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L BBE)lEHME . 

B rr~cnewme roiibl HaH60JILlllee pa3BHTHe H pacripoCTpaHeHHe cpenH HC~ 
TOtnmK~B MHOr03apH,l\HbiX HOHOB ~onytimJ~ m!TO~KH Ha ;JieicrpoHiio~/ . 
UHKJIOTPOHHOM pe30HaHCe (ECR). . . 

B HaCTOHIIJ;ee .. BpeMH B MHpe cyiiJ;eCTByeT OKOJIO nHTHAeCHTH HCTOtrnHKOB 
:noro THna, ·HatmTo coopy)l(eHHe ECRIS '8 Jla6opa,TopHH smepHLIX peaKUilli 

· OMHM (,1ly6aa) n n TeXHH'leCKOM ·yam:iepcnTeTe ,1lpe3AeHa c pa6o'IHMH 'la-
croTaMH OKOJIO 15 rr:t~. . • : · .. 
. . . ·, Coop~eHHe mo6oii lPH3HtreCKOH ycTaHOBKH Tpe6yeT npetiB~p~eJI~Horo 
MoAennposaHHH ·nponcxoAHIIJ;Hx ·a· Heii npo~eccos. ECR- ncTotrnHK npeACTas
nner" co6oii IIJia3MY, yAep:>KHBaeMyJO B OTKpbiTOH MarHHTUOH JIOBYIIIKe. 
3neKTpOHHaH KOMIIOHeHTa nna3Mbl HarpesaeTCH Bq-noneM, tiaCTOTa KOTOpO-
ro '6nH3Ka K napMOpOBCKOH IJaCT(>Te :meKTpOHOB B yAep)I(HBaJOIIJ;eM npOAOJIL-~ 

,· ~ -
HOM MarHHTHOM none. 

Marinrrnoe none so3pacTaeT no ocn K KOII~aM: nosyinKH H uM'eer a:;:nMy
TanLHyro sapHaUHID Ami rioAasne~HH aeycTOH'IHBocreii. IIonmKHTenLH:o 3apn-

. )l(eHHbie HOHbl HHJKeKTHpyroTCH B pa6oqyro 30HY IICTOIJIIHI<:a H3 nepnoH czyne- . 
HH, rJie ·ocyiiJ;eCTBJifieTCH IIpeABapHTeJILHaH HOHH3aUHH, HJIH o6pa3yJOTCH H:· 
nocpeACTBeHHO II3 HeHTpanLHOrO i'a3a B p~3YJILTaTe HOHH3mim ::meKTpOHHblM 

. YAapoM~ 3a BpeMH )I(H3HH HOHOB B nna3Me npOHCXOAHT HX IIOCJieAOBaTenLHaH 
HOHH3aUHH ::meKTpoHaMH. CpeAHHH 3apHAHOCTL ifoaos 3llnHCHT OT rmoTHOCTH 
:meKTpOHOB H speMeHH )I(H3HH .HOHOB B nOBYIIIKe. MaKCIIManLHLIH 3apHA 
HOHOB orpaHH'leH :meprneii :meKTpOHOB. 3neKTpOHLI cnoco6Hbl HOHH30BaTL 

. HOHLI, 3HeprHH HOHH3aUHH KOTOpbiX MeHLllle 3HeprHH :meKTpOHOB •. BJ!eMH 

~flLH9QQB B IIJia3Me onpeAenHeTCH GK_Qp_O_C.'!.LlO AHlPlPY3Hll li 3aBHCliT.:... 
OT llJIOTHOCTH BCeX KOMnOHeHT IIJia3Mhi,~I,HH..IIOHOB,_nQ_TeH~Hanll IIJia3¥bl .. ·
H ee pa3Mepos. CTonKIIoseH~ uouos c ropH'IHMH ::meKTpouaMH BLI3LmaroT 

·TaK)I(e narpes nonnoii KoMnoueHTLI. B3aHMHLie cTonKHOBeHHH HOHOB Me)l(.ny 
~OOOH IIpHBOAHT K BhlpasHHBaHHJO HX 3HeprHH HnH TeMnepazyp. 

· B pa6o'!e:H 30He HCTO'lliHKa npHCYTCTBYroT ue:HTpanLI ocraTotrnoro ra3a 
rum cne~LHO noAaBaeMoro pa6oqero J3emecTBa. IIepe3apn.nKa MHoro3a
PH.IUihiX nouon · ua ue:HTPanax -HBJilleTCH $aKTopoM, yMeHLlllaioiUHM 3apsm 
HOHOB. Hapfi.ny c OAHOKpalm>IMll I:IOHH3aUHeH H neproapHAKOii B IIJia3Me 
;rP<>HCXOAflT 6onee CJIO)I(HLie npo~eccbi c nepexo,p;oM ABYX H: 6onee 3neKTpo
HOB~ H xoTH oHH, KaK npasHno, Meiiee scponnni, :8 iie:KoTophlx ceyqafix:nx · 
ueo6xoAI:IMo yqHTbman npH:. pac'leTaX. Pac~eT . 3aj>H,r;osoro pacnpeAeneHHn · 

~"ltlhi'l(~•it:cm·KHCTITJT I 
t'.;·:~ml.! IU:r~ep,omubn · 
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HOHOB B ECRIS BnepBLie 6Lm BLmoJIHeH HoHreHoM/1/ .a TaiOKe no3AHee 
IV ' BmriiMOHOM, qaH-TaHrOM , BecroM . ( MJI.) 131 • 

B 3THX pa6oT~ 3apsmoBoe pacnpe.n;eneHHe HOHOB Haxo.n;HnocL peweaHeM 

HenHHefuu.Ix anre6pa.HtleCKHX ypaBHeHHH 6anaaca HOHHbiX 3ap.R.IUIOCTeH 
/1/ /3/ 

B lllla3Me. C :UenbiO ynpomeHH.fl 3a,D;a'IH B H 6LmH HCKJIIOtJeHbl H3 pac-

CMOTpeHH.fl ypaBHeHH.fl 6anaHca .n;nn tJHcna"iieHTpanoB H o.n;Ho3apii.n;HLIX lioiioB, 

a B/2/ - .n;n.fl BLICWHX HOHHLIX 3ap.R.n;HOCTeH. B KalJeCTBe HatJanbHb~X napa

MeTpOB ,HCll0llb30BanHCb llllOTHOCTH:3neKTpOHOB n·e:' H HeHTpanOB n·({ B IUia3-
MeH TeMnepazypLI :meKTpOHOB ~Te • HHOHOB;·T·i •· :.>' '"< -.·.· ., . - ·, .::., 

