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HEPABHOBECHbIE CUCTEMbI METANIN-BOAOPOA
M. KpéHuHr, X. baymbax, W.M. YepHos, 10.U. Tiopu

PaCCMOTpeHb/ HEPaBHOBECHbIE CUCTEMbI MeTaJl/1-BOAOPOA. M3}/‘-/€H paﬂMaL{MOHHO-CTMMyﬂMpOBaHHbII;I BbIXOL M30TOMOB aTOMapHOro BO-
A0poda v rnoJIoXNTe/Ib HbIX MOHOB Mpu O6/'IyLIEHMM S7IeKTPOHaMm BﬂOﬂOpOFOBOﬁ obnactu METaJ1/10B, HacCbllLieHHbIX 130TOoMaMn BO4OPO-
Ja. VlccnenoBaHsl rnpoweccol 0bMeHa n3oTonamm BOAoOpOLa Mpn KOHTaKTe MeTasizioB. O6cy>/<qa/orcg MeXaHW3Mbl HEPaBHOBECHOIO obwme-
Ha v BbIX04a M130TOrNoB BOAOPOAA 13 METAJJ10B, OCHOBAHHbIE Ha aKKyMYINPYyoLLnX CBOUCTBAaX BHyTpeHHeVI BO,HOPO,HHOV“I aTMOCqDE‘,DbI Me-

Ta/l/10B.

BBepeHue

[Tpobiema Bogopona B MeTall1aX U CIlJlaBax MocTo-
STHHO HAaXOMUTCS B LIEHTPE BHUMAHUS IIMPOKOTO Kpy-
ra uccnenoBateneil - (pU3MKoB, XMMUKOB, METAJLTYp-
roB U Jip. IHTEpec K aToi MmpobiieMe U3 Tofia B rof pac-
TeT. Bojopon, pacTBopsisick B MeTasl1aX B X0/ MJIaBKH,
PAa3IMBKHU, TPU IEKTPOXUMUYECKUX, SIIEPHBIX U MHbIX
MpolLieccax, SIBASETCS OIHOM W3 MPUYMH TOSIBIEHHUS
ne@eKToB, TpEUIVH, YXYILIEHUS TJIACTUYECKUX
CBOIMCTB METaJUIOB (BOIOPOIHASI XPYNKOCTb), IIPUBO-
JSIIIUX K pa3pyLIeHUI0 U3eauidi. MeTasibl U CTUIaBbI
00/1a1a10T YHUKAJIbHBIM CBOWCTBOM HaKariuBaTb Ha
eIMHUIY o0beMa OOoJbllloe KOJIMYECTBO BOIOPOAA U
CIMOCOOHBI XPaHUTh BOAOPO/I, YTO aKTyaJbHO B COBpE-
MEHHBIX IIpo0JeMax BOIOPOAHOM sHepreTuku. Y, Ha-
KOHell, MpobyieMa BOAOpOIa B MeTallaX CTAHOBUTCS
Bce 0oJiee aKTyalbHOI B CBSI3U C 3aa4aMU SIICPHON U
TepMosiiepHOi 2HepreTuku. OOMyyas MeTallbl U
CILJIaBbl, MOXXHO CTUMYJIMPOBATh HEPABHOBECHBIN BbI-
X0/l U Tiepepacrpeie/ieHre BoAopoa y saep AMcioka-
LIMI, BEPUIMH TPEUIMH, MEX3epEeHHbIX IpaHull. TeM ca-
MBIM TOSIBJISIETCS BO3MOXHOCTb HEPABHOBECHOTO,
HU3KOTEMIIEpaTypHOTO yIpaBJeHUs] CBOMCTBAMU Ma-
TepuanoB. KaToqHoe HachIllieHEe METAJUIOB U CILJIaBOB
BOJIOPOJIOM B YCJIOBUSIX BO3AEHCTBUS U3yYEHUS] OTK-
pbIBaeT HOBbIE MEPCMEKTUBbI, KaK C TOYKU 3PEHHUS
YUCTO Hay4YHBIX, TAK W MPAKTUYECKUX UHTEPECOB IO
(hopMUPOBAHUIO MATEPUAIOB U CTPYKTYP, HENOCTUXU-
MBIX JJISI CUHTE3a B PAaBHOBECHBIX U CJ1a00-HEpPaBHO-
BECHBIX YycnoBUAX. DyHIaMeHTaNbHBI WHTEpEC
MPEeNCTaBISIeT UCClIe0BaHEe HEPABHOBECHOTO BbIXO/IA
BOJIOpPOJA ISl YIIPaBIEHUS TIPOYHOCTHBIMU, YIIPYTH-

MM, YCTAJIOCTHBIMU U IPYTUMU XapaKTEPUCTUKAMU Me-
TaJIJIOB U CIUIaBOB.

B pabote paccMOTpeHbl (hU3NUECKKME OCHOBBI 3(-
(bexToB, CBS3aHHBIX C HAKOTJIEHMEM M OOMEHOM 3HEp-
TUeit BOJOPOAHOI MOJICUCTEMBI C 1e(EKTHBIMU U TIPU -
MECHBIMM COCTOSIHUSIMU TBepIbIX Tea. [IpuBeneH ma-
TepUasl 10 HEPABHOBECHBIM IMpolieccaM MpPOHHUIAe-
MOCTH, An(dY3uK 1 BBIX0Ia aTOMapHOTO BOAOPOIA U3
TBEPAbIX TeN MOJ AeiicTBUEM U3TydeHHs. U3moxeHbl
Pe3yJIbTaThl UCCNIEI0BaHMI HAKOILIEHHUS BBIXO/IA BOJO-
poma ¥ SMUCCUM TIOJOXUTENbHBIX MOHOB H', D' u3
METAII0B 101 NeMCTBUEM M3JTyyeHMs, a TaKXe IMpo-
1ecchl 00MeHa M30TOMaMU BOJOPOJA MEX/y KOHTAK-
TUPYIOIIUMU METaIaMU.

B [1-7] onucanbl 3¢ peKThl HU3KOTEMITEpaTypHOI
MUTpALMU 1 BbIXOJa U30TOMOB BOAOPO/IA U3 METAJLIIOB
npyu 00JIyYeHUH 3eKTpoHaMK. MexaHu3M HU3KOTEM-
MepaTypHOro BbIXOJAa BOAOPONA CBSI3bIBAETCS C BO3-
MOXHOCTBIO HEPAaBHOBECHOTO BO30YX/IE€HUS B MeTasl-
JIax BHYTPEHHEH BOIOPOIHOM aTMocdepHl [3, 6, 8] u
YMEHbBIIEHUEM MOBEPXHOCTHOTO TMOTEHILIMATIbHOTO
Oapbepa B mpolieccax HelTpanusauuu MoHoB H, D,
BBIXOJISIIIIMX HA TIOBEPXHOCTb U3 00beMa, U 1eCOpOLIUn
MOJIEKYJT MU30TOIOB BOOpOna ¢ MoBepxHocTu. M3me-
PEHUS BBITIOJNHSUIMCh METOAMHU SJIEP OTHAYM U Macc-
CTIEKTPOMETPUHU.

Macc-crekTpoMeTpuieckass MeToAuKa, obiagast
BBICOKO# YyBCTBUTEIbHOCTHIO, HE TO3BOJISIET OTBETUTD
Ha HEKOTOPbIE MPUHIUITUAATbHbIE BOMPOCHI:

1. BeIxomuT Bomopoj MpH JOKaJIbHOM OOIyYeHUN
CO Bcell MOBepXHOCTU 00pa3iia MM U3 TOYKH BO3JCH-
CTBUS MyyKa?



3Becta Tomckoro nonautexHudeckoro yHreepcuteta. 2003. T.306. N1

2. Moxert 1 npu 00Jy4eHUU U3 METAJLJIOB BbIjIEe-
JISITbCSI aTOMapHBbIi Bogopo?

PemeHue nocrapiaeHHbIX 3a0a4 OTpebOBaIO pas-
paboTKM CrocoOOB BU3yaln3allMy B BaKyyMe Mpoliec-
COB BbIX0J1a Bofiopoza [9]. Beixon atomapHoro Bonopo-
Jla U3 METALIOB MPU OOJYYEHUU TO3BOJISET TOMUMO
MPUHLUMHAATBHO BaXKHBIX TPUMEHEHUI B paIualluoOH-
HOM KaTajiu3e, TeHepallud MHTEHCUBHBIX aTOMapHbIX
MYYKOB U TIP. MOJyYUTh OTBET HA BOMPOC O PACIpOCT-
paHeHUM BO30YXIEHUS B BOJOPOAHON MOACUCTEME
MeTajljla U MyTSX BhIXOZA BOAOPOAA M3 MeTajia Mpu
00JIy4eHUH.

HepaBHOBECHBIIi BBIXO U30TOMOB BOAOPOIA U3 Me-
TaJJIOB BKJTIOYAET CTamuio Bbixoga atomoB H m D Ha
MOBEPXHOCTb METALIOB, PEKOMOMHAIIMIO aTOMOB B MO-
nexyasl Hy, DH, D,, necopbuuto aToMOB ¥ MOJIEKYII.
Ho wu3BecTHO, 4TO Jaxe TepMUYECKM DPaBHOBECHBIN
HarpeB METALIOB C aJCOPOLIMOHHBIM CJIOEM COIIPOBOX-
JlaeTCsl AIMUCCHUE ToNoXuTeabHbIX noHOB [10]. Ecte-
CTBEHHO OXXW/IaTh, YTO MOIBOJ K METAJIaM, HAChIIIIEH-
HBIM BOIIOPOJIOM, SHEPTUM U3TyUeHHUs TPUBEAET K BO3-
OyXIEHUIO BHYTPEHHEW BOJOPOJHON aTMocdepbl U
MOXET CTUMYJIMPOBATh HEPABHOBECHYIO SMUCCUIO MO~
JoxuTeNnbHBIX HoHOB HY, D* ¢ moBepXHOCTH METaJIOB.

HaubGonee sipkux 3(pdekToB, XapaKTepu3yIIUX
BBICOKYIO CTeleHb HepaBHOBECHOCTH B BOJOPOAHOM
MojicucTeMe, CliefyeT OXUIaTh Ha MeTaliax, o0jaaa-
IOILMX BBICOKOM €MKOCTBIO TI0 OTHOLIEHHIO K BOAOPO-
ay, Pd u Nb. [l aTUX MeTalIoB BaXXHO YCTaHOBUTD
BO3MOXHYIO POJIb TIOBEPXHOCTHOTO MOTEHIMAIBLHOTO
Oapbepa B peanusallid HEPaBHOBECHBIX aTOMAapHO-
MOHHBIX MTPOLIECCOB MPH O0JYYEHUM.

CHsATHs Oapbepa Ha MYTH BbIXOJA aTOMOB M MOHOB
M3 MeTajljia ymaeTcss H0OMThCs MPOCTHIM CIOCOOOM -
MPUBOJSL METAJI, HACBILIEHHBIA M30TOMAMK BOAOPO-
J1a, B KOHTaKT C HEHACHILEHHBIM METAJLJIOM.

