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1. Ilpou;ecc B036y~eHHH H pacruenneHHH H.n;ep B KYJIOHOBCKOM DOJI€ HC
CJI€,IJ;OBaJICH TeOp€THli€CKH MHOrHMH aBTOpaMH ( CM., HanpHM€p, / 1-7/.). 
B ITOCJI€,IJ;HH€ rO,IJ;hi HHTepec K 3TOMy 3JI€KTpOMarHHTHOMy npon;eccy B03p0C 
B CBH3H C C03,IJ;aHH€M ITyliKOB peJIR:THBHCTCKHX H.Uep, a TaK)Ke B CBH3H C 
npo6neMOi1: H,IJ;€HTHc)!HKaiJ;HH pe.riHTHBHCTCKHX rHIT€pH.n;ep /8/. 

B HaCTOHIUei1 pa6oTe nonyt~eHa aHaJIHTIPiecKaH Q!opMyna .n;na 3<PQ!eKTHB
Horo Celi€HHH KyJIOHOBCKOH ,IJ;HCCOUHaiJ;HH CJiafiOCBH3aHHhiX p€JIHTHBHCT
CKHX JI,D;ep, BhiXO.D;HI.IJ;aH 3a paMKH CTaH,n;apTHOrO JIOrapHQ!MHli€CKOrO npHfiJIH
)f(€HHH BaHu3eKKepa - BHJibHMCa 

19 1 . IT pH 3TOM wCrronL3yeTCH rrpHMaH rum
norHH C 3a.D;atreH 06 HOHH3all;HH aTOMOB ITpH ITpOXO)KJJ;€HHH peJIRTHBHCTCKHX 
3apR)f(€HHhiX traCTHll; trepe3 B€IU€CTBO. IlpH TaKOM ITO.D;XO.D;e MO:IKHO BOC
ITOJih30BaThCH H3B€CTHhiMH pe3yJIDTaTaMH KBaHT0BO-M€XaHHli€CKOti TeOpHH 
HOHH3ai.J;HOHHhiX I10T€pb fihiCTpbiX traCTHI..J;f10/ H Bhipa3HTh C€li€HH€ IcyJIOHOB
CKOrO paCIU€ITJI€HHH ll€pe3 ciJeHOM€HOJIOrHli€CKH€ napaMe~hl H,n;pa. Tiony
ti€HHhi€ pe3yJIDTaTbl llpHM€HHIOTCH KOHKp€THO K H,n;py Jl1 - "pbiXJIOfi" 
CHCTeMe C Oli€Hh MaJIOfi 3HeprHcif CBH3H H fiOJihlliHMH pa3MepaMH. 

2. Cne,D;yH /lO!, npe,n;CTaBHM Bhipa)f(eHHe .n;nH cyMMapHoro 3clJ<PeKTHBHO
ro cetieHHH KynoHoBcKoro B036y)f(,IJ;€HHH H KYJIOHOBCKoH .n;Hccou;HaUHH 
fihiCTporo H,n;pa B peJIHTHBHCTCKH-HHBapHaHTHOM BH,D;€ (BCIO,ll;y HCnOJih3y
€TCH CHCTeMa €,ll;HHHI.l;, B KOTOpOH 11 = C d.) : 

a 
2 

4 rr(Z a) 
I r 

n;<(O 
(1) 

3.n;ech Z - 3apH.n; KynoHOBCKoro 11eHTpa (Mpa-MmneHH), a =1/137- no
CTOHHHaH TOHKOfi CTPYKTyphi, q - 4-HMnyJihC BHpTya.JihHOrO <l>oTOHa, nepe
,ll;aHHhiH HApy, <n I j i 0>- 4-aeKTOp TOKa nepexo.n;a H3 ocaoaaoro COCTOHHHH 
HaJI€TalOil.(€rO H,ll;pa j 0> B B036y)f(.UeHHO€ COCTOHHH€ ,ll;HCKpeTHOrO Hffi:I He
npephiBHOrO Cn€KTpa f n >, U k H U - 4-CKOpOCTH KyJIOHOBCKOrO D;€HTpa H 
Ha.JI€TaiOIU€rO H,ll;pa COOffi€TCTB€HHO, qepTa 03HaqaeT CyMMHpOBaHH€ nO 
CnHHOBbiM KBaHTOBhiM liHCJiaM H yrJIOBbiM nepeMeHHhiM KOH€liHhiX COCTO
HHHti H ycpe,ll;H€HHe no ITOJIHpH3aiJ;HH HallaJibHOrO H,D;pa (KOTOpoe Clll:ITaeT
CH H€ITOJIHpH30Ba.HHbiM) *. 

