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OEI.l.l;MI XAP AKTEPMCTIIKA P AEOThl 

AKTyanbHOCTb TeMbl 

Ilocne co3,ZJ;aHHll na3epos B Oll'IWleCKOM ,ZJ;Hana3oHe Ha oqepe.n::& scrnna 3a,ZJ;aqa 

C03,ZJ;aHHl! aHanora B peHTreHOBCKOH o6naCTH. ,[(JUI KaHMHpOBaHHbIX B nnoCKOCTHX 

KpHCTanROB 3ReKTpOHOB c 3HepmeH: 5-100 M3B nonepeqH:&Ie COCTOHHHll 3ne1crp0Ha 

KBaHTOBaHbl H pa3HOCTb Me)l{,!l)' HHMH nopH,D;Ka HeCKOn:&KHX 3B. IIpH 3TOM 3HepmH 

cfJOToHOB npH cnoHTaHHbIX nepexo,ZJ;ax (KaHanHpOBaHHOe H3n)"leHHe - ChR) 

Haxo,ZJ;HTcx B npe.n:enax HeCKOnbKHX K3B. ChR xopowo H3)"1eHo TeopeTHqecKH H 

3KcnepHMeHTan:&Ho. Iloqyw o,ZJ;HospeMeHHO c H3)"1eHHeM ChR Ha'l:anHcb 

HCcne.n:osaHHll B03MO>KHOCTeH ysenHqeHHl! BblXO,ZJ;a KaHanHpOBaHHOfO H3R)"leHHll 

nyreM co3,ZJ;aHHl! B KpHCTanne .n:ononHHTen:&Horo nepeMeHHoro ynpasnxrow;ero nonx. 

,lJ;HHRMHKa KaHanHposaHHOfO 3neKTpOHa npOHBnHeTCH B nepexo,11,ax Me)l{,!l)' 

nonepeqHbIMH ypOBHHMH (H3MeHeHHe HaceneHHOCTeH ypOBHeH:) B pe3yn:&TaTe 

B3aHMO,ll,eHCTBHll c rroneM H3R)"leHHl! H c ynpasnHIOlllHM noneM, a TaIOKe B 

pe3yn:&T8Te paccexHHll 3neKTpoHa s KpHCTanne. B ,11,aHHOH pa6oTe Hccne,11,osaHo 

,ll,HHRMHqecKoe nose,11,eHHe KaHMHpOBaHHOfO 3ReKTpOHa npH HanHqHH 

ynpaBnHIOlllero nonx H pacceHHHll H COOTBeTCTBYIOlllee KaHanHpOBRHHOe H3nyqeHHe, 

HBnHIOID;eecx cfJYHKQHeH ,ll,HHaMHKH 3ReKTpOHa. OCHOBHOH BKna,ll, B IDnyqeHHe ,11,aeT 

Haqan:&Hax 11aCT:& nyr11 nponeTa 3neKTpoHa B KpHCTanne, r,11,e 3neKTpoH Haxo,ZJ;HTCH B 

HepaBHOBeCHOM COCTOHHHH, T.e. HaceneHHOCTH ypOBHeH HBnHIOTCH nepeMeHHbIMH BO 

speMeHH sen11q11HaMH. Ficcne,11,osaH11e scex acneKTOB cfJyHKQHOHHposaHHll 3TOH 

HepaBHOBeCHOH ,ZJ;HHaMHqecKOH CHCTeMbl, BbIHCHeHHe ponH H 3HaqeHHll ee 

cocTasnx10m:HX qaCTeii - ynpasnx10w;ero nonx H pacceHHHll .n:nx s1>1xo,11,a 

pe3ynbTHPYIOlllero H3R)"leHHll HBnHeTCH BIDKHblM H Heo6XO,ll,HMbIM. 

PacqeT napaMeTpOB npo:u;ecca KaHan11posaHID1 3neKTpoHa B KpHCTanne KBap:u;a 

(noTeHIJ;HMbI, 3HepreTHqeCKHe ypOBHH, yw11peHID1 ypoBHeH H3-3a paccexHHll H T.,ZJ;.) 

H cneKTpOB H3n)"leHHl! np11 q11CTOM KaHanHpOBaHHH u npH ynpaenxrom:eM none 6:&m 

c.n:enaH sneps:&1e .n:nx nocne,11,y10m:ero cpasHeHHll c 3KcnepHMeHTOM. 

0:e.rib pa60Tbl. 

,lJ;nH no,11,roTOBKH nocne.ZJ;YIDlllHX 3KCnep1rneHTOB H ,ZJ;nH cpasHeHHl! c nOn)"laCMblMH 

pe3yn:&TaTaMH 6:&mH noCTasneH:&I cne.ZJ;Y!QlllHe :u;enH. 

1) TeopeTHqeCKHH aHanH3 npo:u;ecca H3n)"leHHH nnocKO-KaHanHpOBaHHoro 

3JieKTpOHa BO BHewHeM none c )"leTOM pacce.llHHH 3neKYpOHa B KpHCTaJIJie H 
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DOJiy<leH11e COOTBeTCTBYIOIIl;HX qiopMyJI cneKTpaJILHO-yrnoBLIX pacnpe,n;eJieHHH 

H3Jiy<1eHIDI 5-100 M3B 3JieKTpOHOB. 

2) PacqeT napaMeTpOB KOHKpeTHoro npou;ecca DJIOCKOCTHoro KaHaJIHposaeIDI 

3JieKTpOHOB B KpHCTaJIJie a - KBapu;a: nonepeqH1>1e noTeHn;HaJILI, 30HHaH CTJ>YKTYPa 

3HepreTHqecKHX ypOBHeH, BepOHTHOCTH nepexo,n;OB Me)K,ll;y ypoBHHMH H3-3a 

pacceHHIDI Ha TeDJIOBLIX <l>JIIOKTYaI.l;IDIX H Ha aTOMHLIX 3JieKTpOHax, 

COOTBeTCTByIDII.l;He ywHpeHIDI ypOBHeH. BbIBO,D; COOTBeTCTBYJOIIl;HX qiopMyJI c 

y<leTOM CJIO:>KHOH CTJ>YK'fYPLI KpHCTaJIJia a - KBapu;a - aTOMLI HaxO.D;HTCH He TOJILKO B 

n;eUTpe H Ha rpaHun;ax, HO H BHYTPH DJIOCKOCTHLIX KaHaJIOB. 

3) PacqeT cnercrpoB H3nyqeHHH 3JieKTpOHOB B a - KBapu;e npH <IHCTOM 

KRHaJIHpOBRHHH H npu B03Myw;eHHH KpHCTaJIJia YJILTPa3BYKOBOH BOJIHOH. 

Hayl!Hasi HOBlll3Ha 

MeTO,D;LI HeJIHHeii:Hoii: pe30HRHCHOH ODTHKH, npeo6pa30BRHHLie COOTBeTCTBYJOID:HM 

o6pa30M, npHMeHeHLI K o6'LeKTaM HHOH <1.m:3uqecKOH npupo,D;LI, a HMeHHO K 

KaHa.JIHposaHHLIM 3JieKTPOHaM. BnepeL!e BLIBe,n;eHLI qiopMyJILI cneKTpaJILHO­

yrnosoro pacnpe,n;eneHIDI H3JiyqeHHH KaHaJIHpOBaHHoro 3JieKTpoHa c y<IeTOM 

pacceHHIDI 3JieKTpOHa B KpHCTaJIJie H B npHCYTCTBHH MOHOXpOMaTuqecKoro 

pe3oHaHcHoro ynpaeJIH10w;ero noJIH [l, 3]. IIpH 3TOM He ,n;enaeTcH ynpow;a10m:Hx 

npe,n;nOJIO)J{eHHH 0 CJIHIIIKOM MaJILIX BpeMeHax, KOr,D;a MO)J{HO npeHe6pe<1L 

penaKCan;HeH, HJIH 0 CJIHIIIKOM 60JILIIIHX BpeMeHax, Kor,n;a 3JieKTpOH ~e HaxO.D;HTCH 

B paBHOBeCHOM COCTOHHHH. 

