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BBE,QEHHE 

PacnaA He~rpanbHoro m1oHa Ha $oroH 1-1 noaHrpoH~-tl~/1 / 

/1/ 

n03BOJlR€T nOI1Y4HTb HS npOTOHHbiX yCKOplr1T€IlRX BbiCOKHX 3Heprltt~ 
ny4KIII pemnHBV!CTCKio1X n03!-lTpOHI-1€B/2l, 14HTeHC"'BHOCTb 3TI4X ny4K08 

8 3SBIIICHMOCTio1 OT 3HepnH1 yCKOPHT€1lR, yrna, 1 ~0A KOTOpbiM 8€AeT

CR perlt1CTP8l.II4R STOMOB, 1-1 OT TO!lll\YIHbl MYIW€HI-1',
3 

paCC4HTaHa 8 pa-
60T€ /4/, 

Ce4€HHe paaeana penRTHBHCTCKoro noaHTpOHHR a ee~ecrse He 
3SBHCHT OT 3HeprHH. EcnH n03HTpOHH~ HSXOAHTCR 8 OCHOBHOM co
CTORHHH H 83SHMOA€~CTBY€T C yrnepOAOM, TO 3HS4€HHR C€4€HHR 
paasana 1o1 AilHHbrA, Ha Koropo~ ny40K ocna6nReTcR a e pa3, coor
aercrseHHO paBHbr /5 1: 

/2/ 

8 HSCTOR~€~ pa6ore o6pa~eHO BHHM8HH€ HS TOT ¢at<T, 4TO npH' 
ABHmeHHltl noa~ttrpoHHR 4epea cnoH ae~ecrsa ron~HHOH a AeC~TK~ A. 
BpeM~ ABHJKeHH~ T OKa3b1BaeTC~ MHOrO MeHbWe aTOMHOa1 eAHHYll-'bl Bpe
MeHH n03HTp0Hl4~ r, paBHO&I! 

' = 4,84·10- 17 c, 131 
ecnH raMMa-¢aKrop 
yrnepOAHO~ nneHKH 
npH raMMa-¢aKrope 

n03HTpOHH~ AOCTaT04HO BenHK, nycTb TOfl~HHS 
L=10h2,2 MKM, T= L/c= 7·1o- 15 c. TorAa 
y = 1 , 5 • 1 0 3 H-MeeM COOTHOWeHHe: 

k =_!_~()l 1 . « . /4/ 
'y 

3Ha4eH~-t~ y - 10 3 710 4 nmH4Hbl Afl~ ny4KOB A2e . ATOMbl, An~ K9TO
Pb1X BblnonH~erc~ ycnoeHe /4/, 6YAYT Ha3biBSTbCR ynbrpapenRTHBHCT
CKHMH. 3aMeTHM, 4TO AflR Be~eCTB C 3aPRAOM, 60JlbWHM Z yrnepOAS, 
HepaeeHcreo /4/ YAOBnereopReTCR np~-t MeHbWHX aHa4eHHRX raMMa
¢aKropa. 

AfiR YJlbTpapenRTHBHCTCKHX STOMOB sepORTHOCTb npOXOmAeHHR 
4epe3 nornOn1TeJ1b TOJ1~1o1H0&7i L OKa3biBaeTCR .60JlbWe Bein14HHbl, Bbi-
4HCJ1eHHOH H3 COOTHOWeHH~: 

W(L) = e -L/A. /51 
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Op~-1 L-SA paCXO~AeHvte C.$0pMynoC1 /5/ AOCTvtraeT nopRAKa VI pac

TeT c ysenvt4eHvteM L. 3ToT 3$$eKT 6yAeT a AaJlbHeHweM Ha3btsaTbC.A 

csepxnpOH~t~~aeMocTb~. 

O~eHKH sem14~t~Hbl ceepxnpoH~t~~aeMocT~t~ AI1A no3HTPOHHA a ocHOB

HOM COCTOAHI-11-1 npvtBOAATCA B §1. npvtMeHeHvte 3TOrO 3$~eKTa AJlA 

H3MepeHHA BpeMeHvt nepeXOAa HeCTa~VIOHapHOrO CBA3aHHOrO COCTOA

HVIA a cTat.tvtoHapHble, a TaK}I(e c ~eJlbiO nposepKVI ~opMbt npeo6paao

saHVIA nopeH~a AJlA BpeMeHVI V13naraeTCA COOTBeTCTBeHHO_ B §2 VI §3. 

