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J1ay"l:eHHe aneKTpOMal"HHTHbiX CBOitCTB KOpOTKO)!{HBymHX SlllepHbiX Co

CTOSIHH:il: ,llaeT UeHHyiO HH$0pMaUHIO 0 CTpyKType Slllpa, B qaCTHOCTH 0 9KCne

pHMeHTanbHOe onpeJ:teneHHe speMeH *HSHH yposae:il: noasonSJ:eT nony"l:HTb a6-

coniOTHbre MaTpH"l:Hbie aneMeHTbr nepexoJlOB H nposecTH nposepKy cymecTsy

-IOmHx MOJlenbHbiX sonaosbrx IPYHKUH:ii. 

/1/ 
B pa6oTe HaMH 6brna onHcaaa annapaTypa JlnSI HSMepeHHA speMeH 

)!{H3HH SIJlepHbiX COCTOSIHHit, B OCHOBe KOTopoit ne)!{HT HCITOnb30BaHHe a<l!<fleK

Ta JlonnneposcKoro CMemeHHSI raMMa-Hany"l:eHHSI soa6Y*JleHHbiX Slllep, o6pa

/2/ 
30BaHHbiX a· peaKUHH H pacnaJlaiOmHXCSI Ha neTy , DaHHbiil: MeTOJl npHMe-

-9 -12 
HHM B JlHanaaoHe {10 - 10 ) CeK H OC06eHHO a~eKTHBeH npH HCITOnb-

30BaHHH peaKuHA c TSI)!{enbrMH HOHaMH H Ge ( L i) JleTeKTOpos JlnSI perHcTpa

UHH f'aMMa-nyqeit, 0pH DOMOmH 9TOit MeTOJlHKH B HaCTOS!meit pa6oTe 6binH 

HSMepeHbi speMeHa *HSHH yposaeit poTaUHOHHoit nonocbr 
164 Yb , nony"l:eH-

12& 40 
aoro s peaKUHH Te ( Ar, 411 ) 

2, 3KcnepHMeHT 

0nbiTbi npOBOJlHnHCb Ha BbiBe,lleHHOM ny"l:Ke TSI)!{enbiX HOHOB UHKnOTpo-

Ha Y-300 n.HP. 11cnonb30Banacb peaKUHSI 
12

Bre( 40 Ar, 4n ) 164Yb • Oy"l:OK 

HOHOB aprOHa KOnnHMHpOBanCSI JlHa<l!parMaMH H3 BHCMYT8. JlO pa3MepOB 

8 



'I 
It 

2 
0 = 8 MM, MHlli9Hb TOlllUHHOA 800 MKI'/CM H3I'OTOBliHB8ll8Cb HCnapeHH9M 

MeTallliH'iecxoro 
128 Te B aaxyyMe aa no.UliO)KKY H3 Al (0,1 MKM), Oaa 

yxpenll&n8Cb Ha pellleTKe H3 BHCMyTa, npH HCnOllb30B8HHH TOHKOA MHll!eHH 

g,upa OT.U81fH 1 o6paaoaaHHhie B peaKUHH ( 
40 

Ar , 4 n ) , .UBH)KYTCSi a yaxoM 

KOHyCe no HanpaBlleHHJO ny'iKa HOHOB, Ha pa3HbiX paCCTOSiHHSiX OT MHll!eHH 

HX MO)KHO OCT8H8BliHB8Tb MeTallliH'ieCKHM CTOnnepOM H H3y'laTb H3MeHeHHe 

HHTeHCHBHOCTeA I'8MMa-ny1feA OT 38TOpMO)KeHHbiX Si.Uep H OT g,uep, pacnaB

ll!HXCSi Ha neTy 1 KOTOpbie .UBJOT I'8MM8-KB8HTbl 1 CMeiUeHHbJe no 9Hepi'HH 

B peayllbTaTe 9<P<PexTa Llonnnepa. CTonnep B Hall!HX onbiTax 6blll noxpbiT 

CliOeM BHCMYT8 H nepeMeiU8liCSi no OTHOll!eHHJO K MHll!eHH npH noMOIUH MH

KpOMeTpa, PaccTOSiHHe 

liSiTb C TO'iHOCTbJO :!:. 5 
0 

liOM 0 K a:anpaBlleHHJO 

Me)K,Uy MHllleHbJO H CTOnnepOM MO)KHO 6blll0 onpe,ue

MKM, faMM8-H3lty1f9HHe pei'HCTpHpOB8liOCb no,u yr

ny'iKa Ge ( Li ) .ueTexTopoM c aKTHBHbiM o6'beMOM 

3 
0,9 CM H paapellleHHeM 

l37 

1,2 K9B .UliSi E = 122 K9B ( 5 'to) H 1,7 K9B .UliSi 
y 

E = 662 K9B ( Cs) 
y 

npH .UBHHOA reoMeTpHH 9HepreTH1feCKOe CMeiUeHHe .UliSi I'SMMa-nyqefi 

c 9HeprHeA E 
0 

.uaeTCSi Bbipa)KeHHeM: tJ. E = E 
0 

( v I c ) , r.ue v - xoMno

uea:ra oxopocrH g,uep OT.Ua'IH no a:anpaaneHHJO nyqxa. npH xopollleM paape

ll!eHHH Hcnonbaoaauuoro .ueTeKTopa 9HepreTH1fecxoe CMeiUeHHe, a cne.uoaa

TellbHO, H v MO)KHO 6hmo onpe.uenSITb uenocpe.ucTaeuao H3 cnexrpa raM!Ma

ny'ieA, Llmi cpe.llHEiH CKOpOCTH g,uep OT.ll81fH B HallleM OnbiTe 6blll0 nony'leHO 

aHa'leHHe v = (0,0205 :!:. 0,0004) c, 

3, 06pa60TKa 9KCnepHM9HT!illlbHbiX ABHHbiX 

HaTeHCHBHOCTH raMMa-nyqeA CMemeaaoro nHxa I H a:ecMemeua:oro .. 
nHxa I 

u AliSi pacna.r:ta H30liHpOB8HHOI'O B036y)I{AeHHOI'O ypOBHSi .UBJOTCSi Bbl-

pa)KaHH SiMH: 

