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Olill{Afl XAP AKTEPHCTHKA P AliOTLI 

OcHOBHOe uanpaBJJCHHe " atgyaJJbHOCTb TCMbl. B Ha'!a.rre 60-x r0}:10B JloH}:IOH, 

KnapK H MeHA03a [l] npeJ:IJIO)l(IIJIH H B )fy6tte (OH.51.H) [2] 6bm pea.rrmoBaH HOBhitt 

MeTOJ:1 noJiy'leHHSI CTaQHOHapHblX CBCpXHU3KHX TeMneparyp paCTB0peHHCM )l(lf}:IKOro 

3
He B 

4
He. IIpttMepHO 4Cpe3 }:ICCSITHJieTHC HOBUSI o6JiaCTb TeMneparyp HH)l(C 0.5 K 

6bIJia 0CBOeHa HaCTOJibK0, '!TO Il0SIBHJlaCh B03M0)1(HOCTh C03.LlaHHSI noMpH30BaHHhIX 

MIIIIICHCll HOBOro "3aMopO)l(eHHOro" ,THna [3, 4], nplirOJ:IHhIX mm HCCJIC.LIOBaHHll B 

o6JiaCTH CUIIHOBOll ¢u3UKH 3JICMCHTapHbIX 'laCTUQ. BelllCCTBO MHIIICHH, B COCTaB 

KOTOporo BBOMT napaMarHHTHblC npHMCCH, noMelllaIOT B MarHHTHOe none H 

OXJia)l(.LlaIOT .LIO CBepxHH3KHX TCMneparyp, 06b1lJHO HH)l(e 0.1 K. .5!.J:lepHaS! noMpU3aQHSI 

nonytJaeTC)l np11 MHKpOBOJIHOBOM 06JIY4eHHII 3JieKTpOHHhIX cmrnoa napaMarHHTHOH 

npHMCCH B6JIU3H JIIIHIIH 3JICKTpOHHOro napaMarHHTHOro pe30HaHca (3IIP). B 

pe3yJihTaTC ".LIHHaMIIlJCCKOro OXJia)l(.LleHIISI" [5] y.LlaeTCSI D0JiylJHTh IlO'ITII 100 % 

Il0JI)lpU3aQHIO npOT0HOB II 60% - .z:1eihpOHOB. Iinaro.z:1apS1 CBepXHH3KHM TCMneparypaM, 

S!J:ICpHblC CDIIHhI OKa3bIBaIOTCSI npaKTIIlJCCKII II30JIHpOBaHHhIMII OT peweTKH, 

npe.z:1CTaBMSI co6ort "cn1IHOBhIH ra3", HO c IlJIOTHOCTblO SI.LICP, xapaKTepHoii: .LIM 

K0H.LICHCHpOBaHHOro COCTO)JHIISI. O611Y4eH1IC TaK0rO "ra3a" noMpU30BaHHhIMII 

MIOOHaMH Il03BOJIS!eT IICCJICAOBaTh CDHHOBYJO crpy,,.-,rypy ero HOCHTeneii - HyKJI0HOB. B 

npoueccax rny6oKo tteynpyroro pacceS1HHS1 (fHP) [6] ce'!eHue peaKQIIII 3aBIICHT OT 

IlOJIS!pH3aQIIH MIOOH0B II COCTaBMIOllllIX MIIWeHh noMpH30BaHHhIX HyKJIOH0B. 3Ta 

3aBIICIIMOCTh Bbipa)l(aeTCSI 4epe3 TaK Ha3bIBaCMbie CTpYKTypHbie <pyHKQIIII, K0T0phie 

xapaKTepmyroT BKJla.LI B CDIIH HyKJIOHOB ero KOHCTHTyeHTOB - KBapKOB. TaKHM 

o6pa30M 3KCnepHMeHT U03B0MeT aHa.JIII3HpOBaTh lpYH.LlaMeHTa.JibHylO npo6JJeMy: H3 

CUIIHOB KaKHX C0CTaBMIOlllUX CKJia.LlhlBaeTCSI cyMMapHblll cnuH HyKJI0Ha 1/2? 

3KcnepuMeHTa.rrhttoe ucc11e.z:1oaattue "cnuttoaoro ra3a": ero nJIOTHOCTh, 

no11sipmaQHS1, .LIIIHaMuKa noMpu3aQIIII, npouecchI Ten11006MeHa u pe11aKcauu1I B 

CUIIHOBblX CllCTeMax, SIBJieHlle CBepXU3JIY4aTeJibHOll (CH) rettepaQlllI ll ycllJieHIIe 

IlOJIS!pU3aQIIll MO.LIYMQIIell MHKpOBOJIH0B0ro DOM HaKalJKll - COCTaBMIOT npe}:IMeT 

.z:1attHoii .L11Icceprau1Ill. B pe3yJihTaTe 1Iccne.z:10BaHlltt y.z:1a.rroch .LI0CTllrttyTh peK0P.LIHhIX 

napaMeTp0B Kpyntteiiweii B M1Ipe MIIIIIeHI! SMC-Ko11na6opaQll1I B CERN. Ilpll 3TOM _______ .__ 

(}(;\ti.:;,,:_ i.il~il 1;_~1~lj7. t 
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6brna pa3pa6orntta Teopm1 JhmepnynhcKoro Q-MeTpa - 11pII60pa )lm1 mMepettIIll 

ll)lepH0ll 110nllpH3aUmI, o6Hapy)KeHbl 3<p<peKTbl CBepXII3JIYtfeHIIll ll)lepHbIMH 

MarHIITHblMII M0MeHTaMII II ycIIJJeHHll 110nllpH3aum1 'IaCTOTHOll MOJlYJillUIIeii cBq-

110nll, rrpe)lJI0)KeH MeT0)l IICCJie)l0BaHHll CITIIHUB pammaKTIIBHbIX ll)lep H rrpoBepeHa 

B03M0)KH0CTb C03)laHHll T0HKHX Mmnetteii oxna)l(JlaeMbIX rrneHKOll CBepxTeeyqero 
4
He. 

Teop1rn II TeXHIIKa 110nllpII30BaHHbIX Mmnetteii HaX0)lllTCll B HerrpepbIBH0M 

pa3BHTIIII. 3Ta o6naCTb 3KCrrepIIMeHTanbHOll qJII3HKH BKJIIO'IaeT BaKYYMHYIO TeXHHKY, 

TexHHKY CBepxHH3KHX TeMrreparyp, 3JieKTP0JlirnaMIIKY CBq-pe3ottaTopoB, KBaHT0B0-

MexaHil'IeCKile paC'IeTbl II T0H'IallIIIIIe pa)lH0TeXHH'IeCKHe Il3MepeHHll CHrHaJI0B 

ll)leimoro MarHHTHoro pe30Hattca (JIMP) - Ha6op )lIICUHITJIIIH, xapaKTepHblll )lJill 

TeXHIIKII C0BpeMeHH0ro qJH3H'IeCKoro 3KCrrepI1MeHTa. 

lle.JJb pa60Tbl - IICCJie)l0BaHile IT0Be)leHHll 110JillpH30BaHHblX CITHH0BbIX CHCTeM rrpn 

cBepxttH3KHX TeMrrepaTYPax. 

B )lIICCepTaUIIII CTaBllTCH II peIIIeHbl CJie)lyIOIIIIle 3a)la'IH: 

I. Co3)laHile Te0pIIII Il3MepeHHll ll)lepHOll 110JillpH3aUIIII Q-MeTpOM. 

2. pa3pa60TKa MeTO;:ia H3MepeHHll 110nllpll3aUIIII ll):lep CITIIHa I. 

3. O6Hapy)KeHile II IICCJie)l0BaHile 3<p<peKTa CBepXH3JIY'IaTeJibHOll rettepaum1 

MarHIITHblMII M0MeHTaMII 110JillpI130BaHHbIX ll)lep. 

4. O6ttapy)KeHile II IICCJJe)l0BaHile M0JlYJIHUH0HH0ro 3<p<peKTa. 

5. TeopeTil'IeCKOe II 3KCrrepI1MeHTanbH0e Il3YIJeHHe B03M0)KH0CTH 110JillpH3auim 

pe)lKlIX pa)lH0aKTHBHbIX ll)lep MeT0J:I0M ")lHHaMH'IeCKOro OXJia)l(JleHHll". 

6. Hccne)lOBaHne B03M0)KH0CTH C03)laHHH TOHKOll 110JillpH30BaHHOll MHIIIeHH, 

oxna)l(JlaeMoii CBepXTeKyqeii rrneHKOii 
4
He. 

Hay'IH3H HOBU3Ha. 

I. Ilony'IeHa cpopMYna, rro3B0JillIOIIIaH BbI'IHCJJHTb l!Jlepny10 BocrrpnnM'IHB0CTb 110 

crreKTPY rrpHHHMaeMoro curttana. 

2. IloKa3aHO HanH'IHe JJO)KHOll acnMMeTpHH B )leiiTP0HHblX crreKTPaX H pa3pa6oTaH 

anropHTM Jlnll ee K0ppeKUHH. 

3. Pa3pa60TaH MeT0Jl orrpe)leneHHll ITOJillpll3aUHH l!Jlep cmrna I. 
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4. O6ttapy)KeH If HCCJJe)loBaH 3<p<peKT K0MeKTHBH0ro CBepxH3nyqemrn CIICTeMOll 

110JJHpH30BaHHbIX llJlepHblX Ma~HIITHblX )lHITOJJeii. 

5. 06napy)KeH II IICCJJe)loBaH M0JlYJJllUHOHHblll 3<p<peKT, YCHJIHBaIOIIIHll H)lepttyIO 

110JillpH3aUHIO MHIIIeHeii. IlOKa3aHo, 'ITO 

• . MOJlYJJllUHOHHblll 3<p<peKT 0TH0CHTCll K llBJieHHHM ITP0CTPaHCTBeHHOll )lHC11epcnu, 

CBll3aHHblM C He0)lH0p0)lH0CTblO HaCbIIIIaIOIIIero MHKp0B0JIH0B0ro 110nll; 

• MOJlYJillUHll 'IaCT0Tbl YCHJIHBaeT rrapaMarH·HTHOe nornomeHHe B MHIIIettu; 

• rrpH HaCbIIIIaIOIIIHX CBq-ITOJillX HanH'IIle rrpoCTpaHCTBeHH0ll ;:incrrepCIIH Be):leT K 

110llBJieHIIIO B 3I1P-JIHHHH 6oKOBblX CaTeJJJJHT0B. 

6. BrrepBbie Ha )lettCTBYIOIIIeii 6yTaHOJibHOll MHIIIeHH rronyqeHa KpHBall HaCbIIIIeHHl! 

rrapaMarHHTH0ro pe30HaHca rrpH CBepXHH3KHX TeMrreparypax. 

7. Ilpe)lJJO)KeH HOBblll MeToi HCCJie):I0BaHHl! CITHH0B Pai:IH0aKTHBHbIX ll)lep c 

IIcrronb30BaHHeM Kpocc-penaKcaunottttoro ycI1neHHl! rronllpn3aUHH. 

8. IlpoBepeHa B03M0)KH0CTb C03):laHUll T0HKHX Il0nllpH3oBaHHbIX MHIIIeHeii, 

oxna)l(JlaeMhIX CBepxTeeyqeii rrnettKoii 4He. 

IIpaKTU'IeCK3H UeHHOCTb pa60Tbl. 

I. ,[(oCTnrHYThI peKop;:itthie rrapaMeTpbI KpyrrtteiiIIIeii rronl!pH3oBaHttoii MHIIIeHII 

CERN, o6ecrre'IHBIIIHe YJlB0eHHe Ha6opa CTaTnCTHKH B SMC-3KCrrepnMeHTax c 

)lettTPOHHoii MHIIIeHbIO. B o6beMe 2.5-JJHTPOBoii MHIIIettn ;:ioCTurnyrn 96 % 

110JJHpH3aUHll rrpoT0H0B II -60 % 110nllpH3aUHl! ;:ieiiTPOHOB. 

2. Ilpe)lJIO)KeHa MOJ:IHqJHKauull JlHBeprryJJbCKOro Q-MeTpa, 1103B0nll!OIIIall na6JIIO)laTb 

HeUCKa)KeHHYIO llJ:lepttyIO B0C11pHHM'IHB0CTb MaTepuana. 

3. 06ttapy)KeH If HCCJJe):I0BaH 3<p<peKT CBepXH3JIYtfeHHl! CUCTeMOll 110nllpH30BaHHbIX 

ll):lep. 

4. YTO'IHeHO ycno~He CaMOB036y)K,[\eHHl! KBaHT0BbIX rettepaTOp0B. 

5. YTO'IHeHa <pOpMyna ):IJlll paC'IeTa 'JYBCTBHTeJJbH0CTH JIMP-crreKTPOMeTpa c 

rn6pHJ:1HblM rrpneMHb!M K0ffTYP0M. 

6. PeIIIeHa rrpo6neMa pac'IeTa u H3MepeHHl! rronl!pH3auun cpo110BbIX llJ:lep a30Ta B 

aMMHa'IHOll 110nllpH30BaHHOll MHIIIeHU. 

7. 06ttapy)KeH H HCCJJe)l0BaH 3<p<peKT M0JlYnl!UH0HH0ro ycHJJeHHH 110nllpH3auun. 
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8. Ilpenno:lKeHa HOBa.ll MeronuKa uccnenoaatt1rn cmrnoa panuoaKTnBHhIX Hnep. 

9. IloKa3aHa B03MO:lKHOCTb co3naHll.ll caepXTOHKllX nonHpll30BaHHblX MttllleHeli 
: .. . . 4 

Hoaoro Tuna, oxnruimaeMhIX caepXTeicyqe11 !1neHKOii He. 

Ha 3alllUTV BblHOCHTCH: 

1. YpaBHeHne, B 3aMKH)'fOll qiopMe onttCbIBaIOIUee CttCTeMy H3Mepemrn HnepHOll 

noMpll3aIWll MHUieHeii. 

2. Ilpenno:lKe1me no MonttqittKau1m JI1rnepnynhcKoro Q-Merpa nnH ToqHoro aoc

CTaHoaneHtt.ll qiopMbI nttHmI nornomeHH.ll u nttcnepc1Itt 51nepuo11 aocnp1I11Mq11aocT11 

MllllleHeii. 

3. AHanIITttqecKttii pacqer m6p11nHhIX KoHTypoa tt qiopMyna nn.ll pacqera ttx 

qyBCTBHTenhHOCTII. 

4. Meron pacqera noMplI3aUIIH .llnep cmrna 1. 

5. O6Hapy:lKeH11e 3qJqJeKTa CBepxll3ny'leHII.ll CttCTeMOll OYpttUaTenbHO 

noMptt30BaHHblX .llnepHblX MarHlITHblX MOMeHTOB II 1Iccnenoaau11e CH-reuepaTopa 

pan11oaonH B MerarepuoaoM n11ana3oHe. 

6. O6uapy:lKen11e MonynHu110Huoro 3qiqieKTa II Ha6moneHtte 3qiqieKTa npocYpaHCT

aeHHoii nttcnepcm1 B 3neKYpOHHOM napaMarHIITHOM pe3oHaHce. 

7. Ilpenno:lKeH11e Merona 1IccnenoaaH11.ll cn11HOB pan11oaKTttBHhIX Hnep c 11cnonh-

3oaaH11eM Kpocc-penaKcau110Hnoii noMpII3aUHII. 