· B npe.n;naraeMLIX · pactrerax HcnOnb3YJMLie ;MaTeMaTHtJecKHe. MeTaALI ·no~ 

3BOllHIOT peruan; · llOJIHYIO CHCTeMY ypaBHeHHH ,D;n.fl BCeX HOHHLIX 3ap.R,ll;HOCTeH 

H .tJHCJia ·HeHTpanoB. B IUia3Me; y'IHTLma.fl llpH ·3TOM• ni06Lie ripaHCXO,ll;.RIUHe 

cronKHoBHTenLHLie · npo:ueccLI,- -B TOM' tJHcne · .n;ByxKpaTHLte HoHII3li:uHIO: li :ne
pe3aPMKY· TeMnepazypa HOHOB onpe.n;en.fleTC.fl CKOpOCTbiO 'HX HarpeBa 

co.:cropoHLI3neKTpOHOB. B Ka'lecrne~Jiaqani.HLIX napaMeTpoB HcnonL3yeTc.fl 

TeMnepazypa :meKTpOHOB H DnOTHOCTb 3lleKTpOHOB ·nH60 DnOTHOCTb; HeHTpa-

noB.·' -~· r . - ~ ; 

: ~ ' r ,. • 

'•, ,, \; .. ··-

2. CHCTEMA YP ABHEHH3 ,nJUI PAcqETA 
•.: 3AP.H)J.OBhiX.PACTIPE,llEJIEHH3 ... · .... · : • :·; <' ::: .. tJ 

···::.<,:::••:.·.': •'_;· '>",::-;:;<:.:; .. \ ·\ .' . :1 ·.: ,.·,:;::·::,·:.,,,:,, 
• , B o6meM cnyqae npo:ueccLI o6pa30BaHH.R H nepexo.n;a HOHOB H3 3apsmHo

CTH 'B 3ap.R.n;Hocri.· OllHCbiBaiDTC.fl CHCTeMOH HenHHeHHbiX ,D;HcPcPepeH:UHanbHblX 

ypaBHemrli nei>Boro nopsmKa: · · · , . :- , • · .;, · · .· 
"·-.,". _ .. · .. ·. ;;,· 

·dno'. s· .. ' . Z· ex . ·z 2ex : ,. 'i., ''•2f··•:• _,,,•,;: " 
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,i = 2, S, ••• , Z - 2 . . ' . . (1) 
...._.! ;:-:~-•• , --~-; ~· .·'..!' ;_~- "~-- ··:-: 1:~~;.~-· ·:: ..... 1--;!) !-~-1:..· .. _·-: .. :-;-,. 

:~- .- -, . 
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dnz-1 

dt 

i 2i · ex 
=(u n +u nz 

3
) vene+a . n v n

0
·-

Z-,l Z-2 Z-2 - Z , Z Z 

i ex 2ex 
nZ-l(uz vene +(uZ-1 +uz-t) vz-tnO+ 1/rz-~' 

nz i 21 d ex 2ex l/ ) . - .... (u n + u nz v n - nz((uz + uz ) vzno + rz • 
It Z Z-1 Z-1 - e e 

~eCb BBe.n;eHbl o6o3HatJeHH.fl: n 0 , ni - IUIOTHOCTb HeHTpanoB H HOHOB i -H 

lpH,ll;HOCTH B IUia3Me; n - nnOTHOCTb 3neKTpOHOB; n - IUIOTHOCTb HeHT-e . 
moB BHe nna3MLI; S , V - nnoma.n;L no'BepxaocTH H o6oeM nna3MLI; · ri : -

Je.n;aee BpeMH )!(H3HH HOHOB COOTBeTCTBYIOIUeH 3apH,ll;HOCTH B IUia3Me; 

) , V. , V - cpe,o;HHe CKOpOCTH HeHrpanOB, HOHOB H 3neKTpOHOB; u.1 , u.21-
1 e 1 1 · 

~lJeHHe O,ll;HOKpaTHOH H .n;ByXKpaTHOH HOHH3aUHH 3neKTpOHHbiM y.n;apOM 

OHOB C 3apH.n;HOCTbiO i ; 0: exl , u.2 8
1
X - cetJeHHe O,ll;HOKpaTHOH_ H ABYXKpaT- . 1+ I+ . , 

OH nepe3ap.R,ll;KH HOHOB C 3ap.R,ll;OM i Ha HeHTpanax; Z - MaKCHManLHa.fl 

lp.R,ll;HOCTb HOHOB, 06bllJHO paBHa.fl 3apH.n;y .R,D;pa. 

YpaBHeHH.fl (1) nonytJeHhi HHTerpupoBaaHeM no npocTpaacrny cKopocTeii 

HHeTHlJeCKHX ypaBHeHHH C npaBOH tJaCTbiO .n;n.fl cPYHKUHH pacnpe.n;eneH~.fl 
OHOB H 3lleKTpOHOB. llepBble 'laCTH KHHeTHlJeCKHX ypaBHeHHH YtJHTbiBaiOT 

I 

pOUeCCbl HOHH33UIIH H nepe3ap.R,ll;KH HOHOB, a TaK)!(e .n;pyrHe CTOnKHOBHTenb

bie npoueccLI. B ypaBmf~HHX (1), npu aeo6xo.n;HMocTH, MoryT 6LITb ytJTeHbi 

poueccLI nepe3apH.n;Kit H HOHH33UHH 6onee BLICOKoro nopn.n;Ka. llpu. H3-

eCTHhiX npOCTpaHCTBeHHblX pacnpe,o;eneHHHX BCeX KOMnOHeHT IUia3Mbl HlJ· 

erpHpOBaHHe ypaBHeHHH ( 1) no o6oeMy nna3Mbl npHBO,ll;HT K ypaBHeHH.flM 

nH nonaoro tJHcna 3lleKTpOHOB, HeHTpanOB H HOHOB BCeX 3apH,ll;HOCTeH 

nna3Me. 06L~tJHO, npu pactJeTax, .n;onycKaiOT paBHOMepaoe pacnpe.n;enemie 

o o6oeMy Bcex KoMnoHeHT B nna3Me. ECR-HcTotJHHK HOHOB - ycTponcTao 
vI - , 

.enpepbiBHOrO .n;eHCTBH.fl, npoHCXO,ll;.fliUHe B HeM npoUeCCLI ycTaHOBHBWHeC.R, 

:03TOMy, KaK npaBHnO, HIUYT TOnbKO CTaUHOHapHLie perueHH.fl CHCTeMbl. 