I .. =n( 1-e-tlr ), 

I = n e- t/r 
u ' 

4 

( 1 ) 

r.ue n - nonaoe 'iHCliO raMMa-xaauToa, o6paaoaa 

apeMSi nponeTa paCCTOSiHHSi D OT MHlli9HH .UO CT4 

CO CKOpOCTbJO V 1 T cpe.ua:ee apeMa )KH3HH ac 

3aBHCHMOCTb AOliH HHTaHCHBHOCTH H9CMeiUeJ 

oT apeMeHH nocne peaKUHH npe.ocraanaeT KPHBYJO 1 
- D I v r 

ypOBHSi R (D) = e • nocne.ua:ee COOTHOlllef. 

cny11ae, xor.ua yrnoaoe pacnpe.uenea:He raMMa-ny'l 

HH, 

npH noclle,llOBSTellbHOM pacna.r:te HeCKOllbKHX 

H3Blle1feHHe 3H8'19HHA HX apeMeH )I{Jf3HH H3 A8HHbll 

HeCKOllbKO ycliO)KeHO, B peaKUHSiX COCTSBHOI'O a,up 

40 32 31 
)KellbiX 'laCTHU, TaKHX xax Ar , S H P 

HbiX nOliOC npOHCXO.UHT no'ITH nOliHOCTbJO npH BbiC4 

no9TOMY HY)KHO paccMoTpeTb nocne.uoaarellbHbie 11 

i ( cpe.uaee apeMa )Kif3HH r ) OCHOBHOA pOT8UHOl 

TaTb, 'ITO K!il)KllbiA nocne,uyJOIUHA poTaUHOHHbiA ypo 

na.r:tOM npellbillYIUero, a ae npSIMbiMH nepexo.uaMH 4 

TO 'iHCliO a,uep OTll!il'IH N i ( t) , H!ilXO.USilUHXCSI Ha 

BpeMeHH t nOClle OKOH'I!ilHHSI peaKUHH 1 MO)KHO Ha~ 

pa.uHollKTHBHhiX pacna.uoa. By.ueM annpoxcHMHpoaa1 

IUHe MeCTo a a.upe nocne Hcnapea:HSI nocne.usero F. 

K aacenea•JO BhiClllero ua6nJO,uaeMoro ypoaHSI 1 pc 

na.uoM o.uuoro ypoBHSi 0 co apeMeHeM . r • Tor.u 
0 

... 2 -+ ... c Ha'iallbHhiMH ycnoaHSIMH N 
0 

( 0 ) = 1 , I 

Mo)KHO C'iHTaTb 
I 

·· lu + Is = n l: N i ( 0) = n N ( 0) = n 
i= 0 0 
i 

H (I u ) 1 = n . l: N1 ( t) , t =· D I v ,, 
• = 0 

Tor.ua 

R =[I I(! +I}]. 1 u u s 1 
~ N 1 (t). 

i = 0 
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2 
MHllleHb TOlllliHH01!: 800 MKI'/CM H3I'OTOB11HB8118Cb HCII8p9HH9M 

cxoro 128 Te B eaxyyMe Ha rro.uno>KKY H3 Al ( 0, 7 MKM), Oaa 

b Ha pe!lleTKe H3 BHCMyTa, 0pH HCIIOllb30B8HHH TOHK01!: MH!ll9HH 

H, o6pasoeaHHhie B peaKUHH ( 
40 

Ar , 4 n ) , .UBH>KyTcSI B yaxoM 

Haiip8Bli9HHJO IIY'IK8 HOHOB, Ha p83HbiX p8CCTOSIHHSIX OT MH!ll9HH 

OCT8H8BliHB8Tb M9T81111H'I9CKHM CTOIIIIepOM H H3Y'I8Tb H3M9H9HH9 

I'8MM8-ny'lefi OT 38TOpMO>K9HHhiX SI.Uep H OT SI.Uep, p8CII8B

KOTOpbi9 .U8JOT I'8MM8-KB8HTbl 1 CM91l19HHb19 IIO 3H9pi'HH 

Te acjlcjleKT8 .norrnnepa, CTonnep B H8lllHX OilbJT8X 6hl11 IIOKpbiT 

MyTa H rrepeM91l1811CSI IIO OTHO!ll9HHJO K MH!ll9HH IIpH IIOMOillH MH

M9>K.UY MH!ll9Hb!O H CTOrrrrepOM MO>KHO 6bl1l0 orrpe,ue-

HOCTbJO :t_ 5 MKMe f8MM8-H3lly'leHHe pei'HCTpHpOB8110Cb IIO.U yr

IIY'IK8 Ge ( Li ) .ueTeKTopoM c aKTHBHhiM o6'heMOM 

paspe!lleHHeM 1,2 KSB .UliSI E = 122 KSB ( 5 t'o) H 1,7 xaa· ,unSI 
137 y 

K3B ( Cs) 

3HepreTH"'9CKOe CMellleHHe .UliSI I'8MM8-ny'leH 

E 
0 

.uaeTCSI Bhipa>KeHHeM: !'! E = E 
0 

( v I c ) , r.ue v - xoMrro

ocTH Sl,uep OT.U8"1H no HarrpaeneHHJO rry"'xa. DpH xopollleM paspe-

onb30B8HHoro .ueTeKTopa aHepreTH'Iecxoe CMemeHHe, a cne.uoea-

v MO>KHO 6hinO OIIpe,ueliSITb HeiiOCpe.UCTB9HHO H3 CII9KTp8 I'8MM8-

Cp9JlH9it CKOpOCTH Slllep OT.U8"1H B H8lll9M OIIbiTe 6bl1l0 IIOny'leHO 

v = (0,0205 :t. 0,0004) c. 