8. Ilpenno:lKeHIIe no co3naHlIIO caepXTOHKlIX non.!iplI3oBaHHblX MHUieHeli HOBOrD 

Tttna, oxna:lKnaeMhIX caepXTeKY'!eii nneHKOii 
4
He. 

JI11•1HbIH BKJiaJl asTopa. Hccnenoaamrn no TeMe nttccepTaUHH BhmonH.llnttch 

aBTOpOM nttccepTaUlllI, Ha'llIHM c 1968 rona II no HaCTOHIUee apeM.ll a OIUilI, JllUl<l>, 

H<l>B3 II CERN. B coCTaBe'rpynnhI non.!ipll3oBaHHhIX MllllleHeii JUIIl OlUilI 6b1m1 

BhmonHeHhI pa6oTbI no IIccnenoaaHHIO 11 co1naHlIIO, no-attn11M0My, nepao11 

non.!ipll30BaHHOll npOTOHHOll MlIUieHll HOBOrO "3aMopo)KeHHOrO .Tllna" [3]. BKnan 

aaTopa n1IccepTau1111 B 3TY pa6ory npenCTaaneH a ero KaHnnnaTCKoii nttcceprnuntt 

",!l;ttHaMnqecKM noMpll3aUll.ll npOTOHOB nptt caepXHH3KlIX TeMneparypax" [4]. B 

Ka'ieCTae npencraaIITen.ll OIUili a JllUI<l> aaTop pyKoaonun pa6oTaMtt no colnaHttIO 

nepaoii B Poccttn cnttpToaoii ,neiiYpOHHOii non.llpll3oBaHnoii MttIIIeHtt. Ha'!ttHaH c 1992 
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n no 1996 ron, uenpepbrnHo y11acTeoean B 11ccnenoaamrnx Ha KpynHe11IIIe11 EMC, 

3aTeM B c01namm II 11ccnenoaaH11Hx SMC-M11ruem1 _B CERN ()KeHeaa). 

TeoplIH II aHanlI3 CIICTeMhl 113MepeHll51 n0J1Hp1nau1m MIIIIJeHei1 11 MeT0)lllKa 

paC'-leTa n0JJHpmau1rn H)lep a30Ta pa3pa6oTaHbl aBTOp0M n11ccepTau1m. B '-IIICneHHhlX 

pac'-lerax aernpy n0Moran11 Ch. Dulya (Univ. Of California) n T.O. Niinikoski (CERN). 

11neH pac'-lera ac1IMMerpm1 no cneKTpy nei1TpOHHoro c11rnana npenno)KeHa coaMeCTH0 

c B.B. TioJJHKOBhIM (JllUl<l>), auam1i-11'-leCKttii annapaT pac'-lera pa1pa60TaH 

IIH)ll1Bll)lyanbH0. AHamn r116p1IJlHbIX K0H'ly'pOB BbIIl0JJHeH IIH)lllBIIJlYaJJbH0. AHaJJll3 

ypaaneH1111 Enoxa c y'-leTOM qJa30BhIX xapaKTeplICTIIK pe30HaTopa BhmontteH 

IIH)llIBHJlYaJJbHO, 3KCnepnMeHTaJJhHbie na_HHbie no Cl1 nony'-leHhl COBMeCTHO C A. <l>. 

TipynKOrilH)lOM, KOTOpblll non PYKOB0)lCTB0M aBT0pa nncceprnu1m no pe1yJ1hTaTaM 

3TllX nccnenoBaHHll 3aIUIITHn KaH)lll)laTCKYIO n11cceprnu1110 [7]. MonyJJHUIIOHHhlli 

3qJqJeKT 6bin o6Hapy:lKeH aarnpoM n11cceprnu11tt a cocrnae SMC-Konna6opau1m; a 

nony'-leHHH ilanHbIX y11aCTB0Ban A Kishi (KEK, Rnom1H), A Magnon (<l>pauu11H), S. 

Bultmann (repMamrn) a aHanme - T.O. Niinikoski (CERN). 11neH np11MeHemrn 

"mrnaM1111ecKoro oxna)K,neH11H" K 11ccnenoaaH1110 pannoaKTHBHhIX Hnep 6hrna 

npenno)KeHa aBT0pOM )lllCCepTaUttll, aHaJJIITII'-!eCKllll aHaJJll3 Merona npoaeneH 

coaMeCTH0 c M.H. TionropeUKIIM II B.JI. Jl106oru11ueM. Kpocc-penaKcau11ottHoe 

yc11neutte nonHp113au1111 Hnep a1orn 3KCnep11MeHTaJJbHO o6uapy)KeHo B CERN np11 

aHaJJII3e naHHbIX, nony11eHHblX aBTOp0M nnccepTau1m; oueHicy ycnneHIIH BbIIlOJJHHn J. 

Kyynarainen. Hne.ll ncnonh30BaHttH caepxTeKy'-!eii nneHKII 4He nnH oxna)KneHIIH 

TOHKHX MHIIJeHeii npenno)KeHa IIH)lllBH)lyaJJhH0. 11ccnenoaamrn B 3TOM HanpaeJJeHIIII 

BhmonHeHbI B HHCTH'ly'Te TI. llleppepa (PSI) COBMeCTHO c rpynnm1 S. Mango. 

Anpo6aUHH pa60Tbl If ny6JIHKaUHH. Pa60Tbl, BbIIl0ilHeHHhie B )lllCCepTal.lllll, 

BKn!O'-IM ·npoMe)KYTO'-IHbie pe1ynhTaThI, TIUaTenbH0 06cy)Knan11ci. Ha M11nrnrax SMC -

Konna6opaum1 B CERN II OlUilI, n0Knanhrnan11cb aaTopoM Ha· Me)KnyHaponHhix 

KOHqiepeHUttHx a BaHicyeepe (KaHana), Ean:XoHeae. (repMaH11H) 11 Ceo6onHoM 

ymrnepcttTere r. AMCTepnaMa (ronnaHJlttH).,. .[l11cceprnu1rn Ham1caHa Ha ocHoae 28 

ny6n11Kautt11, ony6n11KoBaHHbIX a )K3T<l>, TittChMax a ~3T<l>, Cryogenics, Mod. Phys. 
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Lett., Phys. Lett., I1T3, Nucl. Instr. Meth. in Phys. Res., B .110KJia.11ax Me)KJlyttapo.11HhIX 

KottcpepeHUHH, npenpuHTax H KpaTKHX coo6111emrnx OI-UIH, PSI H CERN. 

CTpyKrypa .1111ccepTau1111. ,[J;ncceprnum1 cocT0HT H3 BBe.11ett1ui, ceMII mas, 

3aKJI10qemu1, CnHCKa ny6JIHKaUIIH H HcnOJIJ,3yeMOH JIHTeparypb1; co.11ep)KHT 150 

CTpaHHU, 5 rn6m1u H 61 pncyH0K. 

CO,[J;EP)KAffiIE PAEOThl. 

BBe,llenue. O6octtoBbIBaercJI aKryaJibH0CTb u pacKpbrnaercJI co.11ep)Kam1e TeMhI 

)ll!CCepTaUHH, ccpopMyJIHpoBaHa ueJib pa60Tbl, npe.11CTaBJieH nJiaH )ll!CCepTaUHll ll 

cnncoK ttcnonh3yeMhIX pa6oT, .11anee ll3naraercJI co.11ep)Kattue .1111ccepraum1 no rnaBaM. 

IIepBaH rJiaBa. llo:1.11pU308lllllla.R JltuUtellb 8 UCC.ileOOBllllUJlX cnUIIOBOU cmpy«mypbl 

ny1<.w1wo. KpaTKO H3JiaraercJI H)leJI 3KCnepttMeHTa no uccne.110Batt1110 CTPYKTYPHhIX 

cpyttKUHH JI.11pa, .11aercJI ouettKa acuMMeTpllH B TT-IP, npnse.11etta cxeMa 3Kcnep11MeHTa u 

ccpopMyJIHpoBaHbl Tpe6oBaHHJI K He06bJqHOH K0HCTPYKUllll Mmuem1 B SMC-

3KcnepttMeHTe [IA, 2A]. 

BTopan rJiaBa. Kpam«oe onucanue SMC- 11tumeuu. Co.11ep)KHT KpaTKoe onucaHHe 

t•== ,100~ AMMl<lx ==---.,e_-;;~ 
~80 ,,_,-

60•-

- 40 t 

-60 

-80 

-100 0 

-----------~---D-6y,aHon 

-------.. -~~:_ 
~on ~- .J ==--------v:mn 

10 20 30 40 50 
Bp eMll ('<a<.) 

PttcyHOK l. XapaicrepHoe noBe,11eHHe 

noJIJipH'laUHH npH ee HaKa'IKe B Tpex 

Marepttanax, ttcnom,:iyeMLIX B SMC-3Kcne

pHMeHTaX. TipHBe,11em1 pa60'IHe xapaicre

pHCTHKH SMC-MHIIIeHH, nO.ll)''ICHHblC B 

ycnoBHJIX nepHO.IIH'lecKoro peBepca noJlll
pa1a.IillH c 5 'laCOBblM KHTepBanOM. TToTepH 

npH peBepce HCCKOnLKO CHIDKlUOT Bentt

'IKey MaKCKManLHOH noJlllpH'laUHH. 

Me'T0)la )lHHaMHqeCKOH n0JIJipH3aUHH JI)lep (,n;rul), Ha3BaHHOro ")lllHaMnqeCKllM 

oxna)K)leHHeM" (,[J;O), B BbICOKOTeMneparypttOM H HH3KOTeMneparypHOM 

np116JIH)KeHHJIX. ITpnse)leH rn6nuqHblH ofoop xapaKTepHCTHK OCHOBHblX MaTepttaJI0B 

MmIIetteH. B KaqeCTBe HJIJIJ0CTpaUHH l!Cil0Jib30BaHbl aBTOpCKHe .l{aHHble no )lllHaMl!Ke 
6 

l 
ii 
! 
I 

HaKaqKH JI)lepHOH nonJipH3aUl!ll B D-6yTaHOJie, H-6yraHOJie H aMMHaKe, n0Ka3aHHbie 

Ha Puc. 1, u .l{aHHble no JI.l{epHblM BpeMeHaM penaKCaUHll B nponaH)lll0Jie a lllllp0K0M 

llHTepBane noneH H TeMnep~ryp [3A]. B CBJI3ll C o6Hap~eHHbIM MOJlYJIJIUHOHHbIM 

ycttJieHHeM Il0JIJipH3aUHll ( CM. rn. 6) [ 4A, SA, 6A], OTMeqaerCJI, lff0 MHKpOCKO

m1qecKaJI TeopHJI .[J;IUI He yqHTbIBaer C00THOllleH11e )lH3JieICTpwieCKllX ll MarHHTHblX 

noTepb B MaTepttane, OT KOT0poro, npn 3a)laHHOH CTeneHn HaCbJll.leHHJI 3I1P-JIHHllll, 

cymecTBeHH0 3aBHCHT TeMneparypa pewerKn ll MaKCllMaJibHaJI noID!pmauHJI. 

MaKCHMaJibHaJI BeJIHqHHa )lOCTHraeMOH nOJIJipll3aUHH npOT0H0B ll .11ei'rrpOHOB paBHa 

±963/o ll +543/o, -603/o, COOTBe'fCTBeHHO. 

KpaTKo onttcaHa K0HCTpYKUHJI pecpptt)Keparnpa pacrBopeHHJI SMC-MttweHH 

[8]. Ero CHCTeMa 0TKaqKll 
3
He o6ecneqHBaer orp0MttyIO CK0p0CTb UHPKYJIJIUHH B 

)lllana30He 0.027+0.35 MOJI!c B0CbMblO nocJie)l0BaTeJibH0 BKJIJOqeHHbIMll 

repMe-Tll3Hp0BaHHb!Mll HacocaMH cpttpMbl Roots C npOH3BO)litreJibHOCTblO 13 500 M3 /q, 

MaKCHMaJihHaJI xono.11onpoll3BOJlHTeJibHOCTb .11ocrttraer 3 Barr npH reMneparype 0.75 

K. MHHHMaJibHaJI TeMneparypa, )lOCTHrHYTa.JI npu )lJIHTeJibH0M 0XJia)K)leHHll B 

oTcyrcrnue nyqKa cocraBHJia 35 MK, pa6oqaJI TeMneparypa 60+80 MK. Pacxo.11 
4
He 

KOJie6nercJI B npe.11enax 15+40 JI/q_ TeMneparypHbie ll3MepeHHJI flll)Ke 10 K 0CH0BaHbl 

Ha K0Mno3nuuoHHhIX (Allen Bradly, Speer) HJIH RuO TepMoMerpax. KpoMe 3Toro, 

Speer ll RuO TepM0MeTpbl HCn0Jib30BaJIHCb B Kaqecrse 6oJIOMerpOB MHKpOBOJIHOBOH 

M0ll.lH0CTll B pe30HaTope. B rpacjlnqecKOM HHTepcpeiice 3a)leHCTBOBaH KOMMepqecKHll 

naKer nporpaMM SL-GMS; oH no)l)lep)KnBaerc.SI UNIX-nnaTcjlopMaMH n X

TepMHHaJiaMH. YnpaBJIJilOll.lHe nporpaMMbl 0CH0BaHbl Ha VME-npoueccopax. 

KoHTpOJIHpyerc.SI 6onee 100 KpnoreHHblX napaMerp0B [8]. B 3aKJIJOqeHHe npHB0)l.SITC.SI 

)laHHbie no MarHHTHOll CHCTeMe MllllleHH. 

r JiaBa 3.. H3Mepenue aoep11ou noll.llpU3lll{UU JltUuteneu. AHaJIH3HpyercJI 

JluBepnynhCKHtt Q-Merp [9], cxeMa K0Toporo npuBe)leHa Ha Puc. 2. flpn6op 

noBCeMeCTH0 ncn0Jib3YeTC.SI )lJIJI ll3MepeHH.SI JI)lepHOll noJIJipll3aQHll B 3KcnepHMeHTax 

no pacceJIHlllO 3JieMeHTapHblX qaCTHU. TeoperHqeCKHe llCCJie)loBaHHJI pa6oTbl 

nptt6opa, BbIII0JIHeHHbie .110 CllX nop, o6bJqHo 0CH0BbIBaJIHCb Ha pa3JI0)KeHHll 
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BbIXO.!lHOro HarrpH)KeHml Q-Me-rpa B PH.!l ITO cTerreHHM H.UepHOH BOCIIpHilM'-IHBOCTH 

V -ict 
Ge Ti~B~~--

,-~<l>~~ :-
; : ____ : T(W) ~op~ x' 

~

((3-14)! 

1 t-
\! ~ F--------' x• 
~ 
Voot.(w) 

Pile. 2. 6JJOK-cxeMa JlH
uepnyJJbCKoro Q-MeTpa. 

CBUb MelKJlY BOCnpm!M

'lllBOCTblO MaTepHaJJa II 

Bb!XOJlHb!M HanpJ1lKem1eM 

JlaeTCJI ypaBHem1eM (I); B 

Jll!CcepTaUllll - )TO ypaB

HeH11e (3-14). DyHKTll

pOM noKa3aHbl He)lOC

TalOUll!e )JJeMeHTbl, KOTO

pb!e Heo6XO)ll!Mbl Jl)IJI 

TO'IHOfO BOCCTaHOBJleHllll 

BOcnp1111M'lllBOCTII. 