I 3TOM cnytJae dn
0

/ dt, dn
1 

/dt =0, u ypaimeans (1) npeBpamaiOTC.fl B cu

TeMy aemrneHHLIX anre6paHtJecKHX ypaBHeHHH: 

' z z 
;_. v 

0 
(n - n 

0
) - n

0 
( I. u

1 
e~ v + I. u.28~ v + ( u 1 + u 21 ) n v ) = 0, 

iJ i= 2 l i 1= 3 1 1 l 1 1 e e 

z 
l (u1 v n + I. uexn v + uexn v + u2e~ v ) -0 1 e e i=2 i i i 2 2 2 3 3 3 

· n .. ({ o:2
1 + ~1)v n + 1/ r ) = 0 ; 

-~ . -~- e e 1 
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· Z 2e · ex · 
(ain +a 21n 0)v n +(I. a. it v·+a n v n- a 261l v )n 

2 1 1 e e i = 
3 

• i :. i · i : 3 ' · 3 3 .• 4· 4 4 0 

i 21 ex · · · · 
- n

2 
( (a:

3 
+ a:

3 
) v n + a v n + 11 r ) = o ,' 

e e 2 2 0 2 

1 21 · · ex · · ' · 2 e . · . . , · 
(ai n1-1 + a1 -1 n1-2) v en e + (~+ 1 ni+ll. vi+1 + a1+21l1+ 2 v1+2) no-

'·' • .J 
. : . 
· t 2i ex 2e · · -ni{(~+i+ai+l).ven~+{a1 +ai ~vin0+1/ri).=0, 

. -

• · 1 = ·a , 4, •••• z - 2 • (2) 
1 . . . 21 . . ex 

.(az· nz +:az. nz 3) v n +az nzvzno--1 · -2 -2 - e e 

- n (a1 v n + (a6,x+ a 2ex)' v . n + l/ r ) = 0, 
Z-1 Z e e Z-1 z-1 Z'-1 0 Z-1 

( · i 21 ) (( ex . 2ex) 1/- ).. 0 . a n + a .n . v n - n a + a . v n + r . . = . 
Z Z Z-t Z-1 e e Z 2 Z Z 0 Z 

. . I • 

Tpe6oamme o · 3apHAOBOH neilTpanhHOCTH nna3Mhi npHBOAHT K AOnOJIHHTeJih· 

HOMY ycnoBHIO:• 
:. l, 

' z 
· I. ·in :..n ·• 

i e 
·1=1·· ·• 

. ~ ! . 

f'.>' \ _f,• 

·• · •3l CEqEHME·MOHI13:AUI1M· .; -

(3) 

... 
.! .,. --;;, ··,'.... .fl,;LJ _;,_. r;.~r; 17 '")~·, .. ~ .. _,~~ ·-~,..~·! 

B o6nacrn :meprHH 3JICKTpOHOB 100 3B + 10 K3B, xapaKTepHbiX AJIH 

ECRIS, HMeeTCH 6onbwoe qHcno MOAeneil~ no3BOJIHIOLUHX c pa3noil cTeneHbiO 

To~ocTH ohpenehHT:b 'ceqeime·Honri::i~HH aToMoB _H iionoa 3JieKTpOHHhiM 
• ' f J : -· ' t ' . • . 1 \' 

yAapoM. B naweM cnyqae:6hiJIO HcnoJih36BaHO oTnocmeJihHO npocToe Bbipa-

)KCHHe AJIR ceqeHHH, npeAJIO)KCHHoe Jion~eM 141 : 

i-. :.: 
-14 T • 4 5 • 10 m n k e • 2 • 

' };. -log- CM, 

T k=1 Ik I k e ' . 

': 
. 1 
a 

1-:+-1 

I 
(4) 

' "'\ :\1 •.• \· .J ,n f ... \J 

4 

I 

~' 
ll 
l' 
" ·I 

' r 

.I 

l 
f 
.! 
i 
~ 

rAe m - qHCJIO nOA060JioqeK HOHa; n - qHCJIO . 3KBHBaJICHTIIbiX 3JICKTpO~ 

nos B noAo6onoqKe; Ik - 3HeprHH IW~H3aUHH noAo6onoqKH. 
,UJlH ABYXKpaTHOll HOHU3aUUH 6biJIO B~I6paHO 6JIH3KOC no <flopr.te ceqeHHe, 

nonyqennoe Ha ocnoae l:rnanu3a 3KcnepHMeHTaJihHhiX AaiiHbiX MronnepoM 151: 

21 
a· 
i+1 

-14 
2,6-10 '1' e 2 

ln CM • 

Te(I1 + 11+1) (11 + 11+1) 
(5) 

B ypaaneHHH (2) BXOAHT aeJmqHHbi cr! v 6 u p-~ 1 v e , Ha3hmaeMbie 

cKopocnro peaKUHH, nMeromHe MaKCIIMaJihHoe 3Hat~e:rme npH T6 I 11 = 7 + 8 

u 6hiCTpo y6hmaroLUHe AO nynH npH T 
6

/1 1 -Sl. B pacqeTax ucnoJih30BaJIHCb 

CKOpOCTH HOHH3aUHH, ycpe,ll;HCHHbie no 3HeprHHM 3Jier...-rpOHOB. llpeAllOJIO)Ke- · 

HHe 0 MaKCBCJlJIOBCKOM pacnpeAeJICHHH 3JieKTpOHOB no CKOpOCTHM n03BOJIH

JIO npHaecrn a
1
1 v e n a

1
21 v e K Bbipa)KeHHHM, co,nep)KaLUHM.HHTerpanhHbie 

noKa3aTeJibHbie ¢lyHKUHH, KOTOpbie UaxOAHJIHCb qucneHHO. 

