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B p11,IJ,e pa6oT /l-S/ 6biJIH TeopeTH'IeCKH paccMoTpeHLI 

rrpoueccw, corrposo~,IJ,aromHec11 acrrycKaHHeM aToMHLIX ca

cTeM. llepe'IHCJIHM peaKUHH, KOTOpble 11BJ111IDTC11 HCTO'IHHKa

MH peJI11THBHCTCKHX a TOMOB H Bep011THOCTH KOTOpLIX B 

HaCT011mee BpeM.SI paCC'IHTaHLI. 

B pa6oTe /I I 6wna c,IJ,enaua oueuKa ce'leHH11 peaKUHH 

Y + N .... A2rr +N*l /1/ 

H rrpe,IJ,no~euo no rrony'leHHhlM ,IJ,aHHbiM orrpe,IJ,eJI.SITL pa3-

HOCTb ,IJ,JIHH pacce11HH11 llHOHa Ha llHOHe B S -coCT011HHH: 

~) - a 2 • B pa6oTe /Z/ BLI'IHCJI11JIHCL ce'leHH11 rrpoueccos 

Tr + p .... A
211

+n, 

y + z -> A
211 

+ Z, 

y + z -> A + Z, 
2P 

/2/ 

/3/ 

/4/ 

H3y'leHHe KOTOpbiX rrpe,IJ,CTaBJI11eT HHTepec ,IJ,J111 3KCllepHMeH

TaJibHOH rrposepKH rrpapo.IJ.bl 1111 - B3aHMO.IJ.eiicTBHJI. PeaKI{BB 

ua BCTpe'IHhlX rry'IKax 

*)CHMBOJIOM A zrr 0603Ha'leHO CB113aHHOe COCT011HHe 3a
p11~eHHbiX rr -Me30HOB: (rr+rr-) -aTOM. ,lJ;anee Mbl BCllOJ1b3y

eM o6oJuaqeuae A 2 r ,IJ,JI11 aToMa, o6pa3osauuoro qacTBileii 
f H ee aHTH'IaCTHUeH. 
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e + e -> e + e + A 2e /5/ 

e + e -... e - + e - + A 
211 /6/ 

6blllH paCCMOTpeHbl B pa6oTe / 3/. 

Ce'leHHH peaKI.J,HH /1/, /2/, /3/ H /6/ HaCTOllbKO Mallbl, 

'ITO ~a)Ke Ha6nro~eHHe 3THX npoueccoB npe~cTaBnHeT cno)K

HYIO MeTo~H'IecKyiO npo6neMy. BepoHTHOCTH npoueccoB /4/ 
H /5/ ~OCTaTO'IHhl ~llH ,IJ;eTeKTHpOBaHHH ll03HTpOHHeB Ha 

cymecTBYIOll.I,HX ycKOPHTenHx. 0,IJ;HaKo reHepai.J,HH A 2e nyq

KOM ciJOTOHOB He 3cWJeKTHBHa, TaK KaK BClle~CTBHe pa3Bana 

ll03HTpOHHH B Bell.l,eCTBe He06XO,IJ;HMO HCllOllh30BaTh MHllleHH 

TOllll.I,HHoii B ,IJ;OnH MHKpoHa. BepoHTHOCTh o6pa3oBaHHH aTo

MOB A 2e Ha BCTpe'IHbiX ny'IKaX npHMepHO faBHa BepOHT

HOCTH o6pa30BaHHH a~pOHHblX pe30HaHCOB / 3 • 

PeanhHblM 3«W!eKTHBHblM HCTO'IHHKOM no3HTPOHHeB H 

A 211 R.BllHIOTCH aTOMHble pacna,IJ;bl 3lleMeHTapHwx qacTHI.J,/ 4/: 

7To -> y + A 2e ' /7/ 

Tfo-> Y +A2e' /8/ 

Tfo-> Y + A2f1' /9/ 

reHepHpOBaHHhiX Ha TOHKOH BHyTpeHHeH MHllleHH KOllbi.J,eBoro 

yCKOpHTenH npOTOHOB. 0CHOBHbiM HCTO'IHHKOM ll03HTpOHHeB 

HBllHIOTCH 77 °-Me30Hbl, KOTOpble 3a BpeMH CBOeii )KH3HH 

BhiXO,II;HT H3 MHllleHH B BaKyyM H pacna)J,aiOTCB C HCnyCKa

HHeM A 2e. linaro,IJ;apH MHOroKpaTHOMY B3aHMO~eiicTBHIO 

l.I,HpKynHpyiOll.l,ero npoTOHHOrO ny'IKa C MHllleHhlO ee ManaH 

TOllll.I,HHa cna6o CKa3blBaeTCH Ha 3cWJeKTHBHOCTH reHepal.I,HH 

ll03HTpOHHeB, KaK 3TO HMeeT MeCTO B peaKI.J,HH /4/. lfHTeH

CHBHOCTH ny'IKOB, reHepHpOBaHHhiX TaKHM MeTO~OM, B 3a

BHCHMOCTH OT 3HeprHH YCKOpHTellH H yrna BhllleTa ll03HT

pOHHeB B na6. CHCTeMe 6blllH Bbl'IHClleHbl B pa6oTe/5/. 