[7 A]. TaKott amlJIH3 He o6ecrreqttBaeT TOqHbIH pacqeT KoppeKTttpyiomttx rrorrpaBoK 

rrpH 60JibIIIHX ClffHanax, Kor.ua CIIeKTPbI .5IMP-cttmanoB rrpHHHMaIOTCH C CHJibHblMH 

HeJittHeHHbIMJI HCKa)KeHJIHMJI. TionyqeHo ypaBHeHtte, KOTOpoe B 3aMKHyroii qiopMe 

Bblpa)KaCT BOCIIplIIIMqJIBOCTb qepe3 rrapaMeTpbl rrpHCMHoro KOH'rypa H KOMITJieKCHOC 

HarrpH)KeHJIC Ha BblXO.Ue Q-MCTPa [8A]: 

~(m) = 11{x' -ix"(m)} = 

-iRGG2 (m) {S(m)+iT(m)} 
mL = 1- p-1 Rc;G(m)cosh(i){PP + [1 + p(R-i I wCP )]tarrh(i)}{s(m) + iT(m)} 

(1) 

r.ue co= 27tV, v- qacToTa pa,nttoqacToTHoro reHepaTopa, TJ - qiaKTop 3arronHeHHH 

Ka'ryIIIKJI MaTepJianoM, L - JIH.!lYKTJIBHOCTb KaryIIIKJI nptt X = 0, C - CMKOCTb 

HaCTPOHKJI, y = a + i/3; a - ycpC.!lHCHHaH IIOCTOHHHaH 3aTYXaHJIH, /3 - qJa30BaH 

KOHCTaHTa. <PyttKIIJIH X(W) = X'(m)-iX"(m) HBJIHCTCH H.!lCpHOH BOCIIpHHMqHBOCTblO 

MaTepJiana. AHanJI3 ypaBHeHJIH (1) JI 3KCIIepJIMeHTanbHbie uccne,noBaHJIH npttBOMT K 
. . 

cne.uyiomeMy 3aKn10qeHJIIO: npJI BOCIIpOH3Be.!lCHJIJI cJirHana B03HJIKalOT CHJlbHbIC 

aMIInllTY.!lHbIC JI qacTOTHblC JICKa)KCHJIH CIICKTPa, IIOKa'3aHHblC Ha PJic. 3. L{nH nonnoro 

BOCCTaHOBJICHJIH HaTYPanhHOH BOCIIpJIJIMqJIBOCTH HC06XO.!lHMO JI3MCpHTb KaK 

peanbH)'IO S(co), TaK JI MHHM)'IO T(co) KOMIIOHC~Tbl cumana. C 3TOH IICJiblO B cxeMy 

npJI6opa Ha PJic. 2 HC06XO.!lllMO .uo6aBHTb 3JieMeHTbl, o603HaqenHbie IIYHKTHpOM. TeM 
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He Mcnee, 113 0611.111x coo6pa)KeHHH y.uaercH rroKa3aTh, qTo HHTerpan OT S(m) .uaer 

xopoIIIee np116mrncem1e K .uettCTBHTeJibHOH nonHp1na111rn .ua)Ke npu 3Haq11TeJihHhIX 

HCJIIIHCHHbIX HCKa)KeHllHX cneKTpOB. HanpttMep, OTHOIIIem1e IIHTerpanoB ClffHaJIOB 

P11cyHOK 3. ITp11 0.:lHOH ll TOIi JKe 

Be:rn'IHHe ll QJOpMe .111Hllll ll.:lCPHOH 

BOCDplllfM'lllBOCTll MarcpHa,a 

He.111HCHHblC llCKalKCHllJI cneKTJ)OB 

1aBllCJIT OT 1Ha.Ka no;rnpH1auHH . 

.[{;rn cpaBHCHllJI CllfHa'I OTPIIUa

rem,HOH no.'IJlpH1auHH llHBCPTll

poBaH. 

1.0 

~ 
'" 
= .. e, 
~ 

r 

I
.I hTpl!QaTieJll,llaJI 

I IIOJl!!J)HJ. 

:i: 

~ 0.5 

i 
0 

:,g 

{"· 
rroJiol!Cm= Jr l 

IIOru!pllJ. ~ 

\ :/ \_ 
•i' I 

:, \·. 
/i ... 
t/ I . 

on[ s<Z, \~:?? I 
106.2 . 106 5 

1-lacrorn (l\.in:v 
106.8 

IIOJIO)KllTeJibHOH H OTp1111aTeJibHOH IIOJIHpll3a1.1ufi ±90¾, IIOKa3aHHbIX Ha Puc. 3, 

COCTaBJIHeT 0.98, HeCMOTPH Ha npaKTHqecKH pa3HYIO qiopMy Jll!Hllll BblXO.!lHbIX 

CHrHaJIOB. I10Ka3aHo [SA], qTo 3TO o6CTOHTeJibCTBO CBH3ano C HaJillqlleM 

ymrnepCaJibHOH 3aKOHOMepHOCTll, 06ecrreq1rna1011.1eii rrpHMepHylO He3aBHCIIMOCTb 

IrnTerpaJibHblX ll3MepeHHH OT cneKTpaJibHbIX llCKa,KeHHH. YpaBHemie (I) 1103B0JIHeT 

npocquTaTb qiopMy JlllHllH B IIIHpOKOM .UHana30HC '-laCToT; pe3yJibTaT pac,1era 110Ka3aH 

Ha Pttc. 4. B pe3yJihTaTe aHanll3a onpe.uenHeTCH 3aa11cHMOCTb KoppeKTupyIOLUHX 

nonpaaoK OT rrono,Kemrn 6a3oaofi mrn11u pa3BepTKH rrp11 IIHTerpnpoaamm crre11.1pa. 

,ll;anee paccMaTpHBaeTCH BJillHHlle BKJIIO'-leHllH KOaKCllaJibHOro Ka6eJIH a npneMHblH 

Konryp Q-Merpa Ha ero qyBCTBHTeJibHOCTb [9A], 110.!l KOTOpo11 IIOHIIMaCTC51 

OTHOIIIeHHe MOII.IHOCTH nornou~eHHOH CIIHHOBOH CllCTeMOH H.Uep K MOII.IHOCTII IIOTCpb 

B KOHrype (P.,1P,). 3aBHCHMOCTb qyBCTBJITeJibHOCTH OT .ummbI Ka6enH HMeer 011.u [9A]: 

p s,= / = 'lx"Q 1+1g~(,ai) 
A (2) 

r.ue 
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~ :z:0.5 
Ii! u 

PHC)'HOK .t TipoTOHHblR CHrHa-i 

paCC'illTaHHblR B WHpOKml HHTCP

Ba-ie 'iaCTOT no TO'iHOR q,op~I)· .-ie 

(l). BIUHbl CaTC.UHTbl Ha 6oKO

Bb!X 'iaCTOTaX. TaKHe caTC.'J..'JIITbl 

Ha6:no.:i;amch B 3TIP-cneKTpax Ha 

MHKpOBO.'IHOBblX 'iaCTOTaX. 

0.Q~ ...,.._____J\ I ·--

40 60 80 100 lW 140 160 lSC 
'lfacTOTa (MrQ) 

A= l + _!_ p!(l + tg 2(p1))(r.vLo + __l!__) + .!_(__l!__- r.vL0
)tg2 (PI). 

2 p r.vL0 2 r.vL0 p 
(3) 

3)leCb r -conpoTttBJieHHe Ka-rylllKH, Ro - Y'IHTbIBaeT nepe)laqy MOUIHOCTH BO BXO/lHYIO 

uenh ycHJIHTem1 H noTepH B KOH)leHCaTOpe {C), Q - )lo6poTHOCTb rn6pH)lHOrO 

KOH-rypa, Lo - HH/lYKTHBHOCTb Ka-rylllKH, p - BOJIHOBOe conpoTHBJieHHe Ka6em1. 

YTO'!HeHbl H qiopMyJibl )lJ151 C)lBHra pe3oHaHCHOH qaCTOTbl KOH-rypa nptt paCCTPOHKe, 

KOTOpaH TaK)Ke 3aBHCHT OT )lJIHHbl Ka6eJIH, BKJIIO'leHHOfO B nptteMHbIH KOHTYP [9A, 

l0A, l lA]: 

2 · t).r.v l + tg2 (pl) 
--- = -11x' -----'----'- , 

r.vo A 
(4) 

r)le coo - pe30HaHCHaH qaCTOTa KOH-rypa. CoOTHOllleHH51 (2-a-4) cnpaBe)lJIHBbl l1 )lJ151 

napanneJibHOro KOH-rypa. <l>opMyna (2) KOppeKTHpyeT xopolllO H3BeCTHOe B TeXHHKe 

JIMP COOTHOllleHHe Po6HHCOHa [10], cnpaBe)lJillBOe )lJIH npoCToro npHCMHOrO KOH-rypa 

6e3 Ka6enH; OHO nonyqa!OeTC51 H3 (2) npH / = 0. IlonyqeHHble ypaBHeHH51 n03BOJ151!0T 

onTHMH3IIpOBaTb npIIeMHblH KOHTYP npH II3MepeHIIH CBepxcna6hIX JIMP-cttrHaJIOB. 

HanpIIMep, noKa3aHO, 'ITO npII ll3MepeHIIH cneKTPOB a30Ta B aM~ma'IHOH MHllleHH 

HCnOJib30BaHHe Ka6eJI51 )lJIHHbl / < }./4 BMCCTO I = }./2 )laeT Bblllrpbllll B OTHOllleHHH 

CIIrttaJiflllyM B 3.2 pa1a. l.JIICJieHHble pac'leTbl xopOlllO cornacy!OTC51 C )laHHbIMII 

:iKcnep11MeHTa. 
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l.JeTBepTaH rnasa. H3.uepeuue noJ1J1pu3a14uu Rdep cnuua I = 1. HccneJlYeTCH 

BJIHHHHe KBa.npynOJibHOrO B3aHMO)leHCTBH51 Ha npouecc yCTaHOBJieHml BHYTpeHHero 

paBHOBeCH51 B cmrnOBbIX CIICTeMax [SA, 12A]. HccJie)lOBaHtte ocymeCTBJ15leTC51 

cpaBHeHHeM non,1p1nau1m, H3MepeHHOH no ClffHaJibHOH aCl1MM~l1H II 

HHTerpaJibHbIM MeTO)lOM. 3KcnepnMeHTaJibHbie )laHHbie nonyqeHbl )lJ151 )leHTPOHOB B 

D-6YTaHOJihHOH MHllleHH n )lJI51 qJOHOBhIX H)lep 
14

N-a10Ta B aMMna'IHOH MHllleHH 

[13A]. B 06011x MaTepnanax TeH3op rpa)lHeHTa 3JieKTPnqecKoro non,1 o6na)laeT 

aKCHaJibHOH CIIMMeTpneii. HHTeHCHBHOCTb )lettTpOHHblX JIMP-ClffHaJIOB OKa3bIBaeTC51 

npnMepHO B l 00 pa3 HH)Ke npoTOHHblX, O)lHaKO cnrHaJibl 51,nep a30Ta 0Ka3aJIHCb eme 

npHMepHO Ha )lBa nop51,nKa MeHhllle ,neHTPOHHbIX. C yqeTOM KBa,npynOJibHOro 

B3aHMO)leHCTBH51, 3Hepr1151 • Ka)K)loro H3 pacmennBlllHXC51 B MarHHTHOM none 

no!lypoBHett CnHHOBOH CHCTeMbl {I = l ), B 3aBHCHMOCTH OT MarHHTHOro KBaHTOBOro 

'IHCJia m HMeeT BH)l [11] 
. • 2 

~=~-~m+~m, (5) 

r)le 

E0 = -2hvQ(3cos2 0- 1), E1 =hvD, E2 = 3hvQ(3cos2 0- 1). (6) 

3)leCb Vo = YoHo - ueHTpaJibHaH 'laCTOTa cneKTPa, YD - rnpoMarHHTHOe OTHOllleHne 

zl 
~ 

1.5 

1.0 

0.5 

C 

/ 

SGD 
S(+l) 

S(O) 

-2 -1 0 1 2 
X = 2 6. 11/114 

PncyHOK 5. Ce.n;JIOBbIC TO'iKH 

CHl1IllJill, KOTOpbIC HCilOJlb3YIOTCJI B 

q>opM)'JIC (8) ,D;JIJI pac'iCTa IlOJIJlpH-

3aI(l[H no aCHMMCTpHH CHrHaJia. 

.neiiTPOHa, v Q = 1 / s( e 2 
qQ / 11), eQ - BeJIH'IHHa rpa,1:1neHTa 3JieKTPH'lecKoro noJIH B,1:1onh 

ll 
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rnaBttoii ocu rp~ueHTa, eq - KB~pynoJibHhiii M0MeHT .neiiTP0tta; 0 - yroJI Me)l(Jly 

HanpaBJieHtteM MarHllTH0ro II0IDI Ho ll rJiaBHOH 0CbIO TeH3opa rpa.nueHTa 

:meKTPH'leCK0ro II0JIJl. B pa3HbIX ll}lpax cooTHornettue Ei/E1 M0)KeT MeHJ1TbCJ1. B 

CJIY'lae .nefiTPottoB B 6yTattoJie HJIH nponali'.nuone Ei/E1 "" 0 c T0qH0CTbIO 0.6 % 11, 

0'leBH}lHO, E2 = 0 JlBID!eTCJl xopownM npaKTH'leCKHM np116JI11)KeHHeM )'.IJ!Jl pacqeTa 

II0IDipll3arum. O.nttaKO }lllil Jl}lep 
14

N (E2<0) B aMMnaqHoii MlllIIeHH aCHMMeTpHll, 

ll3MepeHHall npu II0JillpH3aQHJ1X 6Jill3KIIX K ttyJIIO paBtta 

w(l)-w(0) l-E2 I E1 

R(O)= w(0)-w(-1) =[T➔ oo]= l+E
2 
IE

1 
""1.46 ' (7) 

r.ne w(i = -1, 0, 1) - 3aceJieHH0CTH MarHHTHbIX IIO}lypOBHeii c npoeKQllJlMll -1, 0, 1, 

C0OTBeTCTBeHHO, ll KBa.npynoJibHOe B3aHMO}leHCTBlle Heo6xO}lllMO Y'fllTb!BaTb. Kor.na 

E2 = 0, )'.IJIJ1 pacqern II0JIJ1pu3auuu npnMeHHM MeTO}l, HaJBaHHbIH ttaMu "Folding 

asymmetry method" [14A]. H,neJ1 3aKJI10qaeTCJ1 B cJieA)'IOmeM. CneKTP .5IMP .neiiTPOHOB 

i 
~ 
e, ..., 

1.0 

0.5 

'3KcnepJut 
CHTHaJJ 

-2 

1-TeopHa 
I 

-1 0 +I 
x=2.b/~, 

+2 

P11cyHOK 6. <I>opMa J(x)-JIHHHH B 

npomll!,11,Hone, nonyqemw1 no 
ypaaHeHIDIM (9, 10). He60Jihl1IOii 

IlHK Ha CKJIO He JIHHHII - )TO 

OCTaTOK OT J+ -JIHHHI! np!! OIlTl!Ml!-

3aIUIII R.. 