4. CEqEHHE llEPE3APH.[(KM 

B KaqecTae ceqenHil nepe3apHAKH 6biJIH HcnoJih30BaHhi Bbipa)KeHHH, no

nyqennhie .MronnepoM H Can36opnoM npu aiiaJIH3e 3KcnepHMCHTaJihHbiX pe-

3YJihTaToa161 : 

. 1,17 2 
-12 1 CM , ex _ 1 43 • 10 2 76 u - ' I , 

i 0 

10,71 
-12 ----2ex_1 08 .10 2,80 

~ - • 10 
CM2, 

(6) 

rAe 1
0 

- 3HeprHH uoHH3aUHH neilTpanoa. llpu xapaKTepnQif AJIH ECR·nna3-

Mhi 3HeprHH HOHOB ceqenHH nepe3apH,ll;KH npaKTHqeCKH HeH3MeHHbi, ycpe~e

HHH no 3HeprHHM He Tpe6yeTCH, H CKOpOCTb peaKUHH onpeACJIHJiaCb YMHO)Ke

HHeM ceqenHH (6) Ha cpeAHIOIO CKOpOCTh HOHOB . 

v1 = y'2T11AM, 

rAe A - Maccoaoe qHcno Hona, a M - Macca HyKJiona. 

5. BPEMH Y.[(EP)I(AHHH HOHOB 

BpeMeneM )KH3HH nonoa B nJia3Me onpeAeJIHeTCH pacnpeAenenue no 3a

PHAHOCTHM HOHOB B CaMOM HCTOtiHHKe H B nonyqeHHOM HOHHOM nyqKe 

5 



npn: 3KCTpaKI.J;HH HOHOB. ,llnH Onpene.neHHH. BpeMeHH y.u.ep:>KaHHH HOHOB Ti 

6hma n:cnonh30BaHa MeTO.IJ.HKa, npn:Be.u.eHmm B / 1/. CornacHo'3TOMy, .IJ.OMH

Hn:pyromn:M nponeccoM HBnHeTCH npo.u.onbHaR' aM6n:nonHpHaR .u.iHpcPY3HR 
B . CHJibHOM MarHHTHOM none np060tiHOH KOHcPHrypann:n:, )J.nR KO!OpOH 

2 
ri =f /4k1 0 1, 

(7) 

r.u.e f - )J.nHHa HCTOtiHHKa, D i - K03cP¢HUHeHT aM6n:nonHpHOH .IJ.H¢¢y3HH 

ki 
1 + iU/T 

1
, U ,?0 ; 

exp(iU/T
1
) , U < 0 ; 

.J 

3)J.eCh . U-.3neKTpn:qecKHH noTeHUHaJI nna3Mhl, onpe.u.enHeMhiH 1'13 ycnoBHH 

CYMMai>HOrO.paBeHCTBa llOTOKa HOHOB H 3neKTpOHOB 1'13 nna3Mhl I 1/ 

U=T 
i 

,Hl ! 

n e 
e 

4r 
e 

2 

I n1 i D1 
i 

~ n i 2 D 
i i 

(8) 

rh~; r ' .. - Bpei\m y.u.ep:>KaHHH 3neKTpOHOB. Cor nacHO Knaccn:qeciwH: Teopn:H, 
e . 

CICOpOCTb .IJ.H¢¢Y3HH HOHOB onpe)J.e.JIHeTCH HX 3HeprHeH ( CKOpOCTblO V. ) 
u u • . u 1 

H qaCTOTOH CTOnKHOBeHHH )J.pyr C )J.pyrOM v
1
. H . C HeHTpaJiaMH V : 1 · iO 

'ti' == ---, 
i 3v

1 

2 
vi 

V =V +V , 
· ,:.h ,11 • iO 

(9) 

' 
lltl~T-~~~-a CTOnKHOB,eHHH HOHOB o)J.HOH 3apR)J.HOCTH .u.pyr c npyroM H. c .u.pyrn:-

•\MH13apMHOC~HMH onpehe.nneTCH Bblpa:>KeHHeM /_7/ . I > 

. 2 4 2 2 2 
4rrm c r i z k Lknk 

".c, 't' ; 
(10) e 

~ v == ' 3/2 1i -
k==l (Ti + Tk) --· ,,,1 yAM 

r.u.e m n: r - Macca n: KJiaccn:qecKn:H pa.u.n:yc ::JneKTpoHa, c - ciCopocTh 
e 

ao Tk 
cBeTa, ._ L == ln(- -.-). "' 

k r 2 
;.!'" ll >,nf{t,' e ,.me 

; •. ",:..~ :., ·; JJ" .! .A I 

10-;-- T.H. ~ynoHOBCJ<:,l;iH n?f.a~m!lJ!\1·.,. 

-·· 

6 

j) 

' 

1' 
i 

• 

.,.- ·--~ 

,llnH onpe.u.e.neHHH qaCTOThl CTOnKHOBeHHH C HeHTpanaMH 6hLTJO HCnOnh-. 
30BaHO ceqeHHe ynpyroro pacceHHHH Ha HeHTpaJibHbiX aTOMaX n:nn: MOneKy

nax c nomipn:3yeMOCThiO a : 

aiO = 2,27Tij aremc2 
2T e 

C HCnOnh30BaHHeM Ta6nn:qHbiX 3HaqeHHH nonHpH3yeMOCTH )J.nH a30Ta H HHepT-
18/ HhiX ra3oB · 6hlna nonyqeHa npn:6nn::>KeHHaR ¢opMyna: 

-9 114 -1 
v =n v a :::;1,5.10 in /A c . 

iO 0 i iO 0 
(11) 

6. BPEM.H Y)lEP/KAHI1.H 3llEKTPOHOB 

B cn:nhHOM npo.u.onhHOM MarHHTHOM none npo6oqHoi1: Ko,H¢n:rypann:n: 

