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Ilpe.zi;HCJIOBHe 

l1.neH HanHC8Tb 3TY KHHry B03HHKJla y aBTOpa npH 3aBepweHHH pa60Tbl «Mo

.neJlb CTPYKTYPbl 3JleKTpoHa tt MIOOHa» 1981 r. [24). a KOTOpOH y.naJIOCb BbIJIBHTb 11 

cjlH3H'leCKHH CMblCJI Ka3aswerOCJI aHOM8JlbHbIM Y.!lBOeHHJI M8rHHTOMeXaHH'leCKOro 

OTHOlileHHJI .!lJIJI 3JleKTpOHa, H TO'lHOe paseHCTBO scer.na npOHH3bJBaIOIUero TOKOBblH 

KOHTYP 'l8CTHUbl nOJIHOro M8rHHTHOI'O noTOKa 0.!lHOMY ero KB8HTY <Po. B.noXHOBJIJIJIO 

aarnpa H nopa3HTeJlbHOe no.no6tte xo.na CYMMI,J 3Heprnti B38HMO)leHCTBHJI MarHHT

HblX MOMeHTOB H 3JleKTpH'leCKHX 3apH.!l0B 'l8CTHU-KOJleU e- e+ Ha M8Jlb!X paccTO

JIHHJIX Me)K.ny HHMH aCHMnTOTH'leCKH CB060)lHOMY xo.ny 3Heprnii B38HMO)leiiCTBHJI 

KBapKOB B HYKJIOHax. 3TH nOJIO)KHTeJlbHbJe 3MOUHH, conpOBQ)K)l8BlIIHe HanHC8HHe 

CTaTbH, CTHMYJ1HpOB8JIH .!lJIHTeJlbHblH nOHCK HCTHHHblX napaMeTpOB caMoii 3JleMeH

TapHOH H YHHBepcaJlbHOH C TO'lKH 3peHHH HHTeHCHBHOCTH ee yqacTHH npaKTH'leCKH 

BO scex Ha6J1IO)laeMbIX HaMH npttpO.!lHblX HBJleHHHX 'l8CTHUbl - 3JleKTpOHa. 

Ba)KHblM 3TanoM 3Toro HBHJIOCb BbinOJIHeHHOe B 1985 r. [9] )lOKa3aTeJlh

CTBO HeKoppeKTHOCTH HHTepnpeTaUHH pe3yJlhTaTOB H3BeCTHblX H3MepeHHii [ IO] 
((r:) 112

} - cpe.nHeKsa.npaTH'lecKoro pa.nttyca 3apH.nosoro pacnpe.neJ1eHHH 3JleKTpo

Ha, - npose.neHHblX JIK06hl B ero CHCTeMe nOKOH (c. n.). B .neikTBHTeJlbHOCTH 

H3MepeHHH ((r:) 112
}e- BeJIHCb (npaKTH'leCKH scer.na - B KOJIJlaii.nepax) B J1a-

6opaTOpHOH CHCTeMe KOOp.!lHHaT (JI. c.). 3Ha'lHT, .!lJIJI noJ1y'leHHJI OKOH'laTeJlbHOro 

pe3yJlhT8Ta - H3MepeHHOro ((rp 112} B C. n. 3JleKTpOHa - OCTaBaJIOCb Heo6xo.n11-

Mb!M noJ1y'leHHbJe B [IO] ((r~) 11 } YMHO)KHTb Ha cjlaKTOp 1 = Eco11/(mc2
) (Ecoll -

3HeprnH BCTpe'lHbIX e- (B JI. c.), mc2 - 3HeprnH nOKOH e-). YMHO)KeHHe Ha 1 
y6e)lHTeJlbHO .!l0K838JIO, 'lTO Bee H3MepeHHhie ((r~)

112)c.n npaKTH'leCKH O)lHHaKOBbl: 

((r:)112 )c.n ~ 10-II CM~ Ac~ fi/(mc) = 3,86 · 10-II CM (Ac - KOMnTOHOBCKaH 

.!lJIHHa BOJIHbl 3JleKTpOHa). BCKope nocJle ny6J1HK8UHH [9] see nOIIbJTKH 3KCIIepH

MeHTaJlbHO .!lOKa3aTb noqe'lHOCTb» 3JleKTpOHa npeKpaTHJIHCb. 

YCKopHJIO 3asepweHHe pa6oTbl H8.!l KHHroii 06Hapy)KeHHe BbJTeKaIOIUeH H3 

peJIHTHBHCTCKOH TeOpHH 3JleKTpOHa ,l.l,ttpaKa cynepcTa6HJlbHOH UHPKYJIHUHH B HeM 

paBHopac11pe.neJ1eHHOro no TOpOH.!l8JlbHOH IIOBepXHOCTH 3apH.na -e co cBeTOBOH CKO

pOCTblO [ 12]. TI pH 3TOM Hati.neHHblH npaKTH'leCKH paBHbIH KOMIITOHOBCKOH .!lJIHHe 

BOJIHI,J 'l8CTHUbl Ac panttyc TOKOBoro KOHTypa R = 3,87 . 10-11 CM H .npyrne ero 

napaMeTpbI cosnaJ111 c npe.ncKa3aHHblMH B [24]. 
TipttHUHnHaJlhHO B8)KHI,JM CBOHCTBOM BbIJIBJleHHOH UHpKyJIHUHH HBHJIOCb COB

na.neHHe OCH 3JleKTpOHHoro TOKOBOro KOHTypa C OCbIO Oz, cjJHKCHpyeMOH .na)Ke 

np11 OTCYTCTBHH BHelIIHero no OTHOWeHHIO K 3JleKTpOHY MarHHTHOro noJIH 38 C'leT 

coxpaHeHHH ero MexaHH'leCKOro MOMeHTa (cnttHa). A B MaPHHTHOM IIOJle OCb Oz 
6y.neT cjJHKCHposaHa eme 60J1ee )KeCTKO. TI03TOMY z-npoeKUHH MarHHTHOro µ 11 

MeXaHH'leCKoro s MOMeHTOB 3JleKTpOHa 6y.nyT Bcer.na paBHbl HX MO.!lYJIHM µz = jµj Ii 

Sz = jsj. l1, CJle)lOBaTeJlbHO, npeuecCHJI MOMeHTOB 3JleKTpOH8 scer.na OTCYTCTByeT. 



Bse)I.emrn 

11HTeHCHBHble HCCJJe)I.OBaHHff 3JJeKTpoHa Be.U.yTCH y)Ke 6oJJee 105 JleT, 

HO eme .n.aJJeKO He ace B HeM HCCJJe)I.OBaHO )I.OCTOBepHO. 3Hr3arH nyTH 

n03HaHHff ero CBOHCTB H BH)l.0B B3aH!',10)1.eHCTBHff C .u.pyrHMH o6beKTaMH 

Y.U.HBHTeJJbHbl. 

HH O.U.HOH 6oJJee pacnpocTpaHeHHOH, 11eM 3JJeKTpoH, 3JJeMeHTapHOH 

'laCTHUbl B npHpo.u.e HeT. BMeCTe C TeM OH o6JJa.u.aeT KBaHTOM 3apff.n.a -e 
H MHOroKpaTHO MeHbllleH, 'leM Bee .u.pyrne 3apff)KeHHbie 'laCTHUbl, MaccoH. 

CJJe)I.OBaTeJJbHO, 3KCnepHMeHTaJJbHble HCCJJe)I.OBaHHff Bcex ero CBOHCTB ocy

mecTBHMbl C iicnOJJb30BaHHeM annapaTypbl MHOfOKpaTHO 6oJJee npocTOH, 

'leM )I.Jiff OCTaJlbHb!X 3apff)KeHHbIX 3JJeMeHTapHbIX 11acTHU. Ho - napa

)1.0KC - )1.0 CHX nop H 3KCnepHMeHTaJJbHbie, H TeopeTH'leCKHe pe3yJJbTaTbl 

HCCJJe)I.OBaHHH 3JJeKTpOHa co.u.ep)KaT He MeHee Tpex rpy6bIX OllIH60K. 

flepBaff H3 HHX - npe.u.noJJO)KeHHe TeopeTHKOB o To11e11HOH ero cTpyK

Type. Ero a6cyp.U.HOCTb O'leBH)I.Ha. Ho BTOpaff OUIH6Ka, .u.onycKaBillaffCH 

BCeMH 3KCnepHMeHTaTopaMH, H3MepffBilIHMH Ha ycKOpHTeJJffX .n.eHCTBHTeJJb

Hbie pa3Mepbl 3JJeKTpOHa 6e3 y11eTa HX peJJffTHBHCTCKOrO COKpameHHff, 

6JJOKHpOBaJJa B03MO)KHQCTb nOHHMaHHff cyTH nepBOH. 

TpeTbff 0Il!H6Ka npHHa)I.JJe)KHT .U.BYM aBTOpHTeTHeHil!HM TeopernKaM 

aTOMHOH cneKTpOCKOnHH [25]. floJJy'lHB Bbipa)KeHHe peJJffTHBHCTCKOH no

npaBKH K co6cTBeHHOMY 3Ha'leHH!O (c. 3.)° KHHeTH'leCKOH 3HeprHH 3JJeK

TpoHa B aTOMe, OHH HallIJJH, 'ITO OHa ffK06bI OTpHUaTeJJbHa. A6cOJJ!OTHblM 

KpHTepHeM npaBHJlbHOCTH pe3yJJbTaTOB HCCJJe)I.OBaHHH B JJ!060H HayKe, KaK 

H3BeCTHO, ffBJJffeTCff HCTHHa. Ho BMeCTO HCTHHbl 3)1.eCb cpa60TaJJ aBTOpHTeT 

BeJJHKOJJenHbIX cneKTpOCKOnHCTOB, H HX 0Il!H6Ka THpa)KHpyeTCff B y11e6HH

Kax H MOHOrpaq>HffX )1.0 CHX nop. 

11 O'leBH)I.HO, 'ITO TOJJbKO ynOMffHYTbIX 0Il!H60K 6bIJJO )I.OCTaTO'lHO )I.Jiff 

6JJOKHpoBaHHff npouecca no3HaHHff HCTHHHblX CBOHCTB e-. 
TipoTHBOpe'IHBOCTb npouecca no3HaHHff HCTHHHblX napaMeTpOB "3JJeK

TpOHa OTMe'laJJaCb H paHee. 

TaK, XeH)l.pHK JlopeHTu eme B Ha'laJJe xx B. BblCKa3aJJ H)l.e!O O TOM, 

'ITO <<BCe CHJJbl CBff3aHbl 6oJJee HJJH MeHee TeCHO C TeMH CHJJaMH, KOTOpbie 

Mb! H3y11aeM B 3JJeKTpoMarneTH3Me» [ 1]. A B 1950 r. HKoB <l>peHKeJJb [ 1] 

no.u.11epKHYJJ TOT «cpaKT, 'ITO 'IHCTO KOpnycKyJJffpHaff MO)l.eJJb CTpOeHHff 

aemecTBa, KOTOpOH Mb! nOJJb3yeMCff )1.0 CHX nop, Hea.n.eKBaTHa, Kor.u.a pe'lb 

H)l.eT O MHKpOMHpe, TaK KaK OHa OTpa)KaeT TOJlbKO KOpnycKyJJffpHbIH acneKT 

MaTepHH, He Y'lHTbIBaff ee noJJeBOH npHpO.U.bl». Ho )1.0 CHX nop B TeopHH 

KJJaCCH'leCKHH pa.n.Hyc 3JJeKTpOHa Bbl'lHCJJffeTCff no BKJJa.n.y B ero Macey 

noKOff JJHillb co6cTBeHHOro 3JJeKTpH'leCKOro nOJJff E, a JJerKO HaXO.U.HMbIH 

BKJJa.u. noJJff MarHHTHoro H OT ero, KaK H 3apff.U., npe.n.noJJaraeMoro TO-
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'le'lHbIM MarHHTHOro MOMeHTa µe- (Bbipa)KeHHe H CM. B [2]), MHOroKpaT

HO 6oJJbllIHH BKJJa.n.a E, HrHOpHpyeTcff [3, c. 306]. BepoffTHoi-i npH'IHHOH 

Hey'leTa H ffBJJffeTCff npeBOCXO)I.CTBO Ha~ 22 nopH)I.Ka nOCTOffHHOH e 2 B 

E
2 = e

2 
/r

4 
Ha.n. µ 2 

B H2 = µ~(3 cos2 0 + 1)/r6 . Ho MHO)KHTeJJb r-6 B H2 

y)Ke npH r = 10-12 
CM npeBOCXO)I.HT r-4 B E 2 Ha 24 nopff)I.Ka. 3Ha'IHT, 

ecJJH 6b! eme B xx B. re Bbl'lHCJJffJICff 11epe3 KOppeKTHOe Bbipa)KeHHe MaCCbl 
C y11eTOM o60HX noJJei-i «TO'le'lHOro» e-: 

me= 8:c2 f (H2 + E2)d3x = 

1 J [ 3 cos
2 

0 + 1 e
2

] µ 2 e2 
= -8 µ; 6 + 4 r 2 sin 0drd0dcp = -f- + -

2
-, 

'TC r r rem rem 

TO BMeCTO npe)KHero re = ~ 2,&2 . 10- 13 CM KoppeKTHOe (c y11eTOM H 

H
2

) ero 3Ha'leHHe rem = 4,77 • 10-12 CM npeB30llIJJO 6b1 re B ~ 17 

pa3. A paBeHCTBO cpe)I.HHX no noaepXHOCTHM OKpr)Ka!OW.HX e- ccpep C 

pa.u.HyCOM r H nJJOTHOCTb!O 3HeprnH E;/(87C) = He/ (87C) peaJJH30BaJJOCb 

6b1 y)Ke Ha rep = 2, 7337 . 10- 11 CM. 11 JIOKaJJH30BaHHaff B MaJJOM o6beMe 

Me)K.u.y, HanpHMep, ccpepaMH C r = 10-12 CM H rep MarHHTHaff 3Heprnff 

«T011e11Horo•> e- Um(l0-
12

, rep) ~ 54 M3B B ~ 100 pa3 npeB30Il!JJa 6b1 

mec2' a 3HeprHff nOJJff E B 3TOM 06beMe COCTaBHJJa JIHillb ~ 70 K3B. 

3Ta rHraHTCKaff KOHUeHTpaUHff 3HeprHH nOJJH H Ha paCCTOffHHHX OT e
r~ 10-

12 
CM, npeBOCXO)l.fflll.HX )l.a)Ke ff)l.epHbie (~ 10- 13 CM) MaCil!Ta6bI, 

HJJJJ!OCTpHpyeT, CKOJ!b orpoMHa CHJJa B3aHMO)l.eHCTBHff «TO'le'lHOro» µe- C 

µ .u.pyrnx 'laCTHU, JJOKaJJH30BaHHbIX B MaJJbIX o6beMax. 

K CO)KaJJeHH!O, HHKTO H3 3HTY3HaCTOB )I.OKa3aTeJJbCTBa «TO'le'IHOCTH» 

3JJeKTpOHa )1.0 CHX nop He o6paTHJJ BHHMaHHff Ha TO, 'ITO cyMMa~Haff 3Hep

rHff B3aHMo.n.ei-iCTBHff .u.ayx «TO'le'lHbIX•> e- U(r) = e2 /r-µ;_ /r H3 noJJo

)KHTeJJbHOH ,LI.Jiff paCCTOffHHH Me)K.u.y HHMH r > (µefe) = 1,935. 10- 11 CM 

BHYTPH o6JJaCTH paCCTOffHHH r < 1,935. 10- 11 CM CTaHOBHTCff OTpHua

TeJJbHOH ,Ll.a)Ke B CJJy'lae npOTHBOnOJJO)KHQ HanpaBJJeHHbIX conJJOCKOCTHblX 

(onpe.u.eJJeHHe TepMHHa CM. B 1-M a63au_e rJJ. 2) MarHHTHblX MOMeHTOB, TaK 

KaK CHJJa npHrn)KeHHff HX µe- B 3TOH o6JJaCTH npeBOCXO,LI.HT CHJJY OTTaJJKH

BaHHff 3apff)l.0B. A Ha paccTOffHHffX Me)K.u.y HHMH, HanpHMep, r = 10- 13 CM 

cyMMapHaff ( OTPHUaTeJJbHaff!) :meprnff Ue-e- ( 10- 13 CM) = -53,8 f3B! 

Ho ecJJH 6b! 3HTY3HaCT o6Hapy)KHJI 3TO, TO HenpeMeHHO Ha3BaJJ 6b! <<TO

'le'lHbIH» e- cynepa.u.poHOM H npe,LI.JJO)KHJI TeopeTHKaM H3Y'lHTb aTOM 6H-

3JJeKTpOH, o6beM KOToporo ½-e- ~ 47C(l,935. 10- 11 ) 3/3 CM3 HanoJJHeH 

cynepcHJJbHOH MarHHTHOH CBff3b!O .U.Byx O,LI.HHaKOBO 3apff)KeHHbIX JJenTOHOB! 

11 .u.aBHO H3BeCTHble cpaKTbl; B 'laCTHOCTH, BblnOJJHff!OW.eeCH BO Bcex 

6e3 HCKJl!O'leHHff ff.U.pax npaBHJJO 06ff3aTeJJbHOH npOTHBOnOJJO)KHOCTH Ha

npaBJJeHHH µp+ H He 06JJa.u.a10mero 3apff,LI.OM Hei-iTpoHa µn B napax 11eTHoi-i 

'laCTH HX HYKJJOHOB, eme Tor.u.a MOfJJH 6b! HanpaBHTb HCCJJe,LI.OBaTeJJei-i 

Ha paccMoTpeHHe B3aHMO)l.eHCTBHH conJJOCKOCTHbIX MarHHTHbIX MOMeHTOB 

a.u.poHoB H HX KBapKOB B Ka'leCTBe OCHOBbl CHJJbHOH CBff3H. Ho 3TOro, K 
CO)KaJJeHH!O, He npOH30IlIJJO. 



6 BBeiJeHue 

Eme B 1967 r . .[l)l{.TI.ToMeoH e.n.enan HHTepeCHoe eoo6mem1e [4]: 

«H xopowo ITOMHJO, KaK Ha eeMHHape B KaBeH,ll.HllleKOH na6opaTOpHH 

ApTyp KoMITTOH ,ll.OKJia,ll.bIBaJI eBoJO pa6oTy o "KoJibU.eBoM 3JieKTpOHe",>. OH 

noKa3aJI, lJTO TaKaH TeOpHH MO)l{eT yCTpaHHTb HeKOTOpbie H3 TPYJJ.HOeTeH, 

O,ll.HaKO 3Ta H,ll.eH He ITOJIYtJHJia ITOMep)l{KH, H B 1926 r. ee eMeHHJia H,ll.eH 

,[l)l{op.n.)l{a YneH6eKa H C3MJ03Jia fay.n.eMHTa o Bpama10meMeH 3JieKTpoHe. 

Ho H oHa He 6bIJia nonHoeTbJO y.n.oBnernopttTeJibHOH. B 3TOH )Ke pa6oTe, 

noeBHIUeHHOH aHaJIH3Y peayJibTaTOB HHTeHeHBHblX 70-JieTHHX HeeJie,ll.OBa

HHH eBOHeTB OTKpbITOro B 1897 r. 3JieKTpoHa, ToMeOH 3aMeTHJI: (< .•. 60Jibllle 

Beero nopa)l{aeT, ,ll.O KaKOH CTeneHH yeTOHBlllaHeH TeOpHH aaeTaBJIHeT ,ll.a)l{e 

nytJWHe YMbl 6b!Tb enenbIMH K HOBblM H,ll.eHM>>. 

feHHaJibHblH TIOJib .LlttpaK eoa.n.an peJIHTHBHeTeKyJO TeOpHIO 3JieKTpOHa, 

KoTopaH, KaK ynoMHHanoeb, eo.n.ep)KaJia B ee6e H3HatJaJibHO ero Heno

KaJibHYJO KOJibU.eByJO eTpyKTypy, HO .n.o KOHU.a XX B. oHa oeTaBanaeb He 

, paewmppoBaHHOH . .[lHpaK, HeeoMHeHHO, ITOHHMaJI 6eayeJIOBHYJO Heo6xo

,ll.HMOeTb ytJeTa B KBaHTOBOH MexaHHKe KaK B3aHMO,ll.eHeTBHH aapH,ll.OB -e 
3JieKTpOHOB, TaK H HX MarHHTHblX MOMeHTOB µe- C MOMeHTaMH H,ll.ep aTo

MOB H .n.pyrnx MHKpOtJacrnu.. Ho TOr.n.a noCTpOHTb O,ll.H03HalJHbIH onepaTOp 

MarHHTHOro B3aHMO,ll.eHeTBHH e- C .ll.PYrHMH tJaCTHU.aMH H3-3a npe.n.no

naraBweroeH MHOroo6pa3HH B3aHMHOH opHeHTaU.HH BeKTOpOB MarHHTHbIX 

, MOMeHTOB napTHepoB npe.n.eTaBJIHJIOCb HeB03MO)l{HbIM. CKopee Beero, 3TO 

H HanpaBHJIO ·ero CHJ!bl Ha paapa60TKY rnnoTe3bl O TOtJetJHOM MarHHTHOM 

MOHOITOJie C u.eJibJO Ha OCHOBe cyMMbl .D.BYX eKaJIHpHbIX noTeHU.HaJIOB MO

HOITOJieH noCTpOHTb )l{eJiaeMbIH onepaTop MarHHTHOro B3aHMO,ll.eHCTBHH. 

KcTaTH, Hecne.n.yH eBOHCTBa MOHOITOJIH, .[lHpaK eme B 1931 r. [5, c.68] 

,ll.OKa3aJI, lJTO KBaHTOBaHHbIMH ,ll.OJl)l{Hbl 6bITb He TOJlbKO aapH,ll. 3JieKTpOHa 

H IT03HTpOHa ±e, HO H ITOJIHblH MarHHTHbIH ITOTOK MOHOITOJIH C ero KBaHTOM 

<I>o = hc/(2e) = 1rhc/e (KoTopbIH cnyern 19 neT 6bIJI H3MepeH .TToH.n.o

HOM [6] ,ll.JIH MaKpOCKOITHlJeCKHX CBepxnpOBO,ll.HIUHX KOJieu.). Ho rnnoTe3a 

.[lupaKa O MarHHTHOM MOHOITOJie He epa6oTaJia. 11 npHpo.n.a 3JieKTpOHa 

,ll.O HaCToHmero BpeMeHH HHTeHCHBHO Heene.n.yeTCH Ha 6aae KBaHTOBOH 

3JieKTp0,ll.HHaMHKH (K9.[l) C OCHOBHbIM noCTyJiaTOM O ero TOlJelJHOCTH. Ho 

eme B xx B. paapa6oTlJHKH K9.Ll eTaJIH aaMetJaTb: «HBJIHHCb BITOJIHe 

YJJ.OBJieTBOpHTeJibHOH TeOpHeH onpe.n.eneHHOH o6JiaeTH q>H3HtJeeKHX HBJie

HHH, coBpeMeHHaH K9.[l o6na.n.aeT TeM KpynHbIM He,ll.OCTaTKOM, tJTO .D.JIH 

yeTpaHeHHH B03HHKaJOIUHX B Hett paeXO,ll.HMOeTeH npHXO,ll.HTCH npHBJieKaTb 

,ll.OITOJIHHTeJibHbie H,ll.eH, He eo.n.ep)l{amHeCH B oeHOBHbIX cpopMyJIHPOBKax 

TeOpHH H He OTpa)l{eHHbie B ee HeXO,ll.HbIX ypaBHeHHHX» [7]. A KOpHq>eH 

coa.n.aHHH K9.Ll PtttJap.n. <PeHHMaH B aaBepwHBweii ero rnoptJeeKHH nyTb 

KHHre [8, C. 113] ou.eHHJI O,ll.HH H3 rnaBHbIX ee npHeMOB TaK: «YJIOBKa, npH 

ITOMOIUH KOTOpOH Mbl HaXO,ll.HM n H j (no.n. n H j HM no.n.paayMeBaeTCH 

Macca H aapH,ll. e-), HMeeT Ha3BaHHe <<nepeHOpMHpOBKa». Ho KaKHM 6bi 

YMHbIM HH 6bIJIO eJIOBO, H Ha3BaJI 6bI ee .n.ypaU.KHM npHeMoM! Heo6xo,ll.H

MOCTb nptt6ernyTb K TaKOMY cpoKycy-noKycy He IT03BOJIHJia HaM ,ll.OKaaaTb 

MaTeMaTHtJeeKyJO caMocornaeoBaHHOCTb K9.[l». 0.n.HaKO npaKTHtJeeKH Bee 

pa60TaJOIUHe B o6naern K9.[l ytJeHbie npHBe,ll.eHHbie Bblllle 011.eHKH ee 

BBeileHue 7 

He.n.oeTaTKOB ,ll.O eHx nop etJHTaJOT Heo6oeHoBaHHbIMH 3MOU.HHMH aBTOpOB 

ou.eHOK. 

11 ,ll.O noene.n.Hero BpeMeHH BeJIHlJHHbl KBaHTOB aapH.n.a -e H Mexa

HHlJeCKOro MOMeHTa h/2 Bcer.n.a HBJIHJOTCH ,ll.JIH TeOpHH HeXO,ll.HbIMH na

paMeTpaMH. A peKOp,ll.HblH ,ll.JIH 3JieMeHTapHbIX tJaeTHU. MarHHTHbIH MO

MeHT µe- ~ 9,2956 . 10-21 3pr/fc, He MeHee CTa6HJibHbIH, tJeM aapH,ll. 

e- = -4,803242 • 10-1° CfC9, HeMb1enHMbIH 6ea eymeeTBoBaHHH B tJa

CTHU.e aaMKHyToro KOHTypa co CTOJib )Ke eTa6HJibHbIM U.HPKYJ1Hpy10111.HM 

'no HeMy 3JieKTpHtJeCKHM TOKOM, C03,ll.aJOIUHM npoHH3bIBaJOIUHH KOHTYP 

KBaHTOBaHHbIH MarHHTHblH ITOTOK <l>e = <l>o = 2,06785 • 10-7 fc · eM2, HrHO

pHpyeTeH, HeeMOTpH Ha ynoMHHYTYJO Bblllle ITOITbITKY KoMITTOHa npHBJietJb 

K 3JieKTpoHy-KOJibU.Y BHHMaHHe KOJIJier-HeCJie,ll.OBaTeJieH. 

Eonee Toro, H noCTynaT K9.[l o 4-BeKTope 3JieKTpoMarHHTHoro TOKa 

3JieKTpOHa - HCTOlJHHKe 3JleKTpOMarHHTHOro ITOJIH, HMe10meM B CTaTH

tJeeKOM npe.n.ene HK06bl TOJibKO 0,11.HY (CKaJIHpHy10) KOMITOHeHTY - KBaHT 

aapH.n.a -e, - He COOTBeTCTByeT ,ll.eHeTBHTeJibHOeTH. 9TOT a6eyp,ll.HblH no

CTyJiaT, ecTecTBeHHO, TOJlbKO noeJie npeO,ll.OJieHHH TPY.ll.HOeTeH e ITOMOIUbJO 

eoMHHTeJibHbIX ,ll.a)l{e ,ll.JIH P. <PeHHMaHa [8] npHeMOB K9.[l IT03B0JIHJI TOlJ

HO BbllJHCJIHTb Ba)l{HeHwHe, aapaHee ,ll.OeTOBepHO H3MepeHHbie napaMeTpbl 

3JieKTpOHa H ero B3aHMO,ll.eHeTBHH e .n.pyrnMH tJaeTHU.aMH TaK )Ke, KaK 

H .n.pyroii noCTyJiaT - 0 <<TOtJetJHOeTH» e- (eTOJib )Ke a6eyp,ll.Hb!H, H60 

Maeea TaKOro e- 6eCKOHelJHO BeJIHKa), KOTOpbIH, KaK ynOMHHaJIOeb B 

npe.n.HeJIOBHH, H3-3a oum6otJHOCTH HHTepnpeTaU.HH peayJibTaTOB Beex H3Me

peHHH [ IO] ero cpopMq>aKTOpOB BITJIOTb ,ll.O eepe,ll.HHbl 1980-x rr. etJHTaJieH 

3KcnepHMeHTaJibHO ,11.0KaaaHHblM. 

BepOHTHO, BnepBbie o6paTHJIH BHHMaHHe Ha He06XO,ll.HMOeTb ytJeTa 

peJIHTHBHCTeKoro COKpameHHH H3MepHeMbIX paaMepoB 3JieKTpOHa I1eHHH, 

.TTeBH H Pei'.iBeHxonn [I 1]. 0HH ( 1957 r.) yrnep)l{,ll.aJIH, tJTO B cpopMcpaKrnpe 

Heene.n.yeMOH tJaernu.bl F(q2) = J f(r) eiqr dr (q = p - Po - BeKTOp nepe

.n.aHHoro HMITYJibea, J(r) - eTaTHlJeCKoe (B CHeTeMe ITOKOH) pacnpe.n.eneHHe 

aapH,ll.a HJIH KHHeMaTHlJeCKOro MarHHTHOro MOMeHTa) apryMeHT cpyHKUHH 

f ( r) HeITb!TbIBaeT peJIHTHBHeTeKoe eoKpameHHe, 3aBHCHmee OT YCJIOBHH 

3KcnepHMeHTa. l13MepeHHH )Ke f(r) BeJIHCb B na6opaTOpHOH CHeTeMe KO

op.n.HHaT (JI. c.), B KOTOpoH ITO,ll.OITblTHbIH 3JieKTpOH Beer.n.a HMeeT eKopoeTb, 

6JIH3KYJO K CBeTOBOH' oeo6eHHO B 3KenepHMeHTax Ha e-e- -KOJIJiaii.n.epax, 

B 3THX HaH60Jiee tJaeTbIX OITbITax C ITOJIHOH eHMMeTpHeH KHHeMaTHtJeeKHX 

napaMeTpOB ynpyro B3aHMO,ll.ei'.ierny10mHx naprnepoB ytJeT eoKpameHHH 

npoeKUHH r Ha q npoCT. l1a-3a paBeHeTBa MO,ll.yJieH HMITYJibeOB o6oHX 

napTHepoB Po (nepe.n. HX ynpyrHM eTOJIKHOBeHHeM) Hp (nocJie Hero) B 

JI. c., a TaK)l{e paBeHeTBa Mace ITOKOH o60HX CTaJIKHBaJOIUHXeH 3JieKTpOHOB 

r B J(r) COKpamaeTCH B O,ll.HHaKOBOM MaewTa6e y o6oHX naprnepoB B 

, ~ Eo/moc2 paa (Eo - 3HeprnH o6oHx e- nepe.n. CTOJIKHOBeHHeM). 11 
KOppeKTHbIH ytJeT 3cpcpeKTa eoKpameHHH paaMepa noKa3aJI [9]' lJTO ,ll.OCTHr

HYTblH peayJibTaT H3MepeHHH npH BCex 3HeprnHX tJaCTHu-napTHepoB 6b[JI 

0.11.HH H TOT )Ke - H3MepeHHblH epe.n.HeKBa.n.paTHtJeeKHH pa.n.Hye pacnpe.n.e-
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JJeHHH 33pH.n.a B CHCTeMe llOKOH e- COCT3BJIHJI ~ 10-11 CM, T. e . .n.eikTBH

TeJlbHbIH pa3Mep e- so scex 3Kc11epHMeHTax 6hIJJ ~ Ac. K CO)KaJJeHHIO, 

3TH Ollb!Tbl llOCJle 011y6J1HKOBaHHH [9] 11peKpaw.eHbl, HeCMOTpH Ha Bb!COKYIO 

aKTyaJJhHOCTb H3MepeHHH cpopMCpaKTOpOB e- B e-e- -B33HMO,!J.eHCTBH51X 

11pH pa3Hb!X CO'-leTaHHHX 110JJ51pH33UHH '-!3CTHU BO BCTpe'-!HblX 11y'-!Kax. 

BbIIIIeH3JIO)KeHHOe llpHBO,!J.HT B COOTBeTCTBHe C .n.eHCTBHTeJJbHOCTblO 06-

Hapy)KeHHbIH co3.n.aTeJ1HMH K3,U ew.e s 1970-x rr. [7, Eepecmez;,cuu] y.n.H

BHTeJJbHhIH cpaKT 11peKpaw.eHHH pa6ornc11oco6HOCTH KJlaCCH'-!eCKOH 3JleK

TP0.!1.HH3MHKH He 11pH ,!J.JIHHe BOJIHbl llOJIH q>OTOHa, paBHOH Tpa.n.HUHOHHOMy 

(Bbl'-IHCJleHHOMY 6e3 BKJJa.n.a H;p/(81r) B mc2) KJlaCCH'-leCKOMY re ~ 2,82 X 

X 10- 13 CM, a rrpH 6JJH3KOH HMeHHO K Ac= n/(mc) = 3,8616 • 10-Il CM, 

KOTOpaH B ~ 137 pa3 60JJhIIIe re. 
,UoKa3aHH351 H 3KcrrepHMeHTaJlbHO, H Ha OCHOBe peJJHTHBHCTCKOH Teo

PHH 3JJeKTpoHa ,ll.HpaKa HeJJOKaJJbHOCTh e- [ I 2] c 6oJJbIIIHM pa.n.HycoM 

ero TopoH.n.a~hHOH cTpyKTYPhl R ~ Ac He TOJJhKO ycTpaHHeT rrpo6JJeMy 

pacXO,!J.HMOCTeH. OHa TaK)Ke .n.aeT Ha,!J.e)K.n.y llOCTpOHTb s paMKax HCTHHHOH 

(HeJIOK3JlbHOH) KB3HTOBOH MeXaHHKH TO'-IHYIO H BMeCTe C TeM 6oJJee rrpo

CTYIO, '-leM HhIHeIIIH5151 K3,U, a.n.eKB3THYIO TeopHIO TeX TOHKHX 3cpcpeKTOB, 

pac'-!eTbI 11apaMeTpOB KOTOpbIX IlOCJJe H3MepeHH51 HX 3H3'-leHHH llOKa BblilOJI

HHeT TOJlbKO K3,ll. (11pHeMaMH, COMHHTeJJbHblMH ,!J.a)Ke ,!J.JIH ee C03,!J.aTeJJett). 

B KHHre rrpe.n.CTaBJJeHbl pe3yJJbT3Tbl KBaHTOBO-MeXaHH'-!eCKHX pac'-!eTOB 

.n.ettCTBHTeJJbHhlX rrapaMeTpOB HeJJOK3JlbHOfO TOpOH,!J.aJlbHOfO 3JleKTpOHa H 

ero 833HMO,!J.eHCTBHH C MHKpo- H MaKpoo6-heKTaMH, BblilOJJHeHHbie aBTOpOM 

H ero KOJJJJeraMH C y'-!eTOM KoppeKTHB, BHeCeHHhlX B HeKOTOpbie cpparMeHTbl 

CTaH.n.apTHOH KBaHTOBOH MexaHHKH. 

fJiaBa 1 

CTPYKTYPA 3JIEKTPOHA 

1.1. PeJUITHBHCTCKaH Teopm1 U.HPKYJIHIJ.HH 3apH,ll;a 
B aJieKTpOHe I 

Pa3BHT351 ,UHpaKOM peJJHTHBHCTCKaH TeopHH 3JleKTpoHa [I 3] 11pe.n.cTaB

J1HeT co6oii Y.ll.HBHTeJlbHblH KOMITJJeKT OCHOBHbIX CBOHCTB 3JleKTPOHa. Ew.e 

He see H3 HHX a.n.eKBaTHO paCIIIHcppoBaHbl H HCI10Jlb3YIOTC51. 

TaK, .n.aHHbIH HM aHaJJH3 IlOJIY'-leHHbIX B [13] HHTerpaJJOB o:1(t) H x1(t) 
rett3eH6eproBCKHX ypaBHeHHH ,!J.BH)KeHHH C peJJHTHBHCTCKHM raMHJlbTOHH

aHOM 

H = c(a, p) + p3mc2 (1) 

.ll.JIH CB060,!J.HOro - C HyJJeBbIM BHeIIIHHM 3JleKTpOM3fHHTHbIM IlOJJeM H 

co6crneHHhlM 3Ha'-!eHHeM (c. 3.) H = mc2 - 3JleKTpOHa 

(t) = (!!!__) ,O -2iHt/h + CJJI 
o:i 2H o:i e H (2) 

H 

x1(t) = - ( :t2) a?e-2iHt/h + cp1H-lt + a1 (3) 

IlOKa3aJJ, '-ITO CO'.( (t) - rrpoeKUHH CKOpOCTH Ha OCb X( - COCTOHT He 

TOJlbKO H3 o6hl'-!HOH IlOCTOHHHOH CKOpOCTH BCeH '-13CTHl..(bl c 2pJ/ H = pJ/m, 
HO H H33B3HHOH HM <<OCl..(HJIJ1Hpy10rn.ett>> ee '-!3CTH (icna?/(2H)) e-2iHt/h. 
Haii.n.eHHhIH HM MO.ll.YJJh rrocJJe.n.Heii scer.n.a paseH csernsoii CKopocrn c. 

<PH3H'-!eCKHH CMbICJI CO:) (t) JJefKO IlOHHTb, BCllOMHHB, '-ITO HapH.ll.Y C 

orrepaTopoM 4-BeKTOpa KOOp,!J.HHaT x ,ll.HpaK BBeJI s TeopHIO HOBbie CTerreHH 

cso6o.n.bl, OI1HChlB3IOW.He BHyTpeHHee ,!J.BH)KeHHe B 3JJeKTpOHe. C.n.eJJaHO 3TO 

6blJJO HM, pa3yMeeTC51, C ueJJblO OT06pa)KeHH51 cyw.ecTBOBaHHH CllHHa H 

1 CM. (12]. 
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MarHHTHOro MOMeHTa 3neKrpoHa. flpH 3TOM CKOpOCTH ITO o60HM THIIaM 

crerreHeH CB060.ll.bl OIIHCbIBaIOTCH O.D.HHM H reM )Ke orreparopoM ca, T. e. 

«rpaeKTOpHH>> 3neKrpoHa X1 (t) (3) co.n.ep)KHT «OCU.HnnttpyIOIII.YIO>> 1-JaCTb 

(ch
2 /4H2) a? e-2iHt/h HapH.n.y C o6bI'-IHblMH cnaraeMblMH. 

Tipe.n.craBnHeT 6onbrnoli HHTepec rrpo6neMa BbI.D.eneHHH H3 o6meli Kap

THHbI .ll.BH)KeH!rn LJaCTHU.bl H HCCne.n.OBaHHH TOnbKO .ll.BH)KeHHH ee BHyrpeH

Hero - .n.o CHX rrop rrpe.n.rronaraeMoro «ocu.ttnnttpyIOIII.HM•> - o6beKra. 

1.2. faMHJibTOHHaH, OIIHChIBalOIII,HH JJ.BffiKeHHe 

BHYTPH3JieKTIJOHHOro o6'heKTa, 

If HHTerpaJibl 0'.1 (t) If X1 (t) 

KaK 6binO ycraHOBneHO, CKOpOCTb BHYTPH3neKTpOHHOro o6beKra BCer.n.a 

paBHa CBeTOBOH. Orc10.n.a O.lJ.H03HaLJHO cne.n.yer paBeHCTBO MaCCbl IIOKOH 

.D.BH)KYIII.efOCH o6beKra Hyn10. KpoMe 3TOrO HeCOMHeHHO, 'ITO CIIHH qa

CTHU.bl co3.n.aeTCH H cra6HnH3HpyeTCH .lJ.BH)KeHHeM HMeHHO 3TOro o6beKTa. 

5onee roro, ero .D.BH)KeHHe reHepttpyer cronb )Ke cra6ttnbHbie MarHHTHhIH 

MOMeHT µe 3neKTpOHa H o6ycnoBneHHblH HM KBaHTOBaHHblH MarHHTHblH 

rroroK <I> = <I>o = 1rhc/ e CKB03b TOKOBbIH KOHTYP LJaCTHU.bI. 

OLJeBH.D.HO, 'ITO e.n.HHCTBeHHblM 06beKTOM, crroco6Hh!M peanH30BaTb BCe 

rrepeLJHCneHHhie rrpe.D.bHBnHeMble K HeMy rpe6oBaHHH, MO)KeT 6b!Tb 6e3MaC

COBblH KBaHT 3apH.n.a -e. Bcer.n.a .lJ.BHraHCb co CBeTOBOH CKOpOCTbIO, OH B 

none co6cTBeHHOro BeKropHoro rroreHu.Hana Ai HMeer 06pa3y10my10 crrHH 

Macey 

ms= - (;) As (4) 

(Ai = As - C. 3. BeKTOpHoro noreHU.Hana, C03.D.aBaeMOfO caMHM 3apH.lJ.OM B 

Mecrax cBoero rrponera). 

TonbKO B 3TOM cnyqae cra6HnbHOH yrropH.D.OLJeHHOCTH a3HMyranbHOro 

ABH)KeHHH 3apH.n.a CIIHH h/2, MarHHTHbie MOMeHT µe H IIOTOK <I>o 6y.n.yr 

Bcer.n.a cra6HnhHblMH. 

,llnH Bbl)l:eneHHH TOnhKO ABH)KeHHH BHYTPH3neKTpOHHoro o6beKra AO

craTOLJHO CKOpOCTb BCeH LJaCTHU.bl rronO)KHTb paBHOH Hyn10. Tor)l:a B co

OTBeTCTBHH C rrpHHUHIIOM Heorrpe)l:eneHHOCTH BOnHOBaH q>yHKUHH LJaCTHU.bl 

BO BCeM rrpocrpaHCTBe HMeer IIOCTOHHHYIO (pa3yMeercH - 6ecKOHeLJHO 

Many10) BenHLJHHy. 3HaLJHT, pe3ynhTaT .n.elicTBHH rrepBoro LJneHa orreparopa 

HMrrynhca -ihd/ dx raMHnbTOHHaHa ,llttpaKa (1) Bc10.n.y paBeH Hymo raK 

)Ke, KaK H .n.eHCTBHH rroneBOH ero LJaCTH (e/c)A B COOTBeTCTBHH C Bbillle

yrroMHHYThlM rrpeJJ:rrono*eHHeM BHernHero A = 0. 
Tor)l:a raMHnbTOHHaH Hi, OIIHCbIBaIOIII.HH .ll.BH)KeHHe 3apH.n.a B IIOKOH

meMCH 3neKrpoHe, paBeH 

Hi = p3msc2( C. 3. Hi = msc
2
). (5) 

!.3. TpaeKmopwi x,(t) u cmpyKmypa &AeKmpoHa II 

I1 C IIOMOIII.b!O npou.eAYPhI, rrpHMeHeHHOH ,llttpaKOM npH rronyLJeHHH 

HHTerpanoB (2) H (3) .n.nH ypaBHeHHH .lJ.BH)KeHHH c raMHnbTOHHaHOM (1 ), 
JJ:nH ypaBHeHHH c raMHnbTOHHaHOM (5) HaXOAHM 

o:1(t) = iNa?e-it/N (N = _h_). 
2msc2 ' 

xi (t) = -cN2aO e-it/N I • 

1.3. TpaeKTOpHH x1 (t) 11 CTPYKTypa aJieKTpoHa 

(6) 

YHHKanbHOH oco6eHHOCTblO perneHHH (6) HBnHeTCH H.n.eanhHaH JJ:HC

KpeTHOCTb HX Mo.n.yneli. Or BpeMeHH MOJJ:ynH KaK orreparopa CKOpOCTH 

lco:1 (t)I, raK H KoopAHHaTbI lx1 (t)I He3aBHCHMhI. lfro6b1 BhIHCHHTb o6ycnoB

neHHbIH 3THM HX CBOHCTBOM q>H3HLJeCKHH CMbICn, BOCIIOnb3yeMCH rrepHO

.ll.H'-IHOCTblO a1 (t) H X1 (t), a TaK)Ke paBeHCTBOM e.n.HHHU.e MOJJ:ynH K03q>q>H

UHeHTa rrepeA 3KCIIOHeHTOH B a1 (t). flpH 3TOM BbI6epeM MOMeHT BpeMeHH 

t = 0 HaLJana HHTerpHpOBaHHH reH3eH6eprOBCKHX ypaBHeHHH ABH)KeHHH 

TaK, '-IT06bl 6binO a?= -2msc2 /h. 3ro rrpH.n.aer HHTerpanaM y.n.o6Hb!H AnH 

HCCne.n.oBaHHH BH.ll. 

a,(t) = -ie-iwt; xi(t) = Re-iwt = R cos wt - iR sin wt; 

( R = 2;sc' w = i) · 
(7) 

KoMrrneKCHOCTb rpaeKTOpHH (7) CBH.n.erenbCTByer O ee KpHBH3He. flpH 3TOM 

BemecTBeHHaH ee LJaCTb R cos wt OIIHCbIBaer rrpoeKU.HIO Ha OCb X1 (ocb Ox 
rrnOCKOCTH xOy )l:eKapTOBOH CHCTeMbl KOOpAHHar), a MHHMaH - rrpoeKU.HIO 

rpaeKTOpHH Ha MHHMYIO OCb, HBnHIOIII.YIOCH OIIHCbIBaeMOH Marpuu.eli a2 
KoopAHHaroli x2 (r. e. ocbIO Oy roli )Ke rrnoCKocrn). 3ro nerno rroHHTb, 

cpaBHHB MarpHU.bl ,llttpaKa 

{
0001} {o 0 0 I 0 0 

ai = 0 I 0 0 ; a 2 = 0 
I O O O i 

0 0 0 

0 0 -i} 0 i 0 
-i O 0 
0 0 0 

{ 

0 0 I 

a 3 = I 0 0 
_()I } 0 . 

0 -I 0 0 

KaK BH.D.HM, e.n.HHCTBeHHOH cpe.n.H HHX Marpttueli C LJHCTO MHHMblMH (.n.Ha

roHanbHblMH) 3neMeHTaMH HBnHeTCH a2. 
TaKHM o6pa30M, )l:eHCTBHTenbHaH rpaeKTOpHH X1 (t) ne)KHT B rrnoCKOCTH 

xOy, rrpHLJeM H3-3a IIOCTOHHCTBa paccTOHHHH 3apHJJ:a OT HaLJana KOOpJJ:HHaT 

X1 (t) = R = const OHa MO)KeT OKa3aTbCH q>HKCHpOBaHHOH B rrnoCKOCTH 
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xOy OKPYMHOCTblO. 3TO npeJIJIOJJO)KeHHe 6y.11.eT npaBHJJbHb!M, eCJJH y.11.acTCH 

JI.OKa3aTb TO'IHOe paBeHCTBO npoXOJI.HMOro 3ap.HJI.OM co CBeTOBOH CKOpOCTblO 

nyrn L 3a OJI.HH nepHO.ll. apeMeHH T = 21r/wL = 21rR. 3TO .11.eiicTBHTeJJbHO 

TaK, H6o (7) w = c/R H L = 21rR. 
OJI.HOBpeMeHHOe cyrn.ecTBOBaHHe C. 3 . .ll.BYX paBHb!X no BeJJH'IHHe KOM-

noHeHT CKOpOCTH 3ap.HJI.a BJI.OJJb OCH Ox Vx = ca1 = ±c H B.ll.OJ!b Oy Ha 

nepBb!H B3rJJHJI. npOTHBopetIHT TeOpHH OTHOCHTeJJbHOCTH. OJI.HaKO JJHlllb 

JI.JIH TOtie'IHOfO 3ap.HJI.a ero CKOpOCTb HMeJJa 6bI npeBOCXOJI..Hlll.ee CBeTOBYIO 

CKOpOCTb 3HatieHHe. 
KpoMe Toro, UHPKYJJHUHH c nocTOHHHOH cBeTOBOH cKopocTblO 3apH

JI.a -e JI.aMe He TO'letIHOfO, a HepaBHOnJJOTHO pacnpeJI.eJJeHHOro B.ll.OJ!b 

HaHJI.eHHOH Bb!llle OKPYMHOCTH, HeCOBMeCTHMa C cynepCTa6HJJbHOCTblO e
( Te ~ 2. 1022 JJeT) H C B03MOMHOCTblO ero aHHHrHJIHUHH C n03HTpOHOM. 

OTCIOJI.a CJJeJI.yeT, 'ITO eJI.HHCTBeHHO B03MO)KHb!M Jl.JIH 3JJeKTPOHa HBJJ.HeT

CH paBHOnJJOTHOe pacnpeJI.eJJeHHe ero 3ap.HJI.a BJI.OJ!b BCeH HaHJI.eHHOH Bb!llle 

KpyrOBOH TpaeKTOpHH. Tor.II.a nOJJHaH CKOpOCTb 3apHJI.a B KaMJI.OH ee TOtIKe 

6yJI.eT acer.II.a paBHa caeTOBOH. A ee npoeKUHH Ha ocb Ox Ha o6oHx KoHuax 

JI.HaMeTpa TpaeKTOpHH (acer.11.a pacnOJJO)KeHHOfO Ha OCH Oy) 6yJI.eT HMeTb 

B COOTBeTCTBHH C TeopHeH ,llHpaKa JI.Ba C. 3. - +c H -c. 3TO Me 6yJI.eT 

aepHo JI.JJH ee npoeKUHH Ha ocb Oy. l1, KpoMe Toro, 06pa3yeMbie UHPKYJJH

pyIOlll.HM 3apHJI.OM H 3JJeKTpHtieCKOe, H MarHHTHOe noJJH 6yJI.yT cynepcTa-

6HJJbHbl. 
Ho ecJJH npH 3TOM JI.onycTHTb (TaK Me, KaK JI.Onyrn.eHHYIO B K3,ll, HO 

onpoaeprnyTylO KOppeKTHO HHTepnpernpyeMblMH 3KCnepHMeHTtlMH, «TO'letI

HOCTb>) BCeH tiaCTHUbI) nonepetIHYIO JJOKaJJbHOCTb paBHOpacnpeJI.eJJeHHOro 

no OKPYMHOCTH 3ap.HJI.a C HyJJeBb!M pa3MepoM MepHJI.HaHHOro ee cetieHHH, 

TO Ha HeH H Aicp, H CKaJJHpHb!H noTeHUHaJJ 1/1 6yJI.yT paCXO.ll.Hlll.HMHCH. 

Tio3TOMY 3HalleHHH Mace 3ap.HJI.a mi (4) H Bcero 3JJeKTpoHa m OKaMyTCH 

6eCKOHetIHO 60JJbllIHMH. 
CJJeJI.OBaTeJJbHO, npHeMJJeMb!M pacnpeJI.eJJeHHeM KBaHTa 6e3MaCCOBOro 

3ap.HJI.a -e B 3JJeKTpoHe HBJJ.HeTCH TOJJbKO ero OJI.HOBpeMeHHOe HeJJoKaJJb

HOe paBHopacnpeJI.eJJeHHe KaK no aceii JI.JJHHe oKpyMHOCTH KOJJbUa 21rR 
(R = h/(2msc)), TaK H no noaepXHOCTH 6ecKoHetIHO TOHKoro TOpa c BbI

weynoMHHYTb!M 6oJJbllIHM paJI.HYCOM R H npeHe6peMHMO MaJJblM paJI.HYCOM 

MepHJI.HaHHOro cetieHHH po « R. TiocJJeJI.Hee .11.eJJaeT CTPYKTYPY 3JJeitrpoHa 

B BHJI.e 3aMKHYTOH KOJJbUeBOH 3apHJI.OBOH cynepcTpyHbI noJJHOCTblO onpe

JI.eJJeHHOH H JI.aeT B03MO)KHOCTb Bbl'IHCJJHTb C ytieTOM H3BeCTHb!X TO'IHb!X 

3KcnepHMeHTaJJbHblX JI.aHHb!X ace ee napaMeTpb!. 

3JI.eCb yMeCTHO nOJI.tiepKHYTb, 'ITO JJerllIHH B OCHOBY KBaHTOBOH TeopHH 

CnHHa e- CTaHJI.apT - BbI6op ero HanpaBJJeHHH Beer.II.a BJI.OJ!b OCH Oz 
(HanpaBJJeHHOH BJI.OJ!b BeKTOpa BHellIHero JI.JIH e- MarHHTHOfO noJJH) - co

xpaHeH H B TeopHH ,llHpaKa. l1M OH peaJJH30BaH tiepe3 BbI6op MaTpHUbl a3. 
3TO JI.eJJaeT OtieBHJl.HOH Heo6XOJI.HMOCTb B aHaJJOrH'IHb!X (6) H (7) HH

TerpaJJaX a3(t) H x3(t) reH3eH6eproBCKHX ypaBHeHHH JI.BHMeHHH BHyTpH-

3JJeKTpOHHOfO o6beKTa C raMHJJbTOHHaHOM (5) npHpaBHHTb noCTOHHHYIO, 

paBHYIO npOH3BOJI.HOH OT a3 no apeMeHH, ag = 0. 
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TaKHM o6pa30M, BMeCTO xaoTHtiecKoro TaK Ha3b!BaeMoro <<Zitterbe

wegung'a» BCero .3JJeKTpoHa B JI.eHCTBHTeJJbHOCTH B HeM acerna HJI.eT cy

rrepcrn6HJJbHa.H UHPKYJJHU.HH ero 6e3Maccoaoro 3ap.HJI.a co cBeTOBOH CKOpo

CTblO B co6CTBeHHOM caMOC0rJJacoBaHHOM 3JJeKTpoMarHHTHOM noJJe BJI.OJJb 

CTporo cpHKCHpOBaHHOH JlOBepXHOCTH cyrrepTOHKOro, HMeIOrn.ero JlOCTO.HH

HblH 6oJJbllIOH pa.II.Hye R, TOpa BOKpyr ero ocH CHMMeTpHH Oz. 
,lloKa3aHHOe OTCYTCTBHe npeueccHH cnHHa H MarHHTH0ro MOMeHTa 

3JJeKTpOHa OTHOCHTeJJbHO OCH ero CHMMeTpHH rrpeJI.OCTaBJJ.HeT .ll.0 CHX nop 

0TCYTCTBOBaBllIYIO B03MOMHOCTb o6ecrretIHTb Heo6XOJI.HMYIO onpeJI.eJJeH

HOCTb orrepaTOpa ero MarHHTHOro B3aHMOJI.eHCTBHH C .ll.PYrHMH tiaCTHUaMH. 

KaK BHJI.HM, peJJHTHBHCTCKaH TeOpHH .3JJeKTpOHa ,llHpaKa COJI.epMHT a ce6e 

paBeHCTBO Jl0JJHOro MeXaHH'leCKOro MOMeHTa 3JJeKTpOHa Sero npoeKUHH 

Sz, T. e. yroJJ rrpeueccHH OCH 3JJeKTpOHa B0Kpyr 3aJI.aHHOH OCH Beer.II.a 

HyJJeaoii. 

CJJeJI.OBaTeJJbHO, HHTeprrpeTaUHH TeOpHH .3JJeKTpoHa ,llHpaKa, Ha OCHOBe 

KOTOpOH TOJJbKO rrpoeKUHH Sz = h/2 6bIJJa KBaHTOBaHHOH, a JlOJJHb!H s HMeJJ 

He ueJJb!H MH0MHTeJJb rrpH h/2 (CM., HarrpHMep, [ 14-17]), HeKoppeKTHa. 

3JI.eCb yMeCTHO pacCMOTpeTb H CHTyaUHIO B CTaHJI.apTHOH KBaHTOBOH 

MeXaHHKe C OJlHCaHHeM CBOHCTB op6HTaJJbHb!X MOMeHTOB. B HeH JI.aBHO 

ycTaH0BJJeH0 [7, EJLOXUHU,eB. OcHOBbl KBaHTOBOH MeXaHHKH] OTCYTCTBHe 

rrpeueccHH KOJJhUeBh!X op6HTaJJhHh!X T0KOB .3JJeKTpOHa B aTOMe OTHOCH

TeJJhHO acer.II.a coxpaHHIOW.eroc.H HarrpaaJJeHHH BeKTopa MexaHHtieCKoro 

op6HTaJJbHOro MOMeHTa lh. OTCIOJI.a 0lleBHJI.H0, 'ITO .ll.0 CHX rrop HCnOJJh3y

lOlll.HHCH B HeH orrepaTop KBaJI.paTa MexaHHtieCKOro MOMeHTa e- B aT0Me 

B BHJI.e noJJHoro onepaTOpa JlanJJaca JI.JJH ccpephI HeKoppeKTeH, TaK KaK 

JJJ060H aTOM C HeHyJJeBh!M MeXaHHtieCKHM M0MeHT0M Beer.II.a o6JJaJI.aeT 

coxpaHHJOW.eH cpHKCHpoBaHHOe HanpaBJJeHHe 0ChlO Oz. CJJeJI.oBaTeJJhHO, 

nOJJHh!H onepaTop JianJJaca a raMHJJhT0HHaHe BOJJH0B0ro ypaBHeHHH Heo6-

XOJI.HM0 3aMeHHTh Ha ero Z-K0MnOHeHTy -h282 /8cp2 . 3aMeHa ycTpaHHT 

JI.OJJro cyrn.ecrnoBaBllIYIO Hecypa3H0CTh MeM.ll.Y c. 3. noJJHOro (l(l + 1)) 1l2h 
H Z-K0MnOHeHThl lh M0MeHTa e- B aT0Me. OTcyTCTBHe TaKOH 3aMeHhl, 

a TaKMe o6HapyMeHHaH HHMe OllIH6Ka B BhipaMeHHH peJJ.HTHBHCTCKOH 

nonpaBKH K C. 3. ypoBHeH .3HeprnH aT0Ma, aepoHTH0, H BhIHYMJI.aJJ0 Teo

peTHK0B HCnOJJh30BaTb B KBaHTOBOH TeOpHH xx B. ee cypporaT - K3,ll, 

OCH0BaHHYIO Ha C0MHHTeJJhHh!X C TO'IKH 3peHHH JI.aMe caMHX ee C03JI.aTeJJeH 

npHeMax. 

TipeJI.cTaBJJHeTCH HHTepeCHh!M ern.e pa3 o6paTHTh BHHMaHHe Ha Bh!

paMeHHe R = h/(2msc) a (8). EcJJH c YlleTOM (4) cpaBHHTh ero c 

H3BeCTHb!M KBaHT0B0-MeXaHHtieCKHM CO0TH0llleHHeM HeonpeJI.eJJeHHOCTeH 

6.x6.px ~ h/2, TO MOMH0 npHHTH K cJJeJI.yIOW.eMy 3aKJJIOtieHHIO. B cTa

UHOHapHhIX C0CTOHHHHX, onHChIBalOW.HX CTPYKTYPY .3JJeMeHTapHh!X qa

CTHU, npoH3BeJI.eHHe HeonpeJI.eJJeHH0CTH K00p.ll.HHaThl 06beKTa (JI.JJH 3ap.H

JI.a B .3JJeKTpoHe 6.x = R) Ha HeonpeJI.eJJeHH0CTh KOMn0HeHThl HMnyJJhCa 

6.px = ffi 8 C TO'IH0 paBHO 6.x6.px = h/2. 
,llaJJbHeHllIHH aHaJJH3 YJI.06Hee Beem B UHJJHHJI.pHtieCKOH CHCTeMe K00p

.ll.HHaT C ee HatiaJJ0M B ueHTpe 3JJeKTpoHa. Bee BeJJH'IHHhl HHMe BhipaMalOT-
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CH, KaK npaBHJIO, B rayccOBOH CHCTeMe eJJ.HHHU. (KpOMe 3HeprHH, KOTOpaH 

HHor.11.a .11.aeTCH B 3B). 

1.4. Cmrn, rroJIHhIH MarHHTHhIH rroToK, MarHHTHhIH 

MOMeHT, Macca, MarHHTOMexaHHqecKoe OTHOIIIeHHe 

H ;::i;pyrHe rrapaMeTphI aJieKTpotta 

11rnK, CTPYKTYPHbie napaMeTpbl 3JieKTpoHa TaKOBbl. 

EoJiblllOH pa.11.Hyc cynepTOHKOro TOpOHJJ.aJibHOro TOKOBoro KOHTypa 

h 
R---· 

- 2msc' 

nOCTOHHHaH BJJ.OJib BCeH .11.JIHHbl 271" R KOHTypa nJIOTHOCTb 3apH.11.a 

e 
a= -27rR; 

U.HPKYJIHPYIOILI.HH no noaepxHOCTH KOHTypa 3apH.11.a TOK (npH vcp = +c) 

. ec 
Jcp = - 27rR 

(8) 

(9) 

(10) 

(a npH vcp = -c 6y.11.eT jcp = +ec/(27rR)}. TaK tITO 4-BeKTop TOKa noKOHILl.e

rocH e- a .11.eiiCTBHTeJibHOCTH HMeeT KOMnOHeHTbl -e H jcp = ±ec/(27rR). 
11 3TO .11.aeT OCHOBaHHe npe.11.noJIOJKHTb, 'ITO eCJIH 6bl 3TOT q>yH.11.aMeHTaJlb

HblH qiaKT 6b1JI ytITeH B KBaHTOBOH MexaHHKe eme .11.0 noCTpoeHHH K9,ll, 

TO nocTyJiaTbl H o6JiaCTb KOMneTeHU.HH K9,ll OKa3aJIHCb 6bl paJJ.HKaJibHO 

CKOppeKTHpoBaHHblMH. 