BnepBLie paccqHTaHLI napaMeTpLI KaHaJIHPOBaHIDI 20 M3B 3nercrpoHOB B KpHcTaJIJie 

a - KBapu;a c yqeTOM pacceHHIDI 3JieKTpOHOB Ha TeDJIOBbIX <l>JI!OKTYaI.l;IDIX H Ha 

aTOMHLIX 3JieKTpOHax [2, 4]: 30HHaH CTJ>YKTYPa 3HepreTuqecKHX ypOBHeii: B 

DJIOCKOCTHOM noTeHn;Ha.Jie, ymupeHHH ypOBHeH BCJie,D;CTBHe pacceHHIDI, H3MeHeHHe 

HaceneHHOCTeii ypOBHeii: npu nponeTe 3nercrpoea B KpHCTaJIJie (.D;HHaMHKa 

HaceneHHOCTeii:). CooTBeTCTByrom:ue <l:>opMyJILI BLIBe,n;eHLI c yqeToM CJIO)J{HOH 

CTPYKTYPLI KpuCTaJIJia KBapu;a. 

Bneps1>1e paccquTaHLI cneKTpa.JILHLie pacnpe,n;eJieHHH u3nyqeHHH 20 M3B 

3JieKTpOHOB npu quCTOM KaHMHpOBaHHH B KpHCTaJIJie a - KBapu:a H npu 

B03Mym:eHHH KpHCTaJIJia yJILTPa3BYKOBOH BOJIHOH [4]. 
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Bb1Hoc111Tcsi Ha 3a~111Ty 

1) B1>rno,n; qiopMyJI ,ll;Jlll cneKTpa.JILHo-yrnosoro pacnpe,n;enemra ChR so BHemHeM 

MOHOXpOMaTHqeCKOM pe30HaHCHOM DOJie c y<leTOM pacceHHIDI 3JieKTpOHa B 

KpHCTaJIJie [1, 2]. 

2) BLIBO,D; qiopMyn, xapaKTepH3yIDID:HX npou;ecc KaHaJIHpOBaHIDI ,ll;Jlll CJIO)J{HOH 

CTJ>YKTYPLI KpHCTaJIJia a - KBapu;a H paC'leT COOTBeTCTBYJOID:HX napaMeTpOB H 

cneKTpa.JILHLIX pacnpe,n;eneHHii: H3Jly<leHIDI 20 M3B 3JieKTpOHOB, KaHaJIHpoBaHHLIX B 

DJIOCKOCTHX (OJ]), (] 00) ,ll;Jlll 'IHCTOfO KRHaJIHpOBRHHH H B DpHCYTCTBHH 

YJILTPR3BYKOBOH BOJIHLI [3, 4]. 

OcHOBHoe coAep>KaH111e pa60Tbl 

,ll;uccepTan;HH o6'LeMOM 103 CTpRHHU:LI COCTOHT H3 BBe,D;eHHH, 3 rnae H 3aKJI10<1eHHH. 

Co,n;ep)J{HT 3 Ta6JIHU:LI, 14 pHcyHKoB H cnHCOK n;HTnpyeMoii: JIHTepaTypLI H3 55 

CCLIJIOK. 

B nepsoii rnaBe MeTO.D;LI HeJIHHeii:Hoii: pe3oHaHcHoii: omHKH TPaHc<l>opMHpYJOTCH 

,ll;Jlll peweHHH 3a,D;aq, CBH3aHHLIX c H3Jiy<leHHeM KaHa.JIHpOBaHHblX B KpHCTaJIJiax 

3JieKTpOHOB BO BHeIIIHHX DOJIHX [1, 2]. 0CHOBHLie H,D;eH 3RKJIJOqaJOTCH B cne,n;yJOm:eM. 

KaK H3BeCTHO, 3HepreTuqecKHe 30HLI DJIOCKO-KaHaJIHposaHHoro 3Jiercrpoea COCTOHT 

H3 B03MO)J{H1>1x (pa3peweHH1>1x) 3HaqeHHH nonepeqHoii: 3Hepnrn H pa3,n;eneH1>1 

Hepa3peweHHblMH 3Ha<IeHHHMH. CTaU:HOHapHLie nonepeqHble COCTOHHHH 3JieKTpOHa 

xapaKTepH3yIDTCH .D;BYMH KBaHTOBblMH 'IHCJiaMH: HOMepoM 30HLI H KBa3HHMnyJibCOM. 

3a.D;aHHe KBa3HHMDYJILCa O,D;H03HaqHo <l>HKCHpYeT 3HaqeHIDI 3Heprn:ii BO BCex 30Hax. 

CnOHTaHHbie nepexO,D;bl Me)K,ll;y 30HaMH COOTBeTCTBYIOT KaHaJIHpOBRHHOMY 

H3Jly<leHHIO, nepeXO,D;bl no,n; BJIHHHHeM ynpaBJIHIOIII;ero DOJIH - BbIHy)K,ll;eHHOMy. 

PaCCMOTPeHue BHaqa.Jie Be,D;eTCH B CHCTeMe KOOp,D;HHaT, ,D;BH)J{ym:eii:c11 B npO,D;OJibHOM 

HanpaBneHHH BMeCTe c 3JieKTpOHOM (cuCTeMa n0Ko11). IIpu nepexo,n;ax Me)K,ll;y 

30HaMH ,ll;Jlll 3JieKTpoMarHHTHOro B3RHMO,!l;eHCTBHH B ,ll;HDOJILHOM npu6nIDKeHHH 

KBa3HHMnyn1>c 3JieKTpoHa coxpaHHeTCH. T.e. nepexo,n;1>1 Me)J{.D;y 30HaMH ,D;JIH pa3H1>1x 

3HaqeHuii: KBa3HHMDYJILca MO)J{HO paccMaTPHBaTL He3aBHCHMO. EcnH M1>1 

HHTepecyeMcH H3JiyqeHHeM npu nepexo,n;e Me)J{.D;y KOHKpeTHLIMH ypOBHHMH I 0), 11), 
TO B03HHKaeT 3a,D;aqa o .u;uHaMuqecKoM noBe,n;eHHH u H3JIYqeHHH .u;ByxyposHeBoii: 

CHCTeMLI B 3a,D;RHHOM KJiaccuqecKOM DOJie. TaKHe 3a,D;aqu paccMaTPHBalOTCH B 

HenuHeiiHoii omuKe. Ynpasn1110m:ee none 3<j><j>eKTHBHO ,n;eii:CTBYeT Ha re ypoBHH, 

qacTOTa nepexo,n;a Me)K,ll;y KOTOpLIMH OJo HaxO,D;HTCH B6JIH3H qaCTOTbl DOJIH w' T.e. B 

pe3oHaHce. KpoMe Toro, Heo6xo,n;uMo yqecTL peJiaKCan;HIO HaceneHHOCTeH, T.e. 
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nepexo.zi;i,1 Me)l()zy ypoBIDIMH, BbI3BaHHI>Ie pacceauHeM 3nercrpoua B KpHCTaJIJie. 