TepHIOTCH TOnbKO Te 3neKTpOHbi, KOTOpbie HMeiOT CKOpOCTb, HanpaBneHHYlO 

B MaJIOM TenecHOM yrne B.U.Onh ocn: MarHHTHoro nonH. OcTanbHhie oTpa:>KaroT
CH MarHHTHbiMH npo6ICaMH Ha KOHUaX MarHHTHOH noByiiiKH. CooTBeTCTBYIO· 

mn:e HanpaBneHHH CKOpOCTeH B T.H. KOHyce noTepb 3neKTpOHhl npn:o6peTaiOT 

B pe3ynhTaTe ynpyrHX KynoHOBCKHX CTOnKHOBeHHH )J.pyr C .u.pyroM, C HOHa

MH n: HeHTpanaMH. Cne.u.oBaTenhHO, 

T == (v +II 
e ee ei 

-1 
+ v ) . 

ee 

AHanorn:qHo (11) .u.nH ::JneKTpOHOB HMeeM 17.' 

v 
ee 

4 2 2 4 L 
rrr8 m c n 8 ee 

(2 T )3/2 ...;-;; 
e 

r.u.e L "' 24 - ln (n /T ) "' 14 , ee e e 

v. 
ei 

4rrr
2

m
2

c
4 

z 2 
~ n.i L , 

· 3/2 -i=1 1 ei 
e 

(T ) ym 
e 

(12) . 

(13) 

(14) 

r.u.e L 
1
=24-ln(yn /T). ' 

e . e e u 

,llnH onpe.u.e.nemm qacTOThl CTOnKHoBeHHH 3neKTpOHOB C HeHTpaJiaMH 6bi· 

nn ucnonh30BaHhi paccqn:TaHHhie TeopeTn:qecKn: ceqeHHH ynpyrn:x cTonKHOBe-

--- 7 



HHH 3neKTpOHOB c HeHTpanbHbiMH aToMaMH npH 3HeprHHX 1 + 256 K3B 191 • 

llonytieHo 

-7 3/2 
v = n

0
a v ""4,2.10 Z n0 /T . 

en en e e 
(15) 

7. TEMllEP ATYP A 110HOB 

3neKTpOHHaH KOMTIOHeHTa nna3Mbl (HnH 3fleKTpOHbl, OCB06o,nHBlliHeCH 
·"" B pe3yflbTaTe HOHH33.UHH aTOMOB H HOHOB) HarpesaeTCH Bq·noneM B ycnOBH-

HX 3neKTpOHHO-UHKnoTpOHHoro pe30HaHca. B HalliHX pactieTax Mhi 3a,nasanli 

T KaK sHelliHHH napaMeTp. OcHOBHhiM MexaHH3MOM Harpesa HOHOB, 
e ,, 

npH ycnoBHH OTCYTCTBHH B03HHKHOBeHHH HeycTOHliHBOCTeH, no,nasneHHbiX 

CHflbHbiM MarHHTHbiM noneM, OtieBHAHO, HBflHIOTCH ynpyrHe KYflOHOBCKlte 

cTonKHoBeHHH c 3neKTpoHaMH. EcnH npeHe6pellb HatianbHhiMH 3HeprHHMH 

HOHOB, KOTOpbie COOTBeTCTBYIOT TennOBbiM 3HeJ?rHHM HeHTpanOB, TO AflH 

T
6

. » T 
1 

MO)I(l{O npHHHTb, liTO T 1 = dT1 /dt r 1 • Harpes HOHOB 6hiCTpbiMH 

3fleKTpOHa~H 6hm paCCMOTpeH paHee B I 10/: 

- 2 2 2 4 
4v'2rrn Z r m ymc 

e e L . 
_ ei 

AMVT . e 

d'I1 
(16) 

dt 

B To.:>Ke .speMH, 6hmo noKa3aHo 111(tiTOCKopocTL06MeHa3HeprHHMH HOHOB 

MeJK,ny C060H Ha HeCKOflbKO TIOPHAKOB Bblllle,H xapaKTepHOe BpeMH BblpaB

HHBaHHH 3HeprHH MeJKAY pa3HbiMH HOHHbiMH KOMTIOHeHTaMH ropa3AO MeHb

llle, lleM BpeMH IKH3HH HOHOB B nna3Me r i . ll03TOMy MQ)I(l{Q npe,nnonOJKHTb, 

'1 qTQ BCe HOHHhie KOMTIOHeHTbl HMeiOT 6nH3KHe MeJK,lJ:y C060H TeMnepaTypbi, 

onpe,nenHeMbie KaK 

.Ti 

Z dT 
I--krn 

k= 1 dt k k 

z 
I nk 

k= 1 

8. 3KCTP AKU11H 110HOB 
~ - ~,. 

(17) 

· 'ni:noic uotio's; iepHeMhiX H3 HCTOtiHHI<:a qepe3, TOPUhi; MOJKHo oiipe,nenHTb 
KaK/31':'. ;-::• ,. ' :·•·.·.· ., '· · . · .,.· '•· , ... ·1. · ·• .. •' 

'8 

,·; 

1\ 

.I 
!{ 
1 
l 
!r 
l 

',', 

i 

\ 

I 
~ 

I .I 

\ 
t 
I 

I 
•I 

.'1 

u 
'· 

q;i 
n1 e 
rl 

H, COOTBeTCTBeHHO, TIOflHaH TinOTHOCTb HOHHOrO TOKa MOJKeT 6biTb OUeHem 

KaK 

in! e -19 -2 
J. = -- • 1,6 . 10 a em 

1 r 
(18) 

i 

9.qi1CflEHHOEPElliEHI1EYPABHEHI13 

Cpe,nHHe BpeMeHa JKH3HH HOHOB r1 , BXOAHIIUie B ypaBHeHHe (2), onpe 

AMHIOTCH liHCflOM H pacnpe,neneHHeM HOHOB TIO 3apHAHOCTHM (7) + (11) 

3TO npHBOAHT K CHnbHOH 'HMHHeHHOCTH BCeH CHCTeMbl ypasHeHHH. Bhim 

onpo6oBaHbl pa3flHl!Hhle HTepaUHOHHbie MeTO,lJ:bl pellleHHH. flylllliHe pe3ynbTa 

Tbl TIO CKOpOCTH H o6naCTH CXOAHMOCTH pellleHHH y,nanOCb nonytiHTb MeTO 

,noM 3eii,nenH. Ha K-M lllare nnoTHOCTH HOHOB i -ii 3ap!IAH<;>CTH onpe,nenHnHCI 

KaK 

k 
n 

i 

(a1 nk-1 +a 2i nk-1 v n + (u ox nk v +a 2 exnk v ) n k-1 
1 1-1 1-1 i-2 e e 1+1 1+11 i+2 1+2 1 0 

(a! 
1+1 

+a21) v n +(aex+a2ex)v nk-1+1frk-1 
1+1 e e i i · 1 0 . 1 

r,ne i MeHHeTCH OT Z AO 0. 

llpouecc HTepa.QHH npo,nonJKanCH AO nonytieHHH 3a,lJ:aHHOH TOtUIOCTH 

.[(JIH pactieTOB Hcnonb3osancH nepcoHanLHhiH KoMnb:K>Tep THna IBM -PC. Pe 

3YflbTaThl BbiBOAHflHCb B BH,IJ;e Ta6nHU HflH rpaqmKOB. 

