO HEMPSIMOTO (depe3 0Opa3oBaHUe
HECTAOWJIBHOTO OTPHIIATEILHOTO MOHA) MEXaHWU3Ma KOJeOaTebHOTO BO30YKICHHSI,
BenuurHa 3P (HEKTUBHOTO MOpora &, XOTs U MPEBBIIIACT YHEPTUIO KOJIEOATEIBHOTO

KBaHTa ¢&,, COCTaBJIET BEIWYMHY JIMIIb OT OJHOIO OO ABYX DJIEKTPOH-BOJIBT
(Hampumep, B azotre &,=03elV, &g =1.7eV). llpu 3TOM CcyMMapHbie CEeUYEHUS

K0J1€0aTeTbHOTO BO30YK/ICHMUSI BEJIMKM W BCETO JIMIIb B HECKOJBKO pa3 MEHbIIE
cedeHuil ympyroro paccessHusi [2]. IloatoMy B 00nacTu sHepruil kKojaedaTeabHOTro
B0O30Yy>XJIeHUs AJinHA (6) MO MOPSAKY BETUYMHBI COOTBETCTBYET JIJIMHE CBOOOJHOIO
npo0Oera 3JeKTPOHOB, TaK YTO KPUTEPUEM TPUMEHUMOCTH JIOKAJILHOTO MPUOIMIKEHUS
37ech OymeT ABIAThCS ycnoBue R >A.=A. JIpyruMu CIOBaMH, B MONEKYISPHBIX

ra3ax u3 yCJOBHS MPUMEHUMOCTH AU(PGY3UOHHOTO MpHOIMKeHuss R > A ciemyer,
yT0 7Tt HaxoxaeHust GPD MOXXKHO MCTIONIB30BaTh JIOKAIBHOE TPUOIINKEHUE.
[lepeuncnennbie OOCTOSITENLCTBA MPUBENH K (DOPMUPOBAHUIO B JIUTEpaAType
JIOCTATOYHO YCTOMYMBOM TOYKE 3pEHHS] O TOM, YTO HAayMHASL YyXKE€ C JOCTAaTOYHO
HU3KHUX JaBIeHHi (Kak Tonbko R>A. =A), ®PD (M KOHCTAHTBI COOTBETCTBYIOMIMX

CKOpOCTEW MPOLECCOB BO30YXACHUS W MOHU3ALMU) B MOJEKYJISPHBIX ra3ax MOXKHO
pPacCUYMTHIBATH B JIOKAJIbHOM IpuOamxeHuu (1).

Tem He MeHee, BBINIOJHEHHBIE MOJTHOMACIITAOHBIE CUMYJIALMHA TOJIOKUTEIBHOTO
CTOJI0A TJCIOLIErO paspsia B MOJIEKYJSIpHBIX Tra3ax (O,, N,) B IIHPOKOM JIHaIla30HE

naBieHui [4] mokaszanu, yTo 3TO He Tak. Ha mepudepun paspsaa, riae aMOUIoOIIpHOE
110JI€ TPEBBILIAET NPOIOJILHOE, JaXKe NPH BBIIOJHEHUH YCIoBUsS R >> A, npoduiu

KOHCTAHT BO30YXJCHUSI Pa3IMYHBIX KOJICOATEIbHBIX W AJIEKTPOHHBIX COCTOSHUMA
ONPEIENSIOTCA HE TOJBKO BEJIMYMHON MPOJOJBHOTO, HO TaKkKE W aMOHUIIOJISIPHOTO
nmojis W MOryT BO3pacTarb OT IMeHTpa K mnepudepun. I[IpocTpaHcTBeHHbIE
pacnpeneneHuss CKoOpocTedl  BO30yKIEHUS IIUpe MNpopuie  KOHIEHTPALMH
AJIEKTPOHOB M MOTYT MMETh HEMOHOTOHHbBIE 3aBUCHUMOCTH C MaKCUMyMOM HE B
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LHEHTpEe TPYOKH, I/ie KOHLEHTPALMS AJIEKTPOHOB MAaKCMMallbHa, a Ha ee nepudepun.
[Ipuyem dYem BhIIIE ypOBEHb (U4eM OONbIIE JHEPTETUUYCCKUN 3a30p, KOTOPHIM
HEOOXO0IMMO MPEOAO0JETh 3JIEKTPOHY AJI COBEPIIECHUS HEYNPYyroro mpouecca), TeM
Oosibllie BiMsiHUE TIonepedHor auddy3uu U paauaibHOTO MOJs, T.€. HEJIOKAIbHBIC
s dextsl B popmupoBanuu EDF nposBiisitorest Bce 60Jiee OTYETIUBO.
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JNODY3HBIE PA3PAJILI B TAZAX [TOBBIIIEHHOI'O JTABJIEHW A,
OOPMUPYEMBIE 3A CUET YBEI'AIOIMX 3JIEKTPOHOB, 1 X
[MPUMEHEHUME
Tapacenko B.O.
NucTuTyT cuiibHOTOUHOM 3nekTponuku CO PAH,
p. Akanemudecknii, 2/3, Tomck, 634055, Poccus. E-mail: VFT@]oi.hcei.tsc.ru

UccnenoBanust armMocepHbIX W JTa0OPATOPHBIX Pa3psoB MPOBOAATCS C
naBHUX BpeMmeH. K Hacrosimiemy BpeMeHHM B 3TOM 007acTH (PU3UKH HAKOILJICHBI
oOmupHble 3HaHuA. OmNUcaHWe PA3NTUYHBIX TUIIOB M PEXUMOB HMIYJIbCHBIX U
CTAllMOHAPHBIX Pa3psA0B MOXKHO HAWTH B MHOTOYHMCIEHHBIX CTaThAX, 0030pax H
MoHorpadusx, cM. Hampumep, [l]. OmHako wucciemoBanmss B 3TOH oOmacTH
MPOJIOJKAIOTCS U B HACTOSIIIEE BPEMsI, YTO OOYCJIOBJIEHO MIMPOKUM MPUMEHEHUEM
7a00paTOPHBIX Pa3psAI0B U CIONKHOCTHIO (PU3UUECKUX MPOLECCOB, MPOUCXOIAUINX B
MPOMEKYTKE M Ha AJIEKTpoJax. B mocnenHue roisl 3HaYUTENILHOE BHUMAHUE CTaJo
yaenartbess au@dy3HbIM pa3psigaM  TOBBIIMIEHHOTO JaBJIEHUS B HEOJHOPOIHOM
AIEKTPUUECKOM I10Jie, B (OPMUPOBAHUHM KOTOPBIX CYLIECTBEHHYIO POJb HUIPAIOT
yoeraromue 37eKTpoHbl (Y3) u peHtrenockoe uznydenue (PU), cm. [2-5] u cepuiku
B 9Tux paborax. OJHAKO BO MHOTHUX PEXKHUMAaX pa3psAa0B MPH TOBBIIIEHHBIX
naBiieHusX posib YO u PU panee He yuuThiBanach [1]. 3To CBA3aHO CO CIOKHOCTBIO
M3MEPEHUN MapaMeTPOB IyYKOB YD U UX MaJoil JJIUTEIbHOCTHIO [6,7].

B nanHoM gnoxname mpuWBEACHBI PE3YyJbTAaThl HCCIAEAOBAHUN OOBEMHBIX
(muddy3HBIX) pa3psaA0B, MHUIMUUPYEMBIX ITydKOM 3J1eKTpoHOB JaBuH (OPUIIDJII), u
UX ITPUMEHEHHM.

