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§ 1. 8 :e e .n e H H e 

npH COBpeMeHHOM COCTOHHHH TeOpHH KOnJaqeCTBeHHbJe xapaKTepHCTHKH IIpOUeCCOB 

CHnhHOI'O B38HMOAeiicTBHH MOI'yT 6b!Tb rronyqeHb! nHlllb Ha OCHOBe orrpe.neneHHh!X 

rrpe.nrronomemlii o MexauusMe HBneHHH. TaKoii Mo.nenhHOii TeopHeii .nonroe :epeMH 

,HBnHn8Cb CT8THCTHqecKaH TeOpHH <PepMH.- 0AH8KO ell!e B 1956 I'OAy B AOKna.ne 

ua CuMrrosHyMe a UEPH'e o.nnrtM. lis aaTopoB 6bina' ~hiCKasana KpHTH-Ka sToii TeopuH 

u 6hmo rrp'e.nnomeuo pas.nenHTb neyrrpyrue asauMo.neiicTBHH na "uenTpanhHbie" H 

/1 2/ 
"rrepucpepJaqeCKHe" 

1 
• C Tex IIOp 6b!n0 rronyqeuo MHOI'O HOBb!X OIIblTHb!X A8HHbiX 

no NN H "N - CTonKHOBeHHHM rrpu 6onhll!HX sneprHHX u Bhmonueuo neMano pac­
/3-6/ 

qeToB (eM. , r.ne rrpuae.neua rro.npo6naH 6n6nnorpacpHH). 8 HaCTOH!llee apeMH 

KameTCH 1 qTo ST8 6onee .[leTanbH8H K8pTHH8 H8XOAHTCH B YAOBneTBOpHTenbHOM cor-

nacnn c OIIhiTOM. 

8 .nanbHeiillleM orrHCb!BaiOTCH pacqeTbi- neyrrpyn1x "N -asaH:Mo.neiicTBHii rrpH 

sueprHHX E > 1 Baa-, KOTOpbie 6bmH BhmonneHbi B rrocne.nuee :epeMH B .lly6ue na 

OCHOBe cpH3JaqecKOii K8pTHHbl ABYX THIIOB CTOnKHOBeHuii. 

§ 2. -77N - B38HMOAeHCTBHi1 B 0AHOMe30HHOM IIpH6nHmeHHH 

PacqeTbi Bhmonnenhi B rrpe.nrronomeunH, qTo MexaHH3M o6Mena HMrrynhCOM Mem­

AY IIHOHOM H HyKnOHOM HBnHeTCH OAHOMe30HilbiM. Ha pHC. 1 H306pameHbl THIIHqllbie 

AHarpaMMhi. KaK BHAH0 1 cne.nyeT pasnnqaTh rrpoueccbi c qeTHbiM II neqeTHhiM qJacnoM 

p0lli.[l8IO!llHXCSJ IIHOHOB. 8 rrepBOM cnyqae O.CHOBHb!M rrpouecCOM HBnHeTCH pom.nenHe 

IIHOHOB B rrepncpepuqecKOM 1T1T -cTOnKHOBeHHH ( AH8I'p8MM8 A) • 8 cnyqae HeqeT-

uoro qJacna IIHOHOB sToT rrpouecc corrpoaom.naeTCH pom.neHHeM o.nuoro rruona B rrpo­

uecce pacceHHHH BHpTyanhHoro MesoHa na nyKnoHe ( .nuarpaMMa B). 

C 'rrpoueccoM, Hso6pamennbiM AHarpaMMoii A, MomeT KOHKypupoaaTb rrpouecc, 

H306pameHHblll na puc. 1 AHarpaMMOll A 
1

• no.no6Hb!M me o6pasoM rrpouecc 8 MOllieT 

HMMHTHpOB8TbCH rrpouecCOM, H306pameHHb!M AH8I'p8MMOH 8 1• 

/9/ 
n.Po.n6eprOM 6bFIO IIOK838H01 qTo AHarpaMM8 A, COOTBeTCTBYIOill8H 

B38HMOAeiiCTBHIO C KepHOM HyKnOH8 ( CM.pHc. 2a) 1 .naeT suaqH:TenbHO MeHbll!Hll BKna.n, 

uemenH .nuarpaMMa 8 (pH c. 2a), rrpe.ncTaBnHIO!llaSJ 

AH8I'p8MMbl BXOAHT K8K COCT8BHb!e qacTH B AH8I'p8MMbl
1 

H306pame'nnhJe 118 pHc.1. 
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B qacTHOCTn, no 9TOJi npnqaHe OK83biBaeTCH BbirOLlHbiM 3BMeHnTh uaa mwaa, po:>K-
. I 

