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Oli~MI XAPAKTEPHCTHKA PAliOTbl 
AKTYBJJbHOCTb TCMbl HCCJJC)l0B8HHH. Hccnep;oBaHIDI B o6JiaCTH q>H3HKH 

3K30THtJeCKHX aTOMOB BeA)'TC.11 BO MH0rHX MHpOBbIX Ha)"IHO-HCCJle.ll,OBaTeJibCKHX 

ueHTPax, Hep;aBHHe ycneXH no renepauHH H JlOJirOBpeMeHHOM)' yii;eplKaHHJO aTOMOB 

aHTHBO/lOPO/la no3BOJ1.IIJOT npO/lBHH)'TbC.11 B H3)"1eHHH aHTHBemecTBa, npoBepKe 

CPT-HnBapHaHTnocTH, 06'b.11cneHHJO 6apHOHHoii: acHMMeTpHH BceneHHoii:. CaM 

TepMHH - 3K30TH'leCKHe aTOMHhle H MOJleKyJl.llpHhle CHCTeMhl (3AMC) - B03HHK H3-

3a Toro, 'ITO COCTaBJI.IIIOUIHMH )laHHhlX CHCTeM, KpoMe o6bI'IHbIX 3JienpOHOB H 

H)'KJIOHOB, MOr)'T 6b!Tb H p;pyrne, 6onee 3K30THtJeCKHe 3JieMeHTapHbie tJaCTHUhl. 

,ll;OCTaTO'IHO OTMeTHTb, 'ITO TaKHe 3AMC BO MHOJKeCTBe po)K,IJ;aJOTC.11 B BepXHHX 

CJIO.IIX aTMOCq>epbl nop; )leHCTBHeM KOCMH'leCKOro H3Jl)"leHIDI HJIH Ha BH)'TpeHHHX 

MHIIleH.IIX B )'CKOpHTeJl.llX H HaKOnHTeJI.IIX. OrtJaCTH Ha3BaHHe TaKHX CHCTeM 

o6'b.llCH.lleTC.ll Heo6b1tJHOCTblO CBOHCTB 3AMC H npoueccoB C HX )"laCTHeM. HHor)la K 

TaKHM CHCTeMaM OTHOC.IIT o6bI'IHbie, HO B 3K30THtJeCKHX COCTO.IIHH.IIX -

pH)l6eproBCKHX, co cna6oCB.113aHHblM BHe!IlHHM 3JieKTpOHOM B OTPHUaTeJlbHbIX 

HOHax H T.Jl. Oco6b!H KaK TeopeTHtJeCKHH, TaK H npaKTHtJeCKHH HHTepec Bhl3b!BaeT 

IlOBe)leHHe aTOMHO-MOJieKyJl.llpHbIX CHCTeM H HX KOMnOHeHTOB B HHTeHCHBHhIX 

3JieKTPOMarHHTHbIX non.RX. CaMa rettepaum1 H y)lepJKaHHe 3AMC B na6opaTOpHhIX 

ycnOBH.IIX HeB03M0)KHa 6e3 HCilOJlb30BaHH.II 3JienpoMarHHTHbJX JlOByrneK H 

HaKOilHTeJieii:. 8 /lHCCepTaUHH npHBe)leHbl 3KcnepHMeHTaJlhHbJe H TeopeTH'leCKHe 

pe3)'JlbTaTbl no noHCKY onTHMaJlbHbIX napaMeTpOB HaKOnJleHIDI no3HTPOHOB B 

JIOBynIKe IleHHHHr-MaJJM6eproBCKoro THna JlJl.11 nocnep;y10me8 reHepaUHH aTOMOB 

Il03HTPOHIDI HJIH aHTHBO/lOPOJla. ,l];JI.11 rettepa'-IHH 3AMC He06XO/lHMO OilHCaHHe 

yrrpyrnx H Heyrrpyrnx npouecCOB B3aHMO)leHCTBIDI IlOTOKOB Il03HTPOHOB, 

aHTHilpOTOHOB, 3JieKTPOMarHHTHOro H3Jl)"leHIDI C aTOMaMH H MOJieKyJiaMH. B pa6oTe 

paCCMOTPeHO 3aMe)lJleHHe Il03HTPOHOB H aHTHilpOTOHOB B cpe.ll,e H /lHHaMHKa 

o6pa30BaHIDI H pa3BaJla CB.113aHHblX CHCTeM C )"leTOM B03MOlKHbIX BHelllHHX 

B03.ll,eHCTBHH B BHp;e 3JienpoMarHHTHbIX noneii:. PaccMaTpHBaeTC.11 T)'IlleHHe 

MeTaCTa6HJihHOCTH aHTHnpoTOHHOro reJIIDI, pa3BaJl Il03JolTPOHIDI, HOHH3al.lH.ll 

Me30aTOMa B CTOJIKH0BeHIDIX H npH B03.ll,eHCTBHH HHTeHCHBHOro 

3JieKTpoMarHHTHOro noJI.II YJibTpaKOpOTKHX HMIJ)'JlhCOB. Ilporpecc B reHepaUHH H 

HCilOJlb30BaHHH YJibTPaKOpOTKHX HMilYJlbCOB 3JieKTPOMarHHTHOro IlOJI.11 Il03BOJl.lleT 

HCilOJlb30BaTh HX )lJl.11 HCCJie)lOBaHH.11 pa3JlH'IHblX CHCTeM, BKJIIO'l!UI 3K30TH'leCKHe. 

HHTeHCHBHOCTb noJI.II TaKHX HMnyJthCOB conocTaBHMa H npeBOCXO/lHT 

BH)'TpHaTOMHyJO, 'ITO Il03BOJl.lleT HCCJie)lOBaTh pOJtb BH)'TPHaTOMHblX CHJI, 

KOppeJI.IIUHH ABHlKeHHH tJaCTHU, CB.113aHHblX K)'JIOHOBCKHMH CHJiaMH. MaJJ!U! 

npO/lOJl)KHTeJibHOCTb TaKHX HMilYJlbCOB, npH6J1ttlKalOU1!UIC.II K aTTOCeKytt)lHOMY 

py6e)l(y [1 ], )laeT B03M0)KHOCTb npocne)lHTb 3a BH)'TPeHHeii: /lHHaMHKOH, CKOpOCTb 

KOTOpoii: onpe)leJl.lleTC.11 xapaKTepHblM BpeMeHeM. B JlHCcepTauHH TaKlKe 

paccMaTpHBaeTC.11 pacce.llHHe H HeyrrpyrHe npo1.1ecCbl B036)')KlleHH.II, H3JiyqeHH.II, 

HAYqHQ-TEXHI-F·IECKA.H 
EMEllHOTEKA 
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HOHH3~llll HHTeHCHBHhlM :meKTpOMarHHTHblM noJieM YJibTpaKopoTKHX HMnyJibCOB 

pa3JIH'IHbIX MaJIOt{acTllt{HblX CHCTeM, BKJI!Ot{WI 3K30THqecKHe (n03HlpOHHH, 

Me30aTOM, pa3Jillt{Hbie HOHbI). 

<l>H3HKa aHTHBern;ecTBa CTaJia pa3BHBaTbC.!I C 1928 ro.u;a, Kor.u;a IlOJib ,z:t;HpaK 

npe,u;noJIO)KllJI HaJIH'IHe aHTHt{aCTHU, KOTOpbie BCKOpe 6bIJIH o6mip)')KeHbl. IIepBOH 

qacTHu;eu, 3aq>HKCHpOBaHHOll 3KCnepHMeHTaJibHO B KaMepe BHJibCOHa K.,n;. 

AH.u;epCOHOM, CTaJI no3HlpOH B 1932 ro.u;y. K cepe,u;nHe xx BeKa 6blJIO OTKpblTO 

MHO)KeCTBO aHTHt{aCTHU, BKJIIO'la.!I aHTHnpoTOH n aHTHHettlpOH. 3aTeM HaqaJIOCb 

CHHTe3HpOBaHHe 3K30THt{eCKHX .!l)J;ep aHTH,lJ;eHlpOHa, aHTnreJIHll H .u;p. K KOHD;y xx 
BeKa nporpecc B 3KcnepnMeHTaJibHhlX H TeopeTnqecKHX MeTo,u;ax no3BOJIHJI 

C03)J;aBaTb 3K30THqecKHe aTOMbl B na6opaTopll.!IX: KaoHHbie H MIOOHHble H30TOnhl 

BO)J;Opo.u;a H Me30MOneKyJibl, aHTHnpOTOHHblll reJIHH H nepBblll aTOM aHTHBern;ecTBa -

aHTHBo.u;opo.u;. 3KcnepnMeHTbI B CERN B KoHu;e 2011 ro.u;a Ha ycrnHOBKe ALPHA 

npo,u;eMOHClpHpOBaJIH B03MO)KHOCTb y,u;ep)KaTb aHTHBO)J;Opo.u; B MarHHTHOH JIOByrnKe 

c nmepHbIM OXJia)K)];eHHeM B TetfeHHH 17 MHHYT [2]. IIpop;OJI)KaJOT 

COBepmeHCTBOBaTbC.!I MeTO)J;HKH HaKonneHHll H y,u;ep)KaHHll OT)J;eJibHbIX 

KOMnoHeHTOB aHTHBern;ecTBa - aHTHtJaCTHD;. Han6oJiee H3BeCTHblll 

3KCnepHMeHTaJibHblll u;eHTP n03HlpOHHblll q>H3HKH no.u; PYKOBO)];CTBOM K. CypKO 

HaxO)J;HTCll B KannqiopHHHCKOM YHHBepCHTeTe B CaH ,z:t;nero. B HaCTOllrn;ee BpeMll 

CypKO H ero rpynna 3aHHMaJOTCll nccnep;OBaHHllMH npou;ecca B3aHMO,lJ;eHCTBHll. 

no3HTpOHOB C aTOMaMH H MoneKynaMH [3]. B na6opaTOpHH YHHBepcHTeTa )')Ke 

CTpO.!IT KpynHeHIIIYJO B MHpe noByrnKy HH3K03HepreTHqecKHX n03HlpOHOB, 

cnoco6HYJO xpaHHTb O)J;HOBpeMeHHO 6onee TpHJIJIHOHa qaCTHll aHTHBern;ecTBa. Ern;e 

O)J;HH u;eHlp Ha TeppHTOpHH Coe,u;nHeHHbIX lllTaTOB pacnonaraeTCll B YHHBepCHTeTe 

KannqiopHHH B PHBepcau.u;e. 11MeHHO TaM, B 2007 ro.u;y ,n;. K3CCH)J;H H A. Mmmcy 

yp;aJIOCb noJIYtIHTb MOneKyJillpHblll n03HlpOHHH [4], a TaK)Ke no3Hlp0Hllll B 

pn,u;6eproBCKHX COCTO.!IHH.!IX [5] C 6onbIIIHM BpeMeHeM )Kll3HH npH noMOIIl;H 

noByrnKH, pmpa6oTaHHOH BblIIIeynOMllHYTbIM K. CypKO tt nmepHoro H3JIYtfeHH.!I, 

HCCJie)];YJOTC.!I onTnqecKHe nepeXO)J;bl B MOJieKyJillpHOM no3HTPOHHH [6]. B PocCHH B 

O61,ep;HHeHHOM HHCTHTYTe .!!p;epHbIX nccne,u;oBaHHH (,z:t;y6Ha) no.u; PYKOBO)];CTBOM 

11..H. MeIIIKOBa nOClpOeH HaKonHTenb no3HTpOHOB C 3neKTpOHHbIM OXJia)K)];eHHeM 

LEPTA )];Jill reHepan;HH nOTOKOB opTOn03HTpOHHll [7]. O)];HH H3 COCTaBHbIX 

3JieMeHTOB ycTaHOBKH - 3JieKlpOMarHHTHWI JIOByrnKa, n03BOJill!OIIl;WI HaKaIInHBaTb H 

qiopMnpoBaTb nyqKH no3HlpOHOB. B repMaHHH B u;eHlpe GSI B npoeKTe FAIR Ha 

ycTaHOBKe FLAIR nnaHHpYJOTCll nccne,u;OBaHH.!I q>H3HKH aHTnnpoTOHOB H HOHOB [8]. 
B u;eJIOM CHTYal.lHll B o6JiaCTH reHepau;nn H HCCJie)J;OBaHHll CBOHCTB 3K30THt{eCKHX 

aTOMOB npO)J;OJl)KaeT 6bIClp0 H3MeHllTbC.!I [9]. 3TO no,u;TBep)K)];aJOT He)];aBHHe 

pe3yJibTaTbl no nccne,u;oBaHHIO BHylpHaTOMHbIX nepexo,u;oB B aHTHBO,u;Opo,u;e [10], 
3KCnepHMeHTbl no .u;eucTBHIO rpaBHTal\HH Ha aHTHBern;ecTBO [11] C u;enb!O npoBepKH 

npttMeHHMOCTH K3,z:t; H CPT-TeopeMbI. 
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B nocJie,lJ;HHe ro)J;bl 6ypHblll no)];'I,eM nepe)KHBaeT Jia3epHWI q>H3HKa B o6nacTH 

reHep~HH YJiblpaKOpOTKHX HMnyJibCOB 3neKTpoMarHHTHOro nOJill {YKll). 3TH 

HMnyJibCbl H3-3a HX MaJIOH npop;oJl)KHTeJibHOCTH, conocTaBHMOH C aTOMHbIM 

BpeMeHeM, MO~ npO.!!BHTb BHylpeHHIOIO )J;HHaMHKY aTOMHbIX H MoneKyAApHbIX 

CHCTeM. ll3BeCTHbI ycnexH B o6JiaCTH q>eMTOXHMHH, OTMeqeHHbie B 1999 ro.u;y 

Ho6eneBcKou npeMHeu (A. 3HB3HJI). 3HaqHTenbHbie ycnexn B o6nacTJI reHepau;nn n 

ncnonb30BaHH.!I ynblpaKOpOTKHX HMnynbCOB 3neKTpoMarHHTHoro noAA [12] 
CTHMYJIHpyeT HCCJie,lJ;OBaHHll noBe,u;eHHll n03HlpOHHll H .u;pymx 3AMC B noJl.!IX 

YJiblpaKOpOTKHX HMnyJibCOB [13]. PocT HHTepeca K q>H3HKe TaKHX HMnyJibCOB 

CB.!13aH He TOJlbKO C COBpeMeHHbIMH TeH,lJ;eHJ:.jll.!IMH nmepHOH q>H3HKH H 

B03MO)KHOCT.!IMH reHepau;HH YJiblpaKopOTKHX HMnynbCOB [14], HO H co 

3HatJHTeJibHbIM nporpecCOM B TeXHHKe ycKopnTeJieH T.!l)KeJibIX HOHOB, nOCKOJibKY 

noAA, C03,lJ;aBaeMbie peJillTHBHCTCKHMH H YJibTpapeAATHBHCTCKHMH 3apll)KeHHbIMH 

qacTHD;aMH CXO)KH no CBOHM CBOHCTBaM K noJIJO C)KaToro CBeTOBOro HMnyJibCa 

3JieKTpOMarHHTHOH BOnHbI. Han:pHMep, B 3KCnepHMeHTax [15] (CM., TaK)Ke [16-19]) 
HCCJie,lJ;OBaJiaCb )J;BOHHall H 0,lJ;HOKpaTHa.!I HOHH3al\H.!I aToMa He y.u;apoM 6bICTporo 

T.!l)KeJioro MHOro3ap.!!,u;Horo HOHa U92
+ (3HeprHll 1 r3B/HyK.) H MO,u;ennpOBaJICll 

CBepXHHTeHCHBHblll (6onee 1019 
BTICM

2
), ~. CBepXKOpOTKHH ( ~ 1 arroceK.) 

HMnynbC. IIonyqeHHe BCe 6onee KOp0TKHX n MOII.IHbIX HMnynbCOB 

3neKTpOMarHHTHoro noJill ,u;aeT 6onbIIIHe nepcneKTHBbI .LIM nnaHttpOBaHHll 

3KCnepnMeHTOB no HCcnep;oBaHHIO 3KCTpeMaJibHbIX COCTO.!IHHH MaTepnH B 

o6nacTH aTOMHOH H .!!p;epHOH q>H3HKH, q>H3HKH nna3Mbl, q>H3HKH 3neMeHTapHbIX 

qacTHD;. AKTHBHO HCCne,u;yeTCll noBe,u;eHHe aTOMHbIX H MOneKyJillpHbIX CHCTeM B 

none aTToCeKYH.LIHbIX HMnynbCOB [20,21 ]. O6cy)K)];a!OTC.!I B03MO)KH0CTH reHepau;nn 

HOKTOCeKYH.LIHbIX HMnynbCOB B KBapK-rJJIOOHHOH nna3Me [22], pO)i()J;eHHe 

3neKTpOH-n03HTpOHHbIX nap B none CBepXHHTeHCHBHbIX HMnynbCOB [23], 
nmepHoe ycKopeHne 3ap.!l)KeHHbIX tJaCTHl\ [24], H3YtfeHHe )J;HHaMHKH HYKJJOHOB B 

.!ip;pe [25]. IIpou;eccbI c yqacTHeM OlpHD;aTenbHblX HOHOB (011.) HMeIOT 6om,moe 

3HaqeHHe B Pa3JIH'IHbIX TeXHHqeCKHX npHJIO)KeHH.!IX [26]. 11.Hwpec K 011. CBl!3aH, 

npe)K)];e BCero, C B03MO)KHOCTblO 6biClpOro H ynpaBAAeMoro BbICB060)K)J;eHHll 

cna60CB.!13aHHOrO 3neKTpoHa. IloBe,u;eHHe 011. B none ynbTpaKopoTKHX HMITynbCOB 

(YKll) 3neKTpOMarHHTHOrO noJill aKTHBHO nccnep;yeTC.!I B nocne)];Hee BpeMll. B 

pa60Tax [27, 28] paccMaTpHBaIOTC.!I Bepo.!!THOCTH OTpbIBa cna6oCB.!13aHHoro 

3JieKTpOHa. OT aTOMapHbIX 011. B none YKH. 
11.ccne.u;oBaHH.!1 B03MO)KH0CTeu reHep~HH 3K30THt{eCKHX aT0MOB H HX 

B3aHMO)J;eHCTBHH C ynbTpaK0pOTKHMH HMITyJibCaMH 3neKTpoMarHHTHoro noAA 

aTToceKYH.LIHOH ,u;nHTenbH0CTH, C03)J;aBaeMbIMH nmepaMH HJIH nyqKaMH 

peJillTHBHCTCKHX MH0ro3apll)];HbIX H0H0B MO~ 6bITb BOClpe6oBaHbI .LIM pellieHHll 

MH0rHX HaYtfHblX H npHKJia)];HbIX 3ap;aq B onTHKe H crreKTpOCKOnHH, q>H3HKe IIJla3MbI, 

aClpOq>H3HKe, q>H3HKe 3K30TnqeCKHX aTOM0B, MaTepnaJI0Be,u;eHHH. 3TO .u;enaeT 



6 

Bb16paHHoe Hanpaanemie nccJieAOBaHHii aKT)'aJihHhIM H BOC'Ipe6oBaHHhIM Mll 

AaJihHeiiwero nporpecca B BhlwenepeqncneHHhIX o6nacrnx. 