YcrnHOBJieHHaH CTPYKTypa e- cymecTBeHHO ynpomaeT npou.e.11.ypy 

.11.aJibHeHIIlero ero HCCJieJJ.OBaHHH. TiocTOHHCTBO IlJIOTHOCTeH a H jcp B U.Hp

KYJIHPYIOILl.eH co CKopocTb!O caern 3apHJJ.OBOH cynepcTpyHe-KOJibU.e .11.aeT 

B03MOJKHOCTb BbltIHCJIHTb napaMeTpbl e- no CTaH.11.apTHblM 3JieKTPOJJ.HHaMH

qecKHM q>OpMyJiaM 6e3 yqern 3q>q>eKTa 3ana3JJ.bIBaHHH [ 1, 3, 23]. 
Eonee TOro, OHa JKe a COOTBeTCTBHH c COOTHOIIleHHHMH (4) H (7) 

o6ycnoBJIHBaeT HHBapHaHTHOCTb RAcp = ch/(2e), 6naro.11.apH KOTopoii ace

r.11.a HMeeT MeCTO He TOJlbKO opraHHtieCKH BXOJJ.HBIIlee B peJIHTHBHCTCKYIO 

TeopH!O 3JieKTpoHa ,ll.HpaKa KBaHTOBaHHe ero CnHHa 

s = Sz = -R (~) Acp = ;, (11) 

HO H OJJ.HOBpeMeHHOe KBaHTOBaHHe npOHH3b1Bal01L1.ero ero MarHHTHOro no-

TOKa 
7rhc _7 <I>z = 27rRAcp = -<I>o = - = -2,06787 · 10 . 

e 
(12) 

KcTaTH, H3MepeHHH <I>z = M<I>o (M = 1, 2, 3) B MaKpocKonHtiecKHX caepx

npoBOJJ.HILI.HX (CTI) KOJlbU.ax [ 19, 20] JJ.OKa3aJIH, 'ITO npoHH3b1Ba101L1.HH HX 
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<I>z = .M<I>o TOJKe KBaHTOBaH, H KBaHT <I>o paBeH npeJJ.CKa3aHHOMY ,ll.HpaKOM 
<I>o = hc/(2e) [5]. 

MarHHTHbIH MOMeHT HMeJOmero 3TY CTPYKTYPY e-, paBHbIH npoH3Be

.11.eHHIO nnoma.11.H TOKoBoro KOHTypa 7r R 2 Ha j / c, coCTaBJIHeT · 

µz=e:. (12') 

C nOMOILl.b!O TOtIHblX B HalllHX YCJIOBHHX 3JleKTPOJJ.HHaMHtieCKHX Bblpa)Ke

HHH [3, 18, 30] nerno HaXOJJ.HM Macey 3JieKTpOHa 

m = c-
2 

{PcpC + ½ J d3x [jcp(x) Acp:x) + a(x)1jJ(x)]} = 

=ms+~~ f d3x [jcp(x)Acp;x) + a(x)1jJ(x)], 

-eAs -eAcp 
ms = -- = -- = const c2 c2 

(13) 

(jcp - TOK H a - nJIOTHOCTb 3apH.11.a; 7P - CKaJIHpHblH nOTeHU,HaJI). 

11HTerpHpOBaHHe, eCTecTBeHHO, BbinOJIHHeTCH TOJlbKO no TOpOHJJ.aJibHOH 

noBepXHOCTH KOJibU.a, Ha KOTOpoii H a(x) (9), H jcp(x) (10) nOCTOHHHbl. 

Tio.11.qepKHeM, 'ITO nOJJHOCTb!O 3JleKTpOMarHHTHaH Macca nOKOH Bcero 

3JleKTpOHa (13) COCTOHT H3 .11.BYX KatieCTBeHHO OTJIHtia!OILI.HXCH tiaCTeH. 113 

HHX CnHH006pa3yJ01L1.aH ms= Pcp/c C03JJ.3Ha noneBblM HMnyJibCOM U.HPKYJIH

PYIOILl.ero no noaepXHOCTH TOpa 3apHJJ.3 -e. 11 OtieBHJJ.HO, 'ITO eJJ.HHCTBeHH3H 

~-KOMnOHeHTa BHYTPH3JleKTpOHHOfO HMnyJibC3 H MexaHHtieCKHH yrJIOBOH 

MOMeHT (cnHH) h/2 3JieKTpOH3 C03JJ.3eTCH TOJlbKO 3TOH qacTb!O era M3CCbl. 

A BTOpaH ee tiaCTb CBOHM HCTOtIHHKOM HMeeT npOHHTerpHp0B3HHYIO no 

BCeMy npoCTpaHCTBy nJIOTHOCTb 3HeprnH CTaU.HOHapHblX M3rHHTHOro H 
3JleKTpHtieCKOfO noneii. 

(11HTerpan B ( 13) no noaepXHOCTH TOpa, KaK H3BeCTHO, B H31IlHX 

YCJIOBHHX 3KBHB3JieHTeH HHTerpany nJIOTHOCTH 3HeprnH BblllleynoMHHYTblX 

CT3U.HOH3pHblX noneii no BCeMy npocTpaHcTBy.) 

Co6cTBeHHbIH 4-noTeHu,HaJI (i1jl, Acp), C03JJ.aBaeMbIH UHPKYJIHPYIOILI.HM 

B 3JleKTpoHe-KOJlbl..{e 3apHJJ.OM -e, B KOOPJJ.HHaTax (r, ~. z), K3K H3BeCTHO, 
eCTb 

1/2 1/2 2 
7P = _ _!:__ (R) kK(k); A = _ _!:__ (R) (2 - k )K(k) - 2E(k); 

7rR r cp nR r k 

k2 = 4Rr 
(R + r)2 + z2 

(14) 
(K(k) H E(k) - noJIHbie 3JIJIHnTHtieCKHe HHTerpanb1). A KOMITOHeHTa Hz 
HanpH)KeHHOCTH M3fHHTHOro nOJIH 

Hz= ±(e/7rR)/((R + r) 2 + z2) 112 [(R2 - r 2 - z2) E(k) + K(k)] . 
(R-r)2 + z2 

( 14') 
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Ha nosepxHocrn Topa, paJJ.HYC MepHJJ.HaHHoro cetJeHHSI Kornpoii Po ~ R, c 

ytJeTOM (4) H (8) 6yJJ.eT [12]: 

e (BR) msC- ( 4a) 7/J(po) = -- In - = --- I+ - = canst, 
1rR pa e 1r 

e [ (8R) ] msc1-Acp(po) = -- In - - 2 = --- = const 
1rR Po e 

(15) 

(a= e2 /(1ic) - nOCTOSIHHaSI TOHKOH CTpyKTypbI). 
l13 Bb1pa)KeHHH JJ.JJH crrHHa (II) H Acp(Po) = -e/(1rR)[In(8R/po)-2j 

(15) HaXOJJ.HM HHBapHaHTHOe 3HatJeHHe 

(BR) 1r In -;; = 
20 

+ 2 = 217,2564. (16) 

TotJHOCTb sblpa)KeHHH (15) 6JJaroJJ.apsi k2 = I - cc o6yrnoBJJHBaeMhIM (14) 
MO)J.yJJeM c rv 10-n, B KOTOpOM n rv } 02 , noJJytJeHHblX C nOMOW.blO pa3JJO
)KeHHSI K(k) H E(k) no cTerreHHM k' = I - k2

, npH HX HcnOJJb30BaHHH B 
(13) y)Ke s HyJJeBOM npH6JJH)KeHHH 6oJJee tJeM JJ.OCTaTOlJHa [21]. 

l1HTerpHpoBaHHe B (13) 6JJaro)J.apsi IlOCTOSIHCTBY 110)1.bJHTerpaJJbHOH 
cpyHKUHH BblllOJIHSleTCSI 3JJeMeHTapHO, H C ytJeTOM (4), (8) H JJ.pyrnx rrpHBe
)J.eHHblX Bb[We Bbipa)KeHHH CllHHOBaSI H IlOJJHaSI 3JJeKTPOMarHHTHaSI Macca 
3JleKTpoHa (I 3) H OCTaJlbHbie napaMeTpbl 3JieKTpoHa Bblpa3SITCSI TaK: 

1i ( a) 1i R=--= l+- -· 
2m8 c 7r me' 

(4') 

In (::) = 217,2564; (16) 

ms = [__:!___] [In (8R) _ 2] = 1,758842 • 10-3
8

. 
1rc2R po R • 

(17) 

m = [2 (I+;)) ms= 2,00464564ms = 3,52585!. 10-38; (18) 

Sz = !'!_ = (~) <I>o npHv = +c· 
2 21rc 'P • 

(19) 

eR ( eh ) ( a) µz = - - = - -- I + - rrpH v = +e· 
2 2me 1r 'P ' 

(20) 

µz = _ (__:!_) (t + ~) = _ l ,002323e 
Sz me 1r me 

(21) 

Terrepb HaM JJ.OCTaTOlJHO BbI6paTI,· TOJ!bKO OJJ.HH JJ.OCTOBepHO H3MepeHHbIH 
napaMeTp (Macey HJIH xopowo H3MepeHHblH JJ.pyroii) H tJepe3 110)1.CTaHOBKY 

G 
~ 
°'v ,, .'-{.) 

·1~ 

~ 
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ero 3HatJeHHSI B Bbipa)KeHHSI (4) H (16)-(21) BbllJHCJIHTb 3HatJeHHSI scex 
ocTaJibHblX rrapaMeTpOB. 

OmHMaJJhHbIM B 3TOM nnaHe npeJJ.CTaBJIHeTCH pactJeT (TaMM H. £. Oc
HOBhI TeOpHH 3JieKTPHtJecTBa. M .. 2003. C. 610) tJepe3 H3MepeHHOe C OTHO
CHTeJibHOH TOlJHOCTblO rv 10-6 3HatJeHHe MaCCbl 3JleKTpoHa m = 9,109382 X 

x 10-28 r (H3MepeHHasi K 90-M rr. npownoro seKa, oHa cocTaBJIHJia 
m = 9,109534 • 10-28 r [46]). PactJeT qepe3 3HatJeHHe m = 9,109382 x 
x 10-28 r JJ.aJJ cJJeJJ.yJOW.He pe3yJihTaTb1: cnHHoBasi Macca ms = m/[2( I + 
+ a/1r}} = 4,544136 • 10-28 r, 6oJibWOH paJJ.HYC Topa e-R = 3,870575 x 
X 10- CM H MarHHTHblH MOMeHT 3JieKTpoHa 

µz = -9,29558 · 10-21 3pr/fc. (20') 

KaK BHJJ.HM, TOJ!bKO 3HatJeHHe pactJeTHOro MarHHTHoro MOMeHTa, BbllJHCJieH
HbIH MOJJ.YJJb KOTOporo npeBOCXOJJ.HT ero H3MepeHHOe 3HatJeHHe Harv 0,13 %, 
cyw.ecTBeHHO OTJIHtJaeTCSI OT H3MepeHHOfO. 

Ho eCJJH 6bl Mbl H36paJIH sapHaHT pactJeTa tJepe3 HCITOJlb30BaHHe Mar
HHTHOro MOMeHTa H3MepeHHOro µz = -9,284832. 10-21 3pr/fc, TO B 3TOM 
cnyqae nerno HaxoJJ.HMbIH H3 (20) R = 2lµzl/e 6h1JI 6bl paBeH R = 3,8661 x 
x 10-11 CM. A H3 (15)-(18): e/(1rR) = 3,95465; 1/J(po) = -859,173; 
Acp(PD) = -851,2637. l1 s pe3yJJbTaTe pactJeTHbJe MaCCbl (I 7) H (18) 
OKa3aJIHCb 6bl paBHbIMH: CITHHOBaSI ms = 4,5494 . 10-28 r, a IlOJIHaSI -
m = 9,120 • 10-28 r. 

TaKHM o6pa30M, B 3TOM BapHaHTe BtJtJHCJJeHHaSI m 6onee tJeM Ha 0,1 % 
npeB30WJJa 6bJ TOlJHO H3MepeHHYIO Macey 3JleKTPOHa. 

OtJeBHJJ.HO, lJTO Bbl3BaHO 3TO tipe3MepHo 60JibWOH OWH6KOH H3Mepe
HHH 3JieKTPOHHOro MarHHTHoro MOMeHTa µz. Ero H3MepeHHSI BbJITOJIHHJIHCb 
B OCHOBHOM tJepe3 OTKJIOHeHHe tpaeKTOpHH ero caMoro, HJIH aTOMOB, 
HJIH MOJieKyJI B HeO)J.HOPOJJ.HblX ITOJISIX MarHHTOB C HX qieppoMarHHTHblMH 
noJ110caMH THna llhepHa-fepnaxa, C03JJ.aJOW.HMH B MeCTax nponeTa e
TPYJJ.HOH3MepHMhie H3-3a 3cpcpeKTa HaCbJW.eHHSI Ha 6JJH3KHX K TpaeKTOpHS!M 
tJaCTHU yrnax ITOJIIOCOB MarHHTa He TOJlbKO MOJJ.YJIH, HO H HanpaBJieHHSI 
BeKTopa G - rpaJJ.HeHTa MarHHTHOfO ITOJISI. JI.a)Ke TOJlbKO 0)1.HH 3TOT 
cpaKTop 6bIJI cnoco6eH C03)J.aTb OWH6KH H3MepeHHSI MarHHTHOro MOMeHTa 
MHOfOKpaTHO npeBOCXOJJ.SlllJ.HMH BeJIHlJHHbl OWH60K npH H3MepeHHSIX Mac
Chi HJIH 3apsiJJ.a 3JleKTpOHa. 3To ITOJJ.TBep)K)J.aeTCSI TaK)Ke H CJJe)J.yJOw.eii 
oueHKOH TOlJHOCTH H3MepeHHH MarHHTHOro MOMeHTa 3JleKTpOHa, )J.aHHOH 
C. BOHCOBCKHM [6 I]: <<B HaCTOSIW.ee BpeMSI MeTO)J.HKa OITblTOB Jl.OCTHrJJa 
CTOJlb 60JJbWOro cosepweHCTBa, lJTO IT03BOJISleT rapaHTHpOBaTb TOlJHOCTb 
H3MepeHHH JJ.O 0,1-0,2%>>. 

BbIWeCKa3aHHOe )J.aeT OCHOBaHHSI npeJJ.ITOJIO)KHTb, lJTO H B HaCTOHW.ee 
BpeMsi TOlJHOCTb H3MepeHHH µe- HaXOJJ.HTCSI Ha TOM )Ke, OTMetJeHHOM 
C. B. BoHCOBCKHM, ypoBHe 0, 1-0,2 %. 6JIH3KOM K ITOJJytJeHHOMY BbJWe tJe
pe3 cpaBHHTeJibHbJH aHaJJH3 sapHaHTOB BbllJHCJJeHHSI napaMeTpOB e- tJepe3 
H3MepeHHble 3HatJeHHSI 66rJM'-.#rJDe ., 

I1TaK, HCXO)J.SI H3 T lJHO H™epeW/MFt #lf£~'fl}'9 82 · 10-28 r H JJ.pyrnx 
H3secrnhlx senHtJHH ~~P,MhllibMC~oBam~ eHHsi (I 1)-(13), (18) 

BMBnMOTEKA 



18 r A a Ba I. CmpyKmyya aAeKmp01-1a_ 

HaXOJJ.HM, '!TO COJJ.epMaW:HHCH B peJIHTHBHCTCKOH TeopHH .lJ.HpaKa 60JibWOH 

paJJ.Hyc Topa 3JieKTpoHa (4) R = Ac(l + a/1r) = 3,870575 • 10- 11 CM npaK

TH'leCKH COBna)].aeT C BbIWeynoMHHYTOH 3KCnepHMeHTaJibHO HaHJ].eHHOH 

JJ.JIHHOH - eCTecrneHHOH npeJJ.eJibHOi°I rpaHHU.eH pa6orncnoco6Hocrn Knac
CH'leCKOH 3.LJ., npeJJ.CTaBJIHBWeHCH YJJ.HBHTeJibHOH c TO'IKH 3peHHH K3.LJ.. 

CTaJia O'leBHJJ.HOH H q>H3H'leCKaH npH'IHHa YJJ.BOeHHH MarHHTOMexaHH'le

CKOro OTHOWeHHH (21) 3JieKTpoHa no cpaBHeHHIO C ero 3Ha'leHHeM JJ.JIH op-

6HTaJibHbIX MOMeHTOB e-. 113 (13), (15) H (18) CJieJJ.yeT, '!TO o6pa3yIOw:aH 

cnHH Macca ms nO'ITH TO'IHO BJJ.BOe MeHbWe BCeH MaCCbl 'laCTHU.bl. Eonee 

Toro, ms ( 17) COJJ.epMHT ew:e H ecTeCTBeHHYIO, BO3HHKWYIO H3-3a pa3HHU.bl 

BKJiaJJ.OB '1/J(po) = -(1 +4a/1r)msc?-/e H A,.,(po) = -ms<f /e B Macey noKoH 

e-' TaKMe Ha3bIBaeMyIO aHOMaJibHOH MaJiyIO JJ.06aBKY b..µz/ Sz = (a/1r) X 

x (e/mc). 
CBOHCTBa 3TH npHCYW:H, ecTeCTBeHHO, TaKMe H MIOOHaM, H 7-JienTOHaM. 

Eonee TOro, <<aHOMaJIHH» µz/ Sz MaCWTa6a COTeH npou.eHTOB H3MepeHa 

B HYKJIOHax H JJ.pyrnx 3JieMeHTapHblX 'laCTHU.aX. Ho cnHH Ka)KJ].OH H3 

HHX TaKMe BCerJ].a KBaHTOBaH - KpaTeH h/2. Bee 3TO peaJIH3yeTCH H B 

aHTHJienTOHax e+, µ+ H 7+. 

11HTepeCHO, '!TO MarHHTHbIH µz He 3aBHCHT OT 'IHCJia N KBaHTOB B 

<l>z = N<l>o MarHHTHOro nOTOKa, npOXOJJ.HW:ero CKBO3b KOJibU.eBble KOHTYPbl, 

J].aMe ecJIH OHH He JienTOHHbie, a, HanpHMep, 6030HHble. CnHH Me (19) H 

Macca (18) 'laCTHU.bl nponopU.HOHaJibHbl N. 
EcTb H JJ.HCCOHaHCbl TeOpHH. HaHJ].eHHaH MaJiaH <<aHOMaJibHaH» JJ.06aBKa 

K ornoweHHIO µ 2 /s2 (21) b..µ 2 /s2 = (a/1r)e/mc = 0,002323(e/mc) BJJ.BOe 

npeBOCXOJJ.HT H3MepeHHOe ee 3Ha'leHHe 0,00115965(e/mc). Ew:e JJ.O pa3pa-

60TKH peJIHTHBHCTCKOH TeOpHH 11.HPKYJIHU.HH 3apHJJ.a B 3JieKTpOHe [ 12] H ee 

ony6JIHKOBaHHH aBTOpOM, B pa6oTe [16] npeJJ.nonaraJIOCb BO3MO)KHb!M 3TO 

HecooTBeTCTBHe npeo)].OJieTb • .lJ.nH 3TOro MOJJ.YJib eJ].HHCTBeHHOH KOMnOHeH

Tbl CKOpocrn 3apHJJ.a v,., B [16) nonaraJICH paBHbIM v,., = c- € (c « c). Ho 

3TO (B COBpeMeHHOH KBaHTOBOH xpOMOJJ.HHaMHKe (KX.LJ.) JJ.JIH aHaJIOrH'IHbIX 

npHeMOB npHJJ.yMaH TepMHH «pa60Ta pyKaMH») He cornacyeTCH c nepBblMH 

npHHU.HnaMH TeopHH. B 3TOM cnyqae 6yJJ.eT ica.1 I < c, '!TO npornBope'IHT 

[12, 13]. 11 XOTH 3Ta nonbITKa c6JIH)KaJia pac'leTHyIO aHOMaJibHYIO JJ.06aBKY 

C H3MepeHHOH, OHa, KaK Mbl BHJ].eJIH, HeKoppeKTHa, H npo6neMa noKa He 

peweHa. 

A npOH3BeJJ.eHHe nocTOHHHOH h Ha 1IacTOTy o6paw:eHHH 3apHJJ.a v = 
= c/(21rR) hv = mc?-/(1 + a/1r) OTJIH'laeTCH OT hv = me?- Ha~ 0,25%. 

f JiaBa 2 

B3AHMO,l(EHCTBHE 3JIEKTPOHA H II03HTPOHA 

B fJI. 1 B rny6HHax peJIHTHBHCTCKOH TeopHH 3JieKTpOHa .lJ.HpaKa Mbl 

OT'leTJIHBO YBHJJ.eJIH q>HJIHrpaHHYIO onpeJ].eJieHHOCTb HJIH, KaK MO)KHO Bblpa-

3HTbCH, KBaHTOBaHHOCTb ero CTPYKTypb1. 11 paJJ.HYCbI rnpa R = 3,870575 x 

X 10- II CM, H ero MepHJJ.HaHHOro Ce'leHHH Po = 1,373 . 10-93 CM, H 

In (BR/ po) = 217,256 TO'IHO nocTOHHHbI, He roBopH o TaKHX CTporo KBaH

TOBaHHbIX BeJIH'IHHax KaK CnHH, MafHHTHblH nOTOK CKBO3b TOKOBbIH KOH

TYP, 3apHJJ. H JJ.pyrne ero napaMeTpbI. 

O'!eBHJJ.HO, '!TO npeU.H3HOHHO q>HKCHpoBaHHaH cpopMa 3JieKTpOHa TOMJJ.e

CTBeHHO nOBTOpHeTCH B nO3HTpoHe, H HMeHHO 3TO o6ecne'IHBaeT BO3MO)K

HOCTb aHHHrHJIHU.HH napb! e+ e-, npH KOTOpOH 1Iepe3 CJIHHHHe TOMJJ.ecrneH

HbIX KaK no cpopMe, TaK H no pacnpeJJ.eJieHHHM nJIOTHOCTeH 3apHJJ.OB H TOKOB 

no noBepXHOCTHM npOTHBOnOJIO)KHO 3apHMeHHbIX TOpOB JJ.OCTHraeTCH npaK

TH'leCKH nOJIHOe HC'le3HOBeHHe 3JieKTpOMarHHTHOro CTaU.HOHapHoro nOJIH 

napbl, H Macca nOKOH o6pa3yIOw:eroCH HeHTpHHO OKa3bIBaeTCH HyJieBOH HJIH 

6JIH3KOH K HYJIIO. TiocJie)].Hee J].enaeT J].aBHO BeJJ.yw:HeCH TO'IHbie H3MepeHHH 

OTJIH'IHH mv OT HYJIH JJ.O CHX nop BeCbMa aKTyaJibHbIMH. EcJIH OnbITbl 

yBepeHHO nOJJ.TBepJJ.HT mv = 0, TO 3TO J].aCT OCHOBaHHe C'IHTaTb HeKyIO 

3aTpaBO'IHYIO Macey He 3JieKTpOMarHHTHOH npHpOJJ.bl He TOJibKO nenTOHOB, 

HO H Bcex JJ.pyrnx 'laCTHU. Hecyw:ecTByIOW:eH. 

KaK H CJieJ].OBaJio O)KHJJ.aTb, B npou.ecce aHHHfHJIHU.HH Macca noKOH e
H e+ He HC'le3aeT, a npeBpaw:aeTCH B 3KBHBaJieHTHOe KOJIH'leCTBO 3JieK

TPOMarHHTHOH 3HeprnH JJ.Byx, Tpex HJIH 6oJibWero 'IHCJia q>OTOHOB. A npH 

60JibWHX 3HeprHHX CTaJIKHBaIOW:HXCH e- C e+ - B MaCCbl H KHHeTH'leCKYIO 
3HeprnIO aJ].pOHOB HJIH JJ.pyrnx 'laCTHU.. 

3TOT cpaKT cnoco6HOCTH npeBpaw:eHHH napbl CTaJIKHBaIOW:HXCH nenTOHa 

H aHTHJienTOHa npH HX BCTpe'IHbIX YJibTpapeJIHTHBHCTCKHX HMnyJibcax B 

a)].pOHbl H JJ.pyrne 'laCTHU.bl nOJJ.TBep)KJJ.aeT ynOMHHYTYIO BbIWe e)].HHCTBeH

HOCTb OCHOBbl MaTepHH B BHJJ.e 3apHJJ.OBOro KBaHTa ±e (BMeCTe, pa3yMeeT
CH, C 06pa3yeMblMH HMH E H H). 

B Ka)KJJ.OM B3aHMOJJ.eHCTBHH e+ e- H3-3a COBna)].eHHH oceii npeu.ecCHH 

Ka)KJJ.OH H3 'laCTHU. C HanpaBJieHHeM BeKTopa HanpmKeHHOCTH BHeWHero 



---

20 r JL a Ba 2. 83au1,waeucmeue 3JLeKmp01-ta u no3umpD1t._{1,_ 

MarHHTHOro nOJIH peaJIH3YIOTCH TOJlbKO JI.Ba BapHaHTa o6H3aTeJibHO CHM

MeTpwrnoro B3aHMHoro pacnono)KeHHH oceH Koneu B npoCTpaHcTBe 

COOCHOro HJIH conJIOCKOCTHOro (no MeJ].HaHHblM nJIOCKOCTHM rnpoB). ~)To 

O'IeBHJI.HO, TaK KaK, HanpHMep, y)Ke Ha paccTOHHHH Me)KJI.Y e- H e+ 
r ~ ao ~ 10-8 CM (c. 3. r B OCHOBHOM COCTOHHHH no3HTpOHHH) HanpH

)KeHHOCTb H Mar,HHTHOr_o noJIH, CO3J].aBaeMOro Ka)KJI.blM napTHepoM napbl, 

HMeeT cpeJI.HioIO BeJIH'IHHY H ~ 104 3. 
A BCJieJI.CTBHe Toro, 'ITO, KaK 6yJI.eT BHJI.HO HH)Ke, MOJI.YJib cKaJIHpHO

ro noTeHUHana Ka)KJI.OH 'IaCTHUbI-KOJlbUa 1{; napbl BO BCeM npocTpaHCTBe 

npeBOCXOJI.HT BeJIH'IHHy BeKTOpHoro noTeHUHaJia A~, 3JieKTpOMarHHTHaH 

3HeprnH B3aHMOJI.eHCTBHH B nape OTpHUaTeJibHa (cnoco6Ha CBH3bIBaTb e+ H 

e- B CTaUHOHapHblX COCTOHHHHX) B eJI.HHCTBeHHOM cnyqae - npH npOTH

BOilOJIO)KHblX 3HaKax 3apHJI.OB napTHepoB. MarHHTHbie )Ke MOMeHTbl MoryT 

6bITb KaK (B napaCOCTOHHHHX) napanneJibHb!MH (HO npH 3TOM cnHHbl -

aHTHnapanJieJibHblMH), TaK H (B opTOCOCTOHHHHX) aHTHnapanneJibHblMH 

(npH, pa3yMeeTCH, cnHHax napanJieJibHbIX). B pe3yJibTaTe cyMMapHbie Me

xaHH'IeCKHe MOMeHTbl Sz B napacOCTOHHHHX Sz = 0, a B opTOCOCTOHHHHX 

Sz = h. 
3To, KCTaTH, npOTHBope'IHT H3BeCTHOMY yTBep)KJI.eHHIO O TOM, 'ITO 

<<nOCKOJlbKY cnHH 71"-Me3OHa paBeH HYJIIO, TO OH He o6JiaJ).aeT MarHHTHblM 

MOMeHTOM» [14; C. 397]. YTBep)KJI.eHHe 3TO, KaK Mb! BHJI.eJIH, cnpaBeJI.JIHBO 

JI.JIH OJI.HOH 'IaCTHUbl-KOJibUa, HO OHO COMHHTeJibHO JI.JIH 71"-Me3OHa, COCTO

muero, KaK Tenepb npeJI.nonaraeTCH, H3 JI.Byx napTOHOB. 3TO no3BOJIHeT 

JI.YMaTb, 'ITO OH o6naJ].aeT 3Ha'IHTeJibHblM MarHHTHbIM MOMeHTOM, KOTOpbIH 

JI.O CHX nop He o6Hapy)KeH H He H3MepeH H3-3a Manoro ero BpeMeHH )KH3HH 

T,rO ~ 10-16 C H T,r± = 2,6 • 10-S C. 

fJiaaa 3 

HHBAPHAHTHhlH CHMMETPH30BAHHhlH 
ATOMHhlH f AMHJlhTOHHAH 

HeoTbeMJieMbIM Tpe6oBaHHeM K oneparnpy noJIHOH 3HeprnH 3aMKHYTOH 

CHCTeMbl aTOMa B JII060M ero CTaUHOHapHOM COCTOHHHH HBJIHeTCH y'IeT 

BKJiaJ].a OT BCex JIOKaJIH3OBaHHbIX B HeM 'IaCTHU. Y'IeT peaJIH3yeTcH qepe3 

CHMMeTpH3aUHIO no HHJI.eKcaM Ka)KJI.OH 'IaCTHUbl TOH 'IaCTH onepaTopa, 

KOTOpaH OTHOCHTCH K 3HeprnH B3aHMOJI.eHCTBHH napTHepoB. EcJIH 6bi 3TO 

6b!JIO CJI.eJiaHO nOJIBeKcT Ha3aJI., TO H3BeCTHaH nonpaBKa ToMaca-<t>peHKeJIH 

K C. 3. 3HeprnH 3JieKTpOHa, He06XOJI.HMaH B COCTOHHHHX C l > 0, H nOJI.06Hbie 

eii 6b1JIH 6b1 He HY)KHbI. BHJI. 3TOH 'Iacrn oneparnpa nonHoH 3HeprnH 

OJI.H03JieKTPOHHOro aToMa (attaJIOrH'IHO [2, 3, 22]) 6yJ].eT C.lleJI.YIOIII.HM: 

U(x) = ½ J [a1 (xi)'l/J2(x) + ji (xi):2(x) + 

+ a2(xi)'lf;1 (x) + j 2(xi):1 (x)] d3xi (22) 

(a H j - KOMnOHeHTbl 4-TOKa; 1{;, A - KOMnOHeHTbl 4-nOTeHuHana; x -
pacCTOHHHH Me)KJI.Y ueHTpaMH napTHepoB). 

B HeM eJ].HHCTBeHHYIO J~-KOMnoHeHTy [7] op6HTaJibHOrO TOKa B KOJibUe 

paJI.HyCOM r J].JIH 2P-coCTOHHHH YJI.06Ho Bblpa3HTb B BHJI.e 

j~ = - ehm jW~pjdrdz = -ehm(6411"mnpa5)- 1 exp (-(r2 + z2)1l 2)rdrdz 
ffinpT 

(Koop.n.HHaTbl (r,cp,z), r.n.e sin2 0 = r 2(r2 + z2)- 1); mnp - npHBe.D.eHHaH 

Macca e- B aToMax, r H z .n.aHbl B ao-e.n.HHHUax, .D.JIH l = I, m = ±I. A 
onepaTOp I nOJIHOro TOKa B KOJibUe C Ce'IeHHeM drdz (npOHHTerpHpoBaH
Horo no rdcp j~ cm= I) 

J = eh exp (-(r2 + z2)1l 2 )r2drdz. (22') 
32mnpao 

3neKTpH'leCKOe B3aHMO)J.eHCTBHe HMeeT YHHKaJibHOe CBOHCTBO. Bo BCeX 

aToMax B (22) J a1 'l/J2d3x1 = J a21/J1 d3xi. l1MeHHO OHO 6blno npH'IHHOH .D.JIH-



~~_[AaBa 3. HHBapua'!_TTZ_Hbtrl CUM.MempU30BaHHblU amOMHblU c!aMUAbmOHUaH 

TeJJhH0ro HCIT0JJb30BaHHH B KBaHTOBOH MexaHHKe (B KOTOpOH MarHHTH0e 

B3aHM0JJ.eHCTBHe B HyneB0M npH6JJmKeHHH He YtJHTbIBaJJOCb) HeCHMMeT

pH30BaHH0ro onepaTOpa. 8 MarHHTH0M me B3aHMO.ll.eHCTBHH CHMMeTpHH 

jA/c eCTb JJHIIIb B HeKoTOpbIX H3 ero MHOroo6pa3HbIX cnaraeMbIX. Ho 

C03.ll.aBaeMaH B3aHMOJJ.eHCTBHeM MarHHTHbIX M0MeHT0B napTHepoB KBaHT0-

BaHH0CTb cyMMapHoro CITHHa Bz B CTaU:H0HapHbIX C0CTOHHHHX aT0M0B (B 

HHX BCerJJ.a S; =;: 1i HJJH 0) BCe :>Ke npHB0Jl.HT K TOMY, 'ITO peaJJhHblMH B (22) 

HBJJHIOTCH T0JJbK0 C00CHaH HJJH C0ITJJ0CK0CTHaH B3aHMHaH 0pHeHTaU:HH OCett 

tJaCTHU:. 3To JJ.eJJaeT· onepaTOp X0TH n He IT0JJH0CTblO, HO BCe :>Ke nptteMJJeM0 

0.ll.H03HatJHbIM. 

Jl:anee paCCT0HHHH MeJKJJ.Y u:eHTpaMH tJaCTHU: napbl npH HX COOCHOH 

B3aHMHOH optteHTaU:HH 6yJJ.eM o603HatJaTb tJepe3 z, a npH COITJJOCKOCTHOH -

tJepe3 r. 11 3Ta tJaCTb raMHJJbT0HHaHa - CKaJJHpHoe np0H3BeJJ.eHHe penH

THBHCTCKHX 4-BeKTOpOB j H A e- H SlJJ.ep (22) - CHMMeTpH30BaHa no 

HHJJ.eKCaM 1 H 2 o60HX naprnepOB. 

He YtJHTbIBaBIIJHeCH B HyJJeB0M nptt6JJHJKeHHH BKJJa.ll.bl MarHHTH0ro 

B3aHMOJJ.eHCTBHH B C. 3. 3Heprnn ypoBHett ~l 6yJJ.eM HMeH0BaTb BKJJaJJ.aMH 

n·epBoro nptt6JJHJKeHHH. OHH BbltJHCflHIOTCH HHTerpHpOBaHHeM tJJJeH0B B 

(22) THITa (jA), pa3yMeeTCH, YMH0JKeHHbIX Ha Bep0HTH0CTb IWnzl2 . 11x C. 3. 

o603HatJHM TaK: Om - C. 3. 3HeprnH B3aHMOJJ.eHCTBHH µe- C µ"; Omlj -

BKJJa.ll. B3aHMO.ll.eHCTBHH op6HTaJJbHbIX j_ C j+; OmtµH - µ" B C03.ll.aHH0M e
H0P6 H µe- B H 0P6 OT HJJ.ep; a TaKJKe oi:n,1{ - /1,e- H µ" B HX co6cTBeHHblX 

MarHHTHbIX Hc06 C l =/. 0. 

113 HHX T0JJbK0 aMITJJHTYJJ.a Om HMeeTCH BO BCex C0CT0HHHHX (npH 

JJ106b1x n H l). A Omtj = 0 JJ.JJH Bcex S-ypOBHeH. Ho .ll.JJH BCef.ll.a cooCHhIX 

C 0CblO Oz op6HTaJJbHbIX K0JJhU:eBhIX T0K0B [7, DJlOXUHU.eB. OcHOBbl KBaH

TOBOH MeXaHHKH; <Ppuzu], H3-3a Toro, 'ITO 3HaKH ii;,- H jtp+ B onepaTOpax 

(22') np0THB0IT0JJ0JKHbl, Bee Om!j > 0. 

KttHeTHtJeCKYIO 3HeprnIO EK B raMHJJhT0HHaHe B nepB0M npn6nttme

HHH E~ Bblpa3HM, HCX0.ll.H H3 aJJ.eKBaTH0f0 penHTHBHCTCK0ro B0JJH0B0-

ro rpaBHeHHH nepBoro n_ptt6JJHJKeHHH (5.26) H3 [24, C. 120] {U(r) + 

+ p /(2mnp) - p
4
/(8m~pe)}W = EW. 8 HeM Macey IT0K0H e- B pac

CMaTpHBaeMblX peaJJhHbIX aT0MaX 6yJJ.eM CtJHTaTh npHBeJJ.eHHOH. B ero 

onepaTOpe KHHeTHtJeCKOH 3HeprnH p2 /(2mnp) - p4 /(8m~pc2) H nepBblH 

tJJJeH C0JJ.ep:>KHT MH0JKHTeJJb ,y2 = 1/(1 - v 2/c2), H BTOpOH - 74 • 11 HX 

.ll.06aBKH nepB0ro nopHJJ.Ka O C0CTaBJJHIOT o(p2 
/(2mnp)] ~ (v2 /c2)mnpv2 /2 H 

o[-p4 
/(8m~pc2)] ~ -( 1/4)(v

2 
/c2)mnpV

2 
/2. 

Ho, BhitJHCJJHH H3 (5.26) aJJ.eKaarnyIO penHTHBHCTCKYIO nonpaBKY nep

Boro npH6JJHJKeHHH, aBT0pbI [25] He coxpaHHJJH rnaBHYIO ee tJaCTb (no

JJOJKHTeJJbHYIO!), C0JJ.epJKaBIIIYIOCH B p2 /(2mnp) nonpaBKH (v2 /c2)mnpv2 /2, 

M0JJ.YJJh KoTOpott B tJeTb1pe pa3a 6onhrne M0JJ.YJJH ytJTeHHOH nonpaBKH 

-(l/4)(v
2
/c2)mnpv

2
/2 OT (-p4

/(8m~pc2). 

Jl:nH HcnpaaneHHH 3TOH OIIIH6KH 0ITTHMaJJbH0 B0CIT0JJb30BaTbCH nony

tJeHHblM Ha 0CH0Be H3BeCTHOH KBaHTOBO-MexaHHtJeCKOH TeopeMhl BHpttana 

[27, 28] coornoweHHeM Me:>KJJ.Y c. 3. ITOJJHOH (En) H KHHeTHtJeCKOH (EK) 

3._!_._ llpo6AeMa KBaHmoBaHUR op§umaAt>Ho20 MOMeHma 23 

3HeprHH n-ypOBHH aT0Ma .ll.JJH B3aHMOJJ.eHCTBHH, npeJJ.nonaraeMoro tJHCT0 
KYJJ0H0BCKHM EK= IEnl [27, 28]. 

TorJJ.a penHTHBHCTCKaH nonpaBKa nepBoro npn6:11HJKeHHH 

3(E2)Eo Orn= + 2 mnpc2 K ( ~ = C.3.m;v2) 

K C. 3. ITOJJHOH 3HeprnH HyneBoro nptt6JJHJKeHHH E~ npeJJ.cTaeT B 3JJeMeH-
TapHo npocTOM BHJJ.e 

3 
IE~l2 

Orn=+-
2
~. 
mnpc.,- (23) 

Ee KOppeKTHOCTb IT0Jl.TBep:>KJJ.aeTCH C0BITaJJ.eHHeM C HaHJJ.eHHOH <l>OKOM 

[26] (HMeHHO ITOJJ0JKHTeJJbHOH) nonpaBKOH B ero KJJaCCHtJeCK0M peJJHTH

BHCTCKOM pa3JJOJKeHHH .ll.JJH Ew, tJaCTHU:bl C MaCCOH IT0K0H m, 06naJJ.a10meii 
CK0p0CTblO V. 

m e4 
B (23) YJJ.06Ho HCIT0JJb30BaTb H3Becrnoe ~ = -~ (.ll.JJH z" = 1). 

2n2n 
CneJJ.yeT ITOJJ.tJepKHYTh, 'ITO Or (23) yme C0JJ.ep:>KHT B ce6e BCIO cyMMy 

E2 (paJJ.HaJJbHOro H op6HTaJJbHOro .ll.BHJKeHHH). O'leBHJl.HO, 'ITO K0ppeKTHaH 

Or Ka:>KJJ.Oro n-ypoBHH B 3T0M nptt6JJHJKeHHH 3aBHCHT T0JJbK0 OT KBaHT0B0ro 

'lHCJJa n, niK KaK npn 3aJJ.aHH0M n M0JJ.YJJH C. 3. KHHeTH'leCKOH 3HeprnH 

E2 = - E~ Jl.JJH pa3HbIX op6ttTaJJbHbIX l B 3T0M nptt6JJHJKeHHH 0Jl.HHaK0Bbl. 

Ho - OITHTb .ll.HCC0HaHc - nony'leHH0e B KHHre [25] Or = 

[(-mnpe
4
/(2n

2n2
))a2

/n
2
][n/(l + 1/2) - (3/4)] C0JJ.epJKHT, KpoMe Toro, 

eme H pe3KYIO ero 3aBHCHM0CTb OT l. 8 Hett Jl.JJH C0CT0HHHH, HanpHMep 

c n = 2, Or .ll.JJH l = I IT0'lTH B rnecTb pa3 MeHhIIIe, 'leM Jl.JJH l = 0. 
B TO :>Ke BpeMH Bee 3KCnepHMeHTaJJbHbie JJ.aHHbie 06 3HepreTH'leCKHX 

HHTepBanax Me:>KJJ.Y mo6bIMH 2S- H 2P-noJJ.ypoBHHMH Jl.JJH K0HKpernoro 

aTOMa BOJJ.OPOJJ.a IT0K33b!B3IOT, 'ITO HaH60JJbIIIHH H3 HHX C0CTaBJJHeT 

~ 10-
5 

38_ CneJJ.OBaTeJJbHO, pa3JJHtJHH MeJKJJ.Y C. 3. KHHeTH'leCKOH 3HeprnH 

ITOJJ.YPOBHeH (MOJl.YJJH K0T0pblX, KaK ynoMHHaJJ0Cb, 6JJH3KH K -Eg) He 

MoryT npeBOCXOJl.HTb ~ 10-
5 

38_ 11 0'leBH.ll.H0, 'ITO npttBeJJ.eHH0e BbIIIIe 

Bbipa)KeHHe Or H3 [25]' Jl.0 CHX nop HCIT0JJb3yeMoe B KB3HT0BOH MexaHHKe, 
npeJJ.CTaBJJHeTCH a6cyp.ll.HbJM H B 3T0M ITJJaHe. 

Ho 3TOT .ll.HCCOHaHc He IT0CJJeJJ.HHH B C0BpeMeHHOH KB3HTOBOH Me
X3HHKe. 

3.1. Ilpo6JieMa KBaHToaamm noJittoro op6iuaJILHoro 
MOMeHTa H .ZJ;pyrne ,ZJ;HCCOHaHChl TeOpHH 

B rn. 1 y)Ke ynOMHHaJJ0Cb, 'ITO TaK )Ke, KaK .ll.JJH yn0MHHyToro BbIIIIe M0-

MeHTa cnttHa, .ll.0 cnx nop 'laCTb KBaHT0B0-MexaHH'lecKoro onepaTOpa EJ 1) 

OT Bcer.ll.a coxpaHHIOII.lerocH M op6HTaJJbHoro M2 /(2mnpr2) orpa)KaeTCH 

ITOJJHbIM onepaTOpOM Jlannaca Jl.JJH ccpepbl. 113-33 3T0ro KB3HT0B3HHOH 0Ka-

3hIBaeTCH TOJJbK0 ero npoeKU:HH Ha 0Cb Oz. Ho 6e3yCJJOBHO HBJJHIOII.lHHCH 



..... 

24 r A a 8 a 3. HHBapuaHmHblU CUMMempU30BaHHb~U a1110MHblU zaMUAbmOHUaH 

(TaK}Ke, KaK H B KJJaCCHlJeCKOH MexaHHKe) HHTerpaJJOM .LJ.BH}KeHHH nOJJHbIH 

BeKTOp MOMeHTa paBeH He lh, a HMeeT npH pa3Hb!X 3HalJeHHHX l Ha6op HH 

uenb1x, HH nonyuenbIX - Beer.LI.a .L1.po6Hb1x - MO.LJ.yneii (l(l + 1)) 112h. 

Cne.LJ.OBaTeJJbHo, .LJ.JJH l = 1 OH paBeH M( l) = 1,414h, .LJ.JJH l = 2M(2) = 
= 6112h = 2,449h H T . .LJ.. 3Ta Hecypa3HOCTb, a TaK}Ke ynoMHHYTOe Bblllle 

MHOroo6pa3He nonpaBOK MarHHTHOro B3aHMO.LJ.eHCTBHH, ytJeT KOTOporo, KaK 

YBH.LJ.HM, ycTpaHHeT H He06XO.LJ.HMOCTb BeKTOpHOH MO.LJ.eJJH .Ll.JIH a.LJ.eKBaTHOrO 

onHCaHHH H3MepeHHbIX aTOMHblX cneKTpOB, .LJ.aeT OCHOBaHHH ClJHTaTb, 'ITO 

KoppeKTHblH oneparnp M ecTb M = Mz = -ihd/dcp, T. e. H oneparnp 

noJJHoro MOMeHTa d2 
M2 = -h2-2. (23') 

dcp 

B 3TOM npe.LJ.nOJJO}KeHHH noJJHblH aTOMHbIH raMHJJbTOHHaH nepBoro np116JJH

}KeHHH 6y.LJ.eT 

H _ [l · 3 l~I ] p
2 l f [ ( )·'· ( ) j1(x1)A2(x) - + --- -- + - lT( XI 'f'2 X + ---'---'---'-..;..+ 

2 ffinpc2 2mnp 2 C 

+ u2(x1 )'1/J1 (x) + j 2(xi ):i (x)] d3x1, (23") 

B KOTopoM oneparnp p
2 
/(2mnp) = -h2 

/(2mnp)r-
2
(d/dr)(r

2
(d/dr)) -

- h2d2/dcp2 H C.3. ero lJJJeHa -h2d2/dcp2 paBHO l2h2, a peJJHTHBHCTCKaH 

nonpaBKa raMHJJbTOHHaHa Or = [(3/2)IE~l/(mnpc2)]p
2 
/(2mnp) HMeeT 

C. 3. (23). 

Ho - Y.LJ.HBHTeJJbHO - 3aMeHa B (23") l(l + l) Ha l2 H coxpaHeHHe 

TOJ!bKO cp-3aBHCHMOH lJaCTH oneparnpa Jlannaca npHBeJJa K TOMY, 'ITO 

,11,JIHTeJJbHb!H (B TelJeHHe MHOrHX MeCHUeB) HHTeHCHBHbIH nOHCK aBTOpOM 

aHaJJHTHlJeCKOro Bblpa}KeHHH .Ll.JIH pa,11,HaJJbHOH lJaCTH BOJJHOBOH q>YHKUHH 

(B. cp.) ypaBHeHHH lllpe,11,HHrepa R2p(r) aTOMOB OKa3aJJCH 6e3ycne1IIHbIM. 

3HatJHT, JJHlllb c. 3. (M2) = l(l + l)h
2 

COBMeCTHMO c B03MO}KHOCTbJO Haiirn 

.LJ.JJH R2p(r) npOCTb!e aHaJJHTHlJeCKHe pellleHHH ypaBHeHHH. 

nocJJe.LJ.Hee HaBO.LJ.HT Ha MblCJ!b O TOM, 'ITO COBpeMeHHaH KBaHTOBaH 

MeXaHHKa CKOpee BCero HalJHHaJJaCb TaK}Ke C nonbITKH ytJeCTb coxpaHeHHe 

KBaHTOBaHHoro Mo,11,yJJH nonHoro op6HTaJJbHoro M 2 = l2h2
. Ho HeB03MO}K

HOCTb HaHTH B 3TOM cnyqae npoCTbie aHaJJHTH'leCKHe Bblpa}KeHHH R2p(r) 
B BH,11,e anre6paHlJeCKOH cyMMbl HeCKOJ!bKHX CJJaraeMbIX - npOH3Be,11,eHHH 

ueJJOlJHCJJeHHbIX CTeneHeH npocTpaHCTBeHHbIX nepeMeHHbIX rk Ha K03q>q>H

UHeHTbl ak, T. e. B BH.LJ.e H3BeCTHOro CTaH.LJ.apTHOro PH.LI.a, 06pb1Ba10meroCH 

npH k = n = 2, - BblHY.LJ.HJJa TeopeTHKOB npHMeHHTb ,11,aBHO HaH.LJ.eHHble 

H HCCJJe,11,0BaHHbie MaTeMaTHKaMH BH.Ll. H CBOHCTBa pellleHHH BOJJHOBbIX 

ypaBHeHHH c noJJHbIM oneparnpoM Jlannaca, 11rnop11pyH npo6JJeMy ero 

a,11,eKBaTHOCTH B .LJ.aHHOM cnyqae. 

OtJeBH.Ll.HO, 'ITO OTPHUaTeJJbHOCTb H, KpOMe Toro, BTpoe MeHblllHH MO

.Ll.YJ!b C. 3. Or 113 (25) no cpaBHeHHIO C KoppeKTHbIM (23) H OTMe'leHHbie 

Bblllle ,11,pyrne OIIIH60lJHbie nocTyJJaTbl CTaH.LJ.apTHOH KBaHTOBOH MeXaHHKH 

3.1. llp_o6AeMa KBaHmOBaHUf/. op6umaAbH020 MOMeHma 25 

HCKJJIOlJaJJH B03MO}KHOCTb COBna.LJ.eHHH Bcex npe.LJ.nonaraBIIIHXCH .Ll.OCTOBep

Hb!MH KBaHTOBO-MexaHHlJeCKHX paclJeTHbIX HHTepBaJJOB Me}K.LJ.Y JJJ06b!MH 

.Ll.BYMH no.LJ.ypoBHHMH .LJ.JJH pa3HbIX n c H3MepeHHbIMH. HanpHMep, .LJ.JJH 

COCTOHHHH 1S BO.LJ.OPO.LI.a HCTHHHoe Or rv +5,35. 10-4 3B, a .Ll.JIH 2S-ypOBHH 

OHO BlJeTBepo MeHbllle ( + 1,34. 10-4 3B). 11 BMeCTO peaJJbHOro yMeHbllle

HHH HHTepBaJJa E2s-E1s Ha~ 4 • 10-4 3B ytJeT peJJHTHBHCTCKoro B03pac

TaHHH MaCCbl no (25) .LJ.aBaJJ ero p0CT Ha rv 1,33. 10-4 3B. 11 J!Hlllb 0.LJ.Ha 

3Ta OIIIH6Ka (He fOBOpH O HeytJeTe MarHHTHOro B3aHMO.LJ.eHCTBHH peaJJbHblX 

napTHepoB H .L1.pyr11x TeopeTHlJeCKHX OIIIH6Kax) 6bIJJa cnoco6Ha C.LJ.eJJaTb 

HeH36e}KHblM npHBJJelJeHHe B KBaHT0BYIO MexaHHKy HeorpaHHlJeHHoro Ha-

6opa BHpTyaJJbHb!X K3,ll-3q>q>eKTOB C ueJJblO «cornacoBaHHH~ H3MepeHHbIX 
HHTepBaJJoB Me}K.LJ.Y ypoBHHMH c TaKOH «Teop11eii~ . 



f JI a Ba 4 

3HEPflf.SI B3AHMOJJ,EHCTBHSI U(r12) 

B TIPOCTEHIDHX ATOMAX 

4.1. CTpyKTY pa onepaTopoB B3aU:MOJJ.eikTBlUI 
B MIOOHU:U: U: BOJ].OpOJ].e 

l13BeCTHbie MaCCbl µ-Me30Ha H npOTOHa H IIpHBe,ll.eHHbie MaCCbl e- B 

MIOOHHH H BO.D.Opo.n.e COCTaBJIHIOT 

mµ = 206, 76865m, 

mµ = 9 0656894. 10-28 r np , , 

A MarHHTHbie MOMeHTbl 

mp= 1836,1516m; 

m~P = 9, 1045752 • 10-28 r. 

µµ = 4,4906252 · 10-23 3pr/fc, µP = 1.4106171 • 10-23 
3pr/fc (24) 

MaJibl IIO cpaBHeHHIO C µe = 9,2956. 10-21 3pr/fc. EoJibllIOH pa.n.Hyc JieII

TOHa-KOJlbl.l,a µ+ Rµ = (2µµ)/e = 1,871928. 10- 13 CM IIpHMepHO B m/mµ 
(~ 200) pa3 MeHbllle 3JieKTp0HHOrO R [22], a H3BeCTHblH c~e.n.HeKBa.n.pa

THtJeCKHH pa.n.Hyc pacnpe.n.eJieHHH 3ap.11.n.a B npOTOHe ({ri)) 11 < 10- 13 
CM 

eme MeHbllle. 11 BbllJHCJIHTb C .ll.OCTaTOlJHOH TOlJHOCTblO 3HeprHIO B3aHMO

.n.eHCTBHH U(x) a MIOOHHH H BO.ll.Opo.n.e JIYtJWe c IIOMOIUbIO 6onee IIpOCTb!X 

Bb!pa)KeHHH, tJeM B II03HTpOHHH, 3aMeHHB B (22) tJJieHbl jA 3KBHBaJieHTHbI

MH HM CKaJIHpHbIMH npOH3Be,ll.eHHHMH µ H.D.ep Ha C03,ll.aBaeMble e- B MeCTaX 

HX JIOKaJIH3al.l,HH (npHMepHO B 1.1,eHTpe aTOMOB) seKTOpbl HaIIpH)KeHHOCTH 

MarHHTHoro IIOJIH He-. C ytJeToM 3Toro npH 06.113aTeJibHOH B3aHMHOH 

coocHOH HJIH connocKOCTHOH opHeHTal.l,HH µ napTHepoB (T. e. µHH = µffHz), 
a TaK)Ke IIOIIpaBKH o~f (3HeprHH µe B Hco(J}, .ll.JIH MIOOHHH H BO.ll.OpO.D.a 

onepaTOp 3HeprHH B3aHMO,ll.eHCTBHH TaKOB: 

f [ ( µffHz(x)] 3 o:;,~ 
U(x) ~ 0-1 x1)1/J2(x) -

2 
d x + 2 . (25) 

4.2. Onepamopbt Ue{r12l__:!:_ Um{T__l_2) B n03umpoHuu 27 

B HeM [28, 30] Hz = ±{(e/1rR)/((R + r)2 + z 2)112[(R2 - r 2 -
_ z

2
)E(k)/((R - r)

2 + z
2) + K(k)] ± IH3P6j} (k2 ~ 0 AJIH coocHoro 

H k
2 = ( 4r / R) / ( 1 + r / R)

2 
JJ.JIH COIIJIOCKOCTHoro B3aHMOAeHCTBHH 

(B KOOp,ll_HHaTax (r, cp, z)). . 

CTpyKTypy onepaTOpa (22) aTOMOB npH paCCTOHHHH Me)KJ]_y 1.1,eHTpaMH 
napTHepos r12 y,no6Ho KOHKpCTH3HpoBaTb B BHJ]_e 

U(r12) = Ue(r12) ± U;,,(r12) + Um1j(r12) ± UmtµJI(r12) ± u:;_,f (r12) 

(HHJ]_eKCb! tJJieHOB MarHHTHOro B3aHMO,nei1cTBHH H,neHTHlJHbl HHJ]_eKcaM no
npaBOK B C. 3., IIpHBeJJ_eHHblX Ha C. 22). 

4.2. OnepaTopbI U~(r12) ± Um(r12) B Il03U:Tpottu:u: 

B II03HTPOHHH C COOCHOH B3aHMHOH opHeHTa1.1,Hei1 TOpoB e H e+ 
4-IIOTeHl.l,HaJI 3JieKTpOHa (14} B (r, cp, z)-CHCTeMe KOOpJ]_HHaT C ee HatJaJIOM 

B u.eHTpe aTOMa (Ha OCH Oz CHMMeTpHH napbi} Ha BCeH nosepxHOCTH 

Topa TI03HTpOHa TIOCTOHHeH. Ero IIOCTOHHCTBO o6ycJIOBJieHo YHHKaJibHOH 

oco6eHHOCTbIO COOCHOro B3aHMHOro pacIIOJIO)KeHHH napTHepoB-KOJiel.l, C HX 

napaJIJieJibHblMH Me,nHaHHblMH TIJIOCKOCTHMH TOpOB, U.CHTpb! OKPY*HOCTeH 

pa,nHyca Po IIOIIepetJHblX Cet:JeHHH KOTOpbix JIC)f(aT Ha IIOBepXHOCTH e,nmwro 

U.HJIHHApa c OCbIO Oz H pa,nHycoM R. KaK ynoMHHanocb, nocToHHHbI Ha 

IIOBepXHOCTH TOpa Il03HTpOHa TaK)Ke H BeJIHt:JHHbl JIHHeHHb!X (BAOJib KOHTy

poB) IIJIOTHOCTeH ero 3apHJ]_a (1 = e/(21rR)/cM H TOKa j = ±ec/(21rR)/cM, 

IIpHt:JeM yroJI a Me)KAY BCKTOpaMH Acpe- H je+ /c MO,KeT 6b!Tb paBeH TOJlbKO 

0 HJIH 7f. KpoMe Toro, npH Bbl"IHCJieHHH 3Heprn11 B3aHMO,neHCTBHH napbl 

(22) B HHTerpanax O"e+1Pe- H (j/c)e+Acpe- c TO"IHOCTbIO lir ~Po= 1,373 x 
X 10-

93 
CM IIOCTOHHHbl KaK KOOPJJ.HHaTbl r = R, TaK H (c TOH ,KC TOt:J

HOCTbIO) KOOp,ll_HHaTb1 Z = Const Ka)K,u_oro H3 napTHepoB. TI03T0MY J)_JIH 

S-COCTOHHHH, B KOTOpb!X Bee op611TaJibHbie Umt = 0 (HH,Ke 3Heprn.11 B3aH

MOJ]_CHCTBHH COOCHblX e- H e+ HMeeT HH,ll_CKC Ua, a COIIJIOCKOCTHb!X - UP; 
a HH)KHHMH HHJ]_CKCaMH o6o3Ha"leHbl IIOJIH) 

ua(z) = Ut(z) + U;:,(z); e2 
u:(z) = - 1rR(kK(k)); 

U;:,(z) = ±~ (2 - k2)K(k) - 2E(k) 
1rR k ; ( 

e2 
1rR = 1184,2 3B); (26) 

k2 = 1 +_!_ ( 2 )-1 
4R2 

3HaK (<->) B 3Heprm1 B3aHMO,ll_CHCTBHH µe- C µe+ Um HMeeT MeCTo IIpH 
Jcp OAHoro 3HaKa B o6oHx (e- 11 e+ ) KOJib1.1,ax. 



28 r;, a ea 4. 3H.epcuR __!l_!_aUJ,waeucmeuR U(r12) B np_ocmeilutux amoMax 

Ha paccTOHHHHX OT e- .11,0 e+ z - oo, k - 0 

ua(z)=-e2; ua =±e2R2 =±2µe-µe+; Ua=-(e2) [1± R2]· 
e z m 2z3 z3 z 2z2 

(27) 
AB cJJy1-iae, Kor.11,a po< z « R, k- 1, U~(z) = -e2/(nR)ln(8R/z); 

u::,(z) = ±e2/(nR)(ln (BR/z) - 2), T. e. 

2e2 

U0 (z) = - nR = const, ecJJH u;:, > 0, 

2e
2 

[ (BR) ] U0 (z) = - nR In ---;- - 1 npH u::, < 0. 

(28) 

e- e+ 

P11c. I 

flpH B3aHMHOH conJJOCKOCTHOH opHeHTaUHH TOpOB B (14) z = 0, a 
paCCTOHHHe Me)K.11,y ueHTpaMH TOpOB naprnepoB y.11.06HO o603Ha'lHTb tiepe3 
r (cM. pHc. 1). PaccTOHHHe OT ueHTpa e- .11,0 3a.11,aHHOH TO'IKH Topa e+, 
Me.11,HaHHaH nJJOCKOCTb KOTOporo COBnatJ,aeT C MetJ,HaHHOH nJJOCKOCTb!O 3JJeK
TpOHa, ecTh Rf 112, rAe f = 1 + (2r / R) cos cp + r 2 / R 2, a cos yrna Me)KAY 
Acpe- H je+ 

cos o: = ± 1 + ( r / R) cos cp 
jl/2 

k2 = 4jl/2 
(1 + jl/2)2; 

1' 

Uf(r) = _ 2e
2 f [ K(k) ] 

7r R 1 + jl/2 dcp; 
0 

e2 
UJ:i(r) = ±2n2R x 

1' 

x I {(I+ J1I') (I+; COS\O) (2-k
2)K(;i - 2E(k)} d.,; 

UP(r) = Uf(r) + UJ:i(r). 

(29) 



4.2. Onepamopbt Ue(r12) ± Um(r12) B n03umpoHUU 29 

KaK H B CJJyirne Ua, npH paCCT0HHHH MeJK.n,y UeHTpaMH e- H e+ T - 00, 

k-0, 11 

e2 
Uf(r) = --, 

r 

flpH r - 0, k - 1 

(31) 

Ho pac11eThI c. 3. onepaTOpa UP(r) Ha 3BM npH paccTOHHHHX MeM.n.y 

ueHTpaMH e- 11 e+ r E (0, 2R) B conJI0CK0CTH0M CJiytJae 0CJIOJKHHIOTCH: npH 

yrnax r.p = 'PK (KpHTHtJeCKHx), .D.JJH KOT0pbIX cos 'PK = -r /(2R), KOHTYPitI 

TOpOB tJaCTHU nepeceKalOTCH, a npH r = 2R, r.p = 1r cetJeHHH TOpOB COBna

.n.aIOT. 3To He ,1.1.aeT B03M0MH0CTH np0CTbIMH MeTO.n,aMH BhllJHCJIHTb U(ri2) 
B .3TOH o6JiaCTH, TaK KaK B6JIH3H KpHTH'leCKHX yrnoB 'PK H CKaJIHpHbIH, 

H BeKTOpHblH noTeHUHaJibl e- B03paCTalOT xorn H JIOrapmj)MH'!eCKH, HO 

orpoMHhIH M0.D.YJJb apryMeHTa In (BR/ p) npu CTpeMJieHHH p K Po = 1,373 x 

X 10-93 CM 6JIOKHpyeT lJHCJieHHbie pac'leTbl Ha 3BM. 