[Ipu npoBeneHNM KCCIEIOBAHUI MPU HAMPSDKEHUSX HA MPOMEXKYTKE B COTHU
KWJIOBOJIBT M 4YacToTax cjieAoBaHWs wumnyibcoB 10 1 I'm ucnosb3oBanuch
reHepatopbl Tuna SLEP 1 RADAN. ®poHT uMIlyibca HAIPSHKEHUS MOT U3MEHSATHCS
ot 0.1 10 1 HC, a ero JIUTENBHOCTh Ha coryiiacoBaHHOM Harpy3ke ot 0.1 mgo 4 Hc.
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JlanHble reHepatopsl (HOPMHUPOBATIU MMIYJIbChl HANPSIKEHHUS KaK OTPULIATEIbHOM,
TaK U MOJIOKUTEIBHOM MOISIPHOCTH.

B nMnyJIbCHO-IEpHOANYECKOM pEXUME HUCTOJb30Banuch reneparop FPG-10 ¢
MOJIOKUATENIBHOW TOJIIPHOCTBIO MMITYJIbCA HANPSDKEHUS, a Takxke reHeparopsl FPG-
60 u NPG-15/2000N ¢ oTpuuatesbHON MNOJSPHOCTHIO. JJIUTENBHOCTH HMITYJIbCa
HaIpsDKeHHUS U ero PpoHTa coctaBisumM, cooTBeTcTBeHHO, 1 1 0.2 He (FPG-10), 5 u
2.5 ue (FPG-10), 6 1 3 e (NPG-15/2000N). IIpu amminTyie ©MIyJibca HaNPSHKCHUS
B JIECATKU KWJIOBOJIBT YACTOTA CJIEA0BAaHUS UMITYJIbCOB JIOCTUrajia €UHULIBI K] II.

Pa3psinHbiii poMexyTOK ObLT 00pa3oBaH MOTEHIUMATIBHBIM JIJIEKTPOJOM C
MaJbIM PAJANYCOM KPHBHU3HBI M TIJIOCKUM DJJIEKTPOJOM, KOTOPBIH ObUT 3a3eMJICH.
JInuHa nOpoMEeKyTKa Morja HM3MEHSTbCS OT €AWHULl MUUIMMETPOB N0 7 CM.
Pazpsinnas kamepa 3amoJiHsUIach pa3jIMYHbIMU Tra3zaMu (@30T, BO3AyX, aproH, reiaui,
HEOH, KPUNTOH, KCeHOH, Bojopoa, SFs, CHy) u ux cmecsimu. B psige skcriepuMeHTOB
UCCIENYEMBIM Tra3 IPOKAYMBAICSA 4YEpe3 paspsAaHbI INPOMEXKYTOK. MMIynbCel
HANpPsDKEHUS] PETHCTPUPOBAINCH C MOMOIIBI0 €MKOCTHBIX U OMHUYECKHX JIETTUTENEH,
UMITYJIbChl TOKAa 4Y€pe3 IMPOMEXYTOK C MOMOIIBI IIYHTOB HA YMII-PE3UCTOpPAX M
MOJIOCKOBBIX JIMHHUSIX. 3a aHOJOM M3 TOHKOM (OJIbrd H3MEpsuics My4doK YO
(CBEpXKOPOTKUW  JaBUHHBIM dJeKTpoHHbIA nydok — CJIDII [2]), a Takxke PU.
CBeuenue paspsja u3 MpomMexyTka ¢gotorpagupoBaioch derbipexkaHaibHon CCD
kamepoir HSFC-PRO u ¢oroanmapatom SONYA100, a Takke perucTpupoBaioch
CKOpocTHBIM (otoauonoM PD025. MHTerpanbHble CHEKTPhl U3TyYCHHUS] CHUMAJIUChH
cnektporpadom  EPP-2000C  (Stellar-Netlnc.).  DnexTpudyeckue  UMITYIIbCHI
PETHCTPUPOBAIHNCH CKOPOCTHBIME ociimiuiorpadamu, B Tom gmcie DSA 72504D (25
GHz, 100 GSxs™).

[IpoBeneHHbIE HCCIEAOBAHUS TOKA3all, YTO B 3aBHCUMOCTU OT AMIUIUTY]IbI
UMITyJIbCA HAIPSOKEHUs, €ro JUIMTENbHOCTH M (PpOHTA, copTa WU JAaBJIEHUsS rasa,
MEXIJIEKTPOJHOTO 3a30pa U KOHCTPYKLHH AIEKTPOAA C MaJIbIM PaglyCOM KPUBHU3HBI
B IIUPOKOM JIHMAMA30HE JKCIEPUMEHTANBHBIX ycioBuii (opmupyercs OPUIIDJIL.
beuto ycranosineno, uro OPUIIDJI dopmupyercs kak Tpu  MOJOKUTEILHOU
HOJISIPHOCTH AJIEKTPOJAA C MAJIBIM PAJINYCOM KPUBHU3HBI, TaK U IPU OTPULATEIBHOM.
Havanbnoii cragueit OPUIIDJI sBnsercs nud@y3Hblil KOPOHHBIN pa3psija, a mocie
criazia HanpsbkeHus: Ha nmpoMexyTke OPUIIDJI nepexoauT B aHOMaJlbHbBIN TIACIONIUN
paspsia. Ha puc. 1 mokazansl pororpadhun OPUIIDJI B a3oTe, Bo3yXe U aproHe npu
Pa3JIMYHbBIX JaBJICHUSX.

VY nenpHbIN SHEProBKIIAl B Pa3JIMYHBIX I'a3ax MPU UCIOJIb30BaHUU T'€HEPATOPOB
SLEP 1 RADAN cocrasisier cotHr MBT/cM’, a KOHIGHTPALWS YIEKTPOHOB B TEIHH
~10"° u B azote ~10'"* cm” [8]. TIpu yBeIMUYEHNN AMILTHTY/IbI MMITYJIbCA HATIPSKCHHS
U ero JUINTEIbHOCTH, a TakKe JaBJIeHWs ra3a, Wi(h) YMEHBIICHUU
MEXKIIIEKTPOIHOTr0 3a30pa Habmoiaercs Koutparupoanue OPUITDJL.

®opmupoBanue aud@y3Horo paspsga TpU  MOBBIIICHHBIX  JaBICHUSIX
Pa3JIMUHBIX Ta30B U OTPULATEIBbHOW MOJSPHOCTH AJIEKTPOAA C MajlblM PAJINYyCOM
KPUBHU3HBI OOYCJIOBJIEHO TeHepauued Y3 y Karoja U B IpoMexyTke. B aTux
YCJIOBUSIX TaK¥K€ JIETKO 3apeructpupoBath PU u3 npoMexxkyTka u aHOAA.
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Puc. 1. ®ororpaduu pazpsga Mexay TpyodarsiM (a,0,B) U UrosibuaThbiM (T)
KarojgaMm B a3ote (a,0,r) u aprone (B). (a) - MEXdIIEKTPOAHBIN 3a30p d = 13 mwm,
naeieHue p =2 atMm. (0) -d=16 mm, p=1atm. (B) -d=13 mm, p=0.5 at™m. (1) - d
= 20.5 mMm, p = 30 Topp, vyactora uminyascoB | kl'1, mpokadka a3oTa CO CKOPOCTHIO
4 m/c.

Ha puc. 2 noka3zaHbl XapakTepHbIE OCUUIIOTPAMMbBI UMITYJIbCOB HAIPSKEHUS
Ha TIPOMEXYTKE, TOKa 4Yepe3 MPOMEXKYTOK, KOTOpbI Ha €ro (pOoHTE COCTOUT U3
€MKOCTHOTO TOKa «XOJIOAHOTO» JHOJa, TWUHAMHUYECKOIO €MKOCTHOTO TOKa M TOKa
npoBoguMocTH, a Takke Toka CJIDII, m3mepenHoro 3a anomgoM u3 Al dombru
KOJUIEKTOPOM.