O6beKT HCCJICA0BaHUH: MaJioqacTHqHbie CHCTeMbl c KyJIOHOBCKllM 

B3aHMOAeHCTBHeM, BKJIIOqaJI 3K30THqecKHe (II03HTpo~~ii, Me30aTOM, 

aHTHIIpOTOHHhlH reJIHH, BOAOPOA 11 BOAOPOAOIIOA06Hhle HOHhl, reJIHH, aTOMapHbie 

OTpHI.(aTeJihHhie HOHhl (OH) BOAOPOAa 11 ranoreHOB, MOJieKyJillpHhle OTJ)HUaTeJihHbie 

l:IOHhl ranoreHOB, MOJieKyJillpHblH IIOJIO)Kl:ITeJibHhIH l:IOH 11 MOJieKyJia BOAOpOAa), H llX 

KOMIIOHeHTbl (nyqKH 3JieK1J)OHOB H II03H1J)OHOB) B HHTeHCHBHhIX 

3JieKTpOMarHHTHhIX IIOJIJIX. 

IlpeAMCT HCCJICJ:I0BaHUH: o6pa30BaHHe H pacnat:1 3K3omqecKHX aTOMHhIX 11 

MOJieKyJillpHbIX MaJIOqaCTHqHhlX CHCTeM, J:IHHaMHqecKHe npouecCbl HOHH3aQl:IH, 

nepeXOJ:10B, nepeH3JiyqeHllll B HHTeHCHBHhlX 3JieK1J)OMarHHTHhIX IIOJIJIX 

YJib'IpaKOpOTKllX- 3JieKTpOMarHHTHbIX HMnyJihCOB, KOTOpbie MOryT 6bITh C03t:1aHbl, B 

TOM qncne, H nyqKaMH peJIJITHBHCTCKllX TJl)KeJibIX MHOf03apMHhIX HOHOB, C yqeTOM 

KOppeJIJIUl:IOHHhIX, HHTepqiepeHQHOHHhIX H opHeHTaQl:IOHHhIX 3qiqieKTOB. 

QeJib 11 0CH0BHb!C Jat:1a'IH HCCJICJ:I0BaHUH: COJJ:laHHe H pa3BHTHe MeTOJ:10B 

HaKOIIJieHllJI IIOJHTJ)OHOB H 3JieKTpOHOB B 3JieKTpOMarHHTHhIX JIOBywKax L1J1J1 

qiopMHpOBaHHJI IIyqKOB H IIOCJieJ:IYIOmeii reHepaUHH 3K30THqecKHX aTOMHO

MOJieKyJillpHbIX CHCTeM . .llccJ1et:10BaHHe IIOBet:1eHllll TaKHX CHCTeM B HHTeHCHBHhIX 

3JieK1J)OMarHl:ITHhIX IIOJIJIX yJihTpaKOpOTKllX HMIIYJihCOB nyreM pa3BHTmI 

Henepryp6aTHBHhIX MeTOJ:10B KBaHTOBOH TeopHH, OIIHChIBaIOmHX B3aHMOJ:leHCTBHe 

YJib'IpaKOpOTKllX HMIIYJihCOB aTTOCeKyttJ:IHOH H MeHbllieii Ml:ITeJibHOCTH C 

aTOMHhIMH H MOJieKyJillpHbIMH CHCTeMaMH KaK qiyHJ:1aMeHTaJihHhIX KBaHTOB0-

3JieKTpOJ:IHHaMHqecKHX npouecCOB Ha CBJIJaHHhIX 3JieKTpOHax, Il03H1J)OHax, 

MIOOHax. 

)].Jui peaJIH3aQHH IlOCTaBJieHHOH uenH peweHbl CJieJ:IYIOmHe 0CH0BHLIC Jat:1a'ln: 

• HCCJiet:10BaHHe J:IHHaMHKH crycTKa 3JieK1J)OHOB H II03H1J)OHOB B JIOBywKe H 

BhlllBJieHHe ponn Bpama10merocJ1 3JieKTpnqecKoro nOJill B npouecce C)KaTmI H 

J:IOJiroBpeMeHHOro yi1ep)KaHHJI H qiopMHpOBaHHJI nyqKa HaKaDJIHBaeMhlX 

qacTHU; 

• pacqeT H OilTHMH3aQHJI napaMe'IpOB pe)KHMa HaKOilJleHllll 3JieKTpOHOB H 

Il03H1J)OHOB C 3KCIIepHMeHTaJihHOH npoBepKOH B ((JIOBYllIKe CypKO» 

HaKOIIHTeJIJI LEPTA MR IIOCJieJ:IYIOmeil: reHepaUHH 3K30THqecKHX aTOMOB; 

• aHaJIH3 npouecCOB CTOJIKHOBeHHll C yqacTHeM 3K30THqecKHX aTOMOB, 

npHBOJ:IRmHX K llX pacnat:1aM: «CTpllXHBaHHe» MIOOHa B MeJOaTOMax B 

npouecce MIOKaTaJIH3a B KpaTHhIX CTOJIKHOBeHllJIX B DTµ CMCCH H npH 

B3aHMOt:1eiiCTBHH C IIOCJiet:10BaTeJibHOCThlO YK11, TywCHHC MeTaCTa6HJibHOCTH 

aHTHnpOTOHHOro reJillll npHMeCRJ\m; 

• pa3Bl:ITHe TeopHH npoueccoB B036J)l(LleHllll H pa3BaJia CB.H3aHHhIX COCTORHHH 

MaJioqacTHqHI,JX CHCTCM, BKJIIOqaJI 3K30TH'leCKHe, HHJ:IYQl:IPOBaHHhlX 
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aTTOCeKYffJ:IHhlMH HMilYJihCaMH 3JieK'IpOMarHHTHOro IIOJIJI C yqeTOM 

OpHeHTaQl:IOHHhIX 3qiqieKTOB H Me)KqaCTH'IHblX KoppeMUHii; 

• aHaJIHJ npoueccoa nepettmyqeHlll! YK11 3JieK1J)oMarnHTHoro noJIJI nptt 

B3aHMOJ:leiicTBHH C MaJioqaCTH'IHblMH CHCTeMaMH (BKJIIOqaJI 3K30TH'leCKHe) H 

BhIJIBJieHHe HHTepqiepeHQHOHHhIX, OpHeHTaQHOHHhIX 3qJqieKTOB, 

MC)KqacTHqHI,IX KoppeJIJIUHH IIpH 3Tq_M. 

OCHOBHblC peJyJibT8Tbl, D0Jiy'ICHHblC B pa6oTe 

• IIPCLIJIO)KCHa TpeXMepHal! (3-D) MOJ:leJib HaKOilJICHH.11 3JieK1J)OHOB H 

Il03llTpOHOB B ((JIOBywKe CypKo», HCCJieAOBaHa J:IHHaMHKa qacTHU B 3TOH 

MOJ:leJIH H 061,.HcHeHO BJlllllHHe Bpama10meroc.11 IlOJI.11 H J:lpyrnx napaMCTJ)OB 

JIOBywKH Ha npouecc HaKOilJICHllll, YAep)KaHllJI H C)KaTllJI nyqKa II03H1J)OHOB; 

• npOH3BeAeHa npoBepKa npeLIJIO)KCHHOH MOJ:ICJIH Ha pe3yJihTamx 

3KCnepHMeHTaJibHOfO HCCJICAOBaHHR HaKOilJICHH.11 3JieK1J)OHOB H Il03HTpOHOB B 

«JIOBywKe CypKo» C . BpamaIOIUl:IMC.11 3JleK'IpH'leCKHM IIOJieM ycTaHOBKll 

LEPTA; OilTHMaJihHhie napaMCTJ)hI HaKOilJieHllll H yi1ep)KaHllJI IIOJHTJ)OHOB 

IIOJ:ITBCp)l(AaIOT OCHOBHhie KpHTepHH npeLIJIO)KCHHOH MOJ:leJIH, qro Il03BOJilleT 

paccql:IThIBaTb napaMe'Ipbl qJHJH'leC~ ·ycmHOBOK LIJill reHepaQHH aTOMOB 

Il03H1J)OHllll H aHTHBOAOPOt:1a; 

• pa3pa60TaH MCTOJ:1 pacqeTa CKOpOCTH 3aMeMeHlll! II03H1J)OHOB C yqeTOM 

aHHHfHJI.IIQl:IH B aemecTBe B HHTCHCHBHbIX 3JieK'IpOMarHHTHhIX IlOJIJIX; 

• nonyqeHbl 3HaqeHHR ceqeHHH «CTPRXHBaHllJI)) MIOOHa B MeJoaToMax B 

peJyJihTaTe Heynpyrnx npoueccoB IIpH KpaTHhIX CTOJIKHOBeHmix H 

B3aHMOJ:1eil:CTBHJIX C YKM; 

• yroqHeHbl 3HaqeHllJI ceqeHHH TywCHllll MeTaCTa6HJibHOCTH aHTHIIpOTOHHoro 

reJillJI IIpH CTOJIKHOBeHmix C npHMeCJIMH; 

• pa3pa60TaH MeTOJ:1 pacqera BepORTHOCTeil: Heynpyrnx npoueccoB H HOHH3al.(HH 

npH B3aHMOJ:1CHCTBHH aTToCeKyHJ:IHOfO JiaJepHoro HMnyJihCa C 

MaJIO'laCTH'IHhlMH CHCTeMaMH C KYJIOHOBCKllM B3aHMOJ:leiicTBHeM; 

• pa3pa6oTaa MCTOJ:I pacqeTa BepoRTHOCTeil: nepeHJJiyqeHlll! npn 

B3aHMOAeil:CTBHH aTTOCeKyttJ:IHOro Jia3epHoro HMilYJibCa C MaJIO'laCTH'IHhlMH 

CHCTeMaMH C KYJIOHOBCKHM B3aHMOAeHCTBHeM; 

• nonyqeHbl cneKTphl nepemnyqeHHR H HOHH3al.(HH npH B3aHMOJ:leiicTBHH 

MaJIO'lacTH'IHbIX CHCTeM C YJibTpaKopoTKHMH HMilYJihCaMH 

3JICK1J)OMarHHTHOro IlOJI.11, BhIJIBJICHhl KOppeMQl:IOHHhie, OpHeHTaQHOHHble H 

HHTepqiepeHQHOHHhIC 3qiqieKTbI nptt 3TOM B3aHMOAeiicTBHH; 

• IIPCLIJIO)KeHa B03MO)KHOCTI, ynpaBJieHllJI H KOHTJ)OJI.11 COCTO.IIHllllMH aTOMapHbIX 

H MOJieKyJillpHblX CHCTeM, BKJIIO'lal! 3K30TH'leCKHe C IlOMomoIO YKM. 
YKaJaHHhie peJyJihTaTbl IIOJiyqeHbl BnepBhle, 'ITO onpei1enJ1eT llX uay'IHYIO 
H0BHJHy. 
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HaY'JHLle DOJIOlKeHHH, BLIHOCHMLie Ha 331.QHT)': 

1. TpeXMepHru! MO,UeJih, OIIHCbIBaIOmrui ,UHHaMHKY HaKaIIJIHBaeMbIX qaCTHU B 

:)JieKTPOMarHHTHOH JIOBymKe, II03BO.IUleT cq>opMyJinpoBaTb MeXaHH3M, 

061,»cmnomnii: Ha6mo,uaeMhIH B 3KcnepnMeHTax pe30H~CHhiii: xapaKTep 

BJIIDIHIDI Bpama10meroc» JJieKTPHqecKoro rromI Ha rrpouecc HaKorriieHIDI, 

y,uep)KaHIDI, C)KaTIDI H tpopMHpOBaHHH rryqKa II03HTpOHOB B JIOBynIKe C 

BbI,UeJieHHeM poJill CBH31l rrpO,UOJihHblX 6aYHC-OCUHJIIDIUHH Ii KOHUeHTpauHll 

II03HTPOHOB C qacTOTOH BpameHHH IIO.IUI. 

2. MexaHH3M 3aMe,!J,JleHHH rryqKa 3apH)KeHHbIX qaCTHU, BJieTeBIIIIIX B cpe.uy B 

IIIHpOKOM HHTepBaJie 3Heprnii:, ,ueJiaeT B03MO)KHblM rrpOCTOH pacqeT 

JaMe,!J,JleHIDI IIOJHTPOHOB rrpn BJieTe IIOTOKa II031ITpOHOB OT pa,UHOaKTHBHOfO 

HCTOqHHKa B JIOBynIKY H OXJia)K.ZJ.eHHe II03HTpOHOB BHYTPH JIOBynIKll rrpn 

CTOJIKHOBeHIDIX C MOJieKyJiaMH 6yq>epHOf0 raJa C yqeTOM aHHHfllmIUHH. 

3. MexaHH3M «CTPHXHBaHHH» MlOOHa B MeJoaTOMax 3a cqeT KpaTHblX 

CTOJIKHOBeHHH H peaKUHH B DT-cMeCH cymecTBeHHO YMeHbIIIaeT 

K03tpq>HUHeHT rrpllJIHIIaHIDI MlOOHa H YBeJillqHBaeT KOJinqecTBO UHKJIOB 

MlOOHHOfO KaTaJIH3a. 

4. MeTO,u pacqern BepoHTHOCTeii: HeyrrpyrllX rrpoueccoB, Bbl3BaHHblX 

YJibTpaKopoTKHMll llMIIYJibCaMH 3JieKTPOMafHHTH0fO IIOJIH, ,ueJiaeT 

B03M0)KH0ll rrpoczyIO aHaJIIITHqeCKYIO oueHKY ceqeHHH Ii BepoHTHOCTeii: 

HeyrrpyrllX rrpoueccoB B036y)K)J.eHHH, HOHHJaunn B 3AMC C yqeTOM 

opneHTauHOHHblX 3tptpeKTOB H Me)KqaCTHqffblX KOppemIUHH. 

5. MeTO.U KBaHTOBOMeXaHnqeCKOfO pacqeTa II03BO.IUleT B paMKax rrpn6JIH)KeHIDI 

BHe3aIIHblX B03MymeHHH H K3,ZJ; OIIIICbIBaTb Heyrrpyrne rrpouecCbl 

rrepeHJJiyqeHIDI YJibTPaKopOTKIIX HMrryJihCOB Ha CBH3aHHblX 3JieKTPOHax Ii 

rro3HTpoHax c yqeTOM HHTepq>epeHUHOHHhIX, opneHTaUHOHHhIX JtptpeKToB n 

Me)KqacT!lqffbJX KoppeJIHUHH B MaJIOqacTnqHblX CHCTeMax C KYJIOHOBCKIIM 

B3aHMO,ueii:C'rBHeM. 

TeopeTHKO-MCTO,l).OJIOfHlJCCK3H OCHOBa HCCJIC,!J.0B3HllH. Mcxo.ZJ.H H3 

rrepeqncJieHHbIX 3a,uaq, .ZJ.mI IIX peIIIeHHH rrpnMeHHJIHCb HerrepTyp6aTHBHble MeTO,Ubl 

TeopHH rrpn6JimKeHIDI BHe3aIIHblX B03MymeHHH, MeTO.U IIOTeHUHaJIOB eyJieBOfO H 

KOHeqHOfO pa.unyca, TeOpIDI B03MymeHHH, MeTO.U BTopnqHoro KBaHTOBaHIDI B 

rrpnMeHeHHH K TeOpllll H3JiyqeHHH, BbJqllcJIHTeJibHbie MeTO,Ubl C HCIIOJib30BaHHeM 

H3hIKOB rrporpaMMHpoBaHIDI C++ n MATHEMATICA. B CHJIY crreuHq>HKH Ja,uaq, 

IIIHpOKO HCIIOJlh30BaJIIICb KaK TPa.UHUHOHHbie, TaK H pa3pa60TaHHble C yqacTHeM 

aBTOpa MeTO,Uhl, B qacTHOCTH TeOpHH rrepeHJJiyqeHHH YKM rrpn B3aHMO,Ueii:CTBllll C 

aToMaMH n MOJieKyJiaMH. 3KcrrepnMeHTaJibHbie HCCJie,UOBaHIDI, KOTOpbie, c O,UHOH 

CTOpOHhl, He06XO,UHMO 6hIJIO BbIIIOJIHHTh .ZJ.mI peIIIeHIDI OCHOBHOH 3a,uaqn ,uaHHOH 

pa60Thl, H KOTOpb1e, C ,upyroiI CTOpOHhl, Heo6xo,UHMhl .ZJ.mI arrpo6aunn KoppeKTHOCTH 

OCHOBHblX pe3yJI&TaTOB Ii Bb!BO,UOB pa60Thl, OCHOBaHbl Ha MeTo,lJ.ax HaKOIIJieHHH H 
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y,uep)KaHIDI 3apji)KeHHOH IIJia3Mbl aHmqacmu (1103HTPOHOB) .ZJ..1Ui q>OpMnpOBaHIDI 

rryqKOB H 1IOCJie.uy10meii: reHepaunn 3K30TnqeCKIIX aTOMOB 1103HTPOHIDI. 