C0CTOHT ll3 CYMMbl }lByx B3aHMH0 nepeKpbrnaIOI.IU~XCJl JIHHHH .1(x;) H f(x;) (CM. Puc. 5), 

cooTBeTCTByIOmux nepexo}laM m = +l B m = 0 um= 0 B m = -1. Ypasttettue [ISA] 

R= S(+l)-S(0)/✓2 
s(-1)-s(o) 1 ✓2' (8) 

II0JIY'leHH0e B }lHCCePTaUJfll, II03B0JIJleT paCC'IHTaTb aCHMM~HIO .neiiTpOHHoro 

CIIeKTPa II0 aMIIJIJfI)'}laM TPeX ce}lJI0BblX TOqeK, pacn0JI0)KeHJ1e KOT0pb!X Ha CIIeKTpe 

II0KaJaHO Ha Puc. 5. Bb1qucJIHB R, M0)KH0 He T0JibK0 paccquTaTb II0JIJ1pu3auu10, HO ll 

12 

I 
( 

I 
l 
I 
{ 
ii 

i 
~) 

)1 
t 

I 

I 

Haih11 <pOpMy JIIIHl!H 06011x MarHIITHbIX }ll!II0JlbHblX 11epeX0}l0B r(xi) II f(xi) 110 

qiopMynaM: 

.r (x,) = R2R_ I [(R + I)A(x,) + (R- I)C(x, )] , 

.I (x,)= R2

1
_JR-1)C(x,)-(R+l)A(x,)J, 

(9) 

(10) 

B KOTOpbIX S(x,) = .r (x,) + J· (x, )- c11e~p }leihpOHHOrO CllrHaJia, C(x, )- ero 

Cl!MMeTpHqHall II A( x, )- aCHMMeTp11qttaJ1 K0Ml10HeHTbl. Ha Puc. 6 110Ka3aHa <pOpMa 

JIIIHIUI O}lHOro 113 }lByx 11epeX0}l0B B 11ponaH}lll0Jie - pe3yJihTaT pacqeTa 110 

ypaBtteHl!JlM (9, 10). ITOKa3aHo, qTo CIICTeMa II3Mepem1J1 110Jlllp113aLUll! BH0CIIT B 

CIIeKTp JIO)KHYIO ac11MMeTp1110 [SA], K0Topy10 Heo6XO}llIMO yqecTb 11p11 011pe}le11emrn 

IIOllllpH3aQIIJI. O11ucatta 11po11e/lypa K0ppeKl.ll!ll neihpOHHb!X Cl1eKTpoB Ha JI0)KHYIO 

ac11MMeTp1110. 3aTeM BeJiuq1rna nom1p113al.lllll, 113MepeHHall 110 ac11MMeTpm1, 

cpaBHHBaeTCJl C }laHHbIMII IIHTerpaJibH0ro MeT0}la. TTp11 BbIC0KIIX 3HaqeHl!J1X Jl}lepHOtt 

IIOJillpll3al.lHll o6a MeT0}la 110Ka3bIBaIOT xopowo C0BMeCTl!Mble BeJIIIql!Hbl 

rroJIJ1pH3al.l11ii. O.nttaKo, 11pu a6comoTHblX aem1quttax 11om1p113al.l11ii Mettee ! 5+20% 

cpaBHeH11e pe3yJibTaT0B 06ttapy)K11Bae-r 3Haq1neJihH0e paCX0)K}lem1e . C 

11pe.ncKaJaH11J1M11 EST-rn110Te3br (Equal Spin Temperature), }leM0HCTp11pyJ1 0TCJTCTBl!e 

bOJlbl.lMaHOBCKOro pac11pe}leJieHHJ1 a CIIIIHOBOH CIICTeMe [ 12A]. TTpo6JieMbI, 

CBJ13aHHbie C ycTaHOBJieHHeM bOJlbl.lMaHOBCKoro paBH0BeCHJl B MHoroypoBHeBb!X 

CIIHHOBbIX CUCTeMax, B 3Haq11TeJibHOH Mepe B03pacTaIOT 11p11 yaem1qem111 

KBa/lpyrroJibHOro B3aHMO}leHCTBHJ1; 3T0 110Ka3aHo Ha 11p11Mepe 11cc11enoaam1fi qJOHOBbIX 
14

N-J1.nep B aMM11aqttoii Murnett11 [ 13A, I 6A]. 3}lecb, H3-3a orpoMHott w11p11Hb1 JIMP-

11uttuu, HeB03MO)KHO ll3Mep!ITb IIHTerpaJibHYIO l!HTeHCIIBH0CTb ClffHaJia, a, l13-3a 

Me.n11ettttoro ycTattoBnettull paattoaecttoro pac11pene11emrn a 1130111,poaattttofi 

CIIIIHOBOH CIICTeMe, llH0r}la HeJib3J1 onpeneJIUTb 110Jillp113al.lllIO 110 ac11MMeTp1111 cpopMbl 

JIIIHllll. H3MepeHHJ1 11p0B0}lHJIHCb Ha qacT0Te VN. = 6.47 Mrl.l B 110Jie 2.1 Tn. 

AMIIJIHTYJ'.lbI curnanoa OKaJaJIUCb CT0Jib MaJibIMII, no cpaattett1110 c .npeficpoM 6aJoaoit 

n11tt1111, 'ITO c Tpy.noM pernCTpupoaan11cb .na)Ke 6onee qeM a /lBecn1 pa3 yc1rnetttth1e 

CHrHaJibI; 3TH crreKTpbl 110Ka3aHbl Ha P11c. 7. 
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P11cyHOK 7. CpaJ!HIITe.ThHhie Be.1WIIIHbl 

IIHreHCIIBHOCTeH r II J" Bfi.1ll111 Ill!KOB 

cneKTpa 14N. Cpe.lHllll qaCTh cneKTpoB 

"~blpe:iatta". '-!T06hI llCHee noKa'!aTb 

COOTH011IeH11e amL'IlfI)' ,l. Y cpe,lHl!CTCJI 

5x2000 c11rna,os. OrH0111eH11e a,1n.mry.l 

COOTBeTCTByer OTPIIIIilTe.ThHO~I)' 3Ha'-leHIUO 

E2 B <jlop~iy .,e (5). 

DbIJIO yCTaHOBJJeHO, 'ITO npH CHH)KeHHH Be!lymero nom1 MarHHTa HacrynaeT 

3cpcpeKTHBHOe TenJJOBOe CMeumsaHHe Me)l(Jly npOTOHHOH H 
14

N cnHHOBblMH 

CHCTeMaMH. B pe3yJJbTaTe nom1pH3aum1 cpoHOBbIX l!/lep a30Ta B03pacTaJJa B HeCKOJJbKO 

pa3 3a C'leT nepepacnpe)leJJem-1ll 3aceJJeHHOCTeii npu TenJJOBOM cMeunrnamm. 

TIOKa3aHO, 'ITO npouecc B0CCTaH0BJJeHHll H0B0ro paBH0BeCHOrD pacnpe)leJJeHHll B 

OTCYTCTBHe CBq-HaKa'lKH, no-BH)lHM0MY, onpe!leJJl!eTCl! )lJJHHHb!MH speMeHaMH cnHH

perneTO'lHOH peJJaKcaUHH, TaK KaK npH rnHpOKHX cneKTJ)aX l!)lep a30Ta OH /lOJJ)KeH 

6bITb CBll3aH C HecoxpaHeHHeM 3eeMaHOBCKOH )Heprnu cnHH0B B noJJe. 3To 03Ha'laeT, 

'ITO s oTcyrCTaHe CBq-HaKa'lKH HepasHosecHoe pacnpe/leJJeHHe s TaKOH cn11Hosoii 

0.20~~~~-~~~~~~~~~~~~~ 

P11cyHoK 8. ITp11 pac'-leTe no."lll

pmaJ.{ttH 
14

Na ttyiKHO nOJib30BaTbCll '" 

<jlop~ty.1oii ~? I); B HaJIIHX onLrrax C ~ 0 _10 
= (9.4 MB) . ITp11 CILThHOM KBa,L[- oi, 

pyno.TuHml y11111pemrn pacqer ! 0
-
05 

0.15 

. no."lllpH'!al.{1111 no aCIIMMeTPIIII § 0.00 

MOlKeT np11BCCTII K fiOJlblllllM ; 

0111116Ka\l 111-1a orpOMHOTO BpeMellll i -0.0
5 

ycraHOB."ICHIIJI Ten,lOBOTO paBHOBe- § -0.10 

Cllll B TaKHX CilllHOBblX CIICTeMax. ~ -0.1S 

I+::_!_-_ 100% 
PN=-9~4MB 

- TeopH>I 
• Cym,a BMIJJIHIYII 

(JKCnepHMOHT) 

-0~1.0 -o s -o.6 -0.4 -0.2 o.o o.z o.4· o.6 o.s 1.o 
llpimi1111u:_ m,JI11pm~ 

CHCTeMe M0)KeT 6hITb ''3aMOpO)KeHO". qT06hI coxpaHl1Tb KOHTPOJlb Ha)l nOJJl!pH3auueii 

cpoHOBblX l!/lep a30Ta, . 3KCnJJyaTallHIO aMMHa'lHOH Ml1lIIeHH ueJJecoo6pa3HO 

ocymeCTBJJl!Tb .TOJJbKO B . pe)KUMe ttenpepbIBHOH ):{HHaMH'lCCKOH IlOJJllp!I3aUHl1 l!Aep. 

Toraa MexaHH3M )];IUI cnoco6CTBYeT ycraH0BJJeHmo DOJlbUMaHOBCKOr0 

14 

1. 
11 

~ 
'1 

f 

pacnpe,L\eJ1eH1rn C eAHHOH Cnl!HOBOll TeMnepaTypofl B mo6hIX cnHH0BbIX CHCTeMax. 

TioKa3aHO, lfTO B OTCYTCTBHe paBHOBec,rn cyMMa HIITeHCHBHOCTefl nHKOB cneKTpa 

S = f[ I. ( v) + I_ ( v)}:iv"' cf F (,-rl 2) + F (1r I 2)], (11) 

r.[\e KmqiqrnuHeHT C - KaJrn6pOBO.'lHall K0HCT3HTa, 3HatJHTeJihHO JJYtJWe 

cornacyeTCll c paBHOBecH0H EST-KpHBOH [13A, 16A], t.JeM nom1pH3aQHll, 

paCC'IHTaHHal! no aCHMMeTplm cneKTpa; :TO 11JIJJIOCTpHpyeTCll Ha P1-1c. 8. rnaBHh!M 

pe3yJJhTaT0M, npoAeJJaHHbIX Bhlille paCI.JeT0B, l!BJJlleTCll TO, .'ITO 0HH Il0JIH0CThlO 

pacKphIBaIOT oco6eHHOCTH noBeAemrn CilHH0B qJOHOBbIX l!Aep a3oTa B aMMlfalJHQH 

MHWeHH, KOTOpal! ceflt.Jac MO)KeT paCCMaTpHBaTbCl! B Kat.JeCTBe Il0JJH0CTblO 

onpe)leJJeHHOH cpH3H'IeCKOH cpeAbl Ml! npoBe)leHHll 3KCnepHMeHT0B B o6naCTH 

!pH3HKH 3JieMeHTapHbIX .lJaCTHI..\. 

IlHTaH rnaea. O611apyJ,ce11ue" u ucCJle0o6allue :i,P,PeKma c6epxu3JZY'le11u11. 

On1-1caHhl 3KCnepHMeHTbl no o6Hapy)KeHIJIO H HCCJie)l0BaHHIO 

cBepXH3JJyt.JeHHll (Cl1) l!AepHbIX MarHHTHhI_X AHilOJieH [17A, 18A, 19A). B 0Tm11.JHe 

OT OilTWieCK0ro H IIHcppaKpacHOrO AHaila30H0B B0JIH BepOjiTHOCTh Cil0HTaHH0ro 

H3JJy.tJeHHll Ha pa)lH0'IaCT0TaX npeHe6pe)KHMO MaJJa [I 2), BCJJeACTBHe .'!era Ha 

PncyHoK 9. Pa::py111eH11e OTPHQaTeJib-

two 
~ = !l u 

--~~ ,,, Hott nollilpl-CaJ..IIIII MIIIIIeHII ceepx-

\ // 11::.rryqeHHeM np11 peeepce. ITepBOHa-

·,{ // qaJibHaJI IlOIDlpW.:aJ..lllll {TOHKl!e nyHK-

:1: f( TllpHbie JIIIHIIII~ CTIIMym1pyeT Cif, 
]1/i nocne qero ll,npa np1106peTaJOT 

N, 6. 8. ,l'.lo Cll..._.' ., NH3 
p - . 92 % ~ :: nOJIOlKl!TeJibHYIO, JI1160 pe:::Ko nOHH-~·· :j :: )KaJOT nepBOHa'-laJibHYIO BeJillqHHY. 

·12000 

:j ::-N,i; p - +22 %. nocJie CH noID1pn:::a1..11111. lli.rryqeHne MOlKHO nerno 
1• • . 
·;:- - N,8, P - -57%. nocJie CH ,neTeKTllpOBaTh TIIIOKe II HH:::KOTeMne-

._, pa-rypHb!MII 6onm1eTPaMII. 
100 200 300 400 

HoMep ICaH3Jla 

pa)lH0'I3CT0Tax HeB03M0)KHQ pea.JIH30BaTb reHepaQHIO 6e3 pe30HaTopa, xorn 

TeopeTH'IeCKH TaKall B03M0)KH0CTh o6cy)K.[\aeTCR. B cna6o YCHJIHBaIO~HX 

aKTHBHblX cpe)laX reHepaQHl! H3Y'HlJiaCh npH HCCJieA0BaHHH pa60Thl pe30HaHCH0ro 

Ma3epa Ha aMMHaKe, TT03T0MY, CJieAYll [13), 6yAeM Ha3hIBaTb ee reHepa1..11-1efl 

"Ma3epHoro'" THna. B Ma3epH0M reHepaTope CilHHbl K0MileHCHPYIOT Il0TepH B 

15 



pe:30HaTope, HO ero CBJI3b co ~IlHHOBOH: CHCTeMoii CJIHIIIKOM cna6a, qT06hI o6pa30BaTb 

e.nmiyro CBJI3aHttyIO KOJie6aTeJibttylO CHCTeM)'. HaM y.nanoCb IlOKa3aTh, qTo BbIIIIe 

HeKoToporo nopora JI.nepHoii noJIJipmarvm, B03HHKaeT .npyroii csepxmnyqaTeJihHhiii 

Tun KorepeHTHOii reHepauuu. HHTeHcnBHOCTh CH-renepauuu nponopuuonanbtta 

KBa.npary qncna mnyqaTeneii. Puc. 9 unJIIDCTpupyeT pa3pyIIIenue nonJipH3auuu 

npoToHOB csepxmnyqeHHeM B npouecce pesepca OTPUUaTeJihHOii nonJipu3auuu SMC-

' MUIIIeHn. Ilpu O)];HOpOAHOH: naqaJibHOH: noJIJipmaunu MUIIIeHH, CH HHBepntpyeT llJIH 

CUJibHO nOHU)l(aeT nenuqnHy KOHeqnoii IlOJIJipu3auuu, B 3aBHCUMOCTH OT senuquHbl 

JIOKaJibHOro rpa.nneHTa IlOJIJI secy~ero MarHHTa. ,ll;pyruMH CJIOBaMn, CH napyIIIaeT 

HOpMaJibttyIO 3KcnnyaTal.{UlO MHUieHU. BbinOJIHeHa ouenKa B03M0)1(H0CTU 

OTPUUaTeJihHblM B03HHKHOBeHlll CH cpasHeHneM noTeph B pC30HaTope c 

conpOTIIBJieHneM, BHOCIIMblM B KOHTYP CilHHOBOH: CHCTeMOH: JI)];ep. 