"B cU!ly cuMMerpuu eenwtwta l(<n i j IOuk) 12 He 3aeucur or Hanpae.fleHUR q 
U Jl6.flfleTCJl. ifiyHK~UeU q ~ 
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B CHCT.eMe IIOKOH HaJieTa.JOll.l,erO H,Upa (a. n. C.) HMeeM 

q2 __ .~2 _ -+q2 (uu )2 1 2 v2. 
~ no • k - = Y k k • (2) 

~ ~ 

C <n IiI 0> u k l yk <<nIP I O>- <n IiI O> v k l (3) 

3.u.ecb ~no - 3HeprHH B036y)K)J.eHHH H.U.pa, ; k - CKOpOCTb KynOHOBCKOrO 

ueHTpa, yk =(1- v:)-112 -rropeHu-<J?aKTop; npH 3TOM 1101 

<nIP I o > 

<n IiI o > 

~~ 

-iqr P 

=<nile IO>, 
p 

i 
=- --<nl 

2mP 

(4) 

-~~ 
-1qr p 

+6 (5) 

r.n;e cyMMHpOBaHHe IIpOBO,UHTCH ITO BCeM llpOTOHa.M H.Il,pa, mp - Macca npO· 

TOHa. 

113 yCDOBHH HenpepbffiHOCTH 3JieKTpOMarHHTHOro TOKa 

~ ~ 

<nliiO>q = <nlpiO>~no -<nliiO>q = 0 (6) 

cne.n;yeT COOTHOWeHHe 

~ 

<nlpiO> 
<niJI O>q (7) --,----. 

~no 

AHanorHtrnoe yCJioBHe .u.nH TOKa sapiDKeHHoro KYJIOHOBCKoro u;eHTpa .nae-r 

... .. -+-+ 
quk=yk(G;no -qvk) =O, 8no =qVk' (8) 

~ ~ ... 
YtneM .n;aJiee, liTO Vk =-V, Yk= Y, r,II,e V H y- CKOpoCTb H nopeHu;-QlaKTOp 

H.t:(pa B JI.C. JlerKO BH,UeTL, qTQ 

~ 

v& no --2-. 
v 

2 "'2 
(-q ) = q.L (9) 

IlOI\CTaBJIRR B <J?opMyrry (1) BblpaJKeHHFI (2) -(3) H HCllOJib3YR (7) H (8), 

HaxO.n;HM 
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a 

2 
477(Za) 
--v-y-. 

~ ~ ?; 
<n! j [ 0> -~' v ~no I( ~ ,q-- --ll 

..!>no v2 y2 

~2 

2 -
""no )2 (q + 

1. v 2 y2 

2 

(10) 

3aMeTHM, 'ITO <jlopMyJihl (1) ll (10), CTpOrO fOBOpH, COOTBeTCTBYIOT O):IHO
<}lOTOHHOMy o6MeHy, T.e. npu6JIH)KeHHIO Za << 1. Cne.n;yeT, o,uHa:Ko, 0)£(11-
,uaTb, liTO H npH Za -1 ITOIIpaBKH I<: (1) HJIH (10) OTHOCHT€JlbHO MaJibi; 
3TO CBH3a.HO C T€M, liTO OCHOBHOfl BKJia)l, B C1 ):(a€T o6naCTb Otl€Hb MaJibiX 
q

2
, a TOlJHO€ BhipaJKeHH€ )l)UI C€li€HHH KyJIOHOBCKOfO paCC€HHHH Ha MaJihl€ 

yrJibi COBITCl,UaeT C pe3yJibTaTOM 6opHOBCKOfO ITpH6JI¥DK€HHJI. 

3. BhrAennM B <jJopMyne (10) o6nacTb HHTerpnpoBaHHH no q~ oT HYJIH 
.D;O H€KOToporo ITOCTOHHHOfO 3HatieHHH q 2 , y,n;OBJ1€TBO pHIOIIJ;€f0 YCJIOBHJO 

c-
"'CB 
--«q v (11) 

3Aech P N(A) - xapa~crepHhiH HMrrymc HYKJIOHa (A -rnrrepoHa) B HApe, 
&08 - 3HeprnH CBH3n, rnN(A)- Macca HyKnoHa ( A-rnrrepoHa), R"- pMnyc 
HApa (cornaCHO (11), .);08 «fiN( A) V 2 ). AHMH3 IIOKa3hiBaeT, qTO C yqeTOM 
KOH€1.1HbiX pa3MepOB H,n;pa Orrpe,nem=noLUH:ti: BKJia;::I; B C€li€HH€ (10) ,UaiOT ne
peXO)J;bl C 3Heprneti & no~ & CS . ,Un:H TaKHX nepexo)J;OB BM€CTO ( 11) MO)K}{Q 
HarrucaTb 

c
"'no 

v 
«q « (12) 

XoTH cyMMHpoBaHHe B (10) Facnpo2TPa.HHeTCH 11 Ha COCTOHHHH c &n0>>&ce, 
)J;JIH KOTOpbiX HepaBeHCTBO I.!' no <<Vq MQ)KBT He BhlllOJIHJlThCH, pOJib COOT
BBTCTBYIOIUHX liJieHOB OTHOCMTe.JlbHO Mana* . 