3, 06pa60TK8 3KCIIepHM9HTanbHbiX .UaHHbiX 

9HCHBHOCTH I'aMMa-ny"'e1!: CMellleHHOI'O IIHKa f H HeCM91l19HHOI'O .. 
.UnSI pacrra,ua H30nHpOBaHHOI'O B036y>K.U9HHOI'O ypOBH.SI .U8JOTC.SI Bbl-

I. =n( 1-e-tlr ), (1) 

I = n e- tl r 
u ' 

4 

·' 

r.ue n - rronHoe 'IHCno raMMa-xeaaToe, o6paaoeaHHhiX B peaKUHH, t =D I v -

BpeMSI rrponeTa paCCTO.SIHH.SI D OT MH!ll9HH .UO CTOIIDepa COCT8BHbiM .SI.QpOM 

CO CKOpOCTbJO V T cpe,u.Hee Bp9MSI >KH3.HH B036y>K.U9.HHOI'O ypOBHSio 

3aBHCHMOCTb .UOIIH H.HTeHCHB.HOCTH .H9CM91l19H.HOI'O IIHKa [Rf:D)=I I( I +I}] 
U U. .I 

oT epeMeHH nocne peaxuHH npe.ucTaen.HeT KpHBYJO pacna.ua eoa6y>K.uea.Horo 

- D I IJ T 
ypOBH.SI R (D) = e • nocne.u.Hee COOT.HOilleHHe HMeeT MeCTO B TOM 

cny'lae, xor.ua yrnoeoe pacnpe.uene.HHe raMMa-ny'leA .He 3aBHCHT OT epeMe

HH. 

DpH nocne.uoeaTelibHOM pacna.ue .HecxolibKHX eoa6y>K.ue.H.HhiX ypoe.HeA 

H3Blle'le.HHe s.Ha'le.HHA HX epeMeH >KH3HH HS .ua.H.HhiX o6 OT.HomeHHSIX R ( D) 

.HeCKOlibKO ycno>KeHo. B peaxuHSIX cocTaB.Horo .H.Qpa c HCrrolibsoea.HHeM T.H-

40 32 31 
>KellbiX 'I&CTHU, T&KHX xax Ar , S H P , sacene.HHe xonneKTHB-

/3/ 
HbiX IIOIIOC IIPOHCXO.UHT IIO'ITH IIOnHOCTbiO rrpH BbiCOKHX 3.Ha'I9HHSIX CIIH.H8 • 

noaToMY HY>K.HO paccMoTpeTb nocne.uoeaTenbHbie nepexo.uhi Me>K.uy ypoeHSIMH 

i ( cpe,u.Hee BpeMSI >KH3HH T • ) OCHOB.HOA pOTaUHOHHOfi IIOliOCbi, EcnH C"'H-
- I 

TaTb, 'ITO Ka>K.Qhlfi IIOC119.UYJOillHA poTaUHOHHhifi ypoee.Hb IIHTaeTC.SI TOllbKO pac• 

na.UOM npeJlhi.UYillero, a .He np.HMhiMH nepexo.uaMH OT 6onee BhiCOKHX ypoeaeA, 

TO 'IHCno .H.Qep OT.Qa'IH N i ( t) 1 HaXO.USIIllHXC.SI Ha ypoBHe i B MOM9HTe 

BpeMeHH t IIOClle OKOH'I8HHSI peaKUHH 1 MO>KHO BaATH DO rrpaBHllaM Il9IIO'IKH 

pa.uHoAKTHBHhiX pacna.uoe. By.ueM annpoKCHMHpoeaTb ace nepeXOJlhi, HMeJO

IllHe MeCTO B .H.Qpe IIOClle HCIIapeHH.SI IIOC119JlH9I'O HefiTpOHa H I1pHBOJl.SIIllH9 

K SaceneHHIO BbiClllei'O Ha611JO.UaeMOI'0'"YPOBH.SI 1 poTaUHOHHOA II0110Cbi1 pac

rra.UOM o.uaoro ypoeHSI 0 co epeMeHeM . r • TorJla HMeeM ueno'IKY 0 ... 1-> 
0 

... 2 ... ••• c Ha'lalibHhiMH ycnoBH.HMH N 
0 

( 0 ) = 1 , N 1 ( 0 ) = 0 , i = 1, 2 • · • 

Mo>KHo C'IHTaTb 
I 

. I, + Is = " I N; ( 0) = " N ( o) = " 
i= 0 0 
i 

H (I )
1

=niN;(t), t==·Div,, 
• i = 0 

TOI'.Qa 

R
1 

= [ I I (I + I Jl . , u s 1 

I 
I N 1 (t). 

(2) 

i = 0 

5 



11cnonb3YH <flopMYnbi anH 

I 
R1 = I 

i = 0 

I 

N 1 ( t) uaweA ueno'IKH, nony'laeM: 

1-L·· e-tlr 1 , 
1 I 

1-L = ·n r l(r -r0 )· 

11 f=o ; ; " 
rfl<~1 

(8) 

(4) 

EcnH caenan. npH6nH)I(eHHe r 
1 

>> r
1 

, j ~ i , 'ITO o6bi'IHO onpasaauo 

3a HCKniO'IeHHeM, MO)I(eT 6hiTb 1 Bb!CWHX nepeXOIJ.OB j = 1 , ( 2) 

npeHe6pe'lb B ( 3) BCeMH 3KCllOHeHT8MH KpOMe i = j , TO 

, H IJ.nH t > T 
"' I 

1-1 1-1 
T Jl T (5) R

1 
"'In r

1
l(r

1
- 1 ) I e-tlr1 ., e-rt- I 

f=o f m=o "' I • 

nony'laeTCSI OIJ.Ha 3KCllOHeHTa1 HO CO CMeweHHbiM B TO'IKY 

I - 1 
I r .. .. = 0 

uyneM, 

EcnH BMecTo aTOI'O Hcnonbaosan. aKcnoHeHTY c uecMeweHHhiM HyneM: 

-tl11. 
R. "' e 1 ( 6) 

1 

H onpeaenstTb 11 • , npHpaBHHBaSI (5) H (6) IJ.nSI t = II . , TO nony'IHM: 
1 1 

I 
II = I T 

1 m= 0 "' 

(7) 

T.e. B aToM npH6nH)I(eHHH speMst anst nepexoaa j ... j + 1 OT KOHila peaK-

UHH cKnallhiBaeTcst H3 speMeH )I(H3HH scex npellhiilYlUHX nepexoaos. 