lly'IKH penHTHBHCTCKHX ll03HTpOHHeB ll03BOllHIOT ocy

ll.l,eCTBHTh 3KCnepHMeHTallbHYIO npoBepKy npeo6pa30BaHHH 

Cllei.J,HallbHOH TeOpHH OTHOCHTellhHOCTH ,II;llR. BpeMeHH H KOM

llOHeHT 3lleKTpOMarHHTHOrO llOllH C OTHOCHTellbHOH TO'I-

4 

HOCThlO . -10-
4 

llpH 3Ha'leHHHX raMMa-ciJaKTOpOB 10 
3

-c- 10 
4 

, 

H3MepHTh pH~ KOHCTaHT KBaHTOBOH 3lleKTpO~HHaMHKH/6/ 
a TaK)Ke H3y'laTb B3aHMO~eHCTBHe pellHTHBHCTCKOrO 

n03HTPOHHH c BeiQeCTBOM. TaK KaK no.rro6Hhie Hccne~oBaHHH 

npe~cTaBllHIOT HeCOMHeHHhiH 

CMOTpeTb B03MO)I(Hble HOBble 

P.03HTpOHHeB. 

HHTepec, To none3HO pac

MeTO~hl reHepai.J,HH llY'IKOB 

B HacToHmeii pa6oTe paccMoTpeHa reHepai.J,HH no3HT

pOHHeB 3lleKTpOHaMH, B3aHMO~eHCTBYIOll.I,HMH C BeiQeCTBOM. 

lloKa3aHO, 'ITO Ha 3lleKTpOHHhiX YCKOpHTellHX /KOllbi.J,eBhiX 

H llHHeHHbiX/ MO)KHO llOllY'IHTh ~OCTaTO'-IHO HHTeHCHBHbie 

H xoporno cciJopMHPOBaHHhie ny'IKH A 2e . 

OcHOBHhiM HCTO'IHHKOM no3HTPOHHeB Ha 3neKTPOHHhiX 

YCKOpHTellHX HBllHeTCH npoi.J,ecc BHyTpeHHeii KOHBepCHH y

KBaHTOB, o6pa3yiOIQHXCH npH TOpM03HOM H3lly'leHHH 3lleKT

pOHOB B TOHKOH MHllieHH. 

B nepBoM pa3~ene pa6oTLI nonyqeHo o6mee Bhipa)KeHHe 

~llH K03ciJclJHI.I,HeHTa BHyTpeHHeH KOHBepCHH y -KBaHTa B 
+ -

(f f ) -aTOM, r,IJ;e f - 3lleKTpOH HllH MIOOH. Bo BTOpOM -

Bhl'IHClleH 3HepreTH'IeCKHH cneKTp ll03HTpOHHeB B na6. 

CHCTeM~, Pac'leT npoBe~eH B HH3lll~M llOpH~Ke no 3lleKTpO

MarHHTHOMY B3aHMO~eHCTBHIO H B npeHe6pe)KeHHH H3llyqe

HHeM H~pa, T .e. llpH Bhi'IHClleHHH Ce'leHHH peaKI.J,HH 

e + Z -> e + Z + A 2" /10/ 

Y'IHTLIBanHCh TOnhKO ~HarpaMMhi puc. 1. 
B TpeTheM pa3~ene nonyqeHa clJopMyna ,IJ;nH 'IHcna 

3KBHBaneHTHhiX ll03HTpOHHeB, KOTOpaH HCllOllb3yeTCH B 'leT

BepTOM pa3~ene ,II;llH Bhi'IHClleHHH HHTeHCHBHOCTH ll03HTpo

HHeBbiX ny'IKOB Ha KOllhi.J,eBbiX H llHHeHHhiX YCKOpHTellHX. 

1. PaccMoTpHM HHKlli03HBHYIO peaKI.J,HIO 

a+b->y+ ... /11/ 

HapH~Y C peaKI.J,Heii /11/ 3a C'leT BHyTpeHHeH KOHBepCHH 

Y -KBaHTa 6y~eT TaK)Ke H~TH npoi.J,eCC o6pa30BaHHH CBH3aH

HOrO COCTOHHHH t\ ~{' 
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a+ b -. A 2r + ... /12/ 

Haii.n.eM CB.JI3b Me)I(.IJ.Y ceqeHHHMH npon;eC'coa /11/ H /12/, 
,lJ.HarpaMMhl KOTOphiX H306pa)l(eHhl Ha puc. 2. MaTpHqHhiH 
3JieMeHT npouecca /11/ npe.n.cTaBHM a aH.n.e 

br 1 1 
M =' -(2;r--)3_/_2- _..j_2_k_o_ fu Ma8(k + P- P a - p b)' /13/ 

r.n.e k - 4-HMnyJibC cjJOTOHa, fa - 4-aeKTOp ero nonHpH3aiJ;HH. 

Puc. 1. )1uazpaMMbl, oaroU~ue ocHoeHou eKAaO e npoijecc 
o6pa306UHUJI n03UIIIpOHUJI /10/. 

p 

a) 6) 
Puc. 2. ,4uazpaMMbl UHKAJ03U6HbiX peaKijUU /11/ - ouaz
paMMa /a/ u /12/ - /6/. 

