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OBILIASA XAPAKTEPUCTUKA PABOTHBI

AKTyaJbHOCTh PadoTbl. B CBs3M C pa3BUTHEM JIa3epHOM TEXHUKH U HCCIIEIOBAaHUMN
OXJIQXJICHHBIX Ta30B B MaruuToontuyeckoi osymke (MOJI) [1], mossBIiIOCHK HOBOE HalpaBieHNE
B M3yUEHUU CUJIILHO HewaeadbHOU miua3Mel [2, 3]. B HacTosmieit paboTe mokazaHa BO3MOXHOCTh
T0JIy4eHus yIbTPaX0JI0JHOM MIa3Mbl B CTALMOHAPHOM pEXMMe ¢ KOHLeHTpanuei 10 10%em™ ¢
MOMOIIIBIO MOANOPOTOBOM HOHM3AIMH OxJIakAeHHbIX B MOJI atomoB kanbiusa-40. UccnenoBanus
CBOWCTB yJIBTPaxOJIOJHON HEHACATbHON IJIa3Mbl Majoll IUIOTHOCTH JAIOT MPEACTABICHHUE O
CBOIicTBax OoJee MIOTHOM M1a3Mel [4, 5], u3yyaemMol B 3a7jauax, CBA3aHHbBIX ¢ (PU3UKON BHICOKHUX
TUTOTHOCTEH U SHEPTUH, B TOM YHCJIE IMEIOIICH OTHOIIEHUE K TIPOOIIeMe TEPMOSICPHOTO CUHTE3A.
KuneTnyeckne W TIEPEHOCHBIC CBOWCTBA IUIA3MBI MOTYT OBITh BBIPQXCHBI 4Yepe3 IMapamMeTp
HEUJeaTbHOCTH, 0003HAYAIONINN OTHOIICHHUE CPETHEH MOTCHIIMAIBHON SHEPTHUH B3aUMOICHCTBUS
YaCTHUIl K UX CpelHEW KMHeTH4YecKoW sHepruu. HewpeanbHas minazMa pa3iuyHON HPUPOIBI C
OJIMHAKOBBIM TIApaMETPOM HEUJCAIBHOCTH SBISIETCS TOJOOHOM ¥ HMEEeT OJMHAKOBBIC
KHHETUYCCKUE W TIEPEHOCHBIC CBOMCTBA, a 3HAYUT TaKWE CBOWMCTBA TUIA3MbI, Kak Tupdy3us,
MPOBOJAMMOCTh, TEIIONPOBOAHOCTh, BS3KOCTh, CEUEHHS CTOJKHOBEHUH, pEeKOMOMHALNA,
BpEMEHHAsl SBOJIONMS WM JPyrHe HEuAealbHOM HU3KOTEMIIEpaTypHOW IUIa3Mbl MOTYT OBITh
WCIIOJIB30BaHbl JIJII WM3YYEHUSI BBICOKOTEMIIEPATypHOM IIJ1a3Mbl C AHAJOTUYHBIM 3HAYEHUEM
napaMmerpa HeUJeaJlbHOCTH.

N3yueHne yIbTpaxojJOJHOM IUTa3Mbl TAKXKE HMMEET MPAKTHYECKYH0 LEHHOCTh s
YCOBEPILIEHCTBOBAHUS MOHHBIX [6] M 3JIEKTPOHHBIX MUKPOCKOMOB [7]. ABTOpSHI [§] mpeacTaBuiIn
MOIU(UKAIIMIO MOHHOTO MHUKPOCKOIA, KOTOpas IMO3BONHIA JOCTUYh (DOKYCHPOBKHM HOHHOTO
nmy4ka 210 msatHa pasmepom (5,8 £ 1,0) am. OgHako npu GOPMHPOBAHUU HOHHOTO ITyYKa UMEET
Mecto 3¢ dekT camopazorpea 1miazMbl (Disorder-Induced Heating — DIH), kotopsiii mMemiaer
YMEHBIIUTh PACXOJUMOCTh MyYKa U YBEIWYUTHh pa3peliarollyro crocoOHOCTh MUKpOcKoma. B
pabote [9] paccMaTpuBaeTCcs BO3MOXHOCTh BO30YKICHHUS XOJIOAHBIX HEUTPAIBHBIX aTOMOB B
I1a3My 4epe3 pu0eproBCKUE COCTOSHUS. 3a cueT A (eKTa AUMOIHHON OJI0KaIbl pUAOESPTOBCKHC
aTOMBI CO3JAI0T YIOPSAIOUEHHYIO CTPYKTYPY, MOCJE Yero aToMbl B pUAOEPrOBCKUX COCTOSIHHSIX
BO30Y>KIAIOTCS B M3HAYAIBHO YHOPSAAOUYEHHYIO Ta3my, U 3¢ dext DIH mMoxer ObITh MoAaBIieH.
XOoTsI MOHHBI MHKPOCKON Ha 0asze TsDKEIBIX MOHOB OKa3bIBaeT pa3pyllaroliee JeHCTBHUE Ha
UCCIIeyeMbl 00pasell, TaKOoW WOHHBIM MYyYOK XOPOIIO TMOAXOAUT IS BBICOKOTOYHOTO
«BBDKUTAHUS» HAHOCTPYKTYP U JOOABJICHHS TPUMECEH B ITOTYIIPOBOTHHUKH.

Heabo manHOW pPabOTHI SBISIETCS DKCIIEPUMEHTAIBLHOE HCCICIOBAHUE CBOMCTB
YABTPAXOJIOAHOW HEHJI€aJbHON IUIa3Mbl KanblusA-40 B CTAallMOHAPHOM pEXKUME, MOJyYEHHOU

HaJIMOPOTrOBOM HOHU3ALMEN OXJIAKICHHBIX B MAarHUTOONTUYECKOM JIOBYLIIKE aTOMOB.
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Jl1st mocTrKEHUsT TAaHHOM 11eNTi ObUTH MTOCTABJICHBI U PEIICHBI CIACAYIOIINE 3aaUM:

e (CoOparb BaKyyMHYIO U ONTHYECKYIO YaCTH YCTAHOBKH IO JIA3€PHOMY OXJIAX/IEHHUIO aTOMOB
Kanenus-40.

e HccienoBaTth napaMeTpbl CO3IAHHON MarHUTOONTUYECKOM JIOBYILIKH.

e PeammzoBaTh BO30YXIeHHE 3aXBaYCHHBIX B MATHUTOOIITUYECKYIO JIOBYIIIKY aTOMOB KaJIbIIHSI-
40 B puIOEProBCKUE COCTOSIHHSI C TJIABHBIM KBaHTOBBIM YHCIIOM OT 40 10 120

e PeanuzoBaTh cXeMy MOJY4YEHHMsS] U PETUCTPALUU YJIbTPAXOJOJHON HEWJCAIbHOMN IJIa3Mbl
KaJIbLUS B CTALIMOHAPHOM PEKHUME; IPOBECTH HCCIIE0BAHNE OCHOBHBIX TAPaMETPOB IJIa3MBbl.