Tpy,1.1.HOCTb .3Ta npeo,1.1.oJieBaeTCH tJepe3 BbIIT0JIHeHHe K0MnhIOTepHoro 

CtJeTa BHe OKpecTHOCTeH T0'!eK nepece'leHHH H C0Bna.n.eHHH nonepe'IHHK0B 

K0HTypoB H .n.o6aBJJeHHH K noJiytJeHH0MY Ha 3BM pe3yJibTaTy BKJJa.n.a 

OT aHaJIHTHtJecKoro HHTerpupoBaHHH BHYTPH HHX. BMeCTe C TeM, npH 

r = C ~ 0 H r = 2R - €, <p ~ 7f pacX0.D.HM0CTb CTaH0BHTCH 3aBHCHMOH He 

T0JibK0 OT r.p, HO H OT c. l13-3a .3T0ro anaJIHTH'leCKoe HHTerpupoBaHHe 

B 0KpecTH0CTHX KPHTH'leCKHX T0'leK np1106peTaeT pa3JIH'!Hble MO.D.HCj)HKa

UHH. O6o3Ha'IHB r.p ='PK+ T (T « 1), Hafi.n.eM npH6JIH)KeHHbie BblpaMeHHH 

cos r.p, cos a, J, / 112, k2 H k'2 B BH.D.e 

( 

2 ) 1/2 
cos r.p = - ;R -T 1 - 4~2 

f = 1 - (2TjJ (1 - ;;2 y/2 

k2 = 1 - ( T 2 

4 ~ 2 ) [ 1 - ;;2 ] ; 

( 

2 ) 1/2 I 2 r r f I = 1-T- 1- -
R 4R2 

,2_ 2r r ( 2)[ 2] k - T 4R2 1 - 4R2 . 

BKJia,1.1.bI !iUf H !iU~ .D.JJH KaJK.n.oro r y.n.o6Hee Haxo,1.1.HTb, HHTerpupyH 

(29) no r.p (T. e. no T) JIHWb no n0JI0BHHe HHTepBaJia (r.pK - Ii, 'PK + ii) OT 

'PK ,1.1.0 'PK + Ii H y.n.BaHBaH pe3yJibTaT. Ii « 1, nputJeM Ii nepe.n. 'PK .D.0JJ)KeH 

6b!Tb paBeH Ii nocJJe 'PK· 
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TipH r = € « R 

2e
2 

[ (BR) ] l:lUf(r)~-1r2R In 7 -ln6.+l A; 

(32) 

2~ [ (BR) ] l:lUP(r) ~±- In - -In A-1 l:l. 
m 1r2R c 

YcTpaHeHHe B Bb1pa}KeHHHX (32) H B IIOCJieJJ.ylOUJ.HX cpopMyJiax HHTepBaJia 

HHTerpHpoBaHHH OT -PO/ R JJ.O +po/ R peaJIH3yeTCH, KaK JierKO IIOHHTb, 

aBTOMaTHtJeCKH - OOU{HM MHO)KHTeJieM r B rrepBoo6pa3HblX cpyHKU.HHX. 

B HHTepBaJie r E (c, 2R - c) BKJiaJJ. aHaJIHrntJeCKoro HHTerpttpoBaHHH B 

oKpecTHOCTHX o6eHx TOlJeK rrepecetJeHHH KOHTypoB e- H e+ COCTaBHT 

P ~ 2e
2 

{ [ BR ] } . AUe(r)=-1r2R In (r(J-r2/(4R2))1/2) -lnl:l+l -6., 

2e
2 

( r
2 

) { [ BR ] } b.Uf:,(r) f::! ±1r2R I - 2R2 ln (r(I-r2/(4R2))1/2) -In l:l-1 b. . . 
· (33) 

B oKpecrnocrn KpHrntJeCKHX TOtJeK HHTepeaJia r E (2R - c, 2R), o6o3Ha

lJHB r = 2R - c(c/ R « I), rroJiytJHM 

2e
2 

[ (4R1;2) ] l:lU[ = - 1r2 R ln ~ - In A + I l:l; 

(34) 

2e
2 

[ (4Rl/2)· ] -6.Uf:, = ± 7r2 R ln €112 - ln A+ l b. (6. = 1r - 'PK)· 

A aHaJIHTHtJecKH BhllJHCJIHeMhIH BKJiaJJ. B V OT o6Jiacrn r E (2R, 2R + 
+ c), € - 0, HaiiJJ.eM, IIOJib3YHCb 

r2 
cos cp = -1 + 2 ::::::: -I; cos a~ ±1; 

- 2c 2 2€ €2_ 
f - l + R + 2r + r R + R2 , 

J112 = l +; + r 2 
( I - 2~); 

2_ 2€ €. ,_ 2€ € 2 ( 2 ) 1/2 
k - l - 7 2R - 4R2 ' k - r 2R + 4R2 

4.3. Xoa U(T12l BAR peaAbHblX e- u e+ 

OH paeeH 

nu:--.:~ { A H4 (2:) r- ~ln(A'+ 2~) + 11}, 
AUi,;-±,fR {A H4 (2:))'1'-}in(A'+ 2~)-1]}. 

4.3. Xo.u; U(r12) ):(JUI peaJihHhIX e- u e+ 

31 

(35) 

XoJJ. paclJeTHb!X Ut(r12), u:;.(r12), Uf(ri2), Uf:i(r12) H Uc(r12) IIPH 

r12 E (O; 4R) JJ.aH Ha pttc. 2. A Ha pttc. 3 - XOJJ. 6e - OTJIHlJHH 

3Heprntt peaJibHOro 3JieKTPHtJeCKoro B3aHMOJJ.eiicTBHH e- H e+ OT Uc: 
6e(z) = Ut(z) - Uc(z) H D-e(r) = U[(r) - Uc(r). 

XOJJ. ua = u:- u::.., UP= U[- u::., Hua= u: + u::,., UP= u: + VI:,_ 
IIOKa3aH Ha pttc. 4. 

06pamaeT Ha ce6H BHHMaHHe MHOroeapHaHTHOCTb peaJibHOro B3aHMO
.D,eikTBHH. 

1'fa-3a 3TOro pttc. 2 JJ.aH B JJ.BYX BapttaHTax. XoJJ. Uf:. a HeM IIOKa3aH JJ.JIH 

rrapaJIJieJibHb!X H aHrnrrapaJIJieJibHbIX µ. CyMMapHaH 3HeprnH B3aHMOJJ.eii

CTBHH peaJibHb!X 3apHJJ.OB H µ e- H e+ KaK CO0CHblX, TaK H C0IIJIOCKOCTHb!X 

U(z) H U(r) (pttc. 4) Bcema 0TPHU.aTeJihHa - KaK B cJJytJae rrapaJIJJeJJbHhIX 

µ, TaK H aHrnrrapaJIJJeJJbHhlX (B 0pTOII03HTpOHHH) - rrpH Bcex z H r. H6o 

npH JJJ06b!X pacCTOHHHHX Me.tKJJ.Y peaJJbHblMH naprnepaMH (3apHJJ.OBbIMH 

cynepCTpyHaMH-KOJJbI.J.aMH) M0JJ.YJJH 0TpHu.aTeJibHbIX Ue B3aHMOJJ.eHCTBHH 

3apHJJ.OB +e H -e npeBOCXOJJ.HT M0JJ.YJJH B3aHM0JJ.eikTBHH HX MarttHTHh!X µ. 
:ho CBOHCTBO B3aHMOJJ.eiicTBHH peaJJbHb!X e- H e+ paJJ.HKaJJbHO OTJIH

lJaeTcH OT CBOHCTB B3aHMOJJ.eiicTBHH <<TOtJelJHblX» e- H e+, JJ.JJH KOTO~b!X, 

HaITpHMep, npH paccTOHHHH MeJKJJ.y HHMH r12 = 10- 12 CM /Um/= µ~/r,2 = 

a U,3B 

U, 3B t--;;-~;z::.~=~- .. . . 1000 
0 0 

-1000 -1000 

-2000 -2000 

-3000 -3000 

-4QQQ T • • . . : A --4000 

2 3 4 
r1,JR 2 

6 

3 4 
rJiR 

Pttc.2 
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d,,:.iB 

4000 

3000 

2000 

1000 

0 
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2 3 4 
r1z!R 

PHc.3 

U,:.iB 
0+-----------

e m -10001 u"-u" 
-2000 · /~,./ u:-u; 
-3000~ 

• "Y _./ p p -0pTOil03m]lOHHH 

-4000 -j / // U, +Um - napano3mpoHHii 
I I I I I I I I I I I I I I I I I I I I 

2 3 4 
r1z!R 

PHc.4 

= 53,9 M9B,·a IUel = 0,09 M9B. 3.n.ech eme pa3 mI.11.eH Macuna6 HeKop
peKTHOCTH npe.n.nOJJO)KeHHH O TO'!e'!HOCTH peaJJbHbIX qaCTHl).. 

BMecTe c TeM Ha HHTepBaJJe z ~ (0 - 0,4)R co 3Ha'!HTeJJbHOH .D.JJHHOH 
f::.z ~ 1,5 · 10-I I CM 9HeprnH B3aHMOJJ.eHCTBHH Ua(z) npH aHTHnapaJJ

JJeJJbHbIX MarHHTHbIX MOMeHTax B nape no'ITH nocTOHHHa H COCTaBJJHeT 
~ -2,37 K9B. A 9Heprnsi UP(r) opTOB3aHMo.n.eifcTBHH B 9THX cocTOHHHHX 
napbl conJJOCKOCTHbIX e- H e+ HMeeT eme 6oJJee irmpOKYIO H opHrnHaJJb
HYIO, '!eM y ua(z), noTeHl).HaJJbHYIO HMY .11.HaMeTpOM 2t'::i.r ~ 1,7. 10-10 CM, 
JI.HO KOTopoif (c rny6HHOH TaKoH )Ke, KaK y coocHOH ~ -2,37 K9B) HMeeT, 
KpOMe Toro, Hapy)KHOe KOJlbl).eBoe yBeJJH'leHHe rny6HHbl .11.0 ypOBHH HH)Ke 
-3 K9B. (3.n.ecb HMeeT MeCTo He'!TO, aHaJJOrH'lHOe <<aCHMnTOTH'!eCKOH 
CB060.11.e,> napTOHOB, B3aHMo.n.eifcrnyIOLUHX B KX)l.) B TO )Ke BpeMH, noJJ
HaH rny6HHa JJorapHqiMH'!eCKOH noTeHl).HaJJbHOH HMbl B napan03HTpOHHH 
paBHa -2e2/(1rR)(ln(8R/po)- l) = -512,18 K9B, T.e. 6oJJee qeM Ha .II.Ba 
nopsi.n.Ka npeBOCX0.11.HT rny6HHY HMbl B opTon03HTpOHHH. 3TO, BepOHTHO, H 
HBJJHeTCH (CM. [17, 29]) npH'IHHOH COKpameHHH BpeMeHH )KH3HH napan03H
TpOHHH Tnapa = 1,25 . 10- 10 C no cpaBHeHHIO C TopTO = 1,4 . 10-7 C Ha ~ 3 
nopsi.n.Ka. 

fJiaBa 5 

IIOIIPABKH K C. 3. Eis-, E2s- H E2p-YPOBHEH 

II03HTPOHH.R, MIOOHH.R H BO,l(OPO,[{A 

3aBepIIIeHHbie B 2002 r. aBTOpOM BMecTe c KOJJJJeroif IO. Jio6aHOBbIM 
tt ony6JJHKOBaHHble B 2003 r. paC'!eTbl norrpaBOK [29] (B [29] OIIIH6oq
Hb!H MHO)KHTeJJb 1/2 peJJHTHBHCTCKOH nonpaBKH Or Heo6xo.n.HMO y6paTb) 
6bIJIH BbinOJJHeHb! eme .11.0 B03HHKHOBeHH.H Mb!CJJH O KoppeKTHOCTH 3aMe
Hbl IIOJJHoro oneparnpa JianJJaca B ypaBHeHHH IIIpe.n.HHrepa orreparnpoM 

M
2 

= -tt2d
2 
/dt.p

2
. TaKHM o6pa30M, rrorrpaBKH 6bIJJH BbI'!HCJJeHbI 'Iepe3 

H3BeCTHbie CTaHJJ.apTHbie B. qi. aTOMOB, Haif.11.eHHble qepe3 CTaH.11.apTHbie 
ypaBHeHHH IIIpe.n.HHrepa (.11.JJH C. 3. IIOJIHb!X MOMeHTOB (l(l + 1)) 112n). 

Ho, KaK YIIOMHHaJJOCb, HaHTH aHaJJHTH'leCKHe Bbipa)KeHHH BOJJHOBbIX 
qiyHKl).HH HyJJeBoro npH6JJH)KeHHH .11.JIH 2P-ypoBHeH HCCJie.n.yeMbIX aTOMOB 
c raMHJJbTOHHaHoM (23") noKa He y,n.aeTCH. I1 COOTBeTCTBYIOLUHe pac'!eTbl 
rrorrpaBOK c a.11.eKBaTHbIMH B. qi . .11.JJH 2P-ypOBHeif noKa eme He BbinOJJHeHbl. 
Ho TeM He MeHee pe3yJJbTaTbl pacqeTOB Ha OCHOBe H3BeCTHb!X CTaH.11.apTHblX 
B. qi. H HX cpaBHeHHe C 9KcnepHMeHTaJibHblMH .n.aHHblMH TaK )Ke, KaK H 

C 6y.n.ymHMH pe3yJJbTaTaMH pacqeToB C B. qi., Hal'i.11.eHHblMH qepe3 (23") C 
M

2 
= -n

2
d

2
/dt.p

2
, npe.n.cTaBJIHIOT HeCOMHeHHbIH HHTepec. 

CJJe.n.yIOLUHe rrorrpaBKH Haif.11.eHbl qepe3 B. qi. e- HyJJeBoro 1IpH6JJH)KeHHH 
n03HTPOHHH, BOJJ.Opo.n.a H MIOOHHH B BHJJ.e H3BeCTHb!X BOJJ.OP0.11.Hb!X C yqeTOM 
npHBe.n.eHHOH MaCCbl e- B Ka)KJJ.OM H3 aTOMOB. 

B n03HTpOHHH mnp = me/2 H .11.JIH 1S-, 2S- H 2P-coCTOHHHH no3HTpo
HHH B. qi. TaKOBb! [27]: 

R1s = 2e-r1
; R28 = 2- 1/ 2 (1 - ~) e-r,/2, 

( 3) 1/2 . W2p = R2p~p = (24)~ 112r1 e-r,/2 

8
7r sin 0e±•,p 

(36) 

(r1 = r/ao, ao = 2n
2 
/(mee

2
) = 1,0584 · 10-B CM, r - paCCTOHHHe Me)l{JJ.Y 

lJ.eHTpaMH e- H e+, MarttHTHoe m = ± 1). 

2 H.M.Marnpa 
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J,faaecTHbJe C. 3. 3HeprnH ypOBHeH E~ HyJJeaoro rrpH6JJmKeHHH 

4 o mee o En= ---
2 

paBHbI E 15 = -6,802938 3B, 
4n2h (37) 

Eg5 = -1,7007345 38 = Egp. 

11x CJI.BHrH .H pacmerrJJeHHH H3-3a 0TJJH4HH orrepaTopa B3aHMOJI.eHCTBHH 

KYJJOHOBCK0ro OT )l.eHCTBHTeJJbHOro Bb!pa3HTCH 

6.E1s = I Rrs(ri)6.U(ri)rrdr1, 

6.E2s = I R~5(r1 )6.U(ri)rrdri, 

6.E2p = I W~p(r1)6.U(r1)rrdBdcpdr1, 

(38) 

B K0TOpbIX, pa3yMeeTCH, 6.U BKJIIOLiaeT B ce6H KaK 6.e, TaK 11 ace peaJJbHOe 

B3aHMOJl.eHCTBHe Um, Umlj, UmlµH, U:',,,1[ H Or. (ITpH He3aBHCHMOCTH 6.U2p 
OT 0 H cp B HHTerpanax rnrra (22) BMeCTO W2p HCII0J!b3yeTCH JJHlllb R2p.) 

Heo6xoJI.HMaH 3aMeHa B (38) rrepeMeHHbIX r / R H (B U.HJJ11HJI.PHLieCKOH 

CHCTeMe KOOPJI.HHaT) z/R B Ue, Um H Uc Ha r1 H z1 ocymecTBJJHeTCH Liepe3 

HX yMHO~HHe Ha 'IHCJJ0 a= ao/ R (B II03HTpOHHH a= 273,446)). 
O6o3Ha411B CTaTHCTH'IeCKHH Bee COIIJIOCKOCTHOH B3aHMHOH opHeHTaU.HH 

TopOB e- H e+ 4epe3 p, a coocHoH opHeHTaU.HH 4epe3 (1 - p), Bbipa3HM 

rrorrpaBKH rrepaoro rrpH6JJH)KeHHH OT o60HX IIOJJeH B Eis TaK: 

CX) 

OmlS = I Rrs(r1)ri[(l - p)U::,(ri) + pU:;.(r1)]dr1 = (1 - p)o~JS + po~JS 

0 

(U;;, H U!:, H3 (26) H (29)), 

2 CX) 1r 

6.eJS = - ;RI Rrsrr{ [(1 - p)kK(k) +; I K(k)(l + J112
)-

1
dcp]-

o 0 

CX) 

- nR }dri = (1 - p)6.~15 + p6.~15 , (39) 
r1 

Om2S = f R~5(r1)ri[(l - p)U::,(r1) + pU:;.(ri)]dr1 = (1 - p)o~25 + po~25 ; 

0 
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2 CX) 1r 

6.e2s = - :RI R~sr?{ [(I -p)kK(k) +; f K(k)(l + J112)-1dcp]-
o 0 

nR} . 
- - dri = (I - p)6.~25 + p6.~25 . (40) 

TJ 

B 2P-COCTOHHHH II03HTpOH11H (B MIOOHHH 11 BOJI.Opo,ne TO)Ke) Bee op-
611TaJJbHble KOJJbU.eBble TOK11 rrapTHepoB, KaK YIIOMJ1HaJJocb Bblllle, COOCHbl. 

113-3a 3TOro C03,QaBaeMaH 11Ml1 KOMIIOHeHTa Hz >> Hr. 11 MO)KHO 0)K11,QaTb 

TOJJbKO COIIJIOCKOCTHOCTl1 MOMeHTOB µe- 11 µH rrapTHepoB. Ho TOr,na KaK 

Bbl411CJJeHHbie 6.e2P H Om2P, TaK H BeJJH4HHbl Omlj ± (omlµH + o':;.1[) JI.JJH 
2P-ypoBHH C yLieTOM p rv 1 6y,nyT 6JJH3KH K 

CX) 

Om2P = J'ru,::.(r1)]R~prfdr1 = o;:,.2P; 
0 

CX) 1r 

6.e2P = -:: f R~pTT { [~I K(k)(l+ J1
12)- 1dcp ]-:~ }dr1 = 6.:2p. 

0 0 

(41) 
B (41) yLITeHbI JJHlllb pa,nHaJJbHhie R2p, TaK KaK Um H 6.e 3aBHCHT TOJJbKO 
OT TJ. 

)J.aJJee 3Ha4eHHH 0~, o!;,, 6.~, 6.f, Omlj, OmlµH H o':,.1[ 6y,neM Ha3bIBaTb 
aMIIJJHTy,naMH. 

0CHOBHbJM OTJJH4HeM MIOOHHH H BOJI.Opo,na OT IT03HTpOHHH HBJJHeTCH 
60JJbllIOe rrpeBOCXOJI.CTBO Mace HJl.ep mµ+ H mp+ Ha,Q me (24). B HHX 

m~p = 9,0656894 • 10-28 r, at = 0,531738 • 10-8 cM; 

m~ = 9, 104575 • 10-28 r; 

a5I = 0,5294654 · 10-
8 

CM; a 11 = 137,3787; aH = 136, 79156. 

C. 3. ~ = m 0 pe
4
/(2n2h2

) B MIOOHH11 H Bo,nopo,ne 

(42) 

2• 

E?8 = -13,540312 3B, Eg8 = -3,3850781 3B = Egp JI.JJH MIOOHHH H 

E?8 = -13,598391 3B, Eg8 = -3,3995978 3B = EJP JI.JJH ao,nopo,na. 

(43) 
ITo CpaBHeHHIO C µe MOMeHTbl µµ = 4,49 · 10-23 3pr/fc H µP = 1,41 X 

X 10-
23 

3pr/fc MaJJbl. 11, IT0Jlb3YHCb MHOroKpaTHbJM rrpeBOCX0JI.CTBOM Re
Ha,n Rµ+ H (rp+ ), Bbl4HCJJeHHH C. 3. 3Heprntt YPOBHett B MIOOHHH H BOJI.Opo,ne 
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MO)KHO ynpocTHTb c noMO!UblO onepaTopa (25). l1 aHaJIOrHtJHbie (39)-(41) 

no3HTpOHHbIM aMnJIHTYJl.bl )lJIH HHX 6yJI.YT 

00 

o~ = - J R2(r1)(µHz(r1))ridr1, 

0 
00 

f:::.~P = J R2(rt)e l1/J(r1) + ;J ridr1 (rt= ;J. 
0 

3.lleCb, KaK H B no3HTpOHHH, rt o6o3HatJaeT paCCTOHHHH 

BbJpa)KeHHH 1/J(ri) H Hz(rt) )laHbl B (14) H (14'). 

(44) 

H rt, H Zt; 

5.1. Caoeo6pa3lle MarHllTHOrO CilllH-op6nTaJibHOf0 

. B3allMO,Il..eHCTB}lSI 

Bb1WeynoMHHyTaH COOCHOCTb op6HTaJibHblX TOKOB napTHepoB )leJiaeT 

BbltJHCJieHHble ero aMnJIHTYJl.bl Omu± (OmlµH + o':r,_f) JI.OCTaTOtJHO onpeJ1.e
JieHHbIMH. TipH 3TOM H3-3a npoTHBOnOJIO)KHOCTH 3HaKOB op6HTaJibHblX je-

H jH Bee OmlJ > 0. . 
)].JIH no3HTpOHHH onepaTop (22') le = -e1i,f (32mnpao) exp (-(r

2 
+ 

+ z2) 112)r2drdz H H3BeCTHbie -W2p = R2P · (3/81r)
1
1

2 
sin 0e±i<p = 

= R
2
p(3/8n) 112r(r2 + z2)-112 e±i<p H A'P (14) CJI.BHr OmtJ Bblpa3HM TaK: 

OmlJ =NJ exp [-((ri + zi) 112 + (r~ + z~)
112

)]rtr~((r1 + z1)2+ 

+ (z
2 

- z
1
)2) 112[(2 - k2)K(k) - 2E(k)]dr1dz1dr2dz2; 

k2 = 4r1r2 . 
(rt+ r2)2 + (z2 - z1)

2
' (45) 

N = a0
1 f 

16 
eh 12 

= 7,075 · 10-7 
3B. 

L mecao 

)].ocTaTOtJHO HHTerpHpOBaTb (45) nor E (0-20) H z E (-20; +20). Pe3YJib

TaT: CJl.BHr OmlJ = 6,427 • 10-5 3B. A pacw.enneHHH 

1( i: ) ,µH l(,µ+H- ,µ-H+) 
OmlµH = 2 Om/µ+ n- + Um/µ- H+ ' H um! = 2 um! + uml • 

l1 B napan03HTpOHHH (B HeM µe- H µe+ napanJieJibHbI), H B opTOn03HTpO

HHH (µe- H µe+ aHTHnapaJIJieJibHbl) MOJJ,YJIH 8mtµH H oi:!{ COBnaJJ,a!OT. Ho 
3HaKH aMnJIHTY.ll (B CK06KaX) opTOIT03HTpOHHH COBna)lalOT, a B napano3H-

TpOHHH 
8mtµ+ H- = -0 l -H+ H {jµ_ H_ - ,µ+H+ mµ ml - -uml . 

\ 
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Cne.11.oBaTeJibHO, 

- ! - µH"'P' - 1 µ- H- µ+ H+ . - . 
OmlµH 0 •P• -

2 
(Om/µH- + 8mlµH+) - 0ml - 2(8ml + 0ml ) - 0, 

I: µH'P µH-
UmlµH0P = 0ml = 0ml · 

l1 .11.0CTaTOtJHO BbltJHCJIHTb JIHlllb HX CYMMY o:IE = o:lµH + oi:,;['r = 

= 2o':!r, KOTOpaH [14] JI.JIH 2P-ypOBHH IT03HTpOHHH COCTaBHT 

o:lE = ± (- :eeh 3) = ±(-7,56. 10-6) 3B. (46) 
l meca0 

3HaK (46) COBnaJ[.aeT co 3HaKOM m = + 1 HJIH -1. HanOMHHM, tJTO yron 
Me)KJI.Y BeKTOpaMH µe- H µe+ H BeKTOpOM HanpH)KeHHOCTH (H) B aTOMe 
paseH O HJIH 1r, T. e. B o cos (ls) = ± 1. 3TO cne.11.yeT H3 peJIHTHBHCTCKOH 

TeopHH 3JieKTpoHa )].HpaKa (CM. [121). 
Bcne)lCTBHe TO)K)leCTBeHHOCTH BOJIHOBblX <pyHKU.HH e- H e+ B no-

3HTpOHHH H MaJIOCTH me no cpaBHeHHIO C mµ H mp CBOHCTBa 3TOfO 
B3aHMO)leHCTBHH B n03HTpOHHH cyrn.ecTBeHHO OTJIHtJHbl OT ero CBOHCTB B 

MIOOHHH H BOJI.OPOJl.e. 
B MIOOHHH H BOJI.OPO.lle H3-3a JIOKaJIH3al.l_HH H)lep npaKTHtJeCKH B u.eH-

H+ H-
Tpax o60HX aTOMOB aMnJIHTYJl.bl 8m1J' o6e OmtµH H 8~1 « o~l H 11epe3 

[ l 4] H cos (ls) = ± 1 

i: ,.,_, l ( (Hco6)) _ ( µeeh ) 
Um/E = -2 -µe- - ± - 48 3 ' 

ffinpCllo 

T.e . .11.JIH M!OOHHH 8m1E ~ ±(-1,51). 10-5 3B H .11.JIH BO.D.Opo.11.a Om/E ~ 
±(-1,51) · 10-5 3B. 

B rn6n. l npeJI.CTaBJieH noJIHbIH Ha6op nonpaBoK nepBoro npH6JIH)KeHHH 

(B 10-5 3B) paccMaTpHBaeMbIX aTOMOB. 

Ta6,1,uqa 1 

AroM nl 6.e Jr JmlJ Om J'!u . 
Ps IS 259,61-447,26p1 54,34 0 ±(138,41-2!0,68p1) 

2S 26,82-54,5P2 3,4 0 ±( l 7,02-25,905P2) 

2P -0,87 + l,64P2P 3,4 6,43 ±(0,39-Q,89P2P) ±(-0,76) 

µ+e- lS 1109,04-1673,27 p1 54,54 0 ±(4,68-7,09p1) 

2S l36,59-206,1P2 3,4 0 ±(0,575-0,87 l P2) 

2P 2,99-4,48P2P 3,4 0 ±(0,01-0,022P2P) ±(-1,51) 

H 1S l 122,15-1692,97pz 54,3 0 ±( l ,49-2, l 8pi) 

2S 138,21-208,52P2 3,4 0 ±(0,18-0,28P2) 

2P 3,0l-4,53p2p 3,4 0 ±(0,Q05-0,0}P2p) ±(-1,52) 
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5.6. IloJI.ypoBHH c yqeTOM ecex nonpaeoK 
nepeoro np116JimKeH11.H 

11TaK, c. 3. 3HeprnH rrepsoro rrpH6Jrn.>KeHHH oprn- H rrapa- IS-, 2S- H 
2P-IIOJJ.Y~OBHeH II03HTpOHHH, MJOOHHH H BOJJ.OpOJJ.a C cepeJJ.HHaMH ypoBHeH 

E~z = Enz + b..e + Om!J + Or eCTb 

E~~ = E~z +om± om11:, E~i = E~z - om± om11:- (47) 

B HHX 3HaK aMIIJIHTYJJ. Om OJ].H03Ha'IHO CBH3aH C rrapanneJibHOCTbJO HJIH 
aHTHrrapanneJibHOCTbJO BeKTOpOB MarHHTHblX MOMeHTOB (CIIHHOB) rrapTHe
poB. A JJ.JIH aMIIJIHTYJJ. Om! op6HTaJibHoro MarHHTHoro B3aHMOJJ.eHCTBHH B 
Ent OH orrpeJJ.eJIHeTCH COOTHOllleHHeM HarrpasneHHH µe- C reHepttpyeMblM 
J].BH.>KeHHeM rrapTHepa HJIH CaMoro e- BeKTOpOM H, rrpH'IeM HarrpasneHHe 
H OJ].H03Ha'IHO 3aBHCHT OT 3HaKa op6HTaJibHOH KOMIIOHeHTbl CKOpOCTH Vcpe- . 

('Ittcna m = ±1). 
TTorrpaBKH s Ta6JI. I KJiaccmf>HUHposaHbl no CBOHCTBaM HX BJIHHHHH Ha 

c. 3. E~z- TaK, rrorrpaBKa Ha OTJIH'!He b..e peanbHoro Ue OT Uc MO)KeT JIHlllb 
CJJ.BHraTb Ka)KJ].b[H ypoBeHb (rrpaKTH'IeCKH scerJ].a BBepx). TOJibKO BBepx 
MoryT CJJ.BHraTb ypoBHH peJIHTHBHCTCKHH poCT MaCCbl e- Or H (P-ypoBHH) 
Om!J. 3m rrorrpaBKH JJ.aHbI B Tpex ee crnn6uax c.nesa. Ho B3aHMOJJ.eHcTBHe 
MarHHTHblX MOMeHTOB rrapTHepoB B aTOMaX Om rrpespamaeT see ypoBHH B 
JJ.y6neTbI. A Om!E rrpespamaeT JJ.y6neTHbie (oT om) P-rroJJ.ypoBHH c l = I B 
'IeTbipe rroJJ.ypoBHH. PacmerrnHJOlll.He rrorrpaBKH - B JJ.BYX crnn6uax crrpasa 
Ta6n. I. 

OKOH'IaTeJihHbie Bbipa)KeHHH C. 3. rrepsoro rrpH6JIH)KeHHH E~~ (B 3B), 

rrony'IeHHbie qepe3 J].aHHbie Ta6JI. I, BeJIH'IHHbl E,! (37), (43) H Bblpa)KeHHH 
En1 (47) pa3MemeHbI s Ta6n. 2 (He BMemaJOmttern s Hee E~i = E~ - 2om 
nerno HaHTH c yqernM seJIH'IHH Om H3 Ta6n. I). 

Ta6Auu,a 2 

ATOM nl E~l E°:Z 
Ps IS -6, 799756-4,4 726-1 o-3p1 -6, 7983720-0,0065794p1 

2S -1, 7004217-0,0005450pZ -1, 70025 l 5-0,0008040P2 

2P -1, 7006 l 69- l ,644- l0-5p2p -l,7006130-0,0000253pzp±(-7,56 - 10-6) 

µ+e- IS -13,5289525-0,0167327 Pl -13,5289057-0,0 l 68036p1 

2S -3,3836954-2,06 l -l o-3P2 -3,3836896-0,0020697 P2 

2P -3,3850314-4,484- l0-5p2p -3,3850312-4,51-10-5pZp±(-l,51 · 10-5) 

H IS -13,5866056-0,0169297 Pl -13,5866056-0,0 l 695 l 5p, 

2S -3,398 l 803-0,002085pZ -3,398 l 785-0,0020880pZ 

2P -3,3995323-0,0000453pZp -3,3995322-0,0000454P2p±(- l ,52 · l o-5) 

fJiaaa 6 
> 

CPABHEHHE H3MEPEHHhIX H PACllETHhIX 
HHTEPBAJIOB MEJK,[{Y IlO,[{YPOBH.SIMH 

1S-, 2S- H 2P-COCTO.SIHHH ATOMOB 

Y.>Ke H3MepeHbl HHTepsaJibl B Il03HTpOHHH - pacmerrneHHe E~; - Efs; 
Ei~ - E~~ H CJJ.BHr JhM6a E25 - E2p [31]. B MJOOHHH - pacmerrneHHH 
E 1)p Ena Eop Ena [31] B Eop Ena . Eop Ena . Eop 

IS - IS H 2S - 2S · BOJJ.OPOJJ.e IS - IS• 2S - 2S• 2PI/2 -

- E2PI/2; E;; - E~;; E;i - E2s H Jl3M60BCKHH CJJ.BHr E25 - E2p [31]. 

11x paCC'IHTaHHble B rrepBOM rrpH6JIH.>KeHHH B rrpeJ].IIOJIO.>KeHHH Pl,2 = 
= 0,5, a P2P = I H OllbITHbie BeJIH'IHHbl TaKOBbl. 

B II03HTpOHHH E~i - Ers = 2Iom1sl = 6,614. 10-4 3B (H3M.8,41156 X 

x 10-
4 

3B); E~~ - Ef~ = 5,101008 3B (H3M. 5,10183 3B) (cJOprrpH3: 
pacqeTHbIH E2s - Eis= 5,10175 3B 6JIH30K K OIIblTHOMy E;;- E~;). 

Pac'IeTHbIH JI3M6oscKHH CJJ.BHr E25 - E2p = 3,46 • 10- - (±7,56 x 
x 10-6

) 3B (H3M. 3,568448 • 10-5 3B). 

B MJOOHHH 2Iom1sl = 2,2671 • 10-5 3B (H3M. 1,845889 • 10-5 3B) H 
2lom2sl = 2,79. 10-6 3B (H3M. 4,4252. 10-6 3B). 

B BOJJ.OpOJJ.e 2Iom1sl = 8. 10-6 3B (H3M. 5,8744. 10-6 3B). A HHTepsan 
E~~ - E~~ = 10,195859 3B (H3M. 10,19889 3B). E~~ - E28 = -3,54 x 
X 10-

4 
3B - Om!E (H3M. +4,098996. 10-5 3B), 2lom2sl = 8. 10-7 3B (H3M. 

7,343. 10-
7 

3B) H 2lom2PI = I . 10-7 - Om!I:: 3B (H3M. 2,448. 10-7 3B). 
Pacqernoe 3Ha'IeHHe Jl3M60BCKOro CJJ.BHra E~~ - E~~ = 2,644 X 

x 10-
4 

3B - Omz1: (H3M. 4,375 • 10-6 3B) xorn H Ha JJ.Ba rropRJJ.Ka 
npesocXOJJ.HT H3MepeHHOe, HO BO BTOPOM npH6JIH)l(eHHH MO)l(HO 0.>KHJ].aTb 
HX C6JIH)l(eHHH. 

KaK BHJJ.HM, pac'!eTHb!e HHTepsaJibl B II03HTpOHHH H MIOOHHH 6JIH3KH K 
H3MepeHHbIM. A B BOJJ.OPOJJ.e COBIIa.D.aeT KaK 'IHCJIO OllbITHO 06Hapy)l(eHHblX 
[31, Hcaee, c. 20] H pacqeTHbIX rro.D.yposHeH, TaK H CTpyKTypa (B3aHMHoe 
Pacnono)KeHHe noqrn scex ypOBHeii H IIO.D.YPOBHeii). 11 y)l(e B nepBOM rrpH-
6JIH)KeHHH OKOJIO IIOJIOBHHbl Bbl'IHCJieHHbIX C. 3. 6JIH3KH K HX H3MepeHHblM 
3HaqeHHHM. 

3To .D.aeT OCHOBaHHH npe.D.IIOJIO)l(HTb KOJIH'IeCTBeHHbIH pecypc CTaH
.QapTHOH KBaHTOBOH MeXaHHKH, Y'IHTblBaJOmeii H OTJIH'!He peanbHOro 3JieK-
1PH'IecKoro B3aHMOJJ.eHCTBHH 3JieKTpoHa C H.D.paMH OT KYJIOHOBCKOro, H 
PaHee IIO'ITH IIOJIHOCTbJO HrHOpHpOBaBI1IeecH HX MarHHTHOe B3aHMOJJ.eH-



I 
L 

40 
r A a Ba 6. C[!_aB1-1.e1-1.ue u3Mee_eHH.btX u p_acttem1-1.btX u1-1.mee_BaAOB 

CTBHe, nocJJe yqeTa noKa eme He Bbl'lHCJJeHHblX nonpaBOK K BOJIHOBblM 

q>yHKUH.llM aT0M0B HyJJeB0fO npH6JJH>KeHH.ll (HX BeJJH'lHHbl O>KH)l.aIOTC.ll 

BeCbMa 3Ha'lHTeJJbHblMH), )I.OCTaT0'lHblM )I.JI.II TO'lHOfO npe,!1.cKa3aHH.ll C. 3 •. 

Bcex no.ll.ypoBHeii cB.H3aHHhlX cocTO.HHHH aTOMOB. 
Pac'leTHhIH 2P-no.ll.ypoBeHh aT0M0B c 'IHCJJOM m = 0 B pa6oTe He 

paccMaTpHBaJJC.ll, TaK K;IK H3BeCTHbie B. qi. BCeX aTOMOB npH m = 0 Beme

CTBeHHhl. l1 H3-3a 3Toro (cM. [7,' Biwxu1-1.4eB. OcHOBhI KBaHTOBOH Mexa

HHKH, c. 102]) c. 3. acex KOMTIOHeiIT T0K0B (H MaCCbl H 3ap.11.!1.a) B aToMaX 

paBHbl HYJIIO, T. e. nponopuHoHaJJbHble m op6HTaJJbHble MexaHH'leCKHH H 

MarHHTHblH MOMeHThi aT0MH0f0 e- · npH m = 0 TaK>Ke paBHbl HYJIIO. l1 
B0JIH0B0e ypaBHeHHe aBTOMaTH'leCKH (l = 0) npeBpamaeTC.ll a ypaBHeHHe 

.D.JJ.ll 2S-cocT0.HHH.ll. 3ro, a TaK:lKe coBna.!1.eHHe 'lHCJJa 2P-no.ll.ypoBHeii BO

.ll.0P0.ll.a H3MepeHHblX H pactieTHblX (npH Hey'-!eTe no,!1.ypoBH.ll C m = O) 
nO.ll.TBep>KJl.aeT oTcyTcTBHe B aToMax 2P-no.D.ypoBHeii c m = 0. 

O.!!.H03Ha'lH0CTb pacqeTHhlX 3Ha'leHHH nonpaBOK K c. 3. E~1 B 

2P-cocTO.llHHHX aT0M0B (B HHX, KaK ynoMHHaJJOCb, P2P ~ 1), B KOTOpblX 

pacmenJJ.H!OlllHe aMTIJIHTY.ll.hl Om!E B no3HTpOHHH, MIOOHHH H B0.ll.OPO.ll.e 

MHOfOKpaTH0 npeB0CX0.ll..llT Om, )l.eJJaeT BeCbMa aKTyanhHb!MH H3MepeHH.ll 

HHTepBaJJoB Me:iK.ll.Y 2P-no.ll.YP0BH.HMH Bcex Tpex aTOMOB H cpaBHeHH.ll HX 

pe3YJJbTaTOB C npe.ll.CTaBJJeHHb!MH 3,ll.eCb pac'-!eTHbIMH. 

fJiaBa 7 

B3AHMO)lEMCTBHE 3JIEKTPOHA 
C · HEMTPOHOM 

Ponb ne-B3aHMO,!J.eHCTBH.ll oco6eHHO .HpK0 Bbl.llBHJJaCb B HCCJJe)I.0BaHH.llX 

0TKpblTblX JJeT0M 1968 r. ct>. JI. WanHpO c K0JIJJeraMH [32] YJJbTpaX0JI0.QHblX 

(c 3Heprneii < 10-7 3B) HeiirpoHoB (YXH), cnoco6HbIX .!1.JJHTeJJbH0e BpeM.11 

xpaHHTbC.ll BHYTPH TBep.ll.0TeJJhHblX BaKyyMHp0BaHHb!X cocy.ll.0B. Heo.>KH

,ll.aHHblM pe3yJJbTaT0M H TIH0HepCK0fO 3KcnepHMeHTa C YXH-JJoByWKaMH 

1968-1969 rr. [32], H nocne)I.0BaBllIHX 3a HHM COTeH .ll.PYrHX 0TiblT0B 

0Ka3aJJaCh napa)I.0KCaJJbHa.H MaJJ0CTb H3MepeHHoro BpeMeHH xpaHeHH.ll t 
YXH BO BCeX 0TibITaX no cpaBHeHHIO C npe.QCKa3b!BaeMblM TeopernqeCKH. 

Ho B TeopHH, HecMoTp.11 Ha TO, '-!TO eme B 30-x rr. XIX B. H3BecT

Hbie paC'-leTbl MarHHTH0f0 pacce.HHH.ll HeiiTpOHOB npH B3aHMO.QeHCTBHH HX 

µn C µe, µ~ H op6HTaJlbHbIMH T0KaMH aT0MHblX 3JJeKTp0H0B ct>. 6JJoxa, 

M. n. 6pOHWTeiiHa H .n.pyrnx aBT0p0B noKa3aJJH 3Ha'lHTeJibHYIO ponh B3a

HMO.QeHCTBH.ll HeHTpoHa H c µe, H c ero op6HTaJibHblMH T0KaMH B aT0MaX, 

MarHHTHoe B3aHMo.n.eiicTBHe YXH c 3JJeKTpoHaMH cTeHoK J10By11IeK, orpa

HH'-IHBaIOI.UHX o6beM xpaHeHH.ll YXH, .ll.0 cHx nop He Y'lHThIBaJJOCh, a oc

HOBHoii npH'IHHOH orpaHH'leHH.ll BeJJH'-IHHbl t npe.ll.TI0JJaraJJOCb npHCYTCTBHe 

B npHn0BepxHOCTHOM CJJOe HX CTeHOK npHMeCH0fO B0.ll.OPO.ll.a. 

Y'-!eT B3aHMo.n.eiicTBH.ll µn YXH c µe 3JJeKTp0HOB B KoporKHe, HO 

'lacrn noBTop.1110mHec.11 oTpe3KH ot BpeMeHH oTpameHH.H YXH oT orpaHH

'lHBaJOI.UHX BaKyyMHblH o6beM HX xpaHeHH.ll MeTaJJJIH'leCKHX CTeHOK 6bIJI 

BbITIOJIHeH B 1998 r. [33]. KaK H O>KH)l.aJJOCb, pacqeTHble t OKa3aJJHCb 

6JIH3KHMH K H3MepeHHblM H - 6onee Toro - y'-leT B3aHMO.QeHCTBH.ll µn 
C µe TI03B0JIHJI o6b.HCHHTb Ha6JJJO)l.eHHOe B OTibITax npeB0CXO)I.CTBO t B 

JI0BYWKax .!1.H3JieKTpH'-!eCKHX [34, 35] Ha.Q t xpaHeHH.ll B JIOBYllIKax MeTaJJ

JIH'-!eCKHX [36]. 

<l>H3H'-!eCKa.ll npH'-IHHa npeHMymecTBa JJOByWeK C .!1.H3JleKTpH'-!eCKHMH 

CTeHKaMH' B KOTOpb!X B 1981- I 982 rr. 6hIJIH H3MepeHbl peKOP.ll.Hble .ll.Jl.ll 

raep.n.oTeJJhHhIX cocy.ll.OB YXH t = 290 c (cTeHKH KBapueBhle c BHyrpeHHHM 

e = 6,4 CM H .!1.JIHHOH l M) [34] Ht= (950 ± 60) c (aJJJOMHHHeBbie CTeHKH, 

noKpbITb!e HaMopo)!{eHHbIM T.ll)KeJJOBO.l(HblM Jib.QOM, )I.HaMeTp ropH30HTaJJh

Horo .QHa 52 CM, BblC0Ta UHJIHH.ll.pa 28 CM [35]), O'-!eBH.QHa. B .ll.H3JJeKTpHKe 
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ace 3JieKTpOHbl 3anoJIHSIIOT ypoaHH 3HepreTH'IeCKHX 30H TaK, tJTO .n.m1 
JII06oro H3 HHX HeT cao60.D.Hb!X COCTOSIHHH C C. 3. 3HeprnH MeHblIIHMH, tJeM 
tta 3aH.HTOM HM ypoaHe. 3TO H .n.enaeT nepe.n.aqy 3HeprnH n106oro 3JieKTpoHa 
ao1IIe.n.1IIeMy a npHnoaepxHocTHbIH cnoii cTeHKH YXH Manoaeposirnoii. 

B MeTannax )Ke 3JieKTpOHbl 30Hbl npoao.n.HMOCTH C ee CTTJIOIIIHblM cneK
TpOM _c. 3. 3HeprnH c (.n.anee 3Heprnsi 3JieKTpOHa o603HatJaeTCSI CHMaOJIOM 
c) .n.a)Ke npH HH3KHX TeMnepaTypax 3aCeJI.HIOT He ace COCTOSIHHSI no.n. 
ypoaHeM <t>epMH CF, TaK l{aK tJaCTb H3 HHX 3aHHMalOT ypoaHH abIIIIe CF. 

A aeposiTHOCTb nepe.n.atJH HMnynbca YXH OT e-, 3acensi10mHx ypoaHH 
c c > cF, c nocne.n.y10mHM HX nepexo.n.oM Ha cao60.D.Hbie HH)KeJie)KamHe 
ypoaHH 30Hbl, MHOrOKpaTHO abIIIIe, tJeM ,ll.JISI c < CF. 

To, tJTO H t = 290 c (a [34]), H t = 950 c (a [35]), HeCMOTp.H Ha 
t35/t34 > 3, Ha3aaHbl peKOp.D.HbIMH, He sian.HeTCSI oroaopKOH. ,Ueno a TOM, 
tJTO 6naro.n.ap.H 60JibllieMy o6beMy xpaHeHHSI a cocy.n.e [35] H OnTHMaJibHOH 
ero <popMe tJaCTOTa a3aHMo.n.eiicTaHii YXH co cTeHKaMH cocy.n.a a [34] MHO
roKparno 60JiblIIe, tJeM a [35]. 11 OtJeaH.D.HO, tJTO cnoco6HOCTb noaepXHOCTH 
Kaapu.a oTpa)KaTb YXH .n.a)Ke ab11IIe, tJeM y T.H)Kenoao.n.Horo Jib.D.a. 

K CO)KaJieHHIO, .n.ocrnrnyTOe IO. IO. KocaHHu.eab!M, B.11. Mopo3oabIM H 
r. 11. TepexoabIM [35] MHoroKparnoe yaenHtJeHHe apeMeHH xpaHeHH.H YXH 
(.n.o t = 950 c) qepe3 OtJeaH.n.Hoe 3JieMeHTapttoe cpe.n.cTBo - ab16op omH
MaJibHOH qiopMbl 06beMa xpaHeHHSI (a aH.n.e U.HJIHH.D.pa, HO OtJeaH.D.HO, tJTO 
Ky6 H c<pepa C .D.OCTaTOtJHbIMH pa3MepaMH TO)Ke npHro,ll.Hb!) HCTTOJib3yeTCSI 
pe.n.Ko. 11 HH a O.D.HOH H3 C03.D.aHHbIX nocne HHX TBep.n.oTeJibHbIX noay1IIeK 
YXH 3TO 6necrnmee .D.OCTH)KeHHe noaTopeHo He 6bino (T. e. a .n.pyrnx 
onbITax c YXH apeMeHa HX xpaHeHH.H .n.ocrnra10T He 6onee 100 c). 

Ha OTpa)KalOW.HHCSI npHnoaepXHOCTHbIM cnoeM MeTaJIJIHtJeCKoro cocy
.n.a YXH, cKopocTb KOToporo Vn ~ 5 M/c (a ero KHHeTHtJeCKa.H 3HeprnH 
~ 10-7 3B), ao3.n.eiicTay10T TpH noToKa tJacrnu.. ITepabIM H3 HHX siansieTC.H 
acTpetJHbIH TTOTOK si.n.ep C ero TTJIOTHOCTblO <PH=nHVn ~ 5. 1025 CM-2 • c- 1 

(a KOTOpOM HHor.n.a npHCYTCTay10T H si.n.pa npHMeCHoro ao.n.opo.n.a); aTO· 
pbIM - caMbIH HHTeHcHaHbIH, HO npaKTHtJeCKH He Harpeaa10mH11 YXH 
TTOTOK 3JieKTpOHOa, ca.H3aHHbIX C si.n.paMH; H TpeTbHM - TTOTOK <P e- 30Hbl 
npoao.n.HMOCTH, 06na.n.a10mHx CKOpOCT.HMH V;;;:: VF~ 108 CM/C. 

7 .1. JIJIOTHOCTb IlOTOKa B036yJK,z:i:eHHbIX 3JieKTpOHOB 

30Hbl npoBOJJ:HMOCTH 

4T06bI HaiiTH noTOK ¢ = AvN, r.n.e A - OTHOCHTeJibHa.H .n.onsi ao36y)K
.n.eHHblX .n.o C > CF e- 30Hbl npoao.n.HMOCTH, cnoco6Hb!X HarpeaaTb YXH, 
V - HX cpe.D.HSISI CKOpOCTb, N - TTJIOTHOCTb e- 30Hbl, Heo6XO.D.HMO CHatJana 
ou.eHHTb A. 

ITpome acero ou.eHKY A abmonHHTb tJepe3 HHTerpHposaHHe pacnpe.n.e
neHHH <t>epMH-,UHpaKa no 3HatJeHHSIM 3HeprnH c 3JieKTpOHOa, JIOKaJIH30· 
aaHHblX a 30He npoBO.D.HMOCTH HCCJie.n.yeMoro MeTanna f(c:) = {exp [(c -
- c F) / ( kT)] + l }-1 (c F - pa6orn ab1xo.n.a e- H3 Mernnna, k = 1,380662 x 

7.2. H1-tBapua1-tm-c10pnpu3 u peaAbHaR i!Ay6u1-ta 43 

x 10-
16 

3pr/K = 8,61734 • 10-5 3B/K B cne.n.yJOmeM ero Bbipa)KeHHH [33]: 

2cF CF 2cF 

A= [ I f(c:)dc: - I f(c:)dc:] / I f(c:)dc:. (48) 

0 0 0 

B HeM HHTerpHpOBaHHe abITTOJIHS!eTCSI attaJIHTHtJeCKH qepe3 H3BeCTHYIO 

nepaooopa3HYJO .n.nsi HHTerpana J f (c: )de: <pyttKU.HIO [33] 

Y ( c) = c - kT In [ exp ( c ;; F) + l] . 
Pe3yJibTaT HHTerpHpOBaHHSI Y.D.HBHTeJieH. 

-I cF 

2cp 

7.2. HHsap11aHT-c10pnp113 EF 1 J J(c)dc H peaJibHasi 

0 
rny611Ha IlOTeHIJ;HaJibHOH SIMLI 30Hbl npOBOJJ:HMOCTH 

ITonb3YHCb BhIIIIeynoMsittyToii nepsoo6pa3ttoii Y ( c: ), ttaxo.n.HM 

2cF 

I J(c)dc = 2 _ (kT) In [(I+ exp (cF/kT))] = 
0 

cF (1 - exp (cF/kT)) 

= 2 - :: In [ exp G;)] = I. ( 49) 

2cF 

KaK BH.D.HM, HHTerpan c:;,1 f f J(c)dc = l HMeeT sentttJHHy, TO)K.D.ecTBeH

o 
HYIO e,ll.HHHU.e npH Bcex a03M0)KHblX T. 

00 

A ocTaTOK HHTerpana c:;,1 J f J(c)dc ~ (kT /cF) exp (-cp/(kT)) HMe-

2cF 
eT exp (-cF/(kT)), HanpHMep, .n.m1 Me.n.H C CF = 4,4 3B, paBHYIO 
~ exp(-170) .n.a)Ke npH T ~ 300 K, T.e. ocTaTOK kTexp(-c:F/(kT)) 
COCTaan.HeT ~ 10-77 CF. 

3To .n.aeT octtoaattHe Ha3BaTb BeJIHtJHHY V = 2c:F nonttoii rny6HHOH 
TTOTeHU.HaJibHOH S!Mbl attCaM6JI.H pacnpe.n.eneHHblX B 30He npoBO.D.HMOCTH e
no f(c:) <t>epMH-,UHpaKa nptt TeMnepaTypax T < T BblpO)K.D.eHH.H. OtJeBH.D.
Ho, tJTO pactJeThl napaMeTpoa JIOKaJIH30BaHHOro B MeTaJine 3JieKTpOHHOro 
ra3a qepe3 HHTerpttposaHHe co.n.ep)Kamttx J(c:) Bb1pa)KeHHH .n.ocTaTOtJHo 
abmOJIH.HTb a npe.n.enax O ~ c ~ 2cF nptt scex T < T nnasnettH.H. 
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KcTaTH, 3TO ITpeJJ.ITOJlO)KeHHe COOTBeTCTByeT H KBaHTOBO-MeXaHH'-IeCKO

MY cooTHorneHHIO Me)KJJ.Y c. 3. KHHeTtt'-IeCKOH EK H ITOTeHI.{HaJibHOH U 
3HeprnH e-, JlOKaJ1H30BaHHOrO B CBH3aHHblX COCTOHHHHX C OJJ.HOPOJJ.HblM ITO 

r KYJIOHOBCKHM B3aHMOJJ.eHCTBHeM C TO'-Ie'-IHbIMH aapHJJ.aMH lIJJ,ep [27, 28], 
EK = -U/2 = -Ze2 /2rcp, KOTOpoe ITpOlIBJilleTClI H B aHCaM6Jie e- 30Hbl 

ITPOBOJJ.HMOCTH, JlOKaJIH30BaHHb!X B Hett KYJIOHOBCKHM B3aHMOJJ,eHCTBHeM C 

aapSIJJ.aMH HOHOB H 3JleKTPOHOB. 

l1TaK, C y'-IeTOM O'-IeBHJJ.HOH 6JIH30CTH cpeJJ,HeH CKOpOCTH B036Y.>KJJ.eHHblX 

3JleKTpOHOB 30Hbl ITpOBOJJ.HMOCTH V K VF [33] )J.Jlll KOHKpernoro MeTaJIJia, 

HaITpHMep, JJ.Jlll MeJJ.H C N = 8,46 . 1022 CM-3, VF = 1,25. 108 CM/C (cF = 
= 4,4 3B) ITPH T = 300 K 6yJJ.eT ti= 0,0041. l1 Ol.(eHKa ¢> JJ,aeT ¢> ~ 4,4 x 

X 1028e- CM-2. c-1. • 
Ew.e JJ.O Bbl'-IHCJieHHlI 3cpcpeKTHBHblX ITOITepe'-IHblX ce'-IeHHH ITepeJJ,a'-IH 

3HeprnH YXH OT 3JleKTpOHOB ITOJ1e3HO o6paTHTb BHHMaHHe Ha CJ1eJJ,y10w.He 

yJKe o6Hapy)K~HHbie 3KCITepttMeHTaTopaMH HHTepeCHble <paKTbl. 

,Ilsa JJ,eClITHJleTHlI TOMY Ha3aJJ. aBTOpbl pa6oTbl [36] B OITbITax C MeJJ,

HblMH cocyJJ,aMH-JlOBYllIK.?MH ITPH T = 300 K H3MepHJIH 3aBHCHMOCTH OT 

speMeHH H '-IHCJia YXH N(t) BHYTPH cocyJJ,a, H '-IHCJia BbIIIIeJJ.UIHX H3 Hero 

HettTpoHoB n(t), a TaKJKe 3Heprn10 En BHe cocyJJ,a. 

I1oJiy<leHHblH XOJJ. N(t) OKa3aJ1ClI CHHXpOHHblM C XOJJ.OM n(t), ITpH'leM 

BeJlH'-IHHbl N cnerna ITpeBOCXOJJ.HJlH n. 
He MeHee HHTepeceH H Ba)KeH HX peayJibTaT H3MepeHHH 3HeprHH En 

ITOKHHYBIIIHX COCYJJ. HeHTpOHOB. OITbITHaH ee BeJIH'-IHHa orpaHH'-IHBaJiacb 

HHTepBaJIOM 0,0002 ::,:; En ::,:; 0,025 3B, T. e. ITpaKTH'-IeCKH see ITPOHHKUIHe 

CKB03b CTeHKH cocyJJ.a n H3 YXH ITpespaTHJIHCb B TeITJIOBble. 

AsTOpbl [36] ITpHUIJlH K 3aKJ1IO'-IeHHIO, '-ITO see peayJibTaTbl HX H3Mepe

HHH cosMeCTHMbl c ITpttpocTOM 3HeprnH YXH JJ.O En E (0,0002-0,025) 3B 

TOJlbKO B OJI.HOM CTOJlKHOBeHHH B OTpa:iKa10w.eM HX ITOBepxHOCTHOM CJIOe 

JlOByIIIKH. 

A B OITb!Tax [37] aBTOpaM yJJ,aJIOCb H3MepHTb TeMITepaTypHb!H XOJJ. 

n(T) '-IHCJia ITOKHJJ.aBruHx nosyruKy YXH. 3JJ.eCb, KaK ITPH o6eara:iKeHHbIX 

BHyTpeHHHX ITOBepXHOCTHX cocyJJ.a, TaK tt ITPH He o6eara)KeHHblX, XOJJ. n(T) 
JIHHeHHO poc c T. 

7 .3. Baa11Mo;:i;eiicTBHe aHepr11qHbIX aneKTpoHoB c YXH 
ITepeHJJ,eM K 01..(eHKe 3HeprnH, KOTopy!O e- 30Hbl ITpOBOJJ.HMOCTH CITO

co6eH ITepeJJ,aTb YXH B OJI.HOM CTOJlKHOBeHHH. 3JJ,eCb, ecTeCTBeHHO, B3aH

MOJJ.eHCTBHe n H e- lIBJllleTClI TOJlbKO MarHHTHb!M. Ho ITOJiy'-IeHHe TO'-IHOrO 

Bb1pa1KeHHlI ero 3HeprnH U OCJlO)KHlleTCH OTCYTCTBHeM CTOJlb )Ke ITpel.(H-

3HOHHO, KaK y 3JleKTpoHa, OITpeJJ,eJieHHOH CTpyKTypbl TOKOBbIX BHYTPHHeH

TpOHHb!X KOHTypoB. 

TeM He MeHee, ITOJlb3YlICb xoporno H3MepeHHOH BeJlH'-IHHOH MarHHTHOrO 

MOMeHTa HeHTpoHa µn = 9,662. 10-24 3pr/fc H BMeCTe C TeM MaJIOCTblO ITO 

cpasHeHHIO C 60JlbllIHM paJJ.HYCOM TOpa 3JleKTpOHa R = 3,8706 . I 0- 11 
CM 

cpeJJ.HeKBaJJ,parn'-IecKoro paJJ.Hyca HettTpoHa ~ 0,8 • 10- 13 CM [38], a TaK)Ke 

7.3. B3aw,waeucmeue tmep_zuttHbtX &AeKmpoHoB c Y_Xfl_ 45 

T04HblM Bb!paJKeHHeM HaITplI)KeHHOCTH MarHHTHOro ITOJIH H, C03JJ,asaeMoro 

3J1eKTpOHOM BO BCeM ITpOCTpaHCTBe, 3TY TPYJJ.HOCTb nerno ITpeoJJ,OJleTb. 

HasecTHble KOMITOHeHTbl H [30] (s l.(HJIHHJJ.PH'-IecKoH c. K.) eCTb 

e 2 2 -1/2 - r - z {[R2 2 2] } 
Hz= (,rrR((R+r) +z) ) (R-r)2 +z2 E(k)+K(k) , 

_ _!!_ 2 2 _ 1/2 + r z {[R2 2+ 2] } 
Hr - CrRr ((R + r) + z ) ) (R- r)2 + z2 E(k) - K(k) , 

k2 = 4Rr 
(R+r)2 +z2· 

(50) 
TorJJ,a U MarHHTHOro ne-B3aHMOJJ,eHCTBHlI MO)KHO Bb1pa3HTb B BHJJ.e CKa

JillpHoro ITpOH3BeJJ,eHHlI BeKTopa µn Ha BeKTOp o6paayeMoro 3JleKTPOHOM 

MarHHTHoro ITOJllI H. ITpH 3TOM, ecTecTBeHHO, C y'-IeTOM KBaHTOBaHHlI 

cyMMapHoro CITHHa o6oHX B3aHMOJJ.eHCTBYIOW.HX cpepMHOHOB JJ.OITYCTHMb!MH 

(TaK )Ke, KaK B IT03HTpOHHH) 6yJJ.yT TOJlbKO COOCHaH HJIH COITJlOCKOCTHalI 

B3aHMHble opHeHTal.(HH n H e- [29], T. e. H3 KOMITOHeHT MarHHTHOro ITOJllI 

3JieKTpoHa (50) HY)KHa TOJlbKO Hz. 
Hatt60JibIIIeH ITepeJJ.a'-la 3HeprnH YXH OT soa6yJKJJ.eHHoro 3JleKTpo

Ha 30Hbl ITPOBOJJ.HMOCTH, HaITpHMep, MeJJ.HOrO cocyJJ,a 6yJJ.eT, ecTeCTBeH

HO, OT e-' ITpe6brna10w.ero Ha HaHBbICUieM H3 ee yposHeH C = 2cF 
(c Ve = 2112vF = 1,77. 108 CM/c), B TOM CJiy'-Iae, ecJIH OH OTpa3HTCH 

OT YXH, ITpOHHKUiero B ITosepxHocTHblH cnott cTeHKH, B HaITpasneHHH, 

o6paTHOM HCXOJJ.HOMY seKTopy Ve. TorJJ,a ITepeJJ.aHHbIH <<ITOKOlIW.eMyclI~ 

n HMITYJlbC COCTaBHT !:ipn rv 3,22 · 10- 19 r · CM/C, a COOTBeTCTBYIOW.alI 

lien rv 0,0193 3B 6yJJ.eT 6JIH3Ka K MaKCHMaJlbHOMY H3MepeHHOMY B [36] 
3Ha11eHH10 3Heprntt ITOKHJJ.aBrnHx cocyJJ. YXH. 