6 

B Bhlpa~eHHH 1131 JIBHO BLI,lJ.eJieH MHO)I(HTeJib, CBJ13aHHhdi 
c BHeWHe:ii l)loTOHHOH JIHHHeii, aeKTop M a cooTaeTcTayeT 
BKJia,lJ.y OCTaJihHOH qaCTH ,lJ.HarpaMMhl puc. 2/a/, BKJIIOqaJI 
3aWTpHXOBaHHLIH 6JIOK. 

Bcne.n.cTBHe coxpaHeHHJI 3JieKTpowarHHTHoro TOKa MaT
pHqHw:ii 3JieMeHT Ma y.n.oaneTaopJieT cooTHOWeHHIO 

k ·M = 0. 
a a 1141 

HcnonL3YJI l)lopwyny I 131, .IJ.JIJI HHKJI103HBHoro cneKTpa l)lo
TOHOB a peaKn;HH I 111 Haxo.n.HM 

d br 1 A A 
2k 0 -!!- = ---NJI <( Ma)((~M~>*dlbr' 1151 

d3k (2 77)3 A=l,2a fJ fJ 

3.n.ecL N - HopMHpoaoqHw:ii MHO)I(HTeJIL, df' br - 3JieMeHT 
l)la3oaoro o6'heMa acex KOHeqHhiX qacTHU, 3a HCKJIJOqeHHeM 
y ·KBaHTa. 

YcnoaHe 1141 no3BOJIHeT pacnpocTpaHHTh CYMMHpoaa-
HHe no A a l)lopwyne 1151 Ha A = 1 ,2,3,4. Tor.n.a, acne.n.-
CTBHe noJIHOThl CHCTeMhl 4- aeKTopoa (;, HMeeM /7 I 

4 A A 
I (f M X(:M~>*= M M* 77 1161 \ a a rr- fJ a a a 

I\= I 

/17a = 1 npH a= 1,2,3; 774 = -11. HcnOJih3YJI COOTHOWeHHe 
1161, HaXO,lJ.HM OKOHqaTeJihHOe Bhlpa)l(eHBe ,lJ.JIJI BHKJII03BB
HOrO cneKTpa cjJOTOHOB 

da br 1 
2k ------ = --- N f M M * Tf df' . I 1 7 I 0 3 3 a a a br 

d k . (277) 

PaccMoTpBM TenepL peaKUBIO 1121. HcnoJIL3YJI o6W'IHoe 
npH6JIH:>KeHBe, OCHOBaHHOe Ha MaJIOCTB cpe,lJ.Hero HMDYJILCa 
nenToHa a aToMe no cpaaHeHHIO c ero Macco:H noKo•, 
nonyqaeM cne.n.yiDIQee Bhlpa)l(eHae .IJ.JIJI MaTpHqHoro 3JieMeH
Ta npon;ecca /12/ /2, 4/: 

at 1 2m 'I/ 2 - k k 1 a t 
M = e(--) u<-)r. u(- -)-M t/J (O)o(k+Jr-p -p) 

(277)3/2 k 0 2 a 2 4nf a nLj a b' 

/181 

r.n.e k - 4-HMnyJihC aTOMa, m - Macca JienTOHa; t/JnLj(O) -

BOJIHOBaJI l)lyHKUBJI aToMa c KBaHTOBhiMB qacnaMH n, L, j npa 
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r"' 0 /n - rJiaBHOe KBaHTOBOe 'IHCJIO, L - OTHOCHTeJibHbiH 
op6HTaJibHbiH MOMeHT, j - IIOJIHbiH ~OMeHT CHCTeMhl/. 
BenH'IHHa M~t y,ZJ;OBJieTBOpJieT ycnoBHIO 

at 
M I 2 = M • 

a k =0 a 
/19/ 

C IIOMOIUbiO /18/ HaXO,!J;HM CJie,ZJ;yiOIUee Bblpa:>KeHHe ,!J;JIJI HH
KJII03HBHOrO crrexTpa aTOMOB A2e peaxuaa /12/: 

2k 0~~ 
d3k 

N 

(2rr)3 

e2 
- I 1~ 2 

k " 3 n L . nL 1. (0) I x 
0' ' ,j 

k k at at'!' 
x fSp lA (-) r A<--) r Q J M M Q 77 Q dr 

/20/ 

2 a 2 ,._.. a ,._.. ,._.. at 

N e 2 2 , ka k [}_ at at* , 
~----I It/; L.<O>I f4(o Q +- )M M ~~ 77 Qdl 

(217)3 /13 n,L,j n J a,._. /1 ~ a ,._.. ,._.. at 

3,ZJ;eCh /1 - Macca aTOMa (/1 =2m), drat - 3JieMeHT 4Ja30BO-
ro o6'beMa Bcex xoHe'IHhiX qacTHU rrpouecca/12/, JaHCKJIIO
qeHHeM aToMa A 2E • 

B cany ycnoBHJI coxpaHeHHJI 3JieKTpoMarHHTHoro Toxa 

k ·Mat =0 
a a ' 

