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AHANM3NPYETCS BO3MOXHOCTb JMHAMMUECKON NOJASPU3aLMM  Sfiep 3He ©a ocHoO-
BE METORA CHMHOBOIO PE3OHAHCA HA IJNICKTPOHAX WIM HOHAX Het, pacnonoxeHusx B
ofbeMe HGAIKOCTM WM NPWXKATHIX MEKTPHUECKMM TOJIEM TOJl €€ TOBEPXHOCTBIO. JJiex-
Tpoubl M uoHbl Hel BbICTYNaroT B pOAM MApaMaTHMTHBIX MNpUMeceil, uYepes KOTOphbie
MIET Tepexauka MOMEHTa 3JIEKTPOMArHMTHOrO NoJid B CIIMHOBYIO MOACHUCTEMY snep *He.
TIpeacKasbIBalOTCS CBOWMCTBA NOJNSPU3OBAHHOIO 3He B 06nacTHM BBICOKMX TEMIIEPATyp, TAe
3bPeKTs CTATMCTHKM UYACTMIL YXKE Majbl, HO XHWIKOCTh SBISETCH KBAHTOBOM.

1. CraTmyeckwit merol mnossipuamum xuaxoro 3He ocHOBaH Ha OmCTpoM
IUIABJIEHAH TIONSPH3OBAHHOTO CWIHHHM MArHMTHHM mojsem H tepmoro *He [1,2].
OH npvMeHMM TpM HM3KMX Temmepatypax T < 2ug,H, T0 eCTh KOrla MArHMTHOE
none H cnocoGHO BHICTPOMTb COMHB spiep B TBEpHOH ¢hase 3He. HW3-3a manocTu
SACPHOr0 MATHMTHOTO MOMEHTA 4, TMPH CYMECTBYIOMMX B HACTOSMIEC BPEMS TOJSX
H, aro Bosmoxuo aas T < 1072K.

CymecTByeT M AMHAMMYECKMIA METON NEpENayd MONSPU3AMHUA OT IJICKTPOHOB Me-
taqna xuaxkoMy SHe NpM HACHINEHMH 3JIEKTPOHHOIO CIHHOBOIO PE30HAHCA (3CP)
[3,4]. W3-3a cxus-3¢pdekra mMeron DCP mpuMEHMM TONBKO JJIS MEJNKMX META/LIAHE-
CKHX YACTHI, NOTPYXEHHHX B Xwuakuii renwi. Ilpu aroM, naxe cosgaB 3aMETHYIO
HOSPU3ALMIO XHAKOCTH, TPYAHO MCCIENOBATh €€ CBONHCTBA, TAK KAK IPHXOAMTCH
MMETh JEJ0 CO CTOXHBIM OOBEKTOM: METajUl, MOKPHTHI cloeMm TBepaoro °He +
xunkuit nonspusosannmit 3He (3He;). Bpems xusum >Her B 9TOM Cryyae OueH»
MaJIo, TIOCKOJIBKY OHO OMpENENsieTCs PeiaKcaueH SAEPHHX CIMHOB HA TBEPAOM Mo-
BEPXHOCTH COCYAa, TO €CTh B KOHEYHOM CUETE HA TEX XE META/UIMUECKUX YACTHMLIAX,
KOTOPHE CO3JaJM MNOJSPU3AIMNIO XHIKOCTH,

2 . Mb npemaraeM IMHAMAuecKwii cnocol nonspusammu 3He, OCHOBAHHBIA Ha
texauke DCP, anekTpoHaMy, WMEIOIMMMHA HETNOCPEACTBEHHBIH KOHTAKT C XHIKOCTBIO.
CymecTByeT ABa THNA TAKHX 3JICKTPOHOB! " cBOOOMHHE JJIEKTPOHH” M 3JEKTPOHBI
YACTHMYHO 3AMOJTHEHHHIX ODOMIOUEK NOJOXHTENbHHX HMOHOB, Hanpumep, Het. Jlaxe
B caabom maraumtHoM noae H =~ 1T, MoXHO cO3pmarh 3aMETHYK PpasaBHXKY
COMHOBHX YPOBHEH 51eKTpoHa 2u,H ~ 1K rme p, - MArHATHHIH MOMCHT 3/ICKTpOHA
( o ~ 10%u,). Tlostomy nerko machrursb ICP npu CpPaBRMTENBHO BBHICOKHX
T < 2u,H.