A BcJieJJ,CTBHe ITpeBOCXOJJ.CTBa ITO'-ITH Ha JI.Ba ·IToplIJJ.Ka paJJ.Hyca TOpa 

3JleKTpoHa R HaJJ. cpeJJ.HeKBaJJ,paTH'-IeCKHM paJJ.HYCOM HeHTpOHa HarpeB 

YXH 6yJJ.eT 6onee 3<p<peKTHBHbIM ITPH saaHMOJJ.eHCTBHH coITnocKocrnoM, 

TaK KaK B 3TOM cJiy'-Iae MaKCHMaJlbHalI BeJIH'-IHHaHz, B KOTOpOH CMOJKeT 

OKa3aTbClI n (s6JIH3H TOKOBOro TOpa e-), ITPHMepHO Ha JI.Ba ITOpHJJ.Ka 

60JibIIIe Hz, JJ.OCTH)KHMOH ITPH B3aHMOJJ,eHCTBHH COOCHOM, H, 6onee Toro, 

B COITJlOCK0CTHOM o6JieTe e- BOKpyr YXH B03pacTaeT He TOJlbKO CHJia, HO 

H speMlI B3aHMOJJ.eHCTBHlI HeHTpOHa C 6JIH)KaHUIHMH K HeMy oTpe3KaMH 

Topa e-. 
11 KBaHTOBO-MeXaHH'-IeCKOe, "H KJlaCCH'-IeCKOe, aHaJiorH'-IHOe Bb!II0JIHeH-

HOMY PeaepcpopJJ.OM pac'-IeTy paccelIHHlI Q-'-IaCTHl.(bl KYJIOHOBCKHM ITOJleM 

HJJ.pa, Bbl'-IHCJleHHH 3cpcpeKTHBHOro ce'-IeHHlI 0-ne OCJlO.>KHeHbl OTCYTCTBHeM 

aHaJIHTH'-IeCKHX perneHHH H BOJlH0BOro ypaBHeHHlI, H ypaBHeHHlI JJ.BH)KeHHlI 

3JieKTpoHa B MarHHTHOM ITOJie YXH. 

Ho KJiacctt'-IecKalI {ITo PeaepcpopJJ.y) ol.(eHKa CTne c ITOMOW.b!O 3BM 

ITpoCTa. 
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B Bblpa:lKeHHH (50) II0JIO}KHM (B3aHMOJJ.eikTBHe COIIJIOCKOCTHOe) z = 0, 
a paccTOHHHe Me)KJJ.Y l.(eHTpaMH YXH He- o6o3Ha'IHM r. Tor.n.a ypasHeHHe 

JJ.BH}KeHHH o6neTa YXH HepenHTHBHCTCKHM 3JieKTpOHOM 6y.n.eT 

m (r2 + r 2 (dcp)
2

) _ eµn [ E(k) + K(k)] _ mv5 = 0, 
2 dt 1r R R - r R + T 2 (51) 

2 4RT 
k = (R+T)2· 

J,fa 3aKOHa coxpaHeHHH M0MeHTa KOJIH'leCTBa JJ.BH}KeHHH 3JieKTpOHa, 

rrpHl.(eJibHblH rrapaMeTp KoToporo paseH d, cne.n.yeT: mdvo = lmT2dcp/dtl, 
oTKy.n.a ldcp/dtl = vod/T2 . Tiepei-i.n.H B (51) OT .n.mpcj:>epeHl.(HposaHHH no spe

MeHH K d/dcp H Bb1pa3HB dT/dt = (dT/dcp)dcp/dt = T'dcp/dt, rrpeo6pa3yeM 

ero B 

T,2 _ T
4 

+T2 _ 2eµn [E(k) + K(k)] T4 = O 
d2 1r Rdv5 R - r R + T ' 

H3 KOTOporo 

{ [ 

. ] 1/2 
T' = '.C_ r2 - d2 + 2eµn E(k) + K(k) T2} (52) 

d 1r Rv5 R - T R + T 

Tiono}KHB B (52) T1 = 0, HaXOJJ.HM MHHHMaJibHOe paccTOHHHe Tp e- OT YXH 
Ha TpaeKTOpHH ero o6JieTa H3 Bblpa:lKeHHH 

{
I A [ E(kp) _ K(kp)] }

112 
= d . k2 = 4RTp . 

rp + Tp-R R+Tp 'r.n.e P (R+Tp) 2 ' 

2eµn -12 A= 
2 

= 2,707 · IO CM JJ.JIH ce = 2cF, 
1rRmv0 (53) 

A= 5,414 · 10-12 CM JJ.JIH ce = cF-

lJepe3 (52) H y'leT CHMMeTpHH TpaeKTOpHH o6neTa OTH0CHTeJibH0 rrpH

MOH, co.n.ep:lKarn.ei-i pa.n.11yc-BeKTOp rp, Hai-i.n.eM yron o6neTa cp ·YXH 3neK

TP0HOM 

oo { . 1/2}-I 

cp = 2d J T [T2 - d2 + AT
2 

[:~kk- :~~ ]] dT. (54) 

Tp 

OcHOBHaH '!aCTb Bcero yrna o6JieTa cp HaXOJJ.HTCH 'IHCJieHHblM HHTerpHpo

BaHHeM (54) a HHTepBaJie Tp + 8 < T < Tm. 
A Bbl'IHCJieHHe 3Ha'!eHHH ocp B HHTepsanax Tp ::;; r::;; T::;; Tp + 8 (8 « Tp) 

H b.cp - Ha Tm ,;;; T < 00 BbllIOJIHHeTCH aHaJIHTH'leCKH C ITOMOW.b!O nerno 

HaXOJJ.HMbIX Bblpa}KeHHH 

ocp = 4d (-◊-) 1;2 
Tp F(rp) 

(55) 
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2d2 
2 { K(kp) E(kp) 

F(rp) = -:;:;;- + 2ATP (R + Tp)2 - (Tp - R)2 + 
R [ 2 2(lnp-1) 3/2- l~P]} 

+ (R + Tp) 2 Tp - R + Tp + R + (Tp- R) (R + Tp)2 ' (55) 

4 , Tp - R 2d 
Inp - k' , kP - R , b.cp - . 

p + Tp Tm 
(57) 

I1epe.n. Ka)KJJ.b!M HHTerp11poBaHHeM (54) Ha.n.o, ecTeCTBeHHO, HaHTH H3 co

OTHOWeHHH (53) Heo6XOJJ.HMYIO rrapy K0HKpeTHblX 3Ha'leHHH d Ii Tp. 
I1epe.n.asaeMblH YXH HMilYJibC 6.pn 11ocne BbI'IHCJieHHH BeJIH'IHHbI cp 

JJ.JIH Ka)KJJ.OH 11apb1 d H TpAPn = 2pe cos (1r - cp/2). 
Ha6op IlOJIHbIX yrnoB o6JieTa cp 6b!JI HaH.n,eH (33] .ll,JIH MHHHMaJTbHOro 

(cf) H MaKCHMaJibHOro (2c f) H3 Bcex B03MO}KHb!X 3Ha'leHHH 3H~prnH 

B036y)KJJ.eHHb!X e- 30Hbl 11p0B~JJ.HMOCTH MeJJ.H. Pe3yJibTaTbl .n.aHb! B Ta6JI. 3. 

Ta6Auqa3 

Ce= 4,4 aB Ce= 8,8 aB 

I0 11 rp, 1011d, cp, 
cos (-rr - cp/2) 

1011rp, 1011d, cp, 
cos (-rr - cp/2) CM CM pa.n: CM CM pa.n: 

4,765 5,6016 6,954 0,94 4,524 5,14042 7,045 0,928 
4,77 5,6017 6,359 I 4,525 5,14043 6,65 0,983 
4,8 5,6031 5,437 0,91 4,527 5,14045 6,223 I 

4,96 5,6362 4,4 0,59 4,54 5,14085 5,314 0,893 
5,2 5,7483 3,875 0,36 4,58 5,1419 4,54 0,645 

KaK BHJJ.HM, JJ.Halla30H 11pm1.eJibHb!X napaMeTpOB 6.d, B KOTOpOM 11pH

o6peTaeMblH OT e- HMilYJibC YXH 6.pn npeB30HJJ.eT ~ 1,Bpe rrpH 3HeprnH 

3JieKTpOHa 4,4 3B, COCTaBJIHeT 6.d ~ 1,6 · 10-14 CM, a 11p11 ce = 8,8 3B -

6.d ~ 4. 10- 15 CM. 

A C0OTBeTCTBYIOll.(He H3BeCTHble 3cpq>eKTHBHble 11011epe'1Hb1e ce'leHHH, 

HMelOW.He BHJJ. ane ~ 21rdb.d, 6y.n,yT ane ~ 5,6 6 .ll,JIH ce = 4,4 3B H ane ~ 
"-' 1,3 6 JJ.JIH 8,8 3B. 

TaKHM o6pa3oM, ane pacceHHHH peaJibHbIX 3JieKTpOHOB Ha YXH npe

B0CXOJJ.HT ce'leHHH Heynpyrnx B3aHMOJJ.eHCTBHH C HHMH HJJ.ep aT0MOB Ma

TepHaJIOB, npHMeHHeMblX JJ.JIH xpaHeHHH YXH. KpoMe Toro, rrnoTHOCTb 

noToKa rnoco6HbIX HarpeaaTb YXH e- <I?= 4,4 • 1028e- cM-2 • c- 1 no'!TH 

Ha TPH IlOPHJJ.Ka npeBOCXOJJ.HT IlJIOTHOCTb IlOTOKa HJJ.ep. 

O1.(eHHM Tenepb BepoHTH0CTb Wne HarpeBa YXH B OJJ.HOKpaTHOM ero 

0Tpa}KeHHH OT IlOBepXHOCTHoro CJIOH MeJJ.H (TOJill.(HHa KOToporo C0CTaBJIHeT, 

KaK H3BeCTHO, 6.l ~ 10-6 CM (39]): . 

Wne = ane<Pt · 1/4. (58) 

MHO)KHTeJib I /4 B (58) oTpa)KaeT TOT q>aKT, 'ITO 3q:>q>eKTHBHbIH Harpea 

YXH HJJ.eT JIHWb 110 o.n,HoMy H3 '!eTblpex KaHaJioB ne-B3aHMo.n.eiicrn,rn -
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B3aHMHOMY npHT.H)KeHHIO '-claCTHU. C conJIOCKOCTHOH opHeHTaU.HeH HX MO
MeHTOB; ti = 2.6.l/VyxH (VyxH ~ 2,5 M/C - cpe.U.HHH CKOpOCTb HeHTpoHa s 
HHTepsaJie ti - speMeHH ero npe6b!BaHHH s Me.U.H s OJI.HOM OTpa)KeHHH). 

3KcnoHeHu.HaJibHOe B03pacTaHHe seJIH'--IHHbl 3HaMeHaTeJIH f (c:) C po
CTOM C - CF .U.JIH scex B036y)K,a:eHHblX ( C C > CF) yposHeH 30Hbl nposo
,a:HMOCTH y)Ke npH ,a:oCTH)KeHHH c: - c:p ~ 2,94kT = 0,076 3B Ha nopH,a:OK 

yMeHhl!IaeT lf(c:)I, oKa3b!BaJOW.HHCH pasHhIM 0,05 BMeCTO lf(c:p)I = 0,5. 
l·fa-3a 3TOrD no,a:aBJIHJOW.aH '-IaCTb B036y)K,a:eHHb!X e- HMeeT CKOpOCTH 

Ve=Vp+a(a«vp). 
Tor,a:a npH T = 300 K Wne = 0,25 • 5,6 • 10-24 

• 4,4 • 10
28 

• 2 x 
X 10-6 /250 rv 4,9 · 10-4

_ 
0TcJO,a:a npe,a:eJihHOe '-IHCJIO OTpa)KeHHH YXH NT OT '-IHCTbIX cTeHOK 

Me,a:HOH nosyIJJKH npH HX T = 300 K, nocne ,a:oCTH)KeHHH Kornporo sepo
HTHOCTh W ,a:JIH YXH s cne,a:yJOW.eM CTOJIKHOBeHHH co cTeHKOH nony'-IHTh 

.6.c:n ~ 0,008 3B H noKHHYTh o6beM xpaHeHHH W = NT Wne = 1, OKa-
3bJBaeTcH NT·~ 2000, npH'-IeM ou.eHKa 3Ta - csepxy, TaK KaK Harpes c 

.6.c:n < 0,008 3B npH ou.eHKe He Y'-IHTb!BaJICH. 
113JIO)KeHHble Bb!IJJe pac'-IeTbl ne-B3aHMO,a:eHCTBHH C ytJeTOM peaJibHOH 

CTPYKTypbl 3JieKTpoHa npHBOJJ:HT K TOH )Ke 3aBHCHMOCTH, nponopU.HOHaJib
HOH TeMnepaType T CTeHOK Me,a:HOH JIOByIJJKH, HHTeHCHBHOCTH Harpesa 

YXH, KOTopaH 6hrJia H3MepeHa ,a:JIH IJJHpoKoro .HHTepsana T E 50-300 K B 

(37]. 
IlpaKTH'-IecKH cosna,a:aJOT H HHTepsaJihI npHo6peTaeMhIX YXH 3Hep-

rnii B o,a:HOM HX CTOJIKHOBeHHH co cTeHKOH Me,a:Horo cocy,a:a 3KCne

pHMeHTaJibHb!H .6.c:n E 0,0002-0,025 3B [35] H paCC'-IHTaHHb!H s (33] 

.6.c:n ~~ 0,02 3B. 
oJIH3KH TaK)Ke 3KcnepHMeHTaJibHOe speMH xpaHeHHH YXH (35, 36] H 

ou.eHHBaeMoe pac'-IeTOM. TaK, B Me,a:HOH JIOBYIJJKe (36] H3MepeHHOe t = 23 C, 
a pactJernoe t ~ 2000l/v ~ 2000 • IO cM/250 cM · c-

1 ~ 80 c (6oJibIJJe t 3Kcn 

JIHIJJb B ~ 3,5 pa3a) . 
11 3,a:eCb HeJib3H He no,a:'-IepKHYTh ynoMHHYTYIO BbIIJJe 3KCnepHMeHTaJib-

HO ,a:oKa3aHHYIO Bb!COKYIO 3q>q>eKTHBHOCTb JJ:OCTH)KeHHH speMeH xpaHeHHH 
t, cpaBHHMb!X C nepHOJJ:OM nonypacna.a:a n, '-Iepe3 onTHMH3aU.HIO cpopMbl 

BHyTpeHHero o6beMa rnep,a:oTeJibHb!X JIOByIJJeK . 
A npe,a:eJihHOe H3MepeHHoe '-IHCJIO CTOJIKHOBeHHH Ka:lK.u.oro YXH co 

CTeHKaMH MeJJ:Hb!X JIOByIJJeK NT ~ 1400 [36] MaJIO OTJIH'-IaeTCH OT npHBe

,a:eHHOro BbIIJJe pac'-IeTHoro NT~ 2000 (33]. 
Bee 3TO ,a:aeT OCHOBaHHe C'-IHTaTb poJib MarHHTHOfO ne-B3aHMO,a:eHCTBHH 

B Harpese xpaHHW.HXCH B MeTaJIJIH'-IeCKHX cocy,a:ax YXH npesaJIHPYJOW.eH 

Ha.a: ,a:pyrnMH aHaJIOfH'-IHb!MH cpaKTOpaMH. 
HaH6onee cyw.ecTBeHHb!e npH'-IHHbl, o6ycJIOBJIHBaBIJJHe He,a:oou.eHKY Ha

rpesa YXH B036y)K,a:eHHb!MH e- 30Hbl npOBOJJ:HMOCTH MeTaJIJIH'-IeCKHX co

cy,a:oB s npe,a:hIAYW.HX TeopeTH'-IeCKHX pa60TaX, O'-IeBHJJ:HO, cne,a:yJOrn.He. 
fJiaBHaH H3 HHX - 3TO npe,a:noJIO)KeHHe asrnpaMH ou.eHOK paBeH

CTBa aMnJIHTYJJ:bl MarHHTHOfO ne-B3aHMO,a:eHCTBHH KJiaCCH'-IeCKOMY pa,a:Hycy 
3JieKTpOHa ro = 2,82. 10-13 CM. A, KaK Mb! BH,a:eJIH, ee ou.eHeHHb!H aHaJior 
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d ~ 4,5 • 10- 11 CM Ha ,a:sa nopH,a:Ka 6oJibIJJe. KpoMe 3Toro, Mor cyme
cTBeHHO CHH3HTb ou.eHHBaeMyJO Wne HeytJeT BbIIJJeynoMHHYTOH ITJIOTHOCTH 
noToKa <I> . 

lfro )Ke KacaeTcH nosyIJJeK YXH ,a:H3JieKTpH'-IeCKHX, TO, HeCMOTPH Ha 
MaJIOCTh ane nepe,a:a'-IH 3HeprnH YXH OT 3JieKTPOHOB Hapy)KHblX 06ono-
4eK aTOMOB JJ:H3JieKTpHKa, BCJie.U.CTBHe ITO'-ITH Ha TPH nopH.U.Ka 60JibIJJeH 
HX nJIOTHOCTH noTOKa, '-IeM <I>, KOJIH'-IeCTBeHHOe KBaHTOBO-MeXaHH'-IecKoe 
HCCJie.U.OBaHHe 3q>q>eKTHBHOCTH Harpesa B HHX YXH 3JieKTpOHaMH TaK)Ke 
npe.u.cTaBJIHeTCH aKTyaJibHbIM. K CO)KaJieHHIO, OHO noKa OTCyTcrnyeT. 
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3.JIEKTPOHbl H IIPHPO,ll.A CBEPXBPAlllEHHR 

BEPXHEH ATMOC<l>EPbl 3EMJIH 1 

BbIUie Y*e yrroMHHaJJCH JI.OCTOBepHO yCTaHOBJJeHHbIH qiaKT MHoroKpaT

HOrO rrpeBOCXOJI.CTBa JI.JIHH rrpo6era 3JleKTpoHa B mo6bIX cpe.n.ax Ha.n. 

JI.JIHHaMH rrpo6era .n.pyrnx 3apH)KeHHblX 3JJeMeHTapHbIX qacrnu.. l1 3TO 

CBOHCTBO e-' 06na.n.a10mero rnraHTCKOH paccpe.n.oTOt.IeHHOCTblO 3apH.n.a no 

cynepcTpyHe-KOJJbll.Y c JI.JJHHOH 21rR ~ 2,4 • 10-IO CM, ecTecTBeHHO. Ho 

HMeHHO 3Ta paccpe.n.oTOt.IeHHOCTb U.HPKYJ1Hpy10mero 3apH.n.a .n.enaeT MarHHT

HbIH MOMeHT µe = eR/2 TO)Ke orpoMHblM. l1 JI.OKa3aHHOe B rrpe.D.bI.D.Ylll.eM 

rraparpaqie Ha rrepBbIH B3rJJH.D. Ka*ymeeCH napa.n.oKcaJJbHbIM rrpesocxo.n.

CTBO rrorrepet.IHbIX cet.IeHHH MarHHTHOro B3aHMOJI.eHCTBHH 3JleKTpOHa C YJJb

TpaXOJIOJI.HblMH (not.ITH IlOKOHlll.HMHCH) HeHTpOHaMH .n.a)Ke Ha.D. cet.IeHHHMH 

B3aHMo.n.eiicTBHH c YXH rrpoTOHa TaK*e eCTecTBeHHO. 

Cot.IeTaHHe peKop.n.HOCTH rrpo6era e- B cpe.n.ax c ero peKop.n.Hoii pac

rrpocTpaHeHHOCTblO s npHpo.n.e oco6eHHO HpKO rrpOHBHJIOCb s ero cnoco6-

HOCTH 6bITb OCHOBHblM qiaKTOpOM, C03.D.a!Olll.HM YHHKaJJbHOe ITO KpacoTe 

He.n.aBHO (oKOJIO 30 JJeT Ha3a.D.) OTKpbITOe CTa6HJJbHOe csepxspameHHe 

C 3arra.n.a Ha BOCTOK CJIOH 3eMHOH aTMOCq>epbl Ha orpOMHOM HHTepBaJJe 

BbICOT h E 200-400 KM Ha.n. rrosepXHOCTblO rrnaHeTbl [41]. CymecTBeHHO 

npeBOCXOJI.Hlll.aH yrnosy10 CKOpOCTb spameHHH 3eMJIH WE!) CKOpOCTb Wes 

csepxspameHHH Bo3.n.yxa B 3TOM cnoe H .n.pyrne rrapaMeTpbI HBJJeHHH rrpe.n.

cTaBneHbI B .n.aHHOH HH)Ke Ta6JJHU.e, COCTaBJJeHHOH H3 qiparMeHTOB Ta6JJHU. 

MOHOrpaq>HH [41]. 
B HeH Wes/WEB - OTHOUieHHe yrnoBbIX CKOpoCTeH o6pameHHH t.IaCTHU. 

CJIOH Wea K CKOpOCTH o6pameHHH 3eMJIH WEB. 

Ot.IeBHJI.HO, t.ITO o6pa30BaHHe H no.n..n.ep)KaHHe H3MepeHHOrO CTa6HJlbHOrO 

caepxapameHHH crroco6HbI o6ecrret.IHTb cne.n.y10mHe He MeHee cTa6HJJbHbie 

q>aKTOpbJ. 
Bo-rrepBblX, 3TO ycTOHt.IHBaH HOHH3aU.HH H pa.n.HaJlbHaH IlOJJHpH3aU.HH 

aceii 3eMHOH aTMOcq>epbl, C03JI.aBaeMaH YJlbTpapeJJHTHBHCTCKHMH qacTHU.a

MH raJJaKTHt.IeCKHX KOCMHt.IeCKHX nyqeii (KJI) [40]' a TaK)Ke ee HOHH3aU.HH 

1 CM. [40]. 

...... 
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T a 6 A u u, a 4. IlapaMeTpLI CJI0.11 CBepxspameHU.11 

h, KM 200 250 300 350 400 TipHMe'!aHHH 

Wcs/Wff! 1,1 1,2 1,3 1,4 1,1 [41, c.·1soJ 

N Bcex 'laCTHU/CM3 109.86 109.3 108.9 108.5 108.I [41, c.179] 

Ne-/cM3 105.4 105) 105.9 105.75 105,6 [4( c.193] (.D.HeBHble) 

lcp rrpo6era, CM 104.3 104.7 105,1 105.45 105,8 •. [41, c.179] 

COJIHet.IHblMH KJI H ITOTOKOM q>OTOHOB CoJJHU.a, KOTOpb!H 6y.n.eM HMeHO

BaTb COJJHet.IHbIM rrpo)KeKTOpOM (CIT). 113 .n.aHHbIX H3MepeHHH C03JI.aBaeMO

ro IlOJJHpH3aU.HeH BeKTOpa re03JleKTpHt.IeCKoro IlOJIH E Ha BbICOTax CJIOH 

caepxapameHHH [42, 43] cne.n.yeT, t.ITO ero aepTHKaJJbHaH cocTaBJJHIOlll.aH 

Ez 6JJH3Ka K 2,5 . 10-4 B/cM, H ee BeJJHt.IHHa B6JIH3H 3KBaTOpa Ha rro

pH.D.OK rrpeBOCXOJI.HT 3Hat.IeHHH ropH30HTaJlbHblX KOMITOHeHT. A B [44) 6bIJI 

H3MepeH MOJI.YJJb E .D.JIH cpe.n.HHX IIIHpOT rv 10-3 B/cM . .'.:ho .n.aeT OCHO

BaHHe JI.JIH rrpH3KBaTOpHaJJbHOro CJIOH caepxapameHHH ou.eHHTb BeJJHt.IHHY 

Ez ~ 0,00025 B/cM. 

Bo-BTOpblX, CTa6HJlbHbIM q>aKTOpOM HBJJHeTCH JI.HllOJlbHOe reoMarHHTHOe 

H c Mo.n.yneM y rrosepxHOCTH nnaHeTbI 0,3 < H < 0,65 3, a npH3KBaTO

pHaJibHOH o6JiaCTH HanpaBJieHHOe C 10ra Ha cesep. C yqeTOM H3MepeHHblX 

Ha h E 300-500 KM H UIHpoTe rv 50° [45] ll300 rv 0,3 3 (3.D.eCb Ha h = 0 
Ho rv 0,5 3) y 3KBaTOpa eCTecTBeHHO O)!(HJI.aTb HanpaBJJeHHOH C !Ora Ha 

ceaep H300 ~ 0,2 3. 

8.1. HoHH3aIJ.IUI H IlOJI.HpH3aIJ.HH IlJia3Mhl CJIO.H 

CBepxnpaIIJ.eHH.H 

KaK H3BeCTHO, BJieTa!Olll.aH H3 KOCMHt.IecKoro BHeUIHero IIOJiynpo

CTpaHCTBa B Hapy*HYIO aTMOCq>epy qacrnu.a KJI reHepHpyeT rnraHTCKOe 

(~ 105-107) t.IHCJIO 3apH)KeHHbIX JIHBHeBbIX qacrnu. [46]. flpH 3TOM cpe.n.

HHH CKOp0CTb qacTHU. KaCKa.n.a HanpaBJieHa Ha 3eMJIIO. CaMO Ha3BaHHe 

IIOpO)KJI.aeMoro YJibTpapeJIHTHBHCTCKHMH t.IaCTHI..(aMH KJI HBJieHHH (<3JieK

TPOHHO-q>OTOHHbIH JIHBeHb>> TOt.IHO OTpa)KaeT ero OCHOBHOe q>H3Ht.IeCKOe 

CBOHCTBO. Cylll.HOCTb ero COCTOHT B TOM, t.ITO H e-' 06na.n.a10mHe rrpo6e

raMH Ha 1-3 nopH.n.Ka 60JibllIHMH npo6eroB IlOJJ0)KHTeJibHb!X KaCKaJI.HblX 

HOHOB, H q>OTOHbl C HX Ha 1-2 nopHJI.Ka 60JlbllIHMH npo6eraMH, t.IeM y 

3JieKTpOHOB [46]' .n.ocrnra!OT ypoBHH H3MepHTeJIH C HHTepBaJIOB BblCOT HX 

o6pa30BaHHH tihe H tihhv Ha 1-5 IIOPHJI.K0B 6oJibllIHX, t.IeM HHTepBaJI 

tihio- A q>OTOHbI c hv ~ .n.ecHTKOB M3B qepe3 .n.o6aBOt.IHYIO reHepaU.HIO 

HanpasneHHbIX Ha 3eMJJIO 3Heprnt.IHbIX e- eme 6onee ycHJIHBa10T npou.ecc 

II0JIHpH3aU.HH C HanpaBJJeHHbIM Ha u.eHTp 3eMJIH E. 
Ho 99 % qacrnu. KJI (npoTOHbl, Q-t.IaCTHU.bl, 3JJeKTpOHbl H .n.p.) HMelOT 

Il0JIO)KHTeJJbHbie 3apHJI.bI. flo-BHJI.HMOMY, 3TO HBHJIOCh KaMHeM npeTKHOBe

HHH, .n.o CHX nop 6JIOKHpOBaBUIHM H.D.e!O O peaJJbHOCTH reHepaU.HH HMH 
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orpoMH0ro 0TpHI..(aTeJibH0r0 T0Ka Ha 3eMJIIO y ee noBepXH0CTH, paBH0ro, 

KaK H3Becrno, ~ 1800 e- /cM2. ,llo CHX nop npHHHTO C'IHTaTb, 'ITO rnnoTe3a 

BHJibCOHa [47] 0 no.11.,11.ep)KaHHH CTa6HJibHblM 3apHAa 3eMJIH Qffi = -5,57 X 

x 105 Kn rpo30BbIM MexaHH3M0M BepHa. CKopee Bcero, <j)aKTOM, CTHMYJIH

poBaBWHM B03HHKH0BeHHe rnnoTe3bl BHJibCOHa, HBHJI0Cb pe3K0e B03pacra

HHe H3MepHeMOH HanpH)KeHH0CTH reo:meKTpH4eCK0ro n0JIH Ez y noBepx

H0CTH 3eMJIH npH o6pa3oBaHHH rpo30BOH TY4H HaA npH6opoM. Ha nepBbIH 

B3rJIHA 0TO)K)l.ecrnneHHe 3Toro poi:Ta Ez c pocTOM IQffi I KoppeKrno. Ho 

Ez pacTeT H3-3a Toro, 'ITO B y)Ke cyw;eCTB0BaBWeM )1.0 B03HHKH0BeHHH 

TY4H HanpaBJieHH0M Ha ueHTp 3eMJIH Er ~ 1,3 B/M Ty'la npeBpaw;aeTCH B 

BepTHKaJibHblH )l.Hn0Jib C n0JJ0)KHTeJibHhIMH 3apH)l.aMH BHH3Y, a y BepxHeH 

ee rpaHHUbl - 0TpHUaTeJibHblMH. 8 pe3yJibTaTe no)]. Ty'leH (HO He Ha)]. 

Hett) H3MepHeMaH BeJIH'IHHa Ez OKa3bIBaeTCH pe3K0 B03pocwefi, HO 3T0 He 

MeHHeT Qffi. 6onee Toro, Kor)l.a Ez B03pacraeT AO ypoBHH npo6oH (B03-

HHKH0BeHHH MOJIHHH), M0JIHHH nepeH0CHT Ha noBepXH0CTb 3eMJIH HMeHHO 

noJJO)KHTeJibHbie, a He (no BHJibCOHy). 0TPHUaTeJibHbie 3apHAhI. TaKHM 

o6pa30M, rp030BOH MexaHH3M - 3T0 MeXaHH3M He n0)l.3apH)l.KH, a pa3pHAKH 

3eMJJH. OH HBJIHeTCH CJie)l.CTBHeM, a He npH4HHOH B03HHKH0BeHHH Q©. 
HecpaBHeHHO 3<p<peKTHBHee H0HH3HpyeT aTMOC<pepy no cyrn 0TH0CH-

1.l.l;HHCH K KJI, HO o6bI4HO HCCJie)l.yeMbIH He3aBHCHM0, <j)oTOHHbIH CTI. l,fa
BeCTH0, 'ITO Ha6JIJO)l.eHHaH )l.HeBHaH nJI0TH0CTb 3apH)KeHHbIX 1IaCTHU CJIOH 

HOHoc<pepbI Ha h = 130 KM Ne13o = 2 - 105 /cM3 , a H0'IHaH - Nel30 = 5 x 

X 103 /cM3 [48, C. 17, pHc. 1.2], H BMecTe C TeM Ha 3TOH )Ke BbIC0Te 

nnoTH0CTb Bcex 'laCTHU N H )l.HeM, H H0'lb!O HMeeT 3Ha4eHHe, 6JIH3KOe K 

CTaH)l.aprnoMy [49, c. 1003]. Ha aTMoc<j)epy H0'lh!O CTI He BJIHHeT, HO H3-3a 

3T0ro HeJib3H He T0JlbK0 ero )l.HeBH0e, HO H cyMepe4H0e Ha Hee B03)1.eHCTBHe 

HrnopHpoBaTb, nocK0JibKY Morn;H0CTb noT0Ka CTI ~ 0,1373 BT/cM2, a AJJH 

KJI oHa cocTaBJIHeT JIHWh 0,27 4 • 10-9 BT/cM2 [46]. CTI MHoroKparno 

YMH0)KaeT nJIOTH0CTb H0H0B aTMOC<pepbl no cpaBHeHHIO C nJI0TH0CTblO, co-

3)1.aBaeMOH raJiaKTH'leCKHMH KJI, H TeM caMbIM B )l.HeBH0e BpeMH OH pe3KO 

yBeJIH'IHBaeT 3<p<peKTHBHOCTb YBJie'leHHH HOHOC<pepbl B CBepxBpaw;eHHe. 

OcHOBhIBaHCb Ha BbIWeH3JJ0)KeHH0M, ycJI0BHH B cepe)l.HHe MaJI0WHp0TH0ro 

CJIOH CBepxBpaw;eHHH BepxHeH aTMOC<pepbI (BbICOTa he - 300 KM) M0)KHO 

npHHHTb TaKHe: Ez = -2,5 • 10-4 B/cM, M0AYJib HanpaBJieHHOH c JOra Ha 

ceBep H ~ 0,2 3. A nnornocTH Ne= 7,94 • 105/cM3 H N = 7,94 - 108/cM3 

(Ta6JI. 4). 

8.2. Teopu:.H JJ:peiiq>a IIJia3Mbl B IlOCTO.HHHbIX nonepe1IHbIX 

paJJ:U:aJibHbIX 9JICKTpH1:1CCKOM, rpaBHT~HOHHOM 

H HanpaBJICHHOM C 10ra Ha ceBep MarHHTHOM reonOJI.HX 

l-fraK, H3MepeHHH (Ta6n. 4) noKa3bIBalOT, 'ITO B cnoe CBepxBpaw;eHHH 

K0HUeHTpaUHH 3apH)KeHHbIX 'laCTHU C0CTaBJIHeT ~ 0, 1 % OT Bcex 'laCTHU, a 

cpe.nHHe )l.JIHHbl HX npo6era BeCbMa 3Ha4HTeJibHbl (~ 1 KM). BMeCTe C TeM 

HapHAY C JierKHMH e- B nJia3Me Kp0Me p+ eCTb H0Hbl TH)KeJibie co cpe)l.HeH 

8.2. TeopuR apeu</Ja nAa3Mbl 53 

Maccoii mcp = 23,73 a. e. = 4,92 · 10-23 r [49]. Tio3TOMy B ypaBHeHHHX 

_nBH)KeHHH Y4TeM H CHJIY JiopeHua H CHJIY rpaBHTaUHH. Ha1IaJIOM CHCTeMbl 

KOOpAHHaT BbI6epeM T0'IKY, r)l.e B M0MeHT BpeMeHH t = 0 o6pa3oBaJiaCb 

(HOHH3aUHeH HettTpaJibHOH 'laCTHUbI) 'lacrnua C Maccoii m H 3apH)l.0M e. 
Ocb Ox HanraBHM B)l.OJib o6oHx BeKT0p0B E H g Ha ueHTp 3eMJIH (Mo.nynh 

g= MffiG/r (r = Rffi + h)), Och Oy - B)J.OJib napannenH Ha 3ana)l. H Och 

Oz - B.llOJib BeKTopa H Ha ceBep. O6o3Ha4HM Hz H Ex 1Iepe3 H H E. 
,llJIH HepeJIHTHBHCTCKHX 'laCTHU ypaBHeHHH )l.BH)KeHHH 6y)l.yT 

d2x eE dy d2y dx 
-=-+g+w- -=-w- (59) 
dt2 m dt ' dt2 dt 

(w = eH/mc, C - CK0p0CTb CBeTa). 

B (59) Y4HTbIBaeTCH ABH)KeHHe JIHWh B nnocKocrn xOy H3-3a paBeH

CTBa HYJIIO r-KOMnoHeHTbl CHJI ,!IopeHua H rpaBHTaUHH B npH3KBaTOpHaJib

HbIX WHpOTax. TipH Ha'laJibHhIX )l.aHHbIX xo = Yo = 0 H Vxo = a:w, Vyo = /3w 
n0JJH0e pemeHHe (59) eCTb 

x= ( eE2 + ~ +/3) (1-coswt)+a:sinwt, mw w 

( eE g ) . ( eE g) y = --2 + 2 + /3 sm wt - a:(l - cos wt) - --
2 

+ 
2 

wt. 
mw w -mw w 

(60) 
A COOTBeTCTByJOrn;He pemeHHIO (60) K0MnoHeHTb! CK0p0CTH 'laCTHUbl 

TaK0BbI: 

Vx = ( c;J. + ! + /3w) sin wt+ a:w cos wt, 

cE g (eE g ) . Vy= -- - - + - + - + /3w cos wt- a:w sm wt. H w mw w 

(61) 

8 pemeHHH acCHMHJIHp0BaHbl H CBOHCTBa TaK Ha3bIBaeMoro .npetttpOTOKa 

3apH)KeHHbIX 'laCTHU, peaJIH3YJOIUerocH B CJiy'lae E = 0 B nonepe4HblX 

MarHHTHOM H rpaBHTaUH0HH0M n0JIHX [50, 51], H 3JieKTpH4eCKoro .npeii<j)a 
(52, 53] - B nonepe4HbIX H H E (npH g = 0). 

AHaJIH3 nony'leHHoro nonHoro Ha6opa TpaeKT0pHH (60) H cKopocTeH 

(61) Ha'IHeM c mara Tpa.nHUHOHH0ro - 0TbICKaHHH paBH0BeCHOH TpaeKT0-

PHH. 11CXO)l.H H3 O'leBH)l.HOro n0CTOHHCTBa Ha HCK0M0H TpaeKT0pHH paBH0-

BeCHOH CKOpOCTH, Hatt)l.eM ee BeJIH'IHHy. TiyCTb Ha'laJibHbie Vxo = 0 (T. e. 

a= 0), a Vyo = -(cE/H + g/w) (/3 = -(e/w2)(E/m + g/e)). TioACTaBHB 

HX B (60), nony'IHM TpaeKT0PHIO x = 0 H y = -(cE/H + g/w)t = vot. 
To, 'ITO HaH)l.eHHaH npHM0JIHHeHHaH TpaeKT0pHH Apeii<j)a K0HKperno

ro HOHa c Vxo = 0 H vyo = -cE / H - g/w )J.ettcTBHTeJibHO paBH0Bec

Ha, O'leBH)l.HO. 4T06b! B 3T0M y6e)l.HTbCH, n0)l.CTaBHM B d2x/dt2 (59) 
dy/dt = -cE/H - g/w. CyMMapHaH CHJia Ha HOH Ha Hett )J.eiicrnHTeJibHO 
OKa3i.rnaeTCH HyneBoii. 
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BbI'IHCnHM Terrepb cpe.11.HHe ITO BpeMeHH CKOpOCTH .11.nH 3apH,QOB, o6pa3o

BaBWHXCH c mo6b!MH Ha'lanbHblMH CKOpOCTHMH aw H {Jw. 11HTerpHpOBaHHe 

(61) rro speMeHH .11.aeT 3Ha'leHHe Vcp = Vycp = -cE/H - g/w = Vyo .11.nH 

mo6oii qacTHUhI rrna3MhI cnoH. 

TaKHM o6pa30M, see 3apH.ll.hl cnoH HMeIOT Vycp = -cE / H - g/w. BKna.11. 
B Hee OT 3neKTpH'IecKoro .u.peiicpa -cE / H = -1,25 KM/c HHBapHaHTeH . 

OH, KaK nerKO BH,QeTh, He 3aBHCHT HH OT senH'IHHhl H 3HaKa 3apH.11.a, HH OT 

MaCCbl 'laCTHL{bl [53]. He 3aBHCHT OH, 6onee TOfO, HOT a:w H {Jw. BKna.u. ;>Ke 

.u.peiicpoTOKa g/w = -cmg/(eH), KaK BH,QHM, He HHBapHaHTeH. Ho H3-3a 

Toro, 'ITO B ycnOBHHX cnOH .11.nH HOHa cpe.n.HeH MaCCbl -g/w ~ -15 CM/C, a 

.11.nH 3neKTpoHa -g/w ~ +3 • 10-4 cM/c, anmrnHeM rfaBHTaUlfH Ha .n.peiicp 

MO)KHO c OTHOCHTenbHOH TO'IHOCTb!O He xy;>Ke ~ lo- rrpeHe6pe'Ih. . 

11TaK, IIOTOK .n.peiicpy10meA B yKa3aHHhIX BbIWe ycnoBmIX rrna3Mbl cnoH 

caepxapameHHH HMeeT riOCTOHHHYIO, paBHYIO ~ 1,25 KM/ C, CKOpOCTb Ha 

BOCTOK. 3aMeTHM a.n.o6aBOK, 'ITO .n.nH 'laCTHL{bl c Ha'lanbHOH CKOpOCTh!O 

vyo = -cE/H + o (o > 0 H lvyol » o) paaHoaeCHaH TpaeKTopm1 c y'leTOM 

rpaaHTal.{HH rrpH a.n.eKBaTHOH BenH'IHHe 8 rrpeapaTHTCH s OKPY;>KHOCTb BO

Kpyr 3eMnH pa.n.Hyc.oM ~ R(J) + 300 KM. 
O6paTHM BHHMaHHe H Ha yrrpyrHe H HeyrrpyrHe CTOnKHOBeHHH 3apH

.D.OB c HeHTpanhHbIMH 'laCTHL{aMH. 3apH,Q rrocne O'lepe.n.Horo CTOnKHOBeHHH 

rrepe.11.aeT qacTh caoero HMrrynhca HeHTpanbHOH 'laCTHL{e H aBTOMaTH'leCKH 

BCKOpe ero .n.peiicp C 3arra.n.a Ha BOCTOK BOCCTaHaBnHaaeTCH. ABTOMaTH'le

CKOe BOCCTaHOBneHHe Mo.n.ynH H HarrpaaneHHH cpe.n.Hero HMrrynbca rrpoHC

XOJJ.HT a Te'leHHe KOpOTKOro apeMeHHOfO HHTepaana At~ 1r/(2w). ,IJ.a;>Ke 

.u.irn N+ OH cocTaanHeT ~ 0,05 c. A HMrrynhc, rrepe.11.aHHhIH HeiiTpanhHhIM 

qacTHL{aM, ecTeCTBeHHO, HaH6onee BepOHTHO HarrpaaneH Ha BOCTOK. 

OueHHM cyMMapHyIO 3HeprnIO .n.peiicpa 3apHJJ.OB, co.11.ep;>KaJUHXCH B l CM
3 

Ha cepe.11.HHe csepxapama10merorn cnoH 110Hoccpepb!, r.11.e (Ta6n. 4) rrnoT

HOCTh HOHOB Ne = 7,94 · 105 /cM3 H rrnoTHOCTb acex 'laCTHU N = 7,94 x 

x 108 /cM3 . C y'leTOM 3Ha'leHHH Macchi qacTHU mcp = 4,92 · 10-23 
r 11 Bbl

weyrroMHHYTOH HHBapHaHTHOH cpe.n.HeH CKOpOCTH .u.peiicpa Vy= -1,25 KM/C 

cpe.D.HHH rrnOTHOCTb 3HeprnH .n.peiicpa E300 3afH;>KeHHb!X qacTHU Ha 3TOH 

BbICOTe 6y.n.eT E300 ~ Nemcpv~/2 = 3,05 · 10- 3pr/cM
3

. 

CpaBHHM ee C rrnOTHOCTblO 3HeprnH H3MepeHHOfO [41] caepxapameHHH 

Eca BCeX qaCTHU B paccMaTpHaaeMOM Ky6H'leCKOM caHTHMeTpe 

Eca = NmcpV~
8
/2(vc8 = 0,3w$(R$ + 300 KM)~ 1,46 · 10

4 
CM/c), 

paBHOH E~~ ~ 4,13 • 10-6 
3pr/cM

3
. 

KaK BH.11.HM, rrnOTHOCTb 3HeprnH e.n.HHOHarrpaaneHHOro .n.peiicpa TOnhKO 

3apH;>KeHHhIX qacrnu Ha h = 300 KM a rronHx H300 = 0,2 3 H E300 = 2,5 x 

x 10-4 B/cM E300 ~ 3,05 • 10-6 3pr/cM3 nHWh Ha ~ 35 % OTnH'laeTCH OT 

rrnornocTH 3HeprnH caepxapameHHH acex qacTHU cnoH 4,13 • 10-6 
3pr/cM

3
. 

KpoMe TOfO, KaK rroKa3aHO Bb!We, 3HeprnH 3apH;>KeHHb!X qaCTHU, H Mo.n.ynh, 

H HarrpaaneHHe HX cpe.n.Hero HMrrynhca acer.n.a qepe3 HHTepaan At < 0,05 c 

B03BpamaIOT CBOH HHBapHaHTHhie 3Ha'leHHH. (Pa3yMeeTCH, IIO,QIIHTKa 3Hep

rHH reo3neKTpH'IeCKoro rronH E ocymecrnnHeTCH KJI.} 

8.2. TeopuR aper1{/Ja nAa3Mbt 55 

3TO IIOJJ.TBep;>KJJ.aeT crroco6HOCTb e.n.HHOCKOpocrnoro IIOTOKa .n.peiicpy10-

JUHX 3apH;>KeHHb!X 'laCTHU 3TOro HOHOCcpepHOfO cnOH 3cpq>eKTHBHO ysneKaTb 

11 see ero HeiiTpanhHhie qacTHUhI B JJ.BH;>KeHHe, HarrpaaneHHOe c 3arra.n.a Ha 

BOCTOK. 

OTMeTHM a.n.o6aBOK, 'ITO e.n.ttHaH CKOpOCTb tt paBHhie rrnOTHOCTH rrono

)KHTeJihHhIX H OTPHUaTenbHhIX 3apHJJ.OB B HOHOCcpepe HCKnIO'laIOT B03MO)K-

HOCTb BnHHHHH HX .u.peiicpa Ha reoMarHHTHOe none. . 

11TaK, C y'leTOM H3BeCTHbIX 3KcrrepHMeHTanhHblX .n.aHHblX O roptt30H

TanhHO HarrpaaneHHOM MarHHTHOM H BepTHKaJihHbIX 3neKTpH'IeCKOM H rpa

BHTal.{HOHHOM rronHX, a TaK)Ke O rrnOTHOCTHX 'laCTHU rrna3Mbl Ne H HeH

TpanbHbIX 'laCTHU N B rrpH3KBaTOpttanbHOM CJJOe CBepxapameHHH 3eMHOH 

aTMoccpepbl Ha ee BbICOTax 200 < h < 400 KM, c IIOMO!Uh!O IIOJJy'leHHOro 

rronHoro peweHHH ypaBHeHHH JJ.BH;>KeHHH 3apH;>KeHHblX 'laCTHU HaH.n.eH Me

xaHH3M yane'leHHH B 3THX YCJJOBHHX Bcex 'IaCTHU 3TOro CJIOH HOHoccpepbl B 

e.n.HHOCKOpOCTHOe ,QBH;>KeHHe ·Ha BOCTOK. ,Upeiicp B03HHKaeT 3a C'leT HOHH-

3al.{HH cnoH H ero OJJ.HOBpeMeHHOH pa.n.ttanhHOH IIOJJHPH3al.{HH H reHepau1111 

B HeM reo3neKTptt'IecKoro rronH, ocymecrnnHeMhIMH KJI 11 CTI. 

lfro6b! eme pa3 IIO,QTBep.D.HTh a.n.eKBaTHOCTb rrpe.n.no;>KeHHOro MexaHH3-

Ma CBepxBpameHHH, COIIOCTaBHM .n.aHHbie Ha6n10.n.eHHH H BbIITOnHeHHb!X 

3JJ.eCb pac'leTOB. TO'IHO COBIIa,QaIOT BbICOTbl h = 300 KM Ha.n. 3eMHOH no

BepXHOCTb!O e.n.HHCTBeHHoro B aTMOCq>epe MaKCHMyMa IIJJOTHOCTH nna3Mbl 

Ne = 7,94. 105 /cM3 H cepe.D.HHbl Y3Koro HHTepBana Bb!COT CBepxBpameHHH 

200 < h < 400 KM. CornacyIOTCH c MexaHH3MOM H BhICOThl o6ettx rpaHHU, 

cnoH CBepxBpameHHH. HH;>Ke 200 KM .n.peiicp HeB03MO)KeH H3-3a MaJJOCTH 

l, a Bb!We 400 KM - no nptt'IHHe npaKTH'leCKH IIOnHoro npeKpameHHH 

reHepauttH E KJI BCJJe.D.CTBHe Toro, 'ITO 'IHCno aTMOCtpepHb!X 'laCTHU Bb!We 

400 KM .n.nH reHepaUHH HeJJ.OCTaTO'IHO. Cne.n.oBaTenhHO, HMeHHO e.n.HHO

CKOpOCTHOH IIOTOK .n.peiicpy10mttx 3apH;>KeHHb!X qacrnu HOHoccpepHoro cnoH 
C03JJ.aeT H CTa6ttnH3HpyeT H3MepeHHOe CBepxBpameHHe BepxHeH aTMOCcpe

pbl [41]. 
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3:>KEKUlHI MEAJIEHHblX HEMTPOHOB 
BEP051THbIH MEXAHH3M 06PA30BAHHR 

COJIHEqHOfO BETPA H KOPOHbl 
1 

.3Kcrrep1rn·eHTaJ1bHb[e .n.aHHbie O CKOpOCTH COJJHetrnoro seTpa (CB), ITO

JJy'-IeHHbie B ITOCJle)].HI-le ro)].bl C ITOMOW:blO KOCMH'-IeCKHX aITITapaTOB <,TTpo

rH03» [55J; <,Mapc-7,> H «I1MTT-7» [56J, <<flHoHep-10>> [57J H <<TTHoHep-1 l» 
[58] Ha paccTOHHHHX OT CoJJHUa 1-17 a.e., HaXOJ].HTCH s ITpOTHBope'-IHH 

c ITpe.n.CKa3aHHHMH rn.n.poJJ.HHaMH'-IeCKOH TeopHH CB [41, c. 229]. BMecTo 

ITpe.n.cKa3bIBaeMoro elO B03pacTaHHH C yseJJH'-IeHHeM pacCTOHHHH OT CoJIHUa 

H3MepeHHaH CKOpOCTb ITpaKTH'-IeCKH ITOCTOHHHa BO sceM yKa3aHHOM HHTep

BaJJe paccTOHHHH. Jlerno ITOKa3aTb, '-ITO J1106aH '-!aCTHUa, ITOJ].Bep:iKeHHaH 

TOJlbKO rpaBHTaUHll, HO He MarHHTOrHJJ.PO.D.HHaMH'-IeCKHM KOJJJJeKTHBHblM 

3<p<peKTaM, Bb!6poweHHaH H3 ConHua co CKOpOCTblO ~ 700 KM/C, HMeJJa 6hI 

Ha pacCTOHHHH OT Hero 1 a. e. CKOpOCTb OKOJJO 350 KM/C, a .n.anee CKOpOCTb 

oCTaBaJJaCb 6bI ITpaKTHtJeCKH ITOCTOHHHOH - TaK JKe, KaK H CKOpOCTb 

COJJHetJHOfO BeTpa. 
l13MepeHHbie seJJH'-IHHbl CKOpOCTH seTpa, KpoMe Toro, y.D.HBHTeJlbHO 

ycTOH'-IHBbl. 3a MHOrHe MeCHUhl H rOJJ.bl OHH He Bb!XOJ].HT H3 Y3K0f0 HHTep

saJJa 3HatJeHHH 300-950 KM/C, a B Ka:lKJJ.bIH 3a)].aHHblH MOMeHT speMeHH 

pa36poc CKOpoCTeii '-!aCTHU B 3a)].aHHOM MeCTe He ITpeBOCXOJ].HT ±50% [55J. 

.3TO HaBOJ].HT Ha Mb[CJlb, Bo-ITepBblX, 0 TOM, '-ITO 3HeprnH yxo.n.HW:HX 

'-!aCTl-lU BeTpa cna6o MeHHeTCH MarHHTOrHJJ.POJJ.l-iHaMH'-IeCKHMH BOJJHaMH 

BJ].aJJH OT ConHua, a OCHOBHOe ee KOJlH'-IeCTBO coo6w:aeTCH Ka:lKJJ.OH '-!aCTHUe 

s6JJH3H OT Hero HJJH B HeM caMOM. Bo-BTOpbIX, MexaHH3M 3:lKeKUHH '-!aCTHU 

MaJJO ITO)].Bep:iKeH BJlllHHHIO COJJHe'-IHOH aKTHBHOCTH. 
06a 3TH CBOHCTBa ITpHCYW:H o6cyJKJ].aeMOMY HH:lKe HeiiTpOHHOMY Mexa-

HH3MY o6pa30BaHHH ropH'-IeH KOIJOHbl H COJJHe'-IHOrO BeTpa, KOTOphlii XOTH 

H HBJJHeTCH HJ].epHbIM, HO He o6na.n.aeT TeMH OTpHuaTeJlbHbIMH '-IepTaMH, 

H3-3a KOTOpbIX B csoe speMH 6hIJl orneprnyT MexaHH3M Harpesa KOpOHbl 3a 

C'-IeT pacITa)].a HJ].ep pa.D.HOaKTHBHblX 3JleMeHTOB [59]. 
l13BeCTHO, tJTO KaK KopoHa CoJJHUa, TaK H COJJHe'-IHblH BeTep COCTOHT 

ITO'-ITH ITOJJHOCTblO H3 ITpOTOHOB H 3JleKTPOHOB. BMeCTe C TeM CB060JJ.Hble 

1 CM. (54]. 
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HeHTPOHbl pacITaJ].alOTCH (c ITOJJyITepHO.D.OM ~ 700 c) HMeHHO Ha BbIWe

yKa3aHHbie '-!aCTHUbl, a TaK:lKe Ha ITpaKTHtJeCKH He perncTpHpyeMble 3JleK

TpOHHbie aHTHHeiiTpHHO. HeiiTpOHbl, KpOMe Toro, o6JJaJ].alOT YHHKaJlbHOH 

ITO cpaBHeHHIO C .n.pyrnMH KOpITyCKyJJaMH ITpOHHKa10w:eii crroco6HOCTblO 

KaK CKB03b CJIOH sew:ecTBa, TaK H CKB03b ITOITepe'-IHbie MarHHTHbie ITOJJH. 

Bcne.D.CTBHe 3Toro TOJlbKO OHH HMelOT B03MO:lKHOCTb ITOKHJ].aTh CoJJHUe 

.n.aJKe B CJJy'-Iae HX o6pa30BaHHH Ha HeKOTOpoii rny6HHe ITO,!!. ITOBepxHOCTblO 

ero KOHBeKTHBHoro CJJOH, TOr.n.a KaK J].a:lKe CHJlbHO ycKopeHHble ITPOTOHbl 

H 3JleKTp0Hbl MOryT 3:lKeKTHpoBaTbCH TOJlbKO C ero ITOBepXHOCTH H TOJlbKO 

H3 TeX ee o6nacTeH, r.n.e MarHHTHbie CHJlOBbie JlllHHH YXOJ].HT OT Hero Ha 

6eCKOHe'-IHOCTb. 

KoHKpeTHblH MexaHH3M B03HllKHOBeHHH 1-1 3:lKeKUHH Me)].JJeHHblX MOHO

xpoMaTH'-IeCKHX HeHTpOHOB H3 ITPHITOBepXHOCTHOH '-!aCTH COJJHe'-IHoro KOH

BeKTHBHOro CJJOH BBH.D.Y He)].OCTaTO'-IHOH H3Y'-IeHHOCTH lpH3H'-IeCKI-IX ycJJOBHH 

B HeM yKa3aTh ITOKa HeJlb3H. Ho. TO, '-ITO sepOHTHOCTb ero .n.eiicTBHH BeJJHKa, 

MO:lKHO ITOHHTb H3 CJ1e)].y10w:ero. 

EcTh, HaITpHMep, 3HJJ.OTepMHtJecKaH peaKUHH T(p, n)3He Ha TPHTHH, 

KOTopaH B 3eMHb[X YCJJOBHHX ITpHMeHHeTCH [60] J].JlH reHepaUHH MOHOXpo

MaTH'-IeCKHX HeHTpOHOB, B TOM '-IHCJle H C 3Heprneii B HeCKOJlbKO COT 3B. 

TioporosaH 3HeprnH reHepHpyiOW:HX ITpoTOHOB HeseJJHKa: 1,019 M3B. He 

HCKJJIO'-IeHO, '-ITO B Hapy:lKHOH (~ 1000 KM TOJJW:HHbI) cna6oHOHH30BaHHOH 

tJaCTl-1 KOHBeKTllBHOro CJIOH, B KOTOpoii H ITpOTOHbl, H HJ].pa TPHTHH WHPOKO 

ITpe.n.cTaBJJeHbl, a ITJIOTHOCTb ITa.n.aeT BJJ.O"'b pa.n.Hyca H3 ueHTpa CoJJHUa 

OT ~ 10-7 r/cM3 JJ.O ITpaKTH'-IeCKH HyJJeBOH, HMeeTCH cna6oe 3JleKTpOCTa

THtJeCKOe ITOJJe, aHaJIOrH'-IHOe xopowo HCCJJeJ].OBaHHOMy ITOJJIO B 3eMHOH 

aTMOC<pepe, HaITpaBJJeHHOe K ueHTpy CoJJHUa. Tor.n.a B ITOJ].CJJOe MHOroKH

JlOMeTpOBOH TOJJW:HHbl, s KOTOpOM J].JlllHa cso6o.n.Horo ITpo6era ITpOTOHOB 

6y.n.eT J].OCTaTO'-IHOH, ITPOTOHbl CHCTeMaTH'-IeCKH 6y.n.yT ycKOpHTbCH K ueHTPY 

CoJJHUa, a reHepHposaHHbie HMH C HaITpaBJJeHHeM CKOpOCTll OT ueHTpa 

COJJHUa HeHTpOHbl 6y.D.yT HMeTb KaK pa3 Te 3HeprnH B HeCKOJlbKO COT 3B, 

KOTOpbie CITOC06Hhl o6ycJJOBHTb COJJHe'-IHbIH BeTep, ecJJH 3HeprnH ITPOTOHOB 

He 6y.n.eT CJJHWKOM BeJJHKa. 

3:iKeKTHpOBaHHbie HeHTpOHbl TaKHX 3Heprnii ew:e JJ.O CBOero pacITa

JJ,a 6ecITpeITHTCTBeHHO ITpOHHKalOT CKB03b ITPHITOBepXHOCTHbie ITOITepe'-IHhie 

MarHHTHhie ITOJJH H, pacITa)].aHCb, o6pa3ylOT COJIHe'-IHbIH BeTep. 

Bo3HHKWHe B pe3yJJbTaTe pacITa)].a ITPOTOHbl, KOTOpbie ITOJJy'-IalOT 3a 

CtJeT 3cpcpeKTa OTJ].a'-IH .n.o6aBO'-IHbIH HMITYJJhC, 3KBHBaJJeHTHb!H B MaKCHMyMe 

ITPllPOCTy HX CKOpOCTH ~ 190 KM/c, yxo)].HT OT ConHua. TipoTOHbl JKe, 

fIOJJY'-IHBWHe ITPH .n.pyrnx pacITaJ].aX HMITYJlbC OTJ].a'-IH, HaITpaBJJeHHb!H K 

COJJHUY, ITaJ].alOT Ha Hero HJJH OCTalOTCH B KopoHe. TO'-IHO TaK JKe ITpH

MepHO OJJ,Ha ITOJlOBHHa 3JleKTpOHOB pacITa)].a HatJHHaeT yxo.n. OT CoJJHUa 

co CKOpOCTblO, 6JJH3KOH K CKOpOCTH CBeTa, a .n.pyraH ITOJlOBHHa OCTaeTCH. 