J13MeHeHHe OTHOCHTenbHOA HHTeHCHBHOCTH CMelUeHHOI'O H H9CMeweHHo-

I'O llHKOB anst pHaa nepexoaos Me)I(IJ.Y poTaUHOHHhiMH yposHSIMH 
16 4 Y b npo-

HnnrocTpHposaHo Ha pHc. 1. npH o6pa6oTKe cneKTpos onpeaensnHCb nnowallH 
I 

CMeweHHOI'O H uecMeweHHOI'O nHKOB H RaxoaHnHCb oTHoweHHH R =I 1 (I +I -). 
" " 5 

npe)l(ae 'laM o6pa6aThiBaTb nony'leHHhie sasHCHMOCTH R (D) no <flopMYnaM, 

onHCaHHhiM Bhiwe, ueo6XOIJ.HMO 6hmo suecTH nonpaBKH B R (D) Ha PHil CHc-

/2/ 
TeMaTH'I9CKHX llOI'peWHOCTeft , HM9IDlUHX' MeCTO B 3KCnepHMeHTe • 0603-

Ha'IHM 'lepes R 
0 

= e- tl 1 Hcnpasneuuoe 3Ha'leHHe, a 'lepes R =I,. I (I,.+ I 5 ) -

HeHCnpasneHHOe 3H8'1eHH9 IJ.aHHOI'O OTHOWeHHSI, KOTOpb!e CBSI3aHhl TaK: 

6 

I I 

I 
I 

~ 

i 

1.

''. 

'I 

z• .. o• f. -t.· .. - ,. 

Nl ••~-~f J . .. 
•'.,, I • ••,o. ,- -...,..:; .· .. _ ·.~ 

A-l _. •• 1• 

]JliJ~= 
-r J ....,l .J1 - ... ·· "'" 

.. - ~ ... [~ ~ J? 
I 

.JIOOh 

·-
"""L_..._~-~ ... __, M6 ... ... 

PHc. 1. CneKTphi y -nyqeft anH nepexoaos Me)I(IJ. 

MH s Slllpe 164 Yb npH pa3HhiX paccTostHHSIX Me)l(,t 

R = ( 1 + 8 ) R 
0 

= ( 1 + 8) e - tl 1 , 

H 6yiJ.eM Oll9HHB8Tb BnHSIHHe pa3Hb!X nonpaBOK Ha 

3,1, PacnpeaeneHHe CKOpOCTeA V SIIJ.ep OTIJ.I 

npasneHHID ny'IKa) B 38BHCHMOCTH OT pacnpeaeneJ 

ny'IK8, KOH9'1HOA TOnlUHHhl MHlU9HH H pa3HhiX yi'nC 

CKOpOCTeA V + fl V 

7 



!j>opMYnhr amr Ni ( t) aameil: ueno'IKH, nony'laeM: 

i 
R 1 = I 

i=O 

llii e-tlr; , 

i 
ll = n r,l(r.-re)· 
ji f=O I I 

(f./d) 

(8) 

(4) 

caenaTb npH6nH:>KeHHe 1 j >> Ti , j .~ i t 'ITO 06b!'IHO onpaBJlaHO 

HHeM, MO)I{eT 6hiTb 1 Bh!ClliHX nepeXOJlOB j = 1 , ( 2) , H JlnSI t > 1 . 
"' 1 

B ( 3) BCeMH 3KCnoHeHT8MH KpOMe i = j t TO 

i-1 i-1 
I n r. I ( T . - 1 ) I e- tl T1, "' e-( t- I 

1 1 e e=o m=o 
T ) IT 

"' i • 

j - J 

OJlHa 3KCnOH9HTa, HO CO CMelUeHHh!M B TO'IKY "' : O T ,. 

(5) 

ayneM. 

0 3TOrO HCITOnb30BaTb 3KCITOHeHTy C HeCMelUeHHb!M HyneM: 

e-tlv1 (
6

) 

b )) i 

i 
I 
=o 

, npHpaBHHBaSI ( 5) H ( 6 ) JlnSI t 

T m 

=v. 
1 

, TO nony'IHM: 

(7) 

npH6nH)I{eHHH speMsr ansr nepexoaa j ... j + 1 oT KOHua peaK-

BaeTCSI H3 BpeMeH )I{H3HH BCeX npe)lhiJlYlUHX nepeXOJlOB, 

eHHe OTHOCHTenbHOA HHTeHCHBHOCTH CMelUeHHoro H H9CMelUeHHo

SI psraa nepeXOJlOB M9)1{JlY poTauHOHHhiMH ypOBHSIMH 164 Yb npo

BaHO aa pHc, 1. TipH o6pa6oTKe cneKTpos onpeaensrnHcb nnomaaH 
I 

H HecMemeaaoro ITHKOB H aaxoaHnHCb OTHomeHHSI R = j 1 ( 1 + J -). 
II II S 

o6pa6aThrBaTb nony'leHHbie aaBHCHMOCTH R ( D) no !j>opMYnaM, 

Bhrme, aeo6xoaHMO 6hrno BHeCTH nonpaBKH B R (D) aa PSIJl CHC

/2/ 
HX norpelliHOCTeA , HM910111HX' M9CTO B 9KCnepHM9HT9 • 0603-

3 R 0 = e- t/ 1 
HCnpasneaaoe aaa'leHHe, a 'lepea R = 1

11 
I (I,+ I • ) -

HOe 3Ha'I9HHe JlaHHOro OTHOlli9HHSI, KOTOpbre CBSI3aHbl TaK: 

6 

I I 

I' 
I· 

'\ 
'!~ 

~ 
~~ 
'·' 

I 

z• ... rt 

N I ... f\~\'.L' ... ~R I ·~ ~ ' . •,'·· ..... · -t...J \ ..... '· - .... ".··.. ... . 