JlerKO BH,IJ;eTh, liTO ITpM BbinOJIHeHHH (12) 3KCITOHeH~HaJibHbie MHO)KH
TeJJM B 4>opMyJie ( 5) AJIH TOKa rrepexri,IJ;a MO:>KHO IIOJJQ)fGITb paBHbiMM e,IJ;H
HHJJ;e. IJpH 3TOM TOK rrepexo,na BbipruKaeTCH HeiiOCpe,IJ;CTBeHHO qepe3 MaTpHli
Hhlft 3JieMeHT ,ll;HIIOJibHOrO MOMeH'Ia: 

*AHM02Uli1UZJl curyai{UJl uMeer Mecro e c;zyqae Heynpyzux crollKHOBeHuU 3apR.
JICeHHblX 1/QCTUI.{ C QTOMa.MU ( CM. 111 1, §]50). 
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(13) 

3aMeTHM, ,ll8Jlee, liTO B CHJIY H30TpOnHOCTH H€TIOJIHpH30BaHHOrO H,n;pa BhiiTOJI

HH€TCH paBeHCTBO: 

(14) ~ -+ 1 __. 2 
<nl 2: rp ]O>a<n[ 2: r I 0>* = -ll f;ll<n 12: rp[O>I 

p pp f:l 3a p 

( TeH30p B JI€BOfi lla.CTH ( 14) HHBapHaHTeH OTH0CliT€JILHO IIOBOpOTOB B TpeX

MepHOM IIpOCTpaHCTBe). C yqeTOM (13) ll (14) HMeeM 

-2 
2 q 

(1) _ 4rr(Z~ 2: ( 
17 

- ~ n,10 0 

2 
---~:-- 2 2 &no 
l<n! 2:rpiO>i (q + --) 

p .i. v 2y2 
2 

-,.- -----d (qJ. ) • 
2 1.9no ) 2 

(qJ. + -22 
v y 

(15) 

IIpoBOJIH HHTerpHpoBaHHe H oT6paCh!BaH 'IJleHhi nopHIIKa & 2 I (v•;; )2 (Hx 
no " 

M8JIOCTb BhiTeKaeT 113 ycJIOBHH (12) ) , HaXO,Il;HM 

(7 (1) = 

2 
4rr(Za) 

--;::- 2: I <n ' 2: 
3v 2 n,1 0 · P 

(16) 

B cooTsercTBHH c npaBHnOM YMHO)I(eHHH MaTpliU H c yt~eToM pa.BeHcTBa 

<0[ L ;p[O>=O,cne.u.yrol.l.lHM H3 coxpaHeHHH qeTHOCTH, Mhi MO)K€M HarmcaTL 
p 

(17) 

06o3Ha~M )laJiee 

-+ 2c -+2 
ln& = ( 2: l <n I 2: r I 0 > I ln"'no) I < 0 I ( 2: 'P) i 0 > . 

n,10 p P p 
(18) 

3.necL & - xapaKTepHaH 3Hepn1H, cosrrana.IOI.l.\a.R no nopn,nKy aeJIHliHHbi c 

3HeprHeti csH3H lb . Tor.ua celleHHe a (l) npHBO.IU1TCH K BHJJ.Y 
CB 

2 

17
(1) = 4rr(Za) < 0 I ( 

3v 2 
(19) 
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PacCMOTpHM Terrepb BKRa.D; B (10) HHTerpHpOBaHHH ITO 06naCTH 

(20) 

4 4 5; no 
yjg (12) CJieUyeT, qTQ B 3TOH o6rraCTH B9KTOp (q~- V 22), BXOUHIIU!H B 

v y 

(10), rrpaKTHlJecKH cosna,n;aeT c rronepelJHhiM seKTopoM q.l.' npHlieM cornac
HO (9) 

ilOCKOJibKY 

1 

HHT€rpHpOBaHHe B (10) MO)KHO pacnpocTpaHHTb )];0 6ecKOH€liHOCTI1. C yqe
TOM (7) H (4) ITOCJ19 OT6paChiBaHHH qJ19HOB ITOpHUKa {f, 2