Pacceauue ue coxpawi:eT KBa3HHMnyni,c H 3aTparHBaeT see ypoBHH. Ilo3TOMY cyMMa 

uaceneuuocTeii paccMaTpHBaeMoil: .zi;syxyposueaoil: CHCTeMI>I ue ocTaeTca 

nocToauuoil: (3aTyxaeT). <l>opM8.1IbHOe paccMOTpeHHe TaKoii CHCTeMI>I TPe6yeT 

BBeCTH ,D;Byxyposueayro 3aTyxaiom:yro MaTpHizy nnOTHOCTH, .nmi: KOTOpoil: cyMMa 

,D;Harouani,ui,rx 3neMeHTOB ue ocraeTca nocroauuoii [1,2]. BepoaTHOCTH 

cnomauui,rx nepexo.zi;os ropa3,D;O Meui,me nepexo.D;OB H3-3a pacceanHa. Ilo3ToMy npH 

nOCTpOeHHH MaTpHQI>l nnoTHOCTH none H3nyqeuHa MO'.llCHO He YllHTbIBaTb H 

paccMaTpHBaTb TOnbKO B3aHMO,D;eHCTBHe c ynpaBJiaJOW:HM noneM H pacceauHe. IlpH 

BneTe 3JleKTPOHa B KpHCTaJIJI 3acenaJOTCa B OCHOBHOM HH'.llCHHe ypoBHH. 3aTeM 

uaceneuuocTH H3-3a pacceauHa nepepacnpe,D;enaroTca (si,rpaBHHBaIOTca) H, 

noCKOnbKY qHcno yposueii 6eCKOHe11uo, uaceJieHHOCTb KIDK,D;oro ypOBIDI CTpeMHTCa 

K uynro. ~JUI TOJIUJ;HHbl KpHCTaJIJia $; 50 MKM MO)KHO orpaHH'IHTbCa KOHellHblM 

llHCnOM ypoaueil:. IlpH 3TOM CHCTeMa penaKCHpyeT K paBHOBeCHOMY COCTOHHHJO, 

KOr,D;a uaceneuuoCTH scex ypoaueii pasui,1 cpe,D;ueii uaceneunoCTH p0 • TaKoe 

npu6nH)KeHHe onpaB.D;bIBaeTCa 3KCnepHMeHTOM. 3aTyxaHHe .D;OCTaTO'IHO xopomo 

onHCbIBaeTCa 3KCnoueHTOH. 3TO n03BOJiaeT annpOKCHMHpOBaTb MaTPHizy IlJIOTHOCTH 

B OTCYTCTBHe ynpaBJiarom;ero nona cne,D;yJOWJiM o6pa30M [1,2] 

p(t)=p0 +[p(O)-p0 jexp{-kt). Pasuosecuaa uaceneuuocTb Po H K03cpcpm~HeHT 

3aryxauHH k onpe,zi;eJiaJOTCa H3 paClleTOB no 'IHCTOMY KauanHpOBaHHJO H 

cpeHOMenonorHlleCKH BBO,D;aTCa B ypaBHeuue, onHCbIBaromee B3aHMO,D;eHCTBHe 

3nercrpoua TOJlbKO c KJiaCCH11ecKHM noneM &(t) = &0 exp[i(wt +rp)] + &0 exp[-i{wt +rp)] 

(ypaBneuHe Heil:Mana): dpl dt = (ilh)[ p. V{t)J, r,D;e V(t) =-d(t)&(t)- raMHJII>TOHHaH 

B3aHMO,D;eHCTBHa .D;ByxypoBuero 3nercrpoua c KJiaCCHlleCKHM 3nercrpHlleCKHM noneM 

a npe,D;crasneHHH B3aHMO,D;eiiCTBHa, d{t)- ,D;Hnoni,u1.1il: MOMeHT. B omHKe 

cooTBeTCTByJOW:He ypaBnenHa Ha31>1aa10Tcsi ornH11ecKHMH ypaBneHHaMH Enoxa. 

B ,zi;HccepTau;HH [1,2] BbIBO,D;HTca o6w:aa cpopMyna cnercrpani,uo-yrnosoro 

pacnpe,D;eJieHHa H3nyqenHsi .nmi: npoH3Boni.uoro ueCTau;Honapuoro npou;ecca 
2 

dE er - - 2 
--= -G{r, t. OJ), r,D;e G(r, t. w )- JI r ecri, <l>yp1.e-npeo6pa30BaHHe 

dw dt dn 21f 

Koppenau;HOHHOH cpyHKu;HH H3Jly11euua 
- + 

G{r,t,T)=(E (r,t)E (r,t+T)) no 

napaMeTpY 'f ' r - paccTOSIHHe OT H3Jiyqarena ,D;O ,D;eTeKTOpa. 3Ta cpyHKll;Ha SIBJiaeTCSI 

CTaTHCTHlleCKHM cpe,D;HHM pa3HOBpeMenuoro npoH3Be,D;eHHa OTpHu;aTenbHO- H 

nono)KHTeJII>uo-11aCToTHhlX 11acreH: uanpsixceunoCTH H3nyqeuuoro nona H 

BI>Ipa)KaeTCa 11epe3 MaTpHrzy IlJIOTHOCTH 3neKTPOHa. B1.16upa10Tcsi 6a3Hcni,1e 

6 

,. 

,, 

tj __ 

+ + + u 

onepaTOp1.1 a =I 0) (11, a =11) (0 I. aa =I 0) (0 I. a a =11) (1 I, .zi;eHCTBYIOW:He B 

.D;ByMepnoM npocrpaucTBe 3nercrpouu1.1x cocroanHH: IO) ® 11), H MaTpHu;a nnoTnocTH 

3nercrpoua B wpe,D;unrepoBcKoM npe,D;CTaBnenHH pa3naraeTca no HMM. 

+ • + + 

( 
n{t) o{t)J 

p(t) = • . Ko3<)lqm:u;Hem1.1 o (t) m{t) 
p(!)=n(t)a a+o (t)a+o{t)a +m(t)aa 

pa3noxceHHa HHBapHaHTHbl npH nepexo,D;e K ,D;pyrHM npe,D;CTaBJieHHaM, aBJialOTCSI 

MaTpH'IHbIMH 3neMeHTaMH p(t) H Bblpa)KalOTCSI qepe3 CTaTHCTHlleCKHe cpe,D;HHe 

+ + + • 3nercrpOHHblX onepaTOpOB: (a a)=Tr(pa a)=n(t), (a)=o(t), (a )=8 (t), 
+ 

(aa )=m(t). 3neMeHTI>I n,m-uaceneuuocTH Bepxuero H HH)KHero ypoBua. Bo 

BnewueM pe3ouaucuoM none B npe,zi;cTasneuHH B3aHMo,zi;eil:CTBHa H feil:3eu6epra 
-iaJ0 t -itlJ0 t 

3.llercrpouui,re onepaTOpbI HMeIOT BH,D;: aJ(t) = ae aH{t) = a(t)e , r,D;e 

a( t )- Me,D;Jienuaa onepaTOpnaa cpynKQHS1 no cpasueuHJO c 3KcnouemoH:. lb 

MaTpH'IHblX 3JieMeHTOB ,D;HnOJII>uoro MOMema KaHaJIHposauuoro 3.llercrpoua B 

- i e I (O I P 11> I -o6bI'IHOM KOnqmrypau;HOHHOM npocrpauCTBe: do1 = x =-µ, d10 = µ, 
m mo 

doo = dn = 0 COCTaBMeTCSI BTOpHllHO-KBaHTOBaHHbIH onepaTOp ,D;Hnoni.uoro 

MOMeHTa B ,D;ByMepHOM 3JiercrpOHHOM npocrpaHCTBe B npe,D;CTaBneHHH Illpe.zi;Hnrepa: 
+ • 

dsh = "f,d;k Ii) (k I= µa + µ a. B 3ana3,D;bIBaIOW:eM ,D;HnOJibHOM H3JiyqeHHH 
ik 

2 

i'{r,t) = + [[ ~d(t - ~ ), ii 1ii1 KJiaCCHlleCKHH ,zi;HnOJlbHbIH MOMeHT 3aMeIDleTCa 
c r dt 

BTOpHllHO·KBaHTOBaHHblM B npe,D;CTaBJieHHH feii3eu6epra H COCTaBJiaeTCa 

KOppenau;Houuaa <l>YHKll;Ha. IlpH ,D;HcpcpepeHUHpOBaHHH HrHOpHpyeTCR Me,zi;Jieuuaa 

3aBHCHMOCTb OT BpeMeHH a(t). 