,ll;OCTOBepuoCTL peJyJILT3TOB H BLIB0,1).0B ,!UICCeprnunoHHOH pa60Tbl 

o6ecrreqnBaeTCH CTPOfOCTblO HCIIOJib3YeMhIX MaTeMaTnqecKIIX MeTO,UOB H MO,UeJieii:, 

HerrpOTHBOpeqnBOCTblO peJyJibTaTOB H Bb!BO,UOB, HX cornacoBaHHOCTblO C 

COBpeMeHHb!Mlf rrpe,ucTaBJICHIDIMH KJiaCCifqecKOH 3JieKTPO.UHHaMHKll, KBaHTOBOH 

TeOpHH, COIIOCTaBJieHneM C TeopemqecKHM If 3KCIIepIIMeHTaJibHb!Mlf pe3yJI&TaTaMH 

,upyrllX lfCCJie,UOBaTeJieii:, ,UOCTyrrHOCTblO rrpOCTblX aHaJIHTnqeCKIIX oueHOK H 

3KcrrepnMeHTaJihHhIMH rrpoBepKaMII, c,ueJiaHHblMH rrpII Herrocpe,ucTBeHHOM yqacTHlf 

aBTOpa B OMfill (r. )fy6Ha) Ha ycTaHoBKe LEPTA. 

llpaKTuqecKaH 3H3lJHMOCTL HCCJIC,!J.OB3HHH 3aKJI10qaeTCH, rrpe)K.ZJ.e BCero, B 

TOM, qw peIIIeHa HayqHrui rrpo6JieMa IIOHCKa OIITHMaJibHbIX rrapaMeTPOB 

HaKoIIJieHIDI 3apji)KeHHbIX qacTIIU B JIOBJIIIKax IleHHHHr-MaJIM6eproBCKOfO TlfIIa Ii 

rrpe,ucTaBJieHo 061,»cHeHne MexaHHJMa ,ueii:CTBIDI Bpamaromeroc» 3JieKTplfqecKoro 

IIO.IUI. IlpOBe,UeHHoe HCCJie,UOBaHHe HMeeT B3)KHOe JHaqeHHe ,umr IIOCJie.uyIOmeii: 

reHepaunn aTOMOB II03HTPOHIIH H aHTHBO,Uopo,ua. Ilpe,!J,JIO)KeHHhie B pa6oTe MeTO,Ubl 

HCCJie,UOBaHlfH B3aHMO,UeHCTBHH YKJi C - MaJIOqaCTHqHblMH CllCTeMaMH C 

KJJIOHOBCKHM B3aIIMo,ueiiCTBHeM, BKJIIOqrui 3K30TnqecKne, II03B0.IUIIOT C IIOMOillblO 

YlCM 3JieKTPOMafHHTHOfO IIOJIH He TOJibKO • KOHTPOJIHpOBaTh, HO H yrrpaBJIHTb 

BffYTpeHHHMH rrpoueccaMn. 

PeJyJihTaThI, rronyqeHHhie B xo,ue pa6oTbl Ha.!:\ ,unccepTauneii:, HalIIJlH 

rrpnMeHeHHe B Jia6opaTOpHH H,uepHbIX rrpo6JieM OMfill ()fy6Ha, PocclfH) n MOfYT 

6b!Tb HCIIOJib30BaHbl B TaKHx HayqHO-lfCCJie,UOBaTeJibCKIIX HHCTHTYTax H 

na6opampMx KaK Positron Lab (PnBepcaii.u, CllJA), YHHBepcHTeT CaH ,[(nero 

(ClllA), ALPHA (QEPH, )KeHeBa, lllBeiiuapHH), FAIR (GSI, ,ZJ;apMIIITa,uT, 

repMaHHH), MHcTHTYT IlayJI» IIIeppepa (PSI, llIBeii:uapHH). 

CBHJL C DJiaHOBLIMH pa6oT3MH. Pa6orn BbIIIOJIHHJiaCh B paMKax IIJiaHOBblX 

HayqHo - HCCJie,UOBaTeJibCKIIX pa6oT Katpe,Upbl TeopeTnqecKOH tpHJHKll MHCTHTYTa 

ecTeCTBeHHh!X HaYK n 6noMe,!UIUHHbl CeBepHoro ApKTnqecKOfO qie,uepaJibHOfO 

YffHBepcHTeTa HMeHlf M.B. JlOMOHOCOBa. 1IacTb pa6oT 6bma BbIIIOJIHeHa rrpn 

tpHHaHCOBOH rro.u,uep)KKe B BH,Ue rpaHTOB PoccniicKOfO tpOH,Ua qJYff,UaMeHTaJibHblX 

nccJie,uoBaHHii (NQ 08-02-90700 II NQ 09-02-90731) n <l>QII MHHHCTepcTBa 

o6pa30BaHHH POCCHHCKOH qie,uepaunn "HayqHhie If HayqHo-rre,uaroruqecKHe Ka,Upbl 

HHHOBaIJ,HOHHOii: Poccnn", cornaIIIeHne NQ 14.A 18 .21.1302. 
Anpo6auu.11 peJyJILT3TOB HCCJIC,!J.0B3HHH. PeJyJihTaTbl pa60Tbl 

,UOKJla.ZJ.h!BaJIHCb Ha Me)K.ZJ.YHapo,UHbIX If BcepoccniicKIIX KOHtpepeHUHHX, c1,e3,uax H 

CHMII03HYMax: ASACUSA theory workshop (QEPH, )KeHeBa, llIBeiiuapH», 2000), 
Int. RIKEN Conference Muon Catalyzed Fusion and Related Exotic Atoms -

Mu CFO l (illHMo,ua, .HrroHHH, 200 l ), 3HMHeii IIIKoJie IIlUl<I> (CaHKT-IleTep6ypr, 

PerrHHO, 2003), Me)K.ZJ.YffapO,UHOll KOHtpepeHUIIH q>Yff,UaMeHTaJihHru! aTOMHru! 
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cneKTJ)0CK0mrn (<I>AC-18, 3BeHuropo;:,., 2007; <I>AC-19, ApxattreJihCK, 2009; <I>AC-

20, BopoHe)K, 2013), TpeTbeM BcepoccuiicK0M C0BemaHHH "IIpel(H3HOHHaH !pH3HKa 
u cpyimaMeHTaJibHbie cpH3H'IecKHe K0HCTa11Tbl11 (C. IleTep6ypr, 2010 r.), 

Me)K,l()'Hapo;:,.Hoii KoHcpepeHl(HH RuPAC (RuPAC 08, 3BeHuropoP.,J008; RuPAC 10, 

IIpoTBHH0 2010; RuPAC 12, CaHKT-IleTep6ypr 2012), Me)K,!(y1mpoP.HhIX 

KoHcpepeHl(IDIX no :meKTp0HH0MY oxna)K,!(eHHIO COOL (COOL 09, JlaH'l)KOY, 
KHTaii, 2009; COOLll, Arrynrra, YKpanHa, 2011; COOL13, )I{eHeBa, lliBei1uapm1, 

2013), Me)K,l()'Hapo,!(HbIX ceMnHapax no npo6neMaM ycKopHTeneii 3apIDKeHHbIX 

qacTHl( naMmH B.II.CapattueBa (Anyurra, YKpanHa, 2009, 2011), 

Me)K,l()'Hapo.l(HOH (3BeHnropoP.CKoii) KoHcpepeHl(HH no cpH3HKe IIJia3Mhl u YTC 

(3BeHnropoP., :XXXVII-oii KOHcpepeHunu, 2010, XXXVIII-oii KOHcpepeHunu, 2011, 
XL-ott KOHcpepeHl(HH, 2013), International Topical SPARC Workshop and Lecture 

Days (MocKBa, 2011), XXIV-oM C1>e3,!(e no cneKTP0CKonuu (MocKBa, 2010), EMMI 
Workshop, Physics Prospects at FLAIR - The Facility for Low-Energy Antiproton 
and Ion Research (GSI, ,[{apMIIITaP.T, repMaHHH, 2012). TaK)Ke pe3yJibTaTbI no 

MaTepuanaM ;:,.nccepTal(HOHHOH pa60Tbl ;J.0KJia;J.bIBaJIHCb Ha ceMHHape Kacpe.l(pbl 
Teopern'leCKOH !pll3HKH CeBepHoro (ApKTH'leCKoro) cpe,!(epanbHOr0 )'HHBepcHTeTa 

(ApxattreJibCK), ceMHHape CeKTopa 3JieKTpOHHOro OXJia)K,!(eHHH Jia6opaTOpHH 
H;:,.epHblX npo6neM OI15IM (,[{y6Ha), ceMHHape «ManoqaCTH'lHbie CHCTeMbI» u 

ceMHHape «TeopuH H,!(pa>> Jia6opaTOpHH TeopernqeCKOH !pll3HKH OI15IM (,[{y6Ha), 
ceMHHape OT,!(eJieHIIH H;:,.epHOH !pll3HKH H acTpocpH3HKH <I>HAH (MocKBa), ceMUHape 

«KBaHT0BaH onTHKID> Hil.cTHryTa aBTOMaTHKH H 3JieKTJ)OMeTPHH co p AH 

(HOBOCu6upcK). 
Ily6nuKauuu. Ilpe,!(cTaBJieHHbie B ,!(HCCepTal(HH pe3yJibTaTbl ony6JIHKOBaHbl B 

45 0CH0BHblX pa6ornx, B TOM 'lUCJie 21 CTaTbH B pel(eH3rrpyeMbIX nepHO,!(H'leCKIIX 

m;:,.aHIIHX, peK0MeH,!(yeMblX BAK. KpoMe Toro ony6JIHKOBaHO 5 CTaTeii a 

MaTepuanax cnel(HaJIH3Hp0BaHHbIX KOHcpepeHl(Hll, HH,!(eKCHpyeMbIX a 6a3e ;:,.aHHbIX 

Scopus, OCTaJibHhle pa60Tbl npe;:,.cTaBJIHIOT co6oi1 ITy6JIHKal(HH B TpyP.ax 
KOHcpepeHl(HH u c6opHHKax, HHblX )KypHanax, 0T'leT ITO HI1P, MOHorpacpHIO ITO TeMe 

uccne,!(0BattIIH. CITncoK rry6nuKal(Hii aeTOpa npuee;:,.eH B KOHI.(e aBTOpecpepaTa. 
JIH'IHblH BKJia)J, aBTopa. 1-:fa pa6oT ITO TeMe ,!(HCCepTal(HH, BbIIIOJIHeHHblX B 

coaBTOpCTBe, BKJIIO'leHbl pe3yJibTaTbl, KOTOpbie 6bIJIH IT0JiyqeHbl JIH'lHO aBTOpOM llJIH 
ITpH ero 0ITpe,!(eJIHIOJl\eM yqacTHH B IT0CTaHOBKe 3a;:,.a'l H pa3pa60TKe MeTO,!(OB HX 

peIIIeHIIH. B qaCTH pa6oT C ITpe;:,.cTaBJieHueM 3KCnepuMeHTaJibHblX pe3yJibTaTOB no 

TeMe uccne,!(0B8HIIH aBT0p yqacTB0BaJI B o6C}')K,!(eHHH, IIJI8HHp0B8HHH H ITpoBe;:,.eHHH 

3KCITepnMeHT0B, a TaK)Ke B HHTepITpeTal(HH H TeopeTH'leCKOH Ol(eHKe llX 

pe3yJibTaT0B. B pa60Tax 2001 ro;:,.a [A20, A21] aBTopy ITpHHa;:,.Jie)KaT JIHIIIb 

pa3pa60TKa MeTO)J.0B 'lHCJieHHbIX pacqeTOB H pe3yJibTaTbl paC'leTa T}'IIIeHIIH 
MeTacTa6IIJibH0CTll attmITp0T0HHoro reJIIIH ITpHMeCHMH. Ilo,!( PYK0BO)J.CTBOM aBTOpa 
IT0,l);roT0BJieHa OP.Ha AflCCePTal(HH Ha C0HCKaHue CTeITeHH KaH)J,J,l)µTa !pll3HKO-

:. 
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MaTeMaTH'leCKIIX Ha)'K. 

061>eM u crpyKTypa .QnccepTauuu. ,[{uccepTal(llH co;:,.ep)KHT B ce6e )).Be qacrn 

ITO ABYM l(HKJiaM pa6oT aBTOpa, ofo,eAUHeHHble o6mei1 TeMOH, BbIHeCeHH0H B 
Ha3Battue. Pa6oTa C0CT0HT H3 BBe)J,eHIIH, IIIecrn rnae H 3aKJIIO'leHIIH, IIpllJIO)KeHHH H 

CITHCKa HCITOJib30BaHHOH JIHTepaTYPhl, O6muii 061>eM 248 CTpaHHl(, BKJllO'laH 12 
Ta6JIH1(, 56 pHCYffK0B u CITHCOK l(HTHpyeMOll JIHTepaTYPbl II3 246 HaHMeHoBaHIIll. 

CO)J;EP)KAHHE PAliOTbl 
Bo BBe)J.eHUH o60CHOBatta aKryaJibH0CTb TeMbl ;:,.uccepTal(HH, )J.aH KpaTKHH 

attaJIH3 ITpo6neM, pernaeMhlX B ;:,.uccepTal(HH, u ccpopMynupoBaHhI uenII u 3a;:,.a'lH 

HCCJie,ll;OBaHIIH. 3;:,.ecb npHBOAJITCH H0Bble pe3yJibTaTbI, B0IIIeAIIIne B pa6ory, 

Bbl)J.BHraJOTCH 3all\Hll\aeMbie ITOJIO)KeHIIH, CTPYKTYPa pa60Tbl. PacKpbITO 0CH0BHOe 
co;:,.ep)KaHUe pafiOTbl ITO rnaBaM. O6C}')K,!(aJOTCH npaKTH'leCKaH 3Ha'lHM0CTb " 
;J.0CTOBepHOCTb pe3yJibTaTOB nccne;:,.oBaHIIH, ITPHBe;J.eHbl ;:,.aHHble 06 llX arrpo6auuu H 
nyfiJIHKal(HHX ITO TeMe pa60Tbl. 

B 3TOH qacTH I pa60Tbl o6c}')K,!(aJOTCH 0CH0BHbie npHHl(Hilbl cpH3HKH 

3K30TH'leCKHX aTOM0B, HX o6pa30BaHne "" pacna;:,. H paccMaTPHBaJOTCH 0CH0BHble 
HaITpaBJieHIIJI !pH3U'leCKHX 3KcnepuMeHTOB C IT03HTPOHHhlMH, MIO0HHbIMH H 

3JieKTP0HHbIMH ITyqKaMu. Mccne;:,.yeTCH ;:,.uHaMHKa crycTK0B IT03HTP0H0B u 

3JieKTJ)OH0B B JI0BYIIIKax AJ1H ITOCJielJ.YIOJl\eH rettepauuu 3K30TH'leCKIIX aTOMOB 

IT03UTP0HHH H aHTHB0)J.0po;:,.a. l1ccJie;:,.oBaHHH pacrra;:,.a Me3oaTOM0B H aTOM0B 
aHTHIIpOT0HH0ro reJIIIH B 

CT0JIKHOBeHIUIX IT03B0JIHIOT BblHBHTb 

oco6eHHOCTH 3THX rrpoueccoB, 'ITO 
M0)KeT IT0M0'lb KaK B npaKTH'leCKHX 
rrpIIJIO)KeHIIHX, 

cpytt,!(aMeHTaJibHOM 
TaK 

CBOHCTB 3K30TH'lecKIIX 

aHTHMaTepuu. 

H B 

HCCJie,!(0BaHHH 

aT0M0B H 

B ITepB0M prop;ene nepsoii rnaBbl ,!(aH 

0630p MeT0,!(0B HaKOIIJieHIIH 

3apIDKeHHOH IIJla3Mbl B pa3JIH'IHbIX 

noByrnKax (IlayJIH, IleHHHHra, 

l1eHHHHra~ManM6epra, MO,!(H!pHKal(HH 

CypKo), KpaTKO orrucaHbl 

3KcrrepHMeHTbI no HaKOIIJieHHIO 

~

R~· 

w /' 

""' Eb,1" 

EBB,z e+yp 
m_ 6) 

ER 

Puc. 1: ITonepe'lHwii pa3pe3 JI0BYJIIKH. 
CxeMaTH'lHoe H3o6pa)KeHne noITepetIHbIX 
noneii H ,!(peii~OB ,!(JlH U03HTp0HH0ro 
crycTKa 

Il03HTPOHOB, HOHOB. Bo BT0pOM pa3)).e.h:e rrpe)J.CTaBJieHbl pe3yJibTaTbl no 

TeopeTH'leCKOMY HCCJie)J.OBaHHIO AHHaMHKH HaKoIIJieHIIH IT03HTPOHHOH H 

3JieKTPOHHOll IIJia3Mbl B JI0ByrnKe C BpamaIOll\HMCH 3JieKTJ)H'leCKHM IT0JieM IleHHHHr
ManMfieprOBCKOro Tuna Ha 0CHOBe aHaJIHTH'leCK0ro peIIIeHIIH ypaBHeHHH 
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,l:\BmKeHIDJ. Ha pnc. 1 npe,l:\CTaBneHbl nonepeqHbJe no OTHOIIIeHHIO K ocn ·cnMMeTPHH 

( OCb z) nOB)'IIIKH nomi: B - MamHTHIDI HH,Zzy!CQIDI 0,l:\HOPOLIHOfO npO,l:\OnbHOfO noJUI, 

ER - HanpHlKeHHOCTb 3neKTpnqecKoro noJUI npOCTPaHCTBeHHOro ,3apH,l:\a 

HaKaIIJIHBaeMbIX qacTHU, E ,,, - nonepeqHIDI COCTaBJUIIOJUWI_ "' HanrHlKeHHOCTH 

:meKTPnqecKoro rronH, co3,l:\asaeMa» rroTeHUHaJiaMH JneKTPOAOB noB)'IIIKH), B 

KOTOpbIX ABlllKyrCH II03HTPOHbI, E ,w - spaiuruoiueecH c qacTOTOii "'Rw 

3neKTP11qecKoe none («Rotating Wall», «spaiuruoiueiicH CTeHKa>> - RW) B o6nacrn 

pa3pe3Hb!X 3neKTPOAOB B T.H. «nOB)'IIIKe CypKo». Ponb BpaiuaIOiuerOCH noJUI If ero 

np11MeHeH11e pacKpbITbl HlllKe. B rrpOAOnbHOM HarrpasneHIIH B OTKpb!ThlX nOB)'IIIK8X 

,l:\aHHOro rnna ,l:\BHlKeHHe 3apHlKeHHbIX qacTHU C Maccoii m II 3apH,l:\OM e 

orpaHnqnsaeT JneKTPOCTaTnqecKoe none Ha 3arrnpa10IU11X Kom~eBbIX JneKTPOL1ax. 