§ 1. Ol\EHKA BEfl~4~Hbl 3C!><l>EKTA CBEPXnPOH~l\AEMOCT~ 

AnA 3KcnepVIMeHTanbHoro Ha6n~AeHHA 3¢¢eKTa csepxnpoHVI~ae

MOCTVI Ba}I(HQ 3HaTb TOJl~HHY norJ10TvtTeJ1A, npVI KOTOpO~ MO}I(HO Ha~ 

6J110AaTb 0TKJ10HeHvte OT rrorno~eHVIA no 3KCnoHeH~vtaJ1bHOMy 3aKOHY, 

VI KOJlvtYeCTBO n03vtTpOHvteB, OCTaBWVIXC.A 8 OCHOBHbM COCTOAHVIVI. 

noavtTPOHvtH, ABV~ra.Acb s none aToMa, paasanvteaeTc.A c sepoAT

HOCTb~, Ha nopAAOK 60JlbWeC1 sepO.ATHOCTH B036ymAeHVIA. no3TOMy 

npvt AailbHeHweM paCCMOTpeHvtvt npo~ecc B036y>~<AeHI-1A He 6yAeT Y41t1-

TbiBaTbCA, 

npH Bb!nOJ11-:ieHHV1 YCJ10B-J.1A ./4/ BOilHOBa.A ¢y.HK~vt.A·, · OnHCbtBa~~aA 
CBA3aHHOe COCTOAHvte {e+e-) B Be~eCTBe, 6yAeT MeHATbCA TOilbKO 

nOA BilHAHHeM B3aHMOAeC1CTBHA C aTOMaMVI nOrilOTHTenA: B3aHMOAeH

CTBvte Me}I(AY YaCTVI~aMvt (e+e-)-cHCTeMbl aa BpeMA T-COCTOAHI-1e 3TOC1 

CVICTeMbl npaKTVI4eCKVI He MeH.AeT. 

~3·3aBvtCVIMOCTVI -Avt¢¢epeH~HaJlbHOrO Ce4eHHA pa3Bana OT senvt

YI-1Hbl nepeAaHHoro Httlnynbca q cneAyeT, ~To npvt q < 0,5 q~ VI q>Sq
0 

3HaYeHvtA C.e4eHVIA ·MaJlbl. 3TOMy VIHTepeany nepeAa'-1 COOTBeTCTBY~T 

3Ha4eHvtA np!ll~eilbHbiX napaMeTpoe OT b,2a* AO b . -0,1 a , PaccMOT-
~ m1n 

pvtM ABvt}l(eHvte n031t!TpOHHA B ~VIJlVIHAPH4eCKOI-1 CHCTeMe KOOpAvtHaT C 

OCbiO Z, HanpaBileHHO~ no ABH}I(eHvtiO aTOMa, VI HaYailOM B l..leHTpe TA

>KeCn1 .. n03vtl:POHY!A /pvtc. 1 I. BepoATHOCTb Bbt6vtBaHI-1A aneKTpoHa, Ha

XOAA~eroc.A B I..IHJlHHAPVIYeCKOM CilOe paAvtyca p, 6yAeM C!.lvtTaTb npo

nop~HOHailbHO~ KOilvt4eCTBy aTOMOB Be[4eCTBa, pacnOJlO}I(eHHbtX MemAy 

~HilHHAP¥1'-IecKHMVI noeepXHOCTAMH c paAvtycaMH R1 =p- b 1-1 R2 = p + b, 

ecil~t~ p> b, VIJl\11 a I..IVIJ1vtHAPe c paAvtYCOM R 3=p+ b, ecnvt p<b/pvtc.l/. 