- + 4 42 2 + 
G(r,t,r)=(& (r,t)i' (r,t+r))=(w0 /c r) j[[fl.ii]nJI (a (t)a{t+r)) 

TaKHM o6pa3oM, Koppenau;uouuaa <)lyuKu;HH H3Jiy11euua BI>Ipa)KaeTCsi qepe3 

3.llercrpouuyro Koppenau;uouuyro <)lynKQHID g(t, r) =(a+ (t)a(t + r)). 

faMHnbTOHHaH B3aHMO.D;eHCTBHSI 3nercrpoua c ynpaBJialOIIl;HM IIOJieM B 

npe,D;CTaBJieHHH B3aHMO,D;eHCTBHa B ,D;HnOJlbHOM H pe3ouaHCHOM npH6JimKeHHH 

(cnaraeMI>Ie c Y,D;BOeHHblMH llaCTOTaMH oropaCblBaIOTCSI) eCTb: 
+ iaJ0 t • -iaJ0 t i(wt+rp) -i(wt+rp) 

V{t)=-d{t)&(t)=-(µa e +µ ae ){&0 e +&0 e )= 
+ -i(w-@0 )t * i(w-aJ0 )t -irp 

=-A.a e -A.ae ; A.=µ&
0
e 
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IIo,ncTaBmu1 B ypasHeHHe HeiiMaHa 3TOT raMHJibTOHHaH H pa3JIO)l(eHHe MaTPHU.bl 

DJIOTHOCTH B npe,nCTaBJleHHH B3aHMO,neiiCTBIDI, nony'IHM ypaBHeHIDI ,D;JUI 

K03<l>qmD,HeHTOB MaTPHl.l,bl DJIOTHOCTH B cnyqae B3aHMO,D;eHCTBIDI 3JleKTPOHa TOJILKO 

c ynpaBmlIOJI(HM noneM. ,[(o6aBJU!jl B 3TH ypaBHeHIDI npOH3BO,D;Hbie MaTPH'IHDIX 

3JieMeHTOB p(t), nonyqeHHbie ,D;H<l><l>epeHl.l,HpOBaHHeM 3aTYXaIOJI(eH MaTPHl.l,bl 

DJIOTHOCTH, Kor,na yqHTbIBaeTCH TOJILKO pacceHHHe, OKOH'laTeJibHO nonyqaeM 

CHCTeMy .nu<t><t>epeHIJ,HaJIDHblX ypaBHeHHH ,D;ml MaTPH'IHblX 3JleMeHTOB p(t) [l, 2]. 
-iwt -iwt • • iwt 

dnldt=i}.e 8 -iA e o-kn+kp0 
doldt=-iAe (n-m)-(k+iOJ0 )o 

• • iwt * 
do /dt=iA e (n-m)-(k-iOJ0 )8 

-iwt • * iwt 
dm/dt=-i}.e o +iA e o-km+kp0 

CHcTeMa ypasHeHHH pemaeTcx MeTo,noM npeo6pa30BaHHH JlaDJ1aca. 

CMelI(eHHOe pemeHHe o( t + 'f) pa3naraeTCH no HeCMelI(eHHbIM: 

* o(t+T)=un(t,T) n(t)+u0(t,T) o(t)+u * (t:r) O (t)+um(t:r) m(t) 
(o J 

3JieKTPOHHM KOppeJIHl.l,HOHHM <l>YHKIJ,HH Bbipa)l(aeTCH qepe3 K03<l><l>HIJ,HeHTbl 

pa3JIO)l(eHHH: 

+ * 
g(t,-r)=(a (t)a(t+t))=n(t) u0 (t,T)+8 (t) um(t,T) 

B ,D;HCCePTall,HH [2] npHBOIJ:HTCH CTPOrHH er,rno.n 3TOH <t>opMyn1>1 B o6JI(eM 

HepaBHOBeCHOM COCTOHHHH, T.e. ,D;ml npOH3BOJibHbIX BpeMeH t. 

,lJ;anee BbIBO,nHTcx OKOH'laTeJI1>HM <t>opMyna cneKTPMLHo-yrnosoro pacnpe11:eneHID1 

H3JlyqeHIDI. TaK KaK npH BJieTe 3JieKTPOHa B KpHCTaJIJI <l>a3a ynpaBJIHIOJI(ero DOM 

HBJIHeTCH cnyqaifHOH BeJIH'IHHOH, TO KOHe'IHbIH pe3yJILTaT ycpe,nHHeTCX no <l>a3e. 

CosepmaeTCx nepexo,n OT 3HeprnH K 'IHcny H3JiyqeHHLIX <t>oTOHOB. ,lJ;JIH H3JlyqeHID1 c 

paccMaTPHBaeMLIX ,neyx ypoBHeii 00)1; HyJieBLIM yrnoM <t>opMyJia HMeeT BH,D; [l, 2]: 
2 2 2 

e ( 2y OJo) l(OJP Ill x 
d(l)dtdn 2 x 

;rm (J) 

dN (h=c= 1) 

2 2 2 2 
2R _ R LI -kt J 2y kl. 

[-2 n(t)+-4-b(t)e ] 7r 2 2 2 2 + 
n n (OJ-2y w) +(2y kj_) 

2 2 2 

[
(il+LI) _() R (il+Ll)Llb() -kt] J 2y kl. 

x~+ 2 n t - 4 t e 7r 2 2 2 - + 
4il 2n [(1)-2r (w-il)J +(2y kl.) 

2 2 2 

[
(il-LI) _() R (il-Ll)Llb() -kt] J 2y kl. 

+ 2 nt+ 4 te 7r 2 2 2 " 
4n 2n [OJ-2y (w+n)J +(2r kl.) 

2 
2R -kt 

ii(t)=p0 +[n0 -p0 +-2 b(t)]e. b(t) = (m 0 -n0 )(1-cosilt) 
n 

8 

1 0 
OJ0 = E 1- -E 1- -'laCToTa nepexo,na, w,&0 - 'laCTOTa H aMDJIHzy,na ynpaBJIHIOJI(ero noJIH, 

J 2 2 
il= L1 +4R, Ll=W-OJo, R=&alel(OIPxll)l(maJo), kj_-ynrn:peHHeypoBHH H3-3a 

pacceHHIDI, <t>eHOMeHOJIOrH'leCKH BBe,neHHOe BMeCTO k B nopeHl.l,HaHax, e, m -3apx,n 

H Macca IlOKOH 3JieKTPOHa, y = EI m - pemrrHBHCTCKHH <l>aKTOp, OJ - 'laCTOTa 

H3JlyqeHHOfO <l>oTOHa, m0 , n0 - Ha'laJ!bHbie HaCeJieHHOCTH HH)l(Hero H BepxHero 

ypoBHH, ii{ t )- 3aceneHHOCTL eepxHero ypOBHH, ycpe,nHeHHaH no <l>a3e 

ynpaBJIHIOJI(ero IlOJIH, dN /(dOJdtdil)- 'IHCJIO H3J1yqeHHbIX <l>oTOHOB B HHTepsane 

qacTOT d(l) 3a BpeMx dt B 3JieMem TenecHoro yrna dil . IlpH CTPeMJieHHH 

aMDJ1HTy,n1>1 ynpaBJIHIOJI(ero noJIH K Hynro nonyqaeTcx H3BeCTHaH <t>opMyna 

KaHaJ!HpOBaHHOro H3Jiy'leHIDI. 

MmerpHpOBaHHe cneKTPa no qacTOTe )J;aeT pe3yJILTaT, H3BeCTHbIH B OOTHKe 

J dE d{J)-n(t)' T.e. HHTerpanLHM (no 'laCTOTe) DJIOTHOCTb H3nyqeHIDI no 
dOJdtdn 

epeMeHH nponopll,HOHaJILHa HaCeJieHHOCTH BepxHero ypoBHH. Orcro,na H H3 

ycpe,nHeHHoii no <l>a3e HaceneHHOCTH BepxHero ypoBHH nerKo nonyqHTL KpHTepHii 

,D;ml cpaBHeHIDI KaHanHpOBaHHOro H3JIY'leHIDI H ,no6aBKH npH BKJllO'leHHH 

ynpaBJIHIOJI(ero noJIH. Y,no6Ho noJIO)l(HTb Po= O H paccMaTPHBaT1> HeorpaHH'leHHLIH 

2 
-kt 2R -kt 

HmepBan speMeHH n(t)=n0 e +-
2
-(m0 -n0 )(l-cosilt)e . JleBoe cnaraeMoe 

n 
eCTL HaceneHHOCTb BepXHero ypOBHH npH 'IHCTOM KaHanHpOBaHHH, npaeoe- 11:06aBKa 

K HaceJieHHOCTH, o6ycJIOBJieHHM ynpaBJIHIOJI(HM noneM. 11HTerpHpyx no BpeMeHH H 

)J,eJIH, nonyqHM OTHOIIIeHHe ,no6aBO'IHO H3JlyqeHHOH 3HeprHH npH BKJllO'leHHH 

ynpaBJIHIOJI(ero DOJIH K 3HeprHH H3JiyqeHIDI npH 'IHCTOM KaHaJ!HpOBaHHH. 