Pacnpe,l:\eneHne IIOTeHUHaJia MOlKHO arrrrpoKCIIMllpOBaTb 3aBIICIIMOCTbIO 

U(z,r)=U 0 (z
2
-r

2
!2)!(2d

2
), f,l:\e d

2
=(Z/-R/!2)!2, Z 0 =L,l2 

orrpe,l:\enHIOTCH reOMeTpnqecKIIMH pa3MepaMH nOB)'IIIKII s o6nacTH HaKOIIJleHIDI ( L, -

LIJIHHa II R, - PMIIYC o6naCTII). PeIIIeHIDI ypaBHeHIIH CO,l:\eplKIIT ABe COCTaBJIHIO]UIIX: 

rrpO,l:\OnbHOe ,l:\BlllKeHHe ( 6ayttC-OCUHllllilU1111) 110311TpOHOB, BneTeBIIIIIX B nOB)'IIIKY C 

HaqanbHoii rrpoL1onbHoii q>a3oii <po 

z=z,cos[w,t+f-1 0 ] (1) 

11 rrorrepeqHoe ,l:\BHlKeHne - 6blCTpoe UHKJIOTPOHHOe BpaiueHne c PMIIYCOM r. n 

qacToToii <o. "' w" n MeLIJleHHoe L1peiiqiosoe LIBHlKeHne c paL111ycoM r _ 11 

MarHeTPOHHOH qacTOTOH (B o6nacrn BHe BpaiuruoiuerocH IIOJUI) 

w _ "' ( w; + w: ) / 2 w, « w, • (2) 

3,l:\ecb w, = ✓ e U, / m d ' - 6ayttc-qacToTa, w, = .J 4 :r n e' I m - rrna3MeHHIDI qacTOTa, n 

- KOHUeHTpauIDI HaKaIIJIHBaeMbIX qaCTIIU, "'' = eB I m C - UIIKJIOTPOHHIDI qaCTOTa. 

YpaBHeHne (2) crrpaBeLIJIHBO B CllllbHOM MamHTHOM none, KOr,l:\a KOHUeHTPaUIDI 

rrpOCTPaHCTBeHHOfO 3~pMa crycTKa n031fTPOHOB Mana B » c .J2 :r nm • B TpeTbeM 

pa3,l:\ene pacCMOTpeHO ,l:\ettCTBHe 6yqiepHoro ra3a Ha ,l:\BlllKeHHe 1103HTpOHOB, 

6yqiepHblll fa3 He06XOAIIM LIJUI 3axBaTa qacTHU B o6nacTb HaKOIIJleHIDJ. 3AeCb 

cqiopMyn11poBaH MexaHll3M 3aMeMeHIIH IIOTOKa 3apHlKeHHbIX qacTHU BneTeBIIIIIX B 

cpeAJ B IIIHpOKOM IIHTepsane 3Hepmii, 1103BOJUIIOIUlfll 11ccne,l:\OBaTb 3aMeLIJleHne If 

OXJia)l(LleHne 110311TPOHOB np11 CTOnKHOBeHIIII C MoneKynaMII 6yqiepHOfO fa3a BHJTPII 

noByIIIKII. ,QeiiCTBlle 6yqiepHoro ra3a (LIJUI 3axBaTa 110311TpOHOB IICIIOnb3YeTCH 

o6bJqHo MoneKynHpHblll a30T Nz, BbI6op 3TOfO ra3a o6ycnosneH oco6eHHOCTHMH 

aHHllfllJUIUIIH n0311TpOHOB B Tpe6yeMOM npn HaKOIIJleHIIII Alfaila30He 3Hepmii) B 

rrepBOM rrpn6m1lKeHIIH MOlKHO CBeTll K BH3KOMY TpeHHIO C CllllOH F fr = -k . u , f,l:\e k 

- K03qJqJHUHeHT TPeHHH, u - CKOpOCTb qacTHUbI. CKopOCTb noTepb 3Hepmn £ 
no3HTpOHOB B .yrrpyr11x. If Heyrrpyrnx CTOnKHOBeHIDIX MOlKHO oueHIITb KaK: 

I 

\ ·, 

( 
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-dE ·, dt = (l'iE )v = F ,,u = ku 
2

, r,l:\e (l'iE) - cpe,l:\ffjijj noTepH 3Hepm11 3a 

CTOnKHOBeHne B KaKOM-nn6o rrpouecce, V - qacTOTa CTOJIKHOBeH11ii: V = an Nu, f,l:\e 

cr - ceqeHne rrpouecca, n N - KOHUeHTPaUHH MoneKyn N2, • 11crrom,3yH H3BeCTHbie 

ceqeHHH, rronyqaeM qncneHHbie 3HaqeHIDI rrpHBe,l:\eHHoro K Macce K03qJqJHUIIeHTa 

TpeHIDI K = k Im = u n Nu {l'iE) / ( 2£) LIJUI yrrpymx H HeyrrpyrHX rrpoueccos. B 

o6nacTn cpaBHHTenbHO 6onbIIIHX 3Hepmii (rropHLll(a 3Heprnn HOHH3aunn, 

LIHCCOUIIaunn H B036JlK,l:\eHHH 3neKTPOHHbIX ypOBHeii MOneeynbI) IIOTepII 3HeprnII 

cyiuecTBeHHbl II K03qJqJIIUIIeHT K BeJIIIK. B o6Jiacm MaJibIX 3Hepmii 

cyiuecTBeHHblMII CTaHOBfilCH LllfCCHIIaUIIII 3HepmII Il03IITpOHOB Ha B036JlK,l:\eHne 

KOJie6aTeJibHbIX II BpaiuaTenbHbIX ypOBHeii B MOneKyne. IlpH CHlllKeHIIH 3HepmII 

110311TpOHOB OCTaeTCH BKlla,l:\ B K03qJqJIIUIIeHT TPeHIDI TOJibKO yrrpyrHX CTOJIKHOBeHHH 

C MaJiblMII rrepe,l:\aqaMH 3HeprHH rrpH CTOJIKHOBeHHII LiE = 2mE IM, f,l:\e M - Macca 

MOneKyJibl. POJib TPeHHH ~ rronepeqHOM LIBlllKeHHII 1103IITPOHOB B JIOB)'IIIKe 

CBO,l:\HTbCH K LIBYM 3qJq>eKTaM. K OTHOCHTeJibHO 6blCTPOMy JMeHbllleHHIO PMHJCa 

UIIKllOTPOHHOro LIBIIlKeHIDI H MeLIJleHHOMY yseJIHqeHIIIO PMHJCa MarneTPOHHOfO 

LIBIIlKeHIDI, BeLIYJUeMy K Apeiiqiy 1103HTpOHOB Ha CTeHKH JIOB)'IIIKII H aHHHfll.IDJUIIII: 

I' ( ) . -Kt t(•.t+G>) K1(1t>_/a, ) i(m_r+CI>) 
~ t = x + 1y = r.e e · + r_e 'e • (3) 

3,l:\eCb X, y - KOOPLIIIHaTbI qacTHUbl, r +, • r_ - PMHYCbl UIIKllOTPOHHOfO H 

MameTPOHHOro LIBIIlKeHIDI, <I> - q>a3a n03HTPOHOB rrpII BJieTe B JIOB)'IIIKy. B 
npOAOJibHOM HanpaBJieHHH rrpoHCXOLIHT 3KCIIOHeHUIIaJibHOe 3aTJXaHHe 6ayttc

OCUHllllilUHH (1) C Il0Ka3aTeJieM IIOpH,!:\Ka K. l.JernepTbltt pa3,l:\eJI CO,l:\eplKIIT aHaJIII3 

L1eiicTBIDI spaiuaIOiuerocH noJUI Ha L1peiiqi qacmu. 3qiqieKT spaiuruoiuerocH noJIH, 

HCnOJib3yeMbIH B MOLllfqJHKaUIIH JIOB)'IIIKII IleHHIIHra-ManM6epra («JIOB)'IIIKe 

CypKO») He HMeeT HCHOro TeopeTIIqecKoro ofo,HcHeHIDI B JIHTeparype, HeCMOTPH Ha 

IIIHpOKOe ero HCilOJib30BaHIIe L1JUI ClKaTIDI II yseJIIIqeHIDI BpeMeHH y,l:\eplKaHIDI npH 

HaKOIIJleHHH IIOHOB, 1103IITpOHOB H ApyrHX 3apHlKeHHbIX qacTIIU B BeAJIUHX HayqHo

HCCJie,l:\OBaTeJibCKHX uempax. ,[{eiiCTBIIe Bpa]UaIO]UerocH IIOJUI MOlKHO npe,l:\CTaBHTb 

KaK rrapaMeTpIIqecKoe B036JlK,l:\eHIIe LIBIIlKeHIDI qepe3 BBe,l:\eHIIe MOJUHOCTII, 

rrepe,l:\aBaeMoii qacTIIUe RW-rroneM: 

P (I) = eE Rw ( ;+ + ;_) = eE n· x 

x(r.w.sin[{wRw -a,.}t+<I>Rw]+r_m_sin[{mRw -a,_}t+<I>Rw]) 
(4) 

B IlHTOM J)a3,l:\eJie npeMOlKeHa 3-D MO,l:\eJib HaKOilJieHIDI, B paMKax Hee OIIIICbIBaeTCH 

MeXaHH3M ClKaTIDI 110311TpOHHOro crycTKa, BJIIIHHIIe Bpa]UaIO]UerocH IIOJUI C 

BbI,l:\eneHIIeM pOJIII CBH3II npO,l:\OJlbHbIX 6ayHC-OCUllllJIHUIIH 1103IITPOHOB C qacTOTOH 

BpaiuaIO]UerocH IIOJUI II KOHUeHTPauIIeii 1103IITPOHOB. Cyr1, MeXaHII3Ma CBO,l:\IITbCH K 

cneLIJIOJUeMy. 113 attanma BbipalKeHIDI (4) BlfLIHO, ~o RW-rrone cnoco6Ho 

OKa3b!BaTb CIICTeMaTIIqecKoe ,l:\ettCTBIIe, He IICqe3a10]Uee npII ycpe,l:\HeHIIII 110 
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apeMemr, TOJibKO B TOM cn)"Iae, Kor,z:i;a ero qacTOTa coana,z:i;aeT C UHKJIOTPOHHOH HJIH 

MarHeTPOHHOH qaCTOTaMH. 
MarHeTPOHHbIH pa,z:i;nyc, onpe,z:i;emnomuii nonepeqHoe ,ll;BII)I(eHIIe qacTIIUbI, B 

ycnoamrx pe3oHattca 6y,z:i;eT II3MeIDITbCR np11 aneTe qacTHI.lbI B o6nacn ,z:i;eiicTBIDI 

RW-no)JjJ KaK• ··'"' 

r_ ( t) = r_ (0) - ( e Im )E Rwt sin [ <I> RW] / (a>. - a>_)• (5) 

3,z:i;ecb r_ ( o) - HaqanbHhltt MarneTpOHHbIH pa,z:i;11yc, ct> ,w - qiroa anem np11 aneTe 

qacTIII.lhl B RW-none. CaMO ,z:i;eiiCTBIIe B 3TOM cJI)"Iae MO)I(eT np11BeCTII K 

YMeHbIIIeHIIIO pa,z:i;11yca (5) np11 COOTBeTcTByromeM 3HaqeHIIII (pa3hl BJieTa qacTIII.lbl B 

RW-none. TaKHM o6prooM, ycnoa11e pe3oHaHca - coana,z:i;eH11e qacTOT RW-no)JjJ 11 

MarHeTPOHHoro ,[\BIDKeHIIR IIMeeT BIi,[\: 
2 2 

w OJ +m 
f,w = -- = _, __ , • (6) 

2,r 4,ra,B 

Cne,z:i;yer OTMeTHTb, qTQ ,z:i;eiicTBIIe RW-nOJijJ IIMeeT pe3oHaHCHbIH xapaKTep. KaK B 

Cn)"Iae 6oJlbIIIIIX KOHI.1eHTPa1111ii HaKOIIJieHHblX qacTIII.1 ( a, p » m,) • TaK II B CJI)"Iae 

MaJJbIX KOHUeHTPalllfH (m, « w,). ~ 3«p«peKTIIBHOro BJIIIRHIDI RW-nom1 Ha 

nonepeqHoe ,z:i;BII)I(eH11e qacTIII.1 Heo6xo,[\HMO, ~061,1 qacTIII.lbI BXO)llfJIII B none B 

tty)KHOH qiroe. 3a qiroy anem no3IITPOHOB B RW-none orneqaeT npo,z:i;onbHOe 

,QBH)I(eHHe (1) C )"IeTOM 3aryxaHIDI OCUllJIJIJII.IHH. Il03TOMY Heo6XO,[\HMO 

cornacoBaHn:e qacTOThl apama10merocR nom1 eme n: c qacToToii npo,z:i;onbHbIX 6ayttc

oc11HJIJijJI.1Ifii w, • B HTOre MO)I(HO c,z:i;enan BbIBO,[(: YMeHbIIIeHHe pa,z:i;n:yca apameHifjJ 

no3n:TpoHa If npe,z:i;oTBpameHHe ero aHHifrlf)JjJI.11111 Ha CTeHKax JI0BYIIIKII B03MO)I(H? 

npn: cornacOBaHHH qaCTOTbl nonepeqHoro MarHeTPOHHOrO apameHIDI C qaCTOTOH 

RW-no)JjJ, T .e. npn: BhlnOnHeHIIII ycJI0BIDI ( 6) 11 KpaTHOCTH qacTOThl npo,z:i;OnbHbIX 

6ayttc-oc11IIJIJlm~11ii c qacTOTOii apama10merocR nonR Nm, = m ,w • 

BTopaH r JiaBa co,z:i;ep)I(IIT n:ccne,z:i;oBaHHe HaKoIIJieHIDI no3HTPOHHblX If 

3neKTpoHHbIX crycTKOB B «JIOBYIIIKe CypKo» ycTattOBKH LEPTA. B nepaoM pro,n;ene 

npn:Be,z:i;eHO onn:cattn:e TOpOH,[\aJJbHOro HaKonIITe)JjJ HH3K03HepreTifqHblX qacTHI.1 

LEPTA (OIUIH, ,lzy6Ha) ,[\JijJ reHepaun:n: HanpaaneHHhlX n)"IKOB opTono3n:TPOHIDI. 

IIpn: 3T0M no3HTPOHhl 113 pa,z:i;11oaKTIIBHOro IICT0qHIIKa (22
Na), BJieTeBIIIIIe B 

JI0BYIIIKY, )];OJI)I(Hbl 6hlTb JIOKaJJII30BaHbl B o6nacTII HaKOIIJieHIIR. K. CypKO 

npeMO)I(HJI 11cnOJib30BaTb 6yq>epHhlH rro C rpa,z:i;n:eHTOM ,n;aaneHIDI B,[\OJII, JIOBYIIIKII. 

Mo,n;n:qin:un:poBaHHaR TaKIIM o6pa30M JIOBYIIIKa CTaJJa HOCIITb ero IfMjJ. Ilo3,n;Hee 

nORBHJICjJ eme O,[\HH MeTO,[\ yaenn:qeHHR 3q>q>eKTHBHOCTII HaKOIIJieHID1: yaen11qeHHe 

apeMeHH )I(If3HII 3apR)I(eHHOH IIJia3Mhl BO apamaromeMCR 3neKTPHqecKOM none. 

3qiq>eKT «apamaromeiicR cTeHKH» 6hln o6HapJ)I(eH a 3Kcnepn:MeHTaX no 

HaKOIIJieHHIO IIJia3MeHHOro crycTKa HOH OB Mg· [29]. 3aTeM aHanornqHI,Ie 

pe3yJibTaTbl 6hlJIII IIOJI)"IeHbl KaK MR 3JieKTpOHHOH, TaK If MR n03HTpOHHOH IIJia3Mbl 

( 
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[30], [31]. Mern,z:i; apama10merOCjJ nOJijJ n:cnon1,3yeTCjJ ,[\JijJ reHepalllfH aHTIIBO,ll;Opo,z:i;a 

B npoeKTe ATHENA/ALPHA [32]. YcneIIIHOe n:cnon1,3oaaHn:e 3TOro Mern,z:i;a 

n03BOnHJIO npHCTJIIHTb K HCCJie)];OBaHHIO CBOHCTB aHTHBemecrna If 3K30Tn:qecKIIX 

aTOMHO-MOJieKy)JjJpHhlX CHCTeM. Onpe,z:i;e)JjJIOmIIM npn: HaKOIIJieHHll 3,z:i;ec1, JIBJijJIOTCjJ 

qaCTOTa If HarrpaaneHIIe BpameHIDI nOJijJ B IIJJOCKOCTII, nonepe'lHOH K OCII nOBYIIIKH. 

3aBIICHMOCTb 3q>q>eKTIIBHOCTII HaK0IIJJeHIDI OT napaM~OB RW-no)JjJ HOCHT 

pe3oHattCHhlH xapaKTep. B HaIIIIIX 3KcnepnMeHTax Ha ycTaHOBKe LEPTA (Low 
Energy Particle Toroidal Accumulator, OIUIH, ,lzy6Ha) ncnon1,3yercJ1 JI0BYIIIKa 

CypKO C Bpamaromn:MCR 3JieKTpifqeCKHM noJieM. HaKOIIJJeHHhle B Heii n03IfTPOHbl 

IfH)I(eKTIIpyroTCjJ B HaKOnIITeJibHOe KOJlbI.10 ,[\JijJ ,a;aJJbHeHIIIIIX IICCJie,a;oBaHHH (pll3HKH 

3JieMeHTapHhlX qacTHI.1113K30TIIqecKHx aTOM0B. JlOBYIIIKa CypKO yCTattOBKH LEPTA 

HMeeT reOM~IIIO, npe.a;CTaBJieHll)'IO Ha pn:c. 3. 