B 3TOM npvt6nvtmeHVII-1 c y4eTOM ycnosvtA /4/ nerKo noKaaaTb, 4TO: 

2 2 -fS(p.b)L 
l<fr(p.z.L)I =l<fr(p.z.Oll e 

* q 0- HMnYilbC 3IleKTpOHa B n03HTpOHYH1, 

yc n03HTPOHYIA. 

2 

!6! 

171 

a - 6opOBCKH~ paAvt-
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PHc. 1-. )lsmKeHHe rro3HTPOHH1I 

J 

8 L 

' 

B ~HJIHH,D;pHT.J€CKOfl: CHCTeMe KOOp

,D;HUaT. TiyHKTHPHbiMH flHliHHMH rro

Ka3aH 06DeM, B KOTOpOM pacrro

naraJOTCH aTOMbl Be~eCTBa, Bbl6H

BaJOllJ,He 3neKTpOHbl H3 I..J;HJIHHP,pH

'tleCKOrO cnoH pa,D;Hyca p. Cneaa -
cJiy'tlaH p < b, crrpasa - p > b. 

PHc.2. 3aBHCHMOCTb cpep,Hero 

3HaT.JeHHH rrorrepe'tiHoro pa3Mepa 

CHC TeMbi ( e +e-) OT TOJIIIU'lHbl MHme

HH. KpHBaH I Bhl'tiHCJieHa ,IJ,JlH b=a, 

KpHBaH 2 - ,[VIH' b. 2a. 

S(p,b)= 
p< b 

!8! 
p > b, 

rAe 1/J (p ,z,O) - BOJlHOBa.R <J>yHt<~Hfl n03HTpOHHfl 8 OCHOBHOM COCTOfi-
HHH, 1/J ( p , z', L) -- BOJlHOBBfl 41YHt<4Hfl CBfi3BHHOrO C<?CT(>f!HHR 3JleKT
pOH-a "' no3HTpoHa nocne npoXO}f(AeHHfl enos:~ Mornon1tens:~ TOJlll.\HHOH 
L, f - K03<J><J>H~HeHT, KOTOp~H 6yAeT OnpeAeJleH. ' 

Ha $OpMy11~ /6/ CJleAyeT,"'TO npH yaeJ1H4eHHH TOJliJ.IHHbl nornon1-
Te!l.R nnOTHOCTb aepOfiTHOCTH 06Hapy}f(eHHfl 3!leKTPOHa B CB.R3BHHOM 
COCTO.RH\.1\11 _naAae:r TeM_.5biCTpee, 4eM 50!lbWe Be!lH4HHa p-. 8epO.RT
H0CTb 05Hapy}f(eHHfl 311CKTPOHa H no3HTP0Ha B CB.R3aHHOM COCTOfiHHH 

2, 4 W(L)=fi,J,(p,z,L)i dV=-· . a" 
f Kl (~) e -fS(p,b)L 
o a 

191 

noTpe6yeM, '-no6bl Afl.R TOHKor.o nor;nonHen.R paanO;>t<eHHe .<J>opM;Yilbl. 
191 coanaAano c pa3JlO}f(eHHeM $OpMynbl /5/. TorAa AJ1.R K03<I><I>H
~HeHTa f nony1.1aeM: 

4! ~ K 2p , 2 1 -- f 1(-)S(p,b)p dp =-. 
a3 0 a A /10/ 

npH b:: 2a H b., a 3Hal.leHHfl f CbOTBeTCTBeHHO paBHbl: 

f._l_·(b-a). 
4,82A 

/11 I 
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3aBI-'!C~MOCTb cpeAHero 3HS4€H~fl {J (L ), Bbi41-'!CileHHSR no $OpMy!le: 

2 
p(L)= frlo/(p,z,L)I dV, /12/ 

npeACTSB!l€HS HS p~c.2, 1-13 KOTOporo C!leAY€T, 4TO nonepe4H~H 

pS3Mep CBR3aHHOrOC'OCTORHHR ( e+e-) yMeHbWSeTCR C yBe11,H4eHYI€M 

L. Ec11H 3TO H3MeHeH~e y4eCTb np~ Bbl4~cneH~H W(L), TO 3Ha4e-

HYIR ¢JYHK~~H eoapacTyT. 