0 /V
2

y
2q 2 

H 2 n 1/(qmaxRA) BKIT"'I o6nacTn (20) B cyMMapHoe ceqeHHe KynoHOBCKOro 
B036y)KJJ;€HHH 11 paCIUenneHHH H.D;pa OITHChffiaeTCH cl>opMyJIOft 

(21) 

rue 

~ ~ 

2 -iq.l.rP 2 a (q l ~ l I <n I l e I 0> I . 
J. n~ 0 P 

(22) 

llpaBHJia YMHO)K€HHH MaTpHI.J; BM€CTe C ycJIOBH€M ITOJlHOThl KOH€lffibiX 
COCTOFIHHft .D;3.JOT 

~ ~ 

2 I IO>-I<OI 
- iq r 

l e ~ P I o> I 2 • 

.[lnH Huep c oUHHM rrpoTOHOM (ueiiTpoH, TpHTnii, XHl 

rue J(q 2) - 3JI9KTpoMarHHTHbiH <J:>opM<J:>aKTOp HUpa. 
JlerKO BH.D;eTb, liTO npH q 2R~ <<1 

G(q 2 ) ~.!q 2 <0I ( l ,~ )
2

1 0>, 3 p p 

(23) 

(24) 

(25) 
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r.n;e z - 3apfl.lJ. HaJieTaiOI.I..J,ero H.U.pa. 

BBe)leM 6e3pa3MepHyro nepeMeHHyro 

2 -
" o6o3Ha<n<M Q(q ) ~ O(y). Tor)la 

~ .... 2 ... 2 
y~q <O[(~rP) [0>. 

p 

BBHilY (12), (25) H (26) HMeeM 

-- 1-
O(y) ~ -Y, lim O(y) ~ z. 

3 

r Q(y) dy. 
- y 2 
y 

(26) 

(27) 

(28) 

(29) 

(30) 

BblllOJIHHH B (28) HHTerpHpOBaHHe ITD qacTHM, HaxO,D;HM C yqeTOM COOTHO

illeHHH ( 30) : 

-
~ O(y) 1 - ~ d O(y) r -dy ~--lny- (lny-(--)dy. 
y y 3 y dy y 

(31) 

fiOCKOilbJ<Y HHTerpan B (31) CXO/lHTCH npH y ~ 0, Mbl MO>KeM HanHcaTb 

(32) 
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CKJia,llb!BaH <l>opMYJibl (19) H (32), IIOJiy'iaeM OKOH'iaTeJibHOe Bblpa>KeHHe 
.n;na 3clJ¢lei<:THBHOro ceqemm: KynoHoBcKoro soa6y:>K,D;eHHa H pacmennem_:H 
R,Upa, H3 KOTOpOrO, ecTeCTBeHHO, BbiiUl,ll;aeT ITpOMea<yTOlffiOe 3HalleHHe q : 

(33) 

rAe 

B =- 3 (34) 

& orrpeAeJIHeTcH cornacao ( 18) . 

4. Bhillle rrpe.u;nonararrocn, liTO H.D;pO-MHllleHh npe,n;CTa.BJI.ReT co6oH TO
qetiHniH KYJIOHoscKHH u:eHTp. TaKoH nonxo,u; onpas.n;aH rrpH ycnosHH, lfi'O pa-
1\HYC HaneTaiOII1ero HApa R" ropa3AO 6onh1Ile pa)(Hyca Hl\pa-M>IIIIeHH R •. Jier
KO ITOKa3aTh, liTO ITpH yqeTe KOHelffihiX p3.3MepOB H,D;pa-MHUieHH lf>opMyJia 
,IJ;JIH CyMMapHOrO CelleHHH KyJIOHOBCKOrO B036yJK,UeHHR H pacm;ermeHHH 
RApa-cHapH)(a coxpaHHeT BH,ll (33), HO rrapaMeTp B onncLmaeTcH 6onee 
CJIO>KHbiM IIO CpaBHeHHIO C (34) Bblpa>KeHHeM: 

00 d .... .... 
B =- 2 ( lny -d (O(y) H(y) /y) dy. 

0 y 
(34 ') 

3AeCh rrepeMeHHaH y rro-rrpe>~<HeMy orrpeAeJIHeTCH cornacHo (29), G(y) HMe
eT TOT "'e CMhiCJI, qTo B <l>opMyrrax (28)- (32), a <l>YHK11HH H(y) = H(q~), rAe 

H(q~) 
~ 

<0'11:£ 
p (35) 

I 0~> oaHaqaeT ocHOBHoe coCToHHHe a,npa-MHmeHH, cyMMHposamre npoao.IU:t:T
ca ITO IIpOTOHaM .FI,D;pa-MHIIIeHH. 