Puc. 3: CxeMa JI0BynIKH CypICo (rrpo,110JibHbltt pa3pe3). I - VIII - 3JieICTp0.llbl, 8 -
C0JieH0H,11, 9 - BaKYJMHb!e II0CTbl 

C6opKa 3JleKTpO)];OB noMemeHa B I.IHJIHH)];pn:qecKyro BaKYJMHYIO KaMepy. KaMepa 

pacnoJIO)I(eHa B COJieHOH,!J.e, C03.D.aIOmeM np0,!J.OJlbH0e Marnn:THOe none. Ha rnpuax 

KaMepbl pacnOJIO)I(eHbl BaKyyMHbie HaCOChl, KOTOphle C03,!J.aIOT ,!J.Hq>«pepeHI.llfaJJbHYIO 

OTKaqKy. 3TO He06X:O,!J.HMO KaK ,[\JijJ Y.D.aJJeHIDI (JJ.O 6roosoro BaKYJMa nopR,!J.Ka 10-9 

Topp) OCTaTOqHoro rroa, COKpamaromero BpeMR )I(If3HH qacTHI.1 B JIOBYIIIKe, TaK II 

,[\JijJ C03,l).aHIDI rpa.a;n:eHTa ,l).aBJieHifjJ 6yqiepHoro rroa. IlOCJie,!J.Hee ,[\OCTIIraeTCR 

6naro,l).apR cneun:aJJbHOH reoMeTPHH 3JieKTPOJJ.OB: BOCeMb H30JIHpOBaHHbIX .D.pyr OT 

,z:i;pyra ll~IIH,!J.pHqecKHX: 3JieKTPO.D.OB, pa3JIHqHOH MHHbl II ,l).HaMeTPa. rro HaTeKaeT B 

CIICTeMY qepe3 OTBepCTIIe B cepe,[\HHe 3JieKTpo,!J.a II, a ero OTKaqKa ocymecTBJijJeTCR 

c Topuos 3JieKTPOJJ.OB I n: VIII, pe3yn1,mTe MR HaKOIIJieHIIH noJHTP0HOB Me)I(,!J.y 

)"IacTKaMII 3ax:BaTa (o6naCTb I, II 3JieKTPO,ll;OB) II )"IaCTKOM HaKOIIJieHIIH (o6nacTb 

IV-VII 3neKTPOJJ.OB) C03,!J.aeTCR nepena,!J. ,l).aBneHIIR. Bo BTOpoM pro,!J.ene Ha ocHose 

propa60TaHHOro aBTOpOM !pll3HKO-MaTeMaTIIqecKoro MeTO,!J.a MO,l).enn:poaaHIIH 

,[\IIHaMIIKH no3IITpOH0B B «nOBYIIIKe CypKO» npe,!J.CTaBJieHbl pe3yn1,TaTI,I pacqeTOB H 

q11cneHHOro MO)];enn:pOBaHHR HaKOIIJieHIDI crycTKa qacn111 B JIOBYIIIKe HaKOnIITenR 
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LEPTA. Ilpn qnCJieHHOM MOtJ,eJmpoBattlflf ncnoJih30BWIHCh pe3yJihTaThl 

aHaJIHTttqeCKIIX pellleHHH ypaeHemrn ABH)l(eHilll H3 rnaBhl 1. lfu:cJieHHOe pelUeHHe 

ypaBHeHHll ABH)l(eHilll n03HTp0HOB B caMocornacoeaHHOM none no MeTOtJ,y 'Pyttre

KyTThl no3B0JllfJIO yqeCTh Heo.n;Hopotl,HOCTlf B pacnpeii,eJieHHlf no, JlJIOTHOCTlf lf no 

cKopocrnM no3HTPOHOB, enem10mux B JIOBYllIKY, oco6eHHOCTH reoMeTPHH JIOBYllIKII 

H pacnpeii,eJieHHe 3JieKTpoMarHHTHhIX noJieH B o6JiaCTlf HaKonJieHlf.11. TaK)l(e 6hlJI 

yqTeH .n;mpq>Y3HOHHhlll .n;peiiqi II03HTPOHOB Ha CTeHKlf BaeyyMHOll KaMephl 3a cqeT 

CTOJIKHOBeHlfll C MOJieKyJiaMlf OCTaTOqHoro ra3a, BJiill!Hlfe HeO.n;Hopo.n;HOCTeii 

MarHHTHOfO IIOJl.11 If aHHHflfJI.IIIIHlf II03HTPOHOB rrpH CTOJIKHOBeHHHX C MOJieKyJiaMH 

6yqiepHoro If OCTaTOqHoro ra3a. B pe3yJihTaTe 6h1Jla HaH.n;eHa 3aBHCHMOCTh 

3qJqJeKTHBHOCTh 3axBaTa II03HTPOHOB & RW epamaIOIUHMC.11 noJieM B 4Ja3Y, npu 

KOTOpoii HX pa.n;uyc BpameHH.11 He yeenuquBaJIC.11 lfJilf YMeHhlllaJIC.11 C yqeTOM 

.n;ttqJqJY3HH OT qacTOThl H aMIIJilfTY.z:lhl epama10meroc.11 IIOJI.11. Ilpo11ecc HaKonJieHlf.11 C 

xopollleii CTeneHhlO TOqffOCTH onHChIBaeTC.11 3aBHClfMOCThIO qucJia HaKOnJieHHhlX B 
' ' 

JIOBYllIKe qaCTlfll OT epeMeHH N ( t) = c RW c N r (1 - e _,,,) . 3ii,eCh N - IIOTOK qacTHII 

BJieTaIOlUHX B JIOBYllIKY lf3 ucTOqHuKa, & - 3qJqJeKTlfBHOCTh 3axBaTa qaCTHII B 

o6JiaCTh HaKOIIJieHH.11 lf3 IIOTOKa, r - BpeM.11 )l(lf3Hlf crycTKa rrptt yii,ep)l(aHHH. B 

TpeTheM pa3.n;ene pe3yJihTaThl pacqeTOB u qncneHHoro Moii,enupoeattilll 

corrocTaBJI.IIIOTC.11 C ii,aHHhlMH 3KcnepttMeHTa ITO HaKoIIJieHHIO II03HTpOHHOll H 

3JieKTPOHHOH IIJ1a3Mhl. )J.aHHhie 3KCIIepuMeHTa (pnc. 4) IIOKa3hIBaIOT, qro HMeHHO 

RW-rrone o6ecrrequeaeT xopornyIO 3qJqJeKTHBHOCTh HaKoIIJieHtt.11: rrpu ero 

BKJIJOqeHHH KOJiuqeCTBO HaKoIIJieHHhlX qaCTlfll pe3KO B03pacTaeT, If Hao6opoT, 

YMeHhlUaeTC.11 nptt 

RW off,on B=13DDG,ton off=SDs / BhIKJIJOqeHHH. Bo ,epeM.11 

7,00807 

6,00807 

5.00807 

4,00807 
z 

3,00807 

2.00807 

1.00807 

0.00800 

_..--~ 
,A'7' -

iJ' \ 
I 

,7 J\ --
,I ~ -

-+- RWoff-RVVon 

---FM.lon-FM.loff 

--RW600kHz 

so 100 150 200 250 

l,c 

Puc. 4: ,[(IIHaMHKa npo11ecc HaK0IIJieHH.11 npn BKJIIOqeHHH

BbJKJIIOqeHHH RW-noIDI. KpHBaJI C KBIU\PaIHKaMH - nocne 

80 ceKyHA HaKOnJieHHJI C BPaII.laIOII.IHMCJI noJieM none 6bJJIO 

oTKJIIOqeHO. KpHBIDI C poM6HKaMH - qepe3 80 ceKyHA 

HaKOnJieHHJI · 6e3 epa11.1aro11.1erocJ1 noIDI none 6bIJIO 

BKJIIOqeH0, KpHBaJI C rrp.11MoyroJihHHKaMH - RW-nom 

.n;eiicTBOBWIO eo epeM.11 ecero HaKoIIJieHilll 

3KCIIepHMeHTa 

lfH)l(eKllilll qaCTHI.I B 

o6JiaCTh HaKOIIJieHlll He 

npeKpamWiaCh. TaK)l(e 

nOKa3aTeJihHhIMH 

.IIBAAIOTC.11 CHHMKH 

rronepeqHhIX pa3Mepoe 

crycTKa 

HaKaIIJIHBaeMhIX 

qacTHII, c.n;eJiaHHh!X C 

IIOMOlUhlO CCD 

KaMeph1. Ifa aHaJIH3a 

CHHMKOB MO)l(HO 

3KcnepnMeHTaJihHO 

nonyqHTh 011eHey 

nonepeqHhIX pa3MepOB 

... 
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cryCTKa qaCTlf11, no KOTOpOH BH.n;HO, qro c BKJIJOqeHHeM RW-noAA B HanpaBJieHHlf 

ii,pell:qia qacTHII B CKpemeHHhlX E X B noJI.IIX cryCTOK C)l(lfMaeTC.11. Ilpu BhJKJIIOqeHHlf 

RW-nom npoucxo.n;nT ero pacumpeHue. Ilpueeii,eM o6pa6oTaHHhle .n;aHHhie no 

pa3MepaM crycTKa c yqeToM pacump.1110mero .n;eifcrnilll 6yqiepHoro ra3a Ha puc. 5. 
Ilo 3KCnepuMeHTaJihHhIM lf pacqeTHhIM .LlaHHhIM Ha puc. 5 MO)l(HO cii,enaTh BhlBOA, 

qro c yeenuqeHneM .n;aeneHilll 6yqiepHoro ra3a n011epeqHhill: pa3Mep crycTKa pacTeT, 

qro roeopHT o yeenuqemm .n;uqiqiY3uu iia cTeHKH 3a cqeT B03pacTattilll qucna 

CTOJIKHOBeHHH. Ilpu 3TOM Bpama10meec.11 none cnoco6Ho npu BhIIIOJIHeHHlf ycJIOBHH 

pe30HaHCa 3q>q>eKTHBHO nperr.llTCTBOBaTh 3TOMY npo11eccy. ,D.onOJIHHTeJihHO WU! 

npoeepKII MeXaHH3Ma .n;eHCTBilll Bpama10m;erocJ1 nom B paMKaX npo.n;OJI)l(eHHOH 3-D 

Moii,enu 6hIJIH npoeeii,eHhI cneAYJOIUHe 3KcnepnMeHThl. ,lL,I.11 npoeepKII CB.113H 

pe30HaHCHOH qaCTOThl RW-IIOJl.11 C 6ayttc-qaCTOTOH w, npoee.n;eH 3KCnepuMeHT, B 

1.5 

E 
u 1.0 
flf 

0.5 

0.0 -i-----,,-----,-----,----.----
1,0E-05 1.1E-04 2.1E-04 3.1E-04 4.1E-o4 

P,Pa 
Pnc. 5: 3aencHM0CTh )lHCnepcnn rayccoea npo<jJnIDI 

HaKonneHHoro crycTKa OT )laBJieHHJI 6yqiepHoro rroa 

(a30T). 3KcnepnMeHTaJihHbie )laHHhle o603HaqeHhl: 

TpeyroJibHHKaMH 6e3 RW-noJIJI, KBIUlpaTHKH c RW
noneM. KpHBIDI I - pacqeT 6e3 RW-noIDI, 2 - C 

BJIHJIHHeM RW-noIDI C BhIIIOJIHeHHeM ycJI0BHJI 

pe3oHattca 

KOTOpOM lf3MeHJIJiach .n;JIHHa 

ofiJiaCTlf HaKOIIJieHilll 

( 3arrupa10mee HarrpH)l(eHue 

no.n;aeanoch Ha VIII, 3aTeM 

Ha VII, VI, V - 3JieKTPOAhI). 

Ilpn JKOpoqeHHlf MHHhl 

HaKOIIJieHH.11 6ayttc-qacTOTa 

B03pacTaeT, If npHXO,n;HJIOCh 

noBhlIIJaTh qacTOTY RW
noJIJ1. lfaMeHeHue MHH 

o6JiaCTlf HaKOIIJieHHH 

BhlJIBlfJilf np.llMYJO 

3aBHCHMOCTh pe30HaHCHOH 

1IaCTOThl 

npo.n;OJihHhIX 

OCIIMAAIIHH 

KpaTHOCTH. 

OT 

pafiOThl no 

qacTOThl 

6ayttc

c yqeTOM 

Pe3yJihTaThl 

no.n;6opy 

OIITHMaJihHhIX napaMeTPOB HaKOIIJieHilll II03B0JllfJilf ocyrueCTBHTh lfH)l(eK11u10 nyqKa 

HaKonJieHHhIX n03HTPOHOB lf3 JIOBYllIKH CypKo B HaKonHTeJihHOe KOJlhllO ycTaHOBKH 

LEPTA. lfu:cneHHhie 011eHKH .z:laIOT xopolllee coena.n;eHue qacTOThI RW-nom c 

qacTOTOH '11)' .c Ilpuee.n;eM TaK)l(e Haiiii,eHHhle OITTHMaJihHhie napaMeTphi HaKOIIJieHlll 

1Iacm11 B noeyIIIKe ycTattOBKH LEPTA B Tafin. I. 
Ta6JIHQa 1: OITTHMaJihHhie napaMeTPhl HaKoIIJieHlll B (<JIOBYllIKe CypKO» ycTaHOBKH 

LEPTA 

IlapaMeTp HHTepsaJI IIOHCHCHHC 

H3MCHCHIIH 

B,fc 1000+ 1200 Ilpo21om,Hoe MafHIITHOe none 
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Ole, 1010 c•l 1.7 + 2 l.(HKllOTJlOHHaJI qacTOTa 

Uo,B 10 rny6utta ITOTeHI~HaJII,HOH HMLI B 06nacn1 HaKonneHHH c·yqeTOM 

IT0JIH npOCTJlaHCTBeHHOIU 3apMa crycTKa 3aplllKeHHhlX qaCTHU 

P, Topp,10·6 3+5 ,l(aeneHtte B OfiJiacTI! HaKOITJieHIIJI C yqeTOM HanyCKa fiyqiepHOIU 

raJa N2 

ERw, B/cM 0.1 +0.2 AMITJIHT)'.lla RW-non» 

fRw, ~u 600+ 1200 qacTOTa BparneHIIJI RW-noJIH (3aBHCHT OT AJIHHI,J o6naCTH 

HaKOnneHIIJI H KOHUeHTJl~HH qaCTHJU, HanpaBJieHtte BparneHHH 

A0JIJKH0 coenat(aTb C HanpaeneHHeM MarHeTJlOHHOIU ABHlKeHHll 

Ro,CM 10 PaAttyc 3JieKTpOA0B JV-Vlll B o6nacTH HaKOnneHIIJI 

Lo, CM 16.5 + 72 .l(nttHa 3JieKTp0AOB B o6naCTH HaKonneHIIJI 

IT, CM.3 107+)08 KottueHTpauutt HaKonneHHhIX 'iaCTHU 

Olp, 108 c•I 1+2 IlnaJMeHHaJI qacTOTa 

R, CM 0.25+ 3 PaAttyc nonepe'ittoro cpe3a ttaKOnnettttoro crycTKa 

L, CM 12+65 ,l(ntttta ttaKonnettttoro crycTKa 

I1p1rnep;eHHbre onTHMaJibHhle napaMerpbI 3JieKrpuqecKHX, MarHHTHhlX noJiett, 

p;rumeHIDI 6ycpepHoro ra:m npu HaKOIIJieHHH no3HTpOHOB B JIOByrIIKe ycTaHOBKH 

YKaJaHbI C yqeTOM p;uanaJOHa H3MeHeHHH B paMKax npOBOAHMbIX 3KCnepHMeHTOB. 

IlpHBep;eHHbie pe3yJibTaTbI nepBOH H BTOpOH rJiaBbI p;uccepnmuu n03BOJUIIOT 

TeopeTuqecKH H 3KCnepHMeHTaJibHO peIIIHTb npo6JieMy OIITHMH3fil.(HH MeTOAOB 

HaKOIIJieHIDI n03HrpOHOB B JIOByrIIKax 11eHHHHr-MaJIM6eproBCKOro Tuna AJUI 

nocJiep;yIOmen reHepaL1HH 3K30TuqecKHX aTOMOB no3HTpOHIDI. aHTHBOAOpop;a HAP-

B TpeTbeH rJiaBe B nepBOM pa3AeJie AaH ofoop 3KCnepHMeHTOB no reHepaL1HH H 

pacnap;aM 3K30TuqeCKHX aTOMOB aHTHBOAOpop;a, n03HTPOHIDI, aHTHnpOTOHHOfO 

reJIIDI, Me30aTOMa (uotta MlOOHHOfO reJIIDI). Bo BTOpOM pa3p;eJie o6C}')KAaeTCH 

B03MO)KH0CTb npHMeHeHHH H3BeCTHoro MeTop;a rrpH6Jitt)KeHIDI BHe3anHbIX 

B03MymeHIDI B 3ap;aqax O CTOJIKHOBeHIDIX aTOMHO-MOJieKymipHbIX CHCTeM C 

HCToqmrKaMH HHTeHCHBHOro 3JieKrpOMarHHTHOro noJIH. B TpeTbeM pa3AeJie 

HCCJiep;oBaH MeXaHH3M «CTpHXHBaHIDI» MlOOHa B Me3oaToMaX (µHe)• 3a cqeT 

npoL1eCCOB Tuna «KapaM60Jib)) npu nocJieAOBaTeJibHhlX CTOJIKHOBemprx B DT-cMeCH 

C yqeTOM BJIIDIHIDI 3JieKTpOHHbIX o6oJioqeK MOJieKyJI. Cyr1, npoL1ecca CBOAHTbCH K 

TOMY, qro npu BhlCTpeHHOCTH pacceHBaIOIUHX l.leHrpOB OTHOCHTeJibHO HanpasJieHIDI 

ABH)KeHIDI Me30aTOMa pe3KO yseJiuqusaeTCH BepoHTHOCTb BhlCB06o)l(AeHIDI MlOOHa 

AJIH .nocJiep;yIOIUHX MlOOHHO-KaTaJIHTmeCKHX peaKI.IHH TepMOHp;epttoro CHHTe3a B 

peaKI.IHHX 

(µHef + d, ➔ (µHe(,+ d 2 ➔ He+++ d 2 + µ, 

... 