10.PE3YflhTAThlPACqETOB 

OcHOBHbie pe3ynbTaThi pactieTOB npHse,neHhi Ha pHcyHKax. l13ytianocJ 

o6pa30BaHHe H 3apMOBble pacnpe,neneHHH HOHOB HeOHa, aproHa H KpHTITOH: 

B llna3Me ECR-HCTOliHHKa c pa3MepaMH e :;30 CM, d=6,4 CM, DECRIS-14
112

• 

coopyJKlieMoro s .. .Uy6He. llpe,nnonaranocb, uo HOHhi o6pa3yiDTCH Henocpe.n 

CTBeHHO B pa6otieH 3oHe HCTOliHHKa H3 OCTaTOliHOrO ra3a. . 

Ha pHc,i-4 ·npHBe,neHhi. 3~PMO.Bhie pacripe,neneHna'·Haiioa ·aproHa" KpHn 

TOHa Ha BbiXoiie.·H3 HCTO~IHKa B 3aBHCHMOCTH OT TeMneparypi:{3neKTpOHOl 

T H nnoTHOCTH :meKTpoHoB n· • BbiXOA HOHOB K~oii ·3~PMHOCTH .nru 
e e · · 

li.9 



T . . 
10"' : l + • 

101 

: . : . 

•..; 
+ 

AROO~ 

•Te=5000ev 
•'fe=.2000t;N 
•Te=500ev 

104 • . • 

J . . . . . 
· Pnc.l. 3ap.IIAOBoe pacnpeneneHne noHOB aproHa B omocnTenbHbiX 

~nmim~ax: ne=2•10 12 cM-3, o ·- Te=500 3B, o- T e= 2000 3B, 

+ - T
6 

= 5000 3B. 

10"' 
. . . . 

+ • + • .. ' 

KRYPTON 

+ 

•f-5000ev 
• -2000ev 
• -500ClY 

+ 
+ 

10" 
+ 

+ 

10" •· 

+ 

10 

10 + 
5 iO 15 20 I . 

Pnc.2. 3apH)l;OBOe pacnpeneneHHe HOHOB KpHnTOHa B. OTHOCHTenbHbiX 

ennHHuax. ne= 2 •10 12 cM-3. • - T e= 500 3B, o- T e ;=2000 3B, 

+- T = 5000 3B. 
e 

10 

I t t + . . ARGON 
10-· 1~ + 

+ 
• + 

10-2 10a 
• ~,.Jx,o'bi I 
• r'Q·10'~~-J 
• ne •3:;.1u . .m~ 163 10·) 

• 

': i . 0 i _KRYPTON 
• 0 + 

• + 

·• • +n,.=3•1cfcm~ · 
•ne=10 4 cm·' 

• :. • n., = 3,5o1 C1l::ni 
. i-

• .. .1 . 

+ j 
! 

+ 

j 1~ 10-~: 

+ 

10· 5 10 · I 

Pnc.3. 3apanonoe pacnpeneneH~e. HOHo
1
B 

aproHa B OTHOCHTenbHbiX e)l;HHHUax. , T e = 

= 1000 3B, e-n = 3,5·1011 CM-3, O-e . 
n

6
=1012 cM-3, +- n6 =3·10 12 cM-3. 

+ 

0 i 

1cP __j 
5 . 10 . I · 

Pnc.4. 3ap.llnoBoe pacnpeneneHne HOH,OB 

KpHnTO}Ja B OTHOClfTe~bHbl~ e)l;HHHUax, 
· · · . · 12 ·-a 

T e =1000 3B. e - n =3,5 ,-10 . CM , 
12 . -3 e . · 12 -3 

Q-n 6 =10 CM ,+-n
6
=3.10 CM .: 

B OTHOCHTeJibHbiX e}l;HHHI~aX, OTHOpMHpOBaHHhi_X Ha DOJIHhiH HOHHhiH 

TOK. 
Ha pHc.5-8 npeAcTaBneuhi 3aBHCHMOCTH cpeAHero 3apHAa Z · H TeMnepa

TYPhi T 
1 

HOHOB ueoua, aproua H Kpm'noua B ·nna3Me HCToqnJIKa OT TeMne'pa

Typhi T e H nnoTHOCTH ::meKTpouoB n e . 

Bhipa'lKenHe (18) no3BOJIHeT onpeAeJIHTb noTepH IiouoB qepe3 T<?PUhi 

o6neMa nna3~hi. CyMMapHhiH TOK HOHOB I . B 3·asHCHMOCTH OT TeMnepaTyphi 

T e H nnoTHOCTH ::meKTpouoB n e npHBe}l;eH ua pHc._9-10. 3TH ·pe3yJILTaThi 

,!J;aiOT :B03.MOJKHOCTb OUeHHTb 06IUHH TOK 3KCTpaKUHH HOHOB HeOHa, aprOHa 

H ~pHirr~:ma H3 HCT~qHHKa H COBMe~TlfO C pHC.1-4 TOKH OT,!J;eJibHbiX H~HH~IX 
3apH,!l;HOCTeH. , 

llpe,!l;JIOJKeHHaH B pa6oTe MO,!J;enb npennonaraeT CBH3b MeJKAY DJIOTHOCTbiO 

ueiil'panoB H nnoTHOCTbiO 3JieKTpoiio:B B nna3Me. Ha pHc.11 npeACTaBJieHhi 
~ ' .' ~ _. 'i l ..., ' ''u "' ~· ' .· 