/21/ 

qneHhl ka k 8 B 4JopMyne /20/ Bbiiia,ZJ;aiOT, rro3TOMY ,ZJ;JIJI 
HHBapaaHTH6ro crrexTpa a TOMOB rronyqaeM 

d at 4e 2 2 N at at* 
2k 0~---=-I llf;L.<O)I ·-,":\fMaMa TJadrat' /22/ 

d3k /13 n,L;j n l (2rrr · 

KaK 6b1JIO IIOKa3aHO B pa6oTe / 4/,B pe3yJibTaTe KOHBep
CHH BHpTyaJibHoro y -xBaHTa aTOMhl A 2e o6pa·JyroTcBrrpea
MYJUeCTBeHHO B TpHrrneTHOM cocTOJIHHH c L=O.Tor,ZJ;a,rrona
raJI B cyMMe no KBaHTOBhiM qacnaM L = 0 a j = 1, HMeeM I 41 

4e2 00 2 4 
-- I lt/J 

0 1
<0>1 = 0,3a • /23/ 

/13 n=l n, ' 

TaxaM o6pa3oM, ecna crrpaBe,ZJ;JIHBO rrpa6na:>KeHHe 

at at* 
fM M TJdr =fMM*TJ drb, a a a at a a a r 

/24/ 

8 

TO Melic,ZJ;y ceqeHHJIMH rrpoueccoB /11/ H /12/ HMeeTcJI 
rrpocTaJI CBJI3b 

da at 
2k --- = 0 d3k 

da br 
<0,3a 4

) • 2ko ~- /25/ 

4 0TMeTHM ell.{e pa3 4JaKTOpH3aUHIO MHO:>KHTeJIJI C = 0,3a -
xapaKTepHoro K034l4JHUHeHTa BHyTpeHHeii KOHBepCHH Y -
KBaHTa B aTOM A 2f H TOT 4JaKT, 'ITO 3Ta 4JaKTOpH3aUHJI 
JIBJIJieTcJI cne,ZJ;CTBHeM ycnoBHJI coxpaHeHHJI 3JieKTpoMar
HHTHOrO TOKa /21/. 

ECJIH B KOHe'IHOM COCTOJIHHH HeKOTOpOH peaKUHH HMe
eTCJI n 4JOTOHOB, TO BepOJITHOCTb o6pa30BaHHJI aTOMa 
A 2e 6y,ZJ;eT rrporropuaoHaJihHa nx 0,3a4.B qacTHOCTH, B cnyqae 
pacrra,ZJ;a TT

0
-. yy, r,ZJ;e rrpa6na:>KeHae /24/ pa6oTaeT O'leHb 

xopowo, ,ZJ;JIJI OTHoweHHJI BepoJITHOCTeii p (TT 0 _, y + A /11°-.yy) 
IIOJiyqaeTCJI 3Haqe,He 0,6 a 4 , KOTOpoe 6biJIO IIOJiy'leH2& HHbiM 
MeTO,!J;OM B pa6oTe 4/. 

2. PaccMoTpHM Terrepb o6pa3oBaHae aToMa B peaxuaa 
/10/, KOTOpaJI rrpe,ZJ;CTaBJIJieT HHTepec B CBJI3H C HJyqe
HHeM BOIIpoca 0 B03MO:>KHOCTH o6pa30BaHHJI II03HTpOHHeB 
Ha 3JieKTpOHHbiX YCKOpHTeJIJIX. 

H3 o6IUeii 4JopMyJihl /25/ rronyqaeM, 'ITO 3HepreTH'Iecxaii 
CIIeKTp aTOMOB MO:>KHO 3aiiHCaTb B BH,ZJ;e: 

daat dahbr 
-- = c--, /26/ 

dk 0 dk 
0 

r,ZJ;e ooh br I dk 0 - 3HepreTH'IeCKHH crrexTp H3Jiy'leHHJI 
"T JI:>Kenoro 4JoToHa", Macca KOToporo paBHa Macce a TO
Ma 11 • 

d h br 6 brl CrreKTp a I dk {) y,ZJ;eT paBeH da dk 0 TOJibKO 
B cnyqae crrpaBe,ZJ;JIHBOCTH ycnoBHJI /24/. B o6IUeM :>Ke 
cnyqae dahbr I dk 0 MO:>KHO rrpe,ZJ;cTaBHTh B BH,ZJ;e 

dahbr da br 
-- = R(k >~o dk 0 dk 

0 

/27/ 

r,ZJ;e R (k 0)- rrorrpaBO'IHhlii Ko3414JauaeHT, o6ycnoBJieHHhiH pal
JIH'IHeM B KHHeMaTHKe rrpoueccoB o6pa3oBaHHJI "TB:>Kenoro 
4JoTOHa" H y -KBaHTa. 

KaHeMaTaxa rrpouecca 
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e+Z-->e+Z+yh /28/ 

I yh - "TJnKenwii clloToH"/ 6wna paccMoTp~Ha HaMH noApo6-
HO B pa6oTe lal . . TaM )l(e Bbi"'HcneHo ce"leHHe dahbr I dko 
npouecca /28/ s paMKax ecTecTBeHHoro npeAnono)l(eHHJI, "'TO 
OCHOBHOH BKnaA B Ce"leHHe npouecca /28/ AaiOT AHarpaMMbl 
puc. 1. 3AeCb Mbl nepe"'HCnHM nHWb He06XOAHMble An.ll 
AanLHeiiwero pe3ynLTaTbl. 