0JJ,HaKo 3cpcpeKT pa.n.HaJlbHOH ITOJJHpH3aUHll ITPOTOHH0-3JleKTpOHHOH ITJJa3Mbl 

BeTpa KOrepeHTHO Be)].eT K 6bICTpOMY ypaBHHBaHHIO CKOpOcTeii yXOJJ.HW:HX 

npoTOHOB H 3JleKTpOHOB, ITpH'-IeM CKOpOCTb ITPOTOHOB B03pacTaeT B MaK

CHMyMe ew:e Ha ~ 190 KM/ C. 3cpcpeKT ITOJJHpH3aUHH npHBe)].eT TaK:lKe K 
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33XBaTy B ITOTOK H MaJioro KOJIH'-IeCTBa .n.pyrnx tJaCTHU. C ITOJIO)l(HTeJibHbIM 

3ap.HJJ.OM. 
Jlerno BH.D.eTb, lJTO Ha6mo.n.aeMa.H B oKpecTHOCTH op6HTbl 3eMJIH CKO

pOCTb BeTpa - ~ 350 KM/C - 6y.n.eT HMeTb MeCTO, eCJIH HatJaJibHa.H 

CKOpOCTb yxo.n.a HeHTpOHOB OT CoJIHU.a cocTaBHT ~ 360 KM/C, a OCHOB

HblM JJ.HH3MHtJeCKHM cpaKTOpOM, orrpe.n.eJI.HIOIUHM JJ.BH)l{eHHe tJaCTHU. BeTpa, 

6y.n.eT HX 3aMe.D.JieHHe B ITOJie rpaBHTaU.HH. Ha6JIIO.D.aeMa.H B6JIH3H 3eMJIH 

KOHU.eHTpaU.H.!I rrpoTOHOB BeTpa ~ 5 rrpoTOH/cM
3 

6y.n.eT COOTBeTCTBOBaTb 

KOHU.eHTpaU.HH HeHTpOHOB y COJIHetJHOH rrosepxHOCTH 2 • 105 n/cM3 
H HX 

pa.n.HaJibHOMy IT OTO KY l 0 13 'CM-2 • c- 1. B H3BeCTHbIX HCCJie.D.OBaTeJibCKHX 

peaKTopax ITOTOKH TaKHX HeHTpOHOB rrpHMepHO Ha JI.Ba rrop.H.D.Ka rrpeaocxo

JJ..!IT 3TOT ITOTOK. 
Pacrra.D.Hble rrpOTOHbl, 3JieKTPOHbl MeHblIJHX CKOpOCTeH H qaCTb Hepac

rraBIIIHXC.!I HeHTpOHOB, HMelOIUHX CKOpOCTH, 6JIH3KHe ITO BeJIHlJHHe K CKOpO

CTH KpyroBoro op6HT3JlbHOro JJ.BH)l{eHH.!I BOKpyr CoJIHU.a, o6pa3yIOT KOpOHY 

C ee e.n.HHCTBeHHO B03MO)l{HOH B 3THX ycJIOBH.!IX TeMrrepaTypoH B HeCKOJibKO 

MHJIJIHOHOB rpa.n.ycoB. 
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MHOfOOBPA3HE 3JIEKTPOHHbIX IlPOI.f,ECCOB 

B ,[(EHCTBYIOJnEM PE30HATOPE 

MHKPOTPOHA 1 

B KOHU.e l 964 - HatJaJie 1965 r. B Jla6opaTOpHH HeiiTpOHHOH q>H3HKH 

Ol1.Hl1 BCTYITHJI B CTpoH HOBblH H.:TOlJHHK KOpOTKHX BCITbIIIIeK HeHTpO

HOB - HMITYJibCHbIH 6ycTep «l16P + MHKpoTpoH~. 

ITpoeKT 3JieKTpoHHoro ero HH)l{eKTopa - ycKopHTeJI.H MHKpoTpoHa -

6bIJI pa3pa60TaH H peaJIH30BaH B JIH<l> Ol1.Hl1 [63] rrpH HaytJHOM py

KOBO.D.CTBe ct>. JI. WarrHpo aBTOpOM H KOJIJieraMH H3 JIH<l> rrpH yqacTHH 

pyKoBO.D.HMbIX C. IT. KarrHu.eii KOJIJier H3 <l>H3HtJeCKOH Jia6opaTOpHH I1<1>IT 
AH CCCP 3a TPH ro.n.a (1961-1964). 

l1MITYJibCbl ycKopeHHbIX B TaK H33bIBaeMOM 2-M MHKpOTpOHHOM pe)l{HMe 

3JieKTpOHOB (rrpH Harrp.H)l{eHHOCTH ITOJI.!I MarHHTa YCKOpHTeJIH H rv 2200 3) 
.n.o 3HeprnH 30 M3B c Hx .n.ocrnrnyThlM (peKOPJJ.HbIM JI.JI.fl MHKpoTpoHoB) 

TOKOM 60-80 MA, .D.JIHTeJibHOCTblO 2 MKC H lJ3CTOTOH HX CJie.D.OB3HHH 50 fu. 

BblBOJJ.HJIHCb H3 KaMepbl YCKOpHTeJIH. J1 Ha ycTaHOBJieHHOH B u.eHTpe aKTHB

HOH 30Hbl HMITYJibCHOrO peaKTOpa rrepHOJJ.HtJecKoro .n.eHCTBHH Ha 6bICTpbIX 

HeHTpOHaX (J16P) ypaHOBOH MHIIIeHH TOlJHO B MOMeHTbl M3KCHMYMOB pe

aKTHBHOCTH OHH reHepHpOBaJIH KOpOTKHe HeHTpOHHbie HMITYJibCbl. 

qHCJIO reHepHp0B3HHblX 3JieKTPOH3MH Ha MHIIIeHH HeHTpOHOB B HM

ITYJibCe yMHO)KaJiocb rro.n.KpHTHtJecKoH aKTHBHOH 30HOH J16P B 100-200 

pa3 C .D.JIHTeJibHOCTblO BbIXO.D.HIUHX H3 30Hbl HeHTpOHHbIX HMITYJibCOB 

Tn ~ 3-4 MKC. 

HeJib3H o60HTH BHHM3HHeM TOT Ha6op ocymecTBJIHeMbIX 3JieKTpOH3MH 

rrpou.eccOB, KOTOpbie corrpoBO)KJl.3IOT rrpou.ecc OCHOBHOH - HX ycKopeHHe 

MOIUHbIM MHKpoTpOHHbIM CBlJ-pe3oHaTopoM. MHorne H3 HHX, o6Hapy)l{eH

Hbie H HCCJie.D.OBaHHble eme BO speMH HaJia.D.KH MHKpOTpOHa, cymecrneHHO 

CHH)l{3JIH 3cpcpeKTHBHOCTb pa60Tbl HH)l{eKTOpa B 6ycTepe. 

l13rOTOBJieHHblH H3 6eCKHCJIOPOJJ.HOH Me.D.H pe30HaTop - 3TO e.n.HH

CTBeHHblH B MHKpoTpOHe yCKopHIOIUHH 3JieKTpOHbI y3eJI. Pa6oTaeT OH B 

3KCTpeMaJibHO TPY.D.Hb!X ycJIOBHHX. TaK, HMeH BHyTpeHHHH o6beM MeHee 

100 CM3 ' OH JJ.OJI)l{eH BbIJJ.ep)l{HBaTb aMITJIHTY.D.Y YCKOpHIOIUero HarrpH)l{eHHH 

1 CM. [63]. 
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CBlJ-nomJ Me)K.n.y BHyTpeHHHMH BXO,ll.HOH H Bb!XO,ll.HOH TTJJOCKHMH Me,D.HblMH 

noBepxHocrnMH (3a3op Me)K.n.y KoTOpbIMH ~ 2 CM) ~ I MB. BMecTe c 

TeM CKB03b ornepCTHe B TTJJOCKOH KaTO,ll.HOH KpbllIIKe TTO'-ITH ,ll.O ypOBHH 

BHyTpHpe3oHaTOpHOH ee TTJJOCKOCTH ,ll.OXO,ll.HT rnpeu H3rOTOBJJeHHoro H3 

reKca6op11.n.a naHTaHa (LaB6) Karn.n:a .n.11aMeTpoM 4 MM, HarpeBaeMoro .n.o 

~ 400-500°C. 

KCTaTH, HarpeB Karn.n.a BO Bcex npe,ll.bl.QYl.l(HX H3BeCTHbIX MHKpoTpo- ' 

Hax ocymecTBJJHJJCH npHMbIM OMH'-leCKHM ero HarpeBOM C aMnJJHTy,n.aMH 

TOKa ~ 10 A, Bbl3bIBaBWHMH H 3aMeTHbie B03MymeHHH MarHHTHOro TTOJJH 

YCKOpHTeJJH, H OCJJO)KHSJBWHH pa6oTy pe30HaTOpa HarpeB KaTO.QHOH KpbIW

KH. no 11.n:ee aBTOpa OH 6bIJJ 3aMeHeH HarpeBOM 3JJeKTpOHHbIM npo)KeK

TOpOM OT HaKaJJet-IHOH CJJa6b!M TOKOM TOHKOH BOJlb¢paMOBOH cnttpaJJH c 

,n.HaMeTpOM TO)Ke ~ 4 MM. UeHTP ee pacnonarancsi Ha TOH )Ke CHJJOBOH 

.h}iHHH MarHHTHOro TTOJJH, KOTOpasi nepeceKaJJa OCb CHMMeTpHH KaTO,Qa, 

Ha paCCTOHHHH OT Hero (TO'-IHee - OT Me,D.HaHHOH TTJJOCKOCTH CHMMeTpHH 

MarHHTHoro nonsi ycKopttTensi) B 2,2 CM. CnttpaJJh pa6oTana no.n. nocTo

HHHbIM noTeHI..{HaJJOM -600 B c HanpaBJJeHHeM HanpmKeHHOCTH E B.QOJlb 

BbIWeynoMHHYTOH CHJJOBOH JJHHHH MarHHTHoro nOJJH H, H nOJJHbIH TOK 

3JieKTpOHHOro npo)KeKTopa co cnttpaJJH Ha KaTO,ll. He npeBOCXO,ll.HJl 0, I A. 
TaK '-ITO MHOroKpaTHO yMeHbWaJJHCb H HCKa)KeHHH Toro e,n.HHCTBeHHOro 

(KpHTH'-leCKoro) ¢parMeHTa pa6ol.feH o6nacrn MarHHTHOro noJJH YCKOpHTeJJH 

(y pe30HaTOpa), '-1epe3 KOTOpbIH npOXO.QHT BCe TpaeKTOpHH YCKOpHeMbIX e-, 
HO TaK)Ke OKa3bIBaJJaCb MHOroKpaTHO HH)Ke MOl.l(HOCTh HarpeBa KaTO)lHOH 

KpbIWKH pe30HaTOpa. 3TO noBbICHJJO H ,ll.Jll-!TeJJbHOCTb Ha,D.e)KHOH pa60Tbl 

Karn.n:a .n.o 500 '-I H BMeCTe C TeM CHH3HJ10 nOTepH ycKopsieMhIX e-. 
KpoMe Toro, cymecTBeHHO nOBblCHTb 3JJeKTpH'-leCKyJO npO'-IHOCTb pe-

30Harnpa HaM y,n.aJJOCb npH noMOl.l(H ero 3JJeKTpOnOJJHpOBKH H OT)KHra B 

BaKyyMe npH TeMnepaType 670-770 K B Te'-leHHe ~ 3 '-1. 

Ho caMyJO TPYAHYJO npo6neMy npe.n:crnBHJJa ,ll.JIH Hae He1136e)KHasi 

60M6ap.n.11pOBKa BHyTpeHHeH nJIOCKOCTH KaTO,ll.HOH Kpb!WKH 6aJIJJaCTHbIMH 

3MHTTHpyeMb!MH KaTO,ll.OM 3JleKTpOHaMH, KOTOpb!e nocJJe HX nepBoro no

nyo6opoTa BHYTPH pe30HaTopa He MoryT Bb!HTH H3 Hero CKB03b BTopoe 

npoJieTHOe OTBepCTHe Kpb!WKH, npe,n.Ha3Ha'-leHHOe TOJlbKO ,ll.JJH cnoco6HblX 

yCKopHTbCH .n:o nocne.n:HeH (30-H) op6ttThI e-. Tia,n.eHHe Ka)K.n.oro na,n.aJOme

ro Ha nJIOCKOCTb KpbIWKH 3JJeKTpoHa, conpOBO)K,Qasweecsi 3MHCCHeH BTO

pH'-IHbIX e-, C03,D.aBaJIO cyMMapHyJO 3JJeKTpOHHYJO JJaBHHY, Bbl3bIBaBWYJO 

3p03HJO Y3KOH (WHpHHOH < 2 MM) noJJOCKH Kpb!WKH. 

l1 JJHWh 3Ta BHyTpHpe30HaTOpHaH JJaBHHa e- 6bJJia npH'-IHHOH B03-

HHKHOBeHHH B pe30Harnpe CJJe,n.yJOmero Ha nepBbIH B3rJJH,ll. HeBepoHTHOro 

HBJJeHHH. 

803,QeHCTBHe TOJlhKO O.QHoro HMnyJJbCa 3MHTTHposaHHblX KaTO.QOM H 

na,n.aJOl.l(HX Ha BHyTpttpe3oHaTOpHyJO ero nJJOCKOCTb KaTO,ll.HOH Kpb!WKH 

yCKopeHHbIX .n.o ~ 0, I M3B 3JieKTpoHOB .Qa)Ke 6e3 yYeTa B03,n.ettcTBHH Ha 

Hee B03HHKaJOl.llHX B 3TOM )Ke HMnyJibCe BTOPH'-IHbIX 3JieKTpOHOB HarpeBaeT 

y3KYJO ( < 2 MM) c .QJIHHOH ~ 4 CM Me.QHYJO nonoCKy He3Ha1111TeJ1bHOH 

TOJll.llHHbl. 
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OueHKY TOJJl.l(HHbl CJJOH noJJOCKH d1;2, B KOTOpOM 3a BpeMH 0,ll.HOrO 

HMnyJJbCa ( ~ 2 MKC) BbI,QeJJSJeTCH no,n.aBJJHJOl.l(aH '-laCTh 3Heprnn na,n.aJOl.l(HX 

Ha nJJOCKOCTh Kpb!WKH e-, nerKO BbITTOJJHHTb C nOMOl.l(blO H3BeCTHOro 

Bbipa)KeHHH [49, c. 958) d1;2 = 0,095(Z/A)~12 
r/cM

2 (Z HA - 3apsi.n.osoe 

11 MaccoBoe '-IHCJJa si.n:ep MHWeHH, EK (M3B) - KHHeTH'-leCKasi 3Heprnsi 

e- Ha Bxo.n:e B Me.D.b). C ero noMOl.l(bJO ,D.JIH EK ~ 0, I M3B Haxo,n.HM 

d1; 2 (Cu) ~ 0,0014 r/cM2• OTcJO,n.a Macca HarpesaeMOH O.D.HHM 3JJeKTpoH

HbIM HMnyJJbCOM nOJJOCKH Me.QH C y,n.eJJbHbIM BeCOM 8,93 r/cM
3 

COCTaBHT 

m ~ 0,01 r. OueHHM .n.anee cpe,n.Hee 3Hal.feHHe TennoeMKOCTH Me.D.H Ccu B 

HHTepBane TeMnepaTyp OT 20 °C ,ll.O TeMnepaTypbl nnaBJJeHHH Me,QH 1083 °C 

no ,n.aHHbIM B [49, c. 149). OHO cocTaBJJHeT Ccu ~ I JJ.)K/(r • 
0 C). A 

TennoeMKOCTb noJIOCKH c MaccoH ~ 0,01 r 6y.n:eT Cnon ~ 0,01 JJ.~(°C) 

~ 6,242 · 10!0 M3B,{0 Q. . 
3aTeM B eCTeCTBeHHOM npe.n.noJJO)KeHHH O cna6ott 3aBHCHMOCTH Ccu 

TBep.n:oH Me,QH OT .n.asJJeHHH (pe30HaTOp pa6oTaeT B saKyyMe) HaH,D.eM 

3Ha'-leHHe Bbl3BaHHOro JJHWb O,ll.HHM e--HMnyJJbCOM npttpOCTa tiT TeMnepa

Typbl 60M6ap.n.11pyeMOH ,D.a)Ke TOJlhKO 3MHTTHposaHHhIMH KaTO,D.OM 3JJeKTpo

H3MH (6e3 y'-leTa JJaBHHbl BTOpH'-IHX e-) noJJOCKH KaTO,ll.HOH Kpb!WKH ,ll.JIH 

Ka)K.n.oro CBlJ-HMnynbca c .D.JJHTeJJbHOCTbJO 2 MKC. JJ.nsi 3Toro yYTeM, '-ITO 

TOK npoHHKWHX CKB03b ornepcTHe ,ll.JJH nponycKa TOJlbKO e-' cnoco6Hb!X 

6bITb ycKopeHHbIMH .n.o 30 M3B, npesocxo.QHT 0,1 A. l1 TOK 16 60M6ap

.n:11py10m11x nOJIOCKY e-' ,ll.JlHHa KOTOpOH nO'-ITH Ha nopH.QOK 60JJbllle, '-leM 

pa3Mep nponernoro oTBepcrnsi, oueHHM 16 ~ l A. 
Tor.n.a 3Heprnsi Bcex 3JJeKTpOHOB HMnynbca, 60M6ap.n.11py10m11x BHYTPH

pe30HaTOJJHYJO nOJJOCKY, COCTaBHT tiE ~ l A -I 0 19 
• 2 . · 1 o-6 

. 0, I M3B ~ 
~ 2 · 101 M3B. 

B pe3yJibTaTe C y'-leTOM 01.{eHeHHOH Bhlllle TennoeMKOCTH nOJJOCKH 33 

O.QHH HMnynbc ee TeMnepaTypa npttpacTeT Ha tiT ~ 2 • 10
12 

M3B/6,242 x 

x 10IO M3B ~ 32 °C. l1 o'-leBH,ll.HO, llTO yYeT H ee HarpeBa 6anJJaCTHbIMH 

3JleKTpOHaMH cymecTBeHHO nOBb!CHJl 6bI 3TO 3Ha'-leHHe tiT. 
A c y'-leTOM KpaTKOCTH speMeHHOro HHTepBaJJa tit = 0,02 c Me)K,n.y 

coce.QHHMH HMnyJJbCaMH c '-laCTOTOH cne,D.OBaHHH 50 ru O'-leBH,ll.HO, '-ITO B 

Ha'-laJJe pa6oTbl 6yCTepa ,ll.OCTHrHYTblH s Ka)K,ll.OM npe,D.bI.QymeM HMnynbce 

npHpOCT TeMnepaTypbl noJJOCKH Ha > 32 °C no HCTe'-leHHH speMeHH ,ll.O 

CJJe,D.yJOmero HMnynbca tit = 0,02 C He ycneeT 3aMeTHO CHH3HTbCH ,Qa)Ke 

B 80,ll.OOXJJa)K,D.aeMOH Me,D.H. l1 pocT TeMnepaTypb! npo,D.OJJ)KHTCH ,ll.O TOro 

MOMeHTa, Kor.n.a OHa 803paCTeT ,ll.O TaKOro 3Ha'-leHHH TMaKC, npH KOTOpOM 

yxo.n. 3HeprnH H3 nnacTHHKH B Me,D.h so.n.ooxna)K,n.aeMoro pe30HaTOpa 6na
ro.n:apsi 6oJJbWOMY TMaKc ~ 1083 °C ypasm1eTCH c ee HarpesoM 60M6ap.n:11-

poBKOH 6annaCTHb!MH 3JJeKTpoHaMH. 11 3TO, KaK ynoMHHaJJOCh BhIWe, 6bIJ10 

no.n.TBep)K,D.eHO 3KCnepttMeHTaJlbHO. 

l136aBHTbCH OT B03HHKaJOmeH H3-3a 803,D.eHCTBHH Ha TTJJOCKYJO BHYT

pHpe3oHaTOpHyJO nosepXHOCTh noJJOCKH rnraHTCKOH Hanpsi)KeHHOCTH 3JJeK

TpH'-1eCKOrO CBlJ-nonsi naBHHbl 6aJJJJaCTHblX 3JJeKTpOHOB, Bbl3bIBaBWeH pe3-

KOe CHH)KeHHe Ha,ll.e)KHOCTH pa60Tbl pe30HaTopa, HaM y.n.anocb C TTOMOl.llh!O 
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BBeJJ,eHHH B qiopMy KpblllIKH CJieJJ.yJOw.ero He3Ha'IHTeJibHOro Ha nepBblH 
B3fJIHJJ. HJOaHca [ 63]. 

Ha BHyTpeHHeH ITJIOCKOCTH KaTOJJ.HOH KpblllIKH OT ee KaTOJJ.HOro OTBep

CTHH JJ.O KOHUa 3p03HpyeMOH ITOJIOCKH (npoCTHpaBUieHCH npaKTH'IeCKH Jl.O 

60KOBOH CTeHKH pe30HaTopa) qipe3epoBaJiacb co CJierKa npeBOCXOJJ.HBIIIeii 

IIIHpHHy 3p03HH KaHaBKa IIIHpHHOH 2 MM. H rny6HHOH 4 MM. Pe3yJibTaT 
OKa3aJICH YJJ.HBHTeJibH.bIM. 

Ha JJ.He KaTOJJ.HOH Kpb!UIKH Y3KaH (2 MM), HO rny6oKaH (4 MM) KaHaB

Ka npaKTH'IeCKH ITOJIHOCTblO JIHKBHJJ.HpOBaJia YITOMHHYTYIO HanpHJKeHHOCTb 

CBl.J-noJIH E, aMnJIHTyJJ.a KOTopoii Ha npemHeH nnocKoH BHyTpttpe3oHa

TOpHOH ITOBepXHOCTH KaTOJJ.HOH KpblllIKH COCTaBJIHJia EMaKc ~ 0,5 MB/CM. 

J1 JiaBHHa BTOpH'IHblX 3JieKTpOHOB, 3MHTTHpyeMblX ITOJIOCKOH npeJKHeH 

ITJIOCKOH KpblllIKH B pe30HaTOpe C KaHaBKOH ITOJIHOCTblO npeKpaTHJiaCb. 

flocJieJJ,Hee OKa3aJIOCb O'IeBHJJ.Hb!M yme BO BpeMH TOfO ceaHca Henpepb!BHOH 

pa60Tbl 6yCTepa Ha HeHTpOHHbJe 3KCnepHMeHTbl, B KOTOpOM MHKpOTPOH 

BnepBble pa60TaJI C pe30HaTopHOH KaHaBKOH. B 3TOM ceaHce HaJJ,eJKHOCTb 

P,a60Tbl 6yCTepa pe3KO B03pOCJia. 11 OCMOTP KaTOJJ.HOH KpblliJKH BO BpeM.R 

ITOJJ.fOTOBKH 6yCTepa K CJieJJ.yJOW.eMy ceaHcy pa60Tbl Ha HeHTpOHHbie 3KC

nepHMeHTbl ITOKa3aJI, 'ITO H Ha BHyTpHpe3oHaTOpHOH ITJIOCKOCTH KpbillIKH H 

Ha BCeM JJ.He KaHaBKH 3p03HH OTCYTCTBOBaJia. 

Ew.e OJJ.Ha HeOJKHJJ,aHHOCTb. KaK Mb! BHJJ.eJIH BbIUie, KaTOJJ.HaH ITJIOC· 

KOCTb pe30HaTopa HMeeT B ueHTpe npoJieTHOe OTBepCTHe H PHJJ.OM C HHM 

OTBepCTHe JJ.JIH Topua KaTOJJ.a, 3aTeM B HanpaBJieHHH Ha ueHTp MarHHTa 

MHKpOTpOHa npoXOJJ.HT ITO'ITH JJ.O CTeHKH pe30HaTopa KaHaBKa rJiy6HHOH 

4 MM. A npOTHBOITOJIOJKHaH ero ITJIOCKaH KpblUIKa TOJKe HMeeT OCHOBHOe 

npoJieTHOe OTBepCTHe. 11 B 3THX YCJIOBHHX npeJJ,cTaBJIHJIOCb OITTHMaJibHbIM 

BCe npHMoyroJibHbie BHyTpHpe3oHaTOpHbie rpaHHUbl H ornepcTHH, H Ka

HaBKH pe3oHaTopa 3aKpyrJIHTb C UeJiblO yBeJIH'IeHHH ero 3JieKTPH'IeCKOH 
npO'IHOCTH. 

Ho MHOfOKpaTHaH 3KCrrepHMeHTaJibHaH rrpoBepKa HaJJ,eJKHOCTH pe30· 

HaTopa C 3aKpyrneHHbIMH BHyTpttpe30HaTopHblMH 1r/2-yrnaMH rrpoJieTHbJX 

OTBepCTHH H KaHaBKH HeH3MeHHO IIOKa3bJBaJia, 'ITO ero 3JieKTpH'IeCKaH 

rrpO'IHOCTb B 3TOM CJiyqae He IIOBbIUiaJiaCb, a CHHJKaJiacb. 11 IIOCJie 3TOfO 

Mb! BepHyJIHCb K OCTpb!M rrpHMbIM yrnaM H Bcex Tpex OTBepCTHH, H BHYT· 
pttpe30HaTopHOH KaHaBKH. 

11 JJ.JIHTeJibHOCTb IIOCJieJJ,HHX ceaHCOB Herrpepb!BHOH .HaJJ,eJKHOH pa60Tbl 

6yCTepa Ha HeHTpoHHbie 3KcrrepttMeHTbI JJ.OCTHrna rv 200 'I. A HMIIYJibCHbIH 

TOK 3JieKTpOHOB C 3Heprneii 30 M3B, 6oM6apJJ.HpOBaBUIHX MHIIIeHb, 6b!JI 
paBeH 80 MA H HHOrJJ.a JJ.OCTHraJI 100 MA. 

CyMMapHoe BpeMH pa60Tbl 6yCTepa Ha 3KCrrepHMeHTbl C 1964 ITO HIOJib 

1968 r. cocTaBHJIO OKOJio 3300 'I. A K 3TOMy BpeMeHH B JIH<l> 011RJ1 

Ha'IaJio IIOCTyrraTb H MOHTHpOBaTbCH o6opyJJ.OBaHHe HOBOfO - Ha rropHJJ.OK 

6onee MOW.Horo - BToporo 6yCTepa «11EP-30 + JIY.3-40,>, rrpoeKrnpoBa

HHe KOToporo 6bIJIO HatJaTO B 1966 r. cpa3y IIOCJie TOfO, KaK JJ.eHCTBHe 

IIHOHepCKoro MHKpo6yCTepa <<HEP + MHKpoTpoH» y6eJJ.ttTeJibHO JJ.OKa3aJio 

ero Bb!COKYIO 3<fl<fleKTHBHOCTb B HeHTpOHHO·<fJH3H'IeCKHX HCCJieJJ,OBaHHHX. 
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A rrocJie JJ,eMOHTaJKa B KOHUe HIOJIH 1968 r. Halli MHKpOTpOH 6b!JI TpaHC· 

noprnpoBaH B YmropOJJ.CKHH rocyJJ.apcrneHHbIH yHHBepcHTeT (B OTJJ.eJieHHe 

H.nepHOH <fJH3HKH AH YCCP). 11 3JJ.eCb rrocJie KpaTKOBpeMeHHOH ero HaJiaJJ.

KH (c yqacTHeM aBTOpa) MHKPOTpOH HaJJ,eJKHO rrpopa6oTaJI OKO.i:IO 30 JieT (JJ.O 

KOHUa xx B.), coxpaHHH peKOpJJ.HOCTb rrapaMeTpOB ITY'IKa yCKopHBWHXCH B 

HeM 3JieKTpOHOB JJ.JIH 3TOro THITa 3JieKTpOHHblX YCKOpHTeJieH. 



3aKmoqemrn 

I1TaK, CTPYKTypa 3JJeKTpoHa B BH,1.1,e 3apsi,1.1,0BoH cy11epcTpyHhl-K0JJhUa, 

TpmKJJ,bl KBaHTOBaHHOH (110 3apsi,1.1,y -e, Cl1HHY h/2 H 11p0HH3bIBaJOIL{eMy ee 

K0HTYP MarHHTH0MY 110T0KY <I>o), rapM0HH'lH0 cornacy10maHCH C y,1.1,BoeHH

eM MarHHT0MexaHH'leCK0ro 0TH0WeHHH caMoro 3JleKTp0Ha 110 cpaBHeHHIO C 

0TH0WeHHeM ero R<e M0MeHTOB op6HTaJJbHblX, H ero pac11pocTpaHeHH0CTb B 

11pHpo,1.1,e, MH0roKpaTH0 11peBOCXO,l.l,HIL{aH pacrrpocTpaHeHH0CTb B HeH mo6oH 

,1.1,pyroH 3JleMeHTapHOH tJaCTHL{bl, H T0R<,1.1,eCTBeHH0CTb JlHHeHHOH CK0p0CTH 

o6pameHHH ero 3apsi,1.1,a CK0p0CTH CBeTa HaB0,1.1,HT Ha Mb!CJlb 0 TOM, 'ITO 3Ta 

cTpyKTypa HBJ:IHeTCH YHHBepcaJJbHOH ,1.1,JJH Bcex 3apsiR<eHHhlX 3JJeMeHTap

HhlX tJaCTHL{. EoJJee Toro, 3TO ,1.1,aeT 0CH0BaHHe 11pe,1.1,110JJ0R<HTb, 'ITO BCIO 

HHeprny10 Macey, Cl1HH tJaCTHL{ H Bee ,1.1,pyrne CBOHCTBa MaTepHH BceJJeHHOH 

C03JJ,aeT eJJ,HHCTBeHHblH HCTO'IHHK - B KaR<JJ,OH 3JJeMeHTapHOH tJaCTHL{e 

LlHPKYJJHpy10mHH co CBeTOBOH CK0p0CTblO 110 110BepXH0CTH K0Jlbl{a-cy11ep

CTPYHbl paBHopacrrpe,1.1,eJJeHHhlH KBaHT 3apsi,1.1,a ±e tJepe3 Maccoo6pa3y10mHe 

KBaHTOBaHHblH Cl1HH H CTal{H0HapHbie 3JleKTPHtJeCK0e H MarHHTH0e 110JJH. 

I1 0tJeBH,1.1,H0, 'ITO e,1.1,HHCTBeHHblM HCT0'IHHK0M H MarHHTH0ro, H 3JJeKTpH'Ie

CK0ro 110JJeH HBJJHeTCH 3apH,1.1,0BblH KBaHT ±e. B 3JleKTp0He ,1.1,HaMeTp cy11ep

CTPYHbl-K0Jlbl{a 2R = 2.\c(l + o,frr) = 7,7412 • 10-11 CM peKop,1.1,Ho BeJJHK. 

3m (cM. BBe,1.1,eHtte) ,1.1,eJJaeT K0HUeHTpautt10 o6ottx Maccoo6pa3y10mttx ero 

110JJeH (MarHHTHOro H 3JleKTPHtJeCKOro) H 110JJHYIO HX 3Heprtt!O MHHHMaJJb

HOH H TeM CaMhlM co3,1.1,aeT ero peKop,1.1,HyJO c11oco6HOCTb 11p0HHKH0BeHHH 

tJepe3 MaTepHaJJhHb1e cpe,1.1,b1. 

Hati,1.1,eHHble peaJJbHble CB0HCTBa 3JleKTp0Ha C ero H3BeCTHblMH 3apH,1.1,0M 

-e = -4,803242 · 10-IO CfC3, m = 9,109382 • 10-28 r H Cl1HH0M Sz = 

= ±h/2 TaK0Bhl: 6oJJbWOH pa,1.1,Hyc cy11epCTpyHhl-K0JJbUa R = 3,870575 x 

x 10-
11 

CM H ln(8R/po)=n/(2o:)+2=217,2564 (po - pa,1.1,ttyc cetJe

HHH Topa-cy11epCTpyHh1); Macca crrttHoo6pa3yIOmasi m 8 = -eAcp(po)/c2 = 

= 4,544136 • 10-28 r; 11poHH3brna10mttti TOKOBbIH K0HTYP MarnnTHhlH 

110T0K <I>z = -<I>o = -nhc/e; MarHHTHblH M0MeHT µz = -9,29558 x 

X 10-
21 

3pr/fc H MarHHT0MeXaHH'IeCK0e 0TH0WeHtte µz/Sz = -(I + 

+ 6:/n)e/(mc) = -I,002323e/(mc). 

KaK Mb! y6e,1.1,HJJHCb, YHHKaJJbHblM CBOHCTBOM paBH0l1Jl0THO pac11pe

,1.1,eJJeHH0ro 110 BCeH T0pOHJJ,aJJbHOH 110BepXH0CTH 3apsi,1.1,a HBJJHeTCH ero 

110CT0HHHaH UHPKYJJHL{HH co CBeTOBOH CK0p0CTblO +c HJJH -c B0Kpyr 

ocH Topa. UHPKYJJHUHH H co3,1.1,aeT 06pa3y10mtte c11HH HM11YJJhc 3apsi,1.1,a 

Pep = -eAcp(Po)/c (H3 (15) -eAcp(Po) = e2 /(nR)[ln (BR/ po) - 21) tt 06pa-

3yeMy10 HM tJaCTb MaCCbl 3JJeKTpoHa. OcTaJJbHaH 'IaCTb MaCCbl m co,1.1,ep

R<HTCH B C03JJ,aHHblX UHPKYJJHPYIOIL{HM 3apH,1.1,0M CTal{H0HapHblX MarHHTH0M 

H 3JleKTpH'IeCK0M 110JJHX. 
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I1 TO, 'ITO 11pott3BeJJ,eHtte-HHBapHaHT Rpcp = ±h/2 peaJJtt3yeTcH He T0JJb

K0 B 3JleKTp0He H ,1.1,pyrnx JJel1T0Hax, HO H BO Bcex 3JleMeHTapHblX H BMeCTe 

C TeM B C0CTOHIL{HX H3 MH0rHX cy6tJaCTHL{ CJJQ)KHb!X tJaCTHL{ax (,1.1,aR<e C HX 

HyJJeBblM cyMMapHblM 3apsi,1.1,0M), pa3yMeeTCH, B BH,1.1,e Bz = ±Nh/2, TaKR<e 

HaB0,1.1,HT Ha MblCJlb 0 TOM, 'ITO Bcer,1.1,a UHPKYJJHPYIOIL{HH co CK0p0CTblO CBeTa 

BJ.l,0Jlb 110BepxHOCTeH cy11epTOHKHX TOp0B C HX R =(I+ o:/n)e/(m4c) CM 

KBaHT 3apsi,1.1,a ±e c ero CTPYKTypoH H csoiicTBaMH,. aHaJJOrtttJHblMH 

,)J]eKTp0HHblM (m4 - BCH Macca 3JleMeHTapHOH tJaCTHL{bl) H HBJJHeTCH 

e,1.1,HHblM cpyH,1.1,aMeHTOM Bcero MHoroo6pa3HH 3JleMeHTapHblX tJaCTHL{ H BCeH 

11pHp0,l.l,bl. 

flepBble pe3yJJbTaTbl KOJlHtJeCTBeHHOH oueHKH poJrn ,1.1,0 CHX 11op He 

ytJHTbIBaBweHCH CTaH,1.1,apTHOH KBaHTOBO-MexaHHtJeCKOH TeoptteH aT0M0B 

peaJJbHOH CTpyKTYPbl 3JJeKTpoHa H 110'ITH 110JlH0CTblO HrH0pHp0BaBwero

CH eJO ero MarHHTH0ro B3aHMOJJ,eHCTBHH C 11aprnepaMH (rJJ. 4-6) y6e,1.1,H

TeJlbH0 CBH,1.1,eTeJJbCTBYIOT, 'ITO • co6cTBeHHble 3HatJeHHH 11011paB0K K C. 3. 

3HeprttH 110,1.1,ypoBHeH aTOM0B (Ta6JJ. l) HMeJOT M0,1.1,YJJH, ,1.1,ocrnra10mHe y 

t1e i-v 10-3 3B ,1.1,JlH IS-cocTOHHHH 1103HTp0HHH H tie ~ 0,01 3B ,1.1,JlH 

lS-cocTOHHHH MJO0HHH H Bo,1.1,opo,1.1,a. A JJ,JJH 2S-cocTOHHHH Mo,1.1,yJJtt 3THX R<e 
t1e Ka)K,1.1,0ro aToMa yMeHhWaJOTCH Ha 110pH,1.1,0K, T. e. tie2SPs ~ 10-43B H 

t1e2Sµ ~ tie2SH ~ 10-3 3B. .l{JJH COCTOHHHH R<e 2P tie2P yMeHbWalOTCH 

J.1,aR<e 110 cpaBHeHHIO tie2s 110'ITH Ha ,1.1,Ba 110pH,1.1,Ka (T. e. 0HH ~ B 1000 pa3 

MeHhWe tie1s)-

flo11paBKH R<e MarHHTHble Om 110'ITH· TaK R<e BeJJHKH, KaK tie, T0JlbK0 

J.l,JJH 1103HTp0HHH. A B MIO0HHH H B0,l.l,0po,1.1,e 0HH r-, B 500 pa3 MeHbWe 

C00TBeTCTBYIOIL{HX HM tie. 
BMecTe C TeM HMelOIL{HeCH B Ta6JJ. 1 ,1.1,aHHbie CBHJJ,eTeJJbCTBYIOT 06 

orp0MHOM KOJJH'IeCTBeHH0M pecypce HeytJTeHHb!X B xx B. B CTaH,1.1,apTHOH 

KBaHTOBOH MexaHHKe peaJJbHblX B3aHMOJJ,eHCTBHH aT0MHblX 11apTHep0B. 

Ho, Kp0Me Toro, H B CTaH,1.1,apTHOH KBaHTOBO-MeXaHHtJeCKOH Te0pHH, H 

B 3KcrrepttMeHTax xx B. HMeJJHCb rpy6b1e OWH6KH, rnpM03HBWHe 11pouecc 

1103HaHHH 0CHOBHb!X CBOHCTB H B3aHMOJJ,eHCTBHH 3JleKTp0Ha C ,1.1,pyrttMH 

06beKTaMH. 

Bc110MHHM, 11peR<,1.1,e Bcero, 'ITO ,1.1,oJJroe cymecTB0BaHtte 11pe,1.1,110JJoR<eHHH 

0 HK06bI T0'IetJHOCTH 3JleKTp0Ha HMeJJ0 MeCTO 110 BHHe He T0JlbKO Teope

THK0B. 3Kc11epttMeHTaTOpbl ,1.1,JlHTeJJbH0 H3MepHJJH Ha e- -yCK0pHTeJIHX 11pH 

see 6oJJee B03pacTaBWHX 3HeprHHX CTaJJKHBaBWHXCH e- JJ,eHCTBHTeJlbHble 

pa3Mepb1 3JJeKTp0Ha 6e3 ytJeTa HX pen.HTHBHCTCK0ro C0KpameHHH. 

K cepe,1.1,HHe 80-x rr. xx B. 0HH ,1.1,0CTHrJJH «H3MepeHH0f0>> 3HatJeHH.H ero 

cpe,1.1,HeKBa,1.1,paTtttJecKoro pa3Mepa 3apH,1.1,0Boro pac11pe,1.1,eJJeHHH ((r~)
I12

) ~ 
~ 10-16 CM. Ho KoppeKTHb!H y'-ieT peJJHTHBHCTCK0ro ero COKpameHH.H [9] 

(I 985) 110Ka3an", 'ITO pe3yJJhTaT BCeX ,1.1,0JlrHX H3MepeHHH 6hlJJ 11paKTHtJeCKH 

0,1.1,HH H TOT me: ((r~) I12) 6hIJl 6JJH30K K KOMl1TOHOBCKOH ,1.1,JlHHe B0JlHbl e-

Ac = h/(mc) = 3,86 • 10-11 CM. 

KpoMe Toro, TeopeTHKH ,1.1,011ycTHJlH H HeCKOJlbKO ,1.1,pyrnx HeKoppeKTHblX 

BblpameHHH 3JleKTp0HHhlX 11apaMeTp0B. 

3 11. M. Marnpa 
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O6paTHM BHHMaHHe B 3TOM nnaHe Ha YHHKaJibHYIO KOJIJieKUHIO 0lllH6oK 

(CM. rn. 3), CKOHUeHTpHpOBaHHblX B BbipaJKeHHH Or = -Ro:2 Z 4h[n/(l + 
+ 1/2) - 3/4]/n4 [25]. 3Ta nonpaBKa K co6cTBeHHOMY 3HatJeHHIO KHHe

THtJeCKOH 3HeprHH napTHepoB B no.u.ypoBHHX BCeX COCTOHHHH aTOMOB, KaK 

ynoMHHaJIOCb, TeopeTHKaMH 6bIJia «Haif.u.eHa>> He TOJibKO OTPHUaTeJibHOH, 

HO H BbllJHCJieHHbJH no .u.aHHOMY HMH ee BblpaJKeHHIO MO.U.YJib OKa3bIBaJicH 

BTpoe MeHbllIHM .u.eHCTBHTeJibHOrO. 

EcnH 6b1 KoH.U.OH H lllopTJIH HcnoJib30BaJIH TOT OtJeBH.U.HbIH cpaKT, tJTo 

BCH 3aBHCHMOCTb peJIHTHBHCTCKOH nonpaBKH Or co.u.ef :1KHTCH B 6e3pa3-

MepHOM (tJHCJieHHOM) MHOJKHTeJie "f = (1 -v2/c2)-I/, TO 3JieMeHTapHo 

npocTO HallIJIH 6bJ a.u.eKBaTHOe BbipaJKeHHe Or, pa3JIOJKHB B PH.U. TOJibKO 3TOT 

anre6paHtJeCKHH MHOJKHTeJih no MaJioH 6e3pa3MepHOH BeJIHtJHHe v2 Jc2. KaK 

nerno nOHHTb, B 3TOM CJiytJae HX KOppeKTHblH pe3yJibTaT TOlJHO COBnaJI 6bi 

C npHBe.QeHHbIM Bblllle npaBHJibHblM 

. 3 IE~l 2 3 ( E~ ) 
Orn= +-2--2 = +-2 ~ ~-

mnpC mnpc-

KaK H cne.u.oBaJIO OJKH.QaTb, B nepBOM npH6JIH:1KeHHH 3aBHCHMOCTb Orn 
OT op6HTaJibHOfO l OTCYTCTByeT. l1 ee OTCYTCTBHe .U.JIH aTOMa BO.U.opo.u.a 

3KCnepHMeHTaJibHO no.u.TBepJK.u.eHo [7, BJLOXUHUieB. OcHOBbl KBaHTOBOH Me

xaHHKH, C. 199]. 

TaK lJTO B03MOJKHOCTH CTaH.u.apTHOH KBaHTOBOH MeXaHHKH npe.u.cKa-

3bJBaTb peaJibHbie HHTepBaJibl MeJK.U.Y C. 3. 3HeprHH no.u.ypoaHeH CTauH

OHapHblX COCTOHHHH aToMa B 6oJiblllHX MaCllITa6ax ype3aJIHCb H H3-3a 

npeHe6peJKeHHH MafHHTHblM B3aHMO.U.eHCTBHeM 3JieKTpOHa C napTHepaMH, 

H 3a CtJeT cymecTBeHHOro HCKaJKeHHH B3aHMO.U.eHCTBHH 3apH.u.a peaJibHOfO 

3JieKTpOHa-KOJibUa C 3apH.u.aMH H.U.ep H, BMeCTe C TeM, - Ha6opoM rpy6eif

lllHX OllIH60K B BblpameHHH peJIHTHBHCTCKOH nonpaBKH Or . 
Aarnp He yaepeH B noJIHOTe OTMetJeHHbIX 3.U.eCb .U.HCCOHaHCOB CTaH.u.apT

HOH KBaHTOBOH MexaHHKH. Ho H HX npHae.u.eHHOfO nepetJHH .U.0CTaTOlJHO 

.U.JIH cne.u.y10mero o6ocHOBaHHoro yTBep:1K.u.eHHH. 

OtJeBH.U.HO, lJTO npe.u.npHHHTaH a xx B. nonbITKa .U.OCTHrHYTb rno6aJib

HOro cornacoBaHHH BCex H3MepeHHbIX C. 3. 3HeprHH no.u.ypoBHeH aTOMOB 

C HX Me:1Kno.u.ypoBHeBbIMH HHTepBaJiaMH, paCClJHTaHHbIMH no CTaH.u.apTHOH 

KBaHTOBOH TeOpHH 6e3 yCTpaHeHHH .u.a:1Ke TOJihKO nepetJHCJieHHbIX ee He.u.o

CTaTKOB, 6bIJia npe:1K.u.eapeMeHHOH. KcTaTH, HeKoppeKTHa H y:1Ke peaJIH30-

BaHHaH nonbITKa CKOMneHCHpOBaTb BCe ynOMHHYTbie OllIH6KH CTaH.u.apTHOH 

TeopHH C nOMOlllblO KBaHTOBOH 3JieKTPO.U.HHaMHKH C ee He MeHhlIIHMH, a 

CKopee, KaK ynoMHHaJIOCb, .u.a:1Ke 60JibllIHMH He.u.ocTaTKaMH. HanoMHHM, B 

tJaCTHOCTH, lJTO noMHMO OTMetJeHHbIX <l>eHHMaHOM, AxHe3epOM, BepecTeu

KHM H .u.p. [7, 8) pa3pa60TlJHKaMH K3,ll ee He.u.oCTaTKOB, 3)1.eCb (BBe.U.eHHe) 

ynoMHHyT eme O.U.HH: nocTyJiaT O TOM, 6y.u.rn 6bJ 4-BeKTOp 3JieKTpoMarHHT

HOro TO Ka 3JieKTpOHa HMeeT e.u.HHCTBeHHYIO ( CKaJIHPHYIO) KOMnOHeHTY -

3apH.u. e-. A6cyp.U.HOCTb ero B CBeTe BbJllieH3JIOJKeHHOfO HeCOMHeHHa. 

A.u.eKBaTHblM a cymecTBYJOllleH o6cTaHOBKe npe.u.cTaBJIHeTCH e.u.HH

CTBeHHb!H nyTb. 
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Heo6xo.U.HMO npe:1K.u.e acero KOppeKTHO ycTpaHHTb Ka:1K.U.YIO H3 OlllH60K, 

coxpaHHB ace Te nocTyJiaTbl KBaHTOBOH MexaHHKH, KOTOpble no.u.TBep.U.HJIH 

cBOIO a.u.eKBaTHOCTb B onHcaHHH XOTH H He Bcex, HO no.u.aBJIHJOlllero 60Jib-

111uHCTBa CBOHCTB cneKTpOB aTOMOB H HHbJX MHKpoo6oeKTOB. . 

l.JTo6hI 3TO peaJIH30BaTb, Ha.u.o CHatJaJia HaHTH .U.OCTaTOlJHO 3cpcpeKTHB

Hbie anropHTMbl .U.JIH BbllJHCJieHHH c noMOlllblO 3BM nonpaBOK K aTOMHbJM 

BOJIHOBbIM cpyHKUHHM HyJieBoro npH6JIH:1KeHHH qepe3 nonytJeHHbie 3)1.eCb 

3aBHCHMOCTH OT r12 nonpaBOlJHblX oneparnpoB 3HeprnH. 3aTeM nonbITaTbCH 

HaHTH aHaJIHTHlJeCKHe perneHHH Hyneaoro npH6JIH:1KeHHH ypaBHeHHH lllpe

.!J.HHrepa, B KOTOpOM nOJIHblH op6HTaJibHblH MOMeHT 6y.u.eT npe.u.noJI0:1KeH 

KBaHTOBaHHbIM. Ho He HCKJIIOtJeHO, lJTO B .u.aHHOM cnytJae noHa.u.o6HTCH 

pa3pa60TKa a.u.eKBaTHOfO anropHTMa lJHCJieHHOfO HX perneHHH. 

O.u.HaKO .U.JIH acex B. cp. S-cOCTOHHHH aTOMOB Heo6XO.U.HMOCTH a no

cne.u.HeM HeT. l1 pactJeTbl Bcero Ha6opa HHTepBaJIOB Me:1K.U.Y no.u.ypoBHHMH 

JII06bIX S-cOCTOHHHH B nepB0M npH6JIH:1KeHHH c ytJeTOM HCnpaBJieHHblX 

3.U.eCh ornH60K H HCnOJib3yeMbIX .u.o CHX nop B. cp. .U.JIH nS-coCTOHHHH 

rro3HTpOHHH, MIOOHHH H ao.u.opo.u.a Tpy.u.HocTeH He npe.u.cTaBHT. A corrocTaB

neHHe pactJeTHblX H H3MepeHHblX Ha6opoB HHTepBaJI0B .u.a:1Ke TOJibKO Me:1K.U.Y 

S-110.u.ypOBHHMH n03B0JIHT npoaepHTb KoppeKTH0CTb TeOpHH eCJIH H He B 

IIOJIHOM, TO a .u.ocTaT0lJH0 MacrnTa6HOM o6oeMe. 

Heo6xo.u.HM0 OTMeTHn, H He.u.ocTaTOtJHbIH ypoaeHh .u.ocrnrnyrnii K Ha

cToHmeMy apeMP!ll-f TOlJHOCTH H3MepeHHH e.u.HHCTBeHH0fO 3JieKTpOHHOrO 

rrapaMeTpa -- MarHHTHOf0 MOMeHTa ~ 0,1 %. Y.u.HBJieHHe Bbl3b1BaeT, npe:1K

.u.e BCero, orpOMHOe pa3JIHtJHe Me:1K.U.Y oueHKaMH OTHOCHTeJibHOH TOlJHO

CTH H3MepeHHbIX 3HatJeHHH µe, rrpHBe.u.eHHbIX, HanpHMep, B [46] (I 991) 

µe = 9,2847701(31) • 10-21 3pr/fc H B [49] (1976) µe = 9,284832(36) X 

X 10-21 3pr/fc (Ha OCHOBe H3BeCTHblX .u.aHHblX T3HJIOpa, TiapKepa H 

JlaHreH6epra 1969-1973 rr.), a KOTOpbIX 0THOCHTeJibHaH TOlJHOCTb HK06bl 

COCTaBJIHeT ~ 0,0001 %, H oueHKOH (rn. l, § 1.4) BoHCOBCK0fO [61] (1973), 

KOTOpbIH ClJHTaeT, lJT0 MeTO.U.HKa H3MepeHHH o6ecnetJHJia OTHOCHTeJibHYIO 

TOlJH0CTb H3MepeHHH µe paBHOH ~ 0, 1-0,2 %. 
TipaBHJibHaH oueHKa .u.eHCTBHTeJibHO .U.OCTHfHYTOH K HaCTOHllleMy Bpe

MeHH TOlJHOCTH H3MepeHHH µe, no MHeHHIO aBTopa, npHHa.u.ne:1KHT BoH

COBCKOMy. Be.u.h .U.JIH Toro, lJT06hJ .u.o6HTbCH OTHOCHTeJibHOH TOlJHOCTH 

~ 10-6 [46, 49], Heo6XO.U.HMO o6ecnetJHTb H He MeHblIIYIO T0lJHOCTb H3Me

peHHH MO.U.YJIH rpa.u.HeHTa G MarHHTHOrO nOJIH, H coana.u.eHHH H3MepHeMhIX 

HarrpaBJieHHH CMemeHHH TpaeKTOpHH e- (HJIH aTOMOB) C HanpaaneHHeM 

G. Ho c ytJeT0M xoporno H3BeCTHhIX TPY.U.HOCTeH .u.ocTH:1KeHHH OTHOCH

TeJihHOH T0lJHOCTH H3MepeHHH .u.a:1Ke IIOlJTH npocTpaHCTBeHH0-0.U.HOpO.U.HOH 

HaIIpH:1KeHHOCTH IIOJIH H (B yCKopHTeJIHX) XOTH 6bI ~ 10-4 
otJeBH.U.HO, 

lJTO OTHOCHTeJibHaH TOlJHOCTb MHOroKpaTHO 6onee Tpy.u.Horo H3MepeHHH 

rpa.u.HeHTa G noneH npHMeHHBlIIHXCH .U.JIH H3MepeHHH µe cpeppoMarHHTOB 

C OKpy:1Ka10lllHMH pa6otJyJO o6naCTb noJIH 0CTpbIMH yrnaMH .u.a:1Ke ~ 10-
3 

BpH.U. JIH peaJIH30BbIBaJiaCb. 
HeTOlJHOCTb H3MepeHHH µe .u.aeT OCHOBaHHH npe.u.rronaraTh HMeHHO 

ee npHtJHHOH BbJllleynoMHHyToro .u.ayKpaTH0fO npeBOCXO.U.CTBa Haii.u.eH-

3• 
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HOH 3.U,eCb MaJIOH .u,o6aBKH K MarHHTOMeXaHH'leCKOMY OTHOIIIeHHIO (rn. I, 
(21)) D.µz/Sz = (a/1r)(e/mc) = 0,002323 Ha.u, H3MepeHHblM D.µz/Sz = 
= 0,00l 15965(e/mc) ~ (a/21r)(e/mc). B 3TOM nnaHe npe.u,cTaBmieTCH 

aeCbMa aKTyaJibHblM HaHTH B03MO)KHOCTb MHOroKpaTHO YTO'lHHTb H3Mepe

HHH MarHHTHOro MOMeHTa 3JieKTpOHa, CKopee Bcero Mano OTJIH'laJ01II.erocH 

OT paCC'lHTaHHOH 3.U,eCb (npe.u,cTaBJlHJOIII.eHCH Ha116onee 6JIH3KOH K .u,eHCTBH

TeJibHOH) ero BeJIH'lHHbl µz = -9,29558 · 10-21 3pr/fc (20). 

YMeCTHO o6paTHTb BHHMaHHe H Ha pe3KYJO acHMMeTpHIO CBOHCTB 06011x 

HMeJOIII.HX TO)K.U,ecTBeHHYIO CTpyKTYPY CTa6HJibHblX nenTOHOB 3JieKTpOHa H 

n03HTpOHa. B qaCTHOCTH, Ha orpOMHYJO pacnpocTpaHeHHOCTb B npHpo.u,e 

3JleKTpoHa H MH3epHyJO - no3HTpOHa. ConoCTaBJieHHe 3TOH aCHMMeTpHH C 

cpaKTOM cymecTBoBaHHH B npHpo.u,e HYKJIOHOB C TOJlbKO noJIO)KHTeJibHblMH 

HJIH HyJieBblMH 3apH.U,aMH, .u,aeT OCHOBaHHe npe.u,nOJIO)KHTb, "ITO KBaHTbl OT

pmi:aTeJibHb!X H noJIO)KHTeJlbHblX 3apH.ll.OB cymecTBeHHO OTJIH'laJOTCH .u,pyr 

OT .u,pyra He _TOJlbKO CBOHMH 3HaKaMH, HO H .u,pyrnMH CBOHCTBaMH. J1 
HpKHM npOHBJieHHeM 3TOrO OTJIH'lHH HBJIHeTCH rHraHTCKOe npeBOCXO.U,CTBO 

pa3MepoB 3JieKTpoHa Ha,!l. pa3MepaMH CTOJlb me HHTeHCHBHO, KaK H e-, 
pacnpocTpaHeHHOro nOJIO)KHTeJibHO 3apHmeHHOro a.u,poHa p+ . 

IIpe,ll,nOJiaraeMaH npHpO,ll,a CHJILHOH CBH3H. TipHBe.u,eHHblH Bblllie KO

JIH'leCTBeHHblH aHaJIH3 cyMMapHoro B3aHMO.U,eHCTBHH MarHHTHblX MOMeHTOB 

H 3apH.U,OB peaJibHblX nenTOHOB-KOJieU. noKa3aJI, "ITO .U,JIH o6oHX HX BH.U,OB 

MO.ll.YJIH 3HeprnH B3aHMO.U,eHCTBHH HMeHHO .ll.JIH 'MaJiblX paccTOHHHH Mem.u,y 

napTHepaMH r12 - 0 npaKTH'leCKH O.U,HHaKOBbl (npH He3Ha'lHTeJibHOM npe

BOCXO.U,CTBe IUel Ha.U, IUmD-

H BeCbMa aKTyaJibHO npoaHaJlH3HpoBaTb, "ITO 6blJIO noTepHHO TeopHeH 

H3-3a npaKTH'leCKH nOJIHOro HrHOpHpoaaHHH KBaHTOBOH MeXaHHKOH B Te

'leHHe Bcero xx B. MarHHTHoro B3aHMO,!l.eHCTBHH Mem.u,y qacTHU.aMH. 

Y.u,HBJieHHe Bbl3bIBaeT, npem.u,e acero, HeBHHMaHHe TeopeTHKOB K cpaB

HHTeJlbHOMY aHaJIH3Y rnraHTCKOro npeBOCXO.U,CTBa MO.U,yJieH aHOMaJlbHOCTH 

MarHHTHblX MOMeHTOB a.u,poHOB, 6JIH3KOH K COTHHM npou.eHTOB (aHOMaJIHH 

.U,JIH µp+ D.µp+ ~ 179,3 % H .U,JIH µn D.µn ~ 93 %), Ha.u, aHOMaJibHOCTblO 

MOMeHTOB JleITTOHHblX (.ll.JIH µe- D.µe- ~ 0,116 %). 
3TO .u,aeT OCHOBaHHH npe.u,nonaraTb, "ITO orpoMHOe npeBOCXO.U,CTBO OT

HOIIIeHHH aHOMaJibHOCTeH MarHHTHblX MOMeHTOB a.u,poHOB K aHOMaJibHOCTH 

e- D.aJJ.poHa/ D.e-, KOTOpoe cocTaBJIHeT D.µp+ / D.µe- = 179,3/0,116 =· 1546 

H. D.µn/ D.µe- = 80 I, 7' a TaKme nponopu.HoHaJibHOCTb MarHHTHOro B3aHMO

.u,eHCTBHH I /ry2 crroco6Hbl co3.u,aTb npH r12 ---> 0 npeaocxo.u,cTBO IUml tta.n. 

IUel B nape .u,ame nonomHTeJibHO 3apHmeHHhlX npoTOHOB. ,lI,eiicTBHTeJibHO, 

011.eHKa HX Um~ -µ;+/rf2 3pr npH ri2 = 10-
13 

CM .u,aeT Um(10- 13) ~ -
-2 · 10-7 3pr = -0,125 M3B, a Ue ~ e2/10- 13 = 1,44 M3B. Ho yme .U,JIH 

r12 = 2,5 · 10-
14 

CM Um(2,5 · 10-
14

) ~ -8 M3B, a Ue ~ 5,76 M3B < JUml-

KpoMe TOro, 'lHCTO MarHHTHOe B3aHMO.U,eHCTBHe npOTOHa C HeHTpOHOM 

B .u,eihpoHe OKa3hIBaeTCH BnOJIHe .U,OCTaTO'lHblM .U,JIH peaJIH3a11,HH 3HeprnH 

CBH3H HX µp+ µn .u,ame conJIOCKOCTHblX Um= -µp+µn/rr2 = -2,23 M3B. 
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B caMOM .u,ene, 011,eHKa MarHHTHOH (OTpHu.aTeJlbHOH) 3HeprHH B3aHMO

.!J.eHCTBHH p+ c ero jµpj = 1,4106 · 10-
23 

3pr/fc H HeHTpotioM c Jµnl = 
= 4,3303. 10-24 3pr/fc .U,JIH pacCTOHHHH Mem.u,y HHMH r12 = 2,6. 10-

14 
CM 

.u.aeT Um(r12 = 2,6 · 10-14 CM)= -3,475 · 10-6 3pr = 2,17 M3B. 

0TCJO.U,a C y1'!eTOM Toro, "ITO H npoTOH, H HeHTpOH COCTOHT H3 3apH

meHHblX napTOHOB H, cne.u,oriaTeJibHO, H3-3a 3cpcpeKTa noJIHpH3aU.HH Kam.u,o

ro H3 o60HX B3aHMO.U,eHCTBYJOIII.HX a.u,poHOB HCnOJib30BaHHOe .U,JIH 011,eHKH 

TI2 = 2,6. 10-14 CM, B'leTBepo MeHbrnee nOJlHblX a.u,pOHHb!X H3MepeHHblX 

((r~) 1f2), .U,JIH B3aHMHO npHTHrHBalOIII.HXCH nap napTOHOB npe.u,cTaBJIHeTCH 

He npOTHBOpe'lalll.HM .u,eHCTBHTeJlbHOCTH. 

Bee 3TO no3BOJIHeT c.u,enaTh cne.u,y10mee npe.u,nonomeHHe. 

CUJl.bH.Ufl C8fl3b C03aaemCfl eauH.CmBeH.H.blM qJUKmOpOM - 83UUMoaeu

cmeueM H.YKJI.OH.H.blX MQc!H.UmH.blX MOMeH.mOB, 0611.aaalOU{UX QH.OMQJl.bH.O

cmblO c ee Macutma6aM.u B comH.u npol{eH.moe . 

K comaneHHJO, aaTOp Haxo.LiHTCH yme Ha 84-M ro.u,y mH3HH, a yane

KaTeJibHeiiurne pac'leTbl XOTH 6bl TOJibKO CBOHCTB (HanpHMep) COCTOHIII.ero 

H3 .ll.BYX TOpOH.U,aJibHblX napTOHOB (nOJIO)KHTeJibHOro C 3apH,D.OM +e H OT

pHU.aTeJlbHOro C 3apH.U,OM -e) a.n.poHa HeHTpoHa qepe3 noHCK Heo6XO,!l.HMOH 

B. cp. ,D.JlH ypaBHeHHH lllpe.D.HHrepa, no.n.o6Horo n03HTpOHHeBOMY, C y'leTOM 

.U,JIH Ha"!aJia KOTH 6bl npH6JIH)KeHHOH 3aBHCHMOCTH OT r12 3HeprnH B3aHMO

,D.eHCTBHH Mem.n.y napTOHaMH µ+µ-/(r12)3, 6y.n.yT 6e3yCJIOBHO TPY.Ll.HbIMH H 

.U,JIHTeJlbHblMH. ,lI,o CHX nop aHaJIHTH'leCKOro BblpameHHH B. cp. ,!l.JIH ypaB

HeHHH C noTeHu.HaJIOM B3aHMO,D.eHCTBHH A/(r12)3 HH O.D.HH 3HTY3HaCT He 

CMOr HaHTH. 9To, a TaK)Ke BblWeynoMHHyToe COMHV.TeJibHOe npe.n.noJIO)Ke

HHe O Heorrpe.n.eneHHOCTH yrJia Mem.n.y BeKTOpaMH µ+ H µ_, O'leBH.D.HO, 

cnoco6cTBOBaJIO B03HHKHOBeHHIO «aJIJieprnH~ ,D.a:>Ke y Kop11cpeea KBaHTOBOH 

MeXaHHKH B OTHOIIIeHHH HCCJie,D.OBaHHH MarHHTHOrO B3aHMO,D.eHCTBHH Me)K

.ll.Y 3JleMeHTapHblMH 'laCTHU.aMH. 