[Tepexon Bogopoja MpuM KOMHATHBIX WM 0oJjee
HU3KMX TeMIlepaTypax M3 HaChIIIEHHOTO M30TONaMM
BOJIOpPOJia MeTajlJla B HEHACHIILEHHBIN CIYXUT OTHUM
U3 10Ka3aTebCTB MPOSIBIEHHUS POJIM TOBEPXHOCTHOTO
Oapbepa B HEPABHOBECHBIX TPOLIECCAaX BbIXOAA BOJAO-
poJa M3 METAIOB P 00JyYeHNH, TIe HapsIoy C KO-
JIEKTUBHBIMM CBOMCTBAMHU BOJOPOIHON aTMOC(ephl
OKa3bIBAIOTCS MPUHLUIMUAIBHO BaXHBIMU U YHMCTO
9HEPreTUYeCKnUe COOTHOLIEHUS! YPOBHS BO30YXIEHMUS
BOJOPOIHOI aTMOC(EPHI M "pabOoTHI BEIXOIA" - BBICOTBI
3anmuparoliero 6apbepa Ha MyTH BbIXOAA BOAOPOAA B
BaKyyM.

HepaBHOBeCHbIIi BbIX0J, aTOMapHOro BOAOPOAA
13 MeTanmoB npu o6nyyeHnn

Bbixom aToMOB BoIopo/ia U3 METAJLIOB IIPU 00TyYe-
Huu [11] MOXHO HaOMOIATh, UCTIONb3YS SIBICHUS Te-
TEPOTEHHOM XeMUITIOMUHeCLeHIUY U 3 deKT oTOen-
BaHMSI HEKOTOPHIX BUIOB OPTaHMYECKUX KPAaCHUTeNeH,
HaHECEHHBIX Ha KaTaIUTUYECKYIO MOMIOXKY [9]. [lns
TOTO YTOOBI M30exXaTh 3 (HEKTOB, CBI3aHHBIX C PEHT-
T€HO- M KaTOMOJIOMMHECLIEHTHBIM CBEUEHMEM, OBbLI
BbIOpaH MeTOJ BU3yaiM3aluu Bbixoaa atomoB H, D ¢
HCIOJIb30BaHMEM HaHECEHHHIX KpacuTeneil [9].

12

ArtoMapHblii Bogopon 3(p(}eKTUBHO OTOEIMBAET
KpacuTesib, U3MEHSIS €r0 1IBET OT KPacHOTro 10 0ej1oro,
B TO BpeMsl KaK MOJIEKYJISIpHBII BOAOPO. HE OKa3blBa-
€T BIMSHMSA Ha 1BeT Kpacutensd. OTOeMBaHne Kpach-
TeJNS TeM 3aMeTHEe, YeM JUTUTeTbHee BO3IeNCTBUE aTo-
MaMU BOJOpoaa 1 00JIbIle X KOHIIeHTpauus. Bo3neii-
CTBUE aTOMapHOTO BOJOpPOJAA obeclBeYMBaeT Kpacu-
TeJb, U U3 KPACHOTO OH CTAHOBUTCS O€JIbIM, a M3JIyde-
HHE TPUIAeT KPaCUTEITIO CEPOBATO-KOPMIHEBHIN OTTe-
HOK. Kpacutenp He oTOeIMBAETCS, €CIU CTUMYIIUPO-
BaTb BBIXO] Bomopoa (aeiitepust) u3 Pd HarpeBom 00-
pasua. TepmMuyeckuii HarpeB odpasiia, HaChILEHHOTO
BozoponaoM, 10 Temmeparypsl 60...100 °C compoBox-
JIaeTCsl MHTEHCHBHBIM BBIXOIOM MOJEKYJISPHOTO BO-
nopoaa. Ho tepMuuecku paBHOBEeCHBIN Bbixoa u3 Pd
npu t = 60...100 °C aToMapHOTo BOIOPOIa HEBO3MO-
KeH. DTOT pe3ynbTaT SKCIIEPUMEHTAIBHO TOATBEPX-
JlaeTcsl OTCYTCTBMEM OTOEIMBAHUS KpacuTessl, KOH-
TaKTUPYIOLIEro ¢ HarpeBaeMbIM Pd, u3 kotoporo uaer
WHTEHCUBHBIH BbIxoA D,. Cxema ombiTa UMeNa B 3TOM
ciydae n1Be Moaudukanuu. B mepBom ciydyae Harpea-
eMbiii Pd HemmocpeIcTBEHHO KOHTAKTUPYET C HAHEeCEeH-
HBIM KpacHTelleM, BO BTOPOM IS YCHMIIGHUST KOHTpac-
Ta Mexny Pd m xpacureneMm pasMeniaercss MegHas
TIacTHHA ¢ oTBepcTHsiIMU. Ho HU B TIepBoii, HU BO BTO-
poil cxeMe ombiTa OTOETMBAHUS KpacUTeNs MpU Tep-
MOCTUMYJIMPOBAaHHOM BBIXO[E BOAOpOAa (IeiTepus)
He Habmiomaercs. B 11000i1 cxeMe OIBITOB KOHTaKT
PaBHOBECHO BBIXOASIIETO M3 METAJJIOB BOIOpOIa
(meiiTepusi) He COMPOBOXIAETCS OTOEIMBAHUEM Kpa-
cuteneir. B aToM ciyyae Bomopon (neiiTepuit) aecop-
OupyeTcss ¢ TIOBEPXHOCTU TMOUTU MCKIIIOUUTETHHO B
MosiekynsipHoit ¢opme. Cutyalusi MPUHUUIMAIBLHO
M3MEHSIETCS, €CITU CTUMYJIMPOBATh BBIXOI NEUTEPHS U3
Pd anexTpoHHBIM ITy4KoM. B mpocTeiiiiieii cxeMe OIbl-
Ta (puc. 1) Ipu KOHTaKTe KPaCUTENS C BbIACISIOIIAM--
cs u3 Pd mop aeiicTBMEM 31eKTPOHHOTO Myuka AeiTe-
pueM HalJofaeTcss MHTEHCUBHOE OTOEIMBaHKE Kpa-
CHTEJIS CO CTOPOHBI ACHCTBUS ITydKa ¥ Ha MHOTO MEHb-
IIe Y KpacuTeJIsI, PacIiojoXeHHOTO ¢ 00paTHOM CTOpPO-
HbI Pd ¢ HeKOTOpPBIMM 0COOEHHOCTSIMM Ha IPaHMULIE 00-
pasia (puc. 2). CTonb CUIbHOE 0TOEIMBaHUE KPacUTe-
JIs1, Pe3KO KOHTpacTUPYIOILEe C Pe3yIbTaTOM paaualiy-
OHHOTO0 OTXHra, 00yc10BIeHO BhixonoM 13 Pd atromap-
Horo aeitepusi. Eciu mexxny Pd u kpacurenem nomec-
THTh METAUINYECKYIO TUIACTHHY, TO OHA TTOyJaeT Te-
HeBOe 0TOOpaXeHne Ha KpacuTelie B BUIE HEOTOCIeH-
Horo yyacTka. Takoi 3¢deKT cBsi3aH, B YaCTHOCTH, C
ru0ebio aTOMOB AeTepUsl Ha MEeTaJTMYeCKUX MoBe-
PXHOCTSIX (puc. 2, ).

OrbenuBaHue kpacuteneit atomamu D u H mosBso-
nget "yBUaeTh" pacrpeneeHne MHTEHCUBHOCTH BBIXO-
JIa aTOMOB BIIOJIb TOBEPXHOCTH. JLJIST 3TOTO MCTIONB30-
BJIM TOTIOJHUTENBHYIO MEIHYIO MJIACTMHY C OTBEpC-
TUSIMH, pa3melnaeMyto Mmexay Pd u kpacutenem. Bech
"COHIBMY" TIOTHO CXKMUMAJIM, YTOOBI MCKITIOUUTH 0O-
KOBBIE 3a30pbI Mexxny Pd n MemHOI m1acTHHOM ¢ OTBe-
PCTUSAMM, HAaHECEHHBIM KpacuTelIeM W METHOM TrTac-
TuHOHU. IIpoBeaeHHBIN 3KCIIEPUMEHT Hapsimy C Ode-
BUIHBIM DE3YJIbTaTOM OTOEIMBAHMSI KPacuTessl Mo
LEHTpaIbHOMY KaHaJIy MoKa3al, 4To BblIeIeHUe BOIO-
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pola u AeUTepUs UAET ¢ MaJloi, HO BITOJIHE 3aMETHOM
MHTEHCUBHOCTBIO I10 TIEPBBIM, OJIVDKAMIIMM K IIEHT-
paTbHOMY IISITHY, KaHaJaM, OTCTOSIIMAM OT LEHTpalb-
HOTO IIATHA Ha paccTosHuu 2...3 mM. Habmomaercs u
cnaboe BoiaeaeHue aroMmoB D u H ¢ obpaTHoii o ot-
HOILEHUIO K AEUCTBUIO ITydyKa cTopoHbl Pd. BT0 mpo-
ABJISIETCS B OTOEIMBaHMK KpacuTess B ¢hopme Pd-06-
pasua. Kpacurenb mIoTHO mpuiiaraicsd ¢ "ThUIbHOM",
HeobmyyaeMoii cropoHbl Pd. OTbenBaHue Kpacurens
¢ 00paTHOI CTOPOHBI OMHOPOJHO MO BCEi IMIOManu
ero KoHTakTa ¢ Pd u He uMeeT 0coOEHHOCTE! B MeCTe
MOMafiaHusl 3JIEKTPOHHOIO Iyuyka. bojee spkue 3g-
(beKThl 0TOCIMBAHMS BUAHBI Ha HIKHEM KpacHTeJIe 110
rpanuie obpasua Pd. PaBHomepHoe oTOenuBaHue
KpacuTess ¢ He o0mydaeMoii ctopoHsl Pd cBumeTennb-
CTBYeT O TOM, 4TO BbIXxoz aTomoB D u H He cBs3aH ¢
TepMUYECKMM pa3orpeBoM Pd B MecTe BozmeicTBUS
ANIeKTPOHHOTO Myuka. Beixox atomoB D 1 H ¢ HeoOny-
yaeMoit cTopoHbl Pd cBs3aH ¢ cyliecTBEHHOM HepaB-
HOBECHOCTBIO Bo BHyTpeHHel D, H-atmocdepe. Tem-
repaTypa Ha HIDKHEH 1 BepXHeli cTopoHe TOHKOro (d ~

e’ - My4oK

Iy . juadparva

Fe - nuadparma

|| Kpacurens
D . . D

| | Pd
* Kpacurenn

Puc. 1.