Mbi BH.I:u:IM, trro .3£PcJ;>eKTHBHoe ceqeHHe a rrponopl..l,llOHannHo se.ru:t:trnHe '+ 2 < 0 I ( :£ r p) I 0>, xapaKTepH3YIOII1eii pacrrpe)(eJieHHe rrpOTOHOB B HarreTaro-P . 
m;eM H,D;pe. MHTepecHo, liTO B y.rn.TpapenHTHBHCTCKOM npe.n;ene 3HepreTmre
CKaH 3aBHCHMOCTb U HMeeT IlpOCTYIO CTpyKTypy 
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u=alny+b, (36) 

rne a H b - KOHCTaHTbi paccMaTpHsaeMoro H,II;pa. 
3aMeTHM, lfi'O IlpH O~eHKe CYMMapHOrO ceqeHHH KYTIOHOBCKOrO B036:Y:>K

neHHH H pac:w;enneHHH 6blcTporo H,D;pa B norapmf>MHqecKoM rrpn6nn:>KeHHH 
MO)l(HO BOCIIOITh30BaThCJl <f>opM)'ITOH (19), IIOITO>KHB q ~ 1/RA, ecJIH RA?_ R K• 

"ij ~ 1/ R.,ecnH R" ?_R A' Y<rnThiBaH, 'ITO cornacHO (18) senH<rnHa 0- 0
08

, 

rne @ CB- 3HeprHH CBH3H, Mbl MO:>KeM HarmCaT& 

2 2 2 
4" (Za) ~ 2 v y 8 2 

a~ -
3 
--2-<0I(lrp) IO>[ln( c-e 2 ) -v ]. 

v P ~caR 
(37) 

llpH Bbixone 3a paMKH norapn€f>MHqecJCoro npH6JIH:>Kemm aeo6xonHM tru:c
neHHhrn pacqeT BXOI\lliiiHX B <f>opM)'ny (33) rrapaMeTpos 0 H B. 

5. IJpHMeHHM COOTHOIIIeHHJl (33) • (34) H (18) K penJITHBHCTCKHM Jl)\· 
paM c MaJibiMH 3HeprnRMH CBH3H H 6onhiiiHMH pa3MepaMH. PaccMOTpHM 
caaqana rrpocToH cnyqaH pac:w;enneHHH penHTHBHCTCKoro neHTpoaa B none 
KynoHOBCKoro ~eHTpa. I1cnOJib3YH xopoiiio H3BecTHoe rrpH6JIH:>KeHHoe Bbi
pru~<eHHe nJIH BHyTpeHHeH BOJIHOBOH €f>yHKUHH neHTpOHa 

1 -r/p / -e r 
v2iiP 

(38) 

1 
(3necb r - paccTomme Me)f(,ll;y rrpoTOOM H aeHTpoHoM, P=-=.., m- Macca 

1 
s0dm · 

vm0d 

(39) 

,I(JIH neHTpoaoa ace KOHetiHbie coCTOHHHH In> OTHOCHTCH K aenpepbiBHOMY 
cneKTpy, ECJIH [ D > eCTb COCTOHHHe OTHOCHTenhHOrO nBH:>KeHHH IlpDTOHa H 
HeHTpOHa c· HMrryiThCOM p H 3Heprneii p 2 /m, TO C yqeTOM (38) nerKO ITO· 
nytru:Th 
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~ 1 
<n I rp i 0> =-

2 

0TCIO,ll;a 

I ~~ 1 e -r p -iP r 
--(--e 
y2rrp . r 

1 ~ 
:S l<nlrp [0>[

2 
= -

4 
<Oir 

2
1 0> 

nf,o · 

B ITOJIHOM COOTB8TCTBHH C (39). 
Crre11yH (18), Bhi<rnCJIHM Teneph BeJIH<rnHY 

& ~ 2 &no ~ 
A =ln(c-) =( I [<nlrp[O>I ln(~))/<Oir ~10>. 