• 

I 
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rp;e d, H d, - COOTBeTCTBYIOIUHe »Apa MOJieKyJihl D,. YBeJiuqeHue npoHCXOAHT 3a 

cqeT Toro, qro yqreHhl npOI.leCCbI, rp;e B nepBOM CTOJIKHOBeHHH npOHCXOAHT 

B036J)l(AeHue Me30aToMa, a BO BTOpOM nocJieAOBaTeJibHOM CTOJIKHOBeHHH -

IIOHH3fil.(IDI Me30aTOMa H3 B036J)l(AeHHOro COCTOHHIDI. Onpep;eJieHbl ceqeHIDI 

IIOHH3fil.(IIH H BKJiap; BhlCrpeHHOCTH pacceusruomnx L1eHrpOB npII CTOJIKHOBeHHHX 

Tuna «KapaM60JII,)) C MOJieKyJiaMH p;eiiTepIDI H a30Ta no Teopuu B03MymeHHH AJUI 

61,1CrpbIX Me30aTOMOB, reHepHpYIQIUHXCH 3a cqer npHJIIInaHIDI MIOOHa B l.lHKJie 

MlOOHHoro KaTaJIH3a. CeqeHHe crpHXHBaHIDI MlOOHa 3a cqeT HOHH3fil.(HH npu yqere 

KpaTHhlX CTOJIKHOBeHHH MO)KHO BhlqncJIHTb KaK 

u, = u;i + 1',.u I 2. (7) 

3p;ecb CT ii - ceqeHue HOHH3al.lHH Me30aTOMa B 6opHOBCKOM npu6JIH)KeHHH Ha OAHOM 

pacceusa10meM L1eHrpe. B nocJiep;tteM cJiaraeMOM B Bbipa)KeHuu (7) p;eJieHtteM Ha 2 
yqTeHo TO, qro nonpaBKa /1,.;,. OTHOCHTbCH Cpa3y K ABYM pacceusaIOIUHM l.leHrpaM. 

,[{Jur Ol.leHKH 3aBHCHMOCTH ceqeHHH HOHH3al.lHH C yqeroM nonpaBKH Ha 3cpcpeKT 

«KapaM60JII,)) OT yrna BbICrpOeHHOCTH MOJieKyJI yp;o6HO B3HTb OTHOIIIeHue 

CT /1,.u 
K=-L=l+--

uit 2ufl 

Ilpll pacqere nocJiep;Hero CJiaraeMoro yqreM, qro TeJieCHhlll yron BbICTpeHH0CTH 

Me)KbHp;epHbIX OCett M0JieKyJI OL = 2,r (1 - cos0m), rp;e 0m - yrOJI paCTB0pa K0HyCa, 

orpaHIIqttBaJOIUHH yron !l L • Ha pHC. 6 npusep;eHhl 3aBHCHM0CTb K ( 0 m ) AJU1 

MOJieKyJibl p;eiiTepuH II a30Ta npu pa3JIHqHhlX CKOp0CTHX CT0JIKHOBeHIIii 

(ucnOJib30BaHa Me3oaTOMH3H CHCTeMa ep;HHIII.1)- Ilo AaHHbIM (puc. 6) BHAH0, ™ 
ceqeHIIe HOHH3al.lHH Me3oaToMa C yqeroM nonpaBKII MO)KeT npaKTIIqecKII Bp;B0e 

npeBbIIIIaTb ceqeHue npu MaJibIX yrJiax BbICrpeHH0CTII. C pOCT0M CKopocrn 

CT0JIKHOBeHIDI yrJIOBaH 3aBHCHMOCTb YMeHbIIIaeTCH. 
K K 

2,0r a) l.O 
b) 

1.5 

~ ¾~~~---------
0.5 o.s 

o.o 0.01 0.02 0.05 0.10 0.20 0.50 1.00 e.,rad 0.0 0.01 11.0Z 0.05 o.IO 11.lO o.so 1.00 GM.rd 

Puc. 6: 3aeHCHMOCTh OTHOIIIeHHll ceqeHHii HOHH3fil1HH MC303TOMa C yqeTOM KpaTHOCTH K 

ceqeHHIO 6e3 yqera KpaTHOCTH K OT yrrra BhICTp0eHH0CTH AJIH CTOJIKHOBCHHH C MOJieKynoii 

AeiiTepllil (a) H a30Ta (b) rrptt CKOpOCTH CTOJIKH0BeHID! V paettoii (a) 4 M.a.e. (CITJIOIIIHM 

KpHBM), 6 M.ae. (IIITpHX-IlyttKTHp)), IO M.a.e. (rryttKTHpHM KpHBM) n (b) 20 M.ae. 

(CIIJIOIIIHM KpHBM), 30 M.a.e. (1IITpHX-IlyttKTHp) ), 40 M.a.e. (rryttKTHpHM KpHBal!) 
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CpaaHeHrre 3aBHCHMOCTeil: A,1UI MOJieKyn D 
2 

H N 
2 

II03BOJUieT c,i.eJiaTh BhlBO.zi O TOM, 

'ITO A,1UI a30Ta (60JihlIIHH 3apJJ,D;OM ll,!.pa) MO)KHO Ha6mo,i.aTh CHJihHyIO yrnoayro 

3aBHCHMOCTh rrpH 60JihlIIHX CKOpOCT.liX CTOJIKHOBeHHll. ,Qmr: HarJUl,ll,HOfO 

rrpe,!.CTaBJieHHll yaenrrqeHHll ceqeHHH CTPllXHBaHHll no rrpe,J.JIO)KeHHOMY MexaHH3MY 

rrprrae,i.eM cpaaHeHne c pe3yJihTaTaMH JKcrreprrMeHToB n TeopeTHqecKHMH 

pacqeTaMH (pnc. 7) rrprr rnnnqHwx JHeprHHX Me3oaToMa nop}l,[(Ka 3-4 MJB. 

'lY·a.u. 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.02 

•• 
■ .. 
■ 
;._ 

. -........ 
. •~ .... .. . .................... .. 

4 6 8 10 12 14 
v,m.a.u. 

PHc. 7: 3aBHCHMOCTh ceqeHHH CTpl!XllBaHllll MIO0Ha II HOHH3awrn Me30aTOMa B 

3aBHCHMOCTll OT CKOpOCTll CT0JIKH0BeHHll Ha ,11eil:Tp0Hax. pacc=aHHbIX C yqeT0M 

KpaTH0CTH CT0JIKH0BeHirn (CIIJIOIIIHall JlllHllll) npn BblCTp0eHHOCTll oceil: M0JieKyJI B 

npe,11enax 0 • = IO_, B pacqeTe Ha KIDK,[(blll aT0M. IIYHKTHP - pacqeT ceqeHllll H0Hll3aIUfll Ha 

ll30JIHp0BaHHh!X aT0Max. TeopeTnqecKHe pacqeTbl ceqeHHH Ha H30Jillp0BaHHblX aT0Max 

CTpl!XllB!lHllll MJO0Ha ll3 pa6oTbl [33] Tpeyr0JibHHKll, [34] - KBa,llpaTHKH. 

3KcnepnMeHTaJihHbie ,J.aHHbie [35] - Kp)')KKH, [36] - poM6HKll 

B qeTBepTOM pa3,i.ene rnaBbI paccMOTPeH0 TyrneHHe MeTaCTa6HJihHOCTH 

aHTHIIpOTOHHOfO reJIHll rrpnMeCl!MH. Onpe,i.eneHhI ceqeHHll TyrneHHll 

MeTaCTa6HJihHOCTH aHTHIIpOTOHHOro reJIHll rrpnMeCl!MH HHepTHhIX fa30B nprr 

CTOJIKHOBeHHl!X C MOJieKynaMH npnMeceil: no pa3JIHqHbIM MO,J.eJUIM. PaccqnTatthI 

TaK)Ke ceqeHHll HOHH3aIIHH MIOOHHOro reJIHll npn peJil!THBHCTCKHX CKOpOCTl!X 

CTOJIKHOBeHIIH Me30aTOMa C BhICTpoeHHhIMH pacceJIBaJOIIIHMH IIeHTpaMH B 

npH6JIH)KeHHH BHe3aIIHbIX B03MynJ;eHHH 3a cqeT ,n:eil:CTBHll JJieKTPOMarHHTHOro IlOJUI 

IIeHTPOB. Ilpn qucneHHOM pacqeTe, OCHOBaHHOM Ha ,n:opa60TaHHOM . lpH3HKO

MaTeMaTHqecKOM MeTo,i.e MO,J.enrrpoBaHHll, ,I.OilOJIHHTeJihHO yqTeHhI KOJie6aTeJihHhie 

CTeneHH CB060AI,I B CTaJIKHBa!OIIIHXCll aTOMax aHTHilpOTOHHOfO reJIHll H MOJieKyne 

nprrMeCH. EbmH HCilOJih30BaHhI ,n:ae MO,J.eJIH MeTaCTa6HJihHOCTH aHTHIIpOTOHHOro 

reJIHll - H0HHal! H aTOMHal!. Bee :nu JKcnepnMeHThI npoao,n:HJIHCh KaK B qncTOM 

reJIHH, TaK H B reJIHH C aroMapHhIMH (6naropO,!.Hhie fa3hI) H MOJieeyJUlpHhIMH (H2, 

' 
' I 
I, 

·) 
t 
') 
l ,, 
·, 
i' 

,1 
i 

') 
I 
1' 
i 
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N2, 02) nprrMeCl!MH. Pe3yJihTaThI no TyrneHHIO MeTaCTa6HJihHOCTH npHMeCl!MH 

,n:aaanrr 6onhIIIHe 3HaqeHHl! ceqeHHll TyrneHHl!. ,[{a)Ke He6oJihIIIoe Konrrqecrno 

nprrMecn ,n:aaano CHJihHOe TyrneHHe MeTacTa6HJihHOCTH aHTHilpOTOHOB n fihICTPYIO 

HX aHHHfHJUlIIHIO. C,i.enaH BbIBOA O TOM, 'ITO 60JihIIIHe ceqeHHll TyrneHHll 

ofrMICHl!IOTCl! CHJihHhIM AaJibHO,n:eil:CTBYIOIIIHM B3aHMO,J.eHCTBHeM Me)l(Ay 

aHTnnpoTOHHbIM reJIHeM H aToMaMH H MOJieeynaMH nprrMeceii. 3TO B03MO)KH0 C 

npHBJieqeHHeM HOHHOH MO,J.eJIH MeTaCTa6HJibHOCTH aHTHilpOTOHOB a reJIHH. 

PaccqHTaHHhie a paMKax HOHHOH MO,J.eJIH ceqeHHll TyrneHHl! MeTacTa6HJihHhIX 

COCTOl!HHH aTOMaMH HJIH MOJieKyJiaMH npnMeceii, co,i.ep)KaIIIHXCl! B reJIHH, 6JIH3Kll K 

JKCilepnMeHTaJihHbIM ,1.aHHhIM, Tor,n:a KaK MO,J.em, KoH,J.O, OCHOBaHHal! Ha 

"aTOMKyne", ,i.aeT ropa3,!.0 MeHhIIIHe 3HaqeHHl!. 

qaCTb II: B3aHMO,n:eiiCTBHe o6bI'IHblX H 3K3OTH'leCKHX aTOMHO-MOJiefCYJIHpHbIX 

CHCTCM C DOJIHMH YJibTpaKOpOTKHX :meKTpOMarHHTHbIX HMDYJibCOB 

3,n:ecb o6c~,n:aeTCl! ~OBe,J.eHrre MaJioqacTuqHhlX CHCTeM c KYJIOHOBCKHM 

B3aHMO,i.eil:CTBHeM B HHTeHCHBHbIX JJieKTpOMarHHTHhIX IlOJll!X YJihTpaKopOTKHX 

HMilYJihCOB. Ilpe,J.JIO)KeHHhie B pa6oTe MeTO,J.hl HCCJie,J.OBaHHll B3aHMO,J.eHCTBHH 

YJihTPaKOpOTKHX HMnyJihCOB JJieKTpOMarHHTHOfO nomr C aTOMHhIMH H 

MOJieKymrpHhIMH CHCTeMaMH, BKJI!Oqal! 3K30TnqecKne, Il03B0Jll!IOT BhlllBHTh 

KOppemrIIHOHHhie, HHTepipepeHIIHOHHhie,. oprreHTaIIHOHHhie 31plpeKThI, 

KOJinqecTBeHHO nOJiyqHTh CileKTPbI nepeH3JiyqeHHll H CIIeKTPhl nprr HOHH3aIIHH 

CHCTeM. TaK)Ke npe,J.JIO)KeHHhie B pa6oTe MeTO,J.hl II03B0Jll!IOT C noMOIIIh!O 

YJihTPaKOpOTKHX HMnyJihCOB JJieKTpOMarHHTHOro nomr He T0JibKO KOHTponnpoBaTh, 

HO n ynpaBJUITh BHYTpHaTOMHhlMH npoIIeCCaMH a 3AMC. 

qCTBCpTaH I"JlaBa co,n:ep)KHT HCCJie,n:oBaHHe HOHH3aIIHH H B036y)l(AeHHll 

aT0M0B H H0H0B YKM. B nepB0M pa3,i.ene ,n:aH ofoop MeTO,n:0B reHepaIIHH 

YJibTpaKOpOTKHX HMilYJihC0B JJieKTP0MarHHTH0f0 nomr H MeT0,1.0B pacqeTa 

Heynpyrnx npOIIeCCOB B aTOMax H MOJieKynax IIOA ,n:eiiCTBHeM TaKHX HMnyJibCOB. 

,[{anee nprrae,n:eHhI pe3yJihTaThI pacqern ceqeHrrii n aepol!THOCTeii Heynpyrnx 

rrpoIIeCCOB B036y)l(AeHHll, HOHH3aIIHH aTOMHO-MOJieKymrpHhIX CHCTeM, BKJI!OqalJ 

3K30TnqecKne npn B3aHMO,J.eHCTBHH C YKM. PacqeT OCHOBaH Ha HCilOJih30BaHHH 

MeTo,i.a, B OCHOBe KOToporo Jie)KHT TeOpHll BHe3anHhIX B03MynJ;eHHH. MeTo,n: 

coqerneT B ce6e npocrozy H 31plpeKTHBHOCTh H Il03B0JUieT BhJqncJIHTh He TOJihKO 

BepOl!THOCTH B036y)l(AeHHll rrepexo,1.0B H HOHH3aIIHH, HO orrpe,n:eJIHTh 

rrpenMyIIIeCTBeHHhie HarrpaBJieHHl! BhmeTa K0MnOHeHTOB 06b1qHhIX H 3K30THqecKHX 

aTOMOB nprr HOHH3aIIHH. IlonyqeHHblC pe3yJihTaThl rrpn 3TOM ,n:orrycKa!OT rrpocroe 

aHaJIHTH'ICCK0e rrpe,i.cTaBJieHHe. YJihTpaKopOTKHH HMnyJihC JJieKTpoMarHHTHOro 

nomr Bh16npaeTCll B au,i.e rayccoaa HMrrynhca: 

r ,( k.r '/l 
E(r,t)=E 0 exp]-a 11---1 fcos(w

0
l-k

0
r), (8) 

l \.. m. J J 
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rJJ,e k O - BOJIHOBOH BeKTop, E O - aMIJJIHTYJJ.a HarrpHJKeHHOCTH IIOJIH B IIaJJ,aiomeM 

YJibTPaKopOTKOM 3JieKTPOMafHHTHOM HMrryJibCe, m, - Hecym~ ,,'IaCTOTa 

HaJieTaiomero yJibTPaKopoTKoro nMrryJihCa, a "' 1 / r - rrapaMeTP 3azyxattHH B 

rayccOBOM HMITYJibCe, r - xapaKTepHWI rrpOJJ.OJIJKHTeJibHOCTb"'nMrryJibCa' (3JJ,eCb 

HCI10Jlb3YeM aTOMHYJO CHCTeMy eJ],HHHaj. Bo BTOpOM pa3JJ,eJie rrpnBeJJ,eHO 

HCCJieJJ,OBaHHe KOppeJIH1VfOHHbIX 3<p<peKTOB B aTOMe reJIHH. B COOTBeTCTBHH C 

MeXaHH3MOM BHe3arrHOH rrepe,1:1a'IH HMIIYJibCa BepoHTHOCTb rrepexoJJ,a aTOMa reJIHH 113 

Ha'IaJibHOro COCTOHHHH lo) B KOHe'IHOe In) B pe3yJibTaTe CTOJIKHOBeHHH c 6bICTPhlM 

MHOf03apHJJ,HbIM HOH0M BblpaJKaeTCH qepe3 Heyrrpyrnii aTOMHblll <popM-<paKTop If 

HMeeT BHJJ. 