Ll8!1Hb!X KepHOM HyKnOHa ( LlnarpaMM8 A ) Ha LlB8 HHOHa, pO:>KL18HHbiX B TTTT -:CTOnKI-10-

1 
nennH (unarpaMMa A). TaKoe paccy)KLleHne npHMeHHMO K unarpaMMe B H B • 

no9TOMY LlOCTBTO'lHO paCCM8TpHB8Tb nHWb npoueCCbl A 11 B. CooTB8TCTByro-

WH8 HM C8'!8HHSI HM810T BHLl: 

3uecb 

(12n (E)= g _1_._qj"' n q'2dq 
grr2v o q P w 

0 0 

a(2n) ( 1 )Jl-( ~) 2'Q· 2 X 
TTTT I) 

4 ) -X I _1_ rn ( 1 + 
4pq 2 p q - 2 p q - 2 \1 2 + fl. 2 

0 0 

p.2 

( 2 p q - 2\1 2 + fl. 2) 2_ 4 p 2q 2 
0 0 

.P 

a (E)= 1 7"" P
2
dP 

2n+t 4rr3v · ---

E-yP2 + mll r n sV1- < .1g_) 2~C2W(S) d P 
s TTTT 0 o p

0 
w 

.JP2+(M+p./ 

a (p)j(R2-\12-p.2)2-41\12p.2' 
X -2~----------------

(ZPp -\f2-R2+p.2)2-4P2p2 
0 0 

q 

...., 
_ _!_ J ( E + \1 + m )( E + M - m ) ( E "'" \1 + m ) ( E - \I - m ) 2E n n n n max n 

2 ( ..:z · p2 2 ( )2 2 R2 p2 p2 s = E-Pa' - ; Q = E- qo ·- q , = o -. 

P =q I 
max n max n m , -+ m n + p. 

(1) 

X 

(2) 

·l 



2 
P2 = p2+ M 
0 

2 
q2= q 2+ M 

0 
E - rroJmaH aHeprrrH rrepBH'IHbix qacn!ll: B CMS 

p - HMITYJJbC rrepBH'IHOrO HyKJJOHa B CHCTeMe ueHTpa Mace ( c.u.M.), M -Mace a 

HyKJJOHa , mn - cyMMa Mace qacnru, pO)KJJ:8IOil.mxcH B 1717 -cTOJJKHOBeHrrrr, v 

OTHOCHT9JJbHaH CKOpOCTb ITHOHa IT HYKJJOHa B C.U.M., 

.ll9HCTBHH 1 g 2 
- KOHCTaHTa 17 N - CBH3ll. Q) rr 8HeprrrH rr Macca nrro-

Ha B c.u.M. <PopMyna ( 2) rrMeeT CMbiCn, ecnrr B 1717 -cTOJJKHOB9Hllll pO)K)laiOTCH 

TOJJbKO Jllllllb 17 
-Me30Hbl;. B CJJyqae p0)KJJ:9HHH HyKJJOH-aHTHHyKJJOHHb!X nap 

cpopMyna ( 1 ) cnpaee.n:nrrea KaK .n:nH 'IeTHoro, TaK n JJ:JJH He'IeTHoro 'Incna 17 -
1 ) 

M830HOB 

B paccMaTprreaeMoM pacqeTe, Kor.n:a rrpe.n:nonaraeTcH, 'ITO o.n:HoMe30HHoe npn-

15nn)KeHne rrprrMeHnMo JJ:JJH CKOJJb yro.n:Ho 6onbrurrx rrepe.n:aq HMITYJJbCa ( .n:anee Mbi 

yBII.llllM 1 'ITO BKJJa)l O'I9Hb 60JJbll1IIX nepe.n:aq IIMITyllbCa B .ll9HCTBHT9JJbHOCTH OKa3bi-

BaeTCH H9B8JJHK) 1 BCe 1717 - B3aHMO.ll9llCTBHH 06b8JlHH9Hbl B B9pXHHX y3nax .n:na-

rpaMM A ll B. npil 8TOM JJ:HarpaMMY B MO)KHO 3aMeHHTb 8KBHBaneHTHOll e.ii .n:narpaM­

MOll .ll (cM.pnc.3). 