2 2 
2R 2R 

L1Ech- 2 2 (mo-no)= 2 2 2 (mo-no) 
k(k +n ) k(k +LI +4R ) 

no 
Ech-T 

2 
L1Ech mo - no 2R --=--- 2 2 2 
Ech no k +LI +4R 

IRl=lµl&o 

R nponopll,HOHaJILHO aMilJIHzy,D;e ynpaBJIHIOJI(ero IlOJIH &o H npH B03paCTaHHH 

aMDJIHTY,D;bl ,no6aBKa CHaqana KBa)J;paTH'IHO paCTeT, 3aTeM HacrynaeT HaCL~eHHe. 

0rMeTHM, 'ITO pe3yJILTaT, nonyqaeMblH no TeOpHH B03MylI(eHHH, TO)l(e 

npe)J;CKa3DIBaeT KBa)J;paTH'IHbIH poCT ,no6aBO'IHOro H3JlyqeHIDI, HO HeorpaHH'leHHLIH. 
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T.e., TaK )Ke, KaK H B OilTHKe, TeOpIDI B03MymeHHH H pe30HaHCHOe npH6JIH)KeHHe 

.n;ruoT o,n;HHaKOBLie pe3yJILTaTL1 TOJILKO npH MaJILIX B03MymeHWIX. ToqHLIH pe30HaHc 

HMeeT MeCTO npH LI= w- OJo = 0. )J;o6aBKa nponopUHOHaJILHa pa3HOCTH 

3aCeJieHHOCTeil: H nOJIO)KHTeJILHa, ecJIH HaqaJILHruI 3aceJieHHOCTL HH)J{Hero ypOBHH 

6oJILIIIe BepXHero. HaKoHeu;, HMeeTc.!I oqeHL CHJILHruI 3aBHCHMOCTL OT 

K03«l>«l>HUHeHTa 3aTYXaHIDI k' T.e. pacce.!IHHe KaHaJIHpOBaHHOro 3JieKTPOHa B 

KpHCTaJIJie CHJILHO IlO,!l;aBJI.!IeT H KaHaJIHpOBaHHOe H oco6eHHO .n;o6asoqHoe 

H3JiyqeHHe. 

B KaqecTBe ynpaBMromero noAA paccMaTPHBaeTC.!I Jia3epHoe mnyqeHHe. IlpH BJieTe 

Jia3epHoro nyqa c aMnJIHTy.n;oli H qaCTOTOH &o' OJ B KpHCTaJIJI no,n; ymoM K 

nJIOCKOCTH, nonepeqHoli K TPaeKTOpHH :meKTpoHa, aMnJIHTy,n;a ynpaBMromero noAA 

H 3«l>«l>eKTHBHruI qaCToTa paBHLI ex = &0 (sin Bnao) In, OJ3 <J> = (J) (sin Bnao + 1) . IlpH BJieTe 

B KpHCTaJIJI npOTHBOilOJIO)KHO 3JieKTPOHHOMY nyqKy 3«l>«l>eKTHBHruI qaCTOTa 

B03paCTaeT s,n;Boe. )];AA 3HeprHH 3JieKTPoHa 20 M3B, KaHaJIHpOBaHHoro B 

IlJIOCKOCT.!IX (110) KpHCTaJIJia aJIMa3a B KaHaJie HMeIOTC.!I 3 ypOBHH c pa3HOCTLIO 

3Heprnli 9.5 H 5.14 3B. )];AA BTOporo nepexo,n;a COOTBeTCTByromrui: ,n;JIHHa BOJIHLI 

pasHa J.(H.M)=1241/E(3B)=240(HM). EcJIH HanpaBHTL Jia3epHLIH Jiyq 

npOTHBOnOJIO)KHO nyqKy, TO MO)KHO HCnOJIL30BaTL Jia3ep c B,!l;BOe 60JILIIIeH ,n;JIHHOH 

BOJIHLI. )J;mrna BOJIHLI 480 HM COOTBeTCTBYeT CHHeH qaCTH OIITffqeCKOro ,!l;Hana30Ha. 

IlpH 3HeprHH 3JieKTPOHa 50 M3B B noTeHUHaJILHOH .!IMe HMeIOTC.!I 5 nonepeqHLIX 

ypOBHeH c nepexo.n;aMH 7.35, 4.74, 3.44, 2.59 3B. )];AA TPex sepXHHX nepexo.n;os 

MO)KHO HCnOJIL30BaTL Jia3epLI c ,n;JIHHaMH BOJIH 524, 722, 958 HM. BepXHHH KpaH 

3TOro ,n;Hana3oHa Haxo,n;HTC.!I B HH«l>paKpaCHOH o6JiaCTH. TaKHM o6pa30M, 

o6ecneqHTL ycJIOBHe pe30HaHCa MO)KHO H3MeHHH 3HeprHIO 3JieKTPOHHOro DyqKa, 

BLI6HpruI JI33ep c no,n;xo,n;gmeu ,n;JIHHOH BOJIHLI H MeHH.!I yroJI na.n;eHIDI Jiyqa Jia3epa 

OTHOCHTeJILHO nyqKa. KpoMe Toro, MO)KHO BLI6HpaTL IlJIOCKOCTH KaHaJIHpOBaHIDI c 

6oJILIIIHMH HH.n;eKcaMH MHJIJ1epa. 

)];AA HJIJIIOCTPaUHH npHBO,n;HTC.$1 [1,2] pacc<IHTaHHLie cneKTPLI H3JiyqeHIDI no,n; 

HyJieBLIM ymoM ,ll;AA 3JieKTPoHa c 3Heprneu 9 M3B, KaHanHposaHHoro B nJIOCKOCTHX 

(110) KpHCTaJIJia aJIMa3a TOJimHHOH 13 .MK.M, (nepexo,n; 1-0), ,!l;Jl.$I pa3JIHqHLIX 

OTHOIIIeHHH aMnJIHTY,!J;LI ynpaBJI.!IIOmero IlOJI.$1 K KpHCTaJIJIH'leCKOMY IlOJIIO. TaKHe 

napaMCTPLI BLI6paHLI ,!l;Jl.$I cpaBHeHIDI BLiqHCJieHHOro cneKTPa npH qffCTOM 

KaHaJIHpOBaHim c 3KcnepHMeHTaJILHLIMH pe3yJILTaTaMH H IlOJiyqeHo COBna,ZJ;eHHe. 

IO 

) 

) 

) 

.) 

10 dN co-5 ph) 9 
8 d(J)dD. eeVsr -o 
7 

A 
········0.025 

6 --0.05 

5 --0.1 

4 

3 

2 

1 
of1·~ ' :-- ; ::-s;. . >rs I m(eV) 
7000 7500 8000 8500 9000 

PacqeT cneKTPa npH nepexo,n;e Me:>K,Zzy 30HaMH npoHcxo,n;HT cyMMHpOBaHHeM no 

BCeM KBa3HHMnyJILCaM H HHTerpHpOBaHHeM no BpeMeHH npoJiera (qHcJieHHo). 

11epHOH JIHHHeH npe,n;CTaBJieH cneKTP H3JiyqeHIDI npH qffCTOM KaHaJIHpOBaHHH. 

HecHMMCTPffqHruJ: «t>opMa o6ycnosJieHa 30HHOH CTPYKTYPOH. 

Bo BTOpoii rJiaee KpaTKO onHCLIBaIOTC.!I MeTO,!l;LI pacqeTa HenpepLIBHLIX 

nJIOCKOCTHLIX noTeHUHaJIOB H no,n;po6Ho paccMaTPHBaeTc.!I CTPYKTYPa KpHCTaJIJia 

a - KBapua H OCHOBHLie IlJIOCKOCTH KaHaJIHpOBaHIDI. PaccqHTaHLI noTeHIJ;HaJILI 

nJIOCKOCTHLIX KaHaJIOB H 3HepreTffqeCKruI 30HHruI CTPYKTYPa (ypoBHH nonepeqHoli 

3Hepnm) ,ll;AA 20 M3B 3JieKTPOHOB [3, 4]. 