\. - . ' . . .. ... :6eD.tH-

' 

~Jl 1J~ .. W~·-··-.r 1 <J , -
"'" -~ II ,.. 

-~~ ~- .. ;.-au,., -r' II - ~ . ~ . A I 
-~ I ~~ 

••• 4' , .... ,. 

/\ r .-~:.- I /' v I 
.. . \ . 

·-~ ~ 

..... 
1.2>•-"«>-

...,1 

··~ .. ·-L-.. ~.-~...,-~ .. '"" ,. N6 .... 416 , •• 

PHc. 1. CneKTpbr y -ny'leA ansr nepexoaos M9)1{JlY poTauHOHHbiMH yposasr

MH B SIJlpe 
164 Yb npH pa3Hb!X paCCTOSIHHSIX M9)1{Jly MHlli9HblO H CTOnnepoM, 

R = ( 1 + 8 ) R 
0 

= ( 1 + 8) e -tl 1 , (8) 

H 6yaeM oueHHBaTb BnHSIHHe paaabrx nonpasoK aa R !j>aKTopoM ,( 1. -t 8). 

8,1, PacnpeaeneHHe CKOpOCTeA II SIJlep OTJla'IH ( KOMITOHeHT no Ha

npasneHHIO ny'IKa) B 3aBHCHMOCTH OT pacnpeaeneHHSI CKOpOCTeA HOHHOrO 

ITY'IKa 1 KOHe'IHOA TOnlUHHbl MHlU9HH H pa3Hb!X yrnoB OTJla'IH, 3TO aaCT ansr 

CKOpOCTeA II + !J. II 

7 



(I 
I 

8 .. [ ( 1 12 ) ( t I f) 2 - t IT ] ( /). tl I tl) 
2

, (9) 

To9o npH t = T , 8 = -0,01 npH paa6poce a cxopocTH t:J.v~±0,14v 

Y Hac o6bi"iHO 1 81 .< 1 % , H Mbi MO>KeM aToA nonpaaxoA npeHe6pe'lbo 

3o2o PacnpelleneHHe paccToHHHA D Ha-aa HeTO"iHOA nnaHapHOCTH H na

pannenhHOCTH MHWeHH H cTonnepa ( llaiOruee nonpaaxy npH xoHe'IHbiX none

pe"iHbiX paaMepax ny"ixa H paaHbiX yrnax OTil8'1H) o 3To llaeT ( llnH paaHo

MepHoro paa6poca D a npellenax :!: !). D ) : 

1 + 8 ,. ( t.i r I /). D ) sh ( /). D I v r ) , ( 10) 

'ITO oaHa"iaeT llnSI t = t , v r = D , 8 =-tO, OJ npH !). D = i 0,25 D • 3ToA 

nonpaaxoA To>Ke MO>KHO npeHe6pe"ib, Tax xax oHa aecbMa Mana npH llOnyc

THMbiX a axcnepHMeHTe aenH"iHHax !). D 

3.3. KoHe"iHaH rny6HHa npoHHKHOBeHHSI Slllep OTila'IH a cTonnep, paa-

HaH npo6ery t:J. x • 06oaHa"iHM !). t = !). x I v , TOrlla: 

-r~t:J.,,Ir 
- e [ · e (31 2)(t:J.tlrJ + e -tl r r-:-' • 

(11) 
1 + 8 

'ITO lla9T llnSI t = T '· 8 = -0,01 npH /). t = 0,009 t H 8 = -0,1 npH 

Lilt =0,09t , 3TO 03Ha"iaeT, 'ITO nonpaBKa Ba>KHa llnSI Man&IX pacCTOSI-

HHA. .nnH paccTOHHHA D .< 11 !). x (y HaC /). X 5 MKM) STy nonpaBKY Ha-

"' 
llO Y"iHTbiBaTb ( 8 .< -0,1 )o ... 

3o4o faMMa-H3ny'leHH9 H3 Slll9P OTila"iH 0 o6pa30BaHHbiX B peaKUHSIX 

COCTaBHOrO Slllpa C TSI>KenbiMH HOHaMH, H9H30TpODHO H HMeeT MaKCHMYM 
0 /4/ 

npH yrne 0 no OTHOW9HHIO K HanpaaneHHIO ny'IKa • AHH30Tp0DHSI yrnoao-

ro pacnpelleneHHSI ocna6nHeTCSI ao apeMeHH noll anHHHHeM 6onhWHX caepx

TOHKHX noneft, ll9ftCTBYIOIIlHX Ha Sl)lpa, KOT0pbi9 nOny"iaiOT OTila"iy B BaKy-

/5/ yM o 3aaHCHMOCTb yrnoaoro pacnpelleneHHSI ·r -ny"ieA oT apeMeHH ll~H 

HaweA reoMeTpHH MO>KHO BbipaSHTb ~ ait:ae: 

8 

·,, ii·! .. · 
. I· 

'}) 

,,., 
';il .,. 
,!.; 
'~i 
·v~ 

,, 

I~ 

'l(t)=1 + l: 
l=2·4 

A• Q• Gl(t} ~ G (t}=• 
l 

rile I - Bp9MSI nocne BbineTa Slllpa H3 MHW9HH 1 T l - Ill 

ocna6neHHH, A l - napaMeTpbi yrnoaoro pacnpelleneHHH, 

Tbl KOH9"iHOrO TeneCHOrO yrna ll9T9KTOpao 11HT9HCHBHOC1'1i 

H9CM9IIl9HHOrO DHKOB H3M9HSIIOTCSI COOTB9TCTB9HHO: 

(/) =nl1-e_,;,+l: 
s 0 

r I (r + r)[ ·1-e-trr+r Jlrr 
l l A A 

l=2·4 

(I" Jo = ,. I e- tl r + l: 
A=2·4 

-t(r+r Jl'fr A 
e A l A 

Q tl . 
• 

QueHlta eenH'IHHbl nonpaBKH, CBSI3aHHOft C H3M9H9HH9M yr 
/5/ 

neHHSl, npOBOilHnacb C HCDOnb30BaHH9M llaHHbiX 0 na) 

+ + 
MaKCHManbHa llnSI nepeXOila .4 -> 2 H npHBOilHT K yeenH 

npH t = r ' ( 8 = - 0,029) 0 

3.5. PenHTHBHCTcxoe HSMeHeHHe Tenecaoro yrna, 

ll9T9KTOp H3 DOilBH>KHbiX no OTHOW9HHIO K DOKOSIWHMCSI SJi. 

rile 

_, 
1 +8=[1+(1-R 0 )xl. 