PacrionoxeHve auagparm v kpacuteney Hag v nog ob-
Pa3LoM nannaans npu obaydeHM SIEKTPOHHBIM My4-
KoM

a)

B) r)

Puc. 2. Ob6pabotka Kpacutessi aToMapHbIM BOAOPOAOM, BbIXO-
A8LMM 13 Pd ripy 06yHeHm 3eKTpoHamu: a) ncxon-
HbIV KpacuTenb, 6) BEPXHMK KDACUTENb, B) HUXHWV Kpa-
cuTenb (KOHTPACT UCKYCCTBEHHO ycuseH npumepHo B 10
pa3), ) TeMHbI y4acTOK Ha OTOENIEHHOV MOBEPXHOCTY -
YYaCTOK, 3aKpbITbi MeTanmyeckos cetkor (O)

0,15 mm) obryyaemoro odpasua Pd mpaktuuecku onu-
HaKOBa, YTO KOHTPOJMPOBAJIOCH TepMOMapaMHu, pac-
MOJIOKEHHBIMM Ha BepXHEW M HUXHEW CTOpOHaX 00-
pasiia, ¥ He IpeBHIIANa B HANIMX 3KCIIEPHMMEHTAX
100...150 °C.

HanbGonee BaxHBIN pe3ynbTaT 3aKII04aeTcsl B TOM,
YTO BIEPBBIE SKCIEPUMEHTANBHO J0Ka3aH HEepaBHO-
BECHBII BBIXOA JeiTepusi (BOIOPOAa) U3 TOUKM BO3-
JIeCTBUSI 3IeKTPOHHOTO Tyyka. [Tpu 3TOM uepes naH-
HYIO TOYKY BOXOPOI MOXET BHIUTH M3 BCETO 0OBeMa
MeTauia. BaxHeiiiee 3Ha4eHUe UMeET TOT (hakT, YTO
BOJOPOJL BLIXOIUT U3 3TON 00J1aCTH HE TOJIbKO B MOJIe-
KYJISIpPHOH, HO U B aToMapHo# (opmax. Kpome Toro,
3NIEKTPOHHBIH MYYOK, AEHCTBYS B JOKAJIbHOM 00J1aCTH
o0pasiia, BO30YX1aeT BCIO BHYTPEHHIO BOIOPOIHYIO
atMocdepy. 305ITOUHOrO YpOBHS BO30YXIEHHUS HOC-
TaTOYHO IUTS BBIXOa aTOMapHOTO BOAOPOIA U M3 CO-
CeIHUX K MecTy oOJiydeHMsI o0JacTedl MOBEpXHOCTHU
MeTaJjljia, YTO He UCKITIoYaeT 00Jiee MHTEHCUBHBIN, He-
PaBHOBECHBIM BBIXOA MOJEKYJISPHOTO BOAOPOIA CO
BCEil OCTaJIbHOM MOBEPXHOCTH 00JIy4yaeMOro MeTajla.
ITomuMmo 3TOrO0 HabmIOmaNCs CAa0BIil BBIXOHA aToMap-
HOTO BOIOPOJA U C 00paTHOM CTOPOHBI TOHKOTO (d ~
0,15 mm) obpasua Pd npu o6myyeHnu ero B 1OKaIbHOM
00J1aCTH ¢ JIMLIEBOM CTOPOHBI 0Opa3Iia.

O6HapyxeHHBII 3(D(EKT BhIXOHa aTOMAPHOTO BO-
J0poIa MOXKET CITYKUTh (PU3NYECKON OCHOBOM MeToa
TOJTYyJEeHUs] MHTEHCUBHBIX aTOMApHBIX My4YKoB. Tak, B
Pd mipu 31eKTpOIMTUYECKOM HACHIIEHUH AECHTEpUEM
JIOCTUTAETCsl KOHLEHTPALMS O OIHOTO aToMa JeiTe-
pust Ha aToM mayutanus. B oOpasue maccoii m conep-
xwurcd (m/p) Ny atomoB D (u - MonsipHas Macca, Ny -
yucno Aoranpo). [Tpu obayyeHun obpasia Myykom
3NIEKTPOHOB TUIOIIABI0 S aTOMBI D BEHIXOIAT ¢ TUIOT-

. . m
HOCTHIO j 3a BpeMd £, jSt = — N, . Jlocturaemast mioT-

. mN
HOCTb ITOTOKA aTOMOB BOJOpoaa j = thA. B skcme-
u

0-1000B

0-1000B

Puc. 3. [pyHUMAnanbHas cxema a4evikv 4is perncTpaumm Bol-
X0£1a MooXUTENbHBIX MoHOB U3 Pd (D,H) npu 0bnyye-
Huum snekTpoHamu: 1) obnydaemsii Pd(D,H) "katon’;
2) cobupartowmii (npoToHsl) aHom, 3, 4) 3anupaiowme
(371eKTPOHBI) ceTKM
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pumente S~ 0,1 cM?, = 4-10° ¢ - BpeMs BbIX0J1a U3 00-
pasiia mpu oO0JyYeHUH TTyYKOM BJIeKTPOHOB, m =1T,
p= 10,6, 9TO COOTBETCTBYET IIOTHOCTH ITOTOKA JIeiiTe-
pust ~10” cm?c'. Eciu cTeneHb aToOMU3aliy BBICOKA,
TO TUIOTHOCTb F€HEPUPYEMBIX aTOMAPHBIX MYYKOB MO-
XeT OBITh OYEHb OOJIBIIION.

AToMapHBIii BOJOPOJ CIIOCOOEH B 3HAYUTEILHOM
KOJIMYECTBE HAKAILIMBATBCS, COXPAHAThCS B 00beMe
METAJIJIOB U I03UPOBAHO BBIBOAUTHLCS LISl aKTUBALIMK
Pa3IUYHBIX (PU3MKO-XUMUYECKUX IIpoleccoB. Pamua-
LIMOHHO-CTUMYJIMPOBAHHBINA BBIXOA aTOMApHOTO BO-
Jopoza u3 Pd MOXXHO MCTIONIB30BaTh KaK OUH U3 CIIO-
c00OB CO3IaHMS HEpPaBHOBECHON XMMHWUYECKOM Cpelibl,
Yype3BblYaliHO aKTUBHOM KakK B TOMOTE€HHBIX, TaK U B
TeTePOreHHbIX CUCTEMAX.

[IpocTpaHcTBeHHAs pa3neaeHHOCTh 001aCTH BBOIA
1 BBIXOJA BOAOPOJA TPU YCIOBUM BbICOKOM MOABUX-
HOCTH BOIOpPOJa B 00beME META/LIOB TO3BOJISIET CHE-
JIaTh MPOLIECC MOCTaBKM aTOMapHOTO BOAOPO/IA B peak-
LIMOHHBIA 00BEM HEMPEPHIBHBIM U PETYIMPYEMBIM,
TEM CaMbIM CO3[AI0TCS YCIOBHUS AJIsl HOBOTO THIA pa-
JMAMIOHHOTO KaTaju3a.

Bbixon aToMapHOro BoJ0poja MpU OTHOCUTENIBHO
Huskux (200 K) temneparypax u3 Pd npu obayueHun
3JIEKTPOHHBIM TTyYKOM CBUAETEIbCTBYET O CUJIbHOM
HapyIIEeHUU TEPMUUYECKOTO PABHOBECUSI MEXIY BOJO-
POIHOM MOACUCTEMON U KPUCTAJUIAYECKOM PEILIETKOM
MeTajla, a TAKKe O CHSATUU TMOBEPXHOCTHOTO MOTEH-
LIMaJbHOTO Oapbepa Ha IyTH BhIXOja BOAOPOa U3 00b-
eMa MeTajuia B BakyyM. BbIxon atomapHoro Bonoposa ¢
MOBEPXHOCTH BAAJIU OT MeCTa ToMajaHus MydyKa HaM-
HOTO MeHblIIe, YeM HeroCpeCTBEHHO Ha 00Jy4aeMOM
y4acTKe MOBEPXHOCTH.

KuHeTuyeckas Mmopenn HepaBHOBECHOr 0 BbIX04a
aTOMapHOro BOA0poAa U3 metannos

[MonydyeHHBIe 3KCIIEpUMEHTANbHBIE PE3YyJIbTaThl
MO3BOJISIIOT PACCMOTPETD CJIEAYIOLIYI0 MOJENIb BhIX0OIA
aTOMapHOTO BOAOpOJA M3 MeTajia Mpu OOTyYeHUHM.
BBenem oGo3HaueHue: 7y, My, - KOHLEHTPALMK BO3-
OyXIeHHBIX 1 HeBO30yXneHHbIX H-comepxaiux cBs-
3eit. Bo3oyxnenne H-cBs3ei ocymecTBIsSCTCS JIEKT-
POHHBIM TTYYKOM C TIIOTHOCTBIO TOKA j,, TIOTJIONIAe-
MBIM Ha Y4acTKe ITOBEPXHOCTH ILIOLIAAbIO S, IPOHU-
KaloluM Ha ryouHy L,. bamaHc Bo30yXIEHHBIX U
HeBO30YXIeHHBIX H-cBsI3eil omuchIBaeTCs CUCTEMOI
nuddepeHIManbHbIX YpaBHEHUIA:

d.
14 ;rH =-Su,ny;
dn;
V;036 dtH = Ge.]enH BO30 S(UH

19)
T

3036 2
pen

+v, +vyL, g —

rae V- o0beM Bcero MeTaIMyeckoro odpasia, comep-
KaLEro BOLOPOL; Vyous = L,yS - BO30OYXIEHHBINA 00BEM;

T pen - CKOPOCTD pesakcaliii Bo30yxeHHbIX H-cBsseit;
Uﬁ CKOPOCTb HEPaBHOBECHOM MMIpallii aTOMOB H,
V) - CKOPOCTb PaBHOBECHON MUTpaLy H-aToMoB; v ) -
OTHOCUTENIbHAS BEPOSTHOCTh HEPABHOBECHOM necopO-
11K BOZOPOMA; Hy, L, - CKOPOCTh HEPABHOBECHOIA [16CO~
pOLMK aTOMOB BOJIOPOZIA; G, - CeYeHUe Bo30yxneHus H-
CBS13€1 BJIEKTPOHHBIM ITyYKOM.

[TepBoe ypaBHeHHe omuchiBaeT "yxoa" H-atomoB
U3 Bcero o0beMa MeTaia B 00JacTb, BO30YXIaeMyI0
uznyyeHueM. Ero pelieHue numeer Bua

Sv,
n, (t) = n, exp —7t
Bropoe ypaBHeHMe onuchiBaeT OaaHC BO30YXKIeH-

Hbix H-cBsi3eit B MecTe BO31eiicTBYSI BO30YXAEHHOIO
nyuka. PemeHue ero umeer Bua

v _ Gejeno
ET T Sy, |€

T Ty |4
e I _vy+v+Lvy
T L,
MOB U3 BO30YX/IeHHOM 00J1aCTH.
[ToTox HepaBHOBECHO-IECOPOMpPYIOIINXCS aToMOB H

L
I=L, Svyn, = S Ry

oec

- cKopocTh yxoma H-aro-

[pu "manbix" £ (|r ,|<<1) MOTOK aTOMOB BOLOPO-
J1a HapacTaeT JUHENHHO CO BpeMEHEM:
I(ty=0,],S,L, vint.

CkopocTb HepaBHOBECHOI necopOimu L, vy 3aBu-
CUT OT YPOBHSI BO3OYXIEHUS J,, TOTOMY B LIEJIOM 3a-
BUCUMOCTb [ OT j, HeJIMHeHa, HauMHas ¢ "MabIX" 7.