CJIDII 3a aHOzOM M3 (POJBIM PErHUCTPUpPYETCS Ha (PPOHTE HMITyJIbCa TOKA
yepe3 NPOMEXKYTOK MPHU HAMPSHKEHUH Ha TPOMEXKYTKE OJIM3KO K MAKCUMaJIbHOMY.

[Tpu non0XKUTETBLHON MOJSIPHOCTH IAEKTPOJIA C MAIBIM PaANyCOM KPUBHU3HBI B
MpeAbIOHU3AIMUA PA3PSIHOTO MPOMEKYTKA, KaK MbI MPEANojiaraeM, CyleCTBEHHYIO
POJIb UTPAET XapaKTEPUCTUUECKOE U3ITYUYEHHE W3 raza 3a CYeT OBICTPBIX JIEKTPOHOB
[9]. BeICTpbIE PNEKTPOHBI BHAYAJIE BO3HUKAIOT B YCUJIEHHOM 3JIEKTPHUYECKOM IIOJIE Y
aHO/a C MaJbIM PaJuyCOM KPUBU3HBI, a IPU JBH>)KECHUU BOJIHBI HOHU3ALMHU OT aHOJAA
K KaTOJly B YCUJIEHHOM T0Jie Y (PpOHTa BOJIHBI HOHU3AIIUH.

Hns popmupoBanuss OPUIIDJI mpu NOBBIMIEHHBIX YacTOTaX HEOOXOIUMO
MCII0JIb30BaTh HAHOCEKYH/IHbIE T€HEPATOPhI CO CPABHUTEIBHO MaJbIMU SHEPTUSIMU B
UMITYJIbCE WM TIPOKAuMBaTh pabouuii ra3 yepes3 nmpomMexyTok. Ha puc. 16 mokazana
dotorpaduss  OPUIIDJI mpu dyactrore cnegoBaHusi wummyiabcoB 1 kI
MexanekTpoaHblil 3a30p paBHsicsa 20.5 MM, JuiMHA cBeTslelica obnactu 35 cm. Ha
KaTOJ U3 UT0JIOK TI0JIaBAJIMCH UMITYJIbChl OTPULIATEIEHON OJISPHOCTH.

OPUIIDJI B pa3nuyHbIX pexMMax ObUT MCHOJIB30BaH JJIsi MOAU(DUKAIMKU U
OYMCTKHU OT yTJiepoja MOBEpXHOCTEH paznuyHbix MeTauioB (meau [10], AlBe dhonsru
u cranu). 3mepenue a1eKTpohU3nYecKuX MapamMeTpPoOB IMUTAKCHUAIBHBIX TUIEHOK
KPT nocne BozgerictBus OPUIIDJI mokaszano, 4To B MOPUIIOBEPXHOCTHOM CIIOE
AMUTAKCUATBLHBIX TUICHOK 00pa3yeTcs CJION, MPOSBISIONIMN N-THUI MPOBOAUMOCTH
[11]. OPHUIIDJI 6wt wucnonb3oBaH JJisg CO3JaHUs JIa3epOB Ha aTOMApHBIX U
MOJIEKYJIIPHBIX TIepexojax, B ToM uucie Obuta momydeHsl KIIJ[ Onuskue
npenenbHbiM [12]. JlaHHBIA THUD pa3psaa Takxke ObLT MPUMEHEH IS TMOJTYy4YeHUs
MolutHoro BY® u Y® uznydenus B skcuinamnax [13].
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CJIDIL, oTH. ex.

Puc. 2. OcumiorpaMMbl UMITYJIBCOB HaIPSDKEHUSI HA TPOMEXKYTKE, TOKa Yepe3
npomexyTok u CJIDII B SF¢. I'enepatop RADAN-220, d =13 mm, p =2 aTtMm.

ABTOp JOKIana BBIpaXaeT TIyOOKyl OJIaroJapHocTb  COTPYIHHUKAM
nabopatopuun ontudeckux minydeHuit M.U. Jlomaey, E.X bakmry, /[.B. PriOke,
N.JI. Kocteipe, A.I'. bypauenko, M.A. Illynenoy, [.A. Copokuny, JI.B.
bemomioToBy BMECTE ¢ KOTOPBHIMU OBLIN MOJTYYEHBI PE3yIbTaThl, PEICTABICHHEIC B
JTaHHOM padoTe.

Pa6ora BeimonHena npu noanepskke rpanta POOU Ne12-08-00105-a.
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I'EHEPALI A KITACTEPHBIX ITYUKOB B I[TJTIASME J1J14
HAHOTEXHOJIOI'MUA
b.M.CmupHOB
O6benunennsii UuctutyT Beicokux Temmnepatyp, Uxopckas 13/19, Mocksa
125412 bmsmirnov(@gmail.com

BBeaenue.

[lyukn  METAJUIMYECKUMX  KJIACTEPOB  HCIONB3YIOTCA A CO3JaHUs
cnenu(pUUecKux MaTepuaJoB IIyTEM HaIbUICHUS KIACTEpPOB Ha IOBEPXHOCTb.
[IpuBenem nBa mpumepa Takoro poaa. C HaBHHUX BpPEMEH IOKPBITHIE CepeOpoM
COCYJIbl UCTIONB3YIOTCA JUIsl 00e33apakuBaHusl Bojbl. VccnenoBanus mocienHux Jet
[1] mokazanum MexaHHU3M JIEUCTBUS cepeOpa B KOHKPETHBIX CIydasix — MHUKPOO
0OBOJIAKMBAET HEOJHOPOJHOCTb CEpPeOPSTHOM MMOBEPXHOCTH, MpWIMNas K HEH.
AKTHBHBIE KOHIIBI MHKPOOOB, MOCTpoeHHble Ha ocHoBe NO, , BCTymawT B
XUMHYECKYI0 PEAKIUIO, YTO MPUBOJUT K UX pa3pylieHHto. [Ipu 3ToM onTuManbHbIN
pasmMep HEOJAHOPOAHOCTEN HaxoauTcs B mpenenax | -10 HM, 4TO COOTBETCTBYET
TUIIMYHOMY pPa3Mepy KJIACTEPOB B KJIACTEPHBIX MyUYKax.

Hpyroii npuMep OTHOCUTCS K HCIIOJIB30BAHUIO KJIACTEPOB 30J10Ta B KAYECTBE
karanuzatopa. Kiacteper 3oisota, cocrosimue w3  10-20 aToMOB, KOTOpBIE
OPUKPEIUISIFOTCS K TOBEPXHOCTH psa OKHUCIIOB, SBISIOTCS KaTalW3aTOPOM IpHU
okucnenun CO no CO, B armocdhepHoM Bozayxe [2,3] . DTOT npolecc NpoucXoauT
IpY KOMHATHOW TeMIiepaTtype (cM. puc.l), Tak 4TO TaHHBIN KaTaau3aTop MOKET ObITh
UCTIOJb30BaH B PAa3HBIX NPUIIOKEHUSX, BKIIOYas aBTOMOOWIbHBIE (DUIBTPHI.
Crabunmuzauus Monekynsl CO Npu NpuiiMnaHuy K KJIAacTepy 30J10Ta ONpeaesnsercs
MPOLECCOM 3apsJIKU KJlacTepa C IMEepPeXOoJ0M JJIEKTPOHA € MOIJIOXKKH [4,5], 4TOo U
onpeaeNsieT HU3KyI0 TeMIlepaTypy Ipolecca.
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Puc.1. BepostHocts okuciiennss CO go CO, mpu NpOXOXKIAEHWH TOTOKA
BO31yXxa ¢ MosiekysiaMu CO 4depe3 KaTaIu3aTop, COAEpKAIIUK KIIACTEPHI 30JI0Ta.