CoriacHo IOCTOBEPHBIM NPEACTABJICHUSM (5], SMEKTPOHB M HOHHI Het B xunkoM
FEANH SBJSIOTCH CYIMIECTBEHHO pa3JWUYHbIMH OObEKTaMM.  ODJIEKTPOH CO3MaeT B
XHUAKOCTH ChepHuecKyio HOJIOCTh paaWyca r_ =~ 20A, xotopas umeer 3hPEKTHBHYIO
maccy = 300 macc aroma He.

IonoxurenpHulit xe HOoH Het okpyxen cdepoii u3 Tteepmoro He, pasmepa
ry ~ 10A u opdextusHOi Maccolt =~ 100 macc He. Croas Gonpmme 3HauCHMS
3 dEXTHBHBIX MACC 3apSaoB B XMAKOM He MO3BOJSIOT PAacCMaTPHBATE IJIEKTPOHBI

)ocrosHublit agpec: MHCTUTYT Teopetnueckoil ¢wsvku mv. JI I Jlannay PAH, 142432 Yepuoro-
noBka Mockosckoit o6a., Poccus
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u nonn He' xax mapamaramtHeHE npuMecH. BsamMopmelcTBHE CmMHA TAaKOM IpH-
MECH ¢; C SHEPHHM CIIMHOM & ONPENENSEeTCS CYMMOM HIIONb-JHUIIOJLHOTO (W) n
xoHTaKkrHOro (V2) BKJIAmOB:

8=

V=Wi+Vy; Vy=- 3 Mot (5162)6(r),

(31&2) _ 3(6’1r)£&'2r)} ’ (1)

1= Holq { 3
T T

e r — paccrosHue Mexny 3neKTpoHoM u supom 3He. Ilpm DCP a31ekTpoHH
XapaKTEPH3YIOTCH JBYMS CHAHOBHIMM YPOBHSIMM — €1 H €): €1 —€ = 2u,H, a
xuakuii 3He SBSETCS HEPABHOBECHOW CMECBHIO ABYX CIIMHOBBIX KOMIIOHEHT C XHMH-
YEeCKMMHU NoTeHumanamu pi 4 u). IIpn onHOBpeMEHHOM NEPEBOPOTE CIMHOB &) M
G2 (daun-¢ronbl) XMAKOCTH NPUHHAMAET OT INEKTPOHA SHEPTHIO € — €. "Jlmmuags
SHEPrUA” €1 — €| ~ pit +p| NPH ITOM WIET HA BO30YXICHHME XUIKOCTH (KOJJIEKTHB-
HHle ¥ ofHO4acTHUuHHE BOo3Oyxnenws). CymecTByeT W oOpaTHHH NpOIECC, KOTAa
AP0 MNEPEBOPAYMBAET COHMH JAEKTPOHA, KOTOPHH MNOAYYaeT HENOCTAIOMYIO SHEPrHIO
€1 —€, —pp+p) OT xuukoctu. Takoi mpouecc npu Hu3koM temmeparype T < 2u, H
MEHEE BEPOSATEH, UCM MNPAMOM, TaK KaK OH MAET C MNOIVIOIEHMEM DEATBHHX TEILIO-
BHX BO30YXICHHI, IUIOTHOCTb KOTODHX HMYTOXHO Maia. B CHJIBHOM MATHHTHOM
none ( T <« e; — € = 2u,H) 31exTpoHn GyAyT NOJSPU30BATh XMAKOCTH OO TEX
TOp, MOKa pasHOCTb up — 4y HE CPABHAETCA C €3 — € =2u, H . TlokaxeMm, uro 3TO
OrPaHUYCHHE HE HABASETCH CYMECTBEHHBIM M BO3MOXHA MNOJHAd nomspusauus 3He
Aaxe B CPaBHUTEJIbHO C1a0BIX MAPHMTHHIX TOJSX.

3 . [IpusmunuancHOEe OTAMUME XHMAKOTO SHe OT HMAEAaIbHOrO Tra3a COCTOMT
B aHOMQJIBHOH MAJIOCTH €r0 TEMIIEPATyphl BHIpOXAeHHs Tr, KOTOpas SABAAETCH
XapaKkTepHOH OOMEHHOM SHEPrHedl M ONpEmeaseT TEMIIEPATYPHBIA XOA MATHMTHOM
BocnpuumumnsocTH x(T):