np~ nOCTSHOBKe 3KcnepHMeHTS HSH60!lee npOCTO per~CTpHpOBSTb 

n03YITpOHHH B OCHOBHOM C0CT0RHioH1. ,D..nR 04€HKH SMnil~TYAbl B~pORT

HOCTYI o6HapymeHYIR n03YITPOHHR B OCHOBHOM COCTORH~~ C(L) HCnOJ1b-

3yeM COOTHOW€HHe 

C(L)~ f<j,(p,z,L),P*(p ,z,O)dV= 

fS(p,b)L . 
2 - -

2
--- Ia{p,z,L) 

= r I if;(p,z,O)I e e dV, 
/13/ 

rAe a( p ,z, L) - pa3HOCTb ¢Jaa BOJ1HOBbiX Q>yHK4~H. 8 ~cnonbayeMOM 
npJ.16!1HmeHHH Halo160!lee Clo1!lbHOi1 A0J11l<Ha 6b1Tb 3aBHCio1MOCTb a· OT ne

peMeHHOi:1p. npeAnonaraR a nnasHoH ¢JYHK4~eH p, paanomHM ee a PRA 

8 0Kp€CTHOCTYI T04KYI p~pO 

a(p,z,L)= a(p,L)=a(p 0,L)c A(p0 ,L)(r-r0 ). /14/ 

noACTaanRR /14/ a /13( "nonaraR ro= a, a 3HS4€HYIR napa ... 

MeTpa A paBHbiM" HYiliO " a I!IlR wo (L) =I C(L)! 2 nony4aeM 04eH-

""· .npYIB€A€HHbl€ S Ta6m14€. 

Ta6nHll;a 

k 0 2 3 4 5 6 7 8 

L 
e-·x-% 100 37 14 5 I ,83 0,67 0,25 0,09 0,034 

W0 (L)% 
b=2a 100 39 17 7,5 3,6 I , 7 0,9 0,46 0,25 
A=O 

lib (L)% 
b=a 100 40 19 9, I 4,9 2,7 I ,t6 0,95 0,58 
A=O 

W0(L)% 
26 12 6 3 I ,5 0,8 0,4 0,22 b=2a 

A=.!._ 
a 
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PHc.3. 3asHCHMOCTb W0 (L) 
KP»Baa/, npH A,.Q b"" 2a 

npH A...,Q b:::a /aepXHHR 
/a~HRH KPHBaH/. ITyHKTHP-

l-13 ra6m14b1 "' pHc. 3 cne.qyeT, 
4TO OTKnoHeHHe W

0
(L) or 3Ha-

4eHHH, Bbi4HCJ1eHHbiX no ¢opMyne 
/5/, CTaHOBHTCR 3aMeTHbiM y~e 
npH L~3A·H 6blcTpo ysenHI.IvtBaer
c.R C pOCTOM L, 

§2. H311HEHHE BPEMEHI1 nPEBPAillEHH~ 
CBR3AHHOrO COCTO~HH~ 8 CTAUHOHAPHbiE 

PaCCMOTpHM MHWeHb, COCTO.RI4.YK:l 143 CJlOeB nornOTHTeJlR T0J1!14H
HOi:1 L, pa3,QelleHHbiX CB060AHbtM OT Sel.lleCTBa npoMe>KyTKOM Aflloo1HOV! e 
/pHc. 4/. ,Q.n.R ynpol.lleHH.R paccy~.qeH·I-1~ nycTb 

1 
h> L. T~ c /19/ 

EC11H ,QJlR CBR3aHHOrO COCTORHVIR npH ABH}I(eHHI-1 4epe3 Mlo1WeHb BblnOn
HReTCR yC!lOBHe /4/, TO norJ'IOI.lleHHe aTOMHOrO ny4.Ka 6yAeT MHHH
MaJlbHbiM. npVI yMeHbWeHHI-1 raMMa-¢aKTopa aTOMOB 1.1111-1 yseJli1P.>feHio1H E 3Ha4eHV~e k /<t>opMyna /4// B03pacreT, Ha4-HeTCR 4aCTio14HOe npe
spal.lleHHe CBR3aHHOrO COCTOR-HHR B CTa41o10HapHble, H ·nOrf.f0!4eHHe 