Bbr'IncneHrrH noKa3aJJH, 'ITO .n:narpaMMbi Trrna .ll .n:aiOT 3Ha'IHTeJJbHO MeHblllHH 

13KJJ8Jl E\ 17N· - B3arrMo.n:e.iiCTBne, He).Kenn .n:narpaMMbi Tnna A. 3To BH.llHO H3 

Ta6JJHUbl 11 r.n:e npHB9.ll9Hbl OTHOil19HHH C9'I9HHH .llJJH 'I9THOrO IT H8'I9THOrO 'I!ICJJ8 

M930HOB ITp!I pa3HhlX 8Hepr!IHX rrepBH'IHOrO 

.llnH Ka:iK.n:oro 38.ll8HHoro n 
OTHOilleHHe ceqeuH.ii a 2n+t I a 2 n B03pacTaeT 

npn yeenn'IeHrrn aHeprHH T , o.n:uaKo c pocTOM 8HeprHn 6biCTpo yMeH~;>ruaeTCH 

OTIIOCHT9Jli;>Hb!H BKJJa)l KaHana C 3a)laHUblM n Mo)KIIo CKa3aTb, 'ITO KaHaJJbi, 

.llaiOI.UHe OCHOBHOH BKJJ8Jl BO B38HMO.ll9HCTBH9 0 pacnOJJO)K9Hbl B JJ:HaroHaJJbHO.ii 'I8CTH 

Ta6nnuhl; rrpn 8TOM a >> a2n + 1 • 
2n 

.[laHHbie T86JJ!IUbl 1 ITOK83b!Ba!OT 1 'ITO ll3Y'I9HH8 reHepaunn , H9'I9THOro 'IHCJ!8 

M930HOB rrpH BbiCOKOH 8HeprHH rrepBH'IHOro ITHOHa MO)K9T CJJy)KHTb CUOC060M H3yqe­

HHH KepHa HyKJJOHa. 0.n:HaKO Cne.n:yeT HM9Tb B BH.lly 1 'ITO 8TII K8HaJJb! HBJ!HIOTCH BTOpo­

CT9fi9HHbiMH; p0)KJl9H!Ie 60JJbll10rO '!9TH OrO 'IHCJJa miOHOB 6y .ll9T rrpeo6na.n:aiOil.1HM 

npoueccoM npH 8THX BhlCOKHX 8HeprHHXo 

1 ) 
3aM9T!IM 0 'ITO 'IIICJJ9HHO 6JJH3KH9 pe3yJJbTaTbl fiOJJy'IaiOTCH TaK)K9 rrpH HCITOJJb-

30B811liH MeTo.n:a Be.iiu3eKepa-BanbcoHa 18/ \. 
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§ ::i. mr - B381IMO,lJ,eHCTBIIe 

.[lmi ~b!qiiCJieHIISI OTHOCIITeJibHOH MIIO)KeCTBeHHOCTII IIIIOHOB 0 rrepe.naqii IIMIIYJibCa 

II .UJIH yrJIOBbiX pacrrpe.nerrenHii Heo6xo.nHMbi rrapuHaJihHbie ceqeHIIH mr -B381IMo-

,lJ,eHCTBII51. napUH8Jlbllb!e ceqeHII51 HeyrrpyrHX B381IMO,lJ,eHCTBHll 6hiJIII BbJqiiCJieHbl. B 

rrpe.nrroJIO)KeHIIH OTCYTCTBHH KoppeJIHUHii Me)K.ny qacTHU8MH, po)K.neHHbiMH B mr -