x(T)= = nmpu T>Tr; x(T)= — npu T < Tf. (2)
T Tr

ITapamerp Tr Ha MOPSROK MEHBIIE TA30BOTO 3HAUECHMS Tp ~ 3K npu paBHOBec-
Hoit wioTHOCTH °He, M C POCTOM ILTOTHOCTH XHIKOCTM OH OBHICTPO YMEHbLIAETCH.
Hpyrum, ouenn Gompmum ( 13+ 20K) xapakTepunM macmTabom XMIKOCTH, HEUYB-
CTBATEJLHBIM K THIY CTATHCTMKH YACTHL, CAYXHT JHEPrUsl €€ HyJEBBHIX Kosebauuit
Ko , XOTOpas HMMEET CHIBHO DacTYIyl0 3aBMCHMOCTb OT IUIOTHOCTH 3He. ITOT
NapaMeTp OMNPEAC/SICTCd 3HAYEHHEM CPENHEH KHHETHUECKOM 3HEPrMHM aroma SHe
npu T=0:

K(T)S>T opu T>Ky; K(T)SK, npu T <Ko (3)

[ (S 1N

CymecTBoBaHHE OYEHB MHUPOKOTO Temnepatyproro unreppana Tr <« T €« K,
Aa€T YHMKANBHYIO BOSMOXHOCTh TOJHOCTBIO NOAPH3OBATH 3He npu swicokux T,
KOTZa OH SBJIAETCH KBAHTOBOH, HO HEBHPOXIECHHON XHIKOCTHIO [6]. B camom nesne,
Pa3HOCTh XMMHYECKHX MOTEHUMAJIOB (i1 — ) MAKCHMAJIbHA TPU TOJHON MOASPH3ALHA
xupkoctn M mmeet macmtab Tp [1]: pupr—py ~ 2Tp. Tlostromy yxe B mone H > 2T
JIEFKO TOMACTh B YKA3aHHBIH TEMIIEPATYypPHBIM HHTEPBA

uT—ul:2TF<T<2p3H<<f0.

611



B nepeom npubnuxenmu 18 Takux T MOXHO NoaoxuTh Ty =0, H OCHOBHHE
TEPMOIMHAMUYECKAE M KHHETHYCCKHE xapakrepuctukd >He; m 3He Mano omm-
vatorca. DBosee Toro, onm CBs3aHM mnpeoOpazoBammeM MacmTaba TeMIepaTypH B
3/4 pa3 ¢ aHaJOTMYHHIMM XapaKTCPHCTHKAMH XHAKOro HecBepxrekydero *He [6].
UckmouenneM ssaserca duTpornma >He S xoropas mmeer mpa T > Tr CIOMHOBHIH
BKJax In2 Ha ommH aToM. OTOT BKJIAaj OTCYTCTBYET B OSHTPONHMHM S; IOJHOCTBIO
nosspu3oeaHuore >He:

S(T)-51(T)=In2 nmpn T > Tp.

4. IlpoananusupyeM BKJIage MUNOAb-TUNONAbHHX (Vi) M komraktHHX (V) cun
(1) B monspuzaumio 3He Inng cayuas S/MEKTPOHHOrO Iy3nipbka. DHEPrusi BXona
9MEKTPOHA B XHMAKMHA resmii ouesb Beamka (= 13B), mostomy B nepsom npubsu-
XCHUH BOJHOBAS (DyHKUMS 37EKTPOHA 1 (r) B My3BIPbKE H IUVIOTHOCTb KHAKOCTH
n(r) Be mMeloT ofmei obnacTH, e OHM OTAMYHH OT Hyas: ¢ (r)=0 mpu r > r_,
n(r)=0 mpn r < r_ . CienoBarespbHO, B 3TOM NPUOIHKECHMM KOHTAKTHHE CHIN
(1) ®e manyr Bknana B mosnspmsammio xuakoctH. OCHOBHOM HMX BKJIaA CBS33aH €
nonspuzanueii napa 3He, KOTODHWM HATNOJHEH OJJMEKTPOHHBM Imy3mipek. Tak kak
IUVIOTHOCTh NMapa OYEHb CHJIBHO (SKCNOHCHUMAJBHO) 3aBHCHT OT TEMIIEPAaTypH INpH
T < 2K, 10 npn Takux HM3kux T BKJAaj JAMIONb-AMOOJBHHX CHI OYNET IVIABHEIM.
Ongnako ans cnaboro pacrsopa 3He B ‘He cuTyaums Apyras, YTO CBS3aHO C CHUIb-
HBM 00OrameHMeM NOBEPXHOCTH JIEKTPOHHOro my3mippka aromamu 3He [7]. Ecim
YYECTh IIPM 9TOM pasMBITHE TDAaHWIE, Pa3ACAAIOMEH JICKTPOH M XHAKOCTb, TO
KOHTAKTHHE CHWIH MOTYT JaTh IVIABHHM BKJIAX B TNOASpH3apMio craboro pacrsopa
3He B “He.