1. IIpu6nH)I(eHHe /24/ oKa3wsaeTCJI HecnpaseAnHBbiM 
AnJI peaKUHH /28/, scneACTBHe qero R (k 0 > 3Ha"'HTenLHO 
OTnH"laeTCJI OT eAHHHUbl. rpaciJHKH ciJyHKUHH R (ko) AnJI so
AOPOAa H sonLciJpaMa npuBeAeHw Ha puc. 3H 4 AnJI pa3nH"'HWX 
3Hepruii HaneTaJOIUero 3neKTpoHa E . 

R(t) 
1 

0.5 

0 0.5 1 ~ 

Puc. 3. 3aeucUMOCMb R(.;) OAJI eooopooa npu E = 1 r3B 
/nyHKMUpHaJI KpueaJI/ U 80Abr/JpaMa /cnAOWHbl€ KPU8bl€ 1,2 
u 3/ npu E= 0,1; 1 u 10 r3B. 
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1 
1 

1 

R(t) 
1 

0.5 

~mtn 
I j_ ~ 1 

Puc. 4. 3aeucuMOCIIb R(.f) npu HU3KUX 3HepZUJIX /eoAb(Jpa
MoeaJI MUW€Hb/. 

HecnpaseAnHBOCTL npu6nH)I(eHHJI /24/ o6ycimsneHa AO
MHHHposaHHeM B npou;ecce /28/ MeXaHH3Ma OAHOciJoTOHHOrO 
o6MeHa /AHarpaMMW puc. 1/, scneACTBHe KoToporo 3Ha
"'HTeneH sKnaA s ce"leHHe o6nacTH Manwx nepeAaHHWX 
JIAPY HMnynLCOB yt, H CyiUeCTBeHHhiM pa3nH"'HeM B KHHe
MaTHKe npouecca /28/ H npouecca 

e+Z->e+Z+,Y /29/ 

HMeHHO B o6nacTH Manwx t • 
2. CyiUeCTBeHHOCTL sKnaAa Manwx t npHBOAHT K ueo6-

XOAHMOCTH yqeTa 3cllciJeKTa 3KpaHHpOBaHHJI .IIApa noneM 
aTOMHbiX 3neKTpOHOB. 3KpaHHpOBaHHe Y"'HTbiBanOCb nyTeM 
yMHO)I(eHHJI AHcllciJepeHuHanLHoro ce"leHHJI d 2a h br I dk 0dt npo-
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uecca /28/ ua aTOMHLIH 4JopM4JaKTop F<t) B Mo,neJIH ToMa
ca-cl>epMH. HHTerpaJI 

da h br d 2 a h br 
= JF<t> dt /30/ 

dk 0 dkodt 

Bbi"'HCJIJIJICJI Ha 3BM. 

3. ,lJ;OMHHHpOBaHHe MeXaHH3Ma O,nH04JOTOHHOrO 06MeHa 
IIpHBO,nHT TaK:>Ke K TOMY, "'TO BepOJITHOCTb IIpouecca 

e+Z->e+ Z+A 2f.1 /31/ 

OKa3LIBaeTCJI IIO,naBJieHHOH OTHOCHTeJibHO BepOJITHOCTH rrpo
uecca /10/ B m2 /m 2 pa3. T .e. 3JieKTPOHHLIH rry"'OK 
ue34Mt>eKTHBeH ,nJIJI ¥euepaUHH aTOMOB A 2 • 

4. 06cy:>K,naeMLie 3,necb rpa4JHKH R(k 0 ) H 3HepreTH-
qecKHe CIIeKTpbl y,no6HO H3o

1
6pa:>KaTb KaK 4JyHKUHH rrepe

MeHHOH ~ = k
0 

/k ~ax , r,ne /B 

max 1 2 2 2 2 
k = --[(8 + M - m H8 + f.1 - (M + m) ) + 

o 4M8 
/32/ 

/ 2 2 2 2 + \ A (8, m , M )A ( 8, f.1 , (M + m ) ) ] • 

3,necb A(x,y,z)- KHHeMaTH"'ecKaJI4JYHKUHJI: 

A(x,y, z) = x 2 + y 2 + z 2 - 2xy- 2xz- 2yz; 

M , m H fl. - MaccLI JI,npa ,3JieKTpoHa H II03HTPOHHJI; 8 = 
= M 2 + m2 + 2ME - KBa,npaT IIOJIHOH 3HeprHH CTaJIKHBaJO
LUHXCJI qacTHU a c .u.H. H3 4JopMyJibl /32/ cJie,nyeT, "'TO 
rrpH E» f.1 (fL = 2m ) k mo ax ::. E ' ' a ~ . = fL/ k om ax 

min 
6JIH3KO K HYJIIO. 