Hanomatepuaiibl paccMaTpuBaeMOro TUIA MOTYT ObITh IMPUTOTOBJICHBI ITyTEM
HaIlbUIEHUSI KJIACTEPHOrO ITy4YKa Ha IOBEPXHOCTh. HMMEOTCS pa3Hble METOJbI
reHepaluy KIaCTepHBIX MMy4YKOB [6], Hanbosiee pacpoCTpaHEHHBIMU CPEU KOTOPBIX
ABJISIOTCS PACIIMPEHUE MTyYKa ra3a WK napa mnociie NpoxoXIeHus yepes3 coro [7], a
TaKXe Ja3epHbli MeTol [8], MCHOJIb3yeMbI MPU I€HEpalUHd KIACTEPHBIX ITyYKOB
TYTOIUIAaBKUX METAJJIOB JUISl HUCCIENOBATEIbCKUX ILEJeH. Ha camom pnerne,
ONTUMAJbHBIA METOJ TEHEpallUd KIACTEPOB 3aBUCHUT OT 3aJayu, [ KOTOPOM
UCIIOb3YyETCSl  KJIACTepHbIM Mmy4dyoK. B wacTHOCTH, 11 OPUTOTOBJICHUS
METAJUIMYECKUX IUICHOK, COJIepkKalux He 0oJiee HECKOJbKMX aTOMHBIX CIJIOEB,
UCIIOJIb3YETCSI MarHETPOHHBIN paspsyn (Hampumep, [9]), yTo ymoOHO Takke B CHITY
MPOMBIILJIEHHOTO MPOU3BOJICTBA MArHETPOHHBIX MCTOYHUKOB KJIACTEPHBIX MYYKOB.
Huwxe Oyner mpeacTaBieH YKOHOMHBIN T'€HEpAaTOp METALINYECKUX KJIACTEPOB, TIIe
KJIacTephl 00pa3yloTCsl MPU HYKJICAlMd METAJUIMYECKOTO Iapa, BO3HUKAIOIIETO B
pe3yJibTare OEWCTBUSL CBY-pa3psla Ha METAJUIMYECKYI0 YacTHUIly, pasMep KOTOpOu
COCTaBJISICT JI0JM MM. OTOT MeETOJ clienyer u3 skcrnepumenta [10], B kotopom
HaOmonancs mpouecc o00pa3oBaHMs KiacTepoB amtoMuHug. OJHAKO, BaKHBIM
AJIEMEHTOM T'€HEepaTopa KIACTEPHOIO MyYKa SIBJISIETCSI COTJIACOBAHUE €r0 3JIEMEHTOB,
MOCKOJIbKY ONTHUMAJIbHBIE BBIXOAHBIE IMApaMETPbl PEANIU3YIOTCS TOJIBKO B
OTIpe/IeTICHHOM 00JIacTU MapaMeTpoB TeHepaTopa. ITO COTIACOBAHUE BHITIOJIHEHO IS
PacCMOTPEHHOI0 HMKE TeHepaTopa METAJNIMYeCKUX kiactepon [11].

JKOHOMHBII reHepaATOP NYYKOB METALUIHYECKUX KJIACTEPOB.

Ha puc.2 npeacraBieHa cxema  pacCMarpuBaeMoro  TreHeparopa
METAJUIMYECKUX KJIAcTEpOB. MeTaminueckas 4acTuila pa3Mepa B COTHU MHKPOH
MOBUCAET BO BCTPEUHOM IMOTOKE aproHa W MCHapsieTcs MO ACHCTBUEM CBY-pa3psja.
[Ipu »TOM Bec 4acTHUIIBl YPaBHOBEUIUBACTCS CUJION TPEHUSI YACTUIIbI B JIBHXKYILIEMCS
raze. [lo Mepe wucnapeHuss YacTHIBI 5TO PABHOBECHE CMEIIAETCS BBEPX B
KOHYCOOOpa3HOU KaMmepe, Iie CKOPOCTh OTOKa HUXke. B pe3ynbrare Mmetainnyeckas
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YacTHUIIa HAXOJIUTCS B TOJI€ JCHCTBUSI CBU-pa3ps/ia, MOKA €€ Macca HE YMEHBIIUTCS
Ha JIBa MOpsAJiKa BeIUYUHBI. [Ipyu 3TOM 35eKTpUUecKuid TOK pa3psijaa IpOXOAUT yepes
METAJUTMYECKYI0 YaCTUIly U HarpeBaeT €€, IMOCKOJbKY MPOBOAUMOCTh YACTHIIBI
OTHOCHUTENILHO BeliMka. McmapeHue 4acTullbl MPUBOJIUT K 0OpPa30BaHUIO CBOOOIHBIX
aTOMOB METallJla, U YK€ HEJAJeKO OT MOBEPXHOCTH YaCTULbI JABICHHE aTOMHOIO
mapa MeTajjla CTAaHOBHUTCSI MEHBIIE [IaBJIEHWS HACBIIEHHOTO Iapa, U H30BITOK
aTOMOB TPEBPAIIACTCS B KJIACTEPHI.

B nporecce pocTa kiiacTepoB MeTaia U3MEHSIOTCSI PEKUMBI POCTa KJIACTEPOB
U3 Mapa Wi rasza, a XapakTep SBOJIOLUU KIACTEPOB 3aBUCUT OT JPYTUX MPOLECCOB C
ydyacTueM kiactepoB[12 — 14]. B yactHocTH, Ha pUC.3 MPUBOJIUTCS SHEPrETUUECKUI
OallaHC dYacCTHUIIbI, HATPETOW B PE3yJIbTaTe MPOTEKAHUS Yepe3 Hee DIIEKTPUUYECKOTO
TOKa cBY-pa3psaa. Kak BUIHO, XapaKTepHbIE MOIIIHOCTH CBU-pa3psia AJisl TeHEpauuu
METAJUTMYECKUX KJIACTEPOB 3HAYUTEIBHO MEHBIIIE UCIOJIb3YEMON B CBU-UYAHUKAX, a
MOJIHASI MHTEHCUBHOCTh BBIXOJHOTO KJIACTEPHOTO IMy4yKa TMPU HMCHOJH30BAHUU B
KQKJIBIA MOMEHT BPEMEHU TOJIbKO OJHOM YaCTHUIlbl CPaBHMMa C MHTEHCHUBHOCTBIO
KJIACTEPHOTO MyYKa JIJII MarHETPOHHOT'O HCTOYHHKA KJIACTEPOB.

TeILIOIPOBOTHOCTE I'aza

w-—
1600 1700 1800 1900 2000 2100 2200

B |

Puc.2. T'eHeparop MeTaLIMYECKUX Puc.3. Kananel OanmaHnca sHepruu
KJIACTEPOB npu BO30YXKJIEHUM Il HAarpeTOW YacTUIlbl cepedpa paauyca
MUKPOHHOW MeTainueckord dactuubl B 100 MkMm.
cBU-pazpsize. 1 — moTtok aprona, 2 —
paspsaHas Kamepa, 3 —  o0OjacTh

HaXO0KICHUSI METaJIMYECKON JacTUIbl, 4
— BBOJI YacTHI, S5 — JIONOJHHUTEIbHBIN

MOTOK aproHa, 6 — o00macThb pocTa
KJIACTEPOB, 7 — BBIXOJAHOW KJIACTEPHBIN
MYYOK.
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HAPABOTKA XUMHNYECKU AKTUBHbBIX YACTUILL B XOJIOJHbBIX
[INIABMEHHBIX CTPYAX
Haiinuc I'.B.
OOBeauHEeHHBI HHCTUTYT BhICOKUX Temnepatyp PAH, Mockga, 125412.
gnaidis@mail.ru