3REJp:<,:HMOCTH B0,3.~0~<?,H IlfiOrHOCTl! HeHTpru_I;OB . BHe nJI~3Mhl OT, T(!l\1DepaT¥"-1 

phi .. T. 3neKTpouoB npH cpHKCHpoBauuoii . nnornol!TH 3JieKTpouoB. n , · e . . · · . ... · ·· · · · · . · " · · · e 
a ,Ha.Pl19·12 3aBHCH~OCTH B03MOJKHOH nJIOTHOCTH n OT n 6 , npil·cp~KCHpo-
BaHHOH TeMnepaType 3JieKTpou6B T e AJIH u~oua, aproua H KpHnTona., 

, . .· 
·, ;' 

11 
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PHc.5. 3aaHCHMOCTL cpeAHero 3apHAa PHc.6. 3aBHCH!"'OCTL cpeAHero 33pHAa 
HOHOB Z HeOH3, aprona H KpHnTOHa 

B ECR·HCTO'IHHKe OT TeMnepaTypLI :meKT

poHoB · T e, npH 11JIOTHOCTH :meKTpOHOB 

_ne= 2~10 12 
cM-3 • 

T.ev 
20 

. 15 

5 

1 t>£ 
2 Ar 

··• '3 Kr 

HOHOB Z HOOHa, aprOHa H KpHnTOH3 

B ECJV. HCTO'IHHKe oT nnoTHOCTH 3neKTp~

HOB n e npH TeMnepaType 3JieKTpOHOB 

T = 1000 :~B. e 
r~r---~-

20 

15 

10 

·s 

1.Ne 
2 Ar 
3 Kr 

2 fll•1oacm-~ 1 . 2 3 ~xHTev 
Puc. 7. 3anHcHMOCTL TeMnepaTypLI HOHOB PHc.8. 3aBHCHMOCTL TCMnepaTYpbl HOHOB 
'Ti HeoHa, aproHa H KpHnTOHa B ECR:uc- T 1 HeoHa, aproHa H KpHnToHa B ECR-uc-

TO'IHHKe o'r TeMnepaTypLI 3JieKTpouon T 
. e 

npH nJIOTHOCTH . 3JICKTpOHOB n e = 
=2•1012 ClVI-3 

TO'IHHKe OT nJIOTHOCTH 3JieKTpOHOB n 
.. e 

npH TeMnepaType • · :~neKTpOHOB T e = 
=1000 38. 

12 

Ia Ia 
' 

1Ne i ' ! 0.20 
2, Ar I 

0,20 

3 Kr 

I 
0,15 

0,10 

OP5 

2 3 4 Tex101ev 

Plfc.9. 3aBHCHMOCTL nOJIHOrO TOK3 BLI-
'' . 

XOAa HOHOB I H3 ECR-HCTO'IHHKa AJIH 

HeOHa, aproHa If KpHnTOHa OT TeMnepaT;y

pLI 3JieKTpOHOB T e _ . npu nnoTHOCTH 
' ' 12 -3 

3JieKTpOHOB ne = 2 •1 0 CM • 

0,5 

, o,o! 

op5 

2 

1 NQ 
2 Ar 
3 Kr 

rvx1o•cm·• 

PHc-.10. 3aBHCHMOCTb .nOJIHOro. TOKa BLI

XOA3 HOHOB I H3 ECR-m:TO'IHHKa AJIH 

HeOHa, _aprOHa H KpHnTOHa OT , ~OTHOCTH 

:~neKYpOHOB n e npH TeMnepaType :~neK:t

poHoB T
6 

=. 1000 :~B. 

IlonylleHHbie pe3y,JlbTaTbi no3BOIDiro:r cnenaTb BbiBon, liTO 3apHnoabie 

pacnpeneneHim H~HOB a nna3Me ECR-HcTOtiHHKa H Bbixon MHoro3apHnHbiX 

•HOHOB ·3~HCHT 'rnaBHbiM. q6plJ30M o-f :reMII.epaTypbi ::meKTpoHoB. Yaehn~e
Hm:i Te~nepaTyphi 3n~K-TpoHoB npHaonHT K pocry cpenHero 3apHna HOHOB 

' ; i • • , I • ·. ' • , 't ' ~ '. 

B nJia3Me H K pe3KOMY yBeJIHlleHHIO 1'0Ka MHOr03apHnHbiX HOHOB, KaK BOT· 

HOCHTeJibHbiX, TaK H a a6~onro~biX BenHliHHax. :3To cornacyeTcH c pe3yJILTa~ 
TaMH pa6oT/ll H /3/. B TO )Ke BpeMk: .OPUUiii ~OHHbiH TOK H3 HCTOllliHKa na

.naeT. :3TO CBH3aHO C TeM, liTO H3 YCJIOBHfi'~apHnOBOH HeHTpaJibHOCTH nJI~3Mbl 
cyMMapHbie noTepH HOHOB noJIJKilbl 6biTh·.: paBHJ;>I noTepHM 3JieKTpOHOB, 

oKa3biBaroinHMCH a KoHyce noTepb, liTo, a caoro ollepenL, 3aBHCHT oT aepoHT

HocTH CTOJIKHOBeHHH 3JieKTpOHOB B ltJia3Me. C pZlcro~ 3HeprHH 3JieKTpOHOB 

BepOHTHOCTb HX CTOJIKHOBeHHH yMeHbluaeTCH: (13) 7 (15)., ·; 
-<·. B_(,l,+,~( •. 6hmO,,noJiylleHO,: :'ITO yaenHlleHHe nJIOTHO~TH_ :meKTpOHOB Ta~)Ke 

l ·;,. " i 

ae.neT ,K pocry _liHcna MHoro3apH,nHbiX HOHoB: B HaweM cny,llae YlleT ypaaHe-

IJHH 6aJIIUIC~ ,nJIH. JitmTpaJIOB .H onHo~apH}:\HbiX1 HOHOB B CHc't~t'!1!l (2) n~~BO· 
JIHJ1,,.peii,IaTb ;CaMOCOrJ1aCOBaHHYIO 3anaqy. 06mee liHCJIO (HJIII~UJIOTHO.CTb) 

... • ' ' u '~ ' 

HOHOB .. B,llJ1a3~e>3aBHCHT,·O'IJ ru;tOTHOC'l;H HeHTpaJIOB H llJIOTHOCTH 3JieKTpOHOB. 
\.. ... ..... ' . ·---- ..... ··-' 

r '!fuY(l·;~·1~·-'· f.:. ... ,t·;.o.h "'"t!h~jl,ith ~~r, f "'" 

13 
~-.! 
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PHc.11. Bo3MOlKHLie 3Ha'leHHH nnoTHo

CTH Heihpli;JIOB BHe nna3Mhi n ECR· 

HCTO'IHHKa ,l:lJIH HCOHa, aproHa H KpHn· 

TOHa npH ilJIOTHOCTH 3JICKTpOHOB n = 
12 -2 e 

= 2 • 10 CM ,l:lJIH p83JIH'IHbiX TCM· 

nepaTyp 3JieKTpoHoB T e. 