IlpH 3HeprHH uaqaJibHoro 3JieKTpoHa E > 0,1 F3B 
BeJIH"'HHa R (ko>, Bblpa:>KeHHaJI KaK 4JyHKUHJI ~. on3biBaeTCJI 
rrpaKTH"'eCKH He3aBHCJILUeH KaK OT E, TaK H OT aTOMHOrO 
HOMepa MHWeHH /OT BO,nopo,na ,no BOJib4JpaMa/. 3TO o6-
CTOJITeJibCTBO IlpOHJIJIIOCTpHpOBaHO Ha pUC. 3, r,ne BeJIH"'HHa 
R ( .;') rrpHae,neua ,nJIJI Z = 1 /ao,nopo.n/ rrpH E = 1 F3B 
HZ= 74 /BOJib4JpaM/ rrpH E = 0,1; 1 H 10 F3B. KaK cJie,nyeT 
H3 pHcyHKa, ,nJIJI acex "'eTLipex rrpHae,neHHLIX rpa4JHKOB 

12 

i I. 

I 

1 
kmax 

0 

kmax 
0 

J 
k min 

0 

/33/ 
1 

R<k
0
)dk

0
= J R(~)d~ = ..!.. 

~min 4 

IlpH HH3KHX 3HeprHJIX /E ~10 M3B/ aeJIH"'HHa R (k0 > 

CHJibHO rra,naeT c yMeHbWeHHeM E I puc. 4/. 
5. 3HepreTH"'eCKHH CIIeKTp 1103HTpOHHeB da at /dk O rrpH 

3HeprHJIX uaJieTaiOLUero 3JieK'fpoua E 2. 0,1 F3B pacTeT 
C yBeJIH"'eHHeM 3HeprHH aTOMOB H ,nOCTHraeT MaKCHMyMa 
a6nH3H k~ax . Ha puc. 5 rrpHae,neH 3HepreTH"'eCKHH crreKTp 

12 

-I 
............ 
CIQ 

L: 
'--

~8 
~ 
"'0 -..... 1::3 

~~ 

~ 

80 

40 

0 0.5 1 ~ 

Puc. 5. 3Hepzemu~ecKuil cneKmp no3umpoHuee OA.R eoA&(Jpa
Moeoil MUJUeHu. BepxH.R.R u HUJKH.R.R Kpue&ae oaH&I e Macw
ma6ax Aeeoil u npaeoil wKaA&I. 
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no3HTpOHHes daat I dk o ,nJIJI sonLcltpaMosoB: MBWeHB npB 

E = 0,1 u 1 F3B. 3.necL MLI s~o~.nenBnB MJIO>KBTenu c B '¢: 
daat 
--

dko 

_ at 
- da · 

c¢ dko-, /34/ 

r.ne ; = rgz 2 a , r o - KnacCBl.feCKBH pa,nByc 3lleKTpOHa. 

Ilpu MeHLWBX 3HeprBJIX /E 'S 10 M3B/ 3HepreTB1.fecKBii 

cneKTp ll03BTpOHBeS BMeeT xapaKTepHLIH MaKCBMyM, KOTO

pLIH C yMeHLWeHHeM E CMemaeTCJI K cepe,nBHe BHTepsana 

B3MeHeHHJI ko /puc. 6/. 

.... 250 
I .....--. 
-a 

~ 
'--

~ 200 
"'0 
~ 

1::1 

~~ 
150 

100 

50 

o~~~~~~~~~ 

~ t 
Puc. 6. 3Hepze111u'lecKuu cneKIIIP no3ulllpoHuee OA.R eoAbfjjpa
Moeou MUUleHU npu HU3KUX 3HepZUJIX. 
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3. Bl>Jl.fHCnBM TenepL BHTeHCBSHOCTL rro3BTpoHBesoro 

nyqKa, KOTOPLIH Mo:>KeT 6LITL rrony1.1eH s peaKu;BH /10/. 
PaCCMOTpHM MBWeHL TOniiJ;BHOH L, IIOMeiiJ;eHHYIO S IIYl.fOK 

3neKTpouos. H3-3a 3Ha1.fHTenLHOii senHl.fBHLI cel.feHHJI pa3-

sana II03HTpoHHJI s semecTse/9/ 

- fJ 69 ·z 4/3 ·to-19 2 aD - , • • C.M /35/ 

senBl.fHHY L HY:>KHO 6pa TL rropJI,nKa e 0, r.ne e 0 - TaKaJI 

,nnHHa, Ha KOTOpOH IIYl.fOK 1103BTpOHBeS C rrepsouaqanLHOH 

HHTeHCBSHOCTLIO I 
0 

ocna6esaeT s e pa3: 

E = 
0 

A 

aDp NA 
/36/ 

3.necL A - Maccosoe l.fBcno aToMos MHweuu, p - ee 

rrnoTHOCTL, NA - l.fBcno Asora.npo. -S 
)J.JUI sonLcltpaMa E0= 0,2 MK, "'TO cocTasnJieT 10 · oT 

ero pa.nuau;BOHHOH .nnuHLI L 0= 0,35 CM. Ilo3TOMY s .nanL

ueiiwux sLil.fHcneHBJIX MO:>KHO rrpeue6pe1.fL ocna6neHBeM nyqKa 

3neKTpOHOS 110 TOlliiJ;BHe MHWeHH. 