W, (q) = j(nle-,,c,, .. ,>lo)f' 
fJ].e q - rrepeJ].aHHblll HMrryJibC, r, - KOOpJ].HHaTbl aTOMHbIX 3JieKTpOHOB. I10JIH)'IO 

BepOHTHOCTb Heyrrpyrnx rrpoueccoB ( 0,1:IHO-, JJ.BYKpaTHYJO HOHH3al{HIO If 

B036YJKJJ.eHHH) MOJKHO paccqHTaTb KaK 

w., ( q) = j(o le -,,1,, .. ,> lo )12 

w, .. , ( q) = 1 - w., ( q). (9) 

,ll,irn yqeTa JJieKTPOHHbIX KOppeJIHUHH B aroMe reJIHH ncrrOJib30BaJIHCb 

MHororrapaMeTPH'IeCKHe XHJIJiepaaCOBCKHe B0JIHOBhle <pyttK1Vfll 0CH0BHOfO 

COCTOHHHH. Pe3yJibTaT cpaBHHBaJICH C pac'IeTOM no <popMyJie (9) C HCI10Jlb30BaHHeM 

BOJIHOBbIX <pyHK1Vfll 6e3 yqeTa :)JleKTpOHHbIX Koppem1unii ( CHMMeTPH30BaHH0e 

rrpoH3Be,1:1eHne Bo,1:1opoJJ,orro,1:106HbIX <pYHK1VIH c 3apHJJ,oM z ,1 = 2 - 5 I 16 ). CJJ,eJiaH 

BblBOJJ. 0 TOM, 'ITO yqeT 3JieKTPOHHhlX KOppeJIHl.{HH 3aMeTHO YBeJIH'IHBaIOT Ce'IeHHH If 

nep0HTH0CTH Heyrrpyrux rrpoueccoB rrpn CTOJIKHOBeHHH aTOMa reJIHH C 6b1cTphlMH 

3apHJKeHHblMH qaCTHl.{aMH If B03,l:leiicTBHHX YJibTPaKOpOTKHX HMrryJibCOB, B TpeTbeM 

If qeTBepTOM pa3,1:1eJie ITOJiyqeHhl BepOHTHOCTH Heyrrpyrux rrpoueccoB, crreKTPbI 

HOHH3al{HH aToMapHbIX OTPHUaTeJibHblX HOHOB, 0ITHChlBaeMhlX B rrpn6JIHJKeHHH 

IIOTeH1VfaJIOB HyJieBOfO II KOHe'IHOfO paJJ,nyca, rrpn B3aHMO,l:leHCTBHH C YKM. 
MccJie,l:lyeTCH 3aBHCHMOCTb BepOHTHOCTH H0HH3al{HH OT 'IHCJia OC1VIJIJIHl.{Hll B 

HMITYJihce. B ITHTOM pa3JJ.eJie paccM0TPeH pa3BaJI aToMa rro3HTPOHHH B rroJie YKM. 
ATOM I103HTP0HHH, rrpeJJ.CTaBJIHIOIUHH 113 ce6H CBH3aHHOe COCTOHHHe JJieKTPOHa If 

I103HTP0Ha, HBJIHeTCH yttHKaJibHbIM ofo,eKTOM HCCJie,1:10BaHHH B KBaHTOBOH 

:)JleKTp0JJ.HHaMHKe • 3TOT 3K30TH'IeCKHH aT0M, COCTOHIUHH 113 JieITTOHa If 

aHTHJieITTOHa, I103BOJIHeT ITOJIY'IHTb HOBbie CBeJJ.eHHH O rrpnpo.n:e 3JieKTPOCJia6oro 

B3aHMOJJ.eHCTBHH, rrpoueccax C yqaCTHeM aHTH'IaCTHU, aHHHfHJIHl.{HH aHTHBemecTBa. 

Cpe.n:n 3K30TH'IeCKHX aTOM0B I103UTPOHHH 6bIJI rronyqeH 3KCrrepnMeHTaJibHO rrepBbIM 

If pa60Tbl ITO ero HCCJieJJ.OBaHHIO rrpOJJ.OJIJKaIOTCH B pHJJ,e Jia6opawpnii Mnpa. Oco6bIH 

HHTepec Bbl3bIBaIOT rrpouecCbl Jia3epHOfO B036YJKJJ.eHHH aTOMOB I103HTPOHHH B 

pn.n:6eprOBCKHe COCTOHHHH, B KOTOpbIX aTOMbI MOryT cymecTBOBaTb JJ.OCTaT0'IHO 
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,l:IOJifO. HaMn rronyqeHbl BbipaJKeHHH JJ.JIH BepOHTHOCTeii B036YJKJ].eHHH If HOHH3al{HH 

(pa3BaJia) rrpn B3aHMop:eiicTBHH aTOMa I103HTpoHHH C YJibTPaKOpOTKHM HMrryJibCOM 

3JieKTPOMafHHTHOf0 ITOJIH. Ilpn 3T0M Mb! CM0fJIH TO'IHO yqeCTb, KaK 

rrpOCTPaHCTBeHHYJO HeOJJ.HOpOJJ.HOCTb ITOJIH HMrryJibCa Ha pa3Mepax aTOMa, TaK If 

HMITYJibCbl ncrrycKaeMbIX (pOTOHOB. I1poH3Bep:eH paC'IeT If cpaBHeHne BepOHTHOCTeii 

Heyrrpyrnx rrpoueccoB (9) HOHH3al{HH B aToMax I103HTpOHHH If BOJJ.Opop:a, 

Bhl3BaHHhlX arroceKyttJJ.HhlMH (Jiu6o "MeHblIIHH AJ)HTeJibHOCTH) HMrryJibCaMH 

3JieKTpoMafHHTH0f0 IT0JIH. Pe3yJibTaTbI rrpnBep:eHhl Ha pnc. 8 If 9. I10Ka3aHo, 'ITO 

BepOHTHOCTb pa3BaJia I103HTP0HHH M0JKeT 3Ha'IHTeJibHO rrpeBOCXOJ].HTb BepoHTHOCTb 

HOHH3al{HH aTOMa BOJJ.Opo.n:a. IlpH'IHHa, COCTOHT B TOM, 'ITO aTOM I103HTpOHHH, B 

CHJIY 60JibIIIHX pa3MepoB If MeHbIIIeii 3Heprnn CBH3H, 6oJiee 3<p<peKTHBHO, 'IeM aTOM 

B0JJ.Opop:a pa3pYIIIaeTCH ITO)]. ,1:1eiiCTBHeM YJibTpaKopOTKOfO HMITYJibCa 

3JieKTpoMafHHTHOf0 IIOJIH. MMrryJibC BbIJieTeBIIIHX 3JieKTPOHa If I103HTPOHa rrpn 

pa3BaJie 6JIH30K K rrepeJJ,aHHOMY HMITYJibCY ITO BeJIH'IHHe If HarrpaBJieH 

rrpOTHBOI10JIOJKHO p:pyr JJ.pyry • .. 

Pnc.,8: Bepol!THOCTH HeyrrpyrHX: rrpouecC0B B 3!lBHCHM0CTH OT rrepe;r1mrnoro HMITYJibca q. 

KpHBIUI l - BepoJITH0CTb Bcex Heyrrpyrnx rrpoueccoB llIDI aT0Ma Ps, KpHBIUI 2 -
Bep0JITH0CTb pa3BaJia aT0Ma Ps, KpHBIUI 3 - BepoJITH0CTb Bcex Heyrrpyrnx rrpoueccoB B 

aT0Me H, KpHBIUI 4 - BepoHTH0CTb H0HH3al{HH aT0Ma H. IIepe;rlaHHhlll HMITYJibC 

rrpe;rlCTaBJieH B aT0MHblX eJJ.HHHl.{ax, Bee Bep0JITH0CTH 6e3pa3MepHbl 

B IIIeCT0M pa3,l:leJie rrpe,l:ICTaBJieHbl pe3yJibTaTbl pac'IeTa BepoHTHOCTH H0HH3al{IIH 

Me3oaToMa ITOCJiep:oBaTeJibH0CTbIO YJibTpaKOp0TKIIX HMITYJibCOB. I10Ka3aHO, 'ITO 3Ta 

BepOHTHOCTI, 60JibIIIe 'IeM BO B3aHMOJJ.eHCTBHHX C H30JIHp0BaHHbIMH HMITYJibCaMH. 

IlpH'IHHa 3JJ.eCb B rrpOHBJieHHH aHaJIOfH'IHOfO paHee paCCM0TPeHHOMY 3<p<peKzy Tnrra 

KapaM60Jib B CTOJIKHOBeHHHX. B rrepBOM B3aHMOJJ.eHCTBHH Me3oaTOM 

B036YJKJJ.aeTbCH, BO BTOpOM HOHH3yeTbCH C 60JibIIIeii BepOHTHOCTH H3 

B036YJKp:eHHOfO COCTOHHHH. 
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k 
0 .5 1 .0 1 .5 2 .0 

9: 3aBHClfMOCTb BepOllTHOCTlf lf0Hlf3~1flf OT a6COJIIOTHOH BeJIJfqifHbl lfMIIYJibCa 

BblJieTeBineii qaCTHUbI, KpHBaJI l OIIJfCbIBaeT cnercrp lf0Hlf3~1flf l(JIJI II03HTpOHa 

(:mercrpoaa) B aToMe Ps, KplfBaJI 2 - pacrrpe11eneaHe no HMIIYJibCaM llJIJ! BbIJieTeBIIIHX H3 

aTOMa H ::l!IeKTpOHOB. llMrry!Ibc, rrepel(aHHblil: aTOMHOil: CHCTeMe IIpH B3aHMOl(eil:cTBJflf 

q = 1 a.e., BCe BeJIJfqifHhl Ha pHcyaKe rrpel(CTaBJieHbl B aTOMHbIX el(lfHHUax 

B Il.llTOH rJiaBe IfCCJie.zzyeTCH rrepeII3JI)"IeHIIe YKJI rrpII B3aIIMo.u;eficTBIIHX C 

aTOMaMII If IfOHaMII. B rrepBOM pa3l(eJie .u;aa KpaTKIIH aHaJIII3 pa3JIIfqHbIX MeTOl(OB If 

rro.n;xo110B pacqem rrepeII3JI)"IeHIIH II pacceHHIIH YKJI Ha aTOMax, Moneeynax II 

IIOHax. Bo BTOpOM pa3.u;ene rrpe.u;cmBJieH MeTO,!I;, II03BOJIHIOIQIIH B paMKax 

npIIfiJIII)KeHIIH BHe3anHhlx B03MymeHIIH If K3,l( OlllfChlBaTb HeynpyrIIe rrpoueccbl 

nepemnyqeHIIH YJiblpaKoponmx IIMnyJibCOB Ha CBH3aHHbIX 3JieKlpOHax If 

003IflpOHax B aTOMHO-MOJie.K)'JIHpHhlX KOMOJieKcax. IlpII 3TOM B3aIIMO,n;efiCTBIIe 

aTOMa IIJIII IIOHa C YKlI paccqlfThlBaeTCH B npIIfiJIII)KeHIIII BHe3aIIHbIX B03MYJ.QeHIIH 

6e3 orpaHIIqeHIIH Ha BeJIIIqifHY IIOJIH C yqeTOM B03MO)KHOH rrpoclpaHCTBeHHOH 

Heo.u;Hopo.u;Hocm na.u;aromero IIMnyn1,ca. Ilpo11ecc po)K,!l;eHIIH <pOTOHa npII 

nepeII3JiyqeHIIIf orrpe.u;eJIHeTCH B rrepBOM nopH,n;Ke TeOpIIII B03MymeHIIH rrpII ycJIOBiflf 

MaJIOCTII B3aIIMOl(eHCTBIIH OOJIH If3JI)"IeHIIH C If3JiyqaTeJieM. C IIOMOl.l.lbIO noro 

MeTo.u;a rrpoII3Be.u;eH pacqeT crreKTpOB rrepeII3JiyqeHIIH Pa3JIIfqHJ,IX aTOMOB If IIOHOB. 

B TpeTI,eM pa3.u;eire IICCJie,n;oBaHbI napUIIaJII,Hbie cneKlphl aTOMOB Bo.u;opo.u;a If 

Bo.u;opo.u;orro.u;o6HbIX IIOHOB, B qeTBepTOM pa3.u;ene BhlHBJieHa pOJII, IIHTep<pepeHUIIII 

If Me)KqacTifqffhlX KOppeJIHUifH rrpII rrepemnyqeHIIII YKJI aTOMOM reJIIIH. B llHTOM 

pa3.u;ene rronyqeHhl CIIeKTphl rrepemnyqeHIIH aToMapHbIX OlpIIUaTeJibHhlX IIOHOB, r.u;e 

mnyqaeT cna6ocBH3aHHbIH 3JieKTpOH. IlpomBe,n;eHo COOOCTaBJieHIIe yrJIOBbIX 

3aBIICIIMOCTefi HanpaBJieHIIH BhlJieTa (pOTOHa If CBH3aHHOH qacTIIQI,I npII 

nepeII3JiyqeHUif If IIOHII3aQIIIf Ha rrpIIMepe B3aIIMO,!l;eHCTBIIH YKJI C OH. B mecTOM 

pa3.u;ene rrpe.n;CTaBJieHbI BhlBO,!l;bl crreKTpa nepemnyqeHIIH .u;JIH aTOMa II03IflpOHIIH If 

ero cpaBHeHHe c paaee rronyqeHHbIMH B JTOfi rnaBe pe3yJibTaTaMII. IlpuBe,n;eM 6onee 

rro.u;po6Ho co.u;ep)KaHIIe 3TOro pa3.u;ena. PaccMoTpIIM B cneKTpe nepemnyqeHIIH 
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(pOTOHa C BeKTOpoM k = ( a, I C) n cnaraeMbie C a = b If C a "' b , COOTBeTCTBeHHO. 

Ilpe.u;crnBHM crreKTp B e,n;IIHuey TenecHoro yrna n • , 3aBIICHIQHfi OT HanpaBJieHIIH 

nepepacceHHIIH, B Bn.u;e 

d 2 W d 2W d'W 
---- = ---'-+ ___ 2_' (10) 
dQ.da, dQ.da, dQ.da> 

r.u;e 

d
2
W ---'-= 

dQ.da, 

1
2 2 

I/,(~), (¢
0 
IL {(E

0
n] 2 + (E

0
r.) 2

~[k 0n]
2

} 1¢,), 
(2:r) C a> • a> 0 

(11) 

~= If,(:>}' (¢,IL e-,,c,.-,,,{[E,nj'+ 
dQkda, (2:r) Ca> ,,b(oob) (12) 

2 

a, a, ' 
+i-([E

0
nl[k

0
n])E,(r. - r,) + (E 0 r,)(E 0 r,) 2 [k 0n]} 1¢,) 

WO WO 

3.u;ecb a, b HYMepyroT If3JI)"IaTeJIII B aToMe ll03Iflp0HIIH - 3JieKlpOH If II03Iflp0H, 

IIOJIO)KeHIIe KOTOpbIX 3a.u;aeTCH pa.u;uycoM BeKTOpOM r •.• , /,(a,), <pyHKUIIH, 

B03HIIKaIOJ.QaH Bcne.u;cTBIIe rayccoBofi <popMbI HaJieTaIOl.l.lero IIMIIYJil>ca (7) c 

BOJIHOBhlM BeKTOpOM k O = ( a, / C) ll O : 

( J '1 J 
2 t 1 

(w-w,) (w+w,) 
/

0 
(a>)= J; I (2a )II exp - 2 + exp - 2 

1
1. \_ l 4a J l 4a J ) 

Ilo cBoeMY onpe.u;eneHIIIO, cneKlJl d 'w, t ( d n. d w) npe.u;cTaBJIHeT co6ofi CYMMY 

,n;Byx crreKlpOB: cneKTpa If3JiyqeHUH (pOTOHa TOJlbKO 3JieKTpOHOM If cneKlpa 

II3JiyqeHIIH TOJibKO ll03IflpOHOM, Tor.u;a KaK cneKTp d 'w 2 / ( d Q • d a,), oqeBII,!l;HO, 

o6ycnoBJieH IIHTep<pepeHunefi aMnnuzy.u; rrpouecca II3JiyqeHIIH 3JieK1JlOHOM u 

003IflpOHOM. ,l(JIH BbIHBJieHIIH poJIII IIHTep<pepeHUIIII If .u;pyrIIX 3<p<peKTOB rrpoBe,n;eM 

cpaBHeaue 3HepreTnqecKIIX crreKTpoB II ceqeHIIii: nepeII3JiyqeHIIH .u;JIH aTOMOB 

BO,n;opo.u;a, reJIIIH, OTpIIQaTeJibHOrO UOHa BO,n;opo.u;a. CpaBHeHIIe 3HepreTuqecKIIX 

crreKTpOB ,wrn aTOMOB Ps, He, H II H - npIIBe.u;eHhl Ha pIIC. 10. 3HepreTifqecKIIe 

crreKlphl II03IflpOHIIH IIOJI)"IaIOTCH ,!l;OMHO)KeHIIeM BepoHTHOCTefi (10)-(12) Ha 

3Heprul0 (pOTOHa. CneKTphl HOpMIIpOBaHhl Ha MaKCUMaJibHOe 3Haqeaue 

rrepemnyqeHHH aToMa Ps. Mhl Bu,n;IIM, qro aToM Bo.u;opo.u;a rrepeIImyqaeT MeHbllle 

Bcex. 0TpIIUaTeJibHhlH IIOH BO.u;opo.u;a nepemnyqaeT 60Jibllle 3a cqeT 60JII,IIIIIX 

rronepeqHI,IX pa3MepOB CIICTeMbl, Ha KOTOpofi rrpoIICXO,!l;IfT pacceHHife na.u;aIOmero 

IIMIIYJibCa. ,/:(ByxqaCTifqHI,Ie CUCTeMbl rrepeu3JI)"IaIOT eme 60Jibllle 3a cqeT 

KOJiuqecTBa HCTOqHifKOB rrepeH3JI)"ICHIIH. Ilpu 3TOM aTOM reJIIIH, HCCMOlpH Ha 

MeHblIIIfe, qeM y aTOMa II03Iflp0HUH, pa3Mepbl, rrepeHJnyqaeT qYTI, 60Jibllle 3Hepruu. 
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3TO CBII,[leTeJJhCTByeT O 60JJh!IleM BKJiaJJ;e IIHTepqiepeHI_\IIOHHOH qacTII CIIeKTpa 

de, I dOJ B reJJIIII. 

d• / d• , arb.u. 

1.0 

0.8 

0.6 

0.4 

0.2 

0
·
0o 50 100 150 1 

' a.u. 

PHC. 10: 3HeprerH'IeCKHH cneKTp nepeII3JJyqeHIIll YJihTPaKOpOTK0ro IIMIIYJibCa 

aTT0CeK)'H/'.IHOH )'.IJIHTeJihH0CTH Ha pa3!III'IHbIX aT0MHhIX ofiJ,eKTax. TOHKall CIIJI0IIlHall 

JIHHWI - /'.l!Ill aT0Ma H, IlYJIKTHpHall - aHH0H H - ' )KHJ)Hall CITJI0IIlHal! JIHHHll - aTOM Ps, 
lllTPHXIIYJIKTHp - aToM He. B Ila,r\aIOII.\eM IIMITYJJhCe (8) HaIIpIDKeHH0CTh Il0Jill E O = 2 a.e., 

OJ 0 = 100 a.e. 