Ho y aBTOpa eCTb Ha.n.em.n.a Ha TO, 'lTO co.n.epmaHHe KHHrH 3aHHTepecyeT 

XOTH 6bl HeCKOJlbKHX MOJIO,D.blX 3HTY3HaCTOB no3HaHHH TaHH npHpO.D.b!, H 

OHH c nOMOIII.blO cynepMOIII.HblX coapeMeHHblX 9BM cyMeJOT Bbl'lHCJIHTb 

B BeCbMa MaJIOM o6beMe, B KOTOpOM JIOKaJIH30BaHbl o6a HeHTpOHoo6pa-

3YIOIII.He (nOJIO)KHTeJibHblH H OTpHU.aTeJlbTHblH) TOpOH,D.aJibHble napTOHa, 

He06XO.D.HMblH Ha6op 3Ha'leHHH B. cp. H OH TaKme Ha.n.eeTCH, 'lTO nocne 

3TOro pa6oTy B o6o3Ha"!eHHOM 3,D.eCb HanpaaneHHH OHH npO,D.OJI)KaT. 

EcTb OCHOBaHHH .n.yMaTb, 'lTO y'leT 6JIH30CTH KpaTHOCTH MO,D.yJieH aHO

MaJlbHOH 'laCTH MarHHTHblX MOMeHTOB a.n.poHOB K I 00 % MO.D.YJIH HX HOp

MaJibHOH 'laCTH Haae.n.eT y'leHblX Ha cne.n.y10my10 MblCJib. 

lfacJIO napTOHOB a a.n.poHe p+ c ero µp+ = 2, 793µH 11 a n c 

µn = 1,913µH paaHo 3 a npoTOHe, a a HeHTpoHe - 2. H Kam.D.blH napTOH 

06011x a.n.poHOB HMeeT u.enhlH 3apH.n. ±e H CTPYKTYPY, aHanorn'lHYJO 3JieK

TPOHHOH, c 60J1h1IIHM pa.n.11ycoM rnpa Rp. A Rp o6paTHo nponopu.110HaJieH 

Macce napTOHa (CM. Bb!pameHHe (18) rJI. I), KOTOpaH, B CBOIO O'lepe,D.b, 

nponopU.HOHaJlbHa 'lHCJIY KBaHTOB npoHHKa10mero CKB03b napTOHHblH TOP 

nOJIHoro MarHHTHOro noTOKa N<Po. 3Ha"!HT, npe.n.noJIO)KHB npOTOH COCTOH

lll.HM H3 Tpex napTOHOB, H3 KOTOpb!X ,D.Ba HMeJOT 3apH.D. +e, a O.D.HH - -e, 
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Mhl npH.U.eM K 3aKJJIO'-leHHIO 0 TOM, 'ITO Bee napT0Hhl p+ no qiopMe, Macce, 

M0.U.YJJIO cnHHa h/2 H N = 1 T0)K.u.ecrneHHhl peaJJhH0MY TOp0H.U.aJJhH0My .u.o 
CHX nop Ha3hIBaeMoMy JJenT0H0M 7±. . 

A 6naro.u.ap.H yCTaH0BJJeHH0MY B rn. 1 CBOHCTBY HeaaBHCHM0CTH Mar
HHTH0ro M0MeHTa µ JJI060H 3JleMeHTapHOH aap.H)KeHH0H TOpOH.U.aJJbHOH '-la

CTHU.hl OT '-lHCJJa KBaHT0B np0HHKaIOlll.ero CKB03h K0HTYP ee Topa n0JJH0ro 

MarHHTH0ro noT0Ka Nil!o, noJJ0)KHTeJlbHhlH napT0H HeHTpoHa o6na.u.aeT 

MarHHTHhlM n0T0K0M He il!o, KaK y napT0Ha 0TPHU.aTeJlbH0ro, a 2il!o. (3.u.ecb 
y HeK0T0pblX '-lHTaTeJJeH MoryT B03HHKHYTh C0MHeHH.H B peaJJbH0CTH no

cne.u.Hero npe.u.noJJ0)KeHH.H H3-3a TOro, 'ITO BCJJe.U.CTBHe O'-leBH,ll.HOH MaJJ0CTH 

Hp JJI06oro H3 a.u.poHHhlX napT0H0B ~ 10-14 CM Macca Ka)K.u.oro H3 HHX 

npeBaoii.u.eT .rr.a)Ke Macey p+ H Hx cyMMapHa.H Macca npeBaoii.u.eT Macey 

H p+, H n. Ho. npH cynepMaJlb!X r12 Me)K.u.y napTOHaMH B HYKJJ0Hax 
KOM6HHaTOpHKa BeKT0p0B Hanp.H)KeHH0CTH noJJeH napT0H0B CK0pee BCero 

o6ecne'IHT CHH)KeHHe BeJJH'-lHH o6oHx Maccoo6p.aayIOlll.HX noneH Ka)K.u.oro 

HyKJJ0Ha .u.o HX peaJJbHh!X 3Ha'-leHHH). 
KoJJH'-lecTBeHHOe H Ka'-lecTBeHH0e no.u.rnep)K.U.eHHe a.u.eKBaTH0CTH 3Toro 

Ha nepBb!H B3rJl.H.ll. '-lpe3MepH0 CMeJJoro npe.u.noJI0)KeHH.H C0CT0HT B cne.u.y

IOlll.eM. 

Ou.eHHM, npe)K.u.e Bcero, rny6HHY TaKOH )Ke, KaK y aToMa no3HTp0HH.H, 

TaK Ha3bIBaeMbIH aCHMTTT0TH'-leCKH CB060.U.HOH_ .HMhl B 3HeprnH B3aHMO.U.eH-. 
CTBHH Me)K.ll.Y 7+ H 7-. 

Ha npHBe.u.eHHoro B rn. 4 xo.u.a peaJihH0H .:rneprnH e-e+-BaaHMO.U.eH:, 

CTBH.H (pHC. 4) H C00TBeTCTBYIOllJ.HX eMy ee Bblpa)KeHHH, a.u.eKBaTHh!X TaK)Ke 

H .ll.JI.H TH)KeJihlX 7-JienT0H0B, .!1.JIH nocJie.U.HHX HaX0.U.HM Rr = (me/mr )Re = 
= 1, 1 . 10- 14 CM H peaJJhHYIO rJiy6HHY .u.a)Ke T0JihK0 acHMTTT0TH'-leCKH 

CB060.U.HOH noTeHU.HaJibHOH HMhl U7 (r 12 ~ 0) ~ -11 M3B, a rny6HHa 
peaJihHOH napa.HMhl C0CTaBJIHeT 4,25 f3B! 

H y)Ke a.u.ech CTaH0BHTCH 0'-leBH.!1.HhlM cpaKT npeBpameHH.H peaJibH0ro 

JiemoHa 3JieKTpoHa c Ue(r12 ~ 0) = -2,37 K3B no cyrn B CHJihH0 B3a
HM0.U.eHCTBYIOlll.HH 7-a.u.poH T0JihK0 JIHlllh aa C'-leT CHH)KeHH.H M0.ll.YJI.H R c 

Re= 3,870575 · 10- 11 CM .!1.0 3Ha'-leHHH Rr = (me/mr)Re = 1,1 · 10- 14 CM, 
npHBe.u.ruero K B03pacTaHHIO 3HeprnH CBH3H 7+ C 7-, K0T0pa.H .u.a)Ke 
npeB0CX0.ll.HT H3BeCTHh!H a.u.poHHhlH ypoBeHb. 

'.:ho .u.aeT 0CH0BaHH.H .ll.JI.H CJie.U.YIOlll.ero yTBep)K.u.eHH.H. 
£aw-tcmBeHl-lblM. UCm0'I.HUK0M., o6pa3ylOU{UM. U BCe n0AH. B3aUM.oaeu

CmBUH. - 3AeKmpu'leCKoe, M.aimumHoe u cpaBumau,uoHH0e - u M.accbt 
KaK 3AeMeHmapHblX 'l.acmuu,, maK U M.aKp0CK0nU'l.eCKUX meA, H.BAH.emcH. 
6eaM.aCCOBblU 3apH.aOBblU KBaHm ±e. 

MacHumHoe noAe BO Bcex · M.UKpo- u M.aKpoo6'beKmax o6paayemcH. 
m0AbK0 8BU:HCeHUeM. 3apH.aOB, BCecaa coaaalOU{UX U 3AeKmpU'l.eCK0e n0Ae. 
A Bee cpaBumau,uoHH0 B3auM.oaeucmByJOU{Ue M.accbt 06pa3y10mcR cyM.
M.apHou 3Hepcueu 3AeKmpu'l.ecKoco u M.acHumHoco noAeu. 

CoaaaBaeM.bte :»ce ±e u KoppeKmHo Y'I.UmbtBaeM.bte He moAbKo E, 
HO u H, H.BAH.IOmCH. maK:»ce eauHCmBemtblM ucmo'I.HUKOM. CUAbH0c0 
B3aUM.OaeucmBUH., 803HUKaJOU{ecO m0AblW M.e:»cay peaAbHblM.U UCmUHHO 
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3AeM.eHmapHblMU 'l.acmuu,aM.U - mH.:»ceAblMU 7-AenmoHaM.U, K0m0pbte B 
aapoHaX BCecaa UcpalOm p0Ab napm0HOB C UX (M.HOcOKpamHO M.eHb
UJ.UM. 3AeKmpOHHOc0) 60AbUlUM. paauycoM Rr ~ 1,1. 10- 14 CM. u M.accoii 

~ 1782 MaB. 
Co.u.ep)KaHHe KHHrH, a TaK)Ke TOT cpaKT, 'ITO B Te'-leHHe Bcero xx B. HH 

B 0.!1.H0M 3KCnepHMeHTe He y.u.aJIOCb o6Hapy)KHTh HH 0.!1.HH M0.U.YJ!h aapH.u.a 

xoT.H 6hr 0.!1.HOH tJacTHU.hl, He KpaTHhIH M0.!1.YJIIO I± 4,803242 • 10-IOI .u.aeT 

0CH0BaHHe c.u.eJiaTh CJie.U.yIOlll.ee HT0roBoe yrnep)K.u.eHHe. 
YHuBepcaAbHbtM. (u eau1-tcmBeHHbtM.) npupoaoo6paay10U{UM. o6'beK

moM. H.BAH.emcH. 1-teaeAUMblU KBaHm 3AeKmpu'l.eCK0c0 6e3M.Cl,CCOB0c0 aapH.
aa ±e = ±4,803242 - 10-IO CI'C3. B Ka:»caou ucmu1-t1-to aAeMeHmapHoii 
'l.acmuu,e OH Bcecaa paBHOpacnpeaeAeH no noBepxHocmu mopa c 6oAb
utUM. paauycoM R u paauycoM. nonepe'I.HOcO ce'l.e1-tuH. Po c UHBapuaHm-
1-tbtM coomHouteHueM. ln(8R/Po) = 1r/(2a.) +2 = 217,2564 (16) M.e:»cay 
HUM.U u nocmOH.HHO u,upKyA·upyem no Heii C v'P = +c (UAU -c). BCH. 
M.acca maKOU '1.aCmUU,bl, 3KBUBaAe1-tm1-taH. noAHOU 3HepcUU o6paayeM.blX 
u,upKyAupylOU{UM B 1-teU 3apH.aOM. 1-tanpH.:»ceHHOCmeii, 3AeKmpu'l.eCK0cO E 
u M.amum1-toco H noAeii, m = 3,525855 • 10-38 

/ R H.BAH.emcH. maK:»ce 
eauHcmBeHHbtM B npupoae ucmo'I.HUK0M. noAH. cpaBumau,uoHHOcO. TaKUM. 
o6pa30M., eaUHblM UCm0I/.HUKOM. BCeX BUaOB B3aUMoaeucmBUU Me:»cay 1/.a
cmuu,aMU u M.aKpoo6'beKmaM.u npupoabl H.BAH.emcH. aapH.aoBbtii KBaHm ±e. 

ABTOP Bbrpa)KaeT HCKpeHHIOIO 6Jiaro.u.apH0CTh K0JIJieraM H3 JIT<t>, JIHT, 
JIB3, JI5ITT H JIH<t> OH5IH IO. A. AJieKcaH.u.poBy, IO. H. AJieKcaxHHY, 

E. M. Eap6aruoBy, <I>. A. fapeeBy, A. B. ,lleMhHHOBY, B. M. ,lly6oBHKY, 

r. B. Eq>HMOBY, E. H. 3axapbeBy, B. r. 3HHOBY, B. r. Ka.U.h!WeBCKOMY, 
IO. IO. Jio6aHoBy, B. 11. JiymHKOBY, JI. M. OHHllJ.eHKo, H. r. lllaKyHy, 

n. T. illHlllJIHHHHKOBY, K0T0pb!e 0Ka3hIBaJIH eMy cymecTBeHHYIO n0M0lll.h 
B perueHHH KaK npo6JieM TeopeTH'-leCKHX, TaK H 3KcnepHMeHTaJibHh!X, H 

0X0TH0 y'-laCTB0BaJIH B nJI0.U.0TB0pHblX .ll.HCKYCCHHX no TeMaTHKe KHHrH, H 

TT0CB.Hlll.aeT KHHry CBeTJIOH naM.HTH 6e3BpeMeHH0 yrue.u.ruHX B.U.OXHOBHTeJieH 
aBTopa aKa.U.eMHK0B B. A. <PoKa, ,ll. 11. 6JIOXHHU.eBa, A. M. EaJI.U.HHa H 

'-lJieHa-KoppecnoH.U.eHTa AH CCCP <I>. JI. illanttpo, a TaK)Ke K0JIJier 

B. H. Eq>HMOBa H IO. n. TTonoBa. 
Cep.u.e'-IHO 6Jiaro.u.apHT TaK)Ke C0TPY.!1.HHK0B H3.U.aTeJJhCK0r0 0T.U.e

Jia OH5IH E. H. Bo.u.oBaToBy, E. M. fpaMeHHU.KYIO, T. 5I. )Ka6HU.KYIO, 

11. 11. Py.U.HH'-leHKO, E. B. Ca6aeBy, 0. B. YcrnHoBy, 3KcnpeccHo no.u.roTO

BHBlllHX ny6JIHKaU.HIO KHHrH. 
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IIpHJIOJKeHHe 1* 
Mo,!J,eJih cTpyKTYPhI aJieKTpoHa H MIOOHa 

1 

TToKa3aHO, l!TO eCJIH MarHHTHb!H noTOK KBaHTOBaH B Ka)K.IJ.OM JJenTOHe, a HX 
6e3MaCCOBbie 3apl!.ll.bl paBHOMepHO pacnpe.11.eJJeHbl no nosepXHOCTH TOpOB qacrnu 
H HMelOT a3HMyTaJibHYIO CKOpOCTb, paBHYIO CKOpOCTH CBeTa, TO cnHH Ka)K.IJ.OH 
TaKOH KOJlbUa-qaCTHUbl T04HO paBeH h/2 npH 3HatJeHHH KBaHTOBoro lJHCJJa Mar
HHTHOfO noTOKa M = 1, a BC!!. Macca no KO.fl HMeeT 3JJeKTpOMarHHTHYIO npHpo
.ll.Y, npH4eM pacl!eT .II.Jill 3JieKTpOHa .11.aeT mec2 = 0,51162 M3B H .II.Jill MIOOHa 
m,..c2 = 105,782 M3B. TTpHse.11.eHbI pactJeTHble napaMeTpbI KOJJeu-tJacrnu . 

11cxo.QHOH npe.QnOCbIJlKOH MO.QeJJH cTpyKTYPhl 3JJeKTpotta H MJOOHa npH
MeM YHHBepcaJJbHOCTb H3BeCTHOro KBaHTa MarHHTHOrO TIOTOKa, o6Hapy
JKeHHOro npH HCCJJe.QOBamrn MaKpOCKOTIH1-leCKHX CBepxnpoBO,QHJ.UHX KOJJeu. 
TotJHee, ero 3HatJeHHe <I>o = 2,06785 • 10-7 (cHcTel\rn e.QHHHU rayccosa) 
6y.QeM ClJHTaTb cnpaBe.QJJHBbIM H ,QJJH JJenTOH0B. Heo6XO,QHMOCTb yqern s 
Te0pHH cymecTB0BaHHH KBaHTa 3JleKTpHtJecKoro 3apH.Qa e = 4,803242 X 
X 10-10 , 3KBHBaJJeHTHOfO KBaHTY TIOT0Ka BeKT0pa HanpHJKeHHOCTH 3JleK
TPHtJeCK0ro noJJH CKB03h oxsaTb!BaJOI.UYJO tJacTHUY 3aMKHYTYJO nosepx
HOCTh, onpe.QeJJeHHO yKa3hIBaeT Ha HeMeHbIIIYJO Ba)KHOCTb ,QJJH Te0pHH 
CJJe,QCTBHH, BbITeKaJOJ.UHX H3 HaJJHlJHH B npHpo,Qe BbIIIIeynoMHHyTOrO KBaHTa 
MarHHTHOro TI0T0Ka . 

6y.QeM TaK)Ke npe.11.noJJaraTh, lJT0 3apHA tJaCTHUbl paBHOMepHO pacnpe,Qe
JJeH no KOJlbUeBOH TOpOH,QaJlhHOH nosepxH0CTH C 60JJbIIIHM pa.QHYC0M rnpa 
R H MaJJhIM pa.QHycoM Kpyrosoro ceqemrn K0JJbUa po, npHtJeM po « R. 

CymeCTBeHHblM HBJJHeTCH TaK)Ke npe.QTIOJJaraeMoe HaJJHtJHe TIOCTOHHHOH 
a3HMYTaJJbHOH CKOpOCTH 3apH.Qa, paBHOH CKOp0CTH CBeTa c. 0.QHHM H3 
apryMeHTOB B TI0J1b3Y 3T0ro npe.Qn0JJ0}KeHHH HBJJHeTCH paBeHCTB0 CHJl 
3JJeKTpOCTaTHtJecKoro pacTaJJKHBaHHH 3apH,Qa H ero MarHHTHOro CTHrH
BaHHH, HanpaBJJeHHbIX B)l,OJlb HOpMaJJH K nosepXHOCTH rnpa. Bo3MO)KH0 
TaK)Ke, lJT0 BbITeKaJOmee H3 TeopHH .LI.HpaKa <<Jl.p0MaHHe>> 3JJeKTpOHa co 
CK0pOCTblO C B )l,eHCTBHTeJJbH0CTH HBJJHeTCH 3THM ynopH.Q0tJeHHblM a3H-

• 4T06bl 06J1er'-lHTb )!Jill '-lHTaTeJll! npouecc 03H3KOMJleHHll C CYTblO cy1UeCTBeHHO HeCTaH

.ll3PTHblX cpparMeHTOB KHHrH, npHJJaralOTCl! TeKCTbl HeCKOJlbKHX JlerWHX B ee OCHOBY paHee 

ony6JIHK0B3HHblX pa6or asrnpa H KOJIJler. B HeKOTOpble H3 HHX BHeceHbl He60JlbWHe KOppeK

THBbl. 

1Mamopa H.M. npenpHHT 0115U1 P4-81-8I. .lly6Ha, 1981. 
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MYTaJJhHhIM ,ll.Bf!)l{eHtteM ero 3apH,ll.a. Bb16epeM l..lHJJHH,ll.ptt'-IeCKYIO CHCTeMy 

KOOp.D.ttHaT C Ha'-IaJJOM B ueHTpe KOJlhl..la fl OChlO Oz, HarrpaBJJeHHOH 110 OCH 
ero CHMMeTpHH. 

JfraK, B COOTBeTCTBHH C rrepBbIM rrpe.n.rroJJO)KeHtteM MarHHTHb!H ITOTOK 

<I>, C03,ll.aBaeMbIH BhJlI!eyrroMHHYThIM a3ttMyTaJJbHhJM TOKOM, B 3JleKTpOHe fl 

MIOOHe BbipamaeTCH B BH,ll.e 

<I> = M<I>o (±M = 0, 1, 2, ... ), (I) 

a cyMMapHbIH 3JJeKTptt'-IeCKHH 3apH.n. Ha Kam.n.oM KOJlhl..le paBeH e. 
ITOJJb3YHCh H3BeCTHhlMH BblpameHHHMH BeKTOpHoro ITOTeHuttaJJa KOJlb

ueaoro TOKa A,,,(r, z), CKaJJHpHoro ITOTeHUHaJJa,tt COCTaBJJHIOW:HX Ha11pH

)l{eHHOCTH MarHHTHOro fl 3JleKTptt'-IeCKOro ITOJleH Hr, Hz, Er, Ez 1.Jepe3 

ITOJlHbie 3JlJJHITTH'-IeCKHe HHTerpaJJbl, ,ll.JJH 6JJH3KOH K fIOBepXHOCTH TOpa 

OKpecrnocrn rrony1.JaeM cne.n.yIOru:tte rrptt6nttmeHHhie qiopMyJJhI .ll.JJH A,,,, a 

TaKme ,ll.JJH BeJJH'-IHH BeKTOpOB IHI = H fl IEI = E: 

A,,,(p) = ( 2~) (1n ( ;) + 0,0794); 

I 
H(p) = E(p) = 2-, 

cp 

(2) 

(3) 

r.n.e p - pacCTOHHHe CIT OKpymHOCTH pa.n.ttycoM R, pacrrOJJO)KeHHOH B 

3KBaTOpttaJJbHOH ITJJOCKOCTH Topa C ueHTpOM B Ha'-IaJJe KOOp,ll.ttHaT; J -
a3ttMyTaJJbHh!H TOK B KOJlhl..laX. 

113 3JleKTp0,ll.HHaMH'-JeCKHX COOTHOlIIeHHH, CBH3hJBaIOW:HX MarHHTHhlH 

MoMeHT 1.rncrnu µ, TOK I tt pa.n.ttyc R, Haxo.n.ttM 

I I e 
R2 ---

µ = 1r ;; • ;; - 21r R' (4) 

orny.n.a 

R = 2!!:., ~ = ±_ (5) 
e C 41rµ 

Tor.n.a MarnttTHhIH ITOTOK, rrpoHtt3hIBaIOW:HH KOJJhl..lO <I>= 21rRA,t,(po), 6y.n.eT 
paaeH 

<I>= 2e (In ( ;) + 0,0794) = M<I>o. (6) 

J13 ITOCJJe,ll.Hero BbJTeKaeT BbipameHtte ,ll.JlH CITeKTpa ,ll.OITYCTHMhlX ,ll.HCKpeT
HhIX 3Ha1.JeHtt11 In (Rf po): 

In (R) = M<I>o - 0 0794 
p 2e ' ' (7) 

6e3pa3MepHblH KBaHT KOToporo eCTh <I>o/(2e) = 215,2557. 

.-.. _, 
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BKna.n. 3JJeKTpoMarHHTHoro rronH B 3HeprnIO rroKoH Eb cocTaBJJHeT 

Eb= 8~ f (H2 + E2)dV. 

B COOTBeTCTBHH c (3) OH rrpe.n.cTaBHM a BH,ll.e 

Eb = 2:
2

R (In ( :: ) + In ( z)) , 
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(8) 

(9) 

(cyw:ecTByIOT TaKHe 3Ha'-IeHHH BeJJH'-IHHhl RM fl R3 pa3MepHOCTH ,ll.Jlf!Hhl, 

rro.n.cTaHOBKa KOTOphIX B (9) .n.aeT TO'-IHoe 3Ha1.JeHtte Eb)- · 
lfro6hi 06ner1.JHTh ITOHHMaHHe pe3yJJhTaTOB .n.aJJbHeHlIIero paccMOTpe

HHH, BOCI10Jlh3yeMCH TeM o6CTOHTeJlhCTBOM, '-ITO rro.n.aBJJHIOW:aH '-IaCTh HH

Terpana (8) co.n.epmttTCH a o6na~TH MaJJhIX p, '-ITO .n.aeT OCHOBaHtte rrptt6JJH

)KeHHO ITOJJO)l{HTh 

RM ~R3 ~R. 

Tor.n.a 

E' = ~In(R) = Mehc -0,0794~ ~ Mehc_ (9') 
o 1rR Po 4µ 21rµ 4µ 

HeKBaHTOBaHHOe CJJaraeMoe a rrpaBOH 1.JaCTH (9') orryru:eHO, TaK KaK ero 

MO.D.YJJh rrpH M > 0 COCTaBJJHeT < 4 . 10-4 OT MO.D.YJJH OCHOBHOro '-JJJeHa. 

Bb!'-IHCJJeHHe MeXaHH'-IeCKOro MOMeHTa (crrttHa) s '-IaCTHl..lhl, KOTOpb!H, 

01.JeBH,ll.HO, paBeH rrpott3Be,ll.eHHIO BeJJH'-IHHhl pa.n.ttyca KOJlhl..la R, na KOTOpOM 

cocpe,ll.OTO'-IeH 3apH.n., fl ITOJJeBOH 1.JaCTH HMITYJlhCa 3apH.n.a p B 3TOM me 

MecTe, c y'-IeTOM (5) tt (7) .n.aeT 

p0 e
2 

( ( R) ) Mn s = ReA,,,c = ~ In po + 0,0794 = 2 . (10) 

0TCIO,ll.a cne.n.yeT, "!TO Bee '-IaCTHl..lhl co CITHHOM h/2 ,ll.OJl)l{Hhl xapaKTeptt30-

BaThCH KBaHTOBhIM '-IHCJJOM MarHHTHoro ITOTOKa M = 1. ::ha o6ycJJOBJJeHHaH 

MO,ll.eJlhlO KpaTHOCTh CITHHa BeJJH'-IHHe h/2 Bhl3bJBaeT orrpe.n.eneHHhIH 011TH

MH3M. 

Ho o6na.n.aIOW:aH MexaHtt'-JeCKHM MOMeHTOM '-IaCTHl..la ITOMHMO 3Heprntt 

ITOJJH (9) HJJH (9') o6na.n.aeT TaKme .n.o6aBO'-IHOH 3Heprneii ITOKOH Eff 3a C'-JeT 

UHPKYJJHUHH ee 3apH.n.a, paBHOH BBH.ll.Y cBeTOBOH ero cKopocTH 

Ee{= pc= M(ehc) 
4µ 

(I I) 

ITonHaH 3HeprnH ITOKOH 1.JaCTHl..lhl, TaKHM o6pa30M, OKa3hJBaeTCH paBHOH 

Eo = Eb+ E0 = M~:hc) (M = 1 ). (12) 
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A paapeumB ( 12) OTHOCHTeJlbHO MarHHTHOro MOMeHTa µ, HMeeM 

es 
µ = eh(2mc) = -, 

me 
(13) 

OTKy.n.a noJ1r1aeM npaBHJlbHOe KBaHTOBO-MeXaHH1-1ecKoe OTHOIIIeHHe 

µ e 

s me (14) 

XapaKTepHO, 1ITO KBaHTbl 3HeprnH noKO.H Eo JI.JI.II Bcex 1IeTbipex JlenTO
HOB B (12): 

oEo = ehc 
2µ' (15) 

nopa3HTeJlbHO 6JIH3KH K 3KCnepHMeHTaJlbHb!M 3HatJeHH.HM HX 3HeprnH no

KOH H cocTaBJI.HJOT 0,51041 M3B .ll.JI.H 3JleKTpoHa H 105,533 M3B .ll.JI.H 

MJOOHa. ITpas.n.a, ua-aa .n.onymeHHoro HaMH BbIIIIeynor.rnHyTOro npH6J1mKe

HH.H B (9') COBna.n.eHHe 3TO no Ka HeJlb3.H C1IHTaTb T01IHblM. YT01IHeHHOe 

BbI1IHcJ1eHHe (8) .D.JI.H e± H µ± 6b1J10 npo.n.eJ1aHo Ha 3BM. lfacTb HHTerpaJ1a 

no 06J1aCTH, npHMbIKaJOIII.eH K noaepXHOCTH KOJlbUa Po ~ p ~ 10-6 R, Bbl-

1IHCJI.HJiaCb aHaJIHTH1IeCKH, a BHe TOpa p = 10-6 R - 1IHCJleHHO. 

ITpe)l{.n.e 1IeM npHBeCTH Ta6JIHUY Bb!1IHCJjeHHb!X Ha OCHOBe npe.n.J1ara

eMOH MOJJ.eJIH napaMeTpOB e± H µ±, no.n.11epKHeM, 1ITO HCXOJJ.Hb!MH JI.JI.II 

Hee 6bIJIH YHHBepcaJlbHbie qJH3H1IeCKHe KOHCTaHTbl h, c, e, <I>o = 1rhc/e 
H JI.Ba H3MepeHHbIX 3HatJeHH.H MarHHTHb!X MOMeHTOB 3JleKTpOHa H MJOO

Ha, paBHb!e COOTBeTCTBeHHO 9,28485. 10-21 H 4,49062. 10-23 3pr/rc. 

ITo.n.roH01IHbie napaMeTpbI B MOJJ.eJIH OTCYTCTBYJOT. ITpe.n.noJ1araJ1HCb JIHIIIb 

o6mue CTPYKTypHbie oco6eHHOCTH qacrnu: a) TOpOHJJ.aJlbHa.H CHMMeTpH.H; 

6) o.n.Hopo.n.Hoe pacnpe.n.eJ1eHHe aap.H.n.a no nosepxHocrn TOpa; a) paaeHCTBO 

CKOpOCTH a3HMyTaJlbHoro .ll.BH)l{eHH.H aap.H.n.a CKOpOCTH CBeTa. 

Pac11ernb1e 3Ha1IeHH.H M, s, Eo, R, In (R/ Po), po H J / c .n.aHbI B Ta6J1uue. 

llacrnua M s Eo,M3B R, CM ln(R/p0) pO, CM 1/c 

e± l h/2 0,51162 3,866. 10- 11 215,18 1,37. 10-104 1,97 
µ± l h/2 105,782 1,870 · 10- 13 215,18 6,64. 10-101 408,8 
T± l h/2 1784,0 1,1. 10- 14 215,18 3,9. 10-108 6900,0 

)lJI.H T-JlenTOHa, H3BeCTHa.H 3KCnepHMeHTaJlbHa.H 3Heprn.H IlOKO.H KOTOpo

ro Eo = ( 1784 ± 4) M3B, npe.n.CKaahrnaeMhIH Mo.n.eJ1b10 MarHHTHbIH MOMeHT 

eCTb µT :;::: 2,65. 10-24 
3pr/fc. floMHMO y)l{e OTMe1IaB1IIeroc.H COBna.n.eHH.H 

Bbl1IHCJleHHb!X cnHHOB C HX 3KCnepHMeHTaJlbHblMH 3HatJeHH.HMH BHJJ.HO H 

COBna.n.eHHe Mace nOKO.H e± H µ± He Xy)l{e 0, 12 %. 3TO MOJKeT CJIY)l{HTb 

OCHOBaHHeM JI.JI.II yTBep)l{.n.eHH.H, 1ITO, no-BH.D.HMOMY, npupo.n.a Mace nOKO.H 

Bcex JlenTOHOB IlOJIHOCTblO 3JleKTpOMarHHTHa.H. 3To )l{e yTBep)l{.n.eHHe 0 

npupo.n.e Ma CC bl MJOOHa 6blJIO c.n.eJ1aHO 6apyTOM [ 1]. 
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Pacnpe.n.eJ1eHHe Macchi, aap.H.n.a H MarHHTHOfO MOMeHTa OKa3aJIOCb .n.o 

HeKOTOpOH cTeneHH aHaJIOrH1IHb!M napTOHHOH MO.D.eJIH a.n.pOHOB. Bee yKa-

3aHHbie xapaKTepHCTHKH CKOHUeHTpHpoaaHbl He B TOtJKaX, a B qpe3BbI

qaHHO MaJ10H OKpecTHOCTH OKPY*Hocrn pa.n.uycoM R. 60J1bWOH pa.n.uyc 

3J1eKTpOHa Re = 3,87. 10- 1 l CM, Ha nepBblH B3fJI.H.ll., napa.n.oKCaJlbHO BeJIHK. 

O.n.HaKO YHHKaJlbHblH no BeJIH1IHHe MarHHTHb!H MOMeHT 3JleKTpoHa He Mor 

6bI 6bITb C03.D.aH C noMOIII.blO .n.a)l{e CBeTOBOH CKOpOCTH ynop.H.D.OtJeHHOro 

)I.BH)l{eHH.H cyMMapHoro aap.H.n.a e npH MaJIOM xapaKTepHoM paaMepe 11a

cTHUbI. J13 He CB.H3aHHOfO C MO.D.eJlblO COOTHOIUeHH.H Heonpe.n.eJ1eHHOCTeH 

TaK*e cJ1e.n.yeT, 11To xapaKTepHbIH paaMep 2R J1106oii 11aCTHUbI .ll.OJl)l{eH 

yJI.OBJleTBOp.HTb Bb!pa)l{eHHIO 

2R;;:: he/pc (16) 

(p - xapaKTepHbIH HMnyJ1hC BHyTpeHHero JJ.BH)l{eHH.H). Bsu.n.y Toro, 1ITO 

H3BeCTHOe H3 TeopHH )lHpaKa 
0

<<.ll.PO)l{aHHe>> .n.ame nOKO.Hlll.efOC.H 3JleKTpOHa 

HMeeT MaTeMaTH1IeCKOe O)l{HJJ.aHHe onepaTopa CKOpOCTH, paBHOe c, JI.JI.II Hero 

2R;;:: hc/mc2 = 3,86 • 10- 11 
CM. (17) 

MarHHTHble HH.ll.YKUHH B paccMOTpeHHb[X KOJlbUax-tJaCTHUaX CTOJlb Be

JIHKH (y noaepXHOCTH TOpOB -10100 re B 3JleKTpOHe H rv 10)09 re B MJOOHe, 

a B ueHTpe KOJleU - COOTBeTCTBeHHO 3,2. 1011 re H 1,37. 1016 fc), 

1ITO KOpOTKO.D.eHCTBYJOIII.ee B3aHMOJJ.eHCTBHe TaKHX KOJleu-MarHHTHblX MO

MeHTOB cnoco6Ho 06ycJ10BHTb CHJlbHOe B3aHMOJJ.eHCTBHe. B CYIII.HOCTH 3TO 

y)l{e 6bIJIO noKa3aHO 6apyTOM H KpaycoM [2], npo.n.eMOHCTpHpoBaBIIIHMH 

TeopeTH1IeCKH C noMOIII.blO BBe.n.eHH.H HeKHX 3q>q>eKTHBHb[X noTeHUHaJIOB 

B3aHMO.D.eHCTBH.H aHOMaJlbHOro MarHHTHOfO MOMeHTa JlenTOHa C noJleM 

Heno.n.BH)l{HOro aHTHJlenTOHa B03MO)l{HOCTb B03HHKHOBeHH.H peaoHaHCOB C 

xapaKTepHblMH paaMepaMH a.n.pOHOB. . 

BepO.HTHO, .HJJ.epHbie CHJlbl TaK)l{e 06ycJ10BJ1eHbl B3aHMOJJ.eHCTBHeM Mar

HHTHb!X MOMeHTOB HYKJIOHOB (xorn paCCMOTpeHHa.H npoCTeHIIIa.H KOJlbUeBa.H 

MO.D.eJ1b CTPYKTYPbI .ll.JI.H npoToHa 0KaaaJ1aCb He anoJ1He no.n.xo.n..Hlll.ei-i, -

paCC1IHTaHHa.H Ha ee OCHOBe 3JleKTpOMarHHTHa.H Macca noKO.H COCTaBHJla 

JIHIIIb -336 M3B). 

ITocJ1e.D.Hee no.n.TBep*.n.aeTc.H cJ1e.n.y101II.eH aamHOH oco6eHHOCTbJO CTpyK

TYPhI .H.D.ep. Bo acex .H.D.pax 11eTHa.H 11acTb HYKJIOHOB acer.n.a .n.onyCKaeT 

pa36HeHHe Ha napb1: npoTOH-HeHTpOH, npOTOH-npOTOH H HeHTpOH-HeHTpOH, 

JIJ06a.H H3 KOTOpb!X HMeeT aHTHnapaJ1J1eJ1bHble MarHHTHbie MOMeHTbl. 3a

p.H.D.OBO-He3aBHCHMOH .HBJI.HeTC.H B3aHMHa.H opHeHTal.lH.H B yKa3aHHblX na

pax HMeHHO MarHHTHblX MOMeHTOB, Tor.n.a KaK CnHHbl a HHX 6hIBaJOT H 

aHTHnapaJ1J1eJ1bHb!MH, H napaJ1J1eJ1bHblMH (KaK B .n.eiiTpoHe). 3To 3Ha1IHT, 

1ITO B3aHMOJJ.eHCTBHe MarHHTHb!X MOMeHTOB MO)l{eT 6bITb .lJ.HHaMH1IeCKHM 

qiaKTOpOM, 06ycJ10BJIHBaJ01II.HM CHJlbHYIO CB513b. 

KpoMe TOfO, eCTb COBna.n.eHHe 3aBHCHMOCTH OT paCCTO.HHH.H Me)l{.n.y 

qaCTHUaMH .H.D.epHb!X CHJI H B3aHMo.n.eHCTBH51 B3aHMHO aHTHnapaJ1J1eJ1bHblX 

MarHHTHblX MOMeHTOB, coa.n.asaeMb!X KOJlbUeBb!MH TOKaMH C COBna.n.aJO-
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ll.{HMH 3KBaTOpHaJJbHbIMH nJJOCKOCTHMH KOJJeu.. Jlerno nOHHTb C nOMOll.{blQ 

H3BeCTHOro Bbipa:lKeHHH 3HeprnH B3aHMOJJ.eikTBHH JJ.BYX MarHHTHbIX Mo

MeHTOB, 'ITO npH pacCTOHHHH Me:lKJJ.Y KOJlbU.aMH r, TaKOM, 'ITO r ~ 2R, 
npottcXOJJ.HT KOpOTKOJJ.ettcTByJOw:ee npttrn:lKeHHe I ~ 1 /r3 j. 

ECJJH ,Ke r :::::;; 0, TO Ha6JJJOJ].aeTCH CHJlbHOe OTTaJJKHBaHHe. B o6JJaCTH 

0 < r < 2R C B03paCTaHHeM r OTTaJJKHBaHHe nepeXOJJ.HT B npHTH:lKeHHe. 

TaKHM o6pa30M, nOHHTHO, notJeMy HMeHHO aHTHnapaJJJJeJJbHaH opHeH

TaU.HH MarHHTHbIX MOMeHTOB o6ycJJOBJIHBaeT HX CHJlbHYJO CBH3b. 3JJ.ecb 

CHapy:lKH HaXOJJ.HTCH He 6apbep OTTaJJKHBaHHH, KaK 6bIJIO 6bi B CJJy'Iae 

napaJJJJeJJbHbIX MOMeHTOB, KOTOpb!H J].eJJaJJ 6bi CBH3b HeB03MO:lKHOH, a 30Ha 
CHJlbHOro npHTH:lKeHHH. 

B CBeTe 3THX npeJ].cTaBJJeHHH ecTecTBeHHa tt HeKOTopaH HeaJ].JJ.HTHB

HOCTb MarHHTHbIX MOMeHTOB, KOTOpaH, HanpHMep, B JJ.eHTpOHe COCTaBJJHeT 

OKOJIO 2 %. KBaHTOBaHHbIMH B HYKJJOHax OCTaJOTCH MarHHTHbie noTOKH, a 

M0MeHTbl H3·3a B3aHMOHHJJ.YKU.HH H3MeHHIOTCH. 

DbIJJO 6bI iieo6beKTHBHbIM He ynoMHHYTb o CJieJJ.yJOw:eA oco6eHHOCTH 

npeJ].JJO:lKeHHOH MOJJ.eJJH, KOTopaH MO:lKeT 6bITb HHTepnpeTHpoBaHa ,ltBOHKO. 

B xopowo HCCJJeJ].OBaHHb!X CTaU.HOHapHbIX KBaHTOBO-MexaHH'IeCKHX CHCTe

Max, HanpHMep, B aToMe BOJJ.OPOJJ.a HJIH B CBepxnpOBOJJ.Hll.{HX MaKpOCKOnH

'IeCKHX KOJibU.ax B HaHHH3WeM COCTOHHHH (n = 1 Jl.JIH BOJJ.OPOJJ.a H M = 1 
Jl.JIH KOJlbU.a), Jl.JIHHa BOJIHbl JJ.e EpOHJIH COOTBeTCTBeHHO Jl.JIH 3JJeKTpoHa H 

COCTOHll.{eH H3 JJ.BYX 3JleKTpOHOB KBa3H'IaCTHU.bl, Bbl'IHCJleHHaH no MaTe

MaTH'IeCKOMY O:lKHJJ.aHHJO oneparnpoB HMnyJJbca, B TO'IHOCTH paBHa Jl.JIHHe, 

OKpy:lKHOCTH c 6opOBCKHM paJJ.HYCOM tt paJJ.HYCOM KOJlbU.a COOTBeTCTBeHHO. 

B TO ,Ke BpeMH 3Ta J].JIHHa BOJIHbl 3apHJJ.a e B Harnett MOJ].eJJH, COOTBeTcTBy

JOll.{aH HMnyJibcy eAcp(Po)/c H3 (10), cocTaBJIHeT He 21rR, a 41rR. 
CKenTH'IeCKH HacTpOeHHblH 'IHTaTeJJb B CBH3H C 3THM BnpaBe pacu.eHHTb 

3TO KaK TPYJJ.HOCTb MOJJ.eJIH. OnTHMHCT, Hao6opoT, MO:lKeT JJ.yMaTb, 'ITO B 

3JieMeHTapHbIX 'IaCTHU.aX ocyw:eCTBJIHIOTCH CTOH'IHe BOJIHbl JJ.e EpOHJIH. 

B 3aKJIJO'IeHHe C'IHTaJO npHHTHbIM JJ.OJJfOM npHHeCTH HCKpeHHIOJO 6JJa

fOJJ.apHOCTb 10. A. AJieKCaHJJ.pOBY, A. M. EaJIJ].HHy, B. r. KaJJ.bIWeBCKOMY, 

B. J1. Jlyw:HKOBY, B. A. CaBBHHy H J1. I1. illeJioHu.eBy 3a npoHBJieHHbIH 6J1a

ro:1KeJiaTeJ1bHbIH HHTepec K pa6oTe, JJ.HCKyccHH tt nOMOll.{b. 

CnttcoK JIHTepaTypbl 

1. Barut A. 0. I I Lecture Notes in Physics I Ed. A. Bohm. Springer, 1978. 
P.440. 

2. Barut A. 0., Kraus J. I I Phys. Lett. B. 1975. V. 59, No. 2. P. 175. 

Ilp11JioJKeH11e 2 
KocM11qecK11e Jiyq11 - nepo.HTHhIH reHepaTop 

aJieKTpOCTaTHqecKoro IlOJI.H n aTMOCq>epe 3eMJIH 1 

TioKa3aHa 6JIH30CTb K e,nHHHUe BepOllTHOCTH HHBepCHH cyMMapHoro 3JieKTpH'le
CKOfO TOKa, reHepttpyeMoro rrepBH'IHblMH peJIJITHBHCTCKHMH rrpoTOH8MH H ,npyrttMH 
a,npoHaMH °KOCMHqecKHX Jiyqeif (KJI), H3 IIOJIOJ!mTeJibHOro iia HX BXO,ne B aTMO
ccj:>epy B OTpHUaTeJibHb!H y 3eMHOH JJOBepxHOCTH. l1HBepCHll BO3HHKaeT H3-3a Toro, 
qro rrpOHHKaloruaJI CIIOC06HOCTb JIHBHeBblX 3JieKTpOHOB, HarrpaBJieHHOCTb CKopo
cTeH KOTOpblX 6JIH3Ka K HarrpaBJieHHOCTH rrepBHqHb!X KJI, 6oJiee qeM Ha IIOpll,QOK 
rrpeBocxo,nttT rrpo6ern BTOpttqHbJX rroJIOJKHTeJibHblX HOHOB. 

BBe.u.euHe. Tio J].aHHbIM MeTeopoJJoroB [ 1-4], noBepxHOCTb 3eMJIH 

BcerJJ.a HMeeT Ha ce6e 3JJeKTptt'IeCKHH 3apHJJ. QEF, = -5,57 • 105 KJI, a 

BepxHHH fOMOCq>epa (6oJJee 85 KM HaJJ. 3eMHOH noBepxHOCTb!O) CTa6HJJbHO 

3apH:1KeHa TaKHM :lKe no BeJJH'IHHe 3apHJJ.OM nOJJO:lKHTeJibHbIM. l13-3a 3TO

ro B aTMOCq>epe BCerJ].a cyw:ecTByeT CHJlbHOe 3JleKTpocTaTH'IeCKOe noJJe, 

HanpH:lKeHHOCTb KOToporo E HanpaBJJeHa K u.eHTPY nJJaHeTbI c BeJJH'IHHOH 

Er rv -130 B/M B6JJH3H noBepXHOCTH. 

l13BeCTHO TaK:lKe, 'ITO J].a:lKe B 6e306JJaqHbie JJ.HH aTMOCq>epa HMe

eT 3aMeTHyJO npOBOJJ.HMOCTb, H BbIWeynoMHHYTaH Er rv -130 B/M co-

3JJ.aeT noCTOHHHbIH TOK B HanpaBJJeHUH K noBepxHOCTH C nJJOTHOCTblO 

j rv 1800 e/cM2 • C (e - a6COJIIOTHaH BeJJH'IHHa 3apHJJ.a 3JleKTpOHa). 3TOT 

TOK npH OTCYTCTBHH MeXaHH3Ma nOJ].3apHJJ.KH QEf, cnoco6eH nOJJHOCTblO ero 

HettTpaJJH30BaTb npH6JJH3HTeJJbHO 3a 400 C. 

B 1922 r. BHJJbCOH [5] npeJJ.nOJJO:lKHJI, 'ITO nOCTOHHCTBO QEf, ~ -5,57 x 

x 105 KJI H 3apHJJ.a BepxHeH roMocq>epbI Q = IQEF,I noJJ.JJ.ep:lKHBaeT rpo30BOH 

MexaHH3M, H JJ.0 CHX nop 3Ta rHnOTe3a C'IHTaeTCH Hatt6oJJee npaBJ].On0-

JJ.06HOH. A, HanpHMep, rnnoTe3a 0 KOCMH'IeCKHX JJyqax KaK cpaKTOpe, 

CTa6HJJH3HpyJOW:eM 3apHJJ. MaKpOK0HJJ.eHCaTopa «noBepXHOCTb 3eMJJH - ee 

BepxHHH rOMOcq>epa!), noKa 3aMeTHOfO HHTepeca He Bbl3bIBaeT. 

OcHOBHOH npHttHHOH 3Toro HBJJHeTCH MaJJOCTb (~ 1 %) JJ.0JJH 3JJeKTpo

HOB H JJ.pyrnx 0TPHU.aTeJJbH0 3apH:1KeHHb!X qacrnu. B nepBH'IHblX KJI, TOrJJ.a 

KaK npoTOHbl (~ 90%) BMecTe c 6oJJee TH:lKeJJblMH HJJ.paMH COCTaBJJHIOT B 

HHX rv 99 %. TaK 'ITO, Ha nepBbIH B3rJJHJJ., nOJJ.3apHJJ.Ka noBepXHOCTH 3eMJJH 

3apHJJ.OM 0TpHU.aTeJJbHb!M HeB03MO:lKHa. 

1 Mamopa H.M. u ap. TiperrpttHT 011.HH Pl-98-68. )J.y6Ha, 1998. 

,, 
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1. <J>aKTOpbI, cnoco6Hble BhI3BaTb HHBepcmo cyMMapuoro aJieK
TpHqecKoro TOKa, reuepHpyeMoro nepBHqHbIMH KJI B aTMOCq>epe 3eM
JIH. Pe3yJJhTaTbI Hccne.u.oaaHHH ornpbITbIX eme B 1927-1929 rr. Crw-

6eJJbU.HHbIM [6, 7] reHepHpyeMb!X B aTMOCcpepe rrepBWIHblMH KJI 3JleK

TpOHHO·(pOTOHHblX JIHBHeH BTOpH'lHbIX 'laCTHU. IIOKa3aJJH cne.u.yromee (CM., 

HarrpHMep, [8]). 
B umpoKHX aTMoccpepHbIX JJHBHHX (WAJI) 'lHCJJO 11acTHU., reHepHpye

MbIX rrepBtt'lHbIM rrpoTOHOM HJJH H.!lpOM, 06na.n.a10JIJ.HM 3HeprneH ~ 1014 9B, 

npeBOCXO.lJ.liT c:106 BTOpH'lHblX ,·KBaHTOB H 9JJeKTpOHOB. KpoMe Toro, B 

WAJI IIJIOTHOCTb IIOTOKa BTOpH'lHblX e- rropa3HTeJJbHO pe3KO CKOHU.eH

TpHpoBaHa B6JJH3H OCH JIHBHH. TaK, npH HX H3MepeHHOH Ha OCH IIJIOT· 

HOCTH Po ~ 104e- /cM2 ' H3MepeHHaH B 100 M OT OCH IIJIOTHOCTb 6bJJia 

P100 ~ ( I -lO)e-/cM2• 3To, c y11eToM 3aKOHa coxpaHeHHH HMrrynbca, no3-

BOJJHeT C'lHTaTb rrpaKTH'leCKH IIOJIHOH HarrpaBJJeHHOCTb CKOpOCTeH JllfBHe

BbJX e- B.QOJJb BeKTOpa CKOpOCTH HHHU.HaTopa JIHBHH - rrepBH'lHOH 'laCTH· 

I.I.bl. Ho JIHBHeBbie e- caMH o6pa3yIOTCH, rJiaBHbIM o6pa30M, JIHBHeBblMH 

,·KBaHTaMH (KOMIITOH· H (pOT09cpcpeKT). OTCIO.Qa cne.n.yeT, 'ITO HarrpaBJJeH

HOCTb JIHBHeBblX ,·KBaHTOB BIIepe.u. B.QOJ!b CKOpOCTH rrepBH'lHOH qacTHIJ.bl 

.QOJl)l{Ha. rrpeBOCXO.QHTb HanpaBJJeHHOCTb CKOpOCTeH .Qa)Ke e-. 
Eme 6onee Ba)KHOH oco6eHHOCTbIO JIHBHeBbIX ,·KBaHTOB H 9JJeKTpOHOB 

HBJJHeTCH HX orpoMHaH rrpoHHKaromaH crroco6HOCTb. TaK, 9KCTparronHpo

BaHHblH rrpo6er Re B aJJIOMHHHH [9] rrpH HX 9HeprnH 0,2-20 M9B rrpe

socxo.QHT B 20-100 pa3 rrpo6er BTOpH'lHb!X rrpoTOHOB (H 6onee TH)KeJibIX 

HOHOB) TOH )Ke 9HeprnH. A crroco6HOCTb rrpOHHKHOBeHHH CKB03b MaTepH

aJJbHble cpe.Qbl ,·KBaHTOB, KaK H3BeCTHO, npeBOCXO.QHT .Qa)Ke 9JJeKTpOHHYIO 

.QJIH 9THX 9HeprnH B ( 1-4) . 102 pa3. 

lfro )Ke KacaeTCH HaH6onee BepOHTHbIX 3HeprnH JIHBHeBblX e- 11 
,-'laCTHU., TO IIOMHMO HHTepBaJJa xapaKTepHbIX 9HeprnH 0·9JJeKTpOHOB (.u.o 

2 M3B) HX .QHarra30H BKJIIO'laeT B ce6H, O'leBH.QHO, H 9HeprnH rnraHTCKHX 

H.QepHbJX pe3oHaHCOB aTMoccpepHbIX 'laCTHU. (.u.ecHTKH M9B) H pacna.QHblX 

n° - 211-KBaHTOB c hv ~ 67 M9B. 

Ou.eHHM Terrepb BepOHTHYIO BeJJH'lHHY CYMMapHoro 9JJeKTpH'leCKOro TO~ 

Ka BTOpH'lHblX 3apH)KeHHbIX 'laCTHU. B rrpHIIOBepXHOCTHOM cnoe aTMoccpepbl 

3eMJJH. BBH.!lY Toro, 'ITO cpe.QH BTOpH'lHb!X 'laCTHU. .QOJJH 3apH)KeHHbIX 

Me30HOB, µ- H T·JJeIITOHOB He3Ha'lHTeJJbHa H, KpOMe Toro, HarrpaBJJeHHble 

K IIOBepXHOCTH cpe.QHHe CKOpOCTH KaK 7r+, µ+ H 7+, TaK H 7f-, µ- H 

T- .QJJH Ka)K.QOH ±rrapbl rrpaKTH'leCKH 0.QHHaKOBbl, cyMMapHb!M HX TOKOM 

6y.QeM rrpeHe6peraTb. ITpeHe6pe)KHMO MaJJbIM, O'leBH.QHO, 6y.QeT H cyM· 

MapHb!H TOK Bcex reHepHpyeMblX B B03.Qyxe 9JJeKTpOH·II03HTpOHHb!X rrap. 

DiaBHblH BKJJa.Q B TOK BHeCyT rrapb! HOH-3JJeKTpOH, TaK KaK HarrpaBJJeH· 

Hb!e Ha 3eMHYIO IIOBepxHOCTb CKOpOCTH H O·, H qJOTO·, H KOMIITOHOBCKHX 

BTOpH'lHbIX 3JJeKTpOHOB IIO.QaBJJHIOJIJ.e BeJJHKH IIO cpaBHeHHIO C HOHHb!MH. 

To'lHO TaK )Ke H rrpo6ern B B03.Qyxe e- MHOrOKpaTHO rrpeBOCXO.QHT rrpo6ern 

IIOJJO)KHTeJJbHbIX HOHOB. 

Tor.u.a C IIOMOJIJ.b!O H3BeCTHOH H3MepeHHOH ITJIOTHOCTH rrap HOHOB, re

HepHpyeMbIX KJI B I cM3 npHIIOBepXHOCTHoro CJIOH aTMOccpepbl 3eMJJH B 

-:I:,_--_'~s:'..:...v 
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Te'leHHe 1 C [9, C. 1173]' p = 1,6 CM-3 . c-
1

' onpe.u.enHM cyMMapHbIH TOK 

JJHBHeBb!X 9JJeKTpOHOB B BH.Qe 

ie = -pRe 

(Re - ycpe.u.HeHHb!H rrpo6er BTOpH'lHblX 9JJeKTpOHOB B rrpHIIOBepXHOCTHOM 

so3.Qyxe). 
KaK BH.QHM, rrpo6er Re = 11, 25 M .QOCTaTO'leH .QJIH TOro, 'lT06bI 3JJeK· 

TpOHHblH cpe.QHHH TOK Ha 1 CM2 rroaepXHOCTH 3eMJJH CKOMITeHCHpoBaJJ 

Bbrweyrr·oMHHYTbIH o6parnhIH HOHHbIH TOK j = 1800 e/cM
2 

• c. A cooTBeT

cTByromaH TaKoMy rrpo6ery 3HeprnH Ee = 3 M9B scero JJHWb Ha 1 M9B 

rrpeBOCXO.QHT MaKCHMaJJbHYIO 9Heprnro 0·9JJeKTpOHa. 

2. 3KcnepHMeHThl ua nyqKe npoTOHOB c aueprHeii 655 MaB. 
ITpe)K.Qe scero Heo6xo.QHMO 6hrJJo y.u.ocrnsepHTbCH B aHanorn'lHOH WAJI 

Bb!COKOH HarrpaBJJeHHOCTH BT0pH'lHbIX JJHBHeBbIX 9JJeKTpOHOB B.QOJ!b BeKTO· 

pa CKOpOCTH rrepBH'lHblX npoTOHOB yMepeHHOH 9HeprnH, KOTopyro rrpoTOHbl 

KJI rrpiw6peTaIOT rrocne 3aMe.QneHHH B aTMoccpepe, rro.u.neTaH K rrosepxHo-

cTH 3eMJJH. 
3TO 6b!JIO c.u.enaHO Ha rrpOTOHHOM rry11Ke, BbIBe.QeHHOM B B03.!lYX H3 

cpa3oTpoHa JI5IIT Ol15Il1 c 9Heprneii Ep = 655 M9B H cpe.QHHM rrpoTOH· 

Hb!M TOKOM, .QOCTHraBWHM npH qacToTe cne.n.osaHHH HMIIYJJbCOB 250 ru. 

Ip= 2,5 MKA. 
TOKH 9JieKTpOHOB «Brrepe.u.~ (le) H «Ha3a.Q~ (IH) H3MepHJJHCb .!lBYMH 

TO)K.QecTBeHHblMH IIO KOHcpHrypaU.HH aJJIOMHHHeBb!MH KOJJJJeKTOpaMH C Te· 

JJeCHblM yrJIOM c6opa e- B Ka)K.QOM H3 HHX ~ 2,7 cp. PacnonaraJJHCb KOJJ· 

JJeKTOpbl CHMMeTpH'lHO OTHOCHTeJJbHO Me.QHaHHOH IIJIOCKOCTH MHWeHH -

ITJIOCKOH aJJIOMHHHeBOH, TOJ!ll.{HHOH 0,2 CM. TaKaH )Ke TOJJll.{HHa aJJIOMHHHH 

6bIJJa a KOJJJJeKTOpax. MHHHMaJJbHOe paCCTOHHHe OT KOJJJJeKTOpOB .QO 6JJH· 

)KaHWHX TO'leK o6naCTH B3aHMO.QettCTBHH rrepBH'lHbIX p+ C MHWeHblO, ycTa· 

HaBJJHBaBWeHCH rreprreH.QHKYJJHpHO K OCH rry11Ka p+' COCTaBJJHJIO 8 CM, TaK 

'ITO MHHHMaJJbHaH 9HeprnH emin BTOPH'lHOrO 9JJeKTpoHa, crroco6Horo rrpoH· 

TH B B03.Qyxe 8 CM H IIOrJIOTHTbCH KOJJJJeKTOPOM, 6bIJJa emin - 0,09 M9B. 

,l{HaMeTp rrepBH'lHOrO rrpoTOHHOro rry11Ka COCTaBJJHJI 2-4 CM. ITo3TOMY .QJIH 

6ecnperrHTCTBeHHOfO rrponeTa CKB03b KOJJJJeKTOpbl rrepBH'lHblX rrpOTOHOB, 

pacceHHHblX (xorn H He3Ha'lHTeJJbHO) MHWeHblO, o6a KOJJJJeKTOpa HMeJJH 

COOCHbie c rry'lKOM p+ OTBepCTHH .QHaMeTpOM 5,4 CM (pHC. I). 
l13MepeHHH TOKOB H C MHllleHH (IIOJJO)KHTeJJbHOro), H C KOJJJJeKTOpOB 

ysepeHHO BbIITOJIHHJJHCb c IIOMOll.{blO o6bl'lHOfO raJJbBaHoMeTpa. ToK IH 
KOJJJJeKTOpa Bcer.u.a 6bIJI Man (He 6onee 10% OT Ia), HO rrpeBOCXO.QHJI cpoH. 

ITposepKa .QOCTOBepHOCTH H3MepeHHH raJJbBaHOMeTpOM .u.enanacb H3Mepe

HHHMH HMITYJJbCHblX TOKOB OCU.HJJJJOrpacpoM. 
B Ta6JJHU.e rrpe.u.cTaBJJeHbl pe3YJJbTaTbl H3MepeHHH TOJlbKO raJJbBaHoMeT· 

poM. l13MepeHHH OCU.HJIJJOrpacpoM HX IIO.QTBep.QHJIH. 

KaK BH.QHM, HeCMOTpH Ha TO, 'ITO HaH6onee IIJJOTHb!H cpparMeHT ITOTOKa 

CKB03b OTBepcTHe B KOJJJJeKTOpe «Brrepe.Q>> (B TeJJeCHbIH yron ~ 0,4 cp) He 

H3MepHJJCH, H3MepeHHaH HanpaBJJeHHOCTb ITOTOKa BTOpH'lHblX 9JJeKTpOHOB 
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Jg_ JQ_ Jg_ 
KoJ1JieKTOp <<Ha33,!I>> Mnmem, KoJIJleKTOp «arrepe.z1» 

R-. I 160 

T 
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r:~s~-,~:-.'~,~~_:,;:,7 ·.-~ ·~~-.:~St~- g ·~-.-- ~. ?:-2~=-~~-,~~ 
ToK ny4Ka 

Ip, MKA 

I 
2 

0 rrepail'illoro p + -rrytl1(JJ. - 20 MM 
Pttc. l 

TOKH Ha MHllleHb (IM) H KOJIJieKTOpbI (I. H IH) 

IM, MKA I., MKA IH, MKA 'T//3 = I./(I. + IH) 

0,03 -0,022 -0,002 0,927 
0,06 -0,037 -0,004 0,902 

-

T/{3 = Ia/(Ia + JH) npeBOCXO)J,HT 90 % H s CJiyqae IIOJiypemITHBHCTCKOH E = 
= 655 M3B. 3aMeTHM B.D,o6asoK, 4TO H3MepeHHaH T//3 6bIJia 6b1 ew.e 6oJihll!e, 

eCJIH 6hI TOJIW.HHa aJIIOMHHHH B KOJIJieKTOpax MHOfOKpaTHO rrpeBOCXO)J,HJia 

0,54 r/cM (2 MM), TaK KaK B 3TOM CJiyqae HMH perncTpHposaJIHCb 6b1 qioTO

H KOMTITOHOBCKHe e- c 3Heprtteif 2 < ee < 70 M3B, pacrrpoc1paHeHHe 

KOTOpb!X ew.e 6oJiee, t:feM y O-3JieKTPOHOB, HarrpaBJieHO srrepe.D,. 