Cuaqana SLil.fBCnBM rronuoe qucno II03HTpouues, KOTo

poe sLIB:,neT H3 MHWeHB ToniiJ;BHLI L rrpB 6oM6ap,nBposKe 

ee nyl.fKOM. 3neKTpouos HHTeucBsHocTLIO J o . Ecnu 6LI 

1103HTpOHHH He pa3SallBSallBCL S MHWeHH, TO ,nnJI llOllHOrO 

l.fHCna 3KSBSaneHTHLIX 1103HTpOHBeS*) MLI HMenB 

N.j JONII __ 1 -
k max 

0 

max 
ko 

J 
kmin 

0 

at 
k ~-dko. 

o dko 
/37/ 

3,necL N
11 

- l.fBCllO JI,nep Ha 1 CM 
2 

SeiiJ;eCTSa MHWeHB: 

N11 = pNAL/A. 
TaK KaK II03HTPOHBB pa3sanBsaroTCJI ua Ton~¥e L,To 

,nnJI l.fBCna SLIWe,nwBX B3 MHWeHH 1103BTpOHBeS N 3 BMeeM 

*)qHCllOM 3KSHSaneHTHLIX 1103HTpOHHeS Ha3LISaeTCJI Ta
Koe ux qucno, KaKoe 6Lino 6LI s cny1.1ae, ecnB see OHH 
o6na,nanH MaKCBMallLHOH 3Heprueii k~ax B YHOCHnB Ty:>Ke 
3HeprBIO, l.fTO B see peanLHO H3lly1.feHHLie 1103BTpOHHB. 
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3QJQJ 1 L -x/f 0 
N = N.- I e dx = 

3 3 L o 
I3BI max 

~.:o 

-L/£0 1 - I ~ (1- e )~X min 
= ko ~.:o aD 

at 

da dk 
0 

• k --
0 dko 

llo llOCDeAHei ~OpMyne H MO*eT 6hlTh Bhl4HCDeHa HH

TeHCHBHOCTh ll03HTpOHHeBOrO lly4KB. 0AHBKO llpH 60DhillHX 

3HeprHBX HaneTaJOII.\ero 3neKTpoaa IE 2: 0,1 F:JBI xoporno 

pa6oTaeT 6onee npocTaB ~opMyna 1421, KOTopan nonyqaeTcH 

H3 1381 cneAYIOII.\HM o6pa30M. 
PaAHBI.J,HOHHa» ADHHa Bell.\eCTBa MHrneHH X 0 (X 0 = p L 0 , 

[X
0

]= 2/cM 21 npH E >> m CBB3aHa c 3HepreTH4eCKHM cneKTpoM 

TOpM03HOrO H3Dy4eHHH ~OTOHOB du~r/dko COOTHOilleHHeM 

1 N A 1 E do br 
- =- -I k0 ---dk 0 • 1391 
X0 . A E 0 dk 0 

B paccMaTpHBaeMoi o6nacTH E aenH4HHa k 0 drrbr /dk 0 na
nBeTCB MeADeHHO MeHHIOII.\eicH ~YHKI.J,Hei I3TOT ~aKT Mhl 

HDDIOCTpHpyeM Ha puc. 71, ll03TOMY ADB X O MO*HO HBnH

CBTh llpH6DH*eHHOe BhiPB*eHHe 
--------

1 N A d br 
- ::: --- ( k 0 -~-- ) • I 40 I 
X 0 A dk 0 

H3 ~opMyn 1261, 127 I, 1381 H 1401 HBXOAHM 

N:JcjJQJ= cJ -~--- {1-e-L/~)-1 
3 0 ll N X k max 

n A o o 

k~ ax 

r R(k )dk . 1411 
km in 0 0 

0 

C y4eTOM 1331 H3 ~opMynhi 1411 npH L ::: 475P 0 nonyqaeM 

:.J<hrh cJ 0 A 
N '-~"+' :::. ---- 14 21 3 . 

4a ifJA X 0 
H3 nocneA,nei ~opMynLI BHAHO, 4TO 1'\ ~(\Ill nponopuHo

HBDhHO x-01 z -
1 3, T .K. ADB 6onhillHHCTBa 3DeMeHTOB Z! Aool/2. 

TaKHM o6pa30M, ADB reHepal.I,HH HHTeHCHBHhlX llY4KOB no-

3HTpOHHeB HaH6onee BhirOAHhl MHilleHH C Manoi pBAHBI.J,HOH

HOi ADHHOi Ia 2/CM 21. 
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..;: 
't:J 
........ ,... 

CIO 
\D 15 
"tJ 

~ -1e 10 

5 

0 0.5 1 ~ 

-l br / t: J. Puc. 7. 3aeucuMocmb ¢ k0 do dk 0 om s OIIJi BOIIb.ppaMa 
npu E = 1 F:JB. 