BKJia;:i; HHTepqiepeHI.\IIOHHhIX 3q>q>eKTOB B IIOJJHhlll cneKTp nepemnyqemrn 

YJJhTPaKopoTKoro IIMIIYJJhCa 3JleKTpOMarHIITHOfO IIOIDI aTOMOM II03IITPOHIIH YA06Ho 

xapaKTepII30BaTh OTHOIIIeHIIeM 

3G(m 2 /c
2

) 
2 + 2 2 • 

dun duH /dm 4(l+OJ /c) 

du du/dm 
(13) 

AHanorIIqttOe COOTHOIIIeHIIe du H• I du u MO)KHO 3aIIIICaTh ,[\JUI reJJHH C 3aMeHoii B 
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PHC 11: OTHOIIIeHilll )'.lllq>q>epeHUHaJIJ,HhlX cetJ:eHllll nepell3JiyqeHllll aToMa Ps ()lmpHall 

CilJI0IIIHall JillHllll) ll aTOMa He' (lllTPllXIIYHKTllp) no 0TH0IIIeHHIO K )'.lllq>q>epenuHaJibHOMY 

cetJ:eHIIIO ,[\!Ill aToMa H 

OTHOCHTeJihHOfO BKJia,l.\a IIHTepq>epeHUIIOHHhlX 3q>q>eKTOB B ,l.\IIq>cpepeHUIIaJihHOe 

ceqeHIIe nepepacceIDIHH OT qacTOThl IIcuyuieHHoro !pOTOHa OJ • KaK B11,l.\H0 H3 pIIC. 

11, IIHTepqiepeHUIIOHHhiii BKJIM ,[\JUI aTOMOB Ps II He YMeHbIIIaeTc» c poCTOM 

qacTOThl 113JiyqaeMOfO q>OTOHa, IIpIIqeM B IIIIIpOKOM HHTepaane qacTOT BKJI8,ll; 

IIHTepqiepeHUIIOHHhlX 3cpqJeKTOB B ,l.\IIqiqiepeHUHaJihHOe ceqeHIIe npH HH3KIIX 

qacTOTaX ,l.\OCTHraeT 50%, YMeHh!Ilal!Ch c p0CTOM qacTOThl ,l.\O 10% JIHIIIh npII 

,l.\OCTaTOqHO 60JihIIIIIX m "'120 aT.e,l.\. (npII 3TOM OJ I c"" 0,88 ). CeqeHHe 

nepepacceHHHH YJihTpaKOpOTKOfO IIMnyJihCa BCJie,l.\CTBIIe HBJieHHH IIHTepqiepeHUHII 

Be,l.\eT cefo1 B IlOJIHOM CO0TBeTCTBIIH C KJiaccttqecKIIM cnyqaeM. B o6JiaCTII HII3KIIX 

qacTOT .l.\lfqiqiepeHUIIaJihHOe ceqeHtte nepepaccellHIIH ,l.\ByxqacTIIqtthIX (no qIICJIY 

mnyqaTeJieii) CIICTeM B qeThipe pa3a npeBhIIIIaeT 3HaqeHIIe ,l.\IIqJqiepeHUHaJihHOfO 

ceqeHHH ,l.\JIH 0,l.\HOqacTIIqHJ,IX CHCTeM, T.e. nponoputtOHaJihH0 KBaJJ;pazy qlfcJia 

II3JiyqaTeJieii. B o6JiaCTII BhICOKIIX qacTOT, r,l.\e IIHTepqiepeHUHH OTCJTCTByeT, 

ceqeHIIH CTaHOBilTCH nponopuIIOHaJihHO qIICJIY II3JlyqaTeJieii H Kp0Me TOro 3aBHCllT 

OT pa3MepoB CIICTeM Ha KOTOphIX npOIICXO,l.\IIT pacce»HIIe. Tio3TOMY OTH0IIIeHIIe 

ceqeHIIH nepepacceHHHH ,[\JUI reJIHH II BO,l.\0pO,l.\a acIIMilTOTIIqecKII BhIXO,l.\IlT Ha 

3HaqeHHe, paBHOe 2 / Z :r . TaIOKe MO)KHO 3aMeTIITh, qTo B aTOMax Ps II He no

pa3HOMY npoIICXO,l.\IIT HHTepqiepeHUHH Me)K,!.\J II3JlyqeHIIeM 3JieKTpOHa II Il03II1'p0Ha 

II 3JieKTPOHa H 3JieKTP0Ha B npoMe)KYTOqHoii o6JiaCTH qacTOT. l'.hnyqemie OT 

3JieKTp0HOB B He nyqrne HHTepqiepttpyeT, qeM Il3JiyqeHtte OT 3JieKTpOHa II 

Il03IITpOHa B Ps. 3To, BH,l.\HMO, 06-I,HCHHeTCH TaM, ~o B aTOMe reJIHH H3JiyqaIOII.\Ile 

qacTIII.\hl HaxO,ll,HTCH 6JIH)Ke .l.\pyr K ,l.\pyry, qeM B aTOMe II03IITPOHHH. 
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TaKIIM o6pa30M, HaMH ITOJI)"IeHbl BhlpIDKeHIDI MH CITeKipOB II ceqeHIIH 

ITepemJiyqeHID! ITPH B3aHMO,D,eHCTBIIII aTOMa IT03HrpOHIDI C YJibTpaKOJ?OTKHM 

HMITYJihCOM ::meICTpOMarHHTHOro ITOIDI. Ilpll 3TOM Mhl CMOrJIH TOqHo yqeCTh, KaK 

ITpOCipaHCTBeHHyro Heo,D,Hop0,!1,HOCTh ITOIDI HMrryJihCa Ha pa3Mepax aTOMa, TaK If 

HMITYJihChl ncrrycKaeMblX lpOTOHOB. IIpoBe,D,eH pacqeT BepOHTHOCTif H3JiyqeHID! 

O,D,Horo lpOTOHa qacTnu;eii If aHTifqacTnu;eii, COCTaBIDIIOIIJ;IfX aTOM IT03HipOHIDI. 

IIpoH3Be,D,eH pacqeT n cpaBHeHne cITeICTpoB n ceqeHnii ITepen3JiyqeHnsr B aToMax 

IT03HrpOHIDI, B0,!1,0pO,D,a, reJIIIR If OipHIJ;aTeJibHOrO HOHa B0,!1,0po,!1,a, Bhl3BaHHhlX 

arroceKytt,!1,HhlMH (nn6o MeHhlllHH ,ll,JIIITeJibHOCTH) HMITYJihCaMH 3JieICTpOMarHIITHOro 

ITOIDI. IIpoaHaJIH3HpOBaHa pOJih HHTepcpepeHIJ;IfOHHblX 3<p<peKTOB If pa3MepoB CHCTeM 

ITPH ITepemnyqeHHH ITO,D,aJOm;ero ynhipaKopoTKoro HMITYJihca Ha JJieICTpoHe n 

IT03HipOHe If ,D,Byx 3JieKTpOHax. IlOKa3aHO, ~o C pOCTOM qacTOThl ITepemJiyqeHID! 

BKJia,D, HHTep(j>epeHIJ;IfOHHLIX cnaraeMhIX B crreICTpe n ceqeHnn rrepepacceHHIIR 

rra,D,aeT aHanomqHQ CJiyqaIO KJiaccnqecKOH KapTHHhl HHTep(j>epeHIJ;IIH Ha ,D,Byx 

m;enax. CpaaHeHne CITeICTpOB rrepeH3JiyqeHHH ll03HrpOHIIR If B0,!1,0po,D,a llOKa3bIBaeT, 

~o B o6JiaCTH MaJihlX qacTOT IT03Hrp0HHH 3a cqeT HHTep(j>epeHIJ;HH rrepemnyqaeT 

llO~H B qeTLipe pa3a 6oJibUie, B o6nacTH )Ke 60JihlllllX qacTOT, r,D,e BKJia,D, 

HHTep(j>epeHIJ;HH HHBennpyeTCH, ll03HipOH If JJieICTpOH B aTOMe ll03HrpOHHH 

H3JI)"IaIOT KaK ,D,Ba aTOMa B0,!1,0pO,D,a. B aTOMe reJIIIR BKJia,D, HHTep(j>epeHIJ;HH B 

rrepen3JiyqeHue 6oJihUie, qeM B aToMe rro3HipOHHH · 3a cqeT 6onee 6JIH3Koro 

paCIIOJIO)KeHID! H3Jiyqa10IIJ;IfX qacTHIJ;. 

illecTaH rJiaBa llOCBHIIJ;eHa HCCJie,!1,0BaHIUO opneHTall;HOHHblX 3lp<peKTOB ITPH 

B3aIIMO,D,eHCTBHH MOJieeyID!pHbIX CHCTeM C arroceKytt,ll,HhlMH HMllYJibCaMII. 

BbIHBJieHa 3aBHCIIMOCTh ITpou;eccoB HOHII3au;un II rrepemnyqeHilll OT opneHTall;llll 

Me)K'J,H,D,epHOH OCH OTHOCIITeJibHO HaITpaBJieHIIR HaJieTaIOIIJ;ero YKM. IIpe,D,CTaBJieHbl 

pe3yJihTaTbl pacqeTOB CITeKipOB ITepeH3JiyqeHilll If HOHII3aIJ;HH B MOJieKyID!pHhlX 

CHCTeMax ITPH B3aHMO,D,eiiCTBHH C YKM C u;eJiblO BhIBBJieHilll ponu HHTep(j>epeHIJ;Ifll If 

opneHTaIJ;HOHHhlX 3<p<peKTOB B COOTBeTcTByrom;IIX rrpou;eccax. IIpoaHaJIH3HpoBaHhl 

pe3yJihTaThl pacqern ITPH B3aHMO,D,eHCTBIIH YKlf C llOJIQ)l(IfTeJihHhIM MOJieKyIDlpHblM 

HOHOM B0,!1,0pO,D,a If MOJieKyIDlpHbIMH OM ranoreHOB. Mccne,D,OBaHa CBH3h Me)K,ll,y 

ITpou;eccaMH rrepen3JiyqeHHH If IIOHH3aIJ;Hll C yqeTOM opneHTall;IIOHHblX 3<p<peKTOB. 

Bo BTOpOM pa3,D,ene paCCMOipeHbl ripou;eccbl OiphIBa cna6oCBH3aHHOro 3JieKipOHa 

rroneM YJibTpaKOpOTKOro HMITYJihCa OT OTpnu;aTeJihHOro MOJieKyIDlpHoro HOHa. B 

TpeTbeM pa3,D,eJie HCCJie,D,OBaHa pOJib HHTep(j>epeHIJ;IfH II opneHTaIJ;HOHHblX 3<p<peKTOB 

ITPH rrepemnyqeHHH YKlf MOJieKyIDlpHblM HOHOM B0,!1,0po,D,a H/. B qernepTOM 

pa3,D,eJie rrpe,!1,CTaBJieHbl pe3yJihTaTbI pacqeTa ClleKTpOB ITepemJiyqeHIIR 

MOJieKynsrpHbIMII aHHOHaMH. IIocJie IIHTerpIIpoBaHHH ITO BCeM yrnaM BbIDeTa lpOTOHa 

ITOJiyqeH ITOJIHhIH 3HepreTifqecKHii crreKTp ll3JiyqeHHH ITPH lpllKCIIpOBaHHOM 

HaITpaBJieHIIH opneHTaIJ;IIH OCH HOHa 
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q = Ju. 0TMeTIIM, qTQ CITeKTp 3aBIICIIT OT R - paCCTOHHilll Me)K,ll,y u;eHipaMH 

,D,ByxaTOMHOro aHHOHa If . opneHTau;nn Me)KbH,!1,epHOH OCH OTHOCHTeJihHO 

HaITpH)KeHHOCTH ITOIDI E O' OITHCbIBaeMOH yrnoM 0 RE Me)K,ll,y BeKTOpaMH E O If R. 

IIpnBe,D,eM pacqeTHhie 3HaqeHIIR cITeKTpa (14) wrn ,D,Byx opneHTau;uii R Ha ITpnMepe 

aHTHCHMMeTpHqffblX II CHMMeipliqHhIX COCTOHHIIH MOJieKyIDlpHoro OM IIO,D,a (cM. 

pnc. 12). 
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PIIC. 12: CrreKTJ)hl rrepeII3JiyqeHIIH J; rrpH pa3JIIf'lllhlX COCTOHHHHX H BhICTpOeHHOCTHX 

MOJieKyJIHpHoro OH. KpHBble 1,2 rrpII opHeHTaUHH MeJKbH/,lepHoii OCH rreprreH}lHKYJIHPHO, 

3,4 - rrapanJieJihHO OTHOCHTeJihHO HarrpaBJieHHH IIa/,laIOIUero YJihTpaKOpOTKOfO IIMIIYJihCa 

3JieKTpOMarHHTHoro IIOJIH k 
O 

/.IJlH aIITHCHMMeTpllqffOfO II CIIMMeTpHqHoro COCTOllHIIii OH ( 

~. - CIIJIOlllHal!, ~ g - lllTpllXOBal! JIHHHII). IlpII pacqeTe rrpO/.IOJIJKITTeJibHOCTh HMIIYJibCa 

6hma B3l!Ta B 1 anoceKYH/.IY, aMIIJIIITY/.la HarrpHJKeHHOCTII IIOJIH B YKl1 paBHl!JiaCh 3 a.e. 

liHTerpIIpysr (14) ITO BCeM qacTOTaM, MO)KHO ITOJiyqIITh 3Hepml0 ITepeII3JiyqeHilll B 

3aBIICIIMOCTII OT opneHTaIJ;llll R. Ha OCHOB8Hllll 3TIIX pe3yJihTaTOB MO)KHO C,D,eJiaTh 
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cJieA)'IOmHe BbIBO.l(bl H 3aKJUOqemui. IloJiyqeHHhle ceqemui rrepepacce.l!HIDI 

YJih1PaKoponrnx HMIIYJihCOB :meKlpOMarHIITH0fO II0IDI Ha OM. 3aBHC.lIT OT 

rrapaMelpOB HMIIYJihCa H 3HaqIITeJibHO rrpeBbllllaIOT ceqeHID! KJiaCCHqecKoro 

pacceJIHHJI CB060.l(HbIM :meKlp0HOM IIJIOCKOH M0HOXp0MaruqecK~ii, BOJIHhl. CeqeHIDI 

rrepepacceJIHIDI YKlf B03pacTaIOT rrpH YMeHbIIIeHHH :mepnm 3JieKlpOHHOf0 

cpo.l(CTBa B aHHoHe. 3To CBJI3aHO C TeM, 'ITO CJia60CBJI3aHHhlH 3JieKTpOH HCIIhIThIBaeT 

6oJihIIme ycKopeHIDI a IIOJie YKM. 3aBHCHMOCTh CIIeKlp0B rrepemJiyqeHIDI OT 

3Hepnm CBJI3H M0)KeT II0M0'Ih B ymqHeHHH 3HepmH 3JieKlp0HHOro cpO.l(CTBa .l(IDl 

OM. CrreKTphl TaK)Ke 3aBHC.lIT OT CHMMe1PHH COCTOJIHHH M0JieeymipHoro OM.. 

CrreKTphl H 3HepmH nepemJiyqeHHJI c~ecTBeHHhlM o6pa30M 3aBHC.lIT OT 

BhlC1POeHHOCTeH Me)K'bJI.l(epHOH OCH M0JieeymipHbIX aHHOH0B H OT THIIa OM.. 

MaKCHMaJihHO rrepeH3JiyqeHHe B CJiyqae napaJIJieJibH0CTH HaIIpJI)KeHHOCTH 

BHeIIIHero 3JieKlpHqecKoro IIOIDI H Me)K'bJI.l(epHOH OCH. 3-ro M0)KeT IIOMO'Ib 

KOHTpOJIHpOBaTb CTerreHb BbIC1P0eHH0CTH H o6nerqHTh yupaBJieH_He OM a 

paJJIH'IHhlX TeXHH'IeCKHX npHJIO)KeHHJIX. Ilpe.l(JIO)KeH MexaHH3M yupaaneHHJI H 

KOHTpOIDI COCTOJIHIDIMH o6bI'IHhIX H 3K30TH'IeCKHX MaJIO'IaCTHqHhIX CHCTeM C 

KYJIOHOBCKHM B3aHMO,l(eHCTBHeM C ITOMOIIIhlO YJibTpaK0pOTKHX HMITyJihCOB 

3JieKlp0MarHHTHOfO IIOIDI, MexaHH3M OCH0BaH Ha HCITOJih30BaHHH 

BhIIIIeH3JIO)KeHHhIX MeT0.1(0B OIIHCaHHJI HeyrrpyrHX rrpo1.1ecc0B IIpH B3aHMO.l(ei1CTBHH 

3AMCcYKM. 

B 33KJIIOqeuuu nepe'IHCJieHbl OCHOBHbie pe3yJihTaThl .l(HCCepTal.lHOHHOH 

pa6oTbl, BhlH0CHMble Ha 3alIIHTY• 

ABmp IIOJih3yeTCJI B03MO)KHOCThIO Bbipa3HTh HCKpeHHIOIO 6Jiaro,l(apHOCTh 'lJI.

KOpp. PAH M.H. MeIIIKOBY H npocpeccopy B.M. MaTBeeay 3a MHorotJHcneHHhle 

IIJIO.l(OTBOpHble .l(HCKYCCHH H KOHCYJihTal.lHH, K.cp.-M.H. C.JI. JIKOBeHKO, A.r. Ko6eey 

H A.IO. Py.l(aKOBY 3a IIOJie3Hbie o6c~eHID! H B03MO)KHOCTh yqaCTIDI aBTOpa B 

3KCrrepHMeHTax, OIIHCaHHhIX BO BTopoi1 rJiaBe. 
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