0 0 0 

r-rt: 

0 0 0 

0 

0 

PHc.4. Baepxy cxeMaTHl.IeCKH npe,!J;CTaB
neao norJIOIIIieHHe nyqKa U03HTPOHHeB, 
KOI",IJ;a 3a BpeMH ~B~eHHH M~y norno
THTeJUIMH fipOHCXO,!J;HT nonH-oe npeapam;e
HH·e CBH3aHHOI"O COCTORHHH (e+ e-) B 
C TaiJ;HOHapHble. BHH3Y cxeMa THl.IeCK-H 
H3o6p~eao rrornom;eHHe ynbTpapeJIHTH
BH<:TCKOro fi03HTpOHHR! CBH3a-HHoe CO
CTOHHHe ae ycneaaeT penaKcHpoaaxo B 
CTa.n;HOHapHble. 

5 



k~l»l 
' r y 

/20/ 

norno~eH~e CTaHeT MSKCHMSJlbHbiM. 

H3MepRR K03Ci)[Plt1U.J.1eHT nornotr.~eHI-1A ny\.IKa KSK ¢yHKL\\.110 y I·HU1 r, 
MOmHO onpeAe!lHTb epeMeHHYIO 3aBHCHM9CTb AHCCOL\HSL\HH CBR38HHOrO 

COCTORHI-1R np1.1 pa3JU14HbtX, 3HS4eHvtRX P, KOTOpbte nony4SIOTCR ny

TeM H3MeHeHVIR TOilll.IHHbt L nepeoro nornOTJ.1Te!lR. 0TMeHIM, 4TO 

3TJ.1M M€TOAOM MO»<HO V!CC!leAOBSTb npou.ecCbl AJ.1CCOU.J.1SL\111111, npoTe

KaiO~i.-le e cHcTeMe noKoR aa epeMA "'1o- 17.;-1o- 1Bc. 

§3. nPOBEPKA <I>OPMbl nPE06PA30BAHH~ 110PEHL\A 

.QI1R BPEMEHH 

PaccMOTPI-1M MI-'!WeHb, I-1306pa>KeHHYIO Ha PHC. 4. Bbt6epeM raMMa

$aKTOp ny4Ka TSKJ.1M, 4T06bt npl-1 3SASHHOMTKo3¢<lH1U,J.1eHT nOri10ll.le

HI-1R ny4KS 6btJ1 cpeAHJ.1M Me)I{AY MHHHMa!lbHbiM J.1 MSKCI-1MSJlbHbiM. YeenVI-

4J.1M raMMa-¢aKTOp ny4KS J.1 BeJlJ.14HHY f B 0AJ.1HSKOBOe 4HCJ10 paa. 

ECilH epeMR MeHReTCR B COOTBeTCTB~~ C npeo6pa3oBaH~eM nopeH4a, 
TO Ben~~~Ha k /$OpMyna /4// He ·~3MeH~TCR, ~ K03$$~4~€HT no
rno~eH~R ny~Ka OCTaH€TCR npe~H~M. 

B 3aKn~~eHHe 6naroAap~ C.b.repac~Moea, B.n.n~6ow~4a, 

M.H.noArope4Koro 3a yKa3aH~e Ha HeKoppeKTHO~Tb nepeoHa~anbHOH 
04eHK~ 3$$eKTa ceepxnpoH~4aeMOcT~, M.H.WyMaKoea VI O.E.rop~a
Koea" 3a BblnOnHeH~e ~HcneHHbiX pac4eTOB' 6. A. Ap6Y3oBa, c. c. repw
TeHHa' A. 6. 3aMOnOA4VtKOBa' 5. 3. Konen~OBVI4a' n_. H ~ nanV~Ayca 3a . 
o6cymAeHHe nony~eHHbiX pe3'yfJbTaToe VI 5.t·LnoHT,eKopeo - 3a HHTepec 

• ' 1 , 

K pa6oTe. 
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PyKonHCb nocTynHna B V13AaTenbCK~H OTAen 
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