Cl1· m.mylll,C 

/ 

Mr-JOJJY'leHHe 

I 
0 40 80 120 160 

BpeMK (Mc) 
200 240 

20 

151~ 

I 
10~ ~ 

J 
I 

5 

280 

PncyHoK 10. Cy111ecTBycr ,:i;Ba BHJJ:a 

reHepnpyeMLIX nMny JILCOB: CH 

(neBLiii) H Mr (npaBLiii) C COBep

meHHO pa3IDf'lllbIM IlOBe,!J.eHHeM OT 
BeJIWIHHLI HaqanLHOii IlOJIJlpmaiurn. 

,ll;anee onucaHhI paHHIIC ::iKcnepuMeHThI aBTOpa no o6Hapy)l(ettnro pa.nnoqaCTOTHoro 

csepxmnyqeHll! [ I 7 A, I SA]. B xo.ne 3KcnepnMeHTOB 6bmo yCTaHoBneno, qrn npu 

noJIJipmauuJIX -(39+45)%< P<-9%, r.ne Hll)l(HJIJI rpaHuua 3aBUCHT OT CKOpOCTH 

pa:3BepTKII IlOJIJI, CIICTCMa )];eTeKTnpyeT e.nnHCTBeHHblH: IIMTTYJibC Ma3epHoii renepauuu 

(Mr) c )];JIHTeJihHOCTblO, )];OCTIIraro~eii 0.3 c; npaBblH: HMnyJihC Ha Puc. 10. C 

yaenuqeHneM naqanhHOii noJIJipmau1rn noJIBJIJieTCJI BTopoii KOpOTKHii CH-uMnynhc; 

JieBblH: HMnyJihC Ha Puc. 10. Ha Puc. 11 B pa3BepHyrOM BH)];e Il0Ka3atta q>OpMa 3TOro 

CH-uMnyJihCa, KOTOpaJI B COOTBeTCTBHH C Teopueii OnTuqecKoro CH OilHChIBaeTCJI 

ypasneHneM [14] 

16 

t 
I 
l 
' 

I 
) 

I 

J(1)oc sec f I-,,,) l ' (12) 

r.ue to - spe~rn 3a,uep)KKH, t - spe~rn, xapaKTCPl13YIOLIJee w11p1rny mmy11bca. 

0Tm1qHoe COBna,ue,-me cj)opMbl JlllHIIII Cl1 C Teop11e11 IlO,il,TBCp)K,aaeT ee 

ymmepcaJJbHOCTb B npHJ10)KCHll11 K MarHIITHOMY Cl1. B CBOCH 

OCHOBono11ara10LIJCH pa6oTe .[(HKKe [I 5] noKa3aJ1, 4TO CIICTCMa N 

llHBCpTHpOBaHHbIX cnHHOB MO)KCT cnoH-

TaHHO nepeHTH B OCIIOBHOe COCTOllHHe 3a 

BpCMll, o6paTHO nponopu11011aJ1bHOe 411C

JJY 113Jly4aTeJJctt (tc - N- 1 ). floCKOJlbKY flOJl

Hall ·rnepr11l1, 113Jly4aeMall KOJ1J1CKTHBOM N 

aTOMOB, 04CBH,il,HO pastta Nhvo, r,uc vo -

'JaCTOTa ncpexo,il,a II h - nocTOllHHall 
; 

fl11a1ma, TO HHTCHCHBHOCTb H3J1Y4Cllllll 

Jex: Nhv,, Ir, ex: N 2 
( 13i 

200 

g 
(I) 

§ 
(IJ 

* "' ~ 
~ 

100 

50 

• 

P=-0.57 

• Teop1-rn 

-- 3Kcner 

0 10 20 30 -40 

BpeMll lOµsiI<aHa.JI 

,il,OJl)KHa CO,il,Cp)l{aTb 4J1CH nponopl(HOHaJlb

HblH N
2

• 3cpcj)eKT 06ycJ10BJlCH HaBC,il,CHIICM 

KOppeJJJIIJIIII MC)K,il,y MOMCHTaM11 nepexo,il,a 

npocTpaHCTBCHHO pa3,il,CJ1CHHblX 113J1Y'HlTC

Jlett, B3al1MO,il,CHCTllYIOLIJIIX ,il,pyr C .il.pyroM 

4epe3 no11e H3JJY4CHHll [19A]. Ha PHc. 12 

npC,il,CTaBJlCHbl 3aBHCIIMOCTH IlJlOLL(a,il,11 Mr 

11 Cl1-11MnyJ1bCOB OT BCJ1114HHbl Ha'IaJlbHOH 

no11llp113au1111 [I SA). 811,il,HO, 'ITO npH 

HCBblCOKHX Il0Jlllp113al(HllX ,il,OMIIHl!pycT 

P11cyHOK 11. TeopeTll'ICCK,rn II JKcnep11-

MeHT,JnbH;JJI <jJopMbl CII-IIMll}'nbca np11 

.n.ayx JHa,1e1111J1x 11,P1anb1wii no1rnp1na
~1111 MIIWCll!1 [17A. 18A). 

HCKOrepeHTH<lll KOMTTOHCHTa 113JlytIC1111ll, T.e. Mr. f1o Mepe pocTa IlOJ1llp113atUIII, 

npOHCXO,il,IIT nepepacnpe,il,CJlCIHfe 3Hepnrn cmIHOBOH CIICTCMl,I B nom,:iy 

CBCpXl13Jlj"ICHHll (CM. P11c. 12). Ha P11c. 12 n0Ka3a1rn 3aBIICIIMOCTb MaKCIIMaJihllOII 

HHTettc11n11ocn1 Ci1-11Mny11bca 11 ,il,JllfTCJlbHOCTH CH OT no11llpmat11111 - tc( P) [ISA[. 

113 p11cyHKa xopo1110 B11.[UIO, KaK y1111sepcaJ1bllhlC 3aBIICIIMOCTII tc - 1/N II .I ex: N', 
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cnpase.umrnb1e .UJUI mo6oro CH npouecca [15], pea.mnyeTcj{ B MarHHTHOM CH. TaK 

Hal.faJTbHbIH y'laCToK KpHBOH 'tc ~ 1/N ~ 1/P HMeeT xapaKTepHyJO cpopMy rnnep6oJihI, a 

UHTeHClfBHOCTb - napa60Jitt'leCKYIO 3aBHCHMOCTb J 'X. P2 
OT j{)lepHOH TIOJij{plf3aUiilf. 

flOMUMO opttrlfHaJibHbIX lfCCJie)lOBaHHH, aHaJIH3 Hawero 3KCnepttMeHTa BbITIOJIHeH B 

pa6oTe [16]. AHanttrn'!ecKoe peIIIeHtte [16] .uaeT cpopMy CH-Hanpj{)KeHttj{, xopoIIIo 

cosna.uaJOlllYJO c o6mel"i cpopMynol"i (12) u cpopMOH Ha6nJO.uaeMhIX ttMnyJihCOB. B 

pe3yJihTaTe aHaJIIf3a YTO'!HeHo ycJIOBtte B036y)K)leHUj{ KBaHTOBOro reHepaTopa (B Hero 

.uo6aBJij{eTCj{ cos-'IJieH) [20A]: 

( 
I )-1 

~ = 211r.Qjm,0 Jcos
2 o , (13) 

r.ue TR - speMj{ pa.uttaUttOHHOro 3aryxaHlfjj KOJie6aHHH B pe30HaTope, Q - .uo6pOTHOCTb 

pe30HaTopa, ri- <paKTop 3aTIOJIHeHlfj{, ffizo - Ha'laJibH~ HaMarHtt'leHHOCTb If O -

napaMeTp, OTilfCbIBa!OllllfH paccrpol"iey pe30HaTopa OTHOCHTeJibHO napMOpOBCKOH 

'laCTOTbl CTIHHOB. PaccMaTPHBaeTCj{ BJilfj{HUe paCCTpOHKlf '!aCTOTbl pe30HaTopa Ha 

nose.ueHtte CH tt ttccne.uyeTcj{ MexaHH3M "3axsaTa" pe3oHaHCHOH '!aCTOTbI cmrnosoii 

CttCTeMOH j{)lep [20A]. flOKa3aHO, 'ITO )lJittTeJibHOCTb Mr- ttMnyJihCa paCTeT, a 

)lJittTeJibHOCTb CH-HMTIYJibCa yMeHbUlaeTCj{ C poCTOM Ha'laJibHOH TIOJij{plf3aUHlf ( CM. 

Pttc. 12). KaK cne.uyeT tt3 pac'leTOB EnyMa [17], ypaBHeHlfj{ Enoxa He .uaJOT .ua)Ke 

Ka'!eCTBeHHOrO o6bj{CHeHlfj{ pacwttpeHHIO )lJittTeJibHOCTH Mf'-lfMTIYJibCa. ITptt'IlfHa 

HeCOOTBeTCTBlfj{ 3KCnepHMeHry ypaBHeHlfH Enoxa 3aKJTJO'laeTCj{ B TOM , 'ITO OHlf He 

18 
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Y'IHTbIBaJOT KOMTIJieKCHOro xapaKTepa UMne.uaHca pe30HaTopa, pacCTpOeHHOrO 

OTHOCl!TeJibHO 'laCTOTbl cnHHOBOH npeuecCHU. floKa3aHO, 'ITO B ycJIOBlfj!X CH

reHepauuu HaMarttu'leHHOCTb B ypaBHeHlfj!X Enoxa nepeCTaeT 6bITb "xopoIIIeii 

nepeMeHHOtt" lf3-3a CHJibHOH CBj{3lf CTilfHOB C TIOJieM pe30HaTopa [16]. IT03TOMY 

TIOBe)leHHe pa.uuo'laCTOTHOH reHepauttH OKa3bIBaeTCj{ cymeCTBeHHO CJIO)KHee, 'leM npH 

Ma3epHOH reHepauirn. ITonyqeHa MO)lU!pHUHpOBaHH~ CHCTeMa ypaBHeHHH Jinoxa, 

peweHne KOTopoii .uaeT 3asucttMOCTh 'l!1CTOTbI CH rettepauuu OT B3aUMHOH 

pacCTpOHKII pe30HaTOpa no OTHOUleHUIO K napMOpOBCKOH '!aCTOTe [20A] 

dqJ . 
(i)I = dt = (i)o + yk}.1, sm (fJ COS(fJ . (14) 

3Ta cpopMyJia COBna.uaeT C pattee nonyqeHHbIM pe3yJihTaTOM B pa6oTe [18]. B 

BbITIOJIHeHHbIX HaMH 3KCnepHMeHTax, yroJI <p H3Meffjje'fCj{, TI03TOMY 'laCTOTa 

reHepaUHH (14) OTJIH'laeTCj{ OT napMopoBCKOH 'laCTOTbl CB060)lHbIX CTIHHOB coo. TaK Ha 

'laCTOTe 2.1 · 107 
ru 3Ta pa3HOCTb )lOCTUraJia OrpOMHOH BeJIU'IIIHbl 105 ni. B 

3aKJTJO'leHHU OTMe'laeTCj{, 'ITO UCCJie)lOBattue CH Cbirpano Ba)Ktty!O pOJib B 

ocymec-raneHuu a.uua6aTu'leCKoro peaepca noMpU3aunn SMC-MuIIIeHn, KOTOpbIH 

j{BJij{e'fCj{ O)lHUM If3 rnaBHbIX cpe.UCTB SMC-3KCnepnMeHTa, CHll)KaJOJUUX 

CUCTCMaTU'ICCKYJO norpeIIIHOCTb ll3MCpCHlfjj CTpyKrypHbIX <pyHKl..\llH ttyKJTOHOB. 

HHTepec K pa.uno'laCToTHOMY CH o6bj{CttjjeTCj{ o6mHOCThJO :noro j{BJICHlfjj B 

pa3JIH'IHbIX .unana30Hax BOJIH [14, 15] u B03MO)KHOCTb!O Ha era OCHOBC 

MO)leJIHpOBaHHj{ pCHTreHOBCKUX ll OTITH'leCKUX Jia3epOB. 

UiecTaH rJJaBa. 06uapy:»eeuue u UCC/le006Q1lUe JltOOJJlRU,UOllllOW ycUJlellUJl 

aoepuou nOll1lpU3aU,UU. O6ttapy)KCHHOC HaMH MO)lyMUllOHHOC ycuJICHUC .ueiiTPOHHOH 

TI0Jij{plf3auuu MUWeHU a I. 7 pa3a, conpoBO)K)laJOJUCCCH npHMCpHO TaKUM )KC 

<paKTopoM B COKpaIUeHUU BpCMCHU )lUHaMH'leCKOH TIOMpU3auuu j{)lCp, Cblrpanu 

Ba)KHYJO poJih B SMC 3KCnepuMCHTax [IA, 2A]. Ha Puc. 13 cpaattuBaeTcj{ noae.ueHne 

.neiiTPottHoii noMpmauuu B 6YTattone B npouecce CBl.J-ttaKa'IKH c BKJIIO'leHHOH u 

Bb!KJTIO'ICHHOH MO)lyMQUCH [4A, 6A, 21A]. ,[(aHHbIC TIOKa3bIBaJOT 70% poCT 

TIOJij{plf3auuu npn M0)lyMUUH qaCT0Tbl ll npuMeptto )lBYKJ>aTHOe C0KpameHue 
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PucyHoK 13- Jlae aepxH11e 1aa11-

c11Mocn1 nomrp113a1.1m1 oT apeMeHH 

nOJJ)"IeHbl C I-IM, OCTaJJbHble - 6e3 

I-IM. Monymiumr CHJJbHO yrnnu

aaeT noJUlp1naumo M11weH11 . 