Ina cnyyas moHa He't BO3MOXHO TOYHOE 3KCNEPUMEHTAIBHOC Pasic/CHHE BKJIA-
moB Vi u V; (1) B nonspusammio 3He. B umcrom 3He KOHTaKTHHE CHIH V; MOTyT
KOCBCHHO YYAaCTBOBATb B MOJISIPU3ALMH XUAKOCTH: CHAYA/MA IJIEKTPOH TNOASPH3YET
TBEPAYIO KOPKY, OKDyXaloIlyi0 MOH, a 3aTeM, myTeM mnpsmoro obMeHa aroMamu
(TBepmmiit — xunkuit 3He) monspusaums mepenaercs B xuakocte. Ho B pacreope
3He, *He monoxwurenpunii noH Het okpyxen xopko# u3 umcroro *He [5], mosromy
KOHTAKTHHE€ CHJH “BHKIIOUEHH”, a paGoTaloT TO/NBKO RUMNONL-TUIONBHEE CHITH.
Tak xak nmpm T ~ 1K pacteop 3He, ‘He He pacciamBaercs pnaxe INpH MaJoi
cpenHeit koHnentpauuu ‘He B xumkom 3He, Bech *He cobepercs BOIM3M HOHOB
Het.

5. Bpems nepeBopora cmuHa onexTpoHa Ty B xuakom SHe mMeer MHOpSHOK
10~3¢ [8]. Hna mona Het 310 BpeMs He M3MEPEHO, HO OHO MEHBIIE NPH HU3KHUX
T < 2K, xorma He HYXHO YUYMTHIBATh KOHTaKTHHE CHAH. B camoM nene, u3
PasMEpHOH OLEHKM BEPOSTHOCTh AUMOJIL-THMIOJABHONO INEPEBOPOTA CIHMHA 3JIEKTPOHA
npu ICP nponopumoransHa rg° f(pro), TAE p - XapaKTEPHBI MMITYJIBC XUAKOCTH, a
To - PaAMyC NMy3HPbKAa IJId EKTPOHA U 7o - pagMyc TBepuxoit cepn ang moHa He't.
Tounas 3aBMCMMOCTB f OT mapaMeTpa pro AJI1 HAC HE BaXHA, CYMECTBEHHO ONHAKO,
4TO JUIS TEJHS pro > 1 W KBasmkiaccmueckasd OueHKAa (YHKUMH f yKAa3HBACT Ha
ee OHCTpOS majgeHHE C POCTOM pro. [lpu paBHOBecHO# mrotHocTH >He mapameTp
ry (MOH) B IBa-TPM pa3a MEHbIIE r_ (NEKTPOH), YTO HA€T OCHOBAHHSA IS
ONTHMHCTHUECKOH ONECHKM BPEMEHM NEPEeBOpOTa CNMHA anexktpoHa Het ~ 10~ 5S¢,
Tak Xak Cc pOCTOM ILIOTHOCTH XHIAKOTO TIeqds pPa3Mep SJIEKTPOHHOTO My3bIpbKa
ObICTPO yMEHBIIAETCH [5], 5Ta OLEHKA pasyMHa M 1 BPEMEHM INEPEBOPOTA CIIMHA
3MEKTPOHA TpH BHCOKMX (~ 30aTM) maBieHUsX.

Hrax, 3a Bpemst 1c mpm OCP oguH 31€KTPOH MOXET NepeBepHyTh crmam 10°
smep 3He. Ho cymecrByer ”yTeuka” mNoOTSpH3aUMM >XHAKOCTH 33 CueT C/1aBBIX
AWNOJIb-TUIOJBHBIX SEPHBIX CHJI, KOTOpHE oruualorcd or Vi(l) MaamM MHOXHTE-
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NeM g/, &~ 1073, Tlpn nmomdpmsaumu XWIKOCTH C/A6GHIM MATHAUTHEIM TOJIEM TIpH
T ~ 1K Bpems penakcaumu xuakoro 3He T) 3@ Cuer Takux Cwi U3MepeHO [9)
n umeer mopspok 103c. CrenoBaTesbHO, MOXHO OOCTHYb 3aMETHOM MOSAPU3ALMH
3He, eCAM IUIOTHOCTH 3apsaoB p OoAbImEe, YeEM IUIOTHOCTb XKHAKOCTH n, YMEHb-
meHHOM Ha oTHomeHue BpemeH To/Ty : p > 10'*cm®. Takyio Gombmyio 06beMHYIO
ILIOTHOCTh 3aPSANOB B TEJIHUM CO34aTh HEBO3MOXHO. HO 3KCHEPMMEHT MOXHO, NPOBO-
math ¢ wicHKo#i 3He Tommuen d < 1075cM ¢ NOBEPXHOCTHOM IUTOTHOCTBHIO 3apSHOB
~ 10°cM?. DTO BHOMHE HOCTHXMMAS IUVIOTHOCTh 3apSA0OB NPHXATHX 3MEKTPHUECKHUM
OJIEM TION TOBEPXHOCTBIO XHUAKOTO Tesl.