3.1. MoaeAuposanue zenepal{UU o-:,AeKmponos na 3BM. ITpoxmK.D,e

HHe rrepBH'lHoro rrytIKa rrpoTOHOB c E = 650 M3B, rra.D,aIOw.ero rreprreH

.D.HKYJIHpHo BXO.D,HOH IIJIOCKOCTH aJIIOMHHHeBOH rrJiaCTHHbl TOJIW.HHOH 1 CM, 

H reHepaU,HH HM 3JieKTpOHOB B HHTepsaJie O < ee < 0,46 M3B MO.D,eJIH

posaJIHCb c rroMOllJ.hlO H3BeCTHoro rrporpaMMHoro rraKeTa GEANT. [ 11]. 
5b!JI paCCt:fHTaH crreKTp O-3JieKTpOHOB, rrpOXO)J,HllJ.HX CKBO3b Bb!XOJJ.HYIO 

IIJIOCKOCTb IIJiaCTHHbl ( <<Brrepe.D,>>) C Pz/P > 0, H crreKTP e-, BbIJieTalOllJ.HX H3 

IIJiaCTHHbl CKBO3b IIJIOCKOCTb BXOJJ.HYIO ( <<Ha3a.D,>>) C Pz!P < 0. Pe3yJibTaTbl 

npe.D,CTaBJieHbl Ha pttc: 2. 
ITpoHHTerpttposaB paCCt:fHTaHHb!H XO)J, t:fHCJia e- «Brrepe.D,>> B HHTepBaJie 

0,09 -a- 0,46 M3B - Hatt6oJiee cosMeCTHOM c H3MepeHHhIM 0,09 -a- 2 M3B -

HaXO)J,HM MO.D,eJibHYIO HarrpasJieHHOCTb ,,,:0
/l. ~ 0,89. Ho rrepe.D, cpaBHeHHeM 

pactieTHOro ,,,:
0

/l. C H3MepeHHblM CJie.D,yeT Bblt:feCTb H3 ,,,:0/l. )J,OJIIO e-, KOTO

pble 6ecrrperrHTCTBeHHO rrpOXO)J,HT CKBO3b COOCHOe C rrepBH'lHb!M rryt:fKOM p+ 
OTBepCTHe .D,HaMeTpOM 5,4 CM KOJIJieKTOpa «Brrepe.D,~. Ha pHC. 3 H306pa)KeHa 

CMO.D,eJIHpOBaHHaH )J,JIH TOJIW.HHbl aJIIOMHHHeBOH MHllleHH 1 CM 3aBHCH-
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MOCTb t:fHCJia BTOpHtIHblX 3JieKTpOHOB C Ce E O-;- 0,46 M3B OT BeJIH'lHHbl 

pz/P = cos 0. 
EcJIH rrpeHe6petib OTJIH'lHeM OTHOCHTeJihHOH BeJIHt:fHHbl TOKa He pern

cTpHpyeMhIX KOJIJieKTOpOM «srrepe.D,>> O-3JieKTpOHOB rrpH TOJIW.HHe MHllleHH 
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OT 0,2 .n.o 1 CM (c 0,Ll,HHM H TeM )Ke ,Ll,HaMeTpOM npoJiernoro ornepCTHH), TO 

c nOMOlll.b!O .n.aHHblX pttc. 3 MO)KHO ou.eHHTb 'r/:OlJ. ~ 0,89( 1-0,125) ~ 0,78. 
KaK BH,Ll,HM, H pac'leTHa.H ou.eHKa HanpaBJieHHOCTH BTOpH'lHbIX 

0-3JieKTpOHOB 'r/:OlJ. ~ 0,78 (.LI.JI.II 0,09 ~ Ce ~ 0,46 M3B), H H3MepeHHa.H 

.LI.JIH ce E 0,09 --=- 2 M3B no.n.rnep)K.n.a10T Bb1c0Ky10 HanpaaJieHHOCTb .n.a)Ke 

BTOpH'lHbIX 0-3JieKTpOHOB «Bnepe.n.>>. 

HanpaaJieHHOCTb )Ke e- c ec > 2 M3B 6y.n.eT eme 6oJiee BbICOKOH. 

3. 3KcnepHMeHTaJibHaH ou.euKa cneKTpa 3Heprm'i BTOpHqHhlX 
3JieKTpOHOB. Tiptt6JIH:lKeHHa.H ou.eHKa 3Heprnii JIHBHeBbIX 3JieKTpOHOB, 

reHepttpyeMblX BbIBe,Ll,eHHbIM H3 q>a30TpOHa nepBH'lHbIM npOTOHHbIM 

ny'lKOM, 6b1Jia BbIITOJIHeHa C nOMOlll.b!O aHaJIOfH'lHOH H306pa:lKeHHOH Ha 

pHC. 1 MHllleHH. CaMa MHIUeHb c u.eJiblO yBeJIH'leHH.H TOKa BTOpH'lHbIX e
HMeJia TOJ!lll.HHY 1 CM, a KOJIJieKTOp 6bIJI O.!I.HH - «Bnepe.n.>>, HO COCTO.HJI OH 

H3 Tpex nJIOCKHX nJiaCTHH, H30JIHpoBaHHbIX .n.pyr OT .n.pyra. DJIH)KaHlIJa.H K 

MHWeHH nJiacniHa HaXO,Ll,HJiaCb a 6 CM OT Hee tt HMeJia TOJ!lll.HHY 1,2 CM. 

3a HeH, C 3a3opoM 0,3 CM, 6bIJia nJiaCTHHa TOJ!llJ.HHOH 0,7 CM, a TpeTb.H 

(c 3a3opOM 0,3 CM) HMeJia TOJ!lll.HHY 1 CM. MaTepHaJI MHWeHH H nJiaCTHH 

KOJIJieKTOpa - aJIIOMHHHH - y.n.o6HblH TeXHOJ!Ortt'leCKH H 6JIH3KHH no 

aTOMHOMY secy a30TY H KHCJiopo.n.y B03,!l.yxa. TipoJieTHbie ,Ll,JI.H nepBH'lHblX 

p+ ornepCTH.H yseJIH'lHBaJIHCb no xo.n.y ny'lKa OT 0 = 5,3 CM B nepBOH 

nJiaCTHHe ,Ll,O · 0 = 6 CM B TpeTbeH. 3¢¢ei<THBHbIH yroJI perncTpaU.HH 

Ka:lK,Ll,OH H3 HHX COCTaBJI.HJI ~ 1,6 cp. 

,I(o npose.n.eHH.H 3KCnepHMeHTa He 6b[JIO yaepeHHOCTH B TOM, 'ITO .n.a:lKe 

Ha BTOpOH nJiaCTHHe KOJIJieKTOpa (He rosop.H y)Ke O TpeTbeH) Mb[ CMO:lKeM 

ysepeHHO H3MepHTb TOK 3JieKTpOHOB raJibBaHOMeTpOM, TaK KaK nepBa.H 

nJiacrnHa (3,24 r/cM2 Al) HMeJia TOJilll.HHY, paBHYIO 3KCTpanoJittpoBaH

HOMY npo6ery 3JieKTpOHa c Ee= 6 M3B [9, c. 1169]. O.n.HaKo pe3yJibTaT 

H3MepeHHH nptt cpe.n.HeM TOKe nepBH'lHoro ny'lKa Ip = 1,3 MKA oKa3aJic.H 

cJie.LI.YIOlll.HM: 

11 = -0,07 MKA, 12 = -0,045 MKA, h = -0,04 MKA. 

l13MepeHH.H 6bIJIH nOBTOpeHbl TPH pa3a, H 3JieKTpOHHbie TOKH Ha Bee 

nJiaCTHHbl OCTaBaJIHCb TaKHMH )Ke. 

3TH H3MepeHH.H noKa3aJIH, 'ITO KOJIH'leCTBO reHepttpyeMblX nepBH'lHbIMH 

npoTOHaMH c 3Heprneii E = 655 M3B B cpe.n.e aJIIOMHHHH JIHBHeBhIX 3JieK

TpOHOB C 3Heprn.HMH Ce > 6 M3B .n.a:lKe npeBOCXO,Ll,HT 'lHCJIO 0-3JieKTpOHOB. 

3aKJIIoqeuHe. l1.n.e.H O B03MO)KHOCTH B03HHKHOBeHH.H HHBepcHH cyM

MapHoro 3JieKTpH'leCKOro TOKa, reHepttpyeMoro noJIO:lKHTeJibHO 3ap.H)KeH

HbIMH YJibTpapeJI.HTHBHCTCKHMH a.n.poHaMH KJI, noJIO)KHTeJibHOro Ha BXO,Ll,e 

B 3eMHYIO aTMoc¢epy, B TOK OTpHU.aTeJibHbIX JIHBHeBblX 3JieKTpOHOB y 

noaepXHOCTH nJiaHeTbl B03HHKJia B 1992 r. B 1994 r. C ueJiblO nO,Ll,TBep:lK,Ll,e

HH.H peaJibHOCTH TaKoro npou.ecca Ha'laJiaCb npo6Ha.H 3KCn03Hll.H.H MHWeHH, 

H3o6pa)KeHHOH Ha pttc. 1, Ha CHHxpo¢a30TpOHe JIB3 Ol151l1 .LI.JIH nposepKH 

3¢¢eKTHBHOCTH CTaH.n.apTHbIX nptt6opoB ,Ll,JI.H H3MepeHH.H TOKa BTOpH'lHbIX 

3JieKTpOHOB. 
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3a HHTepec H no.n..n.ep)l(Ky H.LI.eH aaTOpb1 6Jiaro.n.apHbI A. M. oaJI.LI.HHY, 

A. l1. MaJiaxosy, H. C. Mopo3, H. M. TittcKyHoBy. 

B TOM :lKe 1994 r. 3KcnepttMeHTbl 6b!JIH nepeHeCeHbl Ha ¢a30TpOH JI51TI 

Ol151l1. 3.n.ecb nepHO,Ll,H'leCKH - npHMepHo .LI.Ba pa3a B ro.n. _; Mb[ HMeJIH 

B03MO:lKHOCTb BeCTH H3MepeHH.H Ha BbIBe,Ll,eHHbIX npOTOHHbIX ny'lKaX co 

cpe.n.HHM TOKOM .n.o 2,5 MKA H E = 655 M3B c .LI.JIHTeJibHOCTblO 3KCIT03HUHH 

10--=- 15 MHH a MOMeHTbl nepeHa.iia,Ll,KH yCKopttTeJI.H Ha O'lepe,Ll,Hble nJiaHOBb[e 

3KCnepHMeHTbl. 

Bee onttcaHHbie Bb!We pe3yJibTaTbl H3MepeHHH noJiy'leHbl Ha 3TOM yCKo

pHTeJie. 

3a npe.n.ocTaBJieHHe 3TOH B03MO)KHOCTH H nOMOllJ.b npH H3MepeHH.HX 

asTOpbI 6naro.n.apHbI coTPY.LI.HHKaM JI51TI A. B. ,I(eMb.HHoay, B. r. 3ttHoay, 

B. r. KaJIHHHHKOBY, H. IO'. KoTOBCKOMY, JI. M. OHHlll.eHKO H 0. B. CaB'leH

KO, a TaK:lKe COTPY.LI.HHKY JIH<f> A. l1. )KypaaJieBy. 

AsTOpbl Ha,Ll,e!OTC.H, 'ITO ony6JIHKOBaHHe npe.n.cTaBJieHHbIX 3,Ll,eCb pe3yJib

Ti;!TOB 3aHHTepecyeT KOJIJier H3 .n.pyrnx Jia6opaTOpHH (oco6eHHO HCCJie.n.o

BaTeJieH Ha Me30HHblX ¢a6pmrax) H OKOH'laTeJibHOe pellleHHe npo6JieMbl 

yCKopttTCH. TaK, nptt 3HeprnHx nepBH'lHbIX npoTOHOB E ~ 150--=- 400 M3B 

,Ll,OCTaTO'lHO npoCTO ocymecTBHMO Henocpe.n.crneHHOe Ha6JIIO,Ll,eHHe HHBep

CHH nOJIO)KHTeJibHOro nepBH'lHOro TOKa B OTPHU.aTeJibHblH cyMMapHblH 

TOK nepBH'lHbIX H BTOpH'lHbIX 3apH:lKeHHbIX 'laCTHU. .I(JI.H 3Toro MO:lKHO, 

HanpttMep, ycTaHOBHTb Ha nepBH'lHOM ny'lKe He60JiblllYIO ( OKOJIO I M 

,Ll,JIHHOH) BaHHY C ,Ll,HCTHJIJIHpoBaHHOH BO.LI.OH C nepeMemaeMbIM B,Ll,OJ!b OCH 

ny'lKa aJIIOMHHHeBbIM KOJIJieKTOpOM-nJiaCTHHOH. HawH npe.n.sapHTeJibHbie 

3KCnepHMeHTbl Ha cpe.n.e H3 CBHHUOBbIX KHpnH'leH (c TOJ!lll.HHOH Ka)K,Ll,Oro 

CJIO.H 5 CM) noKa3aJIH, 'ITO BepOHTHa.H TOJilll.HHa CJIO.H BO.LI.bl nptt6JIH3HTeJibHO 

I, 3--;- l ,6Rp, no-BH,Ll,HMOMY, ,Ll,OCTaTO'lHa ,Ll,JI.H B03HHKHOBeHH.H HHBepCHH. 
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Ilp11JioJKeH11e 3 
lfHBepCHH cyMMapttoro 3JieKTpH"-IeCKOrO TOKa, 

reHep11pyeMoro IIYI.JKOM rrepBHI.JHhIX 9HeprHI.JHbIX 

rrpoTOHOB B CBHH~e I 

B BbJITOJJHeHHblX B 1998-2000 rr. 3KCnepttMeHTax Ha nytJKe BbIBe.neHHblX H3 

cjla3orpoHa JUITT 0115111 nporoHOB c HX 3Heprnei-i Ep = 655 M3B H cpe.nHHM TOKOM 

.no 2 MKA 06Hapy1KeHa HHBepettH cyMMapHoro 3JJeKrptttJeCKoro TOKa, reHepttpyeMoro 

nytJKOM e.nHHOHanpaBJJeHHbIX B MHOfOCJJOHHYIO CBHHUOBYIO MHUJeHb nepBH'IHbIX 

p+. H3 noJJOlKHTeJJbHOro Ha HHrepBaJJe rny6ttH Opb E 0-46,5 CM B orpttuareJJb

HbIH Ha rny6HHaX, npeBOCXO.UllIUHX ~ 1,5-2 npo6era nepBH'IHblX npOTOHOB B Pb 
46,5-65 CM. 

BBe.QeHHe. B npoBe.neHHbIX B I 994- I 998 rr. H3MepeHHHX HanpaBJieH

HOCTH TOKa BTOpH'IHblX 3JleKTpOHOB, reHepttpyeMblX nyl.JKOM nepBH'-IHb!X 

npOTOHOB (c Ep ~ 655 M3B), BXO,ll,HBWHX H3 BaKyyMa B cpe.ny aJIJOMHHHH, 

6b!JIO TIOKa3aHO, 1.JTO no.naBJIHIOillaH '-laCTb BTOpH'-IHbIX e- JieTHT Bnepe.n B 

HanpaBJieHHH pacnpocTpaHeHHH nepBHlJHbIX p+ [I]. 
C y1.JeTOM 3TOro B [I] 6bIJIO BbICKa3aHO npe.nnoJIO)KeHHe O B03MO)KHOM 

cymeCTBOBaHHH HBJieHHH HHBepCHH HanpaBJieHHOro Ha u.eHTp 3eMJIH cyM

MapHoro 3JleKTpH'-1eCKoro TOKa, reHepttpyeMOfO BXO,ll,HillHMH B aTMOCq>epy 

3eMJJH nporoHaMH raJiaKTH'-leCKHX KOCMH'-leCKHX Jiyl.JeH (fKJI) C 3HeprnH

MH 3apHmeHHbIX 1.JaCTHU., ,ll,OCTHraIOIUHMH ~ 1018 3B [2-5]. 

B 06pa3yeMOM fKJI ,1HBHe nOJIO)l<HTeJibHblH 3HaK cyMMapHoro TOKa 

nepBWIHblX H BTOpH'-IHbIX 3apHmeHHblX '-laCTHU. MO)KHO O)KH,ll,aTb JlHillb 

Ha HX BXO,ll,e B aTMOCq>epy, r.ne ~ 99 % nepBH'-IHbIX 1.JaCTHU. 3apHmeHbl 

noJIO)KHTeJibHO, npH'-leM H3 HHX 90 % cocTaBJIHIOT p+. Ho Kam.naH H3 

CTOJib 3HeprH'-1HbIX nepBH'-IHbIX '-laCTHU. reHepttpyeT Ha nyTH K 3eMHOH 

ITOBepxHOCTH ~ 106 BTOpH'-IHblX e-' HOHOB, hv H .npyrnx 1.JaCTHU. [3-5]. 
B pe3yJibTaTe, H3-3a H3BeCTHOro MHOrOKparHoro npeBbIWeHHH npo6e

fOB BTOpH'-IHbIX e- B JII060H MarepHaJibHOH cpe.n.e Ha,ll, npo6eraMH B03-

HHKaIOIUHX B Hett HOHOB H BbIWeynoMHHYTOH Bb!COKOH HanpaBJieHHOCTH 

e- -rpaeKTOpHH B,lJ,OJlb BeKTopa CKOpOCTH nepBHlJHbIX 1.JaCTHU. fKJI B TOKe 

Bcex npH6JIH)Ka!OmHXCH K 3eMJie 3apHmeHHblX 1.JaCTHU. MO)KHO O)KH,ll,aTb 

npeBOCXO,lJ,CTBa TOKa 3JieKTpOHOB. 

CJie,ll,OBaTeJlbHO, B HH)!{HeM CJIOe aTMOCq>epbl HHBepCHH 3HaKa cyMMap

HOro TOKa B03MO)!{Ha. 3ro HaBO,ll,HT Ha MblCJlb O TOM, 1.JTO HMeHHO nOTOK 

I Mamopa H. M., IIJaKyH H. r., IIJUI.UARHHUKOB n. T. ITpenpHHT ovum 
P!-2000-68. ,ll.y6Ha, 2000. 
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[KJI Beer.a.a 3apHmaeT 3eMHOH map oTpttu.aTeJihHbIM 3apH.QOM Qffi = -5,7 x 
X 105 KJI, a CJIOH aTMOCq>epbl Bb!We ~ 85 KM - TaKHM me no MO.D.YJIIO 

noJIO)KHTeJlbHbIM 3apH,!1,0M Q = +5, 7 . 105 KJI (3TO ycTaHOBJieHO MeTeopo

JIOraMH [2-4]). 

11, ecTecTBeHHO, npH3eMHblH CJIOH aTMOCq>epbi Beer.a.a CTa6HJibHO no

JI.!lpH30BaH C HanpaBJieHHeM BeKTopa HanpHmeHHOCTH ITOJIH npeHMy_me

crneHHO Ha u.eHTP ITJiaHeTbl (Ha MaJibIX BbICOTax H3BeCTlfaH ee BeJIH'-IHHa 

~ 130 B/M). 

UeJib .naHHOH pa60Tbl - ,lJ,OKa3aTb B03MO)KHOCTb B03HHKHOBeHHH no

.no6HOH HHBepcHH cyMMapHoro TOKa, reHepttpyeMoro ny'-IKOM nepBH'-IHhIX 

p+ c Ep = 655 M3B B CBHHU.OBoif MHorocnoifHoif MHWeHH, c noMOillbIO 

H3MepeHHH BeJIHlJHH H 3HaKOB cyMMapHoro TOKa Ha ee KOHKpeTHb!X npe.n.

craBJIH!OillHX HHTepec CJIOHX H TeM caMblM ITOATBep,ll.HTb, 1.JTO ,lJ,eHCTBH

reJibHbIM reHeparnpoM noJIHpH3aU.HH HH)!{Hero CJIOH 3eMHOH aTMOCq>epbl 

HBJIHIOTCH fKJI. . 

1. YcJIOBHH, B KOTOpLIX BLIIlOJIHHJIHCL SKcnepHMeHTLI. CBHHeu. 6bIJI 

OITTHMaJibHb!M MaTepHaJIOM MHWeHH H3-3a Toro, 1.JTO onb!Tbl npOBO,ll,HJIHCb 

Ha KOpOTKOM (70 CM) 0Tpe3Ke TpaKTa Bb!Be,lJ,eHHOfO H3 q>a30TpOHa ny'-IKa 

p+. TTapaMeTpbl nepBH'-IHOrO ny'-IKa, reHepHpOBaBwero KacKa,lJ, BTOpH'-IHbIX 

tJaCTHU. B cpe.n.e CBHHU.a, 6bIJIH 6JIH3KH K TeM, 1.JTO H B npe,QbI.ll.YillHX H3Me

peHHHX HanpaBJieHHOCTH BTOpH'-IHblX e-, B03HHKaBWHX B cpe.u.e aJIIOMHHHH 

[I]. TTepBH'-IHhie npoTOHbI Ha Bxo.u.e B MHWeHh HMeJIH 3HeprHIO 655 M3B 

H cpe.U.HHH TOK ny1.JKa .u.o 2 MKA. Pa3Mepw KOHTypa ce1.JeHHH ny1.JKa no 

BepTHKaJIH 6b!JIH ~ 6 CM H no ropH30HTaJIH ~ 4 CM. 

CnoH MHWeHH .u.pyr OT .u.pyra H30JIHpoBaJIHCb B03.U.YWHbIMH 3a3opaMH 

HJIH TOHKHMH H30JIHPYIOillHMH npOKJia.u.KaMH. 3TO no3BOJIHJIO H3MepHTb TOK 

c HeCKOJlbKHX ee CJIOeB-KOJIJieKTOpOB, KOTOpb!e HMeJIH N!! 1, 2, 3, 4 OT 

Bxo.u.a ny'-IKa. fpaHH'-IHbie nnoCKOCTH Mem.u.y CJIOHMH 6bIJIH, ecTecTBeHHO, 

nepneH.U.HKYJIHpHbIMH K OCH MHWeHH. 

CyMMapHbIH 3JieKTPH1.JeCKHH TOK c KOJIJieKTopoB H3MepHJICH raJibBaHo

MeTpOM nocTOHHHOro TOKa THna M95 c MHHHMaJibHOH u.eHOH .u.eneHHH no 

TOKY (Ha ocHOBHOM npe.u.ene) 0,002 MKA. 

r 
ES;$ 

H 

;f--.. ..... , ... 
I 'r - -"I 

2 3 4 

PHC. I. CxeMa MHWeHH 4-ro 3KCnepHMeHTa. 11 - H30JlllTOp 

~1/1 ll, 1 

l'I 
:11/ 

I~ 

~I 

l
t,(j 
l'i: 

1fi\ 

11~ 
I~' 

'1 "'I' 
1

1,j 

,''1, 

' ,111~ 

:iil1i' 
11111 

11l'il 
,1111'1: 

11
1,1, 

11 

11,111: 
11 I 
I , , 



90 IlpuAo:J1Cenue3 

Bxo.n.Hoe nonepe,rnoe ceqeHHe CJIOH N2 l o6hI'IHO cocTaBJIHJIO IO x 
x IO CM, a nonepe'IHOe ce'IeHHe BblXO.D.HblX KOJIJieKTOpOB - 20 x 20 CM. 

)lJIH YTO'IHeHHH npoii.n.eHHOH nyLJKOM '.fOJIW.HHbl CBHHU.a, nocne KOTOpoii 

Ha'IHHaeTCH HHBepCHH, Ha Bxo.n.e MHllleHH B HeKOTOpbIX 3KCnepHMeHTax 

.n.o6aBJIHJICH Ha6op CBHHU.OBbIX nJiaCTHHOK TOJIW.HHOH 0,5 CM H nnow.a.n.hlo 

IO x IO CM B KOJIH'IecTBe .n.o IO llITYK HJIH O.D.HH CBHHU.OBhIH KHpnH'I •. B 
pa3HblX OTibITax 'IHCJIO KOJIJieKTOpOB, C KOTOpbIX TOK H3MepHJICH, MeHHJIOCb 

OT 0.D.HOro .n.o Tpex. BcH MHllleHb o6bI'IHO COCTOHJia H3 CTaH.n.apTHblX CBHH-

11.0BblX KHpnH'IeH o6beMOM 20 X IO X 5 CM. B nocJie.D.HHX 3KCnepHMeHTax 

'IHCJIO OCHOBHbIX KHpnH'IeH JJ.OCTHraJIO 17 (T. e. Bee MHllleHH 6hIJI ~ 190 Kr). 

YCTaHOBKa MHllleHH Ha BbIBe.n.eHHblH H3 cjJa30TpOHa ny'IOK p+ 6hIJia B03~ 

MOJKHa, KaK ynoMHHaJIOCb, J!Hlllb Ha KOpOTKOM (~ 70 CM .D.JIHHbl) 0Tpe3Ke 

ero TpaKTa. B KOHU.e 0Tpe3Ka yroJI CTaJibHOro MarHHTonpOBO.D.a OJI.HOH H3 

cjJoKyrnpyIOW.HX JIHH3 TpaKTa HaXO.D.HJICH Ha pacCTOHHHH ~ 5 CM OT OCH 

nyqKa. I-fa-3a 3TOro OCb CHMMeTpHH MHll!eHH CJierKa OTKJIOHHJiaCb OT OCH 

nyqKa. OHa nepeceKaJia nocne.n.HIOIO Ha Bxo.n.e nyqKa B MHll!eHb no.n. yrnoM 

~ 0,1 pa.n. B ropH30HTaJlbHOH TIJIOCKOCTH. KoppeKU.HH noJIOJKeHHH MHll!eHH 

ocyw.ecTBJIHJiacb no aarnrpacpaM nyqKa fia o6nyqeHHhIX cjJoionnacTHHKax. 

2. Pe3yJihTaTI,I H3MepeHHH. ITonyqeHHble B 'IeTh1pex onhITaX, Bhmon"

HeHHhIX B 1999-2000 rr., pe3yJihTaTbl npe.n.CTaBJieHbl B Ta6JIHU.e (cpe.n.HHe 

nepBH'IHblH H cyMMapHblH TOKH o6o3HatfeHbl qepe3 Ip H h:,, TOJIW.HHbl 

Kam.n.oii MHll!eHH - l H Kam.n.oro CJIOH - d). 
Yme B nepBOM OTibITe 6bIJia o6HapymeHa HHBepCHH cyMMapHoro 3JieK

TpH'IeCKoro TOKa, reHepupyeMoro ny'IKOM nepBH'IHbIX p+ C yKa3aHHblMH 

Bb!ll!e napaMeTpaMH. ITpH TOKe nepBH'IHoro ny'IKa 2 MKA TOK Ha BXOJJ.HOM 

CJioe (KOJIJieKTOpe N2 l TOJIW.HHOH 50 CM) MHll!eHH cocTaBHJI +0,63 MKA, 

a Ha CJie.D.yIOW.eM 3a HHM KOJIJieKTOpe N2 2 TOJIW.HHOH 5 CM OH OKa3aJICH 

OTpHU.aTeJihHbIM H 6bIJI paBeH -0,002 MKA. 

Cne.n.yIOW.He JI.Ba 3KCnepHMeHTa HMeJIH u.eJiblO no.n.TBep.n.HTb HBJieHHe 

HHBepCHH H nonbITaTbCH yseJIHLJHTb MO.D.YJib OTPHU.aTeJibHOro TOKa Ha Bbl

XOJJ.HOM KOJIJieKTOpe C nOMOW.blO yseJIH'IeHHH nnow.a.n.H nonepe'IHoro ceqe

HHH cpe.n.HHX CJIOeB MHllleHH nocpe.n.cTBOM .n.o6aBJieHHH B HHX CBHHU.OBblX 

KHpnH'IeH. 

Bo BTOpOM 3KcnepHMeHTe TOJIW.HHa BXO.D.Horo KOJIJieKTOpa (N2 I) MHll!e

HH YCTaHaBJIHBaJiaCb paBHOH 50; 47,5 u 46,5 CM, npH'IeM ,ll.JIH H3MepeHHH 

TOKa HCTIOJib30BaJICH TOJibKO O,ll.HH KOJIJieKTOp - N2 2. KaK BH.D.HO H3 Ta6JIH

U.bl, HHBepCHH TOKa Ha6JIJO,ll.aJiaCb B HeM yme nocJie npoxom.n.eHHH nepBHLJ

HbIMH npOTOHaMH s CBHHU.e 46,5 CM ( ~ 1,5 npo6era nepBH'IHOro npOTOHa c 

yKa3aHHOH Bhillle 3Heprneii B Pb). MaKcHMaJibHhIH me HHseprnpoBaHHhIH 

TOK -0,004 MKA Ha6JIIO.D.aJICH nocne npoxom.n.eHHH p+ B Pb 47,5 CM. 

B TpeTbeM 3KCnepHMeHTe H3MepeHHH npOll!JIH B rpex 3KCTI03HU.HHX C 

noJIHOH TOJIW.HHOH MHll!em1 47, 50 H 55 CM. Tonw.HHa Bxo.n.Horo cnoH l 
B HeM MeHHJiaCb TPHJK.D.bl - 27, 30 H 35 CM. A .D.JIH H3MepeHHH TOKa 

HCTIOJlb30BaJIHCb KOJIJieKTOpbI N2 2 TOJIW.HHOH 15 CM H N2 3 TOJIW.HHOH 5 CM. 
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,Uara N2 9KCil03HUHH Ip, MKA l, CM N2 CJIOH d, CM h:,, MKA 

04.1999 I 2 55 I 50 +0,630 
2 5 :__ 0,002 

06.1999 I I 55 2 5 -0,003 
2 I 52,5 2 5 -0,004 
3 I 51,5 2 5 -0,003 

12.1999 I I 47 2' 15 +0,150 
3 5 +0,010 

2 0,8 50 2 15 +0,125 
3 5 +0,015 

3 . 0,8 55 2 15 +0,040 
3 5 -0,0005 

06.2000 I 2 65 2 5 +0,070 
3 5 0 
4 5 -0,003 

2 2 70 2 5 +0,052 
3 5 +0,002 
4 5 -0,004 

KaK BH.D.HO H3 Ta6JIHU.bl, OTPHU.aTeJibHbIH TOK pernCTpHpOBaJICH TOJibKO B 

TpeTheH 3KCTI03HU.HH H TOJibKO Ha KOJIJieKTOpe N2 3. 
Heo6xo.n.HMO no.n.qepKHYTb, 'ITO HaJIHLJHe no.n. CBHHU.OBOH MHllleHblO CJIOH 

H30JIHTOpa TOJIW.HHOH 4 CM, B KOTOpOM npo6er nepBH'IHblX p+ MHOro

KpaTHO npeBbilllaeT HX npo6er s CBHHU.e, HaJIHLJHe CJieBa OT Hee yrna 

MafHHTonpoBO.D.a JIHH3bl TpaKTa nyqKa H OTJIH'IHe 60KOBOH noBepxHOCTH 

MHll!eHH OT H.n.eaJihHOro KOHyca C03.D.aBaJIH nyTH o6xop.a cepe,ll.HHbl MHll!eHH 

nepBH'IHbIMH p+ H nocne.n.yIOw.ero HX nona.n.aHHH Ha H3MepHIOW.He cyM

MapHblH TOK CJIOH-KOJIJieKTOpb!. 3Ha'IHTeJihHaH LJaCTb p+ pacceHBaJiaCb Ha 

HatfaJibHblX cjJparMeHTax MHll!eHH no.n. yrnaMH, npH KOTOpblX p+ BbIJieTaJIH 

B B03.D.YX HJIH B H30JIHTOp. ITpoTOHbl, npOHHKll!He B H30JIHTOp, HMeJIH 

B03MO)KHOCTb npOHTH CKB03b Hero Ha O.D.HH H3 KOJIJieKTOpOB. A HeKOTOpbie 

H3 p+, Bhlllle,ll.ll!HX B B03.D.YX, ,ll.OCTHraJIH 3aTeM KOJIJieKTOpOB HJIH HanpHMYIO 

qepe3 B03.D.YX, HJIH nocJie pacceHHHH yrnoM MarHHTOnpoBO,ll.a JIHH3bl. dTO, 

ecTeCTBeHHO, 3aHHJKaJIO BeJIH'IHHY HHBepTHpoBaHHOro TOKa H BJIHHJIO Ha 

3Ha'IeHHe cyMMapHOH TOJIW.HHbl CBHHU.a, npH KOTOpOH Ha'IHHaeTCH ero 

HHBepcHH. 

3To npe.n.noJIOJKeHHe npoBepHJIOCb B nocJie,ll.HeM - 'IeTBepTOM - 3KC

nepHMeHTe. B HeM CTPYKTypa MHll!eHH 6hIJia cyw.ecTBeHHO H3MeHeHa. 

ITonepe'IHOe ceqeHHe BXO.D.HOro cjJparneHTa MHll!eHH TOJIW.HHOH 20 CM 6hIJIO 

CHHJKeHO B,ll.BOe (c 200 ,ll.O 100 CM2), a CJIOH H30JIHTopa no.n. HHM 6b!JI 



92 llpuAOJ/CeHue 3 

yBeJJHtleH B 2,25 pa3a (JJ.O 9 CM) ITO opaBHeHHIO co CJJOeM B ITpeJJ.bIJJ.YIIJ.HX 

OITbITaX. TioJJ. CJJeJJ.yIOW.eH 'laCTblO MHIIIeHH (TO.lKe Ha JJ.JJHHe 20 CM) TOJI

IUHHa H30JIHTOpa B03pOCJJa J.1.0 6,5 CM (B 1,6 pa3a}, H TOJlbKO ITOCJJeJJ.HHe 

~BHHU.OBbie CJIOH MHIIIeHH (c HX o6meii JJ.JIHHOH CBHHU.a 25 CM) JJe.lKaJIH Ha 

H30JJHTope ITpe.lKHeii TOJJIIJ.HHbI - 4 CM. Ha pHCYHKe ITOKa3aHa CTPYKTypa 

:HOH MHIIIeHH. 

B ITepBOH ee 3KCIT03HU.HH HHBepCHH cyMMapHoro TOKa HMeJJa MeCTO 

JIHIIIb ITOCJJe ITpOXO.lKJJ.eHHH ITY'lKOM ITepBH'lHb!X p+ B CBHHU.e 60 CM. A BO 

BTOpOH 3KCIT03HU.HH ITepeJJ. MHIIIeHblO 6b!JI JJ.06aBJJeH eme OJJ.HH CBHHU.OBb!H 

KHpITH'l (oH ITOKa3aH Ha pHCYHKe ITYHKTHpOM). 11 HHBepcHH CMeCTHJJaCb Ha 

rny6HHY Pb 65 CM. 3m ITOJJ.TBepir.HJIO cyw.ecTBeHHOCTb BJIHHHHH H OTJIH'lHH 

60KOBOH ITOBepXHOCTH MHIIIeHH OT HJJ.eaJJbHOfO KOHyca H JJ.pyrnx BbIIIIeyKa-

3aHHb!X cpaKTOpOB Ha ITapaMeTpbl reHepHpyeMoro B CBHHU.e cyMMapHoro TO

Ka. B 'laCTHOCTH, TOT cpaKT, 'ITO ITOJJ.aBJJeHHe HHBepCHH o6XOJJ.OM cepeJJ.HHbl 

MHIIIeHH ITepBH'lHb!MH p+ ITO H30JIHTopy Ha rny6HHe 50 CM B ITepBb!X Tpex 

3KCITepHMeHTaX 6b!JIO MaJJblM, HO CHJlbHO B03pOCJIO B MHIIIeHH 'leTBepTOfO 

3KCITepHMeHTa C yMeHbIIIeHHblM Ha'laJibHb!M CBHHU.OBb!M ITOITepe'lHHKOM H 

yrnnmeHHb!M H30JIHTOpOM, COMHeHHH He Bbl3bIBaeT. 

3aKJII01IeHHe. Pe3yJJbTaTbl OITHCaHHb!X B pa6oTe OITb!TOB IT03BOJIH

IOT C'lHTaTb yCTaHOBJJeHHb!M cpaKT B03HHKHOBeHHH HHBepcHH cyMMapHoro 

3JJeKTpH'leCKOro TOKa (H3 ITOJIO.lKHTeJJbHOfO Ha BXOJJ.e B CBHHU.OBYIO MHIIIeHb 

B OTPHU.aTeJJbHblH Ha rny6HHe ITpOHHKHOBeHHH B Hee ~ 50 CM}, reHepHpye~ 

MOfO ITY'lKOM ITepBH'lHb!X ITPOTOHOB JJ.a.lKe C HX He BITOJJHe peJJHTHiHCTCKOH 

3Heprneii 655 M3B (rv 0,7mpc2). 

3rnM ITOJJ.TBep.lKJJ.aeTCH CITpaBeJJ.JJHBOCTb ITpeJJ.ITOJIO.lKeHHH [I] 0 TOM, 

'ITO JJ.eHCTBHTeJJbHOH ITPH'lHHOH H3BeCTHOf0 xopo!IIO H3MepeHHOfO HBJJe

HHH BeprnKaJJbHOH ITOJJHpH3aIJ.HH aTMOCcpepb! 3eMJJH, CJJeJJ.CTBHeM KOTOpOH 

HBJIHIOTCH H CTa6HJJbHO ITOJJ.JJ.ep.lKHBaeMb!e OTPHU.aTeJJbHb!H 3apHJJ. 3eMHOf0 

IIIapa BeJJH'lHHOH Qffi = -5,7 • 105 Kn, H TaKOH .lKe, HO ITOJJO.lKHTeJJbHbIH, 

3apHJJ. BepxHeH fOMOCcpepbl 3eMJJH [2-4], HBJIHIOTCH fKJI. 

TipaBJJ.a, CTOpOHHHKH Bb!JJ.BHHYTOH BHJJbCOHOM [6] B 1922 r. fHITOTe3bl 0 

CITOC06HOCTH rp030BOfO MeXaHH3Ma ITOJJHpH30BaTb 3eMHYIO aTMOCcpepy MO· 

ryT ITOITb!TaTbCH ITPHBeCTH B ee 3aW.HTY apryMeHT O TOM, 'ITO H3MepeHHb!H 

HaMH HHBepTHpOBaHHb!H TOK Ha HeCKOJlbKO ITOpHJJ.KOB MeHbIIIe TOKa ITepBH'l· 

Hb!X p+. H, CJJeJJ.OBaTeJibHO, ITOTOK fKJI (BXOJJ.HIUHX B aTMOCcpepy C BbIIIIe

YITOMHHYTb!MH ero ITapaMeTpaMH), HMeIOIIJ.HH Ha ITepBb!H B3fJIHJ.I. MH3epHyIO 

ITJIOTHOCTb ~ Ip+ /(cM2 • c), He CITOC06eH C03JJ.aTb H3BeCTHb!H He06XOJJ.HMb!H 

JJ.JJH CTa6HJIH3aIJ.HH Q(f) TOK Ha ITOBepXHOCTb 3eMJJH rv }8QOe- /(cM2 • c). 

Ho cpaBHHTeJJbHb!H aHaJJH3 o60HX (rpo30B0f0 H fKJI) MeXaHH3MOB, Bbl· 

ITOJJHeHHbIH B [I, 7]. ITOKa3an, 'ITO, 6JJaroJJ.apH orpoMHb!M rv 1010 - 1018 3B 

3HeprnHM ITepBH'lHb!X p+ H JJ.pyrnx ITOJIO.lKHTeJJbHO 3apH.lKeHHb!X 'laCTHI..I. 

B fKJI, Ka.lKJJ.aH H3 KOTOpb!X C03JJ.aeT B aTMOCcpepe rv 106 JIHBHeBb!X 

3JJeKTpOHOB, ,-KBaHTOB H JJ.pyrnx qacrnu. [2-4], fKJI BITOJJHe CITOC06Hbl 

6b!Tb aJJ.eKBaTHb!M ee ITOJJHpH3aTOpOM. Y6eJJ.HTeJJbHO ITOJJ.TBep.lKJJ.aeT 3TO 

H xopowo H3BeCTHaH BeJJH'lHHa ITJIOTHOCTH HOHOB p, o6pa3yeMblX fKJI 
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B ITpHITOBepXHOCTHOM cnoe 3eMHOfO B03JJ.yxa H HaJJ. MaTepHKaMH, H HaJJ. 

MOpHMH p= 1,6/(cM3 -c) [5, c.1173] (CM. [I]). 
fHITOTe3a .lKe BHJJbCOHa He COBMeCTHMa H C cpaKTOM MHOroKpaTHOfO 

npeBOCXOJJ.CTBa JJ.OCTOBepHO H3MepeHHOH TOJIIIJ.HHbl ITOJJHpH30BaHHOfO CJIOH 

aTMOCcpepbl (~ 85 KM) HaJJ. TeM JJ.HaITa30HOM BbICOT, Ha KOTOpb!X 6bIBaIOT 

rp03bl. TaK 'ITO rp03bl, CKopee BCero, HBJJHIOTCH JIHIIIb CJieJJ.CTBHeM CTa-

6HJJbHO ITOJJ.JJ.ep.lKHBaeMOH fKJI ITOJJHpH3aIJ.HH aTMoccpepb! .. 
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IlpHJio:>KeHHe 4 
O6JiaCTH cy~eCTB0BaHH.SI H HeK0T0pbie CBOHCTBa 

CB.SI3aHHbIX co<:TO.SIHHH qacTHIJ.bI B noJI.SIX c 0JJ.H0p0JJ.Hoii 

3aBHCHM0CTblO ee Il0TeHIJ.HaJibHOH aHeprHH 
. OT K00p.l(HHaT 1 

C TI0M0IIl.b!O CJJe,llCTBHH H3 KB3HTOBO-MexaHHqeCKOfO 06061I1.eHHH TeopeMbl BH

pHaJJa HCCJJe,ll0B3Hbl CBOHCTBa cneKTp0B co6cTBeHHbIX 3HaqeHHH TIOJJHOH 3HeprnH Ii 

C00TBeTCTBYIOIII.HX HM cpe,llHHX 3HaqeHHH onepaT0p0B KHHeTHqecKOH H TI0TeHUH3Jlb

HOH 3HeprnH CBH33HHbIX C0CTOHHHH qacTHUbl B TI0JIHX C 0,llHOpO.llHOH 33BHCHM0CTbIO 

ee TI0TeHUH3JlbHOH 3HeprnH OT K00p.llHH3T. PellJeHO CT3H.ll3pTH0e HepeJJHTHBHCTCK0e 

ypaBHeHHe lllpe,llHHrepa H H3H,lleHbl B0JJH0Bble q>yHKUHH CBH33HHbJX C0CT0HHHH JI.JJH 

H3BeCTHOH npo6JJeMbl «na.neHHH qacTHUbl Ha ueHTp». 

BBe,l].eHHe. K HaCTOHlll.eMy BpeMem1 HaH60Jiee TOtJHO HCCJie,!I.OBaHbl 

KBaHTOBO-MexaHHtJeCKHe COCTOHHHH tJaCTHUbl B TIOJIHX C orrepaTopoM ee 

rroTeHuHaJibHOH 3HeprnH U(r) = -Ze2 fr (KYJIOHOBCKoe B3aHMo,u.eiicTBHe 

3JieKTpOHa C TH)KeJibJM ITOJIO)KHTeJibHbIM 3apH,!1.0M Ze) H U(r) = -mw2x2 f2 
(rapMOHHtJeCKHH OCUHJIJIHTOp). O6a BH,!l.a B3aHM0,!1.eHCTBHH HMeIOT TaK 

Ha3bIBaeMbie 0,!I.HOp0,!1.Hbie CTerreHH p 3aBHCHMOCTH U(r) OT KOOp,!1.HHaT 

(p = - I B KyJIOHOBCKOM ITOJie tt p = +2 B rapMOHHtJeCKOM OCUHJIJIHTOpe), 

rrpH KoTopoii Bcer,u.a U(.>,.r) = )..PU(r) (.>,. = const) •. 

B ,u.eHCTBHTeJibHOCTH peaJIH3YIOTCH He TOJibKO BbIUieyrroMHHYTbie CTe

rreHH O,!I.HOp0,!1.HOCTH p = - I H +2, HO TaKme H ,u.pyrne 3HatJeHHH p. B 
tJaCTHOCTH, p = -3 xapaKTepH3yeT B3aHMO,!l.eHCTBHe MarHHTHblX MOMeHTOB 

,!1.BYX 3JieMeHTapHbIX tJaCTHU, a p = -2 XOTH H He HMeeT cf>H3HtJeCKOf0 

CMblCJia, HO rrpo6JieMa cymecTBOBaHHH cyrrepCBH3aHHoro COCTOHHHH tJaCTH

Ubl B rnnoTerntJeCKOM ITOJie C U(r) = -7 fr2 ("( > 0) (rra,u.eHHH ee Ha ueHTp) 

,!l.aBHO npHBJieKaeT BHHMaHHe cf>H3HKOB (CM., HanpHMep, § 18 H 35 B [I]). 
B CBH3H C 3THM npe,!1.CTaBJIHeTCH aKTyaJibHbIM HCCJie,!I.OBaTb B03MO)K

HOCTb (HJIH ee OTCYTCTBHe) cymecTBOBaHHH CBH3aHHblX KBaHTOBO-Mexa

HHtJeCKHX COCTOHHHH MHKpotJaCTHUbl, B3aHM0,!1.eHCTBYIOlll.eH C MaCCHBHbIM 

(HeIT0,!1.BH)f(HbIM) ueHTpOM qepe3 O,l].HOPO.D.HblH oneparnp ee ITOTeHUHaJibHOH 

3HeprnH B ITOJie ueHTpa U(r) = 7rP ("{ = const) npH BCeB03MO)f(HblX 3Ha

tJeHHHX CTeneHH p E (-oo, +oo ). 

l. Teopm1. CrnH,u.apTHbIH cnoco6 TOtJHoro pactJeTa cneKTpOB co6-

crneHHblX 3HatJeHHH onepaTopa ITOJIHOH 3HeprnH tJaCTHUbl, ,!I.BHraIOmeii-

1 Mamopa H. M. I I OmttKa H cneKrpocK0TIHH. 1997. T. 83, NQ 3. C. 357. 
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CH B noJie HeIT0,!1.BH)KHOro ueHTpa, npH Ka)K,!I.OH KOHKpeTHOH CTeneHH 

p E (-oo, +oo) C ITOMOlll.bIO peUieHHH cooTBeTCTBYIOlll.HX ypaBHeHHH Wpe

,!1.HHrepa B ,u.aHHOM CJiyqae peaJIH3yeM J!Hillb npH HeKOTOpbIX 3HatJeHHHX p. 
Ho peUieHHe npo6JieMbl H ,!I.JIH OCTaJibHbIX p ocymecTBHMO, ec.im BOCITOJib-

30BaTbCH ,!l.aHHbIM B 1930 r. B. A. <l>oKOM [2, 3] KBaHTOBO-MexaHHtJeCKHM 

o6o6meHHeM H3BeCTHOH TeopeMbl BHpHaJia ,!I.JIH COBepUiaiomeii cf>HHHTHOe 

,!1.BH)KeHHe BOKpyr ueHTpa qacTHUbl C oneparnpoM ee noTeHUHaJibHOH 3Hep

rHH U(r) 
2Tep = l1cp- (I) 

Cpe,u.Hee 3HatJeHHe Tep onepaTopa KHHeTHtJeCKOH 3HeprnH tJaCTHUbl B 

(I) TOtJHo Bbipa}KeHo qepe3 cpe,u.Hee 3HatJeHHe Vcp ee BHpHaJia V(r) = 
= xdU f dx + ydU/dy + zdU /dz, nptttJeM B cJiyqae o,u.Hopo,u.Hoii cTeneHH p 
3aBHCHMOCTH U(p) ll3 (I) CJie,u.yeT: • 

·2Tep = pUep· (2) 

J,fa TeopeMbI (2) H onpe,u.eJieHHH cpe,u.Hero 3HatJeHHH oneparnpa noJIHOH 

3HeprnH tJaCTHUbI Ecp = Tep + Uep npH cf>HHHTHOM ee ,!I.BHmeHHH (T. e. 

,!1.llCKpeTHOM cneKTpe ee ITOJIHOH 3HeprnH En) HaXO,!I.HM CBH3b Tncp H Uncp 
C Encp (n - rnaBHOe KBaHTOBOe tJHCJIO ypOBHH) B BH,!l.e 

Encp = (I +2/p)Tncp = (1 +pf2)Uncp; (3) 

flocJie,!I.Hee TOtJHOe COOTHOUieHHe Me)K,!l.y cpe,!1.HHMH 3HatJeHHHMH ITOJIHOH, 

KHHeTHtJeCKOH H ITOTeHUHaJibHOH 3HeprnH (B npe,!1.ITOJIO)KeHHH cf>HHHTHOCTH 

,!I.BH)KeHHH tJaCTHUbI) XOTH H He co,u.epmHT npHMOH 3aBHCHMOCTH Ka}K,!I.OfO 

H3 Encp, Tncp H Unep OT p, HO, TeM He MeHee, IT03B0JIHeT He TOJ!bKO 

KJiaccHcf>HUHpOBaTb HHTepBaJibl p ITO B03M0)KHOCTH cymecTBOBaHHH B HHX 

CBH3aHHbIX COCTOHHHH, HO H BblHCHHTb pH,!1. HOBbIX HHTepeCHbIX oco6eHHO

CTeH 3THX COCTOHHHH. 

PacCMOTpHM, npem,u.e BCero, CBH3b 3HatJeHHH Encp c Tncp HaH,!I.H H3 

BbipameHHH (3) tJaCTHYIO npOH3B0,!I.HyIO 

p 
dTnepfdEncp = 2 + p' 

3aBHCHMOCTb KOTOpOH npe,!1.CTaBJieHa Ha pHC. I. 

(4) 

O6pamaeT Ha ce6H BHHMaHHe TO, tJTO 3HatJeHHH npOH3B0,!1.HOH ITOJIO

)KHTeJibHbie, o6ycJIOBJIHBaIOlll.He B03pacTaHHe Ha6JII0,!1.aeMOH KHHeTHtJeCKOH 

3HeprnH tJaCTHUbl ITOCJie ee B036ym,u.eHHH H3 JII06oro CBH3aHHOro co

CTOHHHH B 6oJiee BblCOKOe (no ITOJIHOH 3HeprHH) CBH3aHHOe COCTOHHHe, 

cymecrnyeT JIHUib B ,u.Byx o6Jiacrnx p: -oo < p < -2 H 0 < p < +oo, a 

B o6JiaCTH -2 < p < 0, B KOTOpoii HaXO,!I.HTCH H O,!I.HO H3 HaH60Jiee pac

npoCTpaHeHHblX - KYJIOHOBCKOe ITOJie npHTH)KeHHH U(r) = -"( fr ('Y > 0) 
co CTeneHbIO 0,!I.HOp0,!1.HOCTH p = -1, nepexo,u. qacTHUbl Ha 6oJiee BbICOKHH 

ypoBeHb En BCer,u.a conpOBO)K,!l.aeTCH y6bIBaHHeM Tn. 
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PHC. I 

Terrepb rrpoaHaJIH3HpyeM OTHOllleHHH 

Tncp Encp 
-- 11--
Uncp Uncp' 

2 3 4 p 

Tncp = [!_, Encp = [!_ + 1. ( !f) (6} 
Uncp 2 Uncp 2 ' 

Xo.n. o6oHX OTHOllleHHH ITO p H306pa.lKeH Ha pHC. 2. 113 OTHOllleHHH (5) 
cne.n.yeT: H3-3a Toro, 'ITO Bcer.n.a Tncp > 0, rrpH qJHHHTHOCTH Jl.BH.lKeHH.H 

qaCTHl_f.bl Jl.JlH BCex p < 0 Uncp Bcer.n.a Jl.OJl.lKHO 6b!Tb OTPHIJ.aTeJibHbIM, 

a JJ.JIH Bcex p > 0 rrpHroJJ.Hbl TOJlbKO IIOJIO.lKHTeJibHbie cpe.n.HHe 3Ha'IeHHH 

IIOTeHl_f.HaJibHOH 3HeprnH Uncp-

.,,.,, 
_,.,.,,.,,,,,,,,. 

E,IUn; T,IUn 

-1 

-2 

-3 

PHc.2 

E,IVn=p/2+ 1 

T,IUn=p/2 

Ho Tor.n.a H3 coornorneHHH (6) H Uncp < 0 rrpH p < 0 H Uncp > 0 
JI.JIH p > 0 OTPHJJ.aTeJibHbie cpeJJ.HHe 3Ha'IeHHH En .n.orrycTHMbl TOJlbKO B 

Y3KOM HHTepBaJie p E (-2, 0), a rrpH Bcex p BHe 3TOro HHTepBaJia, T. e. 

rrpH p < -2 H p E (0, +oo)En CBH3aHHbIX COCTOHHHH MoryT 6b!Tb TOJlbKO 

IIOJIO.lKHTeJibHbIMH. 

i 
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O6a BHJJ.a COBMeCTHMbIX C B03MO.lKHOCTblO cymecTBOBaHHH CBH3aHHblX 

cocTOHHHH orreparnpoB rroTem1.HaJibHOH 3HeprnH U(r) = 1 rP, rrepBb!H H3 

K0T0pb!X HMeeT KOHCTaHTbl , < 0 H p < 0, a BTOpOH - , > 0 H p > 0, 
npe,ncTaBJieHbl Ha pHC. 3. 

20
~_U,3B 

10 
·::..~=z....,._._,.___, I I O 

U(x) = l,_6f.-·: U(x) = 1,6x2 
____ _. ,.. ........ =~~r-:---- x,:-e . 

1,0 0,8 0,6 0,4 0,2 0,2 0,4 0,6 0,8 1,0 l,~ _. _ ·_:-_::. r, a.e. 
. - ---10 .,.--,_ . .,, .,.., -20 

-30 
U(r) = -e2 r-1 

-40 

-50 

- PHc.3 

·,. ,, 
I• 

'·"' ,,· " I; U(r) = -e2 r-3 
I • 
• I 

MacrnTa6 oceH Ha HeM TaKOB, 'ITO Bbipa.lKaeMa.H B 3B IIOTeHl_f.HaJibHaH 

3HeprnH Ha 3a,naBaeMbIX B a. e. paccTOHHHHX 6nH3Ka K U(r) 3JieKTpoHa B 

aTOMe BOJJ.Opo.n.a H U(x) (rro.n. X rro.n.pa3yMeBaeTCH a6coJIIOTHaH BeJIH'IHHa 

OTKJIOHeHHH qacTHl_f.bl OT IIOJIO.lKeHHH paBHOBeCHH) OJJ.HOro H3 aTOMOB B 

MOJieKyJie BO,nopo.n.a H2. flone3HO OTMeTHTb, 'ITO B 3aBHCHMOCT.HX o60HX 

BHJI.OB 3HaK orrepaTopa ,rP OCTaeTCH HeH3MeHHb!M BO BCeM rrpocTpaHCTBe 

H Bcer.n.a COBrra.n.aeT co 3HaKOM p. 
B COOTBeTCTBHH c COOTHOllleHHeM (5) (CM. TaK.lKe pHC. 2) Jl.JIH Bcex 

IPI > 2 MOJJ.YJIH ITnl qacrnu B cocTOHHHHX c qJHHHTHb!M JJ.BH.lKeHHeM 

,noJI.lKHbl rrpeBOCXOJI.HTb IUncpl-
PaccMOTpHM 6onee rro.n.po6Ho CBH3aHHble COCTOHHH.H qacTHl_f.bl B rnrro

TeTH'IeCKOM rrone U(r) = -,/r2 
(, > 0). 

2. Ilapa.n.oKCaJJbHbie CBH3aHHble COCTOHHHH 11acTH~bl B IlOJJe C 

U(r) = -"(/r2 • BemecTBeHHoe o6mee perneHHe Hepen.HTHBHCTCKoro pa

JJ.HaJibHOro ypaBHeHHH illpeJJ.HHrepa Jl.JI.H BOJIHOBOH qiyHKl_f.HH qaCTHl_f.bl B 

rrone c U(r) = -,/r2 
(, > 0) 

R R · 
r 2d2 dr2 + 2rd dr + [2Ecpr2 + 1 - l(l + l)JR(r) = 0 (s a. e.) (7) 

nerno HaXOJI.HTCH [4] Jl.JIH Bcex B03MO.lKHb!X CO'IeTaHHH BXOJI.HIUHX B Hero 

rrapaMeTpos - cpe,nHero 3Ha'IeHHH rronHoH 3HeprnH Ecp ~ 0; , - rro

CTOHHHOH B3aHMO,neHCTBHH qacTHl_f.bl C 11.eHTpOM H MOMeHTa HMIIYJibCa 

4 11.M.MaTOpa 
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l = 0, 1, 2, ... PellleHHe HMeer BH.D.: 

R( ) _ CI,,({Jr) + DK,,({Jr) E 0 
r - rl/2 )I.JUI ep < , 

-1 

ll =(¼- 21 + l(l + 1tl2
, {3 = (-2Eepl 

R()
_Ccos(ainr)+Dsin(ainr) E _

0 r - rl/2 . )I.JUI ep - ' 

( 
1 ) 1/2 

a = 2, - 4 - l.( l + 1) 
1 

2, > 4 + l(l + 1); 

R(r) = (C In r + D)r~.11.n51 Eep = 0; 
1 . . 

2,= 4 +l(l+l); 

R(r) = (Cr8 + Dr-8 )r-112 .D.JIH Eep = 0; 

( 
1 ) 1/2 

8 = 4 + l(l + 1) - 21 ; 
1 

2, < 4 + l(l + 1) 

(8) 

(9) 

(10) 

(11) 

(Iv(z) H Kv(z) - UHnHH.11.PHlJeCKHe <PYHKUHH MHHMoro apryMeHTa, nepBaH 

H3 KOTOpb!X npH Z - 00 He_()rpaHHlJeHHO B03pacraer, a BropaH 3KCnOHeH-
UHaJihHO y6hrnaer). ·,c,, . 

,QJIH npeBpameHHH Haii:.11.eHHblX o6mHx pellleHHH ypaBHeHHH (7) B 

BOJlHOBble q>yHKUHH CTaUHOHapHb!X COCTOHHHH Heo6XO)I.HMO HaHTH )J.JlH 

Ka)K)J.OfO H3 HHX raKHe 3HalJeHHH nocTOHHHhlX C H D H napaMerpoB 

Eep, 1 H l, npH KOTOpb!X 6y.11.yr BblflOJIHeHbl craH.11.apTHhle rpe6oBaHHH 

K BOJlHOBblM <i>YHKUHHM TaKHX COCTOHHHH [ 1, 3, 5, 7]: HOpMHpyeMOCTH Ha 

e.11.HHHUY, O)J.H03HalJHOCTH H HenpepblBHOCTH BMecre C npOH3B0)1.HOH BO BCeM 

npocrpaHCTBe, a raK)Ke KOHelJHOCTH (TOlJHee - BhlflOJIHeHHH COOTHOllleHHH 

lim rR(r) = 0 npH r - 0 [5]). 
HatJHeM co cpe.n.Hero 3HatJeHHH nOJIHOH 3HeprnH E ;: 0, Koropoe, Ha 

nepBblH B3fJlH.lJ., HaH6onee TOlJHO COOTBercrnyer reopeMe BHpHaJia .lJ.JlH 

paCCMarpHBaeMOro noJIH co creneHb!O O.lJ.HOPO.lJ.HOCTH p = -2 (CM. COOT

HOllleHHe (5)). Jlerno BH,lJ.eTh, lJTO pellleHHHM (9)· H ( 10) npH.n.arb BH.lJ. 

BOJlHOBh!X q>yHKUHH CTaUHOHapHb!X COCTOHHHH HeB03MO)KHO no npHlJHHe 

pacXO.lJ.HMOCTH HOpMHpOBOlJHOro HHTerpana Ha 6eCKOHelJHOCTH npH JII06b!X 

C H D. PellleHHe (11) raK)Ke HenpHeMneMo - B HeM .lJ.JIH o6ecrretJeHHH 
00 

cxo.n.HMOCTH Ha 6eCKoHelJHOCTH HopMHpoBOlJHoro HHrerpana J R 2 ( r )r2 dr 

0 
HY)KHO np11paBHHTh C = 0. Ho 11 nocne aroro .n.nH ero CXO.lJ.HMOCTH B Hyne 

HY)KHO orpaHHlJHTh BeJIHlJHHY 8 < 1 /2. Ho aro .n.a)Ke npH C = 0 pacxo.n.H

MOCTh Ha 6ecKOHelJHOCTH He ycrpaHHeT. TeM caMb!M .lJ.OKa3aHa HeB03MO)K

HOCTh q>HHHTHOCTH .lJ.BH)KeHHH lJaCTHUhl B 3TOM none npH Eep = 0. 

" I 
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l1ccne.n.yeM reneph ocraBllleecH o6mee pellleHHe (8) .lJ.JIH Eep < 0. 0Ho 

npH C = 0 H, B qacrHOCTH, ll = 0 XOTH H B03pacraer HeorpaHHlJeHHO npH 

r - 0, HO npH r - 0 Iim rRo(r) = 0, a caMa rRo(r) HOpMHpyeMa Ha 

e.n.HHHUY H, KpOMe roro, HenpepblBHa BMecre C npOH3B0.lJ.HOH H. 0.lJ.H03HalJHa 

B HHrepBane O < r < 00. Mo)KeT JlH Ro(r) OKa3aThCH BOnHOBOH q>yHKUHeii: 

craUHOHapHoro COCTOHHHH, npoBepHM npe)K.n.e BCero Ha none C nocTOHHHOH 

B3aHMO,lJ.eHCTBHH 1 = 1/8 + l(l + 1)/2, npH KOTOpOH H CaMO ypaBHeHHe (7), 
H ero pellleHHH HeH3MeHHhI .n.nH Bcex l. B lJaCTHOM cnyqae c l = 0 aro none 

B [ 1] Ha3BaHO KpHTHlJeCKHM. 