OcHoBHbIE Hay4YHBbIE N0J0KeHUsI, BBIHOCHMbIC HA 3alIUTY:

1. Peanu3oBaHO Ja3epHOE OXJIAXKIEHUE U 3aXBaT B MarHUTOONTUYECKYIO JOBYLIKY MOpsiaKa 3 -
107 atomoB kanbuus-40.

2. Tlopor unonumzanuu atomoB Kanbiusi-40 cocraBusieT 49305,91966(4) cM’!, 4ro sBIgeTcs
HanboJiee TOUHBIM 3HAYEHUEM I10 CPABHEHHUIO C U3BECTHBIMU JaHHBIMHU.

3. TlonydeHa cTauuoHapHas yJIbTpaxojoiHas IUlasMa ¢ KoHueHTpamuei no 10° cm? ¢
MOMOIIBI0 HAAMOPOTOBOM HMOHU3ALMU OXJKICHHBIX B MAarHUTOONTHYECKOW JIOBYIIKE
aTOMOB KaibIus-40.

4. Pa3paboTaH 4yBCTBUTEIbHBIH METOJ IUArHOCTUKU PA3PEKEHHON YJIBTPAXOJIOJAHOM IJIa3Mbl
Ha OcHOBe J(ddeKxTa aBTOMOHHM3AIMU PHUIOEPTOBCKUX COCTOSIHMM aToMOB Kanblus-40,
MO3BOJISIONINI AETEKTUPOBATH IJIa3My C KOHLIEHTPAIIMENH HOHOB JI0 103 cm?.

Hayynasi HoBU3HA:

BrnepBeie co3maHa yHUKalbHas YCTAaHOBKA 110 JIa3€PHOMY OXJIAXKIEHHUIO aTOMOB
KanbpIua-40 ¢ HEMPEePBIBHBIM PEXUMOM PAaOOTHl (POTOMOHU3HUPYIOMIHUX JIA3€POB, MO3BOJIAIONIAS
CO3/1aBaTh U UCCIIEI0BATh YJIbTPAXOJIOAHYIO HEUJEAIbHYIO IUIa3My B CTAlMIOHAPHOM PEKUME.

I[Ipy momomm Mertona IBYX(OTOHHOW CHEKTPOCKONMH OBUIM HM3MEpPEHBl SHEPTHH
PHAOEPrOBCKUX MEPEX0oB B N 'So-cocTosnus atomos *°Ca s n = 40 — 120, 1o KOTOphIM
TOJTy4eHO 3HaYeHHe NOoTeHIMaa noHu3anuu 49305,91966(4) cm™!, spisromeecs caMbIM TOYHBIM
Ha JaHHBIM MOMEHT.

BrnepBrie nonydena ynpTpaxoioiHas Iia3Ma B CTAIMOHAPHOM PEKUME ¢ KOHIIEHTpaluen
10 10° cM™ mpu MoMOIIBbI0 HAAMOPOroBOM MOHM3AIMH OXJAKIECHHBIX B MarHMTOONTHYECKOM
JIOBYIIKE aTOMOB KaJbIus-40.

Co31aH HOBBI METOJ AMATHOCTUKH Pa3peKEHHOM yJIbTPAaXOJOAHOW IJIa3Mbl HA OCHOBE
apdeKxTa aBTOMOHHU3AIMHM PHUIOCPrOBCKUX COCTOSHHA aTOMOB KanblusA-40, MO3BOISIONINNA
JIETEKTUPOBATH IIa3My ¢ KOHIIEHTparueil HoHoB 10 103 ¢cM™, 4To cOOTBETCTBYET HANPSKEHHOCTH

3JIEKTPHYECKOro mous nopsaka 1072 B/m.



IIpakTnyeckasi 3HAYUMOCTh:

Onpenenenne HauOojiee TOYHOTO 3HAYEHHUS TMOTEHLHMANa MOHU3ALMUU T03BOJISET
YBEJIMYUTH TOUHOCTh OIpeeTICHUs aOCOMIOTHBIX 3HAYEHHH YHEPTHil pu0EProOBCKHUX MEPEX0I0B
aToMOB KanbIMs-40 M Ha4aabHOW TEMIIEPaTyphl AJIEKTPOHOB B AKCHEPUMEHTAX IO CO3AAHUIO
YIABTPAXOJIOJHOM IJIa3MBlI.

Hccnenyempie B paboTe CBOMCTBA YJIBTPAXOJIOHON TUTa3Mbl ¢ KOHIIEHTpAIUEH 10 10% cm™
JAIOT MpeACTaBleHUuEe O (U3MKE TUIa3Mbl C 0oJiee BBICOKOM IJIOTHOCTHIO U DHEPIrHEH, TaK Kak
HeHJleaJIbHAs TUIa3Ma Pa3IMuHON MPUPOJIBI C OIMHAKOBBIM MapaMEeTPOM HEUICATbHOCTH SBISIETCS
NOJOOHOH M HMMEET OJWHAKOBBIE KMHETHYECKHE W TIEPEHOCHBIE CBOMCTBA. Takke HM3ydyeHHE
yIbTPaxXoJIOAHONW HEWJEaNbHONM IIa3Mbl KaJbLMS TO3BOJUT YIYYIIUTh pPa3penIarollyio
CIIOCOOHOCTh HMOHHBIX TMPOCBEUYHMBAIOIIMX MHKPOCKOIOB TYTEM CO3/aHHs IUTa3Mbl C
YIOPSAAOUYEHHON CTPYKTYPOM.

