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1. B e e Jl e H H e 

Ill 
Ha OCHO~e paoOTbl <ll.n. llJanHpO , B KOTOpOit yK83biB89TCSI 603-

MO)KHOCTb 001199 TO'IHOrO H3MepeHHSI H9KOTOpblX 9119M9HT8pHbiX CBOitCTB aefiT

pOH8 c noMO!UbiO ynbTpaXOIIOJlHblX aefiTpOHOB ( YH). B naoopaTopHH aefiTpOHHOfi 

~H3HKH aaqanac& paapaooTKa MeTOJJ.HKH uaaneqeaHH H yaep)KaHHH YH. MeTo

JlHKa OCHOB8H8 H8 H3B9CTHOM CBOitCTBe HeitTpOHOB Jl0CT8TO'IHO HH3KOfi 3Hep

rHH 11Cllb!Tb!B8Tb llOIIH09 OTp8)1(9HH9 OT CT9HOK npH IIIOObiX yrnax naaeHHSII 21 • 

D.nH OObi'IHblX MaTepH81IOB 9TOT :31j>~eKT HM99T MeCTO npH CKOpOCTSIX aefiT

pOHOB M9Hbllie 10 MiceK. 

nepBbl9 Ollb!Tbl noK8381IHI31. 'ITO c noMO!UbiO H30rHyTolt M9JlHOit TPYObl 

aoaMo>KHO nony'laTb aa HMnyn&cHoM peaKTope 11BP-1 YH c MaKCHMan&aofi 

CKOpOCTbiO v "' 5, 7 MfCeK 1 KOTOp8SI COOTBeTCTByeT 8HeprHH 
M8KC. 

-7 
• 10 3B H JliiHHe BOIIHhl - sooJt. • OnaaKO HX noTOK ¢ YH O'leHb 

Man. Bl31 nonyqeao aaa'leHHe 
,I. -2 -2 -1 
'I' YH "' 10 H.CM ceK • noTOK TelliiOBbiX 

aeltTpOHOB e aaMeanuTene, H3 KOToporo YH BbiXOllHIIR B Tpyoy, cocTaBIISIII 

10 -2 -1 
¢0 .. 1,6.10 H.CM .ceK • npu H8HIIY'IlliHX ycnOBHSIX H3B.neqeHHSI YH 

H3 aaMeanHTenH noToK YH oueauaaeTcH H3 MaKcae.nnoacKoro pacnpeaeneHHH 

T9fiiiOBbiX HeitTpOHOB H npH 
14 -2 -1 3 -2 -1 

¢ 
0 

= 10 H.CM .ceK ¢ YH "' 1,1.10 n.cM .ceK 

BbiopaHHoe ,~.. cooTeeTcTeyeT noTOKY cTauHoaapaoro peaKTopa MOWHOCTH 
. '~'o 

"' 10 MeT. B npoeKTHpyeMOM peaKTope 11BP-2 O)I(Hll89Mbill: noTOK TennoBbiX 

aeii:TpOHOB H8 fi~BepXHOCTH 38M9JliiHT91ISI B M8KCHMyMe HMfiYIIbC8 npH '18CTOT9 
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-1 1 16 -2 -1 /4/ 6 A 5 CeK COCTSBHT cp O "' 0 HoCM 0 CeK H COOTBeTCTBeHHO OnbWH 

noToK YH cp YH B HMnynbce. Y'IHTb!BaH cospeMeHHbie aoaMo>~<HOCTH, paayM-

-2 -1 
HO HCXO/lHTb H3 BenH'IHHbl !IOTOKa YH cpYH ,. 10 .. 100 H CM ceK JlnH 

oueHKH He06XO/lHMOrO BpeMeHH H3MepeHHSI0 KOTOpoe !IOTpe6yeTCSI JlnSI !lpOB&

}leHHSI HCCne/lOBSHHA 38/lS'I !10 ~H3HKe TBep/lOrO Tena. npoBe}leHHble HSMH 

oueHKH !IOK83b!B8IOT0 'ITO 38/l8'18 MO)KeT COCTOS!Tb TOnbKO B HCCne/lOBSHHH 

nonaoro ceqeHHH pacceHHHH o • npH aToM yTpa'IHaaeTcK npeHMywecTBO 

HCnOnb30B8HHH TennOBbiX HeftTpOHOB no cpaBHeHHIO C JlpyrHMH MeTO/lSMH 

HCCne/lOBSHHSI K883H'I8CTHU, 8 HMeHHO, B03MO)KHOCTb 0/lHOBpeMeHHOrO onpe-

JleneHHH nepe/la'IH HMnyn•ca H aaeprHH. 

no/lp06Hoe paCCMOTpeaHe paanH'IHbiX npoueccoa B38HMO}leftCTBHSI YH 

C aewecTBOM !IOK83biB8eT ( CMo p83/len 2) t 'ITO nepcneKTHBHO HCCne/lOB8HHe 

HeynpyrHX npoueCCOB, KOTOpb!e CBSI3aHbl CO C!IHHOBOft aaBHCHMOCTbiO !IOTeH-

UH8nbHOrO pacceHHHSI K/lp8 B cnyqae HeBbipO)I(JleHHblX CfiHHOBblX ypOBHeA. 

npo6neMbl, CI!ISI38HHble c B38HMO/leAcTBH9M YH c H/lepHblM C!IHHOM, 6nH3KH 

K npo6neMaM, HayqaeMbiM MeTO/l8MH napaMarHHTHoro peaoaaaca, H/lepaoro 

peaoaaaca, a4MlleKTa Mltcc6ayapa H Jlp. 