HHTepeCHO OTMeTHTh, 4TO Bhl4HCDeHHBB ITO ~OpMyne 
1391 paAHBI.J,HOHHaB ADHHa Xo cornacyeTCB c ABHHhlMH ADB 

X 
0 

H3 Ta6nHI.J,hl paAHBI.J,HOHHhlX caoicTB aemecTB. B ma611. 1 

Ta6nHua 1 

CpaBHeHHe paAHBI.J,HOHHhlX ADHH ADB pa3DH4HhlX 3neMeHTOB 

3neMeHT H Fe Vi 

Ta6nH4HOe 3Ha4eHHe Xo 62,8 13,9 6,8 

3Ha4eHHe, nonyqeHHoe 

B ABHHOi pa6oTe 60,8 13,5 6,1 

17 



.IJ.aHo cpaaaeHHe 3Ha'leHHH aenH'IHHbl X 0 , nony'leHHbiX no 
I!JopMyne 1391 npH E = 1 F3B, c Ta6nH'IQbiMH 3Ha'leHH.RMH 
X

0 
,IJ,nJI BO.D.OPO.D.a, :>Kene3a H BOnLI!JpaMa. 

3To cornacHe cny:>KHT onpaa.D.aHHeM npH6nH:>KeHH.R o.D.
aoi!JoToaaoro o6MeHa I puc. 11, HcnonL30BaHHoro npH pac
qeTe ceqeaHH npouecca 1101. 

4. BLI'IHCnHM Teneph HHTeHCHBHOCTH n03HTpOHHeBbiX 
ny'IKOB, KOTOpble MOryT 6LITh nony'leHhl Ha cy~eCTBYIO~HX 
JneKTPOHHbiX ycKopHTen.Rx. 

C yqeToM onpe.IJ.eneHHH 1341 3anHmeM I!JopMyny 1381 

a cne.D.yro~eM BH.D.e: 
max 

N'H\H\1 
'I 

- ko 
~- ,J ~ (1 _ e-LI Po ) __ 1 _ J 

() max . 
a)) k k mIll 

() () 

-at 
da -dk · k -- () 

() dk 
() 

llpHBe,IJ,eM Ta6nHUY 3Ha'leHHH HHTerpana 

I - 1 
k max 

() 

k rna x 
() 

r 
k min 

() 

-at 

k ~- dko 
o dk

0 

1431 

1441 

npH pa3nH'IHbiX JHeprHHX aaqanLaoro JneKTpoaa El ma6A.21. 

Ta6nHua 2 
qHcneHHLie 3Ha'leHHH aenH'IHHLI I npH pa3nH'IHbiX 3HeprHHx 

aaqanLHoro JneKTpoaa E 

El M:JBI 2 3 5 10 102 10' 104 

0,044 0,16 0,49 0,94 2,7 3,7 3,9 

ToT I!JaKT, 'ITO .IJ.nH nonyqeHHH no3HTPOHHeaoro ny'IKa 
OIIHCaHHbiM CIIOC060M .IJ.OCTaTO'IHO HCIIOnh30BaTL TOHKHe 
MHUleHH I- 1 MKI, rro3aonHeT ocymecTBHTL rrocTaHOBKY 
3KCIIepHMeHTa Ha 3neKTpOHHLIX KOnLUeBbiX YCKOpHTenHX, 
HCIIOnh3YH MHOrOKpaTHOe IlpOXO)K.IJ.eHHe ny'IKa qepe3 MH-

18 

meaL. TaK, aanpHMep, npH 3HeprHH JneKTpOHOB 1 F3B H 
npH HHTeHCHBHOCTH 3neKTpOHHOrO KOnhUeBOrO YCKOpHTen.R 
10

13 c-1 
no I!JopMyne 1431 nonyqaeM, 'ITO Ha aonLI!JpaMoaoH: 

MHUleHH TOnlUHHOH 1 MK6y.D.eT o6pa30BhiBaThC.R 17 amOMOB/'1. 
Ha nHHeHHbiX ycKopHTen.Rx MoryT 6b1Th rrony'leHLI cy

~ecTaeHHO 60nhlliHe HHTeHCHBHOCTH n03HTpOHHeBoro nyqKa. 
Tax, HanpHMep, npH 3HeprHH JneKTPOHOB 10 M3B H HH

TeHCHBHOCTH J0 = 6·10~ 6 1/c I3TO COOTBeTCTByeT TOKY 
10 MA/ H3 I!JopMynbl 1431 H ma6/l. 2 nonyqaeM, 'ITO Ha 
TaKOM nHHeHHOM YCKOpHTene 6y.IJ.eT o6pa30Bb1BaThC.R 
7 amoMoe/c. 

0TMeTHM e~e, 'ITO IIY'IOK n03HTpOHHeB, nony'leHHhiH 
KaK Ha KOnhUeBbiX, TaK H Ha nHHeHHbiX YCKOpHTen.RX, 6y,IJ,eT 
xapaKTepH30BaThC.R ,IJ,OBOnhHO ManhiM yrnOBbiM paCXO:>K,IJ,e
HHeM ITeM MeHLUlHM, 'leM 6onhlne 3HeprH.R JneKTPOHOB E 1. 
TaKa.R "xapaH.IJ.amHa.R" I!JopMa nyqKa no3HTPOHHea cy
~ecTaeHHO ynpo~aeT noCTaHOBKY 3KCnepHMeHTOB C pen.R
THBHCTCKHMH n03HTpOHH.RMH. 

ABTOphl 
MeHKO 3a 

6naro,IJ,ap.RT r .B.MHuenLMaxepa H H.M.Illy
none3Hhle o6cy:>K.IJ.eHH.R HeKoTopLIX aonpocoa. 
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