BpeMeHH nom1p113a1.11111. B JTHX 0ITbITaX QeHTpaJibHaH 4aCT0Ta C0CTaBJIHJia 70 rr1.1, 

,l],eBHaQHH 4aCT0Tbl - 30 Mf1.1 11 nepHO,ll, M0,ll,YJIH'--11111 2+5 MCeK. lJaCTOTHaH 

M0,ll,yJIHQHH Ka•,eCTBeHH0 MeHHeT IT0Be,ll,eH11e ,[(051. TaK 6oJIOMeTpH4eCKlle 

cneKTPbI 3OP CO,ll,ep)KaT 60KOBbie pe30HaHCHble JIHHHH, ecJIH 0HH IT0Jiy4eHbl Ha 

!pHKCHpoBaHHOH 4aCT0Te CBlJ-reHepaTopa,. 3TH 6oKOBb!e JII-IHHH HC4e3a!OT, 

K0r,l],a BKJII04eHa lJM. 3TO BH,ll,H0 113 P11c. 14, KOTOpblH ITOKa3bIBaeT 

H!ITeHCHBHOCTb CBlJ-noJIH B pe10HaTope npH np0XO)K,l],emm 3OP-JIHHHH ITOJieM 

MarH11Ta. B Kal!eCTBe ,l),eTeKTopa HCITOJib30BaJICH yrOJibHbIH KOMIT03H'--IHOHHblH 

pe3HCTOp Speer-220. ,[(Ba BepxH11x cneKTpa Ha Puc. 14 noJiy4eHbI npH 

ecTecrne1111011 u111p1111e cneKTPa reHeparnpa 0.1 Mf1.1 (6e3 MO,ll,YJIHQHH) 11 np11 

,ll,CBHaQHH 4aCT0Tbl 30 Mfq, COOTBeTCTBCIIHO. Hx pa3HOCTb noKa3bIBaCT CHJibHblH 

pocT napaMarHHTHhlX noTepb, 6Jiaro,ll,apH lJM. fJiaBHble ITHKH nornOl.l(CHHH 

npHXO,ll,HTCH Ha CKJIOHbl JIHHHH 3OP, HO HMCeTCH TaK)Ke H pH,ll, 60KOBblX ITHKOB C 

MCHbWHMH aMnJIHTy,ll,aMH. OnTHMaJibHaH 4aCTOTa MO,ll,yJIHQHH C0CTaBJIHeT 

I 00+500 fq, ,ll,eBHaQHH 1-IaCTOTbl - 15+30 Mf1.1. Op11 ,ll,0CTaTO'IHO ,ll,JIHIIHbIX 

nepH0,ll,ax M0,ll,YJIH'--11111 ,ll,OIT0JIHHTeJibHOe norJI0l.l(CHHC npona,l],aeT, HO BMecTe C HHM 

HC4C3aeT 11 l',10,ll,YJIHQHOHHOe ycHJICHHC ITOJIHpH3aq1111. Tpa,ll,H'--IHOHHO B 

MHKpOCKOITH4eCKOH TCOpHH ,[(051 [I 9] MO,ll,YJIHQHOHHbIC HBJICHHH 

paccMaTpHBa!OTCH KaK HBJICHHH, CBH3aHHblC C 4aCTOTHOH (BpeMCHHOH) 

,ll,HcnepCHCH BOCITPHHM4HBOCTH. B HaWCM CJiy<Jae HY)KHO y<ICCTb, 'ITO 06u-1ec 
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pewe1rne ypaBHeHHH MaKCBeJIJia 3aBHCHT OT cyMMbl KaK BpeMeHHblX, TaK 11 

npoCTpaHCTBCHHbIX nepeMCHHblX. OueHKH noKa3bIBalOT, 4TO npll pa3Mepax SMC-

MHWCHH 6oJiee 4CM B CTO pa3 npeBbIWalOl.l(CII A IT0HBJIHIOTCH Jcj)cpeKTbl, CBH3aHHbIC 

,....,.~~~~~~-r-,-,.-,-~,--,--,-.,....,....,...-r-,.....,.~"'""',..,--,60 

PttcyHOK 14. Ilpu BKJIIO'IeHIIH 

MOJlYJIHUHfl IIHTeHCIIBHOCTb no;rn B 

pe10Harnpe yMeHbWaeTcl! 113-Ja 

yaeJJH'JeHHl! MarHlffHblX noTepb B 

MaTep11ane. Yrnnem1e nonHp113a-

1.111u TIOJIY'JaeTCl! Ha 4aCTOTaX, 

COOTBeTCTBYIOWHX fJlaBHblM nu

KaM nononH11TeJJbHOro nornowe

Hllll (HHlKHllll Kpl!BaJI). 

'laoora MO.llY.MLtHH l JIII{ 

MOlltHOCTh O I MBT/rp 

1f ~ /0 .. 69.540 rru 
~ 20 
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To-.. Manona (A) 

C npoCTpaHCTBCHHOH ,ll,HCnepCHeH, KOTOpbIC OTpa)KalOT [20] " ... 3aBIICIIMOCTb 

MaKp0CKOITH4eCKHX CBOHCTB Bel.l(eCTBa OT npoCTpaHCTBCHHOH HCO,ll,HOpO,ll,HOCTI! 

JJieKTpOMarHHTHOro ITOJIH". Ha Puc.15 ITOKa3aHa 3aBHCHM0CTb ,ll,OITOJIHIITCJibHOro 

norJIOl.l(CHHH OT 4aCTOTbl MO,ll,yJI11py101.l(ero HanpH)KCHHH np11 4eTbipex yp0BHHX 

P11cyHOK 15. JaBIICllMOCTb MIIKpDBOJI

HOBOfU nor1101uemrn OT 43CTOrbl MOJly

JIHUIIII. 1-bCb[IJ.lCIIIIC HaciynaeT np11 

10~~--~~--

nepl!O/\<'lX MOJl)'JISUllll, np11Mep11O 

coana-JiaIOII{IIX C xapalCTCpllblM -

BpeMCHCM JlaChllllCIIIIH JJICKlpOllllblX ~ 

Cnll!IOB. ,l.l.aH-llblC nOJiy<JCHbl np11 T "' l 

O. ls-0.2 K L.1,mj,paMII y KpHBbLX ••-? 
ofioJJJa'-ICJlbl OTIIOCJITCJlbllblC BCJ111411}1bl ""H~ 

CB4-MOll!-IIOC111. 
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1.Jaryoya MO,!JJ'JJJII.Om (Tu.) 

CBlJ-MOl.l(HOCTH [21A]. OqeHKa (-rrrss) 112 - BpeMeHH HaCbll.'--ICHIIH mlMartlll'ICHH0CTII 

[21], BbIITOJIHCHHaH Ha OCH0BaHHH ,l],aHHblX, npllBC,ll,CHHblX Ha P11c. 15, coc-
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TaBJUICT 200--;-] 000 MCeK B 3aBl!Cl!MOCTl! OT TeMneparypbi perneTKl!. Cne.ny101Ul!e 

.naHHble noKa3bIBalOT, '-ITO, npl! HaCbIIUalO!Ul!X cBq-nom1x, HaM snepBble y.naJTOCb 

Ha6JTIO.[laTb npo1rnnem1e 3cp<peKTOB npocrpattCTBeHHOH .[ll!Cnepcm1 B )JTeKTpOHHOM 

napaMarHl!THOI\! pe30HaHce (3IIP). Ciona OTHOC.SITCH: 

I. IloHBJTeH11e 6oKOBblX caTeJTJTl!TOB B 3I1P-JTl!Hl!l!. 

2. Cttm1<em1e CBq-MOIUHOCTII np11 lJM, Heo6xo.n11MOH .llJTH nocnDKeHHH 6onee 

BbICOKOH nOJTHpl!3aUl!l!. B paMKaX o.nHopo.nHoro nOJTH BOBJJel.JeHl!e 

.uonOJTHl!TeJTbHblX cnl!HOBblX naKCTOB B HaCb11UeH11e .[IOJJ)KHO yseJTl!'-lHBaTb 

nornomaeMylO MOIUHOCTb. 

3. YMeHbllleHl!e aMnJTI!Ty',llbl 6HeHIIH nOJTH B pe3ottarnpe np11 lJM. 

,Uanee npl!BO.lll!TCH attaJTll3 nornomaeMOH MOIUHOCTII, KOTOpaH B Harnett MO,llem1 

3aBIICl!T OT llll!pl!Hbl (Q) cneKTµa cBq-reHeparnpa. B 3aBI!Cl!MOCTII OT cneKTpaJTbHOH 

rapMOHl!KI!, 1!3MeHHeTCH nOJJO)KeHl!e MaKCIIMYMOB l!HTeHCl!BHOCTl! nOJTH B 

pe3ottaTope. B pe3yJTbTaTe, HaCbIJ:UeH11e MaTepttana no 06beMy Ml!llleHII CTaHOBl!TCH 

6onee O!lHOpO,llHbIM (H3MeHHCTCH Bll!lHOCTb nOJTH). B npennOJlO)KeHIU! 6bICTpOH 

MO.llYJlHUl!I!, nony'-leHO cne.ny10mee Bbipa)KeHHe ,llJlH . MOIUHOCTb napaMarHHTHblX 

noTepb [4A, 22A] 

i ( 0/2 

Pon(off) = 2 AOJXh~n(off/ cos2 d. twon(off/) f dOJ. e-2d·P(w-w,), 
-Q/2 

(15) 

rne h2 - cneKTµaJTbHaH l!HTeHCl!BHOCTb nOJlH. BH.[IHO, '-ITO nornomaeMaH MOIUHOCTb 

P11cy110K 16. 3aimcm.iocTh 

;:lOilO.lHl!Te.ThHOrO nor;m

IUCHHJI OT a\ln:nny,11hl MO,IIY

;un-11111 npH paJHOM ypoBHe 

cpe.1111cii ~IOIUHOCTH. ITyHK

THpHbIC KJ)HBhIC - pe3y.TuJaT 

pac'!era norepb no ypa11-

11e11mo (15). HaKJIOH Bepx

ueii 1qJHBOH npH 60,TuWHX 

~IOIUHOCTllX CBll33H C B,m

llHHC~I .mHeii:Horo no 

BOCnpl!H~l'!HBOCTH 'l.'ICHa B 

ypaBHCHHH (15). 

]" 
E X} 
Q. 

i 
~ 15 
0: 
:; 
C 

:i: lO 

i 
i 5 

! 
0 

Mou.,iocn. [on<: ell] 
• 15 

5.8 
• 2.6 
• I 

0.154 K 
-----:-•r- ,.•--- • • Jt 

• .,... ........ ----"' 0.129 K 
9,Jt;•--•--i>--o-- ---a-- --- .._ -- .. -o,, .. • __ .,,. .... --~-- --o,--· 

f.,<f;[ 0.114 K ,,,,,. •• .,,. -+--♦ ---<>-- --- ♦- -- _ _,,_ __ - -•---- +- -- --o-- ---•- - . 

lD ~ 30 

AMIIJmTyAa "lactomoii MOAYJIJIUHH (Mn:d 
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3aBI!CHT TaK)Ke OT pacCTpOHKH '-laCTOTbl OTHOCHTeJlbHO ueH-rpa 3I1P-JlHHHH (~a.), 'ITO 

o6bHCHHCT noHBJleHHe 6oKOBbIX caTenmITOB s 3IlP-Jll!Hl!H. B cnyqae KOpOTKOH 

M11wem1 H y3Koro cneKTµa '-laCToT d ➔ 0, h2Q ➔ I H cpopM)'na (15) nepexonHT s 

06b1'-lHOe ypasHem1e 3IIP-TeXHHKH, cnpase,llJlHBOe np11 d << A 

P 
. /1o 

on{off) = i 20JXf, (16). 

BbITIOJlHeHa nposepKa MO.lleJlH npocrpaHCTBeHHOro HaCbIJ:UeHHH. A,llll 3TOro 

3aBHCHMOCTb nononHHTeJlbHOro nornomeHHH OT semI'-lHHhl qaCTOTHOH nesnaUHl! (Q) 

cpaBHHBaeTC51 C .naHHblMI! paC'-leTa no ypasHeHHIO (15) [4A, 22A]. Pe1yJ1bTaThI paC'-leTa 

II naHHbie onhITa nOKa3aHhl Ha PHC. 16. )];aHHbie nonyqeHhl na ueHTJ)aJTbHOH '-laCTOTe, 

06ecne'-lHBa10mei1 MaKCHMYM OTJ)HUaTeJlhHOH 51,nepHOH noAAp113aUHH; nepnon 

MO.llYAAUHH B 3THX OilhITax COCTaBJlM 2 MCeK. ,lJ;aJTbHeiiumH aHaJTH3 TIOKa3hIBaeT, 'ITO 

10.-~---~--,,-~-,--~---.-..-7 

a FM BbDUI, none n-.. o FMBl,DOJ, Ho 

■ FM20Mrll. ,r-

• FM20M~ Hr, 

-"" :J 
I! 
£40 

! 
g 

r 
~ 20 

B-0 00282 

soo 1000 

Bx~'\JI MO~ocn (0TH. e.i:d 

P11cyHOK 17. KpHBbie rrap3MarHHIHOfO 

Hachll,J.ICHHJI B 6yTaHOJIC H HX <iJHT 

(CI1JIOWHble JIHHHH) no ypaBHCHHIO 

ITpoBOTOpOBa, nO,IITBCpli\mUOT, '!TO 

nOID!pH'.lall,llJI ll,IICp B 6yT3HOJihHOH 

MIIIIlCHH onpe,11eJIJieTCJI MCX3HH3MOM 

lJ.O. 

lJM l!3MeID!eT KOHTJ)aCTHOCTb UJlII BH.llHOCTb nmepqiepeHUHOHHOH KapTHHKH TIOAA B 

pe30HaTope, scne,nCTBHe qero cpe.llHIDI nHTeHCHBHOCTH TIOAA 3a nepnon MOnyAAUHl! 

CTaHOBHTC51 onnHaKOBOH BO BCeM o6beMe MaTepttana; 3TO np051BAAeTC51 B yMeHbUieHUH 

aMTIJlHTY.llhl 6HeHHll IlOJlH. Ba)KHOH oco6eHHOCTblO paCCMOTJ)eHHOro MexaH113Ma 

.llOTIOJlHHTeJlhHOro nornomeHHH 51BJ151eTC51 TO, 'ITO OH CTHM)'JlUpyeTC51 .lll!CnepcnoHHOH 
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KOMrroHeHToiI BocrrpHHMqHBOCTH, BJIHHIOI.Qett Ha rrpoCTpaHCTBeHHYIO CTPYKTYPY 

HaCbII.Qa!OI.Qero CBq-ITOJill B pe:mHaTOpe. 

B KOHeqHoM HTore .llll3JieKTpnqecKHe II MarHllTHhie ITOTepn rrpeBpaI.Qa!OTCll B 

TeITJio, KOTopoe orrpeaem1eT TeMrreparypy peUieTKH rrpn ,LUUI. IIocKOJihKY rrpn 

MOJlYJIHL{llll qaCTOTbl .llOITOJIHHTeJihHOe MarHHTHOe rrornoI.Qem1e CBH3aHO C 

BOBJieqeHIIeM HOBblX qaCTett MaTep11ana B HaCblI.QeHne, TO eCTeCTBeHHO paCTeT II 

cpe.llHHH ITOJillpH3al.{HH MHllleHH, 'ITO aBTOMaTHqecKH 03HaqaeT poCT cpeaHeH CKOpOCTH 

HaKaqKH - B ITOJIHOM COOTBeTCTBHH c rronyqeHHb!Mll )laHHb!Mll. Ha PHC. 17 ITOKa3aHbl 

)laHHbie ITO HaCbII.QeHHIO MaTep11ana ITOJIHpH30BaHHOH MHUieHH B pa6oq11x YCJIOBHHX 

[4A, 22A]. Mb! rronaraeM, qTo 3TO rrepBaH 3KCrrepuMeHTaJibHaH aeMOHCTpal.{HH 

3Q)Q)eKTa HaCbll.QeHHH B peanbHOH MHUieHH rrpn CBepXHH3KllX TeMrreparypax. HmKHHH 

KpHBaH nonyqeHa 6e3 MOJlYJilll.{HH, Ha Kpa!O 3IIP JillHHH; OHa nOKa3hIBaeT CHJibHOe 

HaCb!I.QeHHe. Cpe)lHAA KpHBaH nonyqeHa npH TOM )Ke noCTOHHHOM none, qTo II 

Hll)KHHH rpaQ)HK, HO C BKJI!OqeHHOH MO.llYJIHL{Hett. BH,l:IHO, 'ITO BKJI!QqeHne MO.llYJIHL{llll 

ycunHBaeT rrapaMarHHTHoe nornoI.QeHHe _ np11Meptto B aBa pa1a; attanornqttoe 

1aKJI10qeH11e MO)KHO c,1:1enaTb TaK )Ke 11 no cneKTpaM aononHnTeJibHoro nornoI.QeHHH 

Ha P11c. 14. ,[(aHHbie no HaCbII.QeHHIO ITO)lTBep)KJla!OT TeOpll!O IlpOBOTOpOBa [22]. 