2. npouecCbl B3aHMO/leftCTBHSI ynbTpaxonO/lHblX 

aeATpOHOB C TBep.llblM TenoM 

2. J. 06wHe aaMe'!aHHH 

nocKonbKY senH'IHHbi nonaoro ce'I&HHH pacceHHHH JlnH paanH'IHbiX npo

-4 
uecCOB B o6nacTH aaeprHH HeATpOHOB E < 10 3B fiO'ITH COBCeM He 

Hccne/lOB8Hbl0 npH.IleTCSI HX OUeHHB8Tb H8 OCHOBe TeopeTH'I9CKHX C006pa)Ke-

HHA. CymecTBeHHYIO ponb HrpaiOT ce'!eHHH cne/lyiOUIHX npoueccoa: ce'!eHHe 

nornoweHHH o a , ce'leHHe napaMarHHTaoro pacceHHHH 0 napa' Ce'leHHe 
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ynpyroro aeKorepeHTHoro pacceHHHH 

aoro H aeKorepeHTHoro pacceHHHfi 

HK 
ay 

KOr 
0

HY 

H ceqeaHe aeynpyr 

HK 
H aHY • KpoM< 

no6aBHTb npouecc nonaoro oTpa>KeHHSI, KOTOpbiA HC!IhiThiBaeT ' 

HH3KOA aHeprHH !lpH n1060M yrne !la}leHHSI Ha !IOBepXHOCTb 

/5/ 
MarHHTHoro noaH • YcnoaHeM JlnH B03HHKHOBeHHH nocne/lJ 

3TOrO HBnHeTCSI aepaBeHCTBO: 

EYH <E 
h? 

211m 
N b 

Kor 
+ !L 8 
- n 

rile E YH - aaeprHH YH, m - Macca aeATpoaa, N- '!Hen 

HHue o6'heMa aemecTBa , b 
KOr 

- KorepeHTHaSI aM!InHTy/la 

CBSI3aHHOM Sl/lpe, !L - MarHHTHblfi MOM9HT HefiTpOH8 H 8 
n 

HHilYKUHH cpe/lhi. Oepaoe cnaraeMoe HMeeT JlnH Be , C 
-7 ' /5/ 

Zn , Pb H np. rropHJlOK 10 as (eM. Ta6nHUY 7 B ) , a BT! 

ecnH 8 <,. 20 Krc. 

PaccMoTpHM ocTanbHble npouecchl !IO/lpo6aee. 

2.2. CeqeHHe rrornoweHHH 

-4 
B cnyqae MellneHHbiX aeATpoHoB ( aaeprHfi 10 .. 1 

KaHanoM pacna}la npoMe>KyTO'IHOrO Sl/lpa SIBnHeTCSI HC!IyCKaH 

a aTo aHa'IHT, 'ITO ce'leHHe rrornoweHHH a.. "' an,y. a n,J 
/5,8/ 

<f>opMynofi BpeATa.-BHrHepa • nnSI 3HeprHfi aefiTpoaa MeH 

aoA H npH ycnoBHH, 'ITO peaoaaacaaH aaeprHH 6onbwe wHpHJ 

rronyqaeTCH a ,f /v,rlle 
.. y 

v - CKOpOCTb HefiTpOHa H f y 

WHpHHa. B o6nacTH Me}lneHHblX aeliTpOHOB r y .. const ,1.JT06bi 

qeHHH a._ JlnH aaeprHH YH, aeo6xo/lHMO 3KCTpanonHpoaaTb n 

/8,7/ 
senH'IHHhi a a , JlaHHbie B /lnH aeATpOHOB Tennosoli aaep: 
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8BHT 10 16 -2 -1 /4/ 6 A cp o "' HoCM oCeK H COOTBeTCTBeHHO OllbWH 