CTOJIKHOBeHIIH. TaKoe rrpe.nrroJio)KeHIIe rrpiiBO.UHT K ~aKTOpH38UHII MaTpiiqHoro srreMeH­n-z 
Ta- p0)K.IJ.eHII5I .qacTIIU B mr -cTOJIKHOBeHII51X B BH.Ue - {} (E) Pn (E)} 

r.ne E ' 
- suepriiH rrepBIIqHbiX qacTIIU B c.u.M., pn (E) IIMIIyJihCHblll 06'beM .IJ.J15I 

n -qaCTIIU, O(E) HeKoTopbrii TpexMepnhrii o6'beM. BbrqiicrreHIIH 6hiJIII rrpOII3Be.ne-

{l(E) = (_!_ )3 ~ 
f.LC E 

2) 
Hbl B ·IIpe.UIIOJIO)KeHIIII 1 COOTBeTCTByiO!lleM TeopHH cfJepMII 

npii CT8TIICTIIqecKirX pacqeTax 7711' - B381IMO.UeHCTBIIll yqiiTb!B8JIOC b pe30H8HC-

HOe B381IMO.UefiCTBHe 11' -Me30HOB IIpii \1* = 0,6 M B cocTOHHIIH c H30TOII1Iqe­
rrrr 

CKIIM CIIIIHOM T = 1 H CIIHHOM I = 1. npii BbJqiicJieHH5IX Ilp~HHM8JIIICb BO BHHMaHne 

K8H8Jlhl BIIJIOTb .IJ.O n =8, yqiiTb!B8JIHCb T8K)Ke K8H8Jlbl C pO)K,lJ,eHneM HyKJIOH-aHTII-

HYKJIOHHbiX rrap. 

KpoMe ueyrrpyriiX 11'11' -B38l!MO.UefiCTBIIll CJie.nyeT yqiiTb!B8Tb T8K)Ke yrrpyroe 

rrrr -paCCe51HIIe. B H8CT051!llee BpeMSI IIOJIHOCTb!O OTCyTCTBYIOT K8Kne-rrii60 SKCIIepii-

MeaTaJihHbre .naHHbre o BeJIIIqnue ceqeHnH TaKoro pacceHHIIH •. no auarronrn c rrN H 

/11/ 
NN -B381IMO.neiicTBIIeM MO)KHO 6hiJIO 6hr O)KII.IJ.8Th1 qTo ceqerme yrrpyroro mr -

pacceHHnH ~e < "" > COCT8BJI51eT 110p51.UK8 TpeTn OT ceqeHH51 Heyrrpyroro 11'11' -

pacce51HII51. OueHKII IIOK838JIII 1 qTO B rrpe.nerrax TOqHOCTII COBpeMeHHb!X SKCIIepiiMeH­

TaJibllb!X ,lJ,8HHb!X pe3yJihT8Tbl pacqeTOB crr'a6o qyBCTBIITeJibHbl K rrpe.UIIOJIO)KeHHIO 0 

BeJIIIqnue ~e(rrrr) 

np1IHHM851 Heyrrpyroe ceqeHIIe rrN -cTOllKHOBeHU51 paBHb!M 23 mb II KOHCTaH-

Ty ·rrN -B38l!MCJ.UefiCTBl!51 g 2 = 14,51 l!3 ~OpMyJI ( 1 ) II ( 2) MO)KHO OUeHUTb s~-

~eKTVBHOe ceqeuiie 11'11' -B38HMO,lJ,eHCTBH51: 

arrrr .........,. 40 mb • 

2) 
npe.UIIOJIO)KeHne 06 

HHeM Be.UeT K {} (E) = const 

OTCyTCTBHH KOppeJI51UHll T8K)Ke i1 C HaqaJibHb!M COCTOg­

( Teopng Cy .uapwana), rrpaKTnqecKn o6a rrpe.nnorro­

( CM. T8K)Ke /10/) • }KeHH51 .IJ.810T 6JIII3KHe pe3yJihT8Tb! 
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§ 4, PeaynbTaTbi pac'!eTa 