B nocnenHee BpeMs akTUBHO M3y4daeTcs MEPCIEKTUBHBIA METOJ CO3JaHUs
XOJIOJHOU (CHJIbHO HEPAaBHOBECHOM) MJIa3Mbl aTMOC(HEPHOTO JABJIEHUS C ITOMOIIBIO
ra3opaspsiiHbIX ~ YCTPOMCTB, TIE€HEPUPYIOIIMX IUIa3MEHHbIE CTpyd. B 31X
YCTPOMCTBAxX IJIa3MO00pa3yroIuidi (MHEPTHBIN) a3 MPOKAYMBAETCsA 4yepe3 001acTH
UMITYJIbCHO-IIEPUOJIMYECKUX OapbepHBIX WM KOPOHHBIX pa3ps/ioB BHYTPU TOHKHUX
JTURJIEKTPUUECKUX TPYOOK, YTO MPUBOIUT K (POPMUPOBAHUIO IJIA3MEHHOW CTpYH,
BBIITyCKAaeMO#l B OKpy:karouryro armochepy. CoueraHue HU3KOW TeMIiepaTyphl rasa
(OnM3KOM K KOMHATHOM) M BBICOKUX KOHIICHTPAIIMH XMMUYECKH aKTUBHBIX YacCTHIl B
IUTa3MEHHOM  cTpye  00ycioBiuBaeT dS(OQPEKTUBHOCTh €€ HUCMOIb30BaHUS B
OMOMEIUITMHCKUX TPHIIOXKEHUsIX [ 1-4].

B TtunuuHbix pexumax pabOThl T'E€HEPATOPOB IUIA3MEHHBIX CTPYH, Mpu
4acTOTaX IOBTOPEHUS HMITYJbCOB MPUIOKEHHOTO HANPSKEHUS B KHIOTEPIIOBOM
nuanaszoHe, HaOmomaercss GopMHUpPOBAaHUE B 00JIACTH paspszia U OBICTPOE JBMKCHHE
BJOJIb CTPYH IUJJa3MEHHBIX CTYCTKOB — ‘“‘rurasMeHHbIX myibs”. [logpoOHbie
IKCIIEPUMEHTAIbHBIE U TEOPETUYECKHE HCCIEAOBAHUS YCTAaHOBHWJIM NPHUPOAY ITHX
CT'YCTKOB, MPEJICTABJISIIONIUX COOOM BOJIHBI MOHU3AIIUU — CTpUMEPHI [5,6]. briarogaps
HAJIMYMIO O0JaCTH CWJIBHOTO 3JIEKTPUYECKOTO MOl BO (PPOHTE BOJHBI (B T'OJIOBKE
CTpuMepa), 00pa3oBaHHE XMMHUYECKM AaKTHUBHBIX YaCTULl B PEaKUUAX HOHU3ALMH,
JUCCOLIMAIIMU ¥ BO30YKJIEHUS MOJIEKYJ ra3a 3JeKTPOHHBIM YJapOM MPOUCXOIUT HE
TOJIBKO B 00JIaCTH pa3psiga BHYTpHU TPyOKH, HO U BAOJb Bcell cTpyu. Takum oO6pazom,
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KOPOTKOKMBYILIIME AaKTUBHBIE YAaCTHUIBl TE€HEPUPYIOTCS B  HENOCPEICTBEHHOU
Oym3ocTH K 00pabaTeiBaeMOMy OOBEKTY.

JUis mpusiokeHuil 0oJiblioe 3HayeHue HMMeeT MHGOpMalHs O XUMHUYECKOM
coctaBe IutazMbl cTpyd. K HacrosieMy BpeMEHU SKCIEpUMEHTAIbHbIE JaHHbIC
IIOJIyYEHBI JIMIIb 11 HEMHOTHX U3 COPTOB 4acTull [7]. B 3TO CBSA3M Ba)XXHYIO POJIb
UTPAIOT PE3yJIbTAThl, MOJTYYEHHbIE METOJIOM YHCIEHHOTO MOJENIUpoBaHus. B nanHoM
paboTe mpeAcTaBlEHbl pacueTHblE JaHHbIE IO COCTAaBY IUIa3Mbl U TUIHUYHBIX
PEXUMOB PabOTHI T€HEPATOPOB IIA3MEHHBIX CTPYH.

Pacuer pacnpoctpaHeHusi cTpumepa BAOJIb CTPYH OCHOBAaH Ha COBMECTHOM
pelIeHnH JABYMEPHBIX (OCECMMMETPUYHBIX) HECTAllMOHAPHBIX ypaBHEHUH OanaHca
JUIsI KOMIIOHEHTOB IUIa3Mbl U ypaBHeHMs [lyaccoHa Uil 3J€KTPUYECKOIO MOJIs, C
Y4E€TOM HEOJHOPOJHOCTH COCTaBa ra30BOM CMECH, KaK BJOJIb, TAK U MONEPEK CTPYH,
00yCIOBJIEHHOM CMENIEHHEeM Ia3MoolOpasyroniero rasa (renuss ¢ A00aBKamMu
BO3/lyXa) C OKPY’KalOIIKUM BO3AyXoM. IIpocTpaHCTBEHHBIE paclpeAesieHus] MOJIbHBIX
JIOJIEN TeJIUs U BO3AYyXa B CTPYE OINPEAEISAIOTCS yTEM PELICHUsI CUCTEMbI YPaBHEHHI
ra3oJiMHaMUKU (HEMPEPbIBHOCTH, UMITYJbca U Auddy3un) [8].

Ha pucynke 1 mnpuBeneHa CKOpPOCTb CTpUMEpa Kak (PYHKIHUS aKCHATIbHON
KOOPJIMHATHI Z MPHU Pa3HBbIX 3HAYEHUSX MPUIIOKEHHOIro HampsykeHuss U v MOJbHOM
70U Bo3ayxa Xy ,i; B IUIa3MoooOpasytrolieMm rase. Pacuer mpoBeleH Al CTpPyH,
MCTEKaloIed U3 TpPyOKH ¢ BHYTPEHHUM paJnycoM (pagrycoM cTpyH) Ri =0.15 cM co
cpenHell CKopocThio 6 M/c, KOHel TpyOku oTBedaeT 3HaueHuto z = 0.5 cm. Buano,
YTO JUIMHA CTPYH pacTeT ¢ pocToM U M YMEHBIIAETCS ¢ POCTOM X qir-
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& x0' o .
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£ 1 "\, 6KV, 1%air
> 1.5x10"
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o -
®
> ’
5 1x10
£
o
2
w 5x10°
0 1 I I I T l I
9 1 2 3 4 0 0.05 0.1 0.15
z (cm) r(cm)
Puc. 1. Cxopoctb cTpumepa BAoJib cTpyu  Puc. 2. Pannanbhbie npoduim

KOHIICHTPAllUM aTOMOB KHCIIOpPOJa B
Pa3HBIX CEYEHUAX CTPYH

PucyHok 2 neMOHCTpUpyeT paauaibHble TPOPUIN, B Pa3HBIX CEUCHUSX Z,
KOHIICHTPAIIMM aTOMOB  KHUCJIOpOJia Ko HapaOOTaHHBIX TIPU  MPOXOXKICHUU
equauyHoro crtpumepa npu U = 6 kV u X, ., = 0.01. Ilpodunu wumerot
HEMOHOTOHHBIN Xapaktep. TeMm He MeHee, paaualibHas HEOJJHOPOJHOCTh KaK aTOMOB
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KUCIIOpOAa, TaK M JpPYruX NEpPBUYHBIX AKTUBHBIX YACTHI, HapaOaThIBAEMBbIX
AJIEKTPOHHBIM YJIapOM, HE OY€Hb 3HAUUTEIbHA, YTO MO3BOJISIET HUCIIOJIB30BaTh, IPU
aHaJIKM3€ BTOPUYHBIX XUMUYECKUX PEAKIUM, 3HAUCHUs] KOHLUEHTpaIuil (3aBUCSIIHE OT
Z), YCpEIHEHHbIE 110 PAJANYCY.