1 1
[lpu #{ —+— | >>1 cnap /(t) 5KxCrIOHEHIATICH:
T T

pen
_Sv,.

1(t)——°1V”L Se 7

T T

pen

B cnyyae, korga Beixoq aTomoB H B Bo30yknaeMyro
obnactb - AuPy3MOHHO-KOHTPOIUPYEMBIA MTPOLIECC
C 3aKOHOM U3MEHEHUS ny = ny(?), umeeM

1=+ OJY 1H L,.Sn, ().

T T

pex

Ecnu aTombl Bomopona B o0beMe MeTajlla J1ocTa-
TOYHO XECTKO (PMKCUPOBAHBI, TO U3MEHEHMUE Hyy(7) OYy-
JeT oNpeesaThes U GY3MOHHBIMU IIPOLIECCAMMU:

t
erfc |[—,
Ty Tp

n(t) = n(0)exp
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Tme Tp - cpemHee BpeMst AUQQY3MOHHBIX CKAYKOB B
2

BOJIOPOIHOM MOACUCTEME, Ty = ED; Lp - invHa nud-

(dy3nonHoro ckauka; D - koapbumeHT 1uddysun.
JluHaMuKa rporeccoB Beixoga atomMoB H, D u3 me-
TAJIJIOB HE MOXET OBITh IETATbHO U3YUeHA C MMPUMEHE-
HueM 3¢ heKkTa 0T0eNMBaHUA KpacUTeIei, HO /IS 3THX
Lejeid MOXeT ObITh YCIIEIIHO NMpPUMEHEHAa METOIMKA
TeTepOreHHON XeMUITIOMUHecHeHIu. B mociaenHem
cllyyae ClieyeT 3aBeIOMO MCKIIIOUMTh paguallMOHHOE
BO3JIEICTBIE HA JATYMK aTOMOB - JIIOMHHOGOP.

3. MMCCMs NONOXUTENbHBIX MOHOB MPK 06NY4eHUN
3NeKTPOHaMM Nannagus, HacbILL,EHHOro BOAOPOAOM
 fenTepnem

OO0ny4yeHue 3JeKTPOHAMU METAJUIOB, HACBILIECH-
HBIX BOJOPOAOM (IieiiTepueM), CTUMYIMPYET HEPABHO-
BecHblit Beixon u3 Pd(D,H), Nb(D,H) He Tosbko Mo-
nexyn H,, DH, D, [4, 5], HO 1 cBoGonHbIX aToMOB H,
D [6].

ITockonbKy maxe TepMUYECKH PAaBHOBECHBIN Har-
PEB METAJIIOB C aJICOPOLIMOHHBIM CIIOEM COMPOBOXA-
eTCs BMHUCCHUEH MONOXUTENbHBIX MOHOB [10], ecTecT-
BEHHO OXMAaTb, YTO MOABOJ K MeTajljiaM, HachIlIEeH-
HBIM BOJIOPOAOM (JeiiTepueM), SHEPTUU U3TYYSHHUs
MpUBEIET K BO30OYXIEHUIO BHYTpEHHEH BONOPOAHOI
aTMoc@epbl U MOXET CTUMYJIMPOBATh HEPABHOBECHYIO
SMUCCUIO TIOJIOXKUTENBHBIX MOHOB C TOBEPXHOCTH Me-
TaJIJIOB.

C 370l 11eNb0 ObLIa MPEANpPUHSITA MOMbITKA 00HA-
PYXUTb SMUCCUIO TTOJOXUTENBHBIX HOHOB C TOBEPX-
HOCTU MaJulaaMs, 3JEKTPOJUTUYECKU HACBIIIEHHOTO
BOJIOPOJIOM U JieliTepueM IMpu OOJYUYEHUM Iy4KOM
ANIEKTPOHOB.

MexaHu3M HEpaBHOBECHOTO BbIXOAA BOAOPOAA U
€ro M30TOIMOB M3 METAJJIOB CBSI3bIBAETCS C OCOOBIMHU,
aKKyMyJIMPYIOIIMMHU CBOICTBaMM BOJOpOja B MeTa-
Jax.

Ecmm yuects, uTo creneHp HachiueHus Pd Bogopo-
JIOM BEJIMKA ¥ COOTBETCTBYET IIPUMEPHO OJHOMY aTOMY
H(D) na atrom Pd, To 3Heprus mia3mMeHHBIX KoJeba-
HUI BojiopoaHoi moacucteMsl Pd, 3B:

p Pd N A ~ O, 2 ,
Hpgm &,

TIE Ppgs Upg - TUIOTHOCTb M MOJISIPHAs Macca Majuia-
JUAst; m,, - Macca MPOTOHA; €, - AMEKTPUYECKast MocTo-
sIHHasl.

bauskoe 3HaueHMe 3HEPrUM HEPABHOBECHBIX KO-
Jie0aHMIi MOXXHO ITOJIYYUTh U3 CONOCTaBIECHUS 3(Pdek-
TUBHOTO ¥ PaBHOBECHOT'0 K03 bUILIMeHTOB 11u(by3un
Bonopona B Pd.

HepaBHOBECHOCTb MPOLIECCOB BBIXOAA MOJEKYJI
H,, D,, aromoB H, D n nonos H*, D* xapakrepu3yer-
Cs1 TIPEBBIILIEHUEM COOTBETCTBYIOLIMX TIOTHOCTEN T10-
TOKOB aTOMOB, MOJIEKYJT W TJIOTHOCTEH TOKOB MOHOB
MpY 00JYYEHUH Hall TEPMUUYECKH PABHOBECHBIMU 3Ha-
YEHUSMU COOTBETCTBYIOIMX BEJIWYMH B OTCYTCTBUE

ho=he

obayyeHust Pd. Obpasell B onbiTax TePMOCTaTUPOBaH

(40 °C).
3HauuTeNbHas CTeNEHb HEPAaBHOBECHOCTH B BOJIO-
pOmHOI  (meHTepueBOil) IOACUCTEME MaIagus

(ho/kT = 10 mpum 313 K), MoxXeT cTaTh NpUYMHON He
TOJIBKO BBIXOJA CBOOOMHBIX aTOMOB C ITOBepxHOCTH Pd
NpU O0JYYEHUHU 3JIEKTPOHAMM, HO U SMUCCUM TOJIO-
kuTenbHbIX MoHOB (H, D) [12].

JLst IpoBepKM 3TOM M'MIOTe3bl HAMM OblLiIa UCTIOb-
30BaHa BBICOKOBaKyyMHas yctaHoBKa (P, <10°...10°T1a)
B KOMILJIEKCE C 3JIEKTPOHHOM MYIIKOM X BPEMSIIPOJIET-
HBIM Macc-criekTpomeTpoM [12]. B ycraHoBKy Oblia
JIOTIOTHUTEIbHO BBEJIeHA sSYeiika ¢ JaTYMKOM IS pe-
TUCTpAllMU TIONOXUTENbHBIX MOHOB. OCHOBHBIM 3Jie-
MEHTOM JaTuuKa (puc. 3) siBasieTcsi obmydaeMblii maj-
nagueBblid Katox (5= 1cm?), 21eKTpOIUTUIeCKH HACHI-
IIeHHBI BogopoaoM u aeiitepueM (0,1 N menouHoit
pactBop LiOD B 95 % D,0 + 5 % H,0) B TeueHue
15 muH, j=1A/cM?. Pagom ¢ karomom (d < 8 Mm) Ha-
XOIWJICS COOMPAIOIINIA METAIMYECKMIA aHO, (S=1cM).
Mexny KaToOM ¥ aHOJOM CO3/1aBajlaCh BbITAIKUBAIO-
1miast (/181 MOJIOXUTETbHBIX MOHOB C KaTofla) pa3HOCTb
noteH1uatoB ot 0 1o 600 B. YToOk HCKITIOUYUTD BIMS-
HUE NMapa3uTHBIX 3JIEKTPOHHBIX TOKOB B CUCTEME, BbI3-
BaHHBIX PACCESTHHBIMU U BTOPUUYHBIMHU 3JIEKTPOHAMMU,
MCIIONB30BaHH 3amupatonme cetku (S = 2...3 cm?).
CeTKr HaxoATCS MOJ OTPULATEbHBIM TTOTEHLIMAIOM
1o otHomeHuIo K Karoxy u aHoxay (0...1000 B). Pac-
CTOSTHUE MEXIy CeTKaM1 ¥ KaToIoM (aHOZOM) He TIpe-
BoiiaeT 1 MM. Tok B LieMM KaTod-aHON M3MEPSIICH
MarHMTOAJNEKTPUUECKUM TalbBAHOMETPOM UYYBCTBU-
TeJbHOCTBIO0 107 MKA.

ToK 3J1eKTPOHHOTO Ty4Ka MOT U3MEHSAThLCS B TIpe-
genax ot 1 mo 100 MKA, sHeprus mydka ot 0,1 mo
100 xB. YTo0BI M30exXaTh JOKaJIbLHOTO pa3orpesa Pd
Ipu 00JyYeHUH, MYyYOK pac(oKycupoBaycsl B ISITHO
quaMetpoM S...7 MMm. Temmepatypy B MecTe BO3IEi-
CTBUSI 3JIEKTPOHHOTO MyYyKa KOHTPOJIMPOBAIM TEPMO-
napamu ¢ ob;yyaeMoit 1 Heobyyaemoit ctopoH Pd n
He yBenmumBany Beimie 40 °C. Ilpu Takoi Temmepary-
pe paBHOBECHBIN BHIXOH Bogopona U aeirtepus u3 Pd
HE3HAYUTENIEH, & SMUCCHUS MOJIOXKUTETbHBIX MOHOB OT-
cytcTByer [7, 12].

[Tpu o6ayyeHun Pd myykom 37eKTpOHOB ¢ 3HEPru-
eit 50 kB u Toxom [, = 2...10 MKA 6bL1a 0OOHApYKeHa
SMMCCUS TIOJOXMUTENbHBIX MOHOB ¢ MakKCHMaJbHbIM
TokoM smuccun 0,2 MKA 1ipu Toke myuka 10 MKA
(0,1 MKA - ripu 6 MKA, 0,04 - ipt 4 MKA 1 0,012 - ipu
2 MKA). Tok aMUCCUM TTOJIOXUTEIbHBIX MOHOB TIafaeT
0 Mepe yaajieHus Bogopoza (neiitepust) u3 Pd (puc. 4,
KpuBbie 4, 5). KpuBbie 2, 5, mpuBeaeHHbIE Ha puc. 4,
CHSTBI C MHTEPBAJIOM, COOTBETCTBYIOIMM MPOXOXK/Ie-
Huio yepe3 Karon 3apsga ~107? K (~6-10" snekrpo-
HOB, At = 10" c). DMUCCHUS TIONOKUTEIbHBIX HOHOB OT-
CYTCTBYET IpH 00Jy4eHUH 3jekTpoHamu Pd, mpensa-
PUTEbHO HEHACHILIIEHHOTO BOAOPOIOM U JeHTEpUEM.