'"d nf,o "'d 

2 ' 
Y<rnThiBaJI, 'ITO & no= & d+ ~ norryqaeM ( CM. TalOKe 

1 1 •21 ) : 

c ~ I .... 2 \.SI no 2 1 X 3 2 
I [<n[rp[O>[ In(-)=-·- ( _::._--.,.ln(1+x)dx, 

n;fo &d rr m&d 0 (l+x)4 

A=-
16 ~r x3/2 

-=--ln(1 + x)dx .1,218. 
" o (1 + x) 

4,r;;;&; q 
---::--arctg ( ) . 

q 4vm& d 

3~ 4 
dr=--fe 

qp 0 

2r s!n(q~ ) 
p -dr = 

r 

( 40) 

(41) 

(42) 

• /12/ ~r -ax sin bx b Mbz 30ecb eocnOJlb30eaAucb paeeHcreoM : e -x-dx = arctga. 
0 
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CornacHo (24), (27) " (39) B paccMaTpHBaeMOM cnyqae 

- 2 £2 G(y) ~ l -- (arctg L) 
y 2 ' 

2 ry 2 
1 - -- (arctgy 'i;-) 

y 2 .~ d 
B ~ -3 ( ln y - [ 

0 dy 
-] dy ; 

y 

me 

1 2 
1 - -(arctg u) 

~ u2 
r ]n (2u 2 ) ~ [ --

du 
0 

]du~ln2+C, 

"" 1 arctgu 2 
c = 6 r ln u!- + _ __::____- - 2-c arctgu) ictu = o, 316. 

o u3 u4(1+u)2 u5 

(44) 

( 45) 

(46) 

(47) 

C yqeTQM (39), (41)-(42) H (46)-(47) <j:JopMyna (33) npHBOI\HT K CJle)J;y

IOII.{eMy BhlpiDKeHHIO ,lJ.JlH ceqeHHH KynOHOBCKOft ,ZJ;HCCOUHaUHH: 

(48) 

r)J;e 2A -C = 2,12. llpH ynbTpapenHTHBHCTCKHX 3HeprHHX (y » 1, V = 1) 

1 [ ln( 16l~)- 312] 
c 2 ·c • ' 

m (!Jdv \!.l d 
( 49) 

-2 2 
u d = 1,033 • 10 • Z (ln y + 2,84) M6. (50) 
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Uop;qepi<HeM, qTo peaynhTaThi ( 4 7)- ( 49) cooTaeTCTBYIOT npa6JIHlKeHBIO 
"TOlletU:Ioro" lcyJIOHOBCK.OrO I..J;eiiTpa, T.e. yCJIOBHIO Rd>>Rk, KOTOpoe MO)KeT 
6biTb BhiiiOJIHeHO TOJibKO B CJiytiae MHilleHeH C JierKHMH H,n;pa.MH ( cpe,Z:Uie-

. 1/2 
I<BaAPRTH~brH: pap;Hyc AeHTpoHa Rd=(<Ofr 2[0>) =..!!___ = 3 <f>M). EcJIH 

..[2 
Rk > Rd, To, KaK cne,r:r;yeT H3 (37), c norapH$MHtfeCKOH TOliHOCTLIO 

(51)* 

CpaaHeHHe ( 48) H (51) noi<aahiBaeT, no npa ynhTpapem<THBHCTCI<HX 
3HeprH.HX He3aBHCHMO OT COOTHOilleHHJI MffiK,Il;y pa,neycaMH ,ZJ;eii:TpoHa H 
H.IIPR-MHllleHH I<03<f><f>Hl1HeHT npH lny B <f>opMYne ( 36) 

a =·-du_,d,__ =.ll..(Za)2 _1_ =10-2 
d d(lny) 3 m&d 

z2 
M6. (52) 

6. UepeifAeM TenepL I< eynoHOBCI<OMY pac111enneHH10 ranepli)J;pa Xn. 
,lJ;aHHOe rnnepR.npO MO)KHO paccMaTpHBaTh KaK CBJI3a.HHOe COCTOHHHe .n;eiiT
poHa H A -qaCTHQbl. HaaecTHo, no aaeprHJI CBH3H A-qacTHUbl B ranepRApe 
~H Mana no CpaBHeHHIO C :mepraeif CBJI3H Hyi<nOHOB B p;eHTpoae (&A< 
<0,1 MaB 171 ). B cooTBEITCTBHB c 3THM pap;Hyc ranepli)J;pa 1n AOnlKeH 6biTh 
cyll1eCTBeHHO 6onLllle pap;eyca p;eH:TpoHa: 

"' 2 "'d 
(R 3/ R d) - T> 22, 

I\ A 
3 C yqeToM oqeHL 6onLlllHx paaMepoa nmepli)J;pa A H <f>opMYnhl ( 33)-

(34), Bb!Bep;eHHble npH ycnOBHB RR »RK, MOlKHO HCUOnL30BRTL AnH pacqe
TR ceqeHHJI I<ynoHOBCI<OH )l;HCCOQHai1HH ~H npai<Tii'leCI<H HR n106blX H)J;epHblX 
MHWeHHX, KaK C MaJlbiMH, TaK H C 60JibiiiHl\fif Z. . 3 