Pa3paboTanHas SKcrieprMEHTalIbHAs YCTaHOBKA SIBISIETCS YHHUBEpcaldbHOH. HexoTopbie
Moau(UKaMK yCTAaHOBKH IO3BOJSAT HCMONB30BaTh €€ JUIsl Pa3IUYHbIX HaIlpaBJICHUN
HCCJIETIOBaHHM, HAaIpUMep, B 00JIACTH METPOJIOTUH U 3a7ja4ax KBAHTOBOU MH(POPMATUKH.

Anpodanusi pa6oTel. OCHOBHBIE PE3YJIBTAThl 10 TEME IUCCEPTALUU JOKJIAbIBAIUCH U
obcyxnanuck Ha MexayHapoaHon koadepenimu X XXII International Conference on Interaction
of Intense Energy Fluxes with Matter (Onpbpyc, Kabapmuno-bankapus, Poccus, 2017);
Mexnynapoanoin koHpepennuun XXXIII International Conference on Equations of State for
Matter (Oab0pyc, Kabapnuno-bankapusi, Poccus, 2018); XXIV MexayHapogHON Hay4HO-
TEXHUYECKOH KOH(EPEHLIMU CTYACHTOB U aCHUPAHTOB "Panno3nekTpoHuKa, 3MeKTPOTEXHUKA U
sHepretuka" (HUY "MOBOU Mocksa, Poccus, 2018); Beepoccuiickoit HayuyHOH KOH(EpeHLIHU
"®uszuka yapTpaxonoaHbix aTomoB" (Axkamemropomok, Hosocubupck, Poccus, 2018);
MexnayHnapoanoit koHgpepenimun XXXIV International Conference on Interaction of Intense
Energy Fluxes with Matter (Onbbpyc, Kabapauno-bankapus, Poccus, 2019); XXV
MEXIYHApPOJAHOM  HAYyYHO-TEXHHYECKOW  KOH(EpPeHIHWHM  CTyIAEHTOB M  acCHUpPaHTOB
"PanmnosnexTponuka, snektporexuuka u sHepreruka' (HUY "MOU Mocksa, Poccus, 2019);
Mexaynapoanoit kondepenunu XXXV International Conference on Equations of State for Matter
(Onebpyc, Kabapamno-bankapus, Poccus, 2020); Bcepoccuiickoii Hay4yHON KOH(EpeHIIUU
"®uszuka yapTpaxonoaHbix atomoB" (Axamemropomok, Hosocubupck, Poccusi, 2020);
Mexnynaponnori koHdepenmun XXXVI International Conference on Interaction of Intense
Energy Fluxes with Matter (Qnb6pyc, Kabapauno-bankapus, Poccus, 2021).

JIuuHbIii BKJAQJ aBTOpPa 3aKJIIOYaeTC B  BBIIOJHEHWHM OCHOBHOIO oObeMma

SKCIICPUMCHTAJIbHBIX I/ICCHGI[OBaHHﬁ, M3JI0KCHHBIX B [[HCCCpTaIII/IOHHOI\/JI pa60Te. Bce BEIHOCHMEIS



HAa 3aIIUTY Pe3yJIbTaThl U MOJO0KEHUS TTOJIyYEHBI aBTOPOM JIMYHO WJIH TIPH €0 HEMOCPEICTBEHHOM
y4acTu. ABTOp IPUHUMAaJ aKTUBHOE YYaCTHE B pacueTe W CO3JaHUU BAKyYMHOW M ONITHYECKOM
yacTe yCTaHOBKM, peajH3allid CTAllMOHAPHOW KOHIECHTPAIMU YJIbTPAXOJIOJHONW IUIa3Mbl
KaJIbLIUsI, a TaKXKe aHalIW3€ W UHTEPHPETALNH TMOJYyYEHHBIX SKCIEPUMEHTAJIbHBIX JaHHBIX.
Hayunplii BKag aBTopa sIBISETCS ONPEACIIIONINM.

IMyonukanuu.

OcHoBHBIE pe3yNbTaThl PabOTHl M3JIOXKEHBI B 8§ MyOIHMKAIUSIX B PELEH3UPYEMBIX
KypHajax, BXoIsaux B nepeueHb Web of Science.

O0bem u cTpyKTYypa padoThl.

HuccepTarusi COCTOMT W3 BBEICHUS, TPEX TJIaB, 3aKIIOUYEHUS W MpuiiokeHus. [lomHbIi
o0Bvem nmuccepraiuu coctaBiser 108 cTpanull Tekcra ¢ 35 pucyHkamu u 6 Tabmuamu. Crmucok

JUTEPATYpPhl COAECPKUT 82 HAUMEHOBAHMSL.

COIEPKXAHUE PABOTHI

Bo BBenenum  00OCHOBBIBACTCS  aKTyaJlbHOCTh  JUCCEPTAlMOHHON  paboTHI,
(bopMyaHpyIOTCs €€ LIeNN U 3a/1a4M, KPATKO M3JIaratoTCs MOITy4YEeHHBIE PE3yJIbTaThl.

IlepBas ruaaBa 'JlazepHoe oXJla:KIeHHEe ATOMOB 4Ca" mocsmeHa OMUCAHHIO
CO3/IaHHOHM B paMKax JIaHHOW TUCCEePTaLlMOHHONW paboThI MepBoii B Poccun skcriepruMeHTalbHON
YCTAHOBKH TIO JIA3€PHOMY OXJIAKJICHHUIO W 3aXBaTy B MAarHUTOONTHYECKYyIO JOBYIIKY (MOJI)
aToMoB KanbluA-40. [IpuBeeHbl OCHOBHBIE XapaKTEPUCTUKU 3aXBAYEHHOIO B JIOBYIIKY O0Jiaka
aTOMOB, OIIMCaHBI UCIIOJIb3yEMbIE METOIUKH HcciaenoBanus raza B MOJL

OKCrepUMEHTaJIbHAsl YCTAHOBKA COCTOUT M3 BaKyyMHOM CHCTEMbI U ONTHUYECKON YacTH.
BakyyMHasi cucremMa COCTOMT W3 HCTOYHHMKA ATOMHOIO Iy4ka (ME€YKH), 3€€MaHOBCKOIO
3aMEJUIMTENS, B KOTOPOM IIPOMCXOAMT IEPBBIM 3TAIl OXJIAXKACHUSA, U OCHOBHOM KaMEpBI, B KOTOPOU
o0ako aToMoB 3axBatbiBaeTcsi B MOJIL. YcTaHOBKa BBINIOJIHEHA Ha 3aKa3 U3 HEpXKaBeroIlel CTalu.
JIByxcTyneHyatas OTKayka BO3AyXa C TIOMOLIbI0  (OPBAKyyMHOIO  POTOPHOTO H
TypOOMOJEKYJIIPHOT'0, HOHHOTO YU MOHHO-T€TTEPHOI0 HAaCOCOB, a TAKXKE OTHKHUI METAITINYECKOU
YaCTH YCTAaHOBKH TIpH Temriepatype okosio 300°C, mo3BomwiIM co37aTh B CHUCTEME JIaBJICHHE
nopszaka 1071° Topp.