[TosiBneHMe TOKA MOJOXUTENbHBIX MOHOB HE CBSI-
3aHO C MOHU3ALMel 3eKTPOHAMU BOIOPOa U JeiTe-
pus B ra3oBoii ¢hase. B KOHTPOIbHBIX OMbITAaX 00IyYe-
HUE 2JIEKTPOHAMU NaJUTa1sl, HE HACBILEHHOTO BOJIO-
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POIOM M JAeiTepueM, MPYU HAJIMUUKM B OCTATOYHOM ra-
30BOI1 aTMOc(epe Bolopoa U AeHTepysl HE BbI3bIBACT
3MUCCUOHHOTO TOKA, TOCTYITHOTO PeruCcTpaliy.

Tok >MHCCHM TIONOXWUTEIbHBIX MOHOB ITamaeT
MPaKTUYECKHU JO HYJIS TPH HYJIEBOM BBHITSTHBAIONIEM
HaNpsXKEHUH, YTO CBUETEJbCTBYET O MAJIOW SHEPTUU
HEpPaBHOBECHO MCITyCKAEMBbIX TIOJIOKUTENbHBIX HOHOB.

PocT Toka aMuccum MoJ0XUTEIbHBIX HOHOB KOp-
penupyeT ¢ yBelIMUeHUeM MHTEHCUBHOCTU JUHUI BO-
Jopoa 1 IeHTeprst B Macc-CITIEKTpax.

He6osb1110ii TOK 3MUCCUM TTONOXKUTENBHBIX HOHOB
Habmonaercs u npu obnyyeHuu Pd (D,H) y-kBaHTa-
MU, UCIYCKAeMbIMU MPU TOPMOXEHUM IMydykKa 3JIeKT-
poHOB TokoM 50 MKA B TOHKOM ciioe Bojibhpama (W,
d=0,15Mm) (cM. puc. 4, kpuBas 6). PaccrostHue Mex-
ny TopMmo3siiuM 3nektponsl W u Pd (D,H) He npeBrI-
1110 5 MM.

HnTtepecHoil 0COOEHHOCTBIO MOTYUEHHBIX PEe3YIlb-
TAaTOB SIBASIETCS KBaApPaTUYHBIA POCT TOKA 3MMCCUU
MOJIOXUTEIbHBIX MOHOB OT TOKa IMy4yKa 3JIEKTPOHOB
(puc. 5). Xopolieil anmnpokcuMalueir 3Toi 3aBUCH-
MOCTH CTyXuT hopmyna (I u 1, - B MUKpoaMmepax):

I'=27-10"1.

HenuHelHbIA pocT TOKa SMUCCUU, TONOXUTEIb-
HBIX MOHOB OT TOKa IMyYKa 3JEKTPOHOB XapaKTepeH
JUIS IPOLIECCOB MPY YYacTUM BO30YKIEHHO BOIOPOJI-
HOi aTMocdepbl MeTaioB. Bo30yxaeHue Bomopos-
HOIt atMocepbl B METaJlIe IPUBOIUT K YBEJIUYEHUIO
Yucia BBIXOASIIMX M3 00beMa MeTalla Ha MOBEpX-
HocTb aroMoB H, D 1 yncna ynansieMbIX ¢ TOBEpPXHOC-
T MOJOXUTEIbHBIX MOHOB. CoueTaHMe 3TUX (DAKTO-
POB TIPMBOIUT K HEJIMHEHHOMY POCTY TOKa 3MUCCUM
MOJIOXUTEIbHBIX MIOHOB OT TOKA My4yKa 3JIeKTPOHOB.

3aBUCUMOCTb TOKA TOJOXUTEIbHBIX MOHOB OT
SHEPruM YCKOPEHHBIX 2JEKTPOHOB M pacrpeaeneHne
MOHOB B 3aBUCMMOCTH OT SHEPIUHU 3IEKTPOHHOTO Myy-
Ka TToKa3aHbl Ha puc. 6. Cran ToKa MONOXUTETBHBIX
MOHOB ITPY YMEHBILIEHUU SHEPTUU YCKOPEHHBIX 3JIEKT-
POHOB B 00J1aCTH OKOJI0 6 KB He CBA3aH ¢ yMEHBIIEHN-
eM MmolnHoctH, noasogumoit K Pd (D,H) anexrpon-
HBbIM ITIy4koM. B akcnepuMeHTe MOABOAMMYIO MOII-
HocTs I,E = 0,3 BT noaaepxuBaau MOCTOSIHHOM - TIPH
YMEHBIIEHUH 3HEPTUU 3JIEKTPOHHOTO ITy4Ka YBeIUIM-
BajJid TOK Myuka. OCTaTOYHBIA TOK 3MUCCUU TpU
E <5 kB (cM. puc. 6), BepoaTHO, CBSI3aH C HAaBOAKAMU
B JIaTYMKE OT BTOPUYHBIX 3JEKTPOHOB MPU OOJMBIIMX
TOKax TMePBIMYHOTO AIEKTPOHHOTO Myuka (1, > 60 MKA).

Mopenb MmexaHu3ma paﬂl/laLl,VIOHHO-CTI/IMyHVIpOBaHHOI;I
3MUCCUN UOHOB

[Tporiecc aMuccuu TMOJOXUTEIbHBIX MOHOB MPH
00Jy4eHUM MeTajlja, HACBILIEHHOTO BOAOPOAOM U
JiefiTepueM, MyyKoM YCKOPEHHBIX 3JeKTPOHOB MOXET
OBbITh PACCMOTPEH B KJIACCUUECKOM MOIEIM CTOJNKHO-
BEHUS YaCTHILIBI Maccodl m, C OCUWLIATOPOM Maccoi
m,, 3aKPEIUIEHHbIM Y CTeHKHU (puc. 7, a). PaccesHue
9JIEKTPOHA HA aTOMHBIX SIIPaX MOXHO paccMaTpuBaTh
KJ1accuyecku 6e3 yuyeta qudpakiu, eciu MyTb 4acTy-

bl "a" B KYJOHOBCKOM TI0JIe iIpa aToMa (a - pa3Mephl

16

aToMa) HaMHOTro OoMblie JUIMHBI BOJHBI Je bBpoiins
A=h/~2mE, Te. TpU DHEPIUSIX YaCTUIIBI
E>>1/(2m, a%). [TonydeHHOE HEPaBEHCTBO MPUBOIUT K
ouenke E>>100 3B. B skcnepuMeHTaX 3T0 yCIOBUE 3a-
BEIOMO BBITIOJHSETCSA, MOCKOJbKY KUHETHUYecKas
SHEPIUs 21eKTpOHOB MpeBbiiaeT 10° 2B.

[Tpu ynape nerkoii yacTulieit Maccoii m, ¢ SHepru-
eil E Tsxenon 4acTuibl Maccoi m,, 3aKpETJIEHHON y
CTeHKHU, MocNeHel nepenaercs sHeprus [:

J=4p MM
(m, +m,)

e a

Ecmu sHeprum [ mocTaTouyHO IS OTPEIBA HOHHOTO
OCTOBA YaCTUIIBI /1, OT TIOBEPXHOCTHU, TO MPOU30MIET
OTCKOK TMOJIOXKHUTEBHOTO OCTOBA OT MOBEPXHOCTH TIPU
€ro oOpaTHOM IBIKCHHUU BIOJb HAIpaBIeHMS IIEHT-
pajbHOTO yaapa (cM. puc. 7, 6).

WHTepecHO OTMETUTB, UTO B HAIlIEM CITyJae KPUTH-
yeckad sHeprus ("KpacHas rpaHuia”) IMOSBIEHUS T0-
JIOXWUTENBHBIX MOHOB COOTBETCTBYET SHEPIUU, Tepe-
JAHHOM OT 3JeKTPOHOB MpoToHaMm; 13...15 3B (3Hep-
TUS 9JIeKTPOHOB 6...7 K9B (cM. puc. 6). D10 3HaUeHUE
OJIM3KO K TIOTeHIIMANY HoHM3amy [ Bomopoaa. Takum
00pa3oM, IPOTOH ¢ 3Heprueit 13...15 3B kak Ob1 OTpbI-
BAETCS OT NEKTPOHHOTO 00J1aKa, YAePKUBAOIIETO €T0
Ha noBepxHoctu Pd.

CeyeHue mpoliecca BBIOMBaHMS MTPOTOHA C TIOBEPX-
HOCTH YCKOPEHHBIM 3JICKTPOHOM MOXHO OLIEHHTH M3
COOTHOIICHHS HeOoIpeleNeHHOCTelt Ap-Ax>/A, ecnu
BBIYKCIIUTD C €70 TIOMOIIBIO PACCTOSTHUE COMMKEHUS
ANIEKTPOHA ¢ TIPOTOHOM AX, Ha KOTOPOM HeoIpene-
JIEHHOCTD B UMITYJIbCE 3JIEKTPOHA p OYIET paBHa yIBO-
€HHOMY UMITYJIbCY HaJIETAIOIIETO 3JIEKTPOHA C IHEPTH -

I

0 200 400
U,B

Puc. 4. BonbT-amnepHele xapaktepuctviku vowHoro Pd(D,H)
muTTEpa, 0b1y4aemMoro 3neKTpoHamu. TOKM 3MeKTPOH-
Horo nydka: 1) 2 MkA; 2) 4 MkA, 3) 6 MKA, 4) 9 MKA;
5) 4 MKA (0bsy4eHme npum MeHbLUEV KOHLEHTpaumm D 1
H B Pd, o cpasHeruio ¢ (2); 6) peHTreHoBckoe obsyde-
Hue Pd(D,H)

600
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eit £ B mojie KYJOHOBCKOTO IIeHTpa -€’/AX - TpoTo-
Ha (KBa3UyIpPYIHii yaap 3JeKTPOHA C IPOTOHOM):

HaxooguM

2 2 2
e e /]
Ax=—+ || — .
2F 2F &mE
CeyeHme mpolecca paccesTHus 3JIEKTPOHa Ha TIpo-
TOHE

e’ h?

_l’_
E 8m E

CeueHue BbIOMBaHMS MPOTOHA C MoBepxHOCTH Pd
3JIeKTpoHOM ¢ 3Heprueit ~10* 3B cocraBmsger
3-10™ cM?, yTO HEe TIPOTUBOPEYUT Pe3yJIbTaTaM KCIIe-
pUMeEHTa.

Mogenb KMHETMYECKOTO MeXaHU3Ma SMUCCUU T10-
JIOXUTEbHBIX MOHOB C TIOBEPXHOCTH BKJIIOYAET MPO-
LiecChl BO30YKIEHUS BHYTpeHHE! BOJOPOAHOM aTMOC-
(epbl MeTaIIa B CJIOE TOMIIMHON L,, U BBEIXOI aTOMOB
H na moBepxHocts S:

e+ (H-L) —2Le 5 K(H-L)° - BO30YXIEHHE BOIO-

POJIHO MOACUCTEMBI B 00beMe METALIA;

20 1

151 .