JUist  pacyera KOHIIEHTpAalUMA AKTHBHBIX YacTHI, HapabaTbIBAEMbIX
MOCJIEIOBATENBHOCTBIO ~ CTPUMEPOB,  MCIOJB3YyETCAd  MOAXOJ  AHAJIOTUYHBIN
onucaHHoMy B [8]. IIpuHuMaeTcs, 4TO ra3 ABUIKETCS BAOJb CTPYH CO CpPEAHEH MO
paguycy CKOPOCTBIO MOTOKA gy, TAK YTO aKCHAIIBHOE TOJIOKEHUE Z JAHHOW MOPLUUU
raza B MOMEHT BPEMEHHU ! JAaeTCs BbIpAKEHUEM z = Vi, t. Kaxaplil HOBBIM cTpuMep
100aBisieT K 3TOM MOPLMU Ta3a OINpeneseHHOE KOJIWYECTBO MEPBUYHBIX AKTHBHBIX
YACTHIL: SIEKTPOHOB, MOHOB, HefiTpambubix dacTui N, O, N(D), O('D), O,(a'A),
02(b12), 3aBUCAIIEE OT z W, CIEJOBAaTEIbHO, OT BpeMeHH ¢ = z/Vj,,. Pelienne
CUCTEMBI HECTALlMOHAPHBIX KUHETUYECKUX YPABHEHUH JUJISl paualbHO yCPEIHEHHBIX
KOHIIGHTpPAaUUN 4YacTUll N; IO3BOJIAET pPAcCYUTAaTh COCTaB TIa3a BIOIb CTPYH.
Kunernueckas cxema BkmrodaeT OkoyIo 40 COPTOB HEUTPAIBHBIX WU 3apsSyKEHHBIX

S:(2)=2[n (z,r)rdr/ Ry,”
HaCTUll. Pa,ZII/IaJ'II)HO YCPCAHCHHBIC KOHICHTPpAOIUH J J J IMCPBHUYHBIX

AKTUBHBIX YaCTHUI], HapaOaThIBACMBIX OTICIHHBIMH CTPUMEpPAMHU, 3aJal0TCS B
Ka4eCTBE MCTOYHUKOBBIX YICHOB B COOTBETCTBYIOIIUX KMHETHUECKUX YPABHCHHSX:
3HaueHus Sj(z), TA€ z=Vqowlr, JOOABIAIOTCA K 3HAUEHUSAM PAJUAIbHO YCPEIHEHHBIX
KOHLEHTpauuil N; B MOMEHTHI BpeMeHH #; = k/f, k=1,2,..., ¢ yacToTOM f OBTOpEHUS
CTPUMEPOB.

10"° 1019
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=}
|
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z (cm) z (cm)
Puc. 3. PaI[I/IaJ'II)HO YCPCAHCHHBIC KOHLOCHTPAIIMK KOMIIOHCHTOB IIIIa3MbI

BJIOJIb CTPYH

Ha pucynke 3 mokasaHbl KOHLIEHTpALMK N, Pa3IMYHBIX KOMIIOHEHTOB I1a3Mbl
B10JIb cTpyHd, ipu U = 6 kV 1 X 5 = 0.01, mns gactoter moBTopenus 10 kIt (mosst
MOJIEKYJl BOABI B Bo3ayxe mnpuHsta paBHod 0.02). /InuHa cTpyn B 3TOM ciydae
coctaBisieT 3.5 cMm (cM. pucyHok 1). [IpuBenennas Ha pucyHke o01acTh z, 10 5 cM,
BKJIFOYAET W 30HY pejakcaiuu, npu z> 3.5 cm, rje HapaOOTKa aKTUBHBIX YaCTHI]
CTpUMEpPaMU OTCYTCTBYET.
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Habop 1oMUHHMPYIOMIMX aKTUBHBIX YACTHI] BKIIIOYAECT: aTOMAapHBIM KUCIOPOT
(HapabatbIBaeMbIil MpU JUCCOUAMU MOJIeKYJl O, KaK 3JIEKTPOHHBIM yAapOM, TaK U
B CTOJIKHOBEHHUSIX C BJEKTPOHHO-BO3OYXACHHBIMH MOJEKylIamMu N,), O30H
(o6pasyrommiics B peakiun O + O, + He—0O; + He), runpokcun (momydaroniuics
rIaBHEIM 0Opasom B mporecce O('D) + H,0—OH + OH), okuch asora
(reHepupyeMasi B OCHOBHOM B PEaKIIUH N(ZD) + 0,—»NO + O) u MetacTaOMIBHBIN
MoJTeKyIsIpHEIi Krciopox Oa(a'A). B 30He penakcarinn mpoHCXOMHUT ObICTPBIH Craj
koHneHTtpanuii O, OH, HO,, N u H, Torma kak KOHLEHTpalUX OCTaJIbHBIX
KOMITOHEHTOB U3MEHSIOTCS BJIOJIb OCU CTPYH JOBOJBHO CJ1a0o0.

[onyuennas orenka konmentparmmu OH, 10'2-10"”cm™, cormacyercs mo
NOPSIAKY BEJIIMYMHBI C JaHHBIMU H3MepeHud [9-11]. OneHka KOHIEHTpanuu aTOMOB
O, nopsika 10'*cM™, otBeuaer pesymbraram skcrnepumenta [10].

Pe3ynbTaThl pacdyeToB MOKa3ajid, YTO KOHILEHTPAIIMM AKTUBHBIX YacCTHIL
pPacTyT C POCTOM aMIUIMTYJIbI U YACTOThI UMITYJIbCOB MPHUJIOKEHHOTO HANpsiKeHUs (B
COTJIaCUM C JKCIepuMeHTanbHbIMU daHHbIMU [11] mus OH). Poct mMonbHON momm
BO3/1yxa Xj 5ir B MJIa3MO0Opa3yoleM rase npuBoauT K pocty Hapabotku NOandOs, k
YCKOpPEHHIO crnaja KoHueHTpauuu O B pellakCallMOHHOW 30HE, W HE BIMSET Ha
koHueHTpauio OH. C ymeHbIIeHHEM BJIAKHOCTH BO3JyXa IMPOUCXOIUT yObIBaHUE
koHuenTpaiuu OH u Hebompiioii poct konueHtpauui OandOs, Torna kak HapaboTKa
NO ocTaeTtcst Ha TOM K€ YpOBHE.
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BOJIHBI, HEYCTOMYMBOCTU 1 HEPABHOBECHLIE CTPYKTYPEI B
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AHHOTaAIUA
JlaeTcs  o030p omHOM W3  (QyHAAMEHTAIbHBIX  MpoOsieM  (QU3MKHU
HU3KOTEMIIEPATypPHOU TUTa3Mbl — BOJHAM, HEYCTOMYMBOCTSM W HEPaBHOBECHBIM