Ycnoaue 3apHAOBoil: Heil:TpanhHO
CTH llna3Mbl ( 3) ycTaHaBJIHBaeT 
B33HMOOAH03Hatmoe COOTBeTCT
BHe Me)l(Ay CYMMapHbiM 3apHAOM 
HOHOB H 3apHAOM ::meKTpOHOB. 
B pe3ynhTaTe nnOTHOCTH Heil:Tpa
noa H 3neKTpOHOB OK33biB310TCH 

-3aBHCHMbiMH BenwmHaMu. YaenuqeHue nnoTHOCTH Heil:Tpanoa B nna3Me n0 , 

a cne,!l;OBaieJibHO, U nnOTHOCTH n . H BHe nna3Mbl, OTKy,!l;a llOCTynaiOT HeHT

panbi, Tpe6yeT yaenuqenuH Heo6xonuMoli nnH caMocornacoaaHHOCTH perne
HHH nnoTHOCTll 3neKTpOHOB ne ' H nao6opoT (puc.l2). YaeJiuqeHHe nnoT
HOCTH HeHTpanOB HBnHeTCH ¢aKTOpOM,yMeHhillalOUU1M cpe,!l;HHH 3apHA HOHOB. 
3TO npHBOAHT K TOMy, qTQ 33pHAOBbie pacnpeneneHHH HOHOB Ha BbiXO,!J;e 

I 

H3 HCTOqHHKa H B nna3Me npaKTH'IeCKH He 3aBHCHT OT nnOTHOCTU 3neKTpOHOB 

(puc.3,4,6). B TO :>Ke apeMH 
nx10• I cyMMapHbiH TOK HOHOB I 
em .. 

6 

5 

4 

3 

J 1/ 1 Ne 
2 Ar 
3 Kr 

"e-1>•cm .. 

14 

CltnbHO B03pacTaeT npu yaenuqe-
HUH nnOTHOCTH 3neKTpOHOB n e 
(puc.lO). 

Piic.12. Bo3MO>KH&Ie 3Ha'leHHH nnoTHo· 

CTH HeihpanoB BHe nna3Mhi n ECR

HCTO'IHHKa AJIII HeoHa, aprOHa H KpHn· 

TOH8 npH · TeMnepazype 3JieKTpOHOB, 

T e =1000 '3B AJIH pil3JIH'IHbiX nJIOT· 
HOCTeH 3JieKTpOHOB n . 

e 

·1 

,, •:> \ -'; ',• ~ f! .~_ :-)<_) '- 'i 
3AKmoqEHI1E 

B pai\1:Kax"rip~nrio:>KeiiH:oH: ca'Mocornacosann'oH::-M:bneim;· y~u:iTbiaiiiol.ueH: 
CBH3b qucn'a' Heliipa:noa',': HOHOB' H '3neKTpOHOB 'B-. rina3r.1e' 'Me~y ;· c'o6oil:, 

H B pe3ynbl'3Te npo:Be.iieHIIhiX pacqeTOB 'r.1d:>Kno''c.D.enaTb BbiBOA 'o iioivi;' ~0 
yaenwi:eHue Bhixona MHoro3apHAHhiX uoHoB u3 ECR-ucToqnuKoB B03Mo:>K!Io, 
rnaBHbiM o6pa30M, nyTeM llOBbiilleHHH TeMnepaTypbl 3neKTpOHOB. 113MeHe-
HUe nnOTHOCTH 3neKTpOHOB B llna3Me CHnbHO BnHHeT Ha nonHblH BblXOA 

HOHOB, HO ManO CK33biBaeTCH Ha 33pH,!l;OBblX pacnpeneneHHHX HOHOB.)lpyruM 
Cll0C060M llOBbiilleHHH-· qucna MHOr03apHAHblX HOHOB TH:>KenhiX H CpeAHHX 

3neMeHTOB HBnHeTCH, BepOHTHO, HX Oxna)l(AeHHe nerKHMH Man033pHAHbiMH 
HOH3MH /11/. YMeHbilleHHe TeMnepaTypbl HOHOB npHBOAHT K yMeHbilleHHIO 

AHlPlPY3HH H yaenuqeHHIO HX apeMeHH )KH3HH. 
Pa3BHTHe paccMOTpeHHOH MOAenu nnH pacqeTa 3apHAOBbiX pacnpenene

HHH uoHOB a_ nna3Me ECR-ucToqnuKoB non:>KHo npoucxoAHTb no nyTu AaiTh
Helirnero npu6nu:>KeHHH ee K peanbHO npoucxoAHUUiM ¢lr3uqecKHM npouec
caM. B qacTHOCTH, neo6xonuMo ypaaHeHue 6anaHca AnH nnoiHocru·3neKTpo
HOB, yquTbiBaiOLUee ux po:JKAeHue, Harpea u noTepu. TeMnepaTypa 3ne~Tpo
HOB · MO:>KeT 6hiTb onpeneneHa ucxOAH H3 MOLUHOCTH u _qacroThi Bq~nonH, na
paMeTpOB -H reoMeTpHH MarHHTHOrO nonH, ,!l;pyrux He06XOAHMblX _!f>aKTOpOB, 
:>KenaTenbHO TaK:>Ke npuMeHenue 6onee pauuoHanbHhiX MaTeMaTHqecKux MeTo
AOB Iiaxo)KAeHHH perneHuil: cucTeMhi ypaaHenuil: 6anaHca n.im acex-KoMnoHeHT 

nna3Mhi. 
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