2.-~~~~~~---r~~~~~~~-

~ 0 
Q,l -2 -"; -4 
i -6 
.::l -8 
Cl 
~ -10 

-12 

Si02 
(100) 

e-20MeV 

·1 -0.8 -0.6-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
S1 0 0 0 0 

o St SJ 
0 

X=x/(d/2) 
S1 

CJIO)KHOCTL CTPYKTYPLI a - KBapu;a 3aKJiroqaeTC.!I B TOM, ~o aTOMLI HaxO.n;HTCH He 

TOJILKO B u;effTPe HJIH Ha rpaHHu;ax, HO H BHYTPH KaHaJia. AMIIJiffTY,!l;LI TenJIOBLIX 
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CMem;em1li Heo.n:imaKOBbl ,II.JUI pa3HbIX HanpaBJieHlfH H .D:IDI pa3HbIX aTOMOB 

3JieMeHTapHoli gqeifKH. Cym;eCTByrom;ue cpopMyJibI H3MeHeHbI H .n:onoJIHeHbI c 

yqeTOM Bcex 3THX o6cTOfleJibCTB. Ilpu 3TOM BCe aTOMbI gqeifKH pa3.n;eJieHbI Ha 

rpynnbI - O,!J;HHOqHbie Ha rpaHHQe KaHaJia, O,!J;HHOqHbie B 11ettTpe KaHaJia H napbl, 

. pacnoJIO)l(eHHbie CHMMeTpHqHo OTHOCHTeJibHO 11eHTPa. BKJia,!J;bI rpynn BblqHCJIHIOTCjl 

OT,n:eJibHO H cyMMHpYJOTCji [3, 4]. 

Ilo,n:po6HO paccMaTPHBaeTCjl paccegHHe 3JieKTpOHOB nyqKa B KpHCTaJIJie Ha 

TeilJIOBbIX CMem;eHugx aTOMOB H Ha aTOMHbIX 3JieKTPOHax. yqeT paccegHffg H3JIO)l(eH 

BO MHornx pa6oTax, o,n:HaKo cpopMyJibI Mg CJIO)l(HbIX CTPYKTYP THna KpHCTaJIJia 

KBap11a TPe6yroT YTOqHeHug. CooTBeTCTBYJOlll;He cpopMyJibI (aepogrnocTH nepexo.zi;oB 

Me)l(Jl:y ypOBHjJMH H3-3a paccegHug, yurnpeHug ypOBHeli) 6bIJIH noJiyqeHbl H 

npe,n:CTaBJieHbl B cpopMe, y,n:o6HOH .D:IDI BblqHcJieHHH. IlpHBe,n:eHbl paccqHTaHHbie 

yumpeHug, o6yCJioBJieHHbie paccegHHeM 3JieKTPOHa Ha TeilJIOBbIX «j>JiroKTya11irnx H 

Ha BaJieHTHbIX 3JieKTPOHax [4]. 

3HepreTH- 11.lHpHHbl ypOBHeH 3HepreTH- 11.lHpHHbl ypOBHeH 

qecKHe (3B) qecKHe (3B) 

ypOBHH (100) ypOBHH (Oll) 

(3B) (3B) 

(JOO) (OJI) 

TeilJioB. BaneHTH. TeilJIOB. BaneHTu. 

1 -11.59 0.505 0.021 -12,28 0.148 0.077 

2 -8.23 0.309 0.044 -12.00 0.047 0.086 

3 -4.66 0.248 0.066 -10.15 0.318 0.066 

4 -2.23 0.139 0.099 -8.07 0.125 0.094 

5 -1.75 0.001 0.034 -6.37 0.149 0.111 

6 -0.96 0.055 0.148 -4,50 0.095 0.134 

7 -0.40 0.034 0.195 -3.34 0.070 0.149 

B IlJIOCKOCTH KaHanHpoBaHug ZY (Z-ocb nyqKa) 3JieKTPOH onHCbIBaeTcg IlJIOCKHMH 

BOJIHaMH c BOJIHOBbIMH BeKTopaMH ky,kz. BBO,n:HTcg cpyHKIIug ankx(z)- ,!J;HCrrepcffg 

rayccosa pacnpe,n:eJieHug no k y H Pnk x ( z )- HaceJieHHOCTb ypoBHjl ( n, k x), r,n:e z -

paCCTOjiHHe, npoli,n:eHHOe 3JieKTPOHOM B KpHCTaJIJie, (n,kx) HOMep 30Hbl H 

KBa3HHMIIYJibC (KBaHTOBbie qffCJia rrorrepeqHblX ypOBHeli), KBa3HHMnyJibC kx B 

qHcJieHHbIX pacqeTaX paccMaTPHBaeTcg KaK ,!J;HCKpeTHM nepeMeHHM. T.e. 

12 

2 
Pnk (z) k 

x exp( y )dky ecTb BepOHTHOCTb 3JieKTPOHa HaxO,n:HTbcg Ha ypOBHe 
~21lankx(z) 2ankx(z) 

(nkx) B HHTepsane (ky. ky +dky). <l>yHKIIHH a,p 3BOJIIOIJ,HOHHPYJOT H3-3a 

pacceHHffg no Mepe yseJiuqeffffg z H nOJIHOCTblO onpe,n:eJIHIOT COCTOHHHe 3JieKTpOHa 

B KpHCTaJIJie B Ka)l(Jl:OH TOqKe z = ct. ,l(.rrsI MaJiblX HHTepBaJIOB dz : 

a(z+dz) =a(z)+(da I dz}dz; P(z+dz} = P(z)+(dPI dz)dz. IlpoH3BOJJ:Hbie MO)l(HO 

Bbipa3HTb qepe3 H3BeCTHb1e ~e seponHOCTH nepexo,n:os Me>K,Zcy yposmMH H3-3a 

pacceHHHjl. IlpH qHcJieHHbIX pacqeTax qHcJio ypoBHeli orpattuqeHo. 3apaHee 

BblqHCJIHIOTCH BeponHOCTH Bcex nepeKpeCTHbIX nepexo,n:OB H COCTaBMIOTCH 

BcnoMoraTeJibHbie qucJIOBbie MaccHBbI, nocJie qero mar 3a maroM JierKo npocJie,!J;HTb 

3BOJIIOIIHIO cpyHKIIHH a, p. B ,zi;aHHOM pa60Te nocJie Bb1qHcJieHug HaceJieHHOCTeli [4] 

OHH annpOKCHMHpYJOTCH 3KCnoHeHTOM p(t) =Po+ [ p(O)-Po]exp(-kz). 

0.1 

@ 0.()9 J c:o. 
Quartz (100) 

= 0.08 = :a om 
1 o.os = Poot o.os 

O.o4 
2 4 6 8 10 12 

Penetration depth Z( J1 m) 

Ko3cpcpHIIHeHT 3aTyxaHug K npe.n;CTaBMeT npo,n:oJibHYJO peJiaKCaIIHro, a 

npHse.n;eHHbie B Ta6JIHIIe ymHpeHug ypoBHeM nonepeqHyro peJiaKca11H10 k 1. • 

11.lHpHffY ypOBffg onpe,n:eMeT BepOHTHOCTb yxo.zi;a c ypOBH$I B e,n:HHHIIY BpeMeHH H3-

3a pacceHHffg BO Bee ,n:pyrHe ypOBHH. k(kj_, TaK KaK KpOMe BepOHTHOCTH yxo.n:a 

cym;eCTBYeT BepoHTHOCTb nepexo,n:a Ha ,n:aHHbIM yposeHb co scex ,n:pyrnx ypoBHeli. 