Harperas 1o 530°C neuka ¢opMupyeT Ha BBIXOJ€ KOJUIMMHPOBAHHBIA aTOMHBIN My4OK,
KOTOpBIA OXJaXJAeTCsl B 3€EMAHOBCKOM 3aMEUIMTEIE IPU IOTJIOIIEHUH BCTPEYHOIO
PE30HaHCHOTI'O JIa3€PHOI0 U3JIy4eHHs MOITHOCTRIO ropsika 100 MBT. MHOrokpaTHoe noBTOpeHue
npoliecca MOrJIOIIEHUs BCTPEYHOro (JOTOHA U €10 U30TPOITHOIO M3JIyUEHUs IPU IBUKEHUN aTOMa

B 00J1aCTH 3aMeIIUTeNsl YMEHbIIAeT ckopocTh aTroMoB ¢ 700 mM/c mo 25 m/c. B rmaBe 1 manHOMU
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paboTel TOMPOOHO OMHCaH pacdeT COJCHOWIA IEePEMEHHOTO pajuyca 3eeMaHOBCKOTO
3ameuTens I d()QPEKTUBHOTO OXJAXACHUS aTOMOB Kaiblus. [lanee MeajieHHBIE aTOMBI
MOMAAI0T B MAarHUTOONTHYECKYIO JIOBYIIKY, TJ€ MPOUCXOIUT MX JallbHEWIee OXJIaKICHUE U
3aXBaT C MOMOIIbIO HAMIPABIEHHBIX C MIECTH CTOPOH PE30HAHCHBIX JIA3EPHBIX MTYUYKOB.
Onrtuyeckass 9acTh COCTOMT W3 HECKOJBKHX TOJYNPOBOJHUKOBBIX JIA3€pOB: IS
peanu3aiyy JIa3epPHOTO OXJIAKICHUS aTOMOB KaJIBIIMS MCIOJIB3YIOTCS JIa3€pHBIE MCTOYHUKH C
JUTMHOM BOJHBI 423 HM (0oXJaxaaromiee u3nyueHue) u 672 HM (Ja3epHoe U3TydeHHE ONTHIECKON
HaKauyku aToMoB Kanbliusl). Ha pucyHke 1 mpencraBiieHa sHepreTuyeckas cxema ypoBHEH aroma

Kameusa-40.

4s5p 'P,

4555 'S,

4sdp °P,

454s'S,

PI/IcyHOK 1 — Cxema OHEPTCTUYCCKUX ypOBHGfI aTomMa Ka.]'ILLII/Iﬂ—40; HIBCTHBIMU CTPCIIKaAMHU

YKa3aHbl UCTIOJIB3YCMbIC IJIS JIA3ECPHOI'0 OXJIAXKACHUA aTOMHBIC IIEPEXOAbI

OcHoBHOe cocTosaue 4s”!So. DTo cocTosHMEe HE MMEET TOHKOH HJIM CBEPXTOHKOM
CTPYKTYpPBI H3-32 OTCYTCTBHUS SIIEPHOTO CTIMHA. JIJIsl OXJTa)KI€HHUST aTOMOB KaJIBIHS UCTIONIB3YETCS
nepexon 4s*'So — 4s4p 'P1, wactora kotoporo pasHa 709078373,01(35) MI'w; [10]. Tlotepu us3
IIMKJIA JIA3€PHOTO OXJIAKACHUS MPOUCXOAT, B TIEPBYIO OUepeib, U3-3a pacmazga U3 COCTOSHUS
4s4p 'P1 B coctosuue 3d4s D2, a 3atem B cocTostHus 4s4p P (koddunuent sersaeHns 83%)
u >P2 (ko> duiment Betsaenus 17%). YposeHs P2 sBisercs MeTacTabUIILHEIM, a €ro BpeMs
*u3HU cocTasisgeT 118 munyt [11]. B pe3ynbrare uero 3HaunTeNbHAs YaCTh AaTOMOB BBIBOJAUTCS

M3 NUKIAa OXJIAXKACHUA, YTO OI'PaHMYIMBACT BPECMA KXKU3HU ATOMOB KaJlblIMd B MOIJIL I[J'ISI



NPEJOTBPALICHNS IaHHOTO MIPOLECCa UCIIONIb3yEeTCs U3Iy4YeHUE, BO30yKJarolee aToOM C YPOBHs
3d4s 'D> na yposenb 4s5d 1P1, n3 KOTOPOTo ¢ BHICOKO# BEPOSATHOCTBIO aTOM CHOBA PacIaiaeTcs
B OCHOBHOE COCTOSIHME U BO3BpAILlaeTCs B IUKJIMYECKUH ITpoLece oxJaxaeHus. Yactora nepexona
3d4s 'D> — 4s5d 'P1 paBna 446150837(10) MI'w [12]. EcrecTBeHHas IIMPUHA CIEKTPAILHOM
JVHUU OXJIaXJAKoUIero nepexoja (oOpaTHas BeIMYMHA OT BPEMEHH JKU3HU HHEPreTHYECKOro
ypoBHs) I'/2m = 34,7 MI'w.