BayTpeHBJIJI sonaosaR <l>YH~ ranepH.I~pa ffi HMeeT CTPYl<TYPY 

* /!IIR Hepe/UITU6UCTCKUX oeiiTPOH06 ifiopMy/lll (51) COZ/lacyeTCJI Cpe:JyllbTaTaMU 

pac'leToe e 11 •21 . 
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rl(e ¢d(rp0 ) - BOJIHOBaH cjJyHKI(>fH l(eHTpoHa (38), ¢d(r dA)- BOJIHOBaH 

¢lyHKIU1H OTHOCHTeJibHOrO .D;BH)KeHHH A -llaCTHilhl 11' .n;eiJTpOHa, HMeiO~H 

a.HaJIOrHtn~b:lli BH,IJ.: 

1 (53) 
y2rrp 

paCCTOHHHe Me)K)l;y 1\ -qacnmeH: H ueHTpOM MaCe ,u.ei1TpOHa, 

p = 1 (54) 

r.n;e M - npHBe,n;eHHa.R Macca .n;e:ihpoaa H A-t~acTHI.J.hi, rnA H m d- Macchi .n;eH
Tpoaa H A -tzacTHilhi cooTBeTcTseaao (m d =2m) . Koop.n;HHaTa npoToHa no OT

HOllleHHIO K _p;eHTPX Mace n:mepH.n;pa BblpiDKaeTCH 11epe3 OTHOCHTeJibHbie 

KOOp.n;HHaThl rpn H r dA C llOMOI.I..l;biO ¢lopMyJibl 

1~ 

+ 2' pn (55) 

C yqeTOM (53), (38) H (55) H8XO,llHM MaTpH~hlli 3JieMeHT <01 I~~ 0>, 
orrpe.n.eJIHIO~ ce11eHHe KynoHoBcKoro pacmermeaHH rHnepH,upa ~ H: 

~2 mA 2 p 2 l 
<0\rp\0>=( ) 2 --+-p 

m A+md 2 4 

(56) 

mA 1 
+ 

4md(mA+md)&A Sm&d 

CorrracHo (33) H (37) npM yrrLTpaperrHTHBHCTCKHX 3HepmHx mnepHI\pa 

~ K03cjJcjJ~MeHT npll Jn.y B cjJOpMYJie ( 36) 

.aA = --
d(lny) 

12 

IT(Z a) 2 m A 1 
---[ ---:::-- + -. -l, 

3m (2m + mA) & A & d 

(57) 



IToAqepKHeM, qTo, KaK.B cnyqae Aei<TpoHa (eM. (52)), pesynhTaT (57) 
Bhixo.n;HT 3a paMKH npH6JIIDKeHHH "Totietrnoro" KYJIOHOBCKoro n;eaTpa 
R ~u >> R k· Hcao, liTO MaTpHtrnhie 3JieMeHThi onepaTopa OTHOCHTeJihHoH KO-,~~ ~ • 3 
op.nHHaTbi r dA oiiHCbiBaiOT KYJIOHOBcKyro ;::r;Hccou;H:a:muo AH c pa3Ba.JIOM Ha 
.ueftTpOH H J\-qacnuzy, B TO BpeMH KaK MRTpW!Hbie :;meMeHTbl OIIepaTOpa 
i'pn - KynoHoBcKyro AHCCO!lH!111HIO XH no KaHany npA. ITpoueccy XH + Z ~ 
.... d + A + z OTBet~aer rrepBhiii lfJieH, a npoueccy RH + Z -+ npA + Z - BTopoH 
qneH B ¢>opMyne (57). TaK KaK & A«·& d. OCHOBHOH BKJiaA B KyJIOHOBCKoe 
pac!llenneHHe rHnepHApa ~ AaeT pa3BaJI Ha AeHTpoH H J\.qacrney: 

u(dA) 
u(np A) 

llpn 3TOM ceqeHHe KYJIOHOBCKOH .nHccom::um;Im c IIOJIHhlM paaaanOM rHrrep
H.n;pa COBIIa,uaeT IIO IIOpH,Z:J;I<.:y BeJIHtffi:Hbl C CelleHHeM KyJIOHOBCKOii ,lJ;HCCOIUf
aQHH .n;eHTpOHa: 

u(npA) ~ "d • 

HaHI\eM Ha OCHOBe COOTHOllieHHH (33) -(34) HBHOe BbipiDKeHHe 1\JIH 
ceqeHHH u(dA). 0T6pacbiBaH BTOpOH qneH B (55) H llpOBOI\H cyqeTQM (53) 
BbltiHCJieHHH, a.HaJIOrHtrnbie paCtieTRM ,D;JIH .n;eJiiTpoaa, Mbl IIOJIYtGIM 

~ -- 114 
<n I r P I 0> ~ -./ 32" (2M& N (57') 

(58) 

KaK H CJie.n;oaano O)I(H,r:r;aTh, npaaaH qacTL (58) coananaeT c nepBbiM tmeHoM 
a ¢>opMyne (56) . 