X I [ 1 + v I c l I [ 1 ,- ( v I c J cos 9 1 . I - 1 
c 

... 
( () - nonOBHHa yrna paCTBOpa, DOll KOTOpb!M BHil9H ll 

c 
"iaeT llnH t = r ,8 =" --1,3 vIc , HnH llnH vIc .. 0,02, 

3o6o I13M9H9HH9 a«<$eKTHBHOCTH ll9T9KTOpa llnSI CM9 

OTHOW9HHIO K H9CM9Ill9HHOMY DHKY f" 

1 +8 = [1.,..(-1-R
0

)t:J.t ]- 1
, t:J.t =(t.,-t. 

rile /). f '" 0,025, OTKYil8 llnSI I = r 8 = 0,015o 
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= [ ( 112 J ( t I f J 2 - t I r l ( fl. v I v J 
2

, 
(9) 

r , 8 = -0,01 npH pa36poce B CKOpOCTH fl. t.> ;;,±0,14 V 

o 1 8 1 .< 1 % , H Mbi MO>KeM sToi nonpaBKOi npeae6pe'lb. 

cnpe~eneHHe paCCTOHHHiD H3-3a HeTO'IHOi nnaaapHOCTH H na

B MHW9HH H CTOnnepa ( JlaiOIIlee nonpaBKY npH KOH9'1HbiX none

epaX ny'IKa H pa3HbiX yrnax oT~a'IH). 3To ~aeT (~nH pasHo-

6poca D B npeJlenax :!: fl. D ) : 

+ 8 = ( v r I fl. D ) sh ( fl. D I v r ) , 
( 10) 

T ~nH t = t , v r = D , · 8 =tO, 01 npu fl. D = i 0,25 D • 3Toi 

O>Ke MO>KHO npeHe6pe'lb, TaK KaK OHa B9CbMa Mana npH JlOnyc

cnepHM9HTe senH'IHHax fl. D 

OHe'IHaH rny6HHa npOHHKHOBeHHH ~ep OT~a'IH B CTOnnep, pas-

fl. x • 06oaaa'IHM fl. t = fl. x I v , TOI'Jla: 

[ e(31 2)(!l.tlrJ + e-tlr -(~!l.t)/r 1-1 
e . ' (11) 

H t = T 8 = -0,01 npH fl. t = 0,009 t H 8 = -0,1 npH 

• 3TO 03Ha'laeT, 'ITO nonpaBKa Ba>KHa JlnH ManbiX paCCTOH-

CCTOHHHA D .< 11 fl. X (y HaC fl. X "' 5 MKM) STy nonpaBKY Ha-

"' 
b ( 8 .< -0,1). 

MMa-H3ny'leHHe H3 ~ep OT~a'IH, o6pa30BaHHbiX B peaKUHHX 

HJlpa C TH>KenbiMH HOHaMH, H9H30TpOnHO H HMeeT MaKCHMYM 

/4/ 
no OTHOWeHHIO K HanpasneHHIO ny'IKa o AHH30TpOnHH yrnoso-

neHHH OCna6nHeTCH BO speMeHH no~ BnHHHH9M 60nbWHX CBepx-

1, Jl9iCTBYIOIIlHX Ha ~pa, KOT0pb!9 nony'lalOT OTJla'ly B BaKy

HCHMOCTb yrnosoro pacnpe~eneHHH ·Y -ny'lei oT speMeHH Jl~H 

eTpHH MO>KHO Bb!pa3HTb J?t BH)le: 

8 

11!1 !'.~'.' '·j, 
iJ~ 

~~. 
.t 

:~ 
.1:'.1 ,'~l' 

I~ 

W(t) = 1 + I. A Q G (t} ~ 
1=2·4 1 1 1 

G (t}=e-tlr1 
1 

I'Jl9 t - BpeMH nocne BbineTa ~pa H3 MHII19HH, T 1 - Mepa CBepXTOHKOI'O 

ocna6neHHH, A 1 - napaMeTpbi yrnosoro pacnpe~eneHHH, Q 1 - Kosq,q,uuHeH

Tbi KOHe'IHOI'O TeneCHOI'O yrna ~eTeKTOpa. 11HT9HCHBHOCTH CM91Il9HHOI'O H 

H9CMellleHHOI'O nHKOB H3M9HHIOTCH COOTBeTCTBeHHO: 

(/ ) =nl1-e-tlr+ I. 
• 0 

'1 I ( '1 + r )[ 1- e-t(r+r1 )/ rr1 ]A Q I 
1 1 

(12) 

1= 2o4 

(/ ) = II I e tl r + I. 
• 0 

1=2.4 

-t(r+r Jlff A 
e 1 1 1 

Q d. 
1 

( 13) 

OueHKa senH'IHHhl nonpaBKH, csgaaa:aoi c uaMeHeHHeM yrnosoro pacnpeJle-

151 'G O neHHH, npOBO~Hn&Cb C HCnOnb30BaHH9M JlaHHbiX 0 napaMeTpe .z o Ha 

+ + R M8KCHM8nbH8 ~nH nepeXOJla .4 -+ 2 H npHBO~HT K ysenH'I9HHIO Ha - 3% 

npH t = r • ( 8 = - 0,029). 

3.5. PenSITHBHCTCKOe H3MeHeHHe TeneCHOI'O yrna, no~ KOTOpb!M BHJleH 

Jl9TeKTOp H3 nO~BH>KHbiX no OTHOIII9HHIO K fiOKOSllllHMCH ~paM OT~8'1H: 

rile 

-l 
1 +8=[1+(1-R 0 ))(1 • 

)( I [ 1 + v I c l I [ 1 .- ( v I c J cos 6 l . I - 1 ... 2 v I c 
c 

( 14) 

( 15) 

( (J - nonosHHa yrna pacTsopa, no~ KOTOpbiM BH~eH ~eTeKTop). STo 03Ha-
c 

'laeT JlnH t == r ,8"' --1,3 vIc , HnH ~nH vIc "'0,02, 8"' -0,025. 