CraOunM3anus 4YacTOThl Jla3epa ONTHUYECKOM HaKauykKM OCYILECTBIISETCS IO IHKaM
IPOMYCKaHUsI TEPMOCTAOMIM3UPOBAHHOTO CKaHHUpyromero uHTeppepomerpa Dadpu-Ilepo,
npeid xoroporo cocrapiser MeHee 2 MI'/u. [{na hopMupoBaHHsS OTCTPOEK YaCTOT JIa3epHBIX
IYYKOB I pa3lMYHbIX D3TalOB IIPUTOTOBJIECHUS M3IIyYeHHs, a HMEHHO, CTa0WIW3aluH,
OXJIQXK/ICHUS U peau3aluy JOBYIIKH, UCIOIb3YIOTCS aKyCTOONTHYECKUE MOAYISATOPHI.

[Tocne 3axBara xomonHbIX aromMoB B MOJI 4acTe paccestHHOro aTomMaMH M3Iy4YeHHUs Ha
JUIMHE BOJIHBI OXJIXKJaromIero nepexoaa 423 um peructpupyercs ¢ nomouipto CCD kameps! 11
olpeieNieHus pa3Mepa obaka aToMoB. Takke M3JIydeHue OT 00J1aka aTOMOB KaJIbIHsI 3aBOJUTCS
B ONITUYECKOE BOJIOKHO U 3aTEM PErHCTPUPYETCs (POTOIEKTPOHHBIM YMHOKHUTEIEM [Tl KOHTPOJIS
¢ryopecuieHIIMM aTOMOB M KOJIMYECTBA 3aXBau€HHBIX YacTUI] B JOBYIIKY. DoTorpadus obnaka
aTOMOB KaJblIMsl Mpe/cTaBieHa Ha pucyHke 2. /luamerp obnaka Ha yposHe FWHM cocrasnsier

nopsiika 2 M.

(6)

Pucynok 2 — (a) @otorpadus obaka Xxo101Hb1X aToMoB Kanbimsia-40 B8 MOJI, cnenannas Ha 0ObIYHYO

ObITOBYIO Kamepy; (6) @otorpadun obnaaka xononHsix atoMoB Kanbuusa-40 B MOJL, cnenannas Ha CCD

Kamepy

KonueHTpaius aroMoB OInpeesnsieTcs ¢ MOMOLIbIO MOTJIOIEHUs MPOOHOTO PE30HAHCHOTO
U3JIy4YEeHUsI 00JIaKOM aTOMOB. 3aBUCHMOCTh KOHIICHTPALIMM aTOMOB B JIOBYILIKE OT OTCTPOWKHU

OXJIQKJAIOUIETO U3Iy4EeHUs IIPEICTaBlIeHa Ha PUCYHKE 3.



m 36,3 c/em|
E % ® 26,0 T[c/em

o
(8]
T

- ~
” [=]
T T
&R
HiH
L 1

I
[=]
T
1

;

o
&)
T
=
[ o
-
!

}

=
=]
T
I
1

KoHueHTpauus atoMoB Kansums (‘IO9 CM‘Z)

-80 -70 -60 -50 -40 -30 -20 -10 0
OtcTpolika oxnaxgarowero uanydeHna (Mruy)

PI/ICYHOK 3 — 3aBHCUMOCTh KOHOCHTPAMK aTOMOB B JIOBYIIIKC OT OTCTpOﬁKPI OXJIAKAAOMICTO U3ITYYCHUA

AT ABYX 3HAYCHUH rpaivCHTa MAaroHuTHOI'O I1OJIA B MarHUTOOITHYCCKON JIOBYIIIKC

B mepBoii riaBe Takke paccMaTpUBACTCs ONPEACICHHE TeMIIepaTyphl 3aXBadeHHOTO
o0J1aka aTOMOB METOJIOM OaJUTMCTHYECKOTO pasiieTa. 3aBUCUMOCTh TUAMETpa aTOMHOTO O0JIaka

W(A?) ot BpeMeHU pasiieTa aTOMOB B IyCTOTY At OnpeensieTcsl BIpaKEHUEM:

w(At) = |w2(0) +8kTTAt2, (1)

rae w(0) — nmamerp oOyiaka B HauaIbHBIA MOMEHT BpeMeHH At = 0, k — mocTostHHas bonbimana,
m — Macca Kanblusi, I — remnepaTtypa atoMoB. Crenas psn ¢ororpaduii obaka ¢ BpeMeHaMu
pazneta oT 1 Mkc 10 600 MKC ¥ TIOJICTAaBUB COOTBETCTBYIOIINE 3HAaYeHHs B (hopmyny 1, MOKHO
BBIYMCIINTH TEMIIEPATYPY aTOMOB, KOTOpas cocTaBuia nopsaka 5 mK.

Bo Bropoii riase "Peann3anus BHICOKOBO30Y:KIEHHBIX cocTosinuii atomos 4°Ca"
NPUBOJIUTCS ONMMCAHUE MPOBOJUMBIX B paMKax IMCCEPTALMOHHOW pabOThl 3KCIIEPUMEHTOB IO
BO30YKJICHHIO PUAOEPrOBCKUX TIEPEXOJ0B B KalblLUUM C OOJBLIIMM 3HAYCHHEM TIJIAaBHOT'O
KBaHTOBOT'O YHCJIA.

Jns peannzanuu BO30YXKIEHUS aTOMOB B PHIOEPIOBCKUE COCTOSIHMS HCIIOJIB3YETCS
ynbTpaduoneToBelii (Y®) UCTOYHUK HEMPEPHIBHOIO JA3€PHOTO HM3JIyYEHUS C JUIMHOW BOJIHBI
390 HM, HepeBOAIIMIT aTOMBI Kajblius U3 cocTosHus 4s4p 'P1 B BhICOKOMEKAIME yPOBHU NL.
Yacrtora YO uznydeHHst HACTPAUBAECTCS B PE30HAHC C AaTOMHBIM IIEPEXOA0M COIIACHO CIEAYIOLIEH

dbopmye:



E, —F-—— ¥
R @)

rae Euww — sHeprus YO usnyuenus, E; — sHeprusi noHusamuu, R — nmocrossuHas Punbepra s
KaJbIUsl, N — [VIABHOE KBAHTOBOE YUCIO, § — KBAaHTOBBIN Je(EKT, Ve — 4aCTOTa OXJIAXKIAFOIIETO
U3JIy4€HUs, C — CKOPOCTh CBETA.