HaqanbHM .n;Hcrrepcug ank x (0) O,!J;HHaKoBa .D:IDI scex nonepeqHbIX ypoBHeli H 

coBna.n;aeT c pacnpe,zi;eJieHHeM nyqKa B IlJIOCKOCTH KaHaJIHpoBaHug. HaqaJibHbie 

HaceJieHHOCTH Pnkx(O)onpe,n:eMIOTCH rayccOBbIM pacnpe,n:eJiemt:eM nyqKa nnocKHX 

BOJIH B nonepeqHOH IlJIOCKOCTH H pa3JIO>R:eHHeM IlJIOCKHX BOJIH IIO CTaIIHOHapHbIM 

yposmM (nkx)· 

Koop,!l;HHaTbI aToMoB B gqewKe KpHCTaJIJia a - KBap11a H cpe,n:HeKBa,n:paTffqHbie 

aMilJIHTY,!J;bI TenJIOBbIX CMem;eHHH B3l1Tbl H3 3KcnepHMeHTaJibHbIX pa6oT. 
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AMrrmrry.D;I.I TeIIJIOBbIX cMemeHHH 6bIJIH rrepecqHTaHbI B e.D;HHYIO na6opaTOpeyro 

CHCTeMy KOOp.D;HHaT H BMecTe c KOOp.D;HHaTaMH aTOMOB rrpHBe.D;eHbI B Ta6JIHQe [4]. 

Ta6JIHu;a 1. IIapaMeTpbI aTOMOB KpHCTaJIJiwqecKoli JiqeliKH a-KBapu;a (Si02). 

HoMep H XB/a0 
(OJ 1) (100) (001) (OJ 1) (100) (001) 

THII Y8 !a0 
d=3.3432 d=4.255 d = 1.802 p~ (Ao) p~( Ao) p~( Ao) 

0 0 0 

p~( Ao) p~( Ao) aTOMa ZB!co X 0 (A) X 0 (A) X 0 (A) p~(A°) 

p~( Ao) p~( Ao) p~( Ao) 

Si I 0.535 0.674 0.149 1.801 0.066 0.072 0.085 

0.535 0.074 0.085 0.072 

0.333 0.072 0.049 0.049 

Si 2 0.465 0.000 -0.149 0.000 0.066 0.072 0.085 

0. 0.074 0.085 0.072 

0. 0.072 0.049 0.049 

Si 3 0. -0.674 -2.127 3.603 0.066 0.072 0.085 

0.465 0.074 0.085 0.072 

0.667 0.072 0.049 0.049 

01 0.415 0.508 -0.362 0.649 0.127 0.116 0.103 

0.272 0.062 0.103 0.116 

0.120 0.102 0.080 0.080 

02 0.857 0.440 1.519 2.450 0.093 0.083 0.103 

0.585 0.124 0.103 0.083 

0.453 0.080 0.114 0.114 

03 0.728 -2.152 0.970 4.252 0.076 0.097 0.103 

0.143 0.108 0.103 0.097 

0.787 0.114 0.102 0.102 

o. 0.143 -0.508 -1.519 4.756 0.127 0.083 0.103 

0.728 0.062 0.103 0.083 

0.880 0.102 0.114 0.114 

Os 0.272 -0.440 -0.970 2.955 0.093 0.097 0.103 

0.415 0.124 0.103 0.097 

0.547 0.080 0.102 0.102 

06 0.585 2.152 0.362 1.153 0.076 0.116 0.103 

0.857 0.108 0.103 0.116 

0.213 0.114 0.082 0.080 

Koop.D;HHaTI.I aTOMOB B e.D;HHHQax rrapaMeTpOB JiqeliKH rrpHBe.D;eHbI B CTOJI6u;e 2. B 
cTon6u;ax 3-5 rrpHBe.D;eHbr Me:>KIIJIOCKOCTHbie pacCTOJIHHJI H X-Koop.D;HHaTI.I aTOMOB B 
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aercTpeMax B COOTBeTCTByIOmHx opTOfOHaJibHbIX CHCTeMax KOOp,ll;HHaT ,!VUI 

pa3.1IffqHbIX IIJIOCKOCTeli KaHaJIHpOBaHHJI. IIocJie.D;HHe 3 CTOJI6u;a CO,ll;ep:>KaT 

cpe,ll;HeKBa,ll;paTffqffbie aMIIJIHTYAbl TeIIJIOBbIX CMemeHHH aTOMOB B p3.3HbIX 

HarrpaBJieHHJIX ,!VUI pa3HbIX IIJIOCKOCTeH KaHanHpoBaHHJI. 

)J;anee rrpHBO)l;JITCJI paccqHTaHHbie crreKTPbI KaHaJIHpOBaHHOrO H3JI)"leHHJI B IIpJIMOM 

HarrpasJieHHH B a - KBapu;e TOJimHHOH J 3MKM ,!VUI 20 M3B 3JieKTPOHHOro rryqKa c 

rayccosoli yrnoaoli pacxoAHMOCTbIO 0.00055pao [4]. 

-. -. 
;i 1.6 
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QUARTZ (011) 

§o.4 ~ ~ --
a ~2 i ~ 0 I 
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PHOTON ENERGY 6l (keV) 

CrreKTP ,!VUI rrepeXO,llOB Me)K)l;y ypOBHJIMH: (2~3) (2) OTMeqeHO u;mppoli 2 H T.,ll.; 

(3 ~ 4) (3); ( 4 ~ 5) (4); (5 ~ 6) (5) H CYMMapHOe H3JI)"leHHe qeTbipex rrepeXO,llOB 

(oTMeqeHo u;mppoli 1). 
,.... ,.... 
;: 
... 1.2 -····--.. --... ·--··-···-···---.......... -·-···-··-···-·-··-·-··-·····""""""·-··--··---.. ·-· 
41 

!,, 1 
QUARTZ (100) 

.:=- 0.8 
one. ·s o.e -a o.4 

"Cl 

a o.2 ~ s --. ---: 
~ 0 I I I I 

NZ 9 10 11 12 13 14 

"" PHOTON ENERGY ro ( keV) 

CrreKTP ,llJlJI rrepexo,ll;OB Me:>K.D;y ypoBHJIMH: (1~2) (1) (Ha pwc. OTMeqeHo u;mppoli 1); 

(2 ~ 3)(2); (3 ~ 4) (3) H cyMMapHoe u:myqeHHe TpeX rrepeXO,ll;OB (OTMeqeHO 

u;mppoli 4). 

B TpeTJ.eii rnaee rrpHBO,ll;HTCJI BbIBO.D; <t>opMyJI IIJIOCKOCTHbIX IIOTeHQHaJIOB B 

rrpHCyTCTBHH rrorrepeqffbIX H rrpo,ll;OJibHbIX ym.Tpa3BYKOBbIX BOJIH. ,lJ;JIJI norrepeqHOH 
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3BJKOBOH BOJIHbI Llx(z,t) = x0 cos(ksz-mst) = x0 cos(OJs ct-OJ5t)"' x0 cos(~(1Jst), r.n:e 
Vs Vs 

Llx- nonepeqHoe cMememt:e, x0 - aMnmrry.n:a, OJs = 21n1 s - UHKJIHtleCKaJI qaCToTa, 

ks - BOJIHOBOii: BeKTop, Vs - CKOpOCTb BOJIHbI, IlJIOCKOCTHOii: nOTeHUHaJI npHHHMaeT 

Blf.D: 
dV c 

Vs(x,t) = V(x)--x0 cos(-OJst)• 
dJC Vs 

EcJIH HeB03MymeHHLiii: noTeHUHaJI 

annpOKCHMHpOBRTb nepesepH)'TOH napa60JIOH V(x)=Vo-=-(2--=-), TO ):WI 
d/2 d/2 

4V. x 
aMilJIHTY.D:LI H qaCTOThI ynpasmnomero noJUI nonyqHM B0 = ---2..f 

ed 

c 
W=-OJs· 

Vs 

y CJIOBHe pe30HRHCa 3RKJIIOqaeTC.II B cosna.n:eHHH qaCTOTbI noJI.II c qaCTOTOH nepexo.n:a 

paCCMRTPHBaeMOH napbl ypoBHeJ:i:. ~OJs = LIE.i 
Vs Ii 

OJs =Vs LIE.i 
c Ii 

5 
B KBapa;e CKOpOCTb nonepeqffbIX BOJIH 3,5x 10 (CM/ ceK). 

OJs Vs LIE.i 
Vs= 21' =-;-h-

vs(_!_)= Vs .::1E.i(3pz) 
5 -J2 JO 

3,5x10 l,6xl0 .::1E.i(3B) 0,282xl0 .::1E.i(3B) 
ceK c h(3pzxceK) JO -27 

3xl0 6,6xl0 

,lVuI nJIOCKOCTH (100) B KBapa;e pa3HOCTH nonepeqHbIX 3HeprHJ:i: KRHaJIHpOBRHHOro 

3JieKTPOHa ):WI OCHOBHbIX nepexo.n:os 1+-2' 2 +- 3 paBHbI 3.358, 3.574 (36). 