OnTHMaJibHaH CBq-MOI.QHOCTb c ~ COCTaBJIHJia 0.05 MBT/ CM3; OHa yMeHblllaJiaCb 

6onee qeM B 1.5 pa1a, no cpaBHeHHIO c HaKaqKoiI 6e1 ~-

Ce;:i:bMaH rJiaBa. Hoeb1e npu;,031ce11UR llO!l1lpU306UllllblX .lltullleUeU. 

PaccMaTPHBaeTcH B03MO)KHOCTb nOJIHpH3al.{Hll paa11oaKTHBHblX H.llep .llHHaMHqecKHM 

MeTO)lOM [23A]. IlpHHL{HnHaJibHO HOBblM )lOCTH)KeHHeM JlllHaMnqecKOH ITOJIHpH3al.{Hll 

HBJilleTCH OTpbIB cnnHOBOH TeMrreparypbl H.llep OT TeMneparypbl peUieTKll. Bcneacrnne 

3TOro noHBJilleTCH 60JibUIOe MHOroo6pa1ne B KOHKpeTHblX noaxoaax K HCCJie)lOBaHHIO 

cnnHOBblX CHCTeM. HarrpnMep, cnHHOBaH TeMneparypa H)lep MO)KeT 6b!Tb 

nOJIO)KHTeJibHOH HJIH OTPHL{aTeJihHOH, a MaKCHMaJibHaH nonHpn3al.{HH )lOCTHraeTCH rrpn 

TeMneparypax peUieTKH nopH.llKa 0.3 K, npn KOTopoiI peqipn)KepaTOp paCTBopemrn 

MO)KeT o6ecneql1Tb 60JibllIYIO XOJIO)lOI1p0113B0JlllTeJibHOCTb. Ilpo6ne~rn He 

orpaH11q11BaeTCH co6CTBeHHO IICCJie)lOBaHneM paa11oaKTIIBHb!X H.llep. IIpnBe)leHHb!H 

aHaJill3 nOKa3hIBaeT, qTo ll3BeCTHbie paa11oaKTHBHble H,l:lpa MO)KHO HCITOJib30BaTb .llJIH 
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l!CCJJe,UOBaH11ll KOJJJJeKTHBHblX :rneKTpOHHbIX H JJleKTpOHHO-ll,UepHblX ·cnHH

cnHHOBbIX B3aHMO,UeHCTBIIH B KOH,UeHcHpoBaHHblX cpe.uax. 

B c11y,iae pa3peweHHblX P-rrepexo.uoB aHH30TpOnHll CBll3aHa 

HCKJIIOq11TeJ1bHO C HecoxpaHeHHeM qeTHOCTH B npoueccax, 06yc110BJ1eHHblX 

c11a6b1M BJanMo.ueiicrnueM [23, 24). IIpn JTOM yrnosoe pacnpe.ue11ettne P

JJJeKTpOHOB HMeeT CTpyKTypy 

dN 
dQ "' 1 + aPcos0. (17) 

r.ue 0 - yro11 Me)l(JlY Hanpas11em1eM BbIJJeTa JJJeKTpoHa (11m1 noJ11TpoHa) 11 

HanpaBJJefrneM BHewHero nom1, p - CTeneHb nOJJHp1133UIHI pa.unoaKTllBHbIX H.uep. 

Pacc4HTaHa aHHJOTponnH HJJJy4emrn H.Uep 32P1s B MoJ1eKy11e PH3 H 
22

Na(J+) np11 

,[(II5I. Bll.UHO, 4TO npn O,UHOH ll TOH )Ke CITHHOBOH TeMnepaType no11Hp113aUirn 

ocHOBHblX H,Uep MllWeHH MO)KeT 6bITb HJMepetta no att1B0Tpomm P-HJ11y4emrn. 

Aua11orn4Hoe JaKJIIO'lem1e c11e.uyeT 113 paccMOTpett1rn yrnosoro 

pacnpe.ue11ett11H y-KBaHTOB, o6pa3yIOLL{llXCH B ueno'IKe noc11e.uosaTeJ1bHbIX P- 11 y

pacrra.uos rro11Hp1nosaHHbIX P-aKTHBHbIX H,Uep. Ecm1 BOJ6y)l(JleHHOe H.UPO 11MeeT 

cnHH J' a y KOHe'IHOfO H,Upa CITHH J' = 0, TO HOPMllp0B3HHOe yrnosoe 

pacnpe.ue11ett11e y-KBaHTOB OTHOCHTeJJbHO Harrpas11emrn 1\13fHHTHOro ITOJIH 6y.ueT 

HMeTb BllJl [25, 26) 

u,( ) 2J + I ~ u>[( (Jl( ))2 ( u> ( ))21 rr\0 = -
8
-- ~ p,;un d,,,J 0 + d,,, __ 1 0 , 
Jr IIF-J 

( 18) 

r.ue d,'.:: (0)- Q)YHKUHH Bnrnepa (3JJeMeHTbl MaTpHUbl KOHe'IHbIX Bpat1.1em111). P,'.:.: 
3ace11eHHOCTH cnHHOBblX COCTOHHllH, JaBHCHLL{He OT CITIIHOBOH Ter-.rnepaTypbl. 

TpeTnii B03MO)l(Hbltt rryTb JaKJJI04aeTCH B l!CCJJe,UoBaHIIII yrnosoii 

aHH30TpOITHH y-KBaHTOB B KacKa,UHblX p-y-rrepexo.uax [23A). 3Ta BOJMO)KHOCTb 

paccMOTpeHa Ha npnMepe KaCKa,Uttoro nepexo.ua 22Na(3+) ~ 22
Ne(2+) ~ 22Ne 

(0+). B pe3yJJbTaTe raMOB-TCJJJJepOBCKOrO p+-nepexo.ua C MaKCIIMaJlbHOii JHCprneii 

n03HTpOHOB 550 K3B (HJJH K- JaXBaTa) 06pa3yeTCH npoMe)KyTO'III0C HJlp0 
22Ne co 

CITHHOM J' = 2. Ero ncpHOJl no11ypacna.ua COCTaBJIHCT 3. 7-10· 12 C, T.C. Bper-.rn )Kll]Hll 

O'leHb MaJJO no cpaBHeHlllO C xapaKTCpHblM ncp1IO,UOM JlJIH CBCpXT0IIK0r0 
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pacmerrnemui aTOMHblX ypoBHeii. H)lpO 
22

Ne(2.) H3JIY,IaeT y-KBaHTbl C :rneprneii 1280 
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PttC)"HOK 18. -Utttta~IHKa 

BOCCTaHOB:IelOffl no."lll

pma.utttt pe;:umx JI,:iep 
13C 

nptt pa1Hoii HIITCHCHB

HOCTH no."lllptt1yiomero 

nO."lll. 

K3B H nepexO)lHT B CTa6HJibHbJH H30TOn 
22

Ne C HyJieBbIM CTTHHOM [27]. KoHKpeTHbie 

Bbl'-IHCJieHH51 npHBO)lfil K HOpMupoBaHHOMY yrnOBOMY pacnpe)leJiemno y-KBaHTOB 

5 { , 4 } W=- 0.426-0.0705-cos-0-0.0125,cos 0, 
87r (19) 

nptt H = 27 Tn, T = 1.3 MK, x = 1.33 tt 3<pcjleKT coCTaBJI5IeT npuMepHo 14%. 

TipaKTuqeCKa51 oueHKa speMeHu non51pmauuu nonyqeHa H3MepeHHeM speMeHtt 

nOJI5IpH3aUHH pe)lKHX (Ho He pa)lHOaKTHBHbrx) 5I)lep 13C B npOTOHHOH 6yTaHOJibHOH 

MmneHu, KOT0pb1e npuse)leHbI Ha Puc. 18 [24A]. .6e3 CBq-nOJI51 speM51 yCTaHosneHH51 

CTTHHOBOH TeMneparypbl COCTaBJI5IeT OKOJIO 3000 MHH. BKmoqeHue CBq-HaKaqKH 

yKopaqusaer speM51 non51pmauuu 51.llep 
13

C (cM. Puc. 18) .llO 160 MHH. Eme 6onee 

KOpOTKHe speMeHa, nO-Bli)lliMOMY, MO)l(HO )lOCTlifHYTb yseJiuqeHHeM KOHUeHTpauuu 

napaMarnuTHbIX npuMeceii Ilpuse)leHHb1e senuquHa u speM51 nom1pmauuu npu ,n;o 

ycryna!OT pe3yJibTaTaM nonyqaeMbIM npu nOJI5IpH3aUHli pe)lKHX 51.llep B 

cpeppoMarHHTHbIX Ma-rpuuax MeTO)lOM "rpy6oii CliJlbJ". IloKa3aHo, O)lHaKO, qTo 

B03MO)l(HO 3HaquTeJibHOe yKopoqeHHe BpeMeHH Ii ycuneHHe TTOJI5IpH3aUHH 

paAHOaKTHBHbIX 51.llep cnuHa I > 1, ucnonb3y51 MeTO.ll Kpocc-penaKcauuoHHoii 

nom1pmauuu [13A]. lf.lle51 3aKJIJOqaerc51 s cneeyJOmeM: nyCTb noMHMO 51.llep cnuHa I> 

1/2 MaTpuua CO.llep)l(HT pacnpocrpaHeHHb1e 51Jlpa (I=l/2), HanpuMep npoToHbI, 

KOTOJ)ble HMe!OT 60JibIIIYIO TennoeMKOCTb cmrnosoii CHCTeMbl. TaK KaK 
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KBa.llpynOJibHOe B3aHMO)leHCTBHe He 3aBHCHT OT IlO)lMarHuq1rna10mero noAA, TO npu 

CHH)l(eHHli MafHHTHOro nOJI51 3eeMaHOBCKOe pacmeilJieH1Ie 51.llep CilHHa 1/2 paHO HJIH 

n03)lHO cpasmrnaeTC51 C KBa)lpynOJibHbJM pacmeilJieHHeM 51.llep CilHHa I > 1/2. ,n;o 
MOMeHTa nepeceqeHH51 qaCTOT npOHCXO)lHT 51.llepHoe pa3MarHnq1rnaHHe, B J)e3YJihTaTe 

KOToporo TeMneparypa 51.llep c I = 1/2 noHH)l(aeTC51 JIHHeiiHo c noJieM. TeMnepaTYPa 

PttcynoK 19. Pa3MaIBH'!HBaHHC Ha'!H- * mlT!rpaJI. Mer0~1l., 6 5 4 3 
naeTCJI nptt o;J;HHaKOBOH CilHHOBOH J 40 ° acllllllderpHl! I • ' 

TeMnepaType, coorneTcTByIOmeli EST-';' •· · --

pasnosecHoli KpttBoli (nyHKTttpHaJI :; I + 
.~HHHJI). TTptt pa3MaIBH'!HB311HH (TO'llill 9 30 
2-5) IIOJIJipH33UHJI 

14
N-Jl,llep pe3KO § 

B03paCT3eT, 110 60JibUM3HOBCKOC pacrr- ; / 

pe,1e.ne11tte 11apyrnaeTCJI. To'!Ka-8 rrony- [20 I / 
'13CTCJI IIOCJIC BK.~'ICIIIIJI CBq~IIOJIJI, ~ : ! / / 
KOTopoe BOCCT3113B.JIIIB3eT TCIIJIOBOe ~ --------

paBHOBec11e B CIIIIHOBb!X Cl!CTeMax. 10c...,--L....L...L..J._L...J--1.-""'C::l-J__L...J--L....L...1-..J._L...J 
60 70 80 90 100 

IIOJIJ1pm~ nporo11os ('/1) 

)Ke 51.llep cnuHa I > 1/2 se)ler ce651 Hemrneiitt~ c noneM H3-3a HaJI11q1151 KBaApynoJihHoro 

pacmenJieHU51. B MOMeHT nepeceqeHH51 qaCTOT 51,npa cnuHa I = 1/2 6y.nYT HMeTh 6onee 

HH3KYJO TeMnepaTYPY, qeM 51,npa cnuHa I > 1/2. Cne,nosaTeJihHO, B pe3yJihTaTe 

TenJIOBOro CMeJIIHBaHH51 IlJ)OH30H)leT 3HaqmeJibHOe mma)l()leHMe 51,nep cn11Ha I > 1/2. 

3KcnepHMeHTaJibHOe HCCJie,noBaHue BbinOJIH5IJIOCb Ha cnHHOBOH CHCTeMe Mep a30Ta B 

aMMuaqHOH MHJIIeHH. IloAApH3YJOll\eH 6bma npOTOHHM CilHHOBM CIICTeMa c HaqaJib

HOH nOJI5Ipmauueil 89%, KOTOJ)a51, cornacHo EST-rnnOTe3e, cooTBeTCTByeT 16% 

nOJI5IJ)H3aUH51 51,nep a30Ta; np11 3TOM B none 2.5 TJI TeMneparypa o6oux CTTIIHOBbIX 

no,ncuCTeM paBH5IeTC51 1.7 MK. B none 56 MTJI KBa,npynoJihHOe pacmenneHue 51,nep 

a30Ta 6mq I 27l' = 2.4 Mru coBna,naeT c 3eeMaH0BcKoii 'laCToToii. Ilpu CHH)l(emrn 

Beeymero noJI51 Mamma .no 56 MTJI CHaqana npo11cxo.nm 51,nepHoe pa3MarHlfqHBaHue, 

B pe1yJihTaTe KOToporo cnHHOBM TeMnepaTYPa npoTOHOB noHM)l(aeTC51 B 2.5 I 0.056 = 

45 pa1a, Tor,na KaK H3-3a oCTaToqHoro KBaApynoJibHOro pacmenneHU51 noHH)l(eHue 

TeMnepaTYPbl 51,nep a30Ta COCTaBAAeT BCero JIHIIIb 2+3 pa3a. 3aTeM npoHCXO)lHT 

TeilJIOBOe CMeJIIJIBaHHe Me)l()ly npOTOHHOH If a30THOH CillfHOBblMH CHCTeMaMJI. 

.n;aHHhie 3KCnepuMeHTa [13A] cyMMHpOBaHhl Ha P11c. 19, Ha KOTOJ)OM npottyMepoBaHbl 
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B xp0H0JI0fHlleCK0M rropll,!IKe pe3yJihTaTbl H3MepeHHll II0JillpH3aUIIH II0CJie Terrnoaoro 

CMermrnaHH.SI. 3a apeM.H crrycKa II II0,!lbeMa II0Jill, K0Topoe C0CTaBJilleT o6bJT-IHO 10+20 

MIIH IIOAAplI3aUIIII ll,!lep aJ0Ta 3HallnTeJibH0 ycnJIHBaeTCll. 3HepreTnlleCKHH 6aJiaHC 

II03B0AAeT orrpe,!leJIHTb K0HellHYfO CIIHH0BYfO TeMrreparypy 
14

N-ll,!1ep, K0Topall 

II0HH)KaeTCll rrpn CMeIIn!BaHHH C 230 ,!10 56 µK. IlocJie B03BpaIIIeHHll B none 2.5 TJI, 

r,!le II3MeplleTCll K0HellHa.H BeJIHlll!Ha II0JillpH3aunn, C00TBeTCTBYfOIIIHe TeMrreparypbl 

.!IAA H-N-cnCTeM coCTaBAAIOT 2.5 MK n 420 µK (aMeCTo ncXO.!IHOH TeMrreparypbil.7 

MK), llT0 C00TBeTCTByeT II0AApmau11n 0.77 n 0.52 ,!IJill rrp0TOH0B II ll,!lep a30Ta, 

C00TBeTCTBeHH0. IlpaKT1111ecKn )Ke 6hma ,!I0CTnrnyrn II0Jillp113au1rn 0.4 (a He 0.52) 113-

Ja ,!I0CTaT0llH0 6hICTpOH rrpOTOHHOH CIIHH-peIIIeTOllHOH peJiaKcaunn a CHH)KeHH0M 

II0Jie, II0CK0JibKy 3KCIIepnMeHT BbIII0JIH.SIJICll rrpn cpaBHHTeJibH0 BbICOKOH TeMrreparype 

peIIIeTKII (0.1 K). 