CTPYKTYpaM B IUIOTHOM 1uia3Me. HeyCcTOWYHMBOCTM BO3HHUKAKOT BO MHOXECTBE
NPUPOJHBIX siBIICHUI. OHU BIMSIOT Ha CYIIECTBOBAHME HEPABHOBECHBIX CUCTEM H
obecnieunBalOT TMEpexoJ HUX M3 OJIHOrO0 COCTosiHUA B jApyroe. (OOecrieueHue
YCTOMYMBOCTH Mpoliecca — ILEHTpalibHas MpooOsiiemMa [Jisi MHOTHX TEXHOJIOTHH,
UCIIOIB3YIOIINX HU3KOTEMIIEpaTypHYIO IUla3My B KadecTBe pabodero tena. Llenwio
0030pa  SBJISICTCSL  BBIJICJICHHME  OCHOBHBIX  MEXaHM3MOB, MPUBOAIIUX K
HEYCTOMYMBOCTAM, U MPEJICTABICHUE KPUTEPUEB UX BO3HUKHOBEHHS B MPO3PAYHOM
dbuznyeckom Bujae. OOCyxkaaeTcs METOJ, MO3BOJISIONIUM PACCMOTPETh C €IAUHOM
TOYKM 3PEHHUS COBPEMEHHOE COCTOSIHME TpOoOJeMbl HEYCTOMYUBOCTEH W
pacrpoCcTpaHEHUs BOJH C 3aJaHHBIM 3HAYEHHEM BOJIHOBOTO YHWCIA B IUIOTHOU
HU3KOTEMIIEPATYPHON IIa3M€ Ta30B W IMApOB METALIOB. [leTaabHO pPaccMOTPEHBI
AKyCTHMYEeCKasl,  IeperpeBHas,  TOKOBO—KOHBEKTHBHAsl, = WOHM3AllMOHHAs U
VMOW3allHOHHO—TIONIEBAass HEYCTOMYMBOCTHU. lccnenoBaHnuss mpoOBOIATCS B paMKax
MOJIEJIEH CIUIOLIHBIX CpPeJl KaK Uil IUIOTHOW IUIa3Mbl, TAE TEMIEPATYPhl JIEKTPOHOB
U TSDKEJBIX 4acTHUI (ATOMOB U MOHOB) IpakTUUeCKu He otiuyarorcs (7a= Te), Tak u
I TUIa3Mbl, B KOTOPOM TeMmepaTypa SJECKTPOHOB OTIMYAECTCA OT TEMIIEPATypPhbl
Tsokenbix 4vactull (7a# Te). OCHOBHOE BHHUMaHUE YJENSETCS BO3JACHCTBUSIM,
BBI3BAHHBIM CWJIOW AMInepa, KOYJIEBBIM TEIUIOBBIICICHUEM U IPOLIECCAMU,
CBSI3aHHBIMM C M3MEHEHHWEM COCTaBa IJIa3Mbl (POKIEHHEM M THOENbIO YacTHIl) U
0OMEHOM JHEpruei MexJay KOMIOHEHTAaMHU IJIa3Mbl B OTCYTCTBUE TEMIIEpPaTypHOTO
paBHOBECHSI.

BBE/JIEHUE.

Bo Bcex cpepax HEyCTOMUYMBOCTH MPOSIBISIOTCS BO MHOYKECTBE MPUPOJIHBIX U
7a00paTOPHBIX SIBICHUAX M MPEACTABISIIOT COOOM YHHBEpPCAJIbHBIM MEXaHU3M,
KOTOPBIN 00ECIIEYNBAET CYIIECTBOBAHNE HEPABHOBECHBIX CHUCTEM M TEPEXOJ MX W3
OJIHOTO cOCTOsiHUA B jpyroe. OOecrieueHHWE YCTOMYMBOCTH TIpoliecca SIBISETCA
[EHTPAIbHOW  TpoOJeMONW  Is  MHOTUX  TEXHOJIOTHH,  HCIOJB3YIOUIUX
HU3KOTEMIIEPATyPHYIO TIa3My B KadecTBe pabouero tena. Crenuduka rmiasmbl
ra3oB M MapoOB METAUIOB MPOSABISAETCS NPU BHEIIHUX BO3JCHCTBUSX Ha HEE U, B
MIEPBYIO OUEpENlb, JJIEKTPUUECKUX U MATCHUTHBIX MOJIEH, NPU 3TOM M CaMa ra3oBas
ma3Ma B OOJIBIIMHCTBE CIYyYaeB CO3/a€TCS BHEUTHUMHU SJIEKTPUUYECKUMHU MOJISIMHU.

B pamkax eguHoro ¢gopmainzMa MpOBOJUTCS aHAIU3 OCHOBHBIX (PU3MUECKUX
MEXaHHU3MOB, TPUBOSIIUX K OCOOCHHOCTSIM PACHPOCTPAHEHUS] BOJIH U Pa3BUTHUIO
HEYCTOMYMBOCTENM B IUIOTHOM HU3KOTEMIIEpATYPHOU IUIa3M€ Ta30B W IapoB
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MeTaiuioB. OOCYXIalTcsi OCOOEHHOCTH aHajh3a YCJIOBUHA  BO3HUKHOBEHHUS
HEYCTOMYMBOCTEN M PACIPOCTPAHEHUS BOJIH MaJbIX BO3MYIIEHUH ISl OJHOPOIHOIO
U HE OJIHOPOJIHOTO CTallMOHApHOTro (hoHa: 00pa30BaHME AKyCTHUYECKUX PE30HATOPOB,
BO3HUKHOBEHUE KOHBEKTUBHBIX TE€UYEHUI B TOKOBO—KOHBEKTUBHOW HEYCTOMYMBOCTH.
1. BIUAHUE BHEHIHUX CHWJI U UCTOYHUKOB TEIUIOBBIAEJIEHUA

HA JJMHAMUKY MAJIbIX BOSMYILEHUN.

B pamkax Mozeneil CIUIONIHBIX CPEANPOBOINUTCS UCCIAEAOBAHUE YCTOMYMBOCTH
MCXOJIHOTO CTallMOHAPHOIO COCTOSIHWA, KOTJa JUIsi MaJIbIX BO3MYIIEHMH 3ajada
CBOJSITCS K IOCTPOCHUIO PELICHHUM JIMHEWMHOW CHCTEMbI YpPAaBHEHUH, MOJIYYEHUIO
COOTBETCTBYIOIIMX XapAKTEPUCTUUECKUX WJIM JUCIIEPCUOHHBIX YPABHEHHUI U MIOUCKY
UX KOPHEM.

[Ipy aHanM3e pa3IMYHBIX 3a7a4 HCHOJIB3YETCS €IUHBIM Toaxod. Ero cyrh
3aKJII0YAETCS B TOM, YTOOBI, MCNOJb3ys ypaBHeHUs MakcBemna u 3akoH Oma u
BbIpakash BO3MYLICHHUS DJIEKTPUYECKOIO TOJA M JJIEKTPUYECKOrO TOKa Yepes
BO3MYULIEHUS! Ta30AMHAMUYECKUX BEIUMYMH (IUIOTHOCTH, TEMIIEpATypbl, CKOPOCTH
NOTOKQ), BBECTHU 0000111eHHbIE KO3 PUITEHTBI BSI3KOCTH "
TEMIIEPATYPONPOBOJIHOCTH M MPEIACTABUTH IUCIIEPCHOHHOE YPAaBHEHUWE IJIsl MalbIX
BO3MYILIEHUN B BHJIE XapaKTEPHOM I Ta30BOM NHHAMUKH. OCHOBHOE BHUMAaHHE
YAEJIEHO aKyCTUYECKOW, MEPErpeBHOM, TOKOBE—KOHBEKTMBHOM, NOHU3ALIMOHHOW H
MOU3ALMOHHO—IIOJIEBOMHEYCTONYMBOCTH.