Perucrpamusi crnekTpoB JHEpruil puAOEpProBCKUX IMEPEXOJO0B IMPOBOAWIACH C
WCIIOJIb30BAaHUEM HEpa3pyllaroueldl METOAMKH, OCHOBAHHOW Ha MAJ€HUM PE30HAHCHOU
¢ayopecueniu aromoB Kanbius B MOJI. Tlo onpeneneHHbIM 3HaUEHUSM YHEPTUI NIEPEX0/I0B B
n 'So-cocrosuns aromos “°Ca m1s n= 40 — 120, 6bLIO ONpeneneHO 3HAYECHHE TOTEHIHAa
vonuzanun  49305,91966(4) cm’!, sBnsomeecs caMbIM TOYHBIM HA JAHHBIA MOMEHT.
[TorpentHOCTh W3MEPEHUST YHEPTUMA MEPEX0oJI0B cocTaBmia He Oosee 2 MI'n. [lyns mpoBeneHus
JMANbHEUINX SKCIEPUMEHTOB HEOOXOIUMO TOYHO 3HATh 3HAYEHHE MOPOra MOHM3AIMH aTOMOB
40Ca, Tak Kak TO CUIBLHO yBEIMYMBAET TOYHOCTH HACTPONMKH MCTOUHUKOB JIA3€PHOTO H3/TydeHHs
B PE30HAHC C HCCIEIYEMBIMH PHIOCPTOBCKUMH I€pPEXoJaMH. DTO TO3BOJIIET Oojiee TOYHO
OTpeIeNIATh TEMIEepaTypy 3JIEKTPOHOB MpPU BO30YKIECHUH aTOMHOTO 00Jlaka KaJiblusl BBIILIE
nopora MOHU3aLUU ISl SKCIIEPUMEHTOB MO MCCIIEIOBAHUIO YJIbTPAXOJIOIHOM IIa3Mbl KajlblLUs,
OTMCAHHBIX B CIICAYIOUICH TTIaBe TUCCEPTALIMOHHOMN paboTHhI.

B nanHOM rnaBe Takke ONUCaH Hepa3pyLIalolMi METOJl M3MEpPEHMsI TeMIepaTypbl
aToMoB, He TpeOytonuii oTkimodeHuss MOJI, oCHOBaHHBIM Ha PErHUCTPAIMH KOTEPEHTHOTO
nByx(oToHHOro puadeprosckoro nepexona 4s* 'So — 50 'So ¢ oTcTpoiikoit OT MPOMEKYTOUHOTO
ypoBHs 4s4p 'Pi na 240 MI'n. OnTuueckas cXema COOpaHa ¢ BO3MOKHOCTBIO BO3OYXKIEHHS

KOICpCHTHBIX TICPEXOA0B IIPU Pa3HbIX yIrjlaxX MCEKAY BOJIHOBBIMHU BCKTOpaMHU [BYX

— — — —
BO30YKIAOIINX Ja3epHbIX MyukoB (k; U k, Anst ogHOTO 3HAYeHUs yria, ky u k; mis apyroro).
ITo pa3Huie IUPUH KOTEPEHTHBIX pe3oHaHCcOB Aw’' —Aw mo dQopmyne 3 ompexaerneHa
TeMIepaTypa 3aXBaUyC€HHBIX aTOMOB KaJIbLIMS ¢ Maccoil M, KOTopasi CONOCTaBUMa ¢ U3MEPEHHOMN

MCTOAOM 0aIIIUCTHYECKOTO pasJjicta TeMnepaTypoﬁ:

M

T =
2k

(@0 - 8e2vm2 (i - K] - 1k =T ) G

Ha pucynke 4 npuBezeHa 3aBUCHMOCTb TEMIIEpaTypbl 00jlaka aTOMOB OT OTCTPOMKH

OXJTAXKIAIOIICTO U3JTYUCHUS.
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Pucynok 4 — 3aBrcHMOCTb TeMIIEpaTyphl 3aXBaYCHHBIX aTOMOB KaJbLUS OT OTCTPOMKH OXJIaXIAI0IIEro
m3nydenuss MOJL. [lyHkTupHoO# TrHAEH 0003HaYeHO 3HAYCHHE AOMIUIEPOBCKOTO TpeeNa sl KalbIys
0,831 MK [13]. KpuBas — TeopeTrueckasi 3aBUCUMOCTh TEMIEPATYPbl OT OTCTPONKU YaCTOTHI

OXJIAKAAKOIICTO U3TYUYCHUS 110 HpOCTOI‘/'I ,E[OHHJ'IGpOBCKOfI TCOpUHU

B Tperneii rnase "Yasrpaxosoanas miasma 4°Ca" onvcana MeToauKa MoNydeHus v
perucTpanym yJibTpaxooAHON cTallnOHapHOM 11a3mbl Kanbiusa-40. [TokazaHo, 4To B OTIIMYHE OT
pabor [14, 15, 16], rae nosydeHue niaa3Mbl IPOUCXOAUT B UMITYJIbCHOM PEXHUME, B HAILIEM CITydae
3a CUeT AOCTHKEHMsI HEOOJIBIIMX KOHIIEHTPALUI HOHOB U 3JIEKTPOHOB MPHU TEMIIEpaType HOpsiiKa
0,1K ynaercst nocTi4b MaKCHUMaJIbHOTO 3HAYEHMSI TapaMeTpa HEUACAIBLHOCTH JIJIs1 HOHOB IOPSAKA
2. IlpuBeneHbl HEKOTOPBIE OLIEHKHM IMOJIYYEHHON CTAllMOHApPHOM IUIa3Mbl, TEMIIEpaTypa MOHOB
kotoport He mpesbimaeT 0,1 K. JlebaeBckuil paamyc He MPEBHIIIAET Pa3MEPOB HCCIEAYEMOU
CpeIbl, Tak /Ul KOHIEHTPAlM HOHOB Topsika 10* cM™ 1 HauaibHOMN TeMIepaTyphl SIEKTPOHOB
0,05 K cocraBnser nopsiaka 0,15 MM mipu xapakTepHoM quameTpe obiaka 1,4 MM Ha ypoBHe.