3.6. I13MeHeHH9 sq,4JeKTHBHOCTH Jl9TeKTOp8 JlnH CM91Il9HHOI'O £ no 
s 

OTHOW9HHIO K H9CM91Il9HHOMY fiHKy £ 11 

1+8=[1.,.-(-1-R)!l.£]- 1
, ll£=(£ -( )1£ 0 u ·s u (16) 

I'~e fl.£ "' 0,025, OTKYJla ~ng t "' T 8 = 0,015. 
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! 
II 
II 
I 
! 

3TO nOK83biBSeT, 'ITO q,6e nonpaBKH 5 H 6 KOMneHCHpyiOTCSI C TO'I

HOCTbiO AO 1% H ll09TOMy HMH TOlKe MOlKHO 6bin0 npeae6pe'lb, 

3.7. YlaMeHeHHe Tenecaoro yrna, noA KOTOpbiM BHAeH AeTeKTOP H3 6o

nee OTAaneHHblX S~Aep, H3ny'ISIOIUHX HS neTy, no OTHOIUeHHIO K 6onee 6nH3-

KHM SIAPSM B CTOnnepe: 

rAe 

1 + 8 = 
-1 

[1-(1 -R 0 )K ), , 

K = ( 21 t ) [ · t I ( 1 - e- t! T ) - r ] ., 
0 

(17) 

(18) 

t = D 1 v D - paccTOSIHHe OT MHWeHH AO AeTeKTopa ( D0 - D - oT 
0 0 , 0 
cTonnepa AO AeTeKTOpa) • .llnSI t = r , K "' 1,2 t It 0 unH 8 = 0,75tl t 0= 
= 0, 75 D I D 

0 
• Y aac D 

0 
= 45 MM. 3To oaaa'laeT, 'ITO AnSI nepexoAa 

+ + D 2 -> 0 , AnSI KOTOpOI'O "' 4-8 MM, 9TY nonpaBKY HYlKHO y'IHTbiBSTb 

8 "'+ 0,1 ) 
0 

TOI'AS KSK AnSI cneAyiOIUHX ( D.< 0,5 MM) eiO MOlKHO npeae6-

pe'lb ( 0 < 8 < 0,01). 
PeaynbTSTbi noAC'IeTa nonpaBOK Ansi scex nepexoAoB· npeACTasneHbi 

AnSI unniOcTpSUHH B Ta6nHUe 1. 

4. 3KcnepHMeHTanbHbie peaynbTSTbi 

CpeAHHe speMeHa JKH3HH 15bmH nony'leHbi peweaueM cHcTeMbl ypasae-

HHA OTHOCHTenbHO r Ha 3BM ~ HCllOnb30B8HHeM perynHPH30B8HHbiX HTe-
i /6a/ 

paUHOHHbiX npoueccoB THna HbiOTOHa • Bbxna Hcnonbaosaaa CTBHABPT-

/66/ 
HSSI nporpaMMS AU TORE • Ha pHCo 2,3 noKaaaHbi KpHBbie pacna-

AS AnSI nepeXOAOB MelKAY pOTSUHOHHbiMH ypOBHSIMH 

J64_Yb . 
, nony'leHHbie 

H3 3Ha'leHHA r i o 3KcnepHMeHT81IbHbl9 TO'IKH npHB9A9Hbl C OWH6KSMH 0 Co

OTB9TCTBYIOIUHMH CT8THCTH'19CKHM OWH6KSM B onpeAeneHBH OTHOWeHBA R 

H3 nnomaAeA nHKOBo 
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~f~--~----~----~----~--~----~----~~ 0 f 2 .J f .5 C NN 

+ + 
Pac, 2, Pac11eTHaS1 KPHBaSI pacnaAa AnSI nepexoAa 2 ... 0 , nony'leHHSSI 
Ha 3BM. To'IKH - sKcnepaMeHTallhHbie peayllhTBTbi. OTHoweHHSI R 0 

0 I) 20 30 4o ·ftf'~ 
~0 lr<::::::: • I 

e. 
Q$ 

aJt I 1 1 I I \I ! I I I i 
0 ~0 tOO 150 200 2!iO NK 

+ + + + 
Pac. 3, Pac'leTHbie KPHBhie pacnaAa anSI nepeXOAOB 4 ... 2 , 6 ... 4 

+ + H 8 ... 6 
1 

nony'leHHbie Ha 3BM. To'IKH - sKcnepHMeHTallhHhie peaynhT&Tbi 

oTHoweHHSI R 0 • 

12 

B ra6nHue 2 cyMMHposaHbi aaHHhie o6 9Hepi'HSIX a: 

AOB 164 Yb , rrepaoAax rronypacnaaa T Y.r , llOnHblX KC 

aepcHH a T H rrpHaeaeHHbiX sepOSITHOCTSIX nepexoaoa B I 

B orrpeaeneHHH T ~ BKniO'IBIOT B OCHOBHOM CTSTHCTH'iec: 