I, 102 mxA

2 2

2 4 6 8 10
L, mxA

o

Puc. 5. 3aBUCUMOCTb TOKa IMUCCUN MONIOXUTENBHBIX MOHOB I
13 Pd(D,H) ot Toka 3neKTpoHHOro ny4ka I, (To4ku - 3Kc-
NEePVUMEHT; CMTOLLHAs IMHUS - annpokcumaums IF = al?;

a=2,710° MKA'; o,@ - pasfiniHble CepMM U3MEPEHMI)

(H—L)”% (H-L) - penakcalus Bo30yxXIeHHbIX

BOJOPOIHBIX CBSI3EH;

(H-L)® —— =5 (H_S)" - HEPABHOBECHBII BBIXOL

atoMoB H Ha moBepxHOCTh MeTasl1a U3 CJIOsl TOJ-

IVHOH L,,;

H,S)vuf_s) (H-S) - Pemakcauus BO30yXI1eHHbIX

-CBs3€ii Ha MOBEPXHOCTU MeTalIa.

B KuHeTHYeCcKOW MOIENU CIEAyeT TaKXe Y4ecTb
MPOLIECCHl HEPABHOBECHON MOHM3aLMK U AeCOPOLMU
aTOMOB ¥ HOHOB C MIOBEPXHOCTH:

e+(H-S)" —L£2" sH" +S - 3MHCCHA NONOXH-

TeJIbHBIX MOHOB, CTUMYJIMPOBAHHAS SNCKTPOHHBIM

yIapoM BO30YKIEHHBIX BOJOPOAHBIX CBsA3el Ha

MTOBEPXHOCTH;

e+(H-S)—L% SH" +S - OMUCCHS TOTOXUTEb-

HBIX MOHOB IPHU YJape 3JEKTPOHOM HEeBO30YKIEH-

HbIX H-cBs3eit;

(H-S)" —L5(H - S) - pesakcanys Bo30ykIeHHbIX

H-cBsizeid;

(H-S)—Y—>(H+S) - paBHOBeCHasl 1eCOPOLIHsI

atoMoB H ¢ moBepxHOCTH;

(H-S)’—Y5 (H+S) - HepPaBHOBECHAs IeCOPO-

uust atoMoB H ¢ mosepxHocTH;

(H-S)——>(H L) - Yxox atoMoB H c nosepx-

HOCTHU B 00BEM.

Hap cTpenxamu yKa3aHbl OTHECCHHBIE K eIUHUIIE
BpEMEHH CKOPOCTH COOTBETCTBYIOLIMX IPOIIECCOB, C.

BBenem o003HaYeHMS 1711 00BEMHBIX U TIOBEPXHO-
CTHBIX KOHIIEHTPALil B MOMEHT BpeMEHU .

(H-L) - n(®), (H-L)" - n°(0),
(H - S) > ns(?), (H -S)"—> ny(t).

Cucrema ypaBHeHPIfI, OIMIMChIBaIOIIass COBOKYII-
HOCTb NIPUBECACHHBIX ITIPOLECCOB, NMCCT BUL

I, 10-3 mxA

dl/dE, oTH.ep.

0 1 1 L

5 10 15
E, kaB

Puc. 6. 3aBUCMMOCTb TOKa MOSIOXUTENbHBIX MOHOB OT 3HEPrm
YCKOpEeHHbIX 3nekTpoHoB (1) W pacripeneneHue Toka
SMUCCUN 110 SHEPTMM TEKTPOHHOTO Myyka (2). lNoaso-
ANMAas 1EKTPOHHBIM My4KOM MOLYHOCT K Pd(D,H)
(I,E = 0,3 Br) nocrosHHa
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SL, o =ngj, kL, S—Son” —n"ISL, ;
dnd .
—dts =vn’ —I'gnd —v°ng —c'™j ng;
dn .
dts =I'gng —v’ng _;”s _G+]enS’

rae k - "KoahdULueHT pasMHOXeHuUs ", [ - 4UCII0 BTO-
PUYHBIX BO30YXIEHHBIX H-CBs3ei, TeHeprpyeMBbIX OfI-
HUM TIePBUYHBIM 3JIEKTPOHOM ¢ Heprueil E. Makcu-
ManbHOe 3HaueHue k = E/fw, tne vy - SHeprus KBaH-
TOB BO30Y>KIE€HMSI BHYTPEHHE! BOOOPOIHOI aTMOC(he-

PBI.
[110THOCTB TOTOKA MOJIOXUTEIBHBIX MOHOB B CTa-

IIMOHApHOM CJiy4yac

.+

_ 0+ v + .U _
J =0 J[hg +0 J Ng=
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noc "L, vk

+/ +v 1"
j2 14—((s o s .
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[Tpenmonarast, yto BO30yXmeHHbIXx H-cBs3el Ha
MOBEPXHOCTH M B 00bEME HAMHOTO MEHbIIIE, YEM He-
BO30OYXAeHHbIX #,<<n, ny <<ng, momydaem ([g>>Vy,

")

= j’noo 'k
1 1
—t—||v+-
L, v T

ex

BBuay nByxcraguifHOCTH Mpoliecca - HepaBHOBEC-
HBI BBIXOZ aTOMOB H Ha TOBEpXHOCTh M MX MOHU3A-
LM, TFIOTHOCTb IIOTOKA ITOJIOXKUTEIbHBIX MOHOB Ha-

m, Ma %
%
(> %
%
QVWV é
P 7
a) 4
M\ E
6)
-1
Puc. 7. MOﬂeﬂb MexaHuv3Ma CTMMyﬂHuMM SMUCCHN TI0JTOXU -

Te/IbHbIX MOHOB 3EKTPOHHbIM YAaPOM: @) M, - HafleTalo-
was yactiua;, m, - Jecopbupylowascs yactiua,
6) 1- ynap, 2 - oTckok, | - NoTeHLman uoHM3aLmm)

pacTaloT MPOMOPLUOHATFHO KBaZpaTy INIOTHOCTH T10-
TOKA 3JIeKTPOHOB. JIaHHBII pe3ymbTaT MOATBePKIACT-
CS 9KCIEPUMEHTOM (CM. puC. 5).

KoHIeHTpaIms aToMOB BOTOPO/a B AN 10C-
turaet n ~ 10® cm”® (omuH atrom H Ha atom Pd),
c~10"ce™m, o ~ 10" ceM k~ 10°, 1/L,, ~ 10* cm
[10], T/v ~ 10* em!, v+1/1 ~ 1 ¢. C nmOMOIIIbIO 3TUX
OLICHOK mouydaeM (j*, j, BcMm™c?):

JT 107" )2,

Wnu, nepexons x Tokam (I, 1,, MKA, § - Tomans
MOBEPXHOCTH SMUTTEPA, CM?), UIMEEM:

I"~6-107°1287".

[Tpu Toke anekrpoHHoro myuka I, ~ 1...2 MKA TOK
SMUCCUU BTOPMYHBIX MOHOB paBeH [* ~107 MKA. D10
COOTBETCTBYET 3HAUECHUSIM TOKOB TIOJIOXHUTETLHBIX HO-
HOB C TIOBEPXHOCTH, TIONYYEHHBIM B 3KCIEPUMEHTE
(cm. puc. 5).

0GMeH BOJOPOAOM 1 ferTepuem
MeX [y KOHTAKTUPYIOLLMMU MeTanfamu

OsiHa U3 OCHOBHBIX MPUYUH HEPABHOBECHOTO BbI-
X0Jla MOJIEKYJISIPHOTO, aTOMapHOTO, NOHU3UPOBAHHO-
T'0 BOIOpoAa (IeiTepust) U3 METAJLIOB IIPY O0IyIeHNUH,
00CYXIaBIIMXCS BBIIIE, HaNW4Ke BO30YXIEHHOI BO-
JIOPOJIHO¥ MOJCUCTEMBI B METalIaX MpU OOIYYEHUU.
DTa HEpaBHOBECHOCTb MPOSIBISIACH BO MHOXECTBE
HeJMHENHBIX 3(h(EKTOB B 3aBUCUMOCTSIX CKOPOCTU
HEepPaBHOBECHOTO BbIXOA OT MJIOTHOCTU TOKa U KOHIIE-
HTpalMK BBEJIEHHOTO BOAOPOa, TOKA SMUCCUU OT TO-
Ka rnyyka v np. Ho maHHblif MeXaHU3M YCKOPEHHS BbI-
X0Zla MTPOTOHOB BOAOPOJA U3 METALIOB HE SIBJSIETCA
€VHCTBEHHBIM.

Jpyroii TpUYMHOM YCKOPEHWUST BBIXOAA BOIOPOAA
U3 METAJJIOB MpU OOJyYeHUM TTyYKOM 3apsDKEHHBIX
YacTull, B YaCTHOCTU 3JIEKTPOHOB, MOXET CIYXMTb
YMEHBILEHNUE WM CHITUE TMTOBEPXHOCTHOTO MOTEHIIM-
albHOTrO Oapbepa. DT0 Oapbep MPEMSTCTBYET BBHIXOLY
MPOTOHA U3 00beMa MeTaJlIa U €r0 HEUTpaIM3alluy Ha
MOBEPXHOCTH, JIeCOPOIIMU aTOMOB U MOJIEKYJ BOIOPO-
Jia C TIOBEPXHOCTH.

Jl1st mpoBepKU MOC/eAHeH BO3ZMOXHOCTH BbIMOJ-
HEHbI KCMIEPUMEHTBI 110 CTUMYJISILIMKU BbIXO/IA BOAOPO-
Ja (neiTepus) U3 METALIOB IIPU YMEHBIIEHUN 3HaYe-
HUSI TTOBEPXHOCTHOIO TMOTEeHIManbHOro Oapbepa. C
9TOM LIEJIbIO MAJIAMiA, HACHILEHHBIA AedTepuemM U
Bogopoaom (j=1A/cm?’, = 15muu B 0,1 N 1ie1ouHoM
pacTBope cMecH 00bIYHOI 1 Tsekenoi Bomsl (50 % H,O
+ 50 % D,0), npuBoauics B KOHTAKT (MEXaHUYECKMIA,
Ha BO3[YX€) C HEHACHIIIEHHbIM M OTOXXKEHHBIM B
CBEPXBBICOKOM BaKyyMe (IO MPEKpPaIleHUs ra30Bbljie-
JIEHUsT) BTOpBbIM 00pa3LioM najiianus. Yepes atu 00pas-
bl TPOIYCKAIM TIOCTOSTHHBIM 3MEKTPUUECKUN TOK C
IUTOTHOCTEIO j = 5 A/cM?. TlepBoHavanbHO OBLIO OOHA-
PYXEHO, UTO MPH MOJOXUTEIbHOMN MOJSIPHOCTH Ha Ha-
CBIILIEHHOM JIEUTEpMEM U BOJOPOIOM 0Opasiie U OTpU-
LATeJbHOM Ha HEHACBIILIEHHOM Habmomaetcst Ooiee
WHTEHCUBHBIN (TIPUMEPHO Ha MOPSIIOK) Mepexo aei-
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TepUsl ¥ BOAOPOJA B HEHACBIIIEHHBIN Mallaauii, yeM
npu obpaTHo¥ nonsipHocTu. [lepexon peructpupyercs
Macc-CIeKTPOMETPUYECKM IO TEPMOCTUMYJIMPOBAH-
HOMY BBIXOIY BOIOPOMA 1 AeHTepus U3 paHee HeHACHI-
LIEHHOTO (0 KOHTaKTa), IPOrPeTOro B BaKyyMe IaJuia-
ISl

[Tocnenytomue 3KCMEPUMEHTHI I0KAa3aiu, 4TO
CKOPOCTh Tepexojia OMNpeaenseTcsl He CTOJbKO Harl-
paB/ieHMEM W BEJIMYMHOMN TPOTEKAIOLIEro TOKa yepes
KOHTaKT HACBIIIIEHHOTO ¥ HEHACBILIEHHOTO MaJlIaaus,
CKOJIbKO BEJIMYMHON M 3HAKOM ITOBEPXHOCTHOTO TMO-
TeHIMAJILHOTO 0apbhepa M MOXKET IPOMCXOIUTh BOOO-
11e 6e3 MpoTeKaHMs TOKA Yepe3 KOHTAKTUPYIOIIUE Me-
Tajuiel (puc. 8, a).