Ha pnc. 4 npnBe.lleHbi peaynbTaTbi pacqeToB no MHO)KeCTBeHHOCTH PO*.lla!OlUKx-
3) 

CR 'IaCTHU (c Y'I9TOM HyKnO~a OT.lla'IH) : 

n (EJ = ~ ( 2n + 1 ) C12n ( JPo) / ~ C12n( E0) • 
n n 

(3) 

Ha rpaqmKe BH.lleH poeT MHO)KeCTBeHHOCTH c :;;meprnefi. xopowo cornacyiDlUeficg 

C aKcnepHM9HTanbHbiMII ,llaHHblMH, (Ba6naorpa¢aro aKcnepHM9HTanbHbiX pa6oT CM, 
/4-6/) 

B • 

Ha pac. 5 · npnBe.lleH HMnynbCHbiH cneKTp npoTOHOB OT.lla'IH a c.u.M • .llnR aHep-

rHH nepBH'IHbiX "-· -MeaoHoB Eo .'=7 Baa (na6op.cncTeMa): 

w ( p) = ~ I _<!_ en < 1 + -::----=--4_,_p-'-q--=-=-=---..-
q 4 p q 2 p q - 2p q - 2 \12 + p. 2 

0 0 0 (4) 

r.lle -ro KaHana TTTT -aaaHMO.ll9fiCTBHR i n' 
p 

'Incno npoTo-

HOB OT,lla'IIIt OCTanbHbie 0603Ha'I9HHR Te )K9t 'ITO If B cPOpMynax ( 1) H ( 2), 

KaK BII.llHO, Bbi'IHcneHHbie aHa'IeHHR (L) ( p) 6nH3KH K aKcnepHM9HTanbHbiM." 

Ha pnc. 6 .llnR aHeprna TT -Me30HOB E0 = 7 Baa yKaaaHo yrnoaoe pac-

npe.lleneHne llpOTOHOB OT,lla'IH B C,U,M,: 

qmaxf 

w (Q)=~ n1 J a1 (s) 
p 0 TTTT 

Cornacne aKcnepHMeHTanbHbiX H TeopeTH'I9CKHX pacnpe.lleneHnil: nonyqaeTCR 

anonHe y .llOBneTaopnTenbHbiM, 

Ha pnc. 7 npnBe.lleHbi yrnoBbie pacnpe.lleneHHR npoTOHOB OT.lla'IH 

E =3 H 16 BaB. 3TH pacnpe,lleneHHji Hop~mpoaaHbi TaKHM o6paaoM, 'ITO 

3). LhrcneHHb!e paC'I9Tbi BblllOnHeHbl Ha aneKTpOHHOfi MariiHHe J~::-20 B Bbi'IHCnH­

TenbHOM ueHTpe OH:HH:. 
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1T 

2 1T J w( 8) sin 8 d8 = 1. 
0 

B Ta6nHue 11 .llfiSI c.u.M. yKaaaHbi cpe,llHHe aHatieHHSI HMrrynbCa rrpoToHa OT.lla-

'IIi 

p=Jpw(p)/Jw(p) dp (6) 

H cpe.llHHe aHatieHHSI ero rrorrepetiHoro HMrrynhca 

r,lle 

· ~ = Jq..~.w..r.(q.L) dq.L/Jw..r. (~) dq.L 

-I 2. .z. 
v q"'"" - q.L 

yq' - q}. t' 
. -·I 'J mul u' (s') Poqo,~-pt-\ -w,~(qL)-q"' nP ,rrrr (2p q -2pt -2M'+IL')' -v q., _ q; o 0.1. 

maxi 

3 3 I 
s' = j( E ;_ q ):~- q.l- t 

£1.4 ' ' ' ' q =1\f +q +t 
O.l .l 

dt 

"o.t. 

( 7) 

(<J) 

KaK BH.llHO H3 Ta6nHUbi, TeopeTHtiecKrre aHatieHHSI ~ H3MeHSI!OTCSI O'!eHb 

Me,llneHH0 0 'ITO COrnacyeTCSI C 8KCIIepHJMeHTaflbHbiMH ,llaHHbiMH 1 rronyqeHHbiMH Ha 

yCKOpHTefiSIX H B OIIbiTaX C KOCMH~eCKHMH nyqaMH. 