5 orrpeaeneHHH rrnowaaen llHKoa H owa6Ky AnSI cpeaHen c 
+ + 

rrepaoro HaoniOaaeMoro rrepexoaa 8 ... 6 a owa6Ky axo, 

AeneHHOCTb o6pa6oTKH, T,K, ero nepaoa orrpeaenSieTcSI 111 

MapHoMy apeMeHH pacnaaa acex HeHaoniOaaeMbiX rrepexo1 

3KcnepaMeHTanbHhie ana'ieHHSI B ( E 2) cpaBHHBBIOTc 

c pac'ieTHbiMH aaHHbiMH anSI >KeCTKOI'o poTaTopa. B npeJJ 

sKcrrepaMeHTa HaoniOAaeTCSI aerrnoxoe cornacae Me>Kay H 
164 

o>KHilBTb AnSI porauaoHHoro SlllPB Yb 
171 

flo H3B9CTHbiM !j>opMynaM H3 nony'ieHHOI'O 9KCI1 

ana'ieHHSI B ( E 2 , 2 ... 0 ) obmH aanee orrpeAeneHbi aay 

rronbHbiil: MOMeHT Q 0 H napaMeTp KaaapyrronbHoil: ae!j>opM 

( ) -24 : KOTOpb!e paBHbl COOTB9TCTBeHHO 6, 7 ±_ 0,4 • 10 CM 

3HB'i9HHSI KBBApynonbHOI'O MOM9HT8 1 OllpeaeneHHble H3 9K 
. + + +' 

aaaqeaail: B( E 2) , AnSI ypoaaeil: 4 , 6 H 8 a npeaena: 

Hb!X OWHOOK COBI181l8IOT CO 3Ha'ieHHeM Q o 1 orrpeAeneHHb 

ABTOpb! Bblp8>K8IOT 6naroaapHOCTb 8K8A9MHKY r.H.¢ 

SIHHbiil: HHTepec K paooTe, IO,U, OraaecSIHY aa none3Hbie < 

caaapoay aa cocTaaneaae nporpaMMbi H MHOI'O'iHCneHHbie 

oopaoOTKe ll8HHbiX~ KOnneKTHBY 9KCnnyaTaUHH UHKnOTpOHB 

qenae 'ieTKott paooTbi ycKopaTenSI, 

13 



.. ' 
-10 

-10. to c:•k 
I I I I 

,11 I I I I I I I J 
0 t 2 .J f .$ C I'IN 

+ + , P8c'ieTH8SI KPHB8SI p8CII8.Q8 .ctnSI nepexo.ct8 2 -+ 0 , nony'leaaaSI 

To'IKH - aKcnepHMeHT8nLHbre peaym.T8Tbr. OTHOWeHHSI R 
0 

() 20 JO 

e. 
Q$ 

aJt_ 1 1 1 1 1 \ 11 1 1 ~ 
tOO 150 200 2.50 NK 0 .YO 

p + + + + +8C'ieTHbre KPHBbre P8CI18.Q8 .ctnSI nepexo.ctoe 4 .... 2 , 6 .... 4 

1 nony'leaabre H8 3BM. To'IKH - aKcnepHMeHT8nLHbre peaynbT8Tbr 
:HSI R 0 • 

12 

.QOB 
B T86nHUe 2 CYMMHp0B8Hbi .Q8HHbie 06 aaepl"HSIX H3Y'i89MbiX rrepexo-
164 Yb 

aepCHH aT 
, nepHO.Q8X nonyp8CII8.Q8 T Y.. , nonabrx xoa~PIPHUHeHT8X Koa-

H npHee.cteHHbrx eepoSITHOCTSIX nepexoaoe 8 ( E 2), 0wH6KH 

B orrpeaeneHHH T ~ BKni0'1810T B OCHOBHOM Cl'8l'HC'I'H'ieCKHe IIOI'pewaocTH 

B orrpe.QeneHHH rrnOW8.Qett IIHKOB H 0WH6Ky .QnSI Cpe.QHett CKOpOCTH V , nng 
+ + 

rrepaoro H86nJO.Q8eMoro nepexoa8 8 ~ 6 a OWH6Ky BXO.QHT T8KMe aeonpe-

t:~eneaaocrb o6p860TKH, T,K, ero nepHo.Q orrpe.ctengercg no oTaoweHHJO K cyM

MapHoMy apeMeHH pacn8.Qa acex H9H86nJO.Q8eMbrx nepexoaoe, 

3KcnepHMeHT8nbHbre 3H8'ieHHS1 8 ( E 2) cp8BHHB810'I'CSI a T86nHne 2 

c p8c'IeTHbiMH .Q8HHbiMH anSI MecrKoro POT8TOp8, B npeaen8x TO'IHocTH 

3KCrrepHMeHT8 H86nJO.Q8eTcg Hennoxoe corn8cHe MeJKay HHim, K8K MOJKHo 
164 OMHllBTb anSI POT8IlHOHHoro SI.Qp8 Yb , 

171 
no H3BeCTHbiM IPopMyn8M H3 nony'IeHHOI'O :3KCrrepHMeHT8nbHOI'O 

3H8'IeHHS1 8 ( E 2 , 2 .... 0 ) 6brnH .Q8nee onpeaeneabr aayrpeHHHA KB8.Qpy-

164yb IIOnbHbiA MOM9HT Q 0 H II8P8M9Tp KB8.QpynonbHOA .tteiPopM8IlHH {3 
1 -24 2 KOl'Opbre P8BHbi COO'I'B9TCTBeHHO (6,7.:!:. 0,4) ' 10 CM H 0,28 .:!:. 0,01, 

3Ha'IeHHS1 KB8.QpynonbHOI'O MOM9HT8, onpe.QeneHHbie H3 :3KCI19pHMeHT8nLHbiX 

+ + + 
3H8'IeHHA 8( E 2) , anSI ypoeaeA 4 , 6 H 8 a npe.Qen8x <~KcnepnMeHT8nb-
HhrX OIIIH60K COBI18.Q810T CO 3H8'I9HHeM Q0 , onpe.QeneHHbiM H3 8(£2; 2 ... 0), 

ABTOpbr BhiP8lK810T 6n8I'O.Q8pHOC'I'b 8K8.Q9MHKy f,H,!Pnepoey 38 IIOCTo

SIHHb!A HHTepec K P860Te, IO.U. 01"8Hecgay 38 none3Hbre o6cyM.QeHHSI, n.AneK-

C8H.Qpoey 38 COCTaaneHHe rrporpaMMbi H MHOI''?'IHcneHHbie KOHcynbTBilHH IIpH 

o6pa6oTKe .QBHHbiX, KonneKrney <~KcnnyaTannn IlHKnorpoa8 Y-300 38 o6ecne

'Ieane 'I9'I'Kotl: pa60Tbi YCKOPHTeng, 
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