CooTBeTCTBJIOID;He pe3oHaHCHLie qaCTOTbl 3BYKOBOii: BOJIHbl paBHbI 

JO JO 
0.947xl0 u 10 (zq). 

,ll;aJiee npHBOMTC.II pe3yJILTRTbI pacqeTOB KaHaJIHpOBRHHOro H3nyqeHH.II B np.!IMOM 

HanpaBJieHHH npH nepexo.n:e Me)K)zy ypOBH.IIMH ( 5 +- 6 ) 20 M3B 3JieKTPOHa, 

KRHaJIHpOBRHHOro B IlJIOCKOCT.IIX (OJI) B 13MKM KpHCTaJIJie a-KBapa;a, 

.n:eqmpMHpOBRHHOro nonepeqHoii: YJILTPa3BJKOBOH BOJIHOH c OTHOCHTeJibHblMH 

RMilJIHTY.D:RMH (aMnJIHTy.D:a, .n:eneHHaJI Ha noeywupHHY KRHaJia) 0, 0.025, 0.05 (KpHBbie 

1,2,3, COOTBeTCTBeHHO) [4]. 
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,[l;aJiee o6c~a!OTC.II noeyqeHHble pe3yJibTaTbI H paccMaTpHBRIOTC.II B03MO>KHbie 

sapHaHTbI .n:an1>Heii:wux uccne.n:osaHHH. 

BblBOAbl 

Pe3yJILTaTLI pacqeTOB [l, 2, 4] noKa3hlBalOT, qTo BHemHee ynpasJI.1I10IIJ;ee noJie 

npuso.n:HT K nepepacnpe.n:eJieHHIO cneKTPa no qaCToTRM, HO cyMMapHoe HJJiyqeHue 

MeHHeTC.II MaJIO. KRK H B omuKe, cneKTPI>I pacmerm.1110TC.1I Ha TPH IDIKa. C 

ysemNeHHeM RMilJlffTY.ll:bl noJUI 6oKOBble IIHKH pacXOMTC.II H ysenuqHBalOTC.II no 

BbICOTe. qeffTPaJihHblii nHK npu OTHOCHTeJILHO MaJihlX aMilJIHTY.D:ax TenJIOBblX 
0 

CMemeHHii: (p = 0.04. A .n:n.11 aJIMa3a) paCTeT c aMnmITy.n:oJ:i: noM u cy>KaeTC.11, a ):WI 

KBapu;a, r.n:e p B .n:sa pa3a 6oJibWe, a;effTPaJihHbIH nHK JMeHbWReTC.II no BblCOTe H 

ymup.!IeTC.II. 

MHrerpupy.11 cneKTPan&Hoe pacnpe.n:eJieHHe no qacTOTe [2], noJiyqaeM pe3yJILTaT, 

H3BeCTHblH B OilTHKe, f dE d(j)-n(t), T.e. HHTerpaJibHaJI (no qaCTore) IlJIOTHOCTh 
dmdtdn 

H3JIYqeHHH no speMeHH nponopUHOHaJILHa HaceJieHHOCTH sepxHero ypoBHH. B 

,n;aHHOH pa6ore [1, 2) B KOHeqHbIX <l>opMyJiax npOH3Be.n:eHO ycpe)l;HeHHe no 

HaqaJibHOH <l>a3e ynpaBJI.IIIOIIJ;ero noJUI (B MOMeHT BJieTa 3JieKTPOHa B KpHCTaJIJI). B 

11aCTHOCTH, ycpe.n:HeHHa.II no <l>a3e HaCeJieHHOCTb BepXHero ypOBH.II 6e3 yqeTa 

2 

pacce.IIHH.II HMeeT BH.D: n(t) = n0 + /R 1 (m0 -n0 )(1-cosnt), r.n:e m0 , n0 -

.::1 +4R 

HaqaJibHbie HaCeJieHHOCTH HH>KHero H sepXHero ypOBH.II, R = BoD' Bo - aMilJIHTY.D:R 

ynpaBJI.1I10IIJ;ero noM, D- .n:HnOJILHLIH MOMeHT nepexo.n:a, .::1=w-m0 paccrpoii:Ka 

pe3oHaHca. Ilpu npu6JIH>KeHHH qaCTOTLI ynpasJI.1I10IIJ;ero noM w K ToqHoMy 

pe3oHaHcy OJo H B03paCTaHHH RMilJIHTJ.D:hI ynpaBJI.IIIOIIJ;ero noJIJl cpe.n:H.II.II 

3aceJieHHOCTh no speMeHH Ka>K.D:Oro H3 ypOBHeJ:i: CTpeMHTC.II K ( m0 + n0 ) I 2 • 

MoHoxpoMaTHqecKoe ynpaBMIOIIJ;ee none BLipaBHHBaeT HaceJieHHOCTH. Ho TO >Ke 
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caMoe ,nenaeT pacce»Hl-Ie. BepOHTHOCTH pacceHHHH BBepx H BHH3 O,D:HHaKOBhl. 
fpaqmKH 3aBHCHMOCTH HaceneHHOCTeH OT npoH,neHHOro nyn-i [4] nOKa3blBaIOT, qTQ 
npaKTuqecKH HaceneHHOCTH BbipaBHHBaIOTCH qepe3 HeCKOJibKO MKM • IlOCKOJlbK)' 
BHeIIIHee none He BHOCHT cyw:eCTBeHHoro H3MeHeHHH B HaceneHHOCTb ypOBHeH, OHO 
H He OKa3hIBaeT BJIHHHHH Ha H3MeHeHHe H3nyqeHHH. Ilpe,nCTaBJI»eT HHTepec 
HCCJie,D:OBaHHe B03MO)l(HOCTeH ysenuqeHHH HaceneHHOCTH sepxHero ypOBHH, 
oco6eHHO B Haqanr:.HJ:.Ie MOMeHTJ:.I speMeHH H3-3a 3KCnOHeHL(HaJihHOro 3aryxaHHH 
ypoBHeH. )l;oCTffqJ:. 3TOro npu cnyqaHHOM 3HaqeHHH HaqanbHOH <)ia3J:.I 
ynpasn»iorn;ero non» HeB03MO)l(H0. Ilpu pa3JiffqHJ:.IX 3HaqeHHHX Haqanr:.HOH <)ia3J:.I 
HaceneHHOCTh BepxHero ypOBHH MO)l(eT B Haqanr:.HJ:.Ie MOMeHTJ:.I B03pacTaTJ:. HJIH 

y6r:.1saTL. Ilpu cnyqaiiHoii Haqanr:.Hoii <)ia3e ynpasn»rom:ero non» BKJia.z:u,1 B 
H3nyqeHHe B 3HaqHTeJIJ:.HOH CTeneHH ypasHHBalOT .npyr ,npyra )l;JIH ,D:OCTH)l(eHHH 

QeneHanpasneHHOrO H3MeHeHHH HaceneHHOCTeH Heo6xo,nHMO CHHXpOHH30BaTJ:. 

Haqanr:.Hyro <)ia3y ynpaBn»IOm:ero non» c MOMeHTOM BJieTa 3JieKTpOHa B KpHCTaJIJI. 
3TH BOnpOChl npe,ncTaBJIHIOT npe,nMeT .nanr:.HeHIIIHX HCCJie,D:OBaHHH. 
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