3HepmH ao36y>K,IJ;eHHH B paccMaTpHBaeMoM cnyqae 

L 
2M 

(59) 

r)\e M - npHBeAeHHaH Macca. B cooTBeTCTBHH c onpeAeneHHeM (18) HMeeM 
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ln&=ln&A 
~ 2 ~no ~ 

+ < ~ I <n I r PI o >I In c-.-ll I <0 I r 2 1 o > . 
n &A p 

JierKO noKa3aTb, qro 

2 
~ I <n I 'P I 0> I 
n 

TaKHM o6pa3o:rv:t, 

Inli = In& A + A , 

&no 
In(-&-) 

A 

4m oo 3/2 
A ( .!.._ ( x In (1 + x) dx) • 

md (m d + m N & A " o (1 + x) 4 

rue A onpeuemu>rcH no <PopMyne ( 42); A = 1,218. 

(60) 

Y6eUHMCH Tenepb B TOM, 'ITO BeiTH'IHHa B, BXOUHli(aH B <PopMyny ( 33), 
TaKaR: :>Ke, KaK H B CJiyqae nefiTpOHa. ,I(eiiCTBHTeJibHO, cpopMQlaKTOp 

1 

21Tp 

rue p onpeuenHeTCH cornacHo (54). IIo onpeueneHmo (27) nepeMeHHaR 

(62) 

Orcroua cneuyeT, '<TO <l>YHKIJ;HR Qcy) = 1- j' 2(q 2
) onpeuenReTcR no <PopMy

ne ( 44), H, cneUOBaTeiTbHO, B COOTBeTCTBIDI C ( 46)- ( 47), 

B=ln2+0,316. (63) 

IJOUCTaBITHH B (33) 3Ha'leHHH (58), (60) H (63), npHXOUHM K pe3yiTbTaTy 

C y'<eTOM 'IHCneHHhiX 3Ha'<eHHH a= 1/137, m= 939 M3B/c 2
, m A= 1115 M3B/c, 

&d=2,23M3B 
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+ 3,83 
(65) 

r,n;e V - CKOpOCTb rHrrepR.n;pa 
JHITHBHC.TCKOM npe.uene 

(v 2 » {j,A ), y ~ ( l - v 2) -1/ 2 ) . B ynhTpape
m 

-a&d 1 &d 
d/1) ~3,85-10 --Ony +-In(--) 

c 2 c-
"'A "'A 

+ 3,33) M6. (66) 

IIo.n;qepKHeM, uo ceqeane KynoaoacKoH .u;nccou;nauHH rHrrepa.upa ~H 
cyrn:ecraeaHo 3aBHCHT or 3HeprHH CBR3H ijy A. B HacroRrn:ee apeMR rotrn:oe 
3HalJeHHe ijy A Het-f3aecrao, HMerorca JIHlllb ou;eHKH aepxHe:H rpaHHI.J;bi / 71 . 
B qacrnocTH, ecnH &d/&/F' 25, y ~ 5, Z ~50, TO ceqem<e cr ( XH4 d/1) ~1,35 6. 
B npHHu;Hrre HCCne,n;oBa.HHe rrpou;ecca pacruenneHHR rHrrepa.n;pa ~H B Kyno
HOBCKOM IIOJie MQ:>KeT 6biTb HCII0Jlb30Ba.HO ,UJIR: 3KCIIepHMeHTaJibHOrO onpe
,n;eneHHfl 3HeprHH caR3H A-qaCTHI.J;bi a rHrrepR.upe. 

ABTOp Bhipa>KaeT rny6oKyiD 6narouapHOCTh C.A.Xopo3oBy, no HHHUH
anme KOToporo 6bma Bbiiionaeaa aacTORIUaR pa6ora, H M.H.Ilo.u;ropeu;KOMY 
3a rrone3Hbie o6cy)I()J;eHHR, a raK:>Ke C.A.Ce,ubiX 3a rroMOIUb a pacqerax. 
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