P1-1c. 20. KoHcrpyKIUDI BaKyYMHoli 

KaA!epbI MJI }]JlJI B ycJI0BIDIX 0XJialK

,n:eHIDI MIImeHH cBepxTeKyqeli IIJieH

Koli 
4
He. Ox.lIIDl\ll;eHHe craiiKaCT0B0li 

KaMepbI (c) np0HCXO,n:HT 33 cqcr ren

JI0np0B0JJ:H0CTI-I Me,n:noro CTep= 

(d), KOTOpLIH HMeeT TellJIOBOli 

K0HTaKT C Ka.'lclepoli pacrBopeHIDI. 

CBepxTeKyqaJI IIJieHKa 
4
He noKpbIBaeT 

Bll)'TPelHilOIO Il0BepxH0CTb KaMepLI, 

ocymeCTBJillJI repMnqecKHli K0HTaKT 

MHmeHH C X0JI0.11:HbIM CTeplKl!eM. 

g- "g:JjJQ~_-: 
fil1 p /~---\ . \ " i' M · Cu 

neTJI.R l1----*, mueHb Ml ~Jlb paMKa B 
. - 1-1=~ 

a 

ie 

h 

cl 
lcM 

,ll;anee paccMaTPHBaeTCll K0HCTPYKUifll MHIIIeHn ,!IJill IfCCJie,!IOBaHIIH C pa,!III0aKTHBHblMII 

ll,!lpaMn [25A]. CyIIIeCTBeHHbIM rrpeII.HTCTBlleM K rrpaKTnlleCK0MY lICII0Jib30BaHllfO 

T0HKIIX MlfWeHett llBAAeTCll HaJIHllne B peq>pH)KepaTopax MeTaJIJililleCKHX TeIIJI0BblX 

3KpaH0B, IIJiaCTHK0BbIX lIJIH KBapueBblX 0K0H, OKpy)KafOIIIIIX MHWeHb, K0T0pbie pe3K0 

cHn)KafOT 06III1Itt "dilution factor" MaTep1Iana. )KenaTeJibHO a,!larrTnpoaaTh MmneHb 

,!IJill pa60TbI B BaKYYMe. 3m rrpo6JieMa. B 3Ha11HTeJibHOH CTerreHn pa3pewaeTCll 

rrpnMeHeHneM Hoaoro nma Mnruettn, OXJia)K,!laeMOH CBepxTeKYllett rrJieHKoii 
4
He. ,ll;Jlll 
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rrplIHUIIIIHaJibHOH rrpoaepKII rrpoBe,!leH CJie.!lyfOIIIIfll 3KCIIepHMeHT. B II0Jill3TIIJieH0BYIO 

nneHKy BB0.!IIIJiaCh napaMarHHTHa.H rrp1IMeCh paJ:11IKaJia TEMPO [26A] a Kom111ecTBe 

6() ~---,----,---..-----,-----.---,,----, 
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P1-1cyH0K 21. ,no6aBKa 

HttqTQJKH0l"O K0.TI!'!eCT

Ba 
4
He B Kailll.1.up pc3-

K0 Il0HIDKlleT Te~mepa

l}'PY n.1eHKH 1-1 no.up1-1-

3ar.tl-lJI iuep Haq1-1ttaeT 

B03pacTaTb. 

2-10
19 

crr/cM
3

• IlJieHKa TOJIIIIHHOH 70 MKM npHKpenJI.HJiaCb K Me,!IHOII paMKe II 

II0MeIIIaJiaCb BHYTPh BaKYYMHOH KaMepbl (c), BblIIOJIHeHHOII ll3 TOJICT0CTeHH0ro 

CTaHKacrn-1266, KaK 3T0 II0KaJaH0 Ha Pnc. 20. CTattKaCT llBJilleTCll 0TH0Cl!TeJibH0 

rrp03pa11HbIM .!IAA np0HHKH0BeHHll CBq-IIOJill K IIJieHKe, C 0,!IHOH CT0p0Hbl, II o6na,!laeT 

lICKJifOl{lITeJibH0 HH3KOH TeIIJI0IIp0B0,!IH0CTbfO - C .!lpyrott. K KapKacy rrpHKJiel!BaJICll 

RuO-TepMoM~ (1 kil, Dale RCW550) - 060JHa11eHHb111 (RuO), MIIKpottarpeaaTeJib 

(h) .!IJill TeIIJIOBbIX ll3MepeHnH n RMP-KarywKa .!IJill 113Mepemrn rronllp113au1111 

npoT0H0B B IIOJIII3TIIJieHe. Me,!IHa.SI BCTaBKa ( d), C 3aKperrJieHHblM o6pa3UOM, BaKyyMH0 

YIIJI0THllJiaCb K KaMepe c KOHlllleCKOII npo6KOII (a), 11 npll)KIIMaJiaCb BIIHT0M (b). B 

CTeHKY KaMepbl BCTaBJillJICll KarrnJIJillp (e), ITO K0T0poMy Morna ocyIIIeCTBJil!TbCll 

K0H,!lettcau1rn 
4
He BHYTPb aaKyyMHOH KaMepb1. 

Ycrpottcrao ycrattaamrnanocb a Me.!IHbIH ummtt.!lp - MHKpoaonttoaoii 

pe30HaTOp II norpy)KaJI0Cb B KaMepy paCTB0pemrn peq>pll)Keparnpa, ,!IJill 0XJia)K,!leHllll 

Hll)Ke 0.1 K. ,ll;IIHaMnlleCKa.SI II0Jillp1I3aUllll l!JJ:ep CHa11ana Bbln0J!Hl!JlaCb Ha o6paJue, 

pacn0JIO)KeHH0M B BaKYYMHOII KaMepe, a 3aTeM 0IIblT II0BTOpl!JICll np11 K0H,!leHcaumr B 
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KaMepy Hll'-ITOJKHOH nopUHH ra:30o6pa:rnoro remu1 
4
He. Pe3yJJhTaTbl 3KenepHMeHTa 

noKaJaHhI Ha PHe. 20. IlpH 06pmosaHm1 B KaMepe esepXTeKy'-leii nJJeHKII 
4
He 

TeMneparypa MllweHH pe3Ko noHHJKaJJaeh, a nom1p1naum1 M11wem1 Ha'-!HHaJJa 

ysemt'-IJIBaTbe», KaK 3TO nOKa3aHo Ha Pile. 2,1. O'-!eBHJlHO, '-!TO eymeernyeT eHJlbHbIH 

mrnaJKna10111Hii 3cpcpeKT, KOTOpb1ii enoeo6Ha nocraBHTb esepxTeKy'-la» nJJeHKa rem1» K 

OXJJaJKnaeMOMY o6pmuy; 3TOT TenJJonpIITOK HeeJJe)lOBaJJe» Ha yeTaHOBKe [27A, 28A]. 

TaKa» MHWeHb, npll MHHHMaJJbHOH TenJJOBOH 3all.lHTe OT TenJJOBoro H3JJY'-!emt», 

MOlKeT 6bITb OTKpbITa JlJIH o6JJy'-!eHH» II enoeo6Ha HOpMaJJbHO cpyHKUIIOHllpOBaTb s 

BaKyyMe. 

IlposeneHHbie 3KenepHMeHTbl n03BOJIHIOT eneJJaTb BblBOJl O He06XOJlHMOeTH 

cpopMHpOBaHH» eneuHaJJbHOH nporpaMMbl HeeJJe)lOBaHH» enHHOB pan11oaKTHBHbIX 

»nep, oeHOBY KOTOpoii eoeTaBJJHJI 6bI MeTOJl JlHHaMH'-!eeKoro OXJlaJK)leHH». 

3aicJUotJeuue 

Ilepe'-!HeJJHM oeHOBHbie pe3yJJhTaTbl noJJy'-!eHHbie B )lHeeepTaUlIH. 

I. ,[{oCTHrHYThI peKopnHhie napaMeTpbI KpynHeiiweii B MHpe 2.5-JJHTpoBOH 

noJJ»pH3oBaHHOH MHWeHH CERN. IloJJy'-!eHa 96% noJJ»pH3aUH» npoTOHOB H 60% 

noJJ»pH3aUH» neiiTpOHOB. 

2. IloJJy'-leHo TO'-IHOe ypaBHeHHe, n03BOJIHIOll.lee Bbl'-IHeJJHTb »nepHy10 

B0enpHHM'-IHBOeTb no H3MepeHHOMY eHrHaJJY Q-MeTpa. 

3. IlpenJJoJKeHa MOJlHqlHKaUHH JlHBepnyJJheKoro Q-MeTpa, n03B0JIHIOll.la» 

BoenpOH3B0JlHTb HeHeKalKeHHYIO cpopMy JIHHHH »nepHOH BOenpmtM'-IHBOeTH. 

4. TeopeTH'-leeKH H 3KenepHMeHTaJJbHO nOKa3aHO HaJJH'-IHe JIOlKHOH aeHMMeTpHH B 

neiiTpOHHblX eneKTpax H pmpa6oTaH anropHTM ee KoppeKUHH. 

5. IloJJy'-leHa cpopMYJJa JlJJ» pae'-!eTa noJJ»pH3aUHH »nep enHHa 1 H pmpa6ornH MeTOJl 

onpeneJJeHH» aeHMMeTpHH, noJJ»pH3aUHH ll cpopMbl JIHHHH MarHHTHbIX "nttnOJJbHbIX 

nepexonoB »nep enHHa 1. 

6. O6HapylKeH 3cp<peKT KOJJJJeKTHBHOro eBepxH3JJY'-leHH» eHCTeMOH noJJ»pH30BaHHbIX 

MarHHTHbIX nttnoJJeii. HeeJJenosatta pa6oTa CH-HCTO'-IHHKa panHOBOJJH B 

MerarepuosoM m1anm0He. 
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7. HccJJe.11,oBaH MexaHH3M "3axBaTa" '-!aCToTbI tt3JIY'-lemrn Cl1-reHepaT9pa 

pe3oHaTopoM H CK0ppeKTHp0BaH0 ycJI0BHe caMOB036y)K.D,CHHJI KBaHT0B0ro 

reHepaTopa npH pacCTpOHKe JJapMOpOBCKOH '-!aCT0Tbl OTH0CHTCJibH0 L[aCT0Tbl 

pe3oHaTopa. 

8. YTO'-!HeHa cpopMyJia Po6HHCOHa .D,JIJI pac'-lera '-IYBCTBHTeJibH0eTH JIMP

cneKTpoMeTpa, nptteMHblH K0HTYP K0T0poro conep)KHT KOaKCHaJibHbIH Ka6eJih. 

9. O6Hapy)KeH 3cpcpeKT yeHJICHHJI JI.D,epH~H nom,pH3aUHH neihpOHHOH MHlllCHH 

nyTeM lJ:M-Monym1uttH CBlJ:-reuepaTopa. 

I0.TToKa3aHO, L[T0 MO.D,YJlHL.(HOHHhlH 3cpcpeKT 0TH0CHTCJI K 3cpcpeKTaM, CBJl3aHHblM C 

np0CTpaHCTBCHH0H .D,Henepc11eii. 

11.TTony'-!eHa 11 npoBepeHa cpopMyna .11,11J1 pacqeia napaMarnttTH0ro nornol.I.(eHH» B 

MHlllCHH C Y4CT0M M0.D,YJilll.(H0HHOro 3q>q>eKTa. 

I 2.O6uapy)KeHhl 6oKOBbie CaTeJlJIHTbl B 3TTP-JIHHHH, B03HHKaJOI.I.(He npu 

HaCbll.I.(alOI.I.(HX CBlJ:-nOJIJIX 3a C'-!eT 3q>q>eKTOB npocrpaHCTBCHHOH .11,HCnepcHH. 

13.BnepBble np11 CBepXHH3KHX TeMnepaTypax Ha neiicrnyIOI.I.(CH 6yTaHOJlbHOH 

MHlllCHH nonyqeua KpHBaJI HaCbll.I.(CHHJI napaMarHHTH0ro pe30HaHca. 

14. TTpe.D,JIO)KCH HOBblH MCT0.11, HeCJIC.11,0BaHHJI cnHH0B panuoaKTHBHhIX »nep C 

Hen0Jib30BaHHeM Kpocc-pe11aKCaUHOHHOH nom1p113aUHCH pe.JJ,KHX JI.JJ,ep. 

I 5.TToKa3aHa B031\10)KH0CTh HCn0Jlb30BaHHJI CBepxTeKy'-!eH nJieHKH 4He .D,JIJI 

0XJla)K.JJ,CHHJI T0HKHX TT0JIJlpH30BaHHhlX MHllleHeH. IIpe.D,JIO)KCH H0BhlH THn 

TBepnoii CBepXTOHKOH no11J1pH30BaHHOH MHlllCHH, OXJia)K)],aCMOH CBepxTeKy4eii 

nneHKOH 4He. 

B 3aKJIIOL[CHHe JI xoqy Bhipa3HTb rny6oKyIO 6naronapHOCTb BCeM 

coaBT0paM, B0lllC)],lllHM B pa60Thl naHHOH )],HCCepTaUHH. Oco6eHHO JI xoqy 

Bh1pa3HTh 611aronapuocTb T.O. HHHHHKOCKH (T.O. Niinikoski) - aBrnpy 11 

C03.D,aTemo nepBOH TTOJIJlpH30BaHHOH MHlllCHll B CERN, C KOTOphIM B TelfeHtte 

n»TH JieT Mhl C0Bep!lleHCTB0BaJ111 H HCCJie)],OBaJlH B )l(eHeBe SMC-MH!lleHb - 3a 

np0JIBJICHHYIO B3aHMOTTOM0I.I.(b H a.JJ,MHHHCTpaTHBHYIO n0MCP)KKy. JI 6naronapeH 

C. MaHro, II. Xayrne H E. Epau.11,Ty H3 HHCTHTYTa II. llleppepa B U:10puxe 3a 

C0BMCCTHble llCCJie.JJ,0BaHHH no T0HKHM MHlllCHHM. A.<l>. IIpynKorm1ny, A.C. 
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lllyMoBCKOMY H B.I1. IOKa110By 3a COTPY.!lHHLJecTBo B 11cc11e,!J,0Bamrn 

cBepxm11y'!eHm1, B.JI. JIJ06011rnuy 3a noMoll.lb B pacLJeTax aHmoTponm1 

H3JTylJeHml pa,!],HOaKTHBHblX H,!],ep. HeoueHm,1yJO noMOll.lb OKa3aJT npocpeccop 

l M.I1. Ilo.!lropeuK11H I. Bb1pa)KaJO rny6o~yJO 611aro.!lapHOCTb <l>. Jierapy, M.A. 

CaB11Hy (OI15II1) 11 B. XbJ03Y (V.W. Hughes) 113 I1eJTbCKoro yH11BepcHTeTa B 

AMepI-iKe 3a npeKpacHyJO opraHmau11JO H noMep)KKY Moefi pa6oTbI B CERNe. 
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