2. HEPABHOBECHBIE CTPYKTYPLL

OOcyxnaoTcs HEOJHOPOAHbIE CTAllMOHAPHBIE WM KBa3UCTAllMOHAPHBIE
CTPYKTYpPBI, BO3HUKAIOUIUE IPU PA3BUTHHU IEPErPEBHOM, TOKOBO—KOHBEKTHBH OMHU
VOHHU3aLIMIOHHOMHEYCTOMYNBOCTEN, pa3BUBAIOIIMXCS Ha [IEPBOHAYAIBLHO
oaHopoaHomu (ore.lleperpeBHas HEYCTOMUUBOCTh, PA3BUBAIOIIASACS B OJHOPOIHOM
IJ1a3Me, Ha HENIMHENHOM CTaluy CBOETO PA3BUTHS IPUBOJUT K TEIUIOBOW KOHTPAKIIAM
— BO3HUKHOBEHHUIO TOKOBOT'O IIHYpa (CJI0s), B KOTOPOM U COCPEOTOUYEHO OCHOBHOE
TEIIOBBIACIICHUE, IPUBEICHHOIO Ha puc. 1.

Puc. 1 ToxoBblif mHyp B moToke rasa (a) 1 ero BAX (b): 1 —y=10"m"/c,
Bw - 000 =10" Br/m, 2 — 5 = 107 M” /c, By - 000 =8 10° Br/m, 3 — =5 107 M” /c, By
- 600 =8 10" Br/m.

Ha puc. 2a,b u3o0paxxeHbl NPaBOBUHTOBBIE U JIEBOBUHTOBBIE CTPYKTYDHI,

KOTOpbIE MOTYT BO3HHMKAaTh MPU PA3BUTUU TOKOBO—KOHBEKTUBHOMHEYCTONYMBOCTH
U 00pa30BaHUIO BUHTOBOW (OPMBI DJIEKTPUYECKOW AYTd B UWIMHAPUYECKOM
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kaHase.Ha puc. 2c,d un3oOpaxeHbl BUHTOBbIE (OPMBI DSJIEKTPUUYECKONM Iyrd B
LWIMHAPUYECKOM KaHaie (mosiyueHHble B padorax O.M. AcmnoBckoro u E.IL
[TaxoMoBa ¢ COTpyAHUKAMM).

Puc. 2 BuntoBbie POpMBI IIEKTPUUECKON AYTH B IMIIHHAPUIECKOM KaHaJe.
budypkanuu craupoHapHoro (oHa B 3aBUCHMOCTH OT MapameTpa XoJua,
MIPUBOIAIINAE K MOHU3ALIMOHHON HEYCTOMYHNBOCTH IPEACTABIEHBI HA PUC. 3.

. I'KBTe
I'EkgTe

o

Puc. 3. 3aBucumoctu oOpaTHOM TeMIepaTypsl AIEKTPOHOB I/kpT, 0T TPErOIIEeTo
TOKa JJIS Pa3IMIHBIX 3HAYEHUH U mapaMeTpa XoJuia (MHIYKIIMA MAaTHUTHOTO TIOJIS).

Ha puc. 4 nu3o0pakeHbl BO3MYIIEHUSI KOHIEHTPALIUU 3JIEKTPOHOB On= (1.(x,)) -
no)/ng , @ HA 5 — JIMHUH JICKTPUICCKOTO TOKa |(X,)), pa3BUBAIOIIMECS BCJICICTBHE
WOHM3AIMOHHOW HEYCTOMYMBOCTM B KaHajle C HEMPOBOIAINIMMH CTCHKAMHU
(cymMMapHbIi TOK <J(X,y)> TeueT BJIOJb KaHalla, B HaNpaBieHU: ocH y). Ha pucyHkax
4a, 5a mOKazaHa CTPYKTypa COOTBETCTBYIOIIMX BO3MYIICHHUH, IMOJYYCHHBIX IPH
pelieHny JuHeWHoU 3amauun, 4b, 5b — pelieHnss HeMMHEHHON 3a/1auu, TOCTPOSHHOU
C HCIIOJIb30BAaHUEM PA3JIOKEHUS B P [0 MaJOMy MapameTpy HaIKPUTUIHOCTHUO =
(Q—-Q, ) Q,.<1. Ha4 nomepa 1,2,3,4, -1,-2,-3,-4 COOTBETCTBYIOT JIMHUSM YPOBHSI
KOHIICHTPAIIMH BO3MYIICHUH TJIOTHOCTH 3J1eKTpoHOB :0 < on(1l) < on(2) < on(3) <
on(4); 0 >on(-1) > on(-2) > on(-3) >on(-4).
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Puc. 5. JInHuM 371€KTPUYECKOTO TOKA.

SAKIIFOYEHUE

OOcyKmaeTcsi COBPEMEHHOE COCTOSIHHME MpOOJEMbl pPACIpPOCTPAHEHUS H
OpOBOAUTCS 0030p paboT, CBSA3aHHBIX C HW3YYEHHEM BOJIH, pPa3BUTHEM
HEYCTOMYMBOCTEH W 00pa3oBaHUEM HEOJHOPOAHBIX CTPYKTYp B  IUIOTHBIX
HU3KOTEMIIEPATYPHBIX IUIa3Max: TEPMUUECKU paBHOBeCHOM (7a~= Te) u B miasme, T
TEMIIEpaTypa 3JICKTPOHOB OTJIMYAETCS OT TEMIIEpaTyphl TspKeNnbix vactul (7a#
Te).JIeMOHCTPpUPYETCS METOJ, TO3BOJISIONIUNA PaCCMOTPETh C €AMHON TOUKHU 3PEHUS
3a7]a4M PaACIpPOCTPAHEHUS BOJH M BO3HUKHOBEHUS HEYCTOMYMBOCTENM B IUIOTHOMU
HUA3KOTEMIIEPATYPHOU IIJIa3M€ ra30B M IMAPOBMETAILIOB, MO3BOJISIIOIINN BBIACIUTH
OCHOBHBIE ~ MEXAHW3Mbl HEYCTOWYMBOCTEW W  TMPEACTABUTh KPUTEPUH  HX
BO3HUKHOBEHHUSI B HarjasigHoOM (u3nyeckoM Buje. JleTallbHO paccMOTPEHBI
aKyCTHYEeCKas,  NeperpeBHas, = TOKOBO—KOHBEKTHBHAsl, = WOHM3AIIMOHHAs U
MOM3allMOHHO—TI0JIEBAst HEYCTOMYNBOCTH.
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WAVES, INSTABILITIES, ANDNON-EQUILIBRIUM STRUCTURE
SINADENSE LOW-FREQUENCYPLASMA
0. A. Sinkevich
National Research University (Moscow Power Engineering Institute),
Krasnokazarmennaya 14, Moscow, 111250 Russia
oleg.sinkevich@itf.mpei.ac.ru

Abstract

The review is devoted to one of the fundamental problems of plasma physics,
namely, waves, instabilities, andnon—equilibrium structures in dense low—temperature
plasmas.Instabilities affect the existence of non—equilibrium systems and cause a
transition from one state toanother. Ensuring stability ofa process is the central
problem in many technologies in which low—temperature plasmas are used as an
working medium. The review is aimed at revealing the key mechanisms which leadto
instabilities and at presenting the instability criteria in a clear physical form. A
method that allows considering from a unified standpoint the modern state of the
problems of instabilities and propagation of waves with a specified wave numberin a
dense low—temperature plasma of ga ses and metal vapors is discussed. Acoustic,
temperature (overheating), current—convective, ionization, and WM fieldionization
instabilities are considered in detail. Investigations are carried out within the
framework of models of continuous environments as for dense plasma where electron
and heavy particles temperatures (atoms and ions) practically do not differ (7a=<Te),
and for plasma in which the electron temperature differs from heavy particles
temperature (7a#Te). The basic attention is given the influences caused byt he
Ampere force and the Joule heating and the processes connected to change of
structure of plasma (generation and destruction of charged particles) and an energy
exchanging between plasma components.
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