3.n.ecb v = 0, H npe.n.nonaraeMaH BOJlHOBaH q>yHKUHH Ro(r) B COOTBeT

CTBHH c (8) HMeer BH.lJ. 

Ro(r) = Dr- 112 Ko(fJr), 

r.n.e [8] 

(z) 00 

['lj;(k + l)z2k] Ko(z) = -Io(z) In 2 + L 22k(k!)2 ; 
0 

00 

[ z2k ] k ( I ) Io(z) = ~ 22k(k!)2 ; 1/l(k +I)= -0,5772 ... + ~ m . 

HopMHpOBOlJHhlH HHTerpan OT (12) paBeH (CM. [8]): 

00 2 

2 J 2 2 D D K 0 ({3r)r dr = 
2

(32 = I, 
0 

T. e. D = 2112(3, H HOpMHpOBaHHaH Ha e.n.HHHUY BOJIHOBaH q>yHKUHH 

Ro(r) = 2112fJKo(fJr)r-1/2_ 

(12) 

(13) 

(14) 

BhllJHCJleHHe cpe.n.Hero 3HalJeHHH paCCTOHHHH Tep lJaCTHUhl OT ueHrpa .n.aer 

00 00 

Tep= 2(32 f K5({3r)r2dr = (¾) J K5(z)z2dz = J (15) 

0 0 

00 

(A= 2 J K5(z)z2dz = 0,62 - pe3yJihrar lJHCJieHHoro HHrerpHpoBaHHH). 

0 

Tor q>aKT, lJTO Tep= A/{3 = A(-2Eep)- 1·2 , HBJIHeTCH apryMeHTOM B 

nOJlb3Y OCHOBaHHOro Ha npH6nH)KeHHOM aHaJIH3e npo6JieMhl B [I] yrnep

)K,lJ.eHHH O B03MO)KHOCTH na.n.eHHH lJaCTHUhl Ha ueHrp B paCCMarpHBaeMOM 

none npH Eep - -oo. 
BhilJHCJIHM .n.anee cpe.n.HHe 3HalJeHHH Tep, Uep H Eep H conocraBHM HX 

C BblTeKaIOll(HMH H3 reopeMbl BHpHaJia COOTHOllleHHHMH Me)K.n.y HHMH. TTpH 

4• 
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Bbl'IHCJieH!rnX fIOJie3HO BOCITOJib30BaTbCll BbITeKaJOW.HM H3 peKyppeHTHb!X 

coornorneHHH Me)KJJ.Y Kv BbIpa)KeHHeM Kt= Ko - K~/ z, pa3JIO)KeHHeM 

(13) Ko(z) B PllJJ., a TaK)Ke .:1KcrroHem1.HaJibHbIM y6hIBaHHeM Ko(z) Ha 

6ecKoHe'IHOCTH. B pe3yJibTaTe 

00 

Tep= I f4J((Jr) ( (-2~r1;>) - ( ~) d:: + l(l2!/) f4J) r2dr = 

0 
00 

2 I 2 dz (32 2 (L3 2 2 ) (32 = 21(] K 0 (z)~ - 2 = 2,(J 3 + aL + a L - 2 , 
0 

(16) 

a=ln2-0,577Z ... ; L=limjlnzj; (16) 
Z->0 

00 

Uep = -, f R{J((Jr)dr = -22
,(3

2 
( ~

3 

+ aL2 + a2L), (17) 

0 

(32 
Eep =Tep+ Uep = - 2 . (18) 

KaK BHJJ.HM, BOJIHOBall q>yHKI].Hll l4J((Jr) COCTOllHHH 'IaCTHI].bl B rro

Jie co CTerreHblO 0)1,HOpOJJ.HOCTH p = -2 H fIOCTOllHHOH B3aHMO)J,eHCTBHll 

1 = 1/8 + l(l + 1)/2 B HepeJillTHBHCTCKOM rrpH6JIH)KeHHH HaHJJ.eHa. CpeJJ.

HHe 3Ha'IeHHll BCex Heo6XOJJ.HMbIX xapaKTepHCTHK COCTOllHHll C q>HKCHpo

BaHHb!M Eep JierKO C ee ITOMOIIJ.b!O Bbl'IHCJlll!OTCll, rrpH'IeM ITOJIY'IeHHbie 

BeJIH'IHHbl Tep, Uep H Eep HaXO)J,llTCll B COOTBeTCTBHH C TeopeMOH BHpHaJia, 

crrpaae)J,JIHBOH TOJibKO )!,Jill COCTOllHHH C q>HHHTHbIM JJ.BH)KeHHeM 'IaCTHI].bl. 

TaK, COOTHOIIJeHHll (5) H (6) Me)KJJ.Y cpe.ll,HHMH 3Ha'IeHHllMH (16)-(18) 

BblfIOJIHll!OTCll c TO'IHOCTb!O JJ.O 6ecKOHelJHO MaJiblX TpeTbero rropllJJ.Ka. 

J:l:Jill (5) Tep/Uep = -1 + 0( 1 / L 3) = -1, a JJ.Jill (6) Eep/Uep = 0( 1 / L 3) = 
= 0, KaK H JJ.OJI)KHO 6h!Tb rrpH p = -2. 

Ho BMecTe c TeM Heo6XOJJ.HMO OTMeTHTb CJie)J,yJOw.He rrapa.ll,OKCaJibHbie 

CBOHCTBa OITHCbIBaeMbIX eJO COCTOllHHH. • 

a) CrreKTp cpeJJ.HHX 3HatJeHHH ITOJIHOH .3HeprnH tJaCTHIJ.bI Eep < 0 B rroJie 

C U(r) = -l/(8r
2

) - (l(l + 1))/(2r2) llBJilleTCll CITJJOilIHbIM, paBHOMepHO 

3aITOJIHlllOIIJ.HM BCIO o6JJaCTb - 00 < Eep < 0, a He JJ.HCKpeTHbIM, HeCMOTpll 

Ha llpKO Bbipa)KeHHYIO q>HHHTHOCTb ee JJ.BH)KeHHll. 

6) Co6crneHHb1e q>yHKIJ.HH Ka)KJJ.Oro 3HatJeHHll Eep HMeJOT yHHBep

caJJbHYIO JJ.JJll aceii o6nacrn - oo < Eep < 0 3aBHCHMOCTb f4J(r) = 

= 2112fJKo(fJr)r- 112
, rrpH'IeM JJJ06b1e JJ.Be H3 HHX I4J((J,r) H I4J(/32r) C 

Eep = -fJf /2 =fa Eep = -f]'§/2 He OpTOfOHaJJbHbl JJ.pyr JJ.pyry. 

YMeCTHO 3aMeTHTb, 'ITO fIOCJJe)J,Hee CBOHCTBO f4J((Jr) )J,Jlll Eep < 0 He 

llBJJlleTCH rrpH3HaKOM HeITOJJHOTbl Ha6opa BOJJHOBblX q>yHKIJ.HH BCeH o6na
CTH - 00 < Eep < +oo, H6o BOJJHOBbie cf>YHKI].HH )J,Jlll fIOJJO)KHTeJJbHblX 

"" 
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Eep, KOTOpbIe, KaK nerno rrpoaepHTb JJ.JJll 1 = 1/8 + l(l + 1)/2 HMeIOT BHJJ. 

&+ = r- I (M cos kr + N sin kr) (M H N - KOHCTaHTbI, k = (2Ecp) I12) 

8 COBOKYITHOCTH co BCeMH f4J llBJllllOTCll, O'IeBHJJ.HO, Ha6opoM fIOJJHblM. 

B) CocTOllHHe c Ecp = 0, KOTOpoe HaH6onee TO'IHO COOTBeTCTBOBaJJO 6b! 

TeopeMe BHpHaJJa B pacCMOTpeHHOM fIOJJe, He peaJJH3yeTCll. 

I1TaK, B HepeJJllTHBHCTCKOM rrpH6JJH)KeHHH HCCJJe)J,OBaHbl CBll3aHHbie 

COCTOllHHll 'IaCTHl].bl a ITOJJe co CTerreHb!O OJJ.HOPOJJ.HOCTH p .= -2 JJHilib rrpH 

3HatJeHHllX 1 = 1/8 + l(l + 1)/2 c YHHBepcaJJbHOH BOJJHOBOH q>yHKI].HeH 

I4J(r) = 2I/2fJKo(f3r)r-1/2_ 

OJJ.HaKO TO, 'ITO pacXOJJ.HMOCTb a HyJJe BXOJJ.llW.eH a I4J I].HJJHHJJ.pH'IeCKOH 

<f>YHKI].HH MHHMOfO apryMeHTa Ko(fJr) llBJJlleTCll norapHq>MH'IeCKOH, T. e. 

MHHHMaJJbHOH )J,Jlll MHoroo6pa3Hll Kv(f3r) co BCeB03MO)KHbIMH V H, BMeCTe 

C TeM, )J,a)Ke rrpH V = 0 cpe.ll,HHe 3Ha'IeHHll T H u JJorapHq>MH'IeCKH 

pacxO)J,HJJHCb, )J,aeT OCHOBaHHe rrpeJJ.ITOJJaraTb, 'ITO COCTOllHHll B .3TOM fIOJJe C 

Rv(fJr) = Kv(fJr)r- 112 OKa)KyTcll He q>HHHTHbIMH. ITo.3TOMY HCCJJeJJ.oBaHHe 

perneHHH ypaBHeHHll lllpeJJ.HHrepa (7) THrra (8) c v =fa O He rrpeJJ.CTaBJJlleTCll 

Heo6XOJJ.HMb)M. 

HaHTH BOJJHOBbie <f>YHKIJ.HH tJacTHIJ.bI JJ.JJll HMeIOw.ero q>H3H'IeCKHH 

CMblCJJ U(r) = -,/r3 ITOKa, K CO)KaJJeHHIO, He yJJ.aJJOCb, H BOrrpoc O cy

w.ecTBOBaHHH B HeM CBll3aHHblX COCTOllHHH C fIOJJO)KHTeJJbHblMH (B COOT

BeTCTBHH C TeopeMOH BHpHana) E, TOf)J,a KaK aepxHHH rrpeJJ.eJJ BeJJH'IHHbl 

orrepaTopa ee rroTeHIJ.HaJJbHOH .3HeprnH U(r)max = 0, ocraeTCll OTKpbI

TbIM. ITpaB)J,a, perneHHe ero C ITOMOW.b!O HepeJJllTHBHCTCKOrO ypaBHeHHll 

lllpeJJ.HHrepa, ITO-BHJJ.HMOMY, He 6yJJ.eT y6eJJ.HTeJJbHbIM, TaK KaK JJ.a)Ke JJ.Jlll 

p = -2 fIOJJY'IeHHbie cpeJJ.HHe 3HatJeHHll T llBJllllOTCll YJJbTpapeJJllTHBHCT

CKHMH, a )J,Jlll p = -3 JJOfH'IHO O)KH)J,aTb HX B03pacTaHHll. 

B 3aKJJJOtJeHHe HCKpeHHe 6naroJJ.apJO 6. H. 3axapbeBa, B. 11. Jiyw.HKoBa, 

C. A. PaKHTllHCKoro H B. M. 1fa6aHoBa 3a rrJJOJJ.OTBOpHbie JJ.HCKYCCHH. 
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IlpHJIOJKeHHe 5 
AcHMilTOTH1leCKclll MO)J.eJib H BbipaJKeHHe pa60Tbl BbIXO)J.a 

aJieKTpOHa H3 MeTaJIJIOB H HeMeTaJIJIOB I 

OcHOBbIBaHCb Ha H3BeCTH0M cpaKTe He3aBHCHM0CTH pa6oTbl BblX0.D.a cp 3JleK

Tp0Ha H3 JII06oro TeJJa or 3HeprnH BbI6HBaJOmeii ero tJaCTHUbl, HanpHMep cpoTOHa, 

H paccMaTpHBaH CJJytJaH, K0f.l(a 3HepmH cpOTOHa hv -> 00, H, cJJe,n:oBaTeJJbH0, 

CK0p0CTb 3JleKTp0Ha Ve -> C seJJHKa, npHX0JJ:HM K npOCTOH, C T0tJKH 3peHHH 

BbltJHCJleHHH cp, M0,n:eJJH HBJleHHH .. 

B paccMaTpHBaeMhIX YCJIOBHHX ace 3apHJJ.bl TeJia 3a apeMH yxo.n:a CTOJ!b 

6bICTpbIX 3JieKTpOHa H <flOTOHa He ycneBaIOT 3aMeTHO H3MeHHTb CBOe nOJIO· 

)KeHHe, H 3TO .n:aeT OCHOBaHHe KaK JI.JIH MeTaJIJIOB, TaK H J).JIH HeMeTaJIJIOB 

3anHCaTh (B rayccoBOH CHCTeMe e.n:HHHL(): 

e2 
<p = -, 

Tr.p 
(I) 

r.n:e e - aeJIH"'lHHa 3apH.n:a 3JieKTpoHa, a r r.p - xapaKTepHoe paccTOHHHe 

Me)KJJ.Y JJ.BYMH e.n:HHCTBeHHhlMH HeCKOMneHCHpOBaHHh!MH 3apHJJ.aMH 

CHCTeMbl - caMHM 3MHTHpyeMblM 3JieKTpOHOM H o6pa30BaBrneHCH Ha ero 

MeCTe JJ.blpKOH C nOJIO)KHTeJihHb!M 3apHJJ.OM TaKOH )Ke, KaK y 3JieKTpoHa, 

BeJIH'IHHhl. 

<PH3H'leCKOH OCHOBOH YHHBepcaJibHOCTH qiopMyJihl ( 1) HBJIHeTCH TOT 

qiaKT, 'ITO 3Ha'leHHe Tr.p onpe.n:e1rneTCH BCeMH reoMeTpH'IeCKHMH oco6eHHO· 

CTHMH B3aHMHOfO pacnOJIO)KeHHH 3apHJJ.OB B paccMaTpHBaeMOM KOHKpeTHOM 

TeJie (B TOM 'IHCJie H, HanpHMep, HX HeH30TpOnHOCTblO OTHOCHTeJibHO 

HanpaBJieHHH Ha pa3HOHHJJ.eKCHbie rpaHH KpHCTaJIJia), KOTOpb!e H3MeHHTb 

OJI.HOH .n:a)Ke BbICOK03He prn'IHOH HaJieraIOIII,eH Ha KOHJJ.eHCHpoaaHHOe TeJio 

'laCTHL(eH 3a BpeMH ee B3aHMOJJ.eHCTBHH C Bb161rnaeMhIM 3JieKTpOHOM HeB03· 

MO)KHO. 

O.n:HaKO B 3TOH pa6oTe Mbl orpaHH'IHMCH npoCTpaHCTBeHHO-H30Tpon

HblM npH6JIH)KeHHeM, no3BOJIHIOIII.HM 6hICTpo Bbl'IHCJIHTb 3Ha'leHHH <p no 

BCeM 3JieMeHTaM ra6JIHL(bl MeHJ).eJieeBa, JJ.JIH KOTOpbIX H3MepeHa nJIOTHOCTb 

aew.ecrna B KOHJJ.eHCHpOBaHHOM COCTOHHHH [ 1-3], C TeM, 'IT06hl nOJIY'IHTb 

B03MO)KH0 6oJiee nOJIHblH MaTepHaJI JJ.JIH npoaepKH a.n:eKBaTHOCTH MOJJ.eJIH. 

thaK, npe.n:noJIO)KHM, 'ITO JJ.JIH Bcex 3JieMeHTOB 

Tr.p = TN- 113 (N = p/A), (2) 

1 Mamopa H.M., KyAUKOBa C.H. flpenpHHT mum Pl4-87-903. ,n:y6Ha, 1987. 
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r.n:e p - nJIOTHOCTb TeJia; A - Macca aToMa B HeM, a T - eJJ.HHCTBeHHbIH 

no.n:roHO'IHhIH napaMeTp MOJJ.eJIH, 3Ha'leHHe KOTOporo npHMeM 

T = 31/3_ 

Tor.n:a B 3TOM npH6JIH)KeHHH pa6or.:a llb!XOJJ.a 3JieKTpoHa JJ.JIH COCTaBJieHHbIX 

H3 OJJ.HHaKOBhIX aTOMOB TeJI ecTh 

<p = ~2(N/3) 113 3pr = 10-7 N 113 3B. (3) 

1-ho KacaeTCH H3MepeHHH <p, TO npaKTH'leCKH ace H3 HMeBllIHXCH K 

1981 r. 3KCnepHMeHTaJibHbIX .n:aHHblX CHCTeMaTH3HpOBaHbl H o6o6w.eHbl 

B H3BecrnoH MOHorpaqiHH B. C. <f>oMeHKO [4]. TTo.n:aBJIHIOIII.ee KOJIH'lecrno 

OnhITHbIX .n:aHHb!X OTHOCHTCll K 3JieMeHTaM - MeTaJIJiaM H noJiynpoBOJJ.HH

KaM, HO HMel()TCH TaK)Ke TPH H3MepeHHH JJ.JIH aJIJIOTpOnHhIX MOJJ.HcflHKal.(HH 

JJ.H3JieKTpHKa HOJJ.a [4,5]. B. [4] npHBeJJ.eHhl HaH60Jiee JJ.OCTOBepHbie, TaK 

Ha3bIBaeMble peKOMeH.n:yeMbie 3Ha'leHHH pa60Thl BbIXOJJ.a. BbI6paHHhie nocJie 

aHaJIH3a MHOfO'IHCJieHHhIX onhITHhIX H pac'leTHbIX BeJIH'IHH JJ.JIH noJIHKpH

CTaJIJIH'leCKHX o6pa3l.(OB 66 3JieMeHTOB. 

Ha pHcyHKe cnJIOllIHOH KPHBOH npe.n:cTaBJieHa 3aBHCHMOCTh pacc'IHTaH· 

HOH no qiopMyJie (3) pa60Tbl Bh!XOJJ.a <p OT nopHJJ.KOBOro HOMepa 3JieMeHTa 

z, a XOJJ. peKOMeH.n:yeMbIX 3Ha'leHHH <p [4] - OTpe3KaMH nyHKTHpHOH 

KpHBOH H OTJJ.eJihHhIMH TO'IKaMH (JJ.JIH Sm, Th H U). 
PactJeTHhie cp no 3JieMeHTaM H, N H O cooTBeTCTBYl()T HX rnep.n:oii 

<fla3e, a no He, F, Ne, Cl, Ar, Br, Kr, Xe, Hg - )KHJJ.KOH. Ha pHCYHKe 

noKa3aHa pa6ora BhIXOJJ.a H3 yrnepo.n:a-rpaqiHTa, a pacc'IHTaHHaH JJ.JIH aJI

Ma3a <p = 5,6 3B. Pac'leT JJ.JIH qiocqiopa·JJ.H3JieKTpHKa .n:aeT <p = 3,5 3B, a 

3Ha'leHHe JJ.JIH p MeTaJIJIH'leCKOfO HMeeTCH Ha rpa<flHKe. Mb! pacnoJiaraJIH 

TOJ!bKO nJIOTHOCThIO HOJJ.a opTopoM6H'leCKOro ( 4,94 r/cM3), JJ.JIH KOTOporo 

cp = 2,86 3B. 

l1 nepHOJJ.H'IHOCTb, H aMnJIHTy.n:a BapHal.(HH B xo.n:e pactJeTHOH KpHBOH 

cp(Z) cornacyIOTCH C noae.n:eHHeM npaKTH'leCKH BCex HMeIOIII,HXCH 0Tpe3KOB 

KpHBOH peKOMeH.n:yeMhIX 3Ha'leHHH pa60Tbl BbIXOJ).a, npH'IeM npOTH)KeH

HOCTb Ka)KJJ.OfO nepHo.n:a paBHa HHTepBaJiy no Z nepHo.n:a a Ta6JIHL(e MeH

.n:eJieeaa, a <fla3bl KOJie6aHHH BO Bcex nepHo.n:ax OJJ.HHaKOBbl - B HX KOHL(ax 

pacnOJIO)KeHbl MHHHMYMbl. CpeJJ.HHH BeJIH'IHHa OTKJIOHeHHH Bbl'IHCJieHHblX 

3Ha'leHHH OT peKOMeHJ).OBaHHblX <p no BCeM 66 3JieMeHTaM [4] - 12 %. 
TaKoe cornacHe, no-BHJJ.HMOMY, MO)KHO C'IHTaTh YJJ.OBJieTBOpHTeJihHhIM. 

TaKHM o6pa30M, OTMe'laBrneecH paHee HaJIH'IHe nepHOJJ.H'lHOCTH <p no 

aTOMHOMY HOMepy z [6] H npHMaH 3aBHCHMOCTb Me)KJJ.Y nJIOTHOCTblO 

3JieMeHTa H ero pa60TOH Bb!XOJJ.a [7] npHo6peJIH 3JJ.eCh KOJIH'leCTBeHHYIO 

qiopMyJIHpOBKy. BMeCTe C TeM noKa3aHo, 'ITO CBH3b Me)KJJ.Y <p H 'IHCJIOM 

z BaJieHTHhlX 3JieKTpOHOB 3JieMeHT3, npoTHBOpe'IHBOCTb KOTOpOH 6bJJia 

npoHJIJIIOCTpHpOBaHa a [7], a COOTBeTCTBHH c MOJ).eJibIO OTCYTCTByeT. 

B xo.n:e pacc'IHTaHHhIX 3Ha'leHHH cp(Z) 6oJihllIHe CKa'IKH npoH3BOJJ.HOH 

no z Ha6JIIOJ).aIOTCH TOJ!bKO Ha rpaHHL(aX nepHOJJ.0B H rpaHHL(aX Me)K

JJ.Y 8 H 9, a TaK)Ke Me)KJJ.Y 9 H IO pH.n:aMH nepHOJI.H'lecKOH cHcTeMhI 
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,ll. 11. MeH.n.eJJeesa B pe.n.aKUH11 B. TI. fJJa,ll.billlesa [8]. Ho BMecTe c TeM 
HMeeTCH 0.ll.HH KopoTKHH oTpe3oK 6 < Z < ll c .n.syMH aHoMaJJbHO KO
poTKorrepH0.ll.HbIMH KOJJe6aHHHMH. BepOHTHOH rrpH1Il1HOH aH0MaJJHH M0meT 
6b!Tb HeT0lJH0CTb H3MepeHHH IIJI0TH0CTH p rnep,ll.b!X a30Ta 11 KHCJJopo.n.a 
H )KH,ll.KHX qnopa H HeoHa, K0TopaH, B03M0)KH0, B3HTa HeCK0JlbK0 Bblllle 
.n.eflcTBHTeJJbHOH y O H Ne 11 HHme - y N H F. 

Mo.n.eJJb .n.aeT B03M0)KH0CTb oueHHTb H BeJJH'IHHY pa60Tbl MH0mecrneH
H0ro Bb!X0,ll.a .n.syx (cp2) HJIH 6oJJee (rpn) 3JJeKTP0H0B, Bbl3BaHH0f0 0,ll.HHM 
q>OTOHOM, B lJaCTH0CTH, BbIX0,ll.a CBH3aHHOH B 6030H rrapbl 3JJeKTp0H0B H3 
3JJeMeHTa-CBepxnpOB0,ll.HHKa HJIH CJI0)KH0ro BbIC0K0TeMnepaTypHoro csepx-

.. 
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np0B0,ll.Hl1Ka. B nocJJe,ll.HeM cJJyqae 113-3a 60JJblllOro paccT0HHl1H Mem.n.y 
3JJeKTp0HaM11 B nape B3aHMO,ll.eikTBl1H Kam.n.oro 113 3JJeKTp0H0B napbl C 
3JJeKTp0H0M-rraprnepoM, .n.aJJbHeH ,ll.blpKOH H ,ll.blp0K Mem.n.y co6ofl MaJJbl H 
HMH MO)KH0 rrpeHe6pe1Ib. B pe3yJJbTaTe, pa6oTa Bb!XO,ll.a rrapbl 'P2 ~ 2cp (cp -
pa6oTa BblX0,ll.a 0,ll.H0fO 3JJeKTp0Ha 113 csepxrrpoBO,ll.HHKa). 

CDOT03MHCCl1H rrap MomeT 6b!Tb 3aperHCTpHpoBaHa B 3KCrrep11MeHTaX 
THIIa [9, IO] rrp11 C0II0CTaBJJeHHH crreKTpOB 3MHTHposaHHbIX 113 o6pa3ua 
qacT11U .n.o 11 rrocJJe ero nepexo.n.a B csepxrrposo.n.mu.ee cocTOHHHe. 

B 3aKJJIOtJeHHe BbIpamaeM 6JJaro.n.apHOCTb B. JI. AKceHosy, JI. 6. foJJo
saHosy, E. B. KyJJHKOBY, B. 11. JiymHKosy, C. A. PaKHTHHCKOMY 3a ueHHbie 
,ll.HCKyCCHH 11 II0M0lll.b. 
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IlpHJIOJKeHHe 6 
3JKeKu.m1 HeiiTpOHOB CoJIHU.eM 

KaK BepO.SITHbIH HCTOI-IHHK COJIHel-lHOro BeTpa I 

TioKa3aHO, 'ITO YCJJOBHlI H B aTMOCcjlepe CoJJHUa, H B ero no.nnoBepxHOCTHOM 

CJJOe 6JJaronpHHTHbl KaK .QJJlI reHepaUHH HeihpOHOB tJepe3 peaKUHIO T(p, n)3He, 

TaK H Ct-tJaCTHU B peaKUHH T(p, ')' )4He H nocJJe,nyIOIII.eH 3)KeKUHH HeHTpOHOB H 

o6pa3oBaHHlI COJJHetJHOfO BeTpa (CB) pa.nHaJJbHbIM noTOKOM (p+' e-)-nJJa3Mbl. 

TipoTOHbl c 3Heprneif E > Eo = 1,019 M3B (Eo - nopor peaKUHH T(p,n) 3He) 
ycKOplIIOTClI 3JJeKTpOCTaTH'leCKHM noJJeM, reHepttpyeMbIM KOCMHtJeCKHMH JJytJaMH 

(KJI) paccMOTpeHHbIM B [ l] MexaHH3MOM, co3,naI01II.HM TaKoe noJJe B aTMoccpepe 

3eMJJH. OKOJJO nOJJOBHHbl reHepHpyeMblX HeHTpOHOB (n) c noJJO)KHTeJJbHb!MH pa.nH

aJJbHblMH KOMnoHeHTaMH CKopocrn, no MO.QYJJIO 0JJH3KOH KO BTOpOH KOCMHtJeCKOH 

CKOpOCTH, JJefKO npeo,noJJeBaIOT o6JJaCTb CHJJbHbIX MafHHTHb!X noJJeH reJJHOaTMO

ccpepbI H nocJJe pacna.na n---> p+ + e- + V o6pa3yIOT nOTOK CB [2] C MaKCHMaJJbHOH 

CKOpOCTbIO p+ B6JJH3H CoJJHUa ~ 1000 KMlc [3]. Ta tJaCTb p+ H e- TaK )Ke, KaK 

H aTOMOB BO.nopo.na, o6pa3yIOIII.HXClI nocJJe HX peKOM6HHaUHH C He.nocTaTO'IHblMH 

.QJJlI 3)KeKUHH CKOpOCTlIMH, HJJH na.naeT Ha CoJJHUe, HJIH o6pa3yeT ero KOpoHy C ee 

e,nHHCTBeHHO B03MO)KH0H KHHeTHtJeCKOH TeMnepaTypoif OKOJJO 106 K [4]. 

1. YcJIOBHH ua CoJiuu,e JJ.JIH reuepau,HH ueihpouos H HX aJKeKU.HH B 
KOCMOC. KaK H3BeCTHO, B aew.ecTBe COJIHe'rnoro ITOJJ.ITOBepxHOCTHOro CJIOll 

H aTMOCQ)epb! JI.OMHHHpyeT BOJI.OPOJI. BMeCTe C 3Ha'iHTeJibHOH ITPHMeCblO ero 

H30TOITOB J(eihepHll H TPHTHll (5]. lJaCTH11.bl 3TH llBJilllOTCll He TOJlbKO HaH

Jiy'iIIIHMH ITapaMH. reHepHpyIOW.HMH ITPH CTOJIKHOBeHHllX ITapTHepoB HeH

TpOHbl. BoJI.OpOJI. BMeCTe C TeM eCTb HJ(eaJibHb!H 3aMeJ(JIHTeJib HeHTpOHOB H 

ITPOTOHOB. PeJillTHBHCTCKHe npOTOHbl C 3Heprnei'I, MeHbIIIeH HX 3HeprnH B 

KJI (~ 100 MaB), crn6HJibHO aJKeKrnpyIOTCll B reJIHoccpepy H3 KOHBeKTHB

Horo CJ!Oll COJIHlJ.a. TTpouecc 3JKeKUHH COITpOBOJKJ(aeTCll HX HeITpepbIBHbIM 

3aMeJ(JieHHeM B 3TOM JKe CJIOe .no MaJib!X 3HerirnH (B HeCKOJibKO MaB). 

B arnx ycJIOBHllX tJepe3 peaKUHIO T(p, n) He crn6HJibHO reHepHpyIOTCll 

HeHTpOHbl H HJ(eT HX 3aMeJ(JieHHe H 3JKeK[J.Hll ITO HeCKOJibKHM KaHaJiaM. 

PacCMOTpHM BapHaHT, KOrJ(a -reHepaUHll HHH[J.HHpyeTCll BTOPH'iHb!MH 

OT KJI ITpornHaMH c aHeprneii Ep ~ ITOPllJI.Ka HeCKOJibKHX MaB BHYTPH 

ITOJI.ITOBepxHOCTHOro CJ!Oll CoJI.H[J.a. 3.LI.eCb JIHBHeBbie ITPOTOHb! (TaK JKe, KaK 

H ITepBH'iHb!e p+) HaITpaBJieHbl Ha CoJIH[J.e, HO JI.Jill 3JKeK[J.HH ITpHrOJ(Hbl 

HeHTpOHbl, reHepHpyeMbie B HaITpaBJieHHH OT CoJIH[J.a. l1 B BbipaJKeHHH, 

1 Matora I. M., Nikolskaya K. I., Valchuk T. E. I I Hadron. J. Suppl. 2000. 
V. 15. P. 443. Tiep. Ha pyc. H3. H nepepa6. 
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OTpaJKaIOW.eM CBll3b MeJKJI.Y 3HeprneH HHH[J.HHpyIOW.HX peaK[J.HIO ITPOTOHOB 

Ep H aHeprneii B03HHKaIOW.HX B Heii HeiiTpOHOB En (6, c. 143], Heo6xoJI.HMO 

ITOJIOJKHTb 0 = 1r: 

Q = -0,764 MaB = (4/3)En - (2/3)Ep - (2/3)(EnEp) 112 
cos 0 (I) 

(Q - 3Heprnll peaKUHH, 0 - yroJI MeJKJI.Y BeKTOpaMH CKOpOCTeH p+ H 

n). HaITOMHHM, 'ITO BepOllTHOCTb o6pa3oBaHHll HeHTpOHa B 3TOH peaKUHH 

MaKCHMaJibHa JI.Jill Ep =:= 3 MaB (6, c. 141]. l1 'iT06h1 oueHHTb HaH6oJiee 

aepollTHYIO 3HeprnIO B03HHKaIOw.ero ITPH Ep = 3 MaB HeHTpoHa, ITOCJie 

ITOJI.CTaHOBKH B ( 1) arnro 3Ha'ieHHll Ep HaHJI.eM JI.Jill yxOJI.llW.ero OT CoJIHUa 

HeHTpoHa En ~ 0,4 MaB. 

6e3 3aMeJ(JieHHll HeHTpoHa BHYTPH COJIHe'iHOfO ITOJI.ITOBepXHOCTHOro 

CJ!Oll H B HapyJKHOH ero aTMoccpepe CKOpOCTb B03HHKalOW.HX ITPH pacITaJ(e 

aJKeKrnpyeMbIX HeHTpoHaMH (n - p + e- + v) ITPOTOHOB COJIHe'iHoro aeTpa 

(CB) JI.OCTHrHeT BeJIH'iHHbl v; ~ 9000 KM/c (c yqeTOM ee B03pacTaHHll 

Ha 6.vp ~ 200 KM/c ITO cpaBHeHHIO c ITepBH'iHOH HeHTpOHHOH Vn)- 3.LI.eCb 

Heo6XOJI.HMO Y'iHTblBaTb H 06HapyJKeHHbIH a [6] cpaKT cyw.ecTBOBaHHll 

OIITHMyMa ITpOXOJ(HMOH KJI TOJIW.HHbl ITPOHH3bIBaeMoro HMH CJ!Oll. HaH-

60JibIIIee 'iHCJIO HeHTpOHOB reHepHpyeTCll BTOpH'iHbIMH p+ Ha BblXOJI.HOH 

rpaHHUe 3TOf0 CJ!Oll. l13MepeHHll [6] ITOKa3aJIH, 'ITO TaKall (<TOJIW.HHa>> 

JI.Jill 3eMHOH aTMoccpe~bI cocTaBJilleT ~ 123 r/cM2. A JI.Jill CoJIHUa 3Ta 

«TOJIW.HHa>> ~ 30 r/cM . 3Ha'iHT, acpcpeKTHBHOCTb 3aMeJ(JieHHll ITPOTOHOB H 

reHepauHH H 3aMeJI.JieHHll HeiiTpOHOB Ha CoJIHUe ITPHMepHo B 'ieTbipe pa3a 

BbIIIIe, 'ieM Ha 3eMJie. 

lJHCJIO YITPYrHX HettTpOH-B0JI.OPOJI.HbIX CTOJIKHOBeHHH k, Heo6XOJI.HMOe 

JI.Jill 3aMeJI.JieHHll HeiiTpoHa c Ha'iaJibHOH ero aHeprnH Eo JI.O KOHe'iHOH E1 
MOJKHO oueHHTb H3 BbipaJKeHHH (5, C. 399] 

k = In(Eo/E1)- (2) 

J13 (2) CJieJ(yeT, 'ITO OKOJIO ITllTH TaKHX CTOJIKHOBeHHH C aTOMaMH BO

JI.OPOJI.a JI.OCTaTO'iHO Ji.Jill 3aMeJ(JieHHH 3JKeKTHpyeMbIX n OT Ha'iaJibHOH 

Eo = 0,4 MaB JI.O KOHe'iHOH E1 == 0,00335 MaB. l1 cKopocTb 3aMeJI.

JieHHOro JI.O E1 HettTpOHa OKaJKeTCH paBHOH VJ ~ 800 KM/c, a CKOp0CTb 

o6pa3oaamuerocH ITPH ero pacITaJI.e ITPOTOHa ~ 1000 KM/c. TTocJieJ(Hee 

IT0JI.TBepJKJ(eHO H3MepeHHHMH [7] H ITpeJI.CKa3aHO B [2]. 
OueHKY 'iHCJia CT0JIKHOBeHHH 3JKeKTHpyeMoro CKB03b BbIIIIeyITOMllHy

TblH BOJI.OPOJI.HbIH CJIOH TOJIW.HHOH 30 r/cM2 HettTpoHa kH ITOJIY'iHM, ITOJib3y

HCb 3Q)Q)eKTHBHbIM ITOITepe'iHblM ce'ieHHeM YITPYrDfO paccellHHH HeHTpOHa 

a= 41rR2 (R = 1,5. 10- 13 CM) [6] H ITpeJI.ITOJiaraH HeHTpOHHbie TpaeKTopHH 

ITPllMOJIHHeHHblMH H paJI.HaJibHO HaITpaBJieHHblMH oT CoJIHua. B pe3YJibTaTe 

k8 ~ 5. l1 3aMeJI.JieHHe HeiiTpOHOB B 3TOM cJioe OT Eo = 0,4 MaB JI.O 

0,00335 MaB OKa3bIBaeTCll co6b1THeM, peaJibHblM J(aJKe B ITpeJI.ITOJI0JKeHHH 

ITpllMOH TpaeKTOpHH. 

BTopoii KaHaJI reHepaUHH CITOC06Hb!X 3JKeKTHpOBaTbCH HeHTpOHOB co

J(epJKHTCll B caMoM CoJIHUe. feHepHpYIOW.HH HettTpoH p+ yCKopHeTCH JI.O 
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He6onbrnHx 3HeprHH (oKono HeCKonbKHX M3B) BHYTPH KOHBeKTHBHoro 
cnoH, B KOTOpOM HefnpoHbl pO)K,L\alOTCH TO)Ke qepe3 peaKU.HIO T(p, n)3He 
c HaH6onee sepoHrnou HX 3Heprneu En = 0,4 M3B. <l>aKT ycKopeHHH p+ 
B 3TOM cnoe no.nrnep)K.naeTCH MHOrHMH Ha6n10.neHHHMH nOTOKOB npOTOHOB 
conHe1IHbIX KJI .na)Ke c Ep E ( 10-100) M3B. 

KpoMe Toro, ycKopeHHe npOTOHOB B conHe1lHOH aTMOccpepe ,L\O He6onb
llIHX 3Heprnu Ep ~- 1,22 M3B TaK )Ke, KaK H B aTMoccpepe 3eMnH, H.L\eT 
no.n B03,L\eHCTBHeM Ha 3apH,L\ p+ 3neKTpOCTaTH1leCKOro nonH, C03,L\aBaeMoro 
KJI [l, 10]. 

TionHoe 1lHCno qacrnu. (aTOMOB BO.L\Opo.na, npoTOHOB H 3neKTpOHOB) B 
CTOn6e nnoma,L\blO 1 CM2 H Bb!COTOH 2000 KM Ha,!\ nosepXHOCTblO ConHu.a 
no ou.eHKe B [4] COCTaBnHeT Ntot = 1,66. 1024 CM-2 C nnoTHOCTbIO qacrnu. 
n, Me,L\neHHO na,L\a!Olll.eH OT no = 1,5 · 1017 CM-J ,L\O nzooo rv 1011 CM-J. 
TeMnepaTypa nna3MbI B cnoe c h = 2000 KM pasHa 9000 K. 

Tipe.nnonO)KHM Tenepb, 1ITO peanbHOe 3neKTpOCTaTH1IeCKOe none B aT
Moccpepe Com1u.a CTa6HJibHO no Mo.nyn10 H TaK )Ke, KaK H B none 3eMHOM, 
HanpasneHHOM Ha .u.eHTp nnaHeTbI, ero HanpH)KeHHOCTb HanpasneHa Ha 
u.eHTp ConHu.a, a Ha Bb!COTe 2000 KM KOHKpeTHblH p+ HMeeT Ha11anbHYIO 
(TepMH1IecKy10) CKOpOCTb Vo, HanpasneHHYIO Ha Co.nHu.e. KaK H3BeCTHO, ero 
3aMe,L\neHHe ynpyrnM B3aHMO,L\eHCTBHeM C BO.L\OPO.L\Hb!MH aToMaMH ,L\OCTH
raeT MaKCHMyMa np41 Ep = 0,25 M3B, npH KOTopou MaccosaH rnpM03HaH 
cnoco6HocTb (MTC) .nnH H .nocrnraeT 1,96 M3B/(I0-3r/cM2) H Me.nneHHO 
CHH)KaeTCH .nnH .npyrnx Ep (KaK 6onhrnHx, TaK H MeHbllIHX 0,25 M3B) 
[8, C. 1142]. . 

lJT06bI ou.eHHTb pe3ynbTaT O,L\HOBpeMeHHOro B03,L\eHCTBHH Ha p+ H 
3aMe.nneHHH ynpyrnM ero pacceHHHeM Ha 11acTH11.ax aTMoccpepbI ConH
u.a H ycKopeHHH 3neKTpocTaTH1leCKHM noneM, Bocnonh3yeMCH Bbl1lHCneH
Hb!M no ,L\aHHblM Ta6n. 42.1 H3 [8, C. 1142] cpe,L\HHM no HHTepsany 
Ep E 0-1,22 M3B 3Ha1leHHeM MTC ~ 1,4 M3B/(10-3 r/cM2). 

C ero nOMOlll.blO CHa11ana ou.eHHM 3KBHBaneHTHYIO HanpH)KeHHOCTb 
(<3neKTpH1IeCKOfO nonH>>, OTBeTCTBeHHOro 3a 3aMe.nneHHe npOTOHa E3aM(h). 
,l{nH 3Toro YMHO)KHM MTC Ha Macey p+: n(h) · m + = n(h) • 1,673 x 

X 10-21 Mr H nocne 3aMeHbl e,L\HHHU.bl M3B Ha 10t 38 B Bblpa)KeHHH 
npoTOHHOH 3HeprnH nony11HM 

E3aM(h) rv 2,34. 10-15n{h) B/cM. (3) 

I·fa (3) H H3Becrnoro [4] Bbipa)KeHHH .nnH n(h) cne.nyeT, 11To 3K
BHBaneHTHaH MTC HanpH)KeHHOCTb «nonH>>, 3aMe.nnHIOlll.ero npoTOHbl B 
conHe1lHOH aTMOCcpepe, MOHOTOHHO B03pacTaeT OT E3aM rv 2,34 . 10-4 B/cM 
npH h = 2000 KM .no E3aM rv 354 B/cM Ha h = 0 KM. KaK BH,L\HM, ycKope
HHe aTMoccpepHblX npOTOHOB 3neKTpOCTaTH1leCKHM noneM, reHepHpyeMb!M 
KJI, peanbHO TOnbKO y BepxHeH nosepXHOCTH conHe1lHOH aTMOCcpepbl. 
Ho TOnlll.HHa npHMbIKaIOmero K ee nosepxHOCTH no.ncnoH, B KOTOpOM 
ycKopeHHe 3aMeTHO, CTOnb senHKa, 1ITO npou.ecc reHepaU.HH HeHTpOHOB 
(H B TOM 1lHcne HanpaBneHHblX OT ConHu.a) H 3)KeKTHpyeMblX C 3Heprneu 
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En ~ 0,00335 M3B 6e3 3aMernoro Hx 3aMe.nneHHH so.nopo.noM MO)KeT 
OKa3aTbCH ,L\OCTaT01lHO 3cpcpeKTHBHb!M. lJT06bI 3TO nposepHTb, B,L\06aBOK K 
011.eHeHHOH Bbillie 3aMe.nnHIOlll.eH npoTOHbI 3KBHBaneHTHOH E 3aM ~ 2,34 x 
x 10-4 B/cM .nnH h = 2000 KM Hafi.neM H E3aM (1250 KM)~ 9 • 10-3 B/cM. 
KaK BH.L\HM, B BbICOTHOM HHTepsane tih ~ 750 KM E 3aM CTOnb Mano, 1ITO 
yCKopeHHe p+ ,L\O 1,22 M3B HMeeT MeCTO ,L\a)Ke npH HanpH)KeHHOCTH aT
MOCcpepHoro 3neKTpocTarn11ecKoro nonH E = 0,0161 B/cM (KoTopaH noiirn 
Ha ,!\Ba nopH,L\Ka MeHbllie, 1leM E = 1,3 B/cM s aTMOCcpepe 3eMnH). 

0.nHaKO ConHu.e, TaK )Ke, KaK H 3eMJIH, eCTb MarHHTHb!H ,L\HnOJib c 
npHnOJIHpHOH HanpH)KeHHOCTblO H rv 2 3 [4] H n01lTH COBna.na10meH C 
OCblO spameHHH OCH MarHHTHOH. 3TO .nenaeT HeB03MO)KHblM ycKopeHHe 
MaJI03HeprH1IHOro npOTOHa B COJIHe1lHOH aTMOccpepe B6JIH3H 3KBaTOpa, 
HecMOTPH Ha TO, 'ITO 3,L\eCb H HMeeT aMnJIHTY.L\Y Ha nopH.L\OK MeHbrny10, 
1IeM y nOJIIOCa, H3-3a Toro, 1ITO BeKTOpbl E H fl y 3KBaTopa opToroHaJibHbl. 
3.nech, KaK Mb! BH,L\eJIH, TaK Me, KaK H B CJIOe csepxspameHHH npH3K
sarnpHaJibHOH 3eMHOH BepxHeH aTMOCcpepbl, B HHTepsane Bb!COT KOTOpOH 
200 ~ h ~ 400 KM see 3apH)KeHHble .1laCTHU.bl BhlHY)K.L\eHbl HMeTb e,L\HHOHa
npasneHHYIO cpe,L\HIOIO CKOpOCTb o6pameHHH BOKpyr nnaHeTbl ~ 1,25 KM/c 
B,L\Onb OKPY)KHOCTH c pa.nHycoM ~ R(J) + 300 KM H OCblO, opToroHaJibHOH 
K OCH spameHHH nJiaHeTbl, MO)KHO O)KH,L\aTb cymecTBOBaHHH aHaJIOrH1lHOro 
csepxspameHHH H B aTMoccpepe ConHu.a. 

Ho B6JIH3H conHe1lHblX noJIIOCOB, r.ne BeKTOpb! E H H npaKTH1leCKH 
COBna,L\alOT TaK )Ke, KaK H B npHnOJIIOCHbIX llIHpOKHX llIHpOTHblX HHTepsa
nax (~ 80% OT scex llIHpOT), s KOTOpblX yron Me)K.ny o6oHMH BeKTOpaMH 
OTJIH1leH OT 1r/2 3Ha1lHTeJibHO, yCKopeHHe npOTOHOB 6y.neT ,L\OCTaT01lHO 3cp
cpeKTHBHblM. B MaJiblX llIHpOTaX TpaeKTOpHH ycKopHeMb!X p+ 6y.nyT 6onee 
,L\JIHHHblMH, qeM B OKpeCTHOCTH nOJIIOCOB, H, eCTeCTBeHHO, 3aMe.nneHHe p+ 
aTMoccpepHoH MTC - 6onee 3Ha1lHTeJibHbIM. 

l13-3a 3TOfO 3aMe,L\JieHHe B npH3KBaTopHaJibHOH 30He npHBO,L\HT K 3a
MeTHOMY CHH)KeHHIO CKOpOCTeH reHepHpyeMblX 3,L\eCb HeHTpOHOB no cpaB
HeHHIO co CKOpOCTHMH n, 3)KeKTHpyeMblX H3 npHnOJIHpHb!X reJIHOllIHpOT. 
3TO no.nrnep)K,L\eHO H3BeCTHb!MH H3MepeHHHMH Ha «YJIHCCe>> [4] cpe,L\HHX 
npOTOHHblX CKOpOCTeH CB ,!\Jiff pa3JIH'IHbIX reJIHOrpacpH1IeCKHX llIHpOT: 
Vp+ rv 360-700 KM/C B npe.nenax 30Hbl 3KJIHnTHKH H Vp+ rv 600-800 KM/C 
Ha .npyrnx llIHpOTaX. 

flocne.nHee HBJIHeTCH Ba)KHbIM 3KCnepHMeHTaJibHblM apryMeHTOM B 
noJib3Y BblllieynoMHHyToro yrnep)K,L\eHHH O TOM, 1ITO peaKU.HH T(p, n)3He, 
HHHU.HHpyeMaH npOTOHaMH, YCKOpHMblMH OT 3Heprnfi TenJIOBblX .no 
Ep ~ 1,22 M3B B 3neKTpocrnrn11ecKoM none renttoaTMOccpepbI, HBJIHeTCH 
HaH6onee BepOHTHblM MeXaHH3MOM reHepau.HH HeHTpOHOB, 3)KeKTHpyeMblX 
H3 ConHu.a H co3.na10mttx CB. 

CymecTBoBaHHe HBJieHHH o6pa30BaHHH 3JieKTpH1IeCKOro nOJIH, reHepH
pyeMoro B MaTepHaJibHblX cpe.nax qepe3 npOHHKHOBeHHe B HHX peJIHTH
BHCTCKHX npOTOHHb!X nytJKOB, C BeKTOpOM E, HanpasneHHb!M B,L\OJ!b BeK
rnpa CKOpOCTH BXO.L\Hlll.HX B cpe.ny npOTOHOB, ,L\OKa3aHo 3KcnepHMeHTaJibHO 
[I, 10] s onbITax Ha ycKopHTeJIHX J1B3 H J151IT 0115111. 
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2. O6pa3oBaHHe COJIHelJHOH K0p0Hbl H 3K30Cq>ep OJiaHeT. Hapy)l{

HhJe aTMOCq>ephl CoJIHU.a tt IIJiaHeT HMeJOT PH.LI. o6mttx crreu.HqlH'ieCKHX 

CBOHCTB. B HHX cpe.LI.HHe IIJIOTHOCTH KaK HeHTpaJihHhIX (B OCHOBHOM HeH

TpOHOB H 80.ll.OPO.ll.HhIX aTOMOB), TaK H 3apH)l{eHHh!X t.JaCTHU. CTOJih MaJihl, 

"ITO .ll.BH)KeHHe t.JaCTHU. H KOpOHhl, H IIJiaHeTapHhIX 3K30Cq>ep SIBJIHeTCSI 

rrpaKTHt.JeCKH 6ecCTOJIKHOBHTeJihHhIM. 

11 CoJIHU.e, tt IJJiaHeThl SIBJISIJOTCSI MarHHTHhJMH .ll.HIIOJISIMH, T. e. JIO

BYUJKaMH, y.LI.ep)KHBaJOILI.HMH Ha MarHHTHhIX CHJIOBhJX JIHHHSIX BHeUJHHX 

aTMoccpep 3apSI)KeHHhJe t.JaCTHU.hl C WHpOKHMH HHTepsaJiaMH HX 3Heprni1 

(crroco6HOCTb JIOKaJIH3aU.HH p+ He- B MarHHTHOM IIOJie 3eMHOH 3K30Cq>ephl 

6e3 yt.JeTa rpaBHTaU.HH 6hIJia IIOKa3aHa B [6]). 
Ho BMeCTe C TeM Ot.JeBH.ll.HO, t.JTO KaK KOpOHa, TaK H 3K30Cq>ephl IIJiaHeT 

SIBJISIJOTCH H rpaBHTaU.HOHHhIMH JIOBYWKaMH .ll.JlSI t.JaCTHU., 06Jia.LI.aJOIL1.HX 

MaCCOH, HO 3TOT KOHq>aHHMeHT 3q>q>eKTHBeH JIHWb .ll.JISI Y3KOro HHTepsana 

HX KHHeTHt.JeCKHX 3Heprni1 E = mv2 /2. A cpe.LI.Hee 3Hat.JeHtte Ecp rro

cne.LI.HHX B cooTBeTCTBHH c H3Becrnoii TeopeMOH BHpttana Ecp = -U(r)/2 
(U(r) = -mGM/r; M - Macca ConHu.a HJIH rrnaHeThl). 

y HH)f{Hett rpaHHlf.hl KOpOHhl (3.LI.eCh g ~ 27000 CM/c2) B rrpHIIOJIS!pHhIX 

WHpOTaX, f.ll.e HMeeT MeCTO OTpa)KeHHe p+ H e- C 803pacTaJOilf.eH rrpH HX 

rrpH6JIH)KeHHH K CoJIHU.Y HarrpH)KeHHOCTbJO MarHHTHOro IIOJISI H, rpaBHTa

U.HOHHOe ero IIOJie cymecTBeHHO yMeHhwaeT CHJIY OTTaJIKHBaHHSI t.JaCTHU. 

IIOJieM MarHHTHhIM. l13-3a 3TOro 803pacTaeT HH)KHHH rrpe.LI.eJI 3Heprntt 

p+ H e-, COBMeCTHMhlX C B03MO)KH0CThJO HX OTpa)KeHHSI OT MafHHTHhIX 

rrpHIIOJIS!pHbIX rrpo6oK. 

KoJIHt.JecTBeHHaSI ou.eHKa 3q>q>eKTa nerno BhIIIOJIHHMa. )lJISI 3TOro BOC

II0Jlh3yeMCSI TeM, t.JTO 803BpaTHaH OKPY*HOCTh TpaeKTOpHH B MeCTe OT· 

pa)KeHHSI (HarrpHMep, p+) MarHHTHOH rrpo6KOH y HH)f{HeH rpaHHU.hl rrpH

IIOJISIPiHOH o6nacTH KOpOHhl (rrpH pacCTOSIHHH OT u.eHTpa CoJIHU.a r ~ 7 x 

X 10 O CM), pa.LI.Hye KOTOpOH Po 3Hat.JHTeJihHO MeHhWe HeCKOJihKHX MeT

poB, H BeKTOp Harrpsi)KeHHOCTH MarHHTHOfO IIOJISI H rrapanneneH pa.LI.H· 

ycy-seKTopy r H3 u.eHTpa ConHu.a Ha u.eHTP 3TOH OKPY*Hocrn. Ha Hett 

Ha .ll.BH)KeHHe p+ 803.LI.eHCTBYJOT TOJihKO rrpOTHBOIIOJIO)KHO HarrpaBJieHHhJe 

APYf K .LI.pyry pa.LI.HaJihHaSI (oT u.eHTpa CoJIHU.a) KOMIIOHeHTa CHJlhl Jio
peHu.a (oTTaJIKHBa10masi) Fn = evHp/c (Hp-p·KOMIJoHeHTa H) H CH

na rpasHTau.ttoHHoro rrpttrn)KeHHH Fe = -mpGM0 /r2. Ot.JeBH.LI.HO, t.JTO 

rpaBHTaU.HOHHaSI Fe BO scex MarHHTHhIX rrpo6KaX rrpaKTHt.JeCKH O.LI.H· 

HaKOBa. 

Jlerno JI.OKa3aTh cne.LI.y10my10 TeopeMy: HH)KHHH rrpe.LI.eJI E 1 3HeprnH 

3apSI)KeHHOH t.JaCTHU.hl, crroco6HOH OTpa3HThCSI OT MarHHTHOH rrpo6KH H 

y.LI.ep)KHBaThCH B rpaBHTaU.HOHHO-MarHHTHhJX JIOBywKax COJIHet.JHOH Kopo

Hhl H 3K30Cqlep IIJiaHeT, paseH Emin = mvr (VJ - rrepsaH KOCMHt.JeCKaSI 

CKOpOCTh .ll.JlSI HH)f{HeH rpaHHU.hl KOpOHhl HJIH 3K3occpep IIJiaHeT). 

)leikTBHTeJihHO, rrpoeKU.HSI BeKTopa MarHHTHOro IIOJISI H Hp Ha paJI.Hyc

BeKTOp p eCTh Hp= pH/r. Ee IIOJI.CTaHOBKa B Fn H 3aMeHa seJIH"IHHhI p, 
KOTOpasi t.Jepe3 H3BeCTHOe Bhipa)KeHHe .ll.JlSI MarHHTHOH )KeCTKOCTH OKa3hl· 

saeTcH pasHott p = mcv/eH, .LI.aeT Fn = mv2/r. 11 H3 paseHCTBa s TOt.JKe 

...... 
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CMeHhl HarrpasJieHHSI .ll.BH)KeHHSI 3apsi.LI.a Ha CoJIHU.e HJIH IIJiaHeTy Ha yxo.LI. 

OT HHX IFnl = IFel CJie.LI.yeT: v 2 = GM/r = vr, H TeopeMa )I.OKa3aHa. 

OHa sepHa B cnyt.Jae 6eccTOJIKHOBHTeJibHOro .ll.BH)KeHHSI 3apH)KeHHhIX 

t.JaCTHU. COJIHet.JHOH KOpOHhl H 3K30Cq>ep IIJiaHeT. . 

)loKa3aHHOe BhIWe orpaHHt.JeHHe 803MO)KHOCTett 3axBaTa H .ll.JIHTeJibHOfO 

y.LI.ep)KaHHSI t.JaCTHU. IIJia3Mbl C HX CKOpocrnMH V < VJ B paccMaTpHsaeMhIX 

ycJIOBHSIX TaK )Ke, KaK H orpaHHt.JeHHe 3HeprnH HeHTpOHOB, reHepttpyeMhIX 

s COJIHet.JHOH aTMOCq>epe co CKopocrnMH Vn ~ 800 KM/c, crroco6cTBYJOT 

CTa6HJIH3aU.HH TeMrrepaTypbl COJIHet.JHOH KOpOHbl H 3K30Cq>ep IIJiaHeT. CTa-

6HJibHO .LI.ettCTBYJOilf.aSI 3aMeHa HX t.JaCTHU. t.Jepe3 rra.LI.eHHe Ha COJIHU.e H 

IJJiaHeTbl TeX H3 HHX, y KOTOphIX V < VI (a .LI.JIHTeJibHO xpaHSITCSI B Mar

HHTHhIX JIOBYWKax KOpOHhl H 3K30Cq>ep JIHWb t.JaCTHU.bl, HMeJOILI.He V ;;;,:: vi) 
CTa6HJIH3HpyeT TeMrrepaTypy IIOCJie.LI.HHX. 

3aKJIIOlJeHHe. ITpe.LI.JIO)KeHHblH 3)1.eCb MexaHH3M IIO.LI.JI.ep)KaHHSI CTa-

6HJibHOH 3)KeKU.HH HeiiTpoHos H3 ConHu.a, 06pa3y10mei1 t.Jepe3 pacrra.LI. 

HeHTpOHOB CTa6HJibHbIH IIOTOK p+-e- IIJia3Mbl, xopowo cornacyeTCSI C 

H3MepeHHhJM HHTepsaJIOM pa.LI.HaJibHhIX CKOpOcTett rrpoTOHOB Ha scex pac

CTOSIHHSIX OT CoJIHU.a. A npe.LI.CKa3aHHo·e rrpeBOCXO.LI.CTBO ero CKOpOCTett 

rrpHII0JIS!pHh!X Ha.LI. CKOpOCTHMH rrpH3KBaTOpHaJihHOro CB TaK)Ke IIO.LI.TBep

)K)l.eH0 3KCrrepHMeHTaJibHO [9}. 
l13MepeHHOe B [91 rrpeBOCXO.LI.CTBO CKOpOCTeH a-t.JaCTHU. Ha.LI. CKopocrn

MH rrpoTOHOB CB eCTecrneHHO, TaK KaK HettTpOHbl, reHepttpy10mHe p+, 
H a-t.JaCTHU.bl pO)K.LI.aIOTCSI B pa3HbIX peaKU.HSIX, B KOTOpbIX pO)K.ll.aIOmHe

CSI rrpoTOHbl HMeJOT 3HeprnH HaMHOro MeHbWHe 3Heprntt pO)K)l.aIOILI.HXCSI 

a-t.JaCTHU.. 

Ha6JIJO.LI.eHHasi B [9] CTpyttHasi cTpyKTypa rroTOKOB CB H HX CKopocTHbIX 

sapttaU.HH He rrpornsopet.JHT paccMOTpeHHOMY MexaHH3MY 06pa3osaHHH CB. 

l13MepeHHOe 3Hat.JeHHe OTHOWeHHSI TeMrrepaTy p rrpOTOHHhlX Tp K 3JieK

TpOHHhIM Te Tp/Te ~ 400 [I IJ (rnr.LI.a KaK Ka)K.ll.bIH pacrraJI. HeiiTpo

Ha n - p+ + e- + V corrpoBO)K.ll.aeTCSI rrpHpOCTOM 3JieKTpOHHOH CKOpo

CTH .6.ve ~ 2 · 105 KM/c, a rrpOTOHHOH .6.vp - JIHWb ~ 200 KM/c (T. e. 

.6.vp/ .6.ve ~ 10-3)), HeJib3H Ct.JHTaTb rrpornsopet.Jailf.HM MexaHH3MY o6-

pa3osaHHH CB t.Jepe3 3)KeKU.HJO HettTpOHOB CoJIHU.eM. )leno B TOM, t.JTO 

OTHOWeHHe .6.ve/ .6.vp ~ 103 OTHOCHTCSI JIHWb K Hat.JaJibHbIM (6JIH3KHM K 

MOMeHTaM pacrra.LI.a n) CKOpocrnM KOHKpeTHOH rrapbl p+ H e-. Ho .ll.JISI 

aHcaM6Jisi t.Jacrnu. CB s6JIH3H ConHu.a t.JHCJIO n-pacrra.LI.OB orpoMHO, a H3·3a 

rnraHTCKOro rrpeBOCXO.ll.CTBa .6.ve Ha.LI. .6.vp COOTHOWeHHe Me)KJI.Y IIJIOT

HOCTHMH t.JaCTHU. np H ne OKa3bIBaeTCSI o6paTHblM np0 >> neo- CJie.LI.OBa

TeJibHO, B IIOTOKe IJJia3Mbl CB B03HHKaeT 3JieKTPHt.JecKaSI IIOJIS!pH3aU.HSI C 

COOTBeTCTBYIOILI.HM 3JieKTpOCTaTHt.JeCKHM IIOJieM. 11 Kor.LI.a HarrpSI)KeHHOCTb 

ero .ll.OCTHraeT Er ~ 10-6 B/cM, 3JieKTpOHHhJe CKOpOCTH rrptt6JIH)KaJOTCSI K 

HyJieBhIM. 3TO HMeeT MeCTO Ha paCCTOSIHHSIX OKOJIO HeCKOJlhKHX pa.LI.HYCOB 

OT u.eHTpa COJIHU.a, t.JTO IIO.ll.TBep)K.LI.aIOT H H3MepeHHSI [ 11], B KOTOphIX Ha 

3THX paCCTOSIHHSIX Ve OKa3aJIHCb paBHbIMH ~ 2vp. 
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TaKHM o6pa30M, a.n.eKBaTHOCTb npe.n.nmKeHHOro MexaHH3Ma COMHeHHH 
He Bbl3bIBaeT. 
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