Ecim moBepXHOCTh HEHACBHIIEHHOTO AeUTeprueM 1
BOIOPOIOM TTAJUTAIMST OKUCIIEHA, TO TIEPEXO IeHTepHsT
Y BOJOPOA B HEHACBIILICHHbI Maliaauil He Haboaa-
€TCsl KaK B OTCYTCTBUE TOKA, TaK U MPH MPOXOKACHUM
TOKa JII000# HampaBieHHOCTH Yepe3 KoHTakT PdD-Pd.
Ho ecnu o6paborath OBepXHOCTh HachleHHoro Pd B
HU3KOTEMITIEpaTypHOIi BOIOPOAHOM I1a3Me - BOCCTaHO-
BUTD ITOBEPXHOCTD, TO HaOM0maeTcst 3(PPEeKTUBHBIN I1e-
pexon JeiTepus M BOIOpoaa MpH MEXaHMYECKOM KOH-
TakTe U3 HacbiieHHoro (Pd-D, H) B HeHacblleHHbIA
(Pd) obpazer (puc. 9, 6). [Tepexon uMeeT MeCToO U B OT-

I, oTH. en
a)
6000
4000 1
H, DH D,
2000 1
0
1 2 3 4 5
500
6,
400 F )
300 ¢
200
H, DH D,
100 F
01 2 3 4 5
2.0
g)
15 ¢ k
10} 1
H, DH
0.5 k
! .
01 2 3 4 5
m, a.e.M.

Puc. 8. Macc-criekTpbl TepMOrasoBblaeneHus 13 Pd. JInHeHbIi
Harpes, Ty = 150 °C (0,4 K/c). Obpazew Pd HackiieH
D v H: a) npu anextponuse; npu koHTakte: 6) Pd ¢
Pd(D,H); B) Pd ¢ Nb(D,H)

CYTCTBUE 2JIEKTPUUECKOT0 TOKA Uepe3 KOHTaKT. [Tepexon
Yyepe3 BOCCTAHOBJIECHHYIO TOBEPXHOCTb 0UeHb A (PEKTH -
BeH. [Ipumepro 10 % nefitepust ¥ Bomopona U3 Hachl-
meHHoro obpasua Pd(D,H) nepexonut B HeHachIIIEH-
Helit (Pd) 3a 30 MuH. OOpasis uMenn GopMy MpsMoy-
TOJIbHBIX TIACTMHOK 1Xx2 M TomuHoi 0,15 mM. U3me-
peHMs1 MpoBoaAWIM pu Temmnepatype ~ 300 K.

Bonopon u aeiiTepuii B HaCHILIEHHOM ITPU 3JIEKT-
pOoJM3e MaJIafiuy COIEPXaTcs B 09eHb OONBIINX KOH-
LEeHTpalLusX, AocTurarommx ogHoro aroma H, D Ha
atoM Pd, n obGnamaiorT B majiaguyd OueHb BHICOKOM
MOABMXKHOCTBIO. MakcuMyM TepMora3oBbieneHusa H,
D u3 Pd B pexxumMe TMHEITHOTO HarpeBa MPUXOAUTCSI Ha
150 °C, mpu ckopocTu Harpesa 0,4 K/c.

HaMHOT0 MeHBIIyIO TOABMXXHOCTD M 3HAUMTETHHO
OOJIBIIYIO SHEPTHUIO CBSI3M UMEIOT BOIOPOI 1 ICUTEpHiA
B HMOOMM. MaKcUMyM TepMOTa3oBbIIEICHUS IeiiTe-
pus u3 HHoous npuxoautcs Ha 480 °C npu TMHeitHOM
HarpeBe co ckopocTbio 0,4 K/c.

TeM He MeHee, MPU KOHTAKTe HACHIIIEHHOTO JIeii-
TepreM 1 BOIOPOIOM HIOOMS C HEHACHIIIEHHBIM, Ha0-
JIIONAETCS MHTEHCUBHBII TTepexo BOIOpoaa U IeiiTe-
pus. [IpumepHo 1 % BBeIeHHOTO B HIOOMI Bomopona
U ieiiTepus MepexoaUT B HEHACHILIEHHBIH 3a 20 U KOH-
TakTa (cM. puc. 9). iMeeT MecTo OTHOCUTENBHO M-

I, oTH. en
3000 | a |
2000 | 1
H, DH D,
1000 } 1
. |
1 2 3 4 5
8.0 T T T
6)
6.0f 1
20t
H, DH D,
2ot
0 2 3 4 5
2.0
8)
151
10+
H DH D
0.5t ! !
0
1 2 3 4 5
m, a.e.M.

Puc. 9. Macc-cnektpsi TepmorasoBbigeneHns 3 Nb. JIHeiHbI
Harpes, T,,q =480°C (0,4 K/c). Obpa3sey Nb HacbilLeH
D v H: a) npu anektponuse; npu koHtakte: 6) Nb ¢
Nb(D,H), 8) Nb c Pd (D,H)

19
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JIEHHBI TIepexoj BoAOpoaa 1 AeUTepust MpU MeXaHU-
gyeckoM koHTakTe 13 Pd(D,H) B Nb (Menbme 1 % 3a
20 4, cM. puc. 9), 1 MpaKTUIECKU OTCYTCTBYeT MU dy-
3us peitrepust u3 Nb(D, H) B Pd (cum. puc. 8). BroT pe-
3yJIBTaT BIOJHE 00bsiCHUM, 1OocKoIbKy Pd(D,H) nme-
eT 0osiee BBICOKMI 3JEKTPOCTATUYECKUI TOTEHIIMAT
oTHocuTebHO Nb, ¥ IPOTOHBI KaK Obl BBITAIKKBAOT-
ca u3 Pd(D,H) u 3ataruBatotcs B Nb, mostomy noTok
npotoHoB u aeiitpoHoB u3 Pd(D,H) B Nb 6onee Bbicok
1o cpaBHeHUIO ¢ motokoM 13 Nb(D,H) B Pd. Onnako
3TU MOTOKM HAMHOTO MEHBIIIE, YEM B ClTyYae KOHTaKTa
onuHakoBeIx MeTauioB Nb(D,H)-Nb (cMm. puc. 9),
Pd(D,H)-Pd (cm. puc. 8). BozamoxHo, uTo mepexon
MPOTOHOB B HEAKBUBAJICHTHBIE KBAHTOBbIE COCTOSIHUS
MPpY KOHTaKTe Pa3HOPOJHBIX METAJLIOB MEHEE BEeposi-
TEH, YeM TIEpPEX0/l, MOXKET ObITb, U TYHHEJbHbIH, B K-
BUBAJIEHTHOE CBOOOJHOE COCTOSIHUE TMPU KOHTAKTe
MaTpull UIEHTUYHBIX METAILIOB.

WHTepecHO CpaBHUTH MAacC-CIEKTPbl TEPMOraso-
BouiaeseHust ucxomgHbix NbD, PdD u NbD, PdD, HackI-
LIEHHBIX TIPY MEXaHUUECKOM KOHTaKTe (cM. puc. 8, 9).
MOXHO OTMETHUTb, YTO BOJOPOI HAMHOTO MHTEHCHUB-
Hee BxoauT B Pd Kak mpu anexTposuse, Tak 1 Ipu Me-
XaHMYEeCKOM KOHTaKTe, a AeiTepuii B Nb. B ncxonHoM
ANIEKTPOJIUTE COiepXaHKe BOAOPOaA U AEUTepUs Ou-
HakoBo. [lannaguii mpeuMyllecTBEHHO oboralnaercs
MPOTOHAMHU, @ HUOOUH - JeHTpOHAMMU.

Ha Hani B3ri1sin, uMeeTcst psii 9KCrepuMEHTaTbHbIX
MPEANOChUIOK, BIPOYEM, NOCTATOYHO OYEBMIHBIX,
MO3BOJIAIONIMX YTBEPXKIaTh, 4TO 3((EKTUBHOE WIN
peaibHOE CHUXEHME MOTEHIMANbHOTO Oapbepa E, Ha
MYTH BBIXOJA BOAOpOJA (AeiiTepusi) U3 METAIOB CIO-
COOCTBYET YCKOPEHHMIO BbIXOJA BOIOpOIA U AEHTepust
M3 METALIOB. 3anupaioiias (GyHKIMs MOTeHIMATbHO-
ro 0apbepa MOXeT ObITh YMEHbBILIEHA WM IIPEeoaoJIeHa
JByMsI yTsSIMU. Bo-1iepBbIX, HEPABHOBECHBIM BO30YX-
JIeHUeM BHYTpeHHE! BOJIOPOIHOI aTMOCc(ephbl, YTO yc-
KODpSIET BBIXOJ BOIOPOJA U3 MeTajlia, MPUIYEM He TOJIb-
KO B MeCTe BO3IECWCTBUSI JIOKAJIbLHOTO BO3AEHCTBHUS
ITy4Ka, HO Aaxe ¢ 00paTHOI (Heo0IyyaeMoii) CTOPOHBI
obpasuia. B aToM ciyyae BbIXOH CTUMYJIMpPYETCS HE
SHeprueii TeroBbIX KojebaHuit kT, a cpeqHeil Hep-
rMeil BHYTpPeHHeil BOZOPOAHOI aTtMochepsl 7 ®
(h®>kT), KBa3MM30TMPOBAaHHON OT MOHHOM TIOIpe-
LIeTKY MeTaia. BeposiTHOCTh BbIXofa B 3TOM Cilyyae
npornopimoHanbHa exp(- £,/A®), B OTIMYUE OT ycio-
BUI TEPMUUYECKOTO PABHOBECHUSI, KOTIa BEPOSTHOCTD

E
MPOMOPIMOHATbHA exp[—“j , 9dekTuBHbII 0a-
Phep TIPU BO3OYKAEHUM paBeH E FYn <E,.
0]

Bropoii myTh ycKopeHUs BBIX0Aa Bogopoa (aeiire-
pUsI) U3 METAJLIOB - 3TO YMEHbIIIEHUE aOCOMIOTHOM Be-
JuuuHbl E,, Hanpumep, MpUBeIeHUEM MeTajlia, Hachl-
LIIEHHOTO BOIOPOIOM (JeiiTepreM), B KOHTAKT C HEHa-
chieHHbIM. [Tpu aTOM CHMMaeTcs mpobieMa HeiTpa-
JIU3aluK TIPOTOHA MPU BBIXOAE HA TOBEPXHOCTb Me-
Tajlla, peKOMOMHALIMM aTOMOB B MOJIEKYJIy U AeCOpO-
1uu. B 3TOM cityyae ocylecTBsieTcs: MpsMoii epexoj
MPOTOHA (AEUTPOHA) M3 HACHIIEHHOTO METalIa B He-
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HachlleHHbI. [ToBbilIeHUe OGapbepa, JOCTUTAEMOE B
HEKOTOPBIX Mapax pa3HOPOAHBIX METANIOB, 3aMEUISET
TaKOW Mepexo.