I-13 BbiiiOfiHeHHbiX paCtieTOB MO)KHO C,llenaTb aaKniO'leHHe 0 TOM, 'ITO MexaHH3M 

rrepH¢epHtiecKoro 1T7T -CTOfiKHOBeHHSI SIBfiHeTCH IIpeo6na,lla!OIUHMo 

B HaCTOHIUee speMSI pacqeTbi rrpo.llOIJ)KaiOTCH B o6nacTh 6onee BbiCOKHX aHep­

rHil: H II3y'!a!OTCSI IIp!i'IHHbl TOrO IIfiii IIHOrO IIOBe,lleHIISI Bbi'IIICfleHHblX xapaKTepiiCTHKo 

Y.lloBneTBOpiiTenhHoe cornacHe HaiUIIX TeopeTH'leCKHX pactieToB c aKcrrepiiMeH­

TanhHbiMII ,llaHHbiMII yKa3biBaeT Ha TO, 'ITO C,llenaHHbie IIpH6fiH)KeHHSI; 

a) rrpeHe6pe)KeHIIe MHOrOIIIIOHHblj\1 (a BMeCTe C 8THM II "ueHTpanhHblMH" 

B3aHMO,lleii:CTBHSIMII) II 

6) 3aMeHa BIIpTyanhHbiX aMIIniiTY .ll Ha peanhHbie ( II3BeCTH00 'ITO B HeKOTOpb!X1 

/12/ 
6onee TOHKIIX, BOIIpOCaX TaKaSI aaMeHa e,lleT K rrapa,llOKCaflbHbiM pe3Y,flbTaTaM ) , 

IIpiiBO,llSIT K OIUH6,.KaM, HaXO,llSIIUHMCSI B rrpe,llenax TO'IHOCTII IIMe!OIUHXCSI 8KCIIepHMeH-

TBnhHbiX ,llaHHbiX. 
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noJ'IbSyeMCSI CJlyqaeM II06J'Iaro.aap!ITb COTpy .OHIIKOB Bbl'iiiCJ'I!ITeJ'IbHOI'O UeHTpa 

OvHH1 H.H.f'oaopyHa, KIIM. Xe nxeHb II n.JIII6J1 sa 60J'IblllYIO IIOMOLUb IIPII 'iHCJ'IeH­

Hb!X pac'ieTax. Mbr 6naro.aapHbi TaK)Ke CSIHb .[l.IIH-qaH sa nonesHbre o6cy)K.aeHHSI 

MeTO.OOB paC'i9Ta sapSI.OOBblX pacnpe,aeneHIIit B. CTaTIICTII<ieCKOit TeOp!I!I, 

T a 6.n H u a 

T Baa a3/'U2 as /·a4 

2 0,1 

7 0,15 

100 0,25 

1000 2 0,5 

T a 6 n H u a 11 

KIIHeMaTH'iecKaSI Cpe.aHIIit HMIIYJ'IbC IIpOTOHOB Cpe.aHHit IIOIIepe'iHbltl: 

aHeprHSI 1T OT.Oa'i!I p Baa/c IIMIIYJ'IbC IIpOTOHOB 

MesoHOB Eo Baa OT,aaqH P.·. BaBic 
(na6,CIICT,) TeOp!ISI OIIbiT TeOp!ISI OIIb!T 

3 0,5 0,3 

7 0,8 0,89+0,04 0,4 0,37:!:.0,04 

10 0,85 0,45 

16 1,15 0,5 0,4 
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Puc. 4. ·cpe.cmee 'IHcno qacTHU:, po*.aaiOruuxcH B rrp -cTonKHOBeHHHX rrpH 

pa3J1H'IHhlX BHeprHHX rrepBH'IHOro 1T ·-M830H? (na6,CHCT8Ma), i 
rronHoe 'IHCJIO, "ii± - 'IHCJIO sapSJ)KeHHhiX 'IaCTHU:. B BTH sHa'IeHHSI 

BKJIIO'I8H T8K)!{8 HYKJ'IOH OT.ll8'IH, 

lt.:..._~~\ --
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