Jlna nomydenus miasmsl Y® uzinydeHue ¢ AauHON BoJHBEI 390 HM HacTpanBaeTCs BBILLIE
nopora voHu3anuu. s perucrpali MOHOB B BUAMMOM JIUAala30HE HCMOJIb3YIOTCS Ja3ephl €
nnuHaMu BoJIH 397 HM u 866 HM (pucyHok 5). IlepBwIif ja3epHBI MCTOYHUK OOECTIEUUBACT
HEMOCPEJCTBEHHO (UIIOOPECLEHIIMI0O HOHOB B BUAMMOM 007acTH CHEKTpa, a BTOpPOH —
3HAYUTEIbHO YBEIMUUBAET 3((PEKTUBHOCTh JAHHOI'O MPOLiecca, BO3BpaIlas 3J€KTPOHbI C YPOBHS

3d 2D3/> Ha ypoens 4p 2P1p.
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390 M | V,

4s5p 1P,

4s4p 'P,
3d ZDM

423 M |V,

457s, S

40Ca 40Ca+

Pucynok 5 — CxeMa 3HepreTH4eckux ypoBHel aTroMma (cieBa) U noHa (crpasa) Kaapius-40

Jlns  peructpauun  duyopecueHiuu  HoHoB  “°Ca  HEOOXOAMMO HMMETh  BBICOKYIO
CTaOMIJIBHOCTh YacTOTHI JIA3€PHOT0 HM3IydeHUs: 866 HM, B CBSI3U C HEOOJIBLIONW €CTECTBEHHOU
IIMPUHON CHIEKTpaibHON nuHuK nepexona 3d 2D3n — 4p *Pin (1,69 MI'n). Jlng crabunusamuu
YacTOThl 3TOT0 W3IYYEHHs HCIOJIb3YETCSl BBICOKOCTAOMIIbHBIA BaKyyMHBIH HHTEpHEpOMETp
@®abpu-Ilepo Stable Laser Systems VH-610-4, cnenannsiit u3 crekna mapku ULE. Yacrora
MOHU3UPYIOUIETO H3JIYy4YeHHMs Takke CTaOMIM3UpyeTcs Ha 53TOM HMHTepdepoMmeTpe, uTo
oOecnieunBaeT 0oJiee TOYHbII KOHTPOJIb HAYAJIbHOW TEMIEpaTyphl JIEKTPOHOB B BO30YXk1aeMon
UM I1a3M€, KOTOPBIN OCYIECTBISETCSI OTCTPOMKOM 4acTOThl MOHU3YIOLIETO M3JIy4YEHHs BBIILIE
nopora vnoHuzauuu. Mznyuenue 1unHON BOHBI 397 HM CKaHMpYETCS B OKPECTHOCTH YacTOThI
T0/ICBEYHMBAIOIIETO MIa3My nepexona 4s 2S12 — 4p 2P1p. Koraa 4actoTa U3IydeHHs COBIAAAET C
4acTOTOH nepexoa, MU MOMOIIH (POTOINEKTPOHHOTO YMHOKHTENSI PETUCTPUPYETCS yBEITUUEHHUE
MHTEHCUBHOCTH Ha JUTMHE BOJHbBI 397 HM. [Ipumep curnana ¢ayopeciieHIuy HOHOB MPeACTaBICH
Ha pucyHke 6 (a). [ms omeHkm oObema, 3aHMMAaeMOro HOHAMH, jaenaetrcs ¢ororpadus Ha
kamuOpoBanHytro CCD xamepy (pucyHok 6 (0)), W3 KOTOpPOW BBIYHUTACTCS 3acBETKAa OT
(uryopecuieHIMM 00J1aKa HEUTpaIbHBIX ATOMOB U (DOHOBAs! 3aCBETKA OTPAKEHMSI JIA3€PHBIX ITyYKOB
OT CTEHOK METAJJIMYECKOW BaKyyMHOW Kamepsl. Jluamerp moisryduBHIerocs o0jiaka HOHOB B

JTAHHOM 3KcIiepuMenTe cocTasisieT 1,4 mm Ha yposHe FWHM.
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PryopecUeHUMA MOHOB (OTH. ea.)

" 1 . 1 " 1 .
-200 -100 0 100 200

OTCcTpOiiKa M3NY4EHUA NOACBETKU MoHoB (ML)

(a) (0)
Pucynox 6 — (a) Curnan ¢iryopeciieHITia HOHOB Ha JIiHE BOTHBI 397 HM, rae 0 1o TOpU30HTaIBFHOW OCH
COOTBETCTBYET 4acTOTe Tepexoa 4s 2Si2 — 4p 2P1, B moHax; (6) dpororpadus ob1aKa HOHOB, CeTaHHAS

Ha CCD xamepy

B pabote npuBeneHO omHMcaHUEe YYBCTBUTENBHOIO METOAA AMATHOCTHKH Pa3pexeHHOM
YJIBTPAXOJIOAHON ITUTa3Mbl HAa OCHOBE 3 (eKTa aBTOMOHU3ANUUA PHUIOCPTOBCKUX COCTOSHHUN
atomoB *°Ca. TToka3aHa BO3MOXHOCTb JIETEKTUPOBAHMS IJIa3Mbl C KOHILEHTPAIIMEH HOHOB O
10° cm>. TlpoBeneHsl >KCIepHMMEHTANbLHBIE MCCIENOBAHUS PE3OHAHCOB HA JBYX(OTOHHOM
punGeprosckom mepexoge 4s3d 'Da — 90'D2 ¢ ucmonb3zoBaHMEM IBYX Ja3€PHBIX IMy4KOB C
JUTMHaMU BOJIH 672 u 798 uM. bruta monmydeHa 3aBUCHMOCTh aMILIUTYbl aBTOMOHU3ALMOHHOTO
pe3oHaHca (PUCYHOK 7), 3aperCTPHPOBAHHOIO MO (II0OPECLIEHIINN OHO3aPAAHbIX HoHOB “’Ca
Ha JIJuHEe BOJHBI 397 HM, OT KOHIIEHTPAIMM HOHOB HEMPEPHIBHO CO3/1aBA€MOM yJIBTPAXOJIOTHON

I1JIa3MBI.