ITepexon, MoAOOHbBIN Mepexoay MeTali-MeTawl
npu temmeparype ~ 300 K B aromapHoii (nonHoi H',
D) dopmax, HabmogaeTcss ¥ Mpu 00Ty4eHUN MeTall-
JIOB 3JIEKTpOHaMU B BakyyMe. CHSITHUE - JTOKAJIbHOE I10-
HUXEHHUE MOTeHIMAIbHOTO Oapbepa B MecTe Bo3jeki-
CTBUS 3JIEKTPOHHOTO Ty4Ka CO31aeT YCJAOBUSI IS BbI-
X0JIa Bomopoza (IeitTepusi) U3 Bcero oobeMa obpasiia B
OCHOBHOM 4Y€pe3 TOYKY BO3IEHCTBUS 3JEKTPOHHOIO
MyyKa, MPUYEM BBIXOJ OCYLIECTBIISIETCS Aaxe B (hopme
CBOOOIIHBIX aTOMOB, YTO B YCJOBMSX TEPMHUUYECKOTO
paBHOBeCHUSI MPU KOMHATHOHM TemrepaType MpakTh-
Yyecku HeBO3MOXHO. BbIxon aToMapHOro Bojopoja u
€ro U30TOIOB M3 METAJIJIOB NPH 00JyYeHUH aHAJIOTH-
YeH, B OMNpeJeleHHON Mepe, ero Nepexony B aToMap-
HOI1 (MOHHOIT) (popMax 13 MeTaIa B METAJLI ITPU KOH-
takTe. HepaBHOBecHbIE pagualiMoHHbIE 3(PHEKTHI,
CBSI3aHHBIE C YCKOPEHHBIM BBIXOJIOM BOIOPO/A, yaaeT-
CSl peai30BaTh UJIM MPOMOJAEIUPOBATh MPU KOHTAKTE
KBa3MPaBHOBECHON (HACBHIILIEHHbIH BOIOPOJIOM Me-
TaJUl) U PaBHOBECHO (HEHACHIILIEHHBIA BOIOPOIOM
METaJll) CUCTEM.

3aKnioyeHue

OO6nyyeHe METaII0B, HACKIIIIEHHBIX BOIOPOIOM U
JeiiteprieM, aeKTpoHaMu sHeprueit 104..10° 3B com-
POBOXIAeTCs BO3OYXIEHHEM BHYTPEHHE BOIOPOI-
Ho¥t aTMocdepbl U 3 GhEKTUBHBIM CHUXEHUEM TIOTEH-
IIMATBHOTO Oaphepa Ha MYTH BBIXOJA BOIOPOMA 1 JIeii-
TEepUS U3 METAIOB B BAKYYM.

BriepBbie 3KCIepUMEHTAIbHO J0Ka3aHO, YTO MpPU
00JTyYeHUU 3JIEKTPOHAMM MPOUCXOAUT HE MPOCTO yC-
KOPEHHBII, HEPaBHOBECHBIN BBIXOJ BOAOPOIA U3 Me-
TaJIJIOB, HO Y BbIXOJ BOAOPO/A B aToMapHoil (hopme.

MeTtomuka peTHCTpallii aTOMapHOTO BOIOPOJA,
OCHOBaHHas Ha OTOEIMBAHNM aTOMapHBIM BOIOPOIOM
HaHEeCEHHBIX KpacuTeneil, MOo3BOJMSET HaOII0aTh
pacrpeeneHre BbIxoia aTOMapHOTo BOIOPOJa IO T10-
BepxHOCTH oOpasua. [IpoBedeHHbIe HCCAeIOBaHUS
MOKA3bIBAIOT, YTO IIPU 00IYIeHUN METAJIOB CPOKYCH-
POBaHHBIM ITYYKOM 3JIeKTpOHOB (1...2 MM) Hapsmy ¢
MHTEHCUBHBIM OTOEIMBAHMEM KpacuTelns, 00YCIOB-
JIEHHBIM BBIXOJOM aTOMAapHOTO BOIOpOMAa Herocpen-
CTBEHHO M3 00Jy4aeMOro 3JIEKTpOHAMM MsTHA, Ha0-
JII0JIAeTCSI BBIXOJ aTOMapHOTO BOJOPOJAA U3 COCEMIHUX
yacTeil oOpasilia, He 00Jy4aeMbIX 3JIEKTPOHAMH, U C
00paTHOI cTOpoHbI 06pa3ia (Mpooer 31eKTPOHOB 3Ha-
YUTEIbHO MEHBIIE TOMIIMHBI oOpasua). Tem caMbiM
BIIEPBBIE SKCIIEPUMEHTATBHO MOATBEPKIEHA TMITOTE3a
0 BO30Y:XI€HUM BHYTPEHHEH BOIOPOIHOI aTMOChephl
METAJIJIOB MOHU3UPYIOLIMM U3TyYEeHUEM.

Brixoa Bonoposia B arToMapHoi (hopMe U3 METaLIOB
CBSI3aH HE TOJBKO C HEPABHOBECHBIM BO30YKIECHIEM
BHYTPEHHE BOZOPOOHOI aTMOc(dephl B MeTajlIax, HO
M CO CHSTHEM TTOBEPXHOCTHOTO IOTEHIMATBHOTO
Oapbepa B 00/1aCTH BO3AEHCTBHSI 31€KTPOHHOTO MyYKa,
MPETNSTCTBYIOIIETO HEUTpanu3aluu U 1ecopoliu Bo-
JI0poJia C TIOBEPXHOCTU METAJLIIOB.



EcTecTBeHHbIe HaykK

Bonopon Beiensietcst mpy 00Jy4eHUU U3 METALIOB
MPEUMYILECTBEHHO U3 TOUKU BO3AEHCTBUS 3IEKTPOH-
HOTO IyyKa.

"CUIIbHBIIA" YypOBEHb HEPABHOBECHOCTH B BOIOPOI-
HOMl (meiiTepueBoii) MOACKCTEME METAILIOB IIpX 00Ty~
YeHUHW BO3MOXEH Os1aronapsi KBa3uU30JMPOBAHHOCTH
ee KosnebaTeJbHOro CrekTpa oT (POHOHHOIO CHeKTpa
METAJIJIOB U OTHOCUTEJbHO BBHICOKOW 3HEPTUM HepaB-
HOBECHBIX KOJieOaHU1, HANIpUMED, SHEPTUs MIa3MeH-
HBIX KOJIeOaHWI B MPOTOHHOW ITOACHCTEME MeTallia
nocturaet ~ 0,2 3B. IIpu Takux ycIoBuUSIX BO30YXie-
HUS OOHapyXXeHa 3MUCCHS TMOJOXUTEIbHBIX HMOHOB
(BepositHo H*, D*) u3 Pd (D,H), o6ay4yaemoro amexT-
pPOHaMU.

"KpacHas rpanumna” acdexra Haxoaurcs B obnac-

CMUCOK JINTEPATYPbI

1. Taxwubaesa WU.JI., lllecrakos B.U., Pynenko WU.B., Yyx-
ko PK. M3yyeHune BO3MOXKHOCTH CTUMY/IMPOBAHMUS IIPO-
necca auddysun Bomopona B Metanax // KypH. ¢us.
xuM. - 1984. - T. 58. - Ne 5. - C. 1208-1211.

2. Dobrozemsky R., Schwarzinger G., Stratova C. Effect of
Radiation on Hydrogen Penetration Stainless Steel //
Sup. Atom and Surface Phys. - Salzburg: Contr. Junsb.
1980. - P. 64-69.

3. Polushkin B.G. The effect of Radiation on the Diffusion
of Hydrogen in Metals //J. Nucl. Mater. - 1992. - Vol. 94.
- P. 219-223.

4. Twopun 0.U., Yepros W.I1. PagmanmonHo-cTumymnu-
POBaHHBII BBIXOJ BOIOPOJAA M3 METAJLUIOB U CILIABOB //
Ouz. XOM. - 1998. - Ne 2. - C. 9-13.

5. UYepnos WU.II., Yepmanues 1O.11., Tiopun }0.U. Murpa-
1IMsI BOJAOPOJA B CTalM M CIUIaBaX, CTUMYJMPOBAHHAsI
uznyyeHueM // U3B. By3oB. @usuka. - 1994. - Ne 11. - C.
72-79.

6. Chernov I.P., Tyurin Yu.l. Hydrogen migration in
stainless steel and titanium alloys, stimulated by ionizing
radiation // J. Nucl. Mater. - 1996. - Vol. 233-237. - P.
1118-1122.

YAK 533.9
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SJIEKTPOANHAMUKA BbICOKOYACTOTHOIO ®AKENbHOIO PA3PALA
N.A. Tuxommpos, B.A. Bnacos, t0.10. NyueHko, A.A. 3opuH

[poBeneH aHanv3 31eKTPOANHAMUKY BbICOKOHaCTOTHOIO (B4) (hakenbHoro pa3psaa. [pennoxeHa v 060CcHOBaHa 2/1eKTpoANHammn4eckas

mogens BY akenbHoro paspsiga.

BeepeHue

BY paspsansl, B COOTBETCTBUM C YCTaHOBUBILICHCS
knaccudukanueii [1-4] HazpiBatoTcss BU-MHAYKIIMOH-
HeiMu (BUN), BU-emkoctHbiMU (BUE) 1 BU-1yroBbI-
mu (BU/) paspsoamu. BU-MHAYKIIMOHHBIN, TaK Ha-
3bIBaEMbIi 0e3371eKTponHblii H-paspsin, Obul ommcaH
emie B 1884 romy [5]. B BU-nyroBbix pa3spsigax Mexmy

3NIeKTPOJaMU BHYTPU Pa3psimHON KaMepbl BO30yXa-
ercst ayroBoii E-pa3psin. Oowrunsiii BUE paspsn Bos-
OyXaaeTcsd B pa3psmHO KaMepe MpU HaJOXEHUHU
3NIEKTPOJIOB HA BHEUIHUE AWAJIEKTPUUYECKUE CTEHKU
kamepbl. Cpean BY paspsamoB ocoboe MECTO 3aHUMAET,
Tak Ha3biBaeMHIid, BU dakenbHblil pa3psn. Paspsig Obun
OTKpHIT ¥ Tak HazBaH C.U. 3unutunkeBnyem B 1928 1.
[6], T.X. pa3psn (puc. 1) ¢ amexTpona - 1 TOpuT B BHE
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