IMpennaraemerit HamMm MeTox noaspusanuu SHe gonyckaer ”MrHOBEHHOE OUMIIE-
HAE” XWAKOCTH OT 3apspoB. IS 3TOro JOCTAaTOYHO 3aMEHHTb NMPHXKHMMAIOMEE I/1EK-
TPHUECKOE TNOJIE HAa TNOJie, OTXHUMAIOMEEe 3apsabl OT IOBEPXHOCTH IUIEHKH TeJus.
IIpu oTOM MOXHO M3YUaTh ECTECTBCHHYIO DEJAKCALMIO CHJIBHO IOJSPH3OBAHHOM
wieHkn xuakoro >He.

6. IlpenctaBiaseT MHTEpPEC TAKXE M M3MEPCHHE BpeMeHn XusHu *He; B npm-
cyrcTBuM anekTpoHoB win uoHoB Het. Ecim aro usMepenme mnposoawurs Oes
MATHMTHOTO mTons H, T0 MB MMEEM CTaHAAPTHYIO CHTYalMIO pEJIaKCallMy saep-
HBIX CMMHOB H3a NapaMarHUTHBIX NPHMECAX, KOrga MNOASpH3alyud gaep Tnepenaercs
obparso anextponaM. Ho B CHIBHOM MarHMTHOM nojie H COMHB 37E€KTPOHOB
3aMOPOXEHB M 0OpaTHhie (Mn-(hyionsl 3anpemieHn. Penakcauus sHEpHHX CIOHHOB
Ha JJIEKTPOHAX HMMEET B 3TOM CJIy4ae YHUCTO IMIOJb-JUNOJBHOE MPOUCXOXACHHE,
TaKk Kak B3ammonmeicTeue Vi (1) He cOXpaHSET TOJHHIN CIMH CHCTEMBI:  3JICK-
Tpou+saapo >He. BO3MOXEH NpOLECC, KOrAa CNMH SApa NEPEBOPAUMBAETCS, 4 CIHH
JNIEKTPOHA OCTAETCS HEM3MEHHbIM. Tak Kak KoHrakTHHEe cuanl Va (1) coxpamsmor
TIONIHHI COWH, M3MEpEHUE SXEpPHOM penakcaumu ¢ nojeM H u Ge3 Hero nossoaser
pasnenuTh BKIage Vi u V, HE TOABKO B HOJspH3ammio xuakoro 3He, HO M B ero
PEJIAKCALHIO,

B sakmoucHHME OTMETHM, YTO NPEAIOXKEHHBIA HAMH METOX MNOIAPH3ALUM IpH-
MeHdM ® K TBepaomMy SHe. B npemene cmibHOrO MarmutHOoro mosns H > Ko
(H > 20T) mcuesaeT pa3HHLA MEXAY XHAKMM W TBEPAHIM T€JMEM B SKCIEPHMEHTE
no DIIP na aapsnax B 3He, Tak kak npu ¢umn-duionax 3/71€KTPOH TNEpeaaeT KOH-
ACHCHPOBAHHON Cpefie Takyw OOJBIIYIO JHEPrHi0, UYTO ATOM, COMH SAPAa KOTOPOTO
NEPEBEPHYJICS, ABMXETCS C SHEpruell ~ 2u, H > Koy, T0 €CTh SBASETCS CBOOOXHBIM.
DeKTPOHH ¥ MOHH 3He ”BHCTpENMBAIOT” OHICTPHE MOMAPM3OBAHHHE aToMH >He.

Pabora BbimonHeHa npu ¢uHaHcOBOM noanepxke Poccmiickoro domaa dynna-
MeHTanbHBX uccaeposanmii (93-02-2687).
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