KoHueHTpauns noHos (10* cv™)
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Pucynok 7 — 3aBUCHMOCTB aMILTUTY/BI pe30HAHCA HA PUI0EPTOBCKOM IEPEX0/I€ OT MOITHOCTH

HOHU3UPYIOLICTO U3JIYUCHHUA WX OT KOHUCHTpAllMUl HOHOB B yHLTanOHOI{HOﬁ miasmMe
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Hcxonst u3 3JIEKTPOHEUTPATBHOCTH CO3JaBA€MOM IIJIa3Mbl, MBI MOXEM OIPEACIIUTD

CpeIHee MUKPOTIOJE B IIEHTPE IIa3MEHHOTO 00JIaKa 1o pacrpeieeHnio XoablIMapKa:

1
Ey = (2/225)Y3en?/? = (4)
0

B teopeTtnueckoit padote [17] ObUIO MOKa3aHO OTIIMUKME MHUKPOIIONS B YJIBTPAXOJIOIHON
I1a3Me OT MHKPOIIOJS, TMOJYYEHHOTO W3 pacmpezeneHuss XoiablMapka, B Cly4ae yBEIHMYCHUS
napameTpa HeHIeaJIbHOCTU. B HalieM ciiyyae MakCUMalbHOE JIEKTPUUYECKOE T10JIe, CO3/]aBaeMOoe
YIABTPAXO0JIOAHOM M1a3MoM, coctaBisieT E = 1, 3Ex. [ KOHUEHTpaIlui HOHOB TOpSIAKA 10° cm™3
C y4eToM IONpPaBOK HA HEUJeadbHOCTh Hole cocTaBiseT mopsaaka 102 B/m. Takas BbIcoKas
YYBCTBUTEIHLHOCTh CBSI3aHA C CHJILHBIM BIIMSIHHEM YJIBTPaXOJIOJHON TUIa3Mbl Ha 3()(PEKTHBHOCTH
apronoHmn3anuu [18]. Kpome Toro, BbICOKasi 4yBCTBUTEIBHOCTH IMPOIECCA ABTOMOHU3AIUU K
BHEIIHUM TOJIIM TOKa3aHa B paborax [19, 20]. Takum oOpa3om, B Hacrosield pabote
MPEACTABICH UYYyBCTBUTENIbHBIA METOJ JCTEKTUPOBAHUS AJICKTPUUECKUX MOJEH MpU MOMOIIU
HAONIIOZIeHNs  aBTOMOHM3AIIMOHHBIX  cocTosHmit atoma “°Ca. BO3MOXHOCTH — CO3/JaHUS
yJIBTPaXOJIOAHOMN TUIa3Mbl C XOPOIIO KOHTPOJIUPYEMBIMU MapaMeTpaMHU MO3BOJISIET UCIIOJIb30BaTh
ee Ui KaauOpOBKM aBTOMOHHU3AIIMOHHBIX PE30HAHCOB. OJTO OTKPHIBAET BO3MOXKHOCTH
UCIIOJIb30BaHUS MPEJIOKEHHOTO METOa, HAapUMep, ISl AETEKTUPOBAHUS Mapa3UTHBIA MaJbIX
MoJIeH B AKCIIEPUMEHTAIBHBIX pa00Tax MO CO3AAHHIO CBEPXTOYHBIX aTOMHBIX YacOB HA OCHOBE
HIEJTIOYHO3EMENbHBIX METAJIOB.

B 3akiiouennu 000OIIEHBI OCHOBHBIE pPE3yNbTaThl, MOJYYEHHBbIE B AHCCEPTAILIHH,
KOTOPbIE CBOASTCS K CIEAYIOIIEMY:

1. Co3nmana nepBas B Poccumn skcriepuMeHTalbHAsE YCTaHOBKA 110 JIA3€PHOMY OXJIaXKICHUIO
atomoB “°Ca, Ha KOTOpOi MPOM3BE/ICH 3aXBAT B MarHUTOONTUYECKYIO JOBYIIKY 3 - 107
aTOMOB, TeMIIEpaTypa KOTOPBIX COCTaBIAET nopsaaka S5 mK.

2. C ucnonp30BaHUEM Hepaspymiaroieil puadeproBCKUe COCTOSHUS METOUKH, OCHOBAaHHON
Ha TAJCHUHA PE30HAHCHOHN (IIyOpECIEHIIMH aTOMOB B MAarHUTOONTHYECKOW JIOBYIIKE,
IpOBe/ieHa PErMCTPalls CIIEKTPOB NEPeXo0B B 1 'So-cocTosnus aromos “°Ca my1s n ot 40
no 120, mo sHeprusiM KOTOPHIX OBLIO OMpEEIeHO 3HAYCHHUE MOTEHIMaia MOHHM3AINH,
paBHoe 49305,91966(4) em L. [TonyueHHbI1 MOTEHIMAT MOHM3ALUU SIBISETCS CAMbIM
TOYHBIM Ha JAHHBII MOMEHT.

3. BmepBble 53KCnepUMEHTAIBHO TIOJNyYeHa YJbTPAXOJIOAHAs HeuJeadbHas Iula3Ma B

CTAIlMOHAPHOM PEXHUMeE ¢ KOHIIeHTpanueii 1o 10 cm™.
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4. IlpoBeneHO wHcCIEIOBaHUME OCHOBHBIX IapaMETPOB YJIBTPaXOJIOAHOM CTalMOHApHOU
mna3mbl. [lokazano, uyto paauyc JleGas He MpeBBIIAET pa3MepOB HCCIEIYEMOM Cpebl,
rapaMeTp HeHI€aIbHOCTH MOKET JOCTUTATh 2 TPU MaKCUMAJIbHON KOHIEHTPAI[MH HOHOB,
TEMIEpaTypa HOHOB cocTasisieT nopsaka 0,1 K.

5. Pa3paboTaH 4yyBCTBUTENbHBIN METOJI JUATHOCTUKH DJIEKTPUUECKHUX TOJICH, CO3/]aBaEMbIX
pa3peKEHHON yIbTPAXOJIOAHOW TUTa3MOM, Ha ocHOBe d(dekra aBTOMOHH3AIUU
puAOEProBCKUX COCTOSIHUN aTOMOB KamibIus. [lokazaHa BO3MOXKHOCTH JE€TEKTUPOBAHUS
IIa3Mbl C KOHIIEHTpauueil moHoB 10 10° cM™, 4TO COOTBETCTBYeT HANPSKEHHOCTH

3JIEKTpUYECKOro mous nopsaka 1072 B/m.
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