YH B HMnyn&ce. Y'IHTbJBaH coapeMeHHble aoaMO>~<HOCTH, paayM

-2 -1 
H3 eenH'IHHbJ noToxa YH cf>yH .. 10 .. 100 a eM ceK nnH 

!lHMOf'O BpeMeHH H3MepeHHH0 KOTOpoe noTpeoyeTCH !liiH IIpOB9-

0B8HHif aanaq no cpuauxe TBepnoro Tena. ITpoaeneHHbJe HSMH 

bJB810T1 'ITO 38!l8'18 M0)1{9T COCTOHTb TOIIbKO B HCCII9!lOB8HHH 

HHH paCC9HHHH a o flpH STOM yTp8'1H889TCH npeHMyweCTBO 

g TeniJOBblX HeftTpOHOB no CpaBH9HHIO C npyrHMH M9TO!l8MH 

KB83H'I8CTHU 1 a HM9HH0 1 B03MO)I{HOCTb O!lHOBpeMeHHOf'O onpe-

na'IH HMnyn:&ca H sHepruu. 

oe paccMoTpeaue paanH'IHbJX npoueccoa aaaHMoneAcTBHH YH 

nOK83biB8eT ( CMo paanen 2) 1 'ITO nepcneKTHBHO HCCII9!lOB8HHe 

KOT0pb19 CBH38Hbl CO CnHHOBOft 38BHCHMOCTbiO noTeH-

srnpa B cnyqae H9Bbip0)1{!l9HHbiX cnHHOBbiX ypOBHefto 

HaaHHbie c saauMoneAcTBHeM YH c HnepHI>IM cnHHoM1 6nuaxu 

uayqaeMbiM MeTonaMH napaMarHHTHoro peaoHaHca 1 HnepHoro 

exTa Ml!cc6ayspa H np. 

2. flpoueccbr eaaHMoneAcTBHH yn&TpaxononHbJX 

H9ATpOHOB C TBep.QbiM T91IOM 

He 3aMe'laHHH 

KY B91IH'IHHbl nOIIHOf'O Ce'leHHH paCC9HHHH !liiH p831IH'IHblX npo

-4 
8CTH SHeprHH HeATpOHOB E < 10 SB nO'ITH COBCeM He 

IIpHneTCH HX OUeHHB8Tb H8 OCHOBe TeopeTH'I9CKHX COOOp8)1{9-

eaay10 pon& urpaJOT ceqeHHH cnenyJOwHx npoueccos: ce'leHHe 

a a t Ce'I9HH9 napaMarHHTHOf'O p8CC9HHHB a napa' ceqeHHe 
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ynpyroro HeKorepeHTHoro pacceHHHH 
HK 

ay H ceqeaue aeynpyroro KorepeHT-

HOJ'O H HeKorepeHTHOf'O p8CC9HHHA 
KOJ' 

aHY 
HK 

H aHY • KpoMe sToro, Hano 

aooaBHT~ npouecc nonaoro oTpa)l{eHHSI, KOTOpbrA HCIIbiTbreaeT YH aocTaTO'IHO 

HH3KOA sHeprHH npH IIIOOOM yrne naneHHH H8 noBepXHOCTb B9W9CTB8 HIIH 

/5/ 
MarHHTHoro noiiH • YcnoBHeM AIIH soaHHKHOBeHHH nocneaaero npouecca 

STOJ'O HBIIR9TCH HepaBeHCTBO: 

EYH <E 
h ~ 

2rr m 
N bKor ~f-LnB 

( 1) 

rae E YH - saeprHR YH, m - Macca aeATpoaa, N- 'IHcno R!lep a eau-

auue oo'beMa semecTBa 1 b 
Kor 

- KOrepeHTH8R 8MIIIIHTY!l8 pacceHHHR H8 

CBR38HHOM RApe, f-L - M8f'HHTHbiA MOMeHT HefiTpOH8 H 8 - M8f'HHTH8R 
n 

HHAYKUHH cpe!lblo flepsoe cnaraeMoe HMeeT nnR Be 1 C , AI, Fe, Cu , 

Zn 
-7 

J0 SB, 
-7 /5/ 

Pb H !!Po nopR!lOK 10 9B ( CMo T80IIHUY 7 B ) , a BTOpoe < 

ecnu B < 20 Krc. 
"' 

PaccMoTpHM ocTan&Hbre npoueccbr noapo6aee. 

2. 2. C eqeaue nornomeHHSI 

-4 
B cnyqae MenneHHbJX aeATpoHoB ( aHeprufi 10 • 1 as) ocHOBHbiM 

KaHanoM pacnaaa npoMe)l{yTo'IHoro Rnpa RBn~eTCR ucnycKaHue y -KBBHTa, 

a ::ITO 3H8'1HT, 'ITO ce'leHHe ITOf'IIOUieHHH a.. "' an,y • a n,y OITHCbiBaeTCR 

/5,6/ 
cpopMynoA BpeATa_-Buraepa • .UnH sHepruA aeATpoHa MeH&IIIe peaoHaHc-

HOA H npH ycnOBHH, 'ITO pe30H8HCH8R 9Hepf'HR OOllbiiie IIIHpHHbl p930H8HC8 , 

nonyqaeTCH a ,[' I v, rae 
.. y 

v - CKOpOCTb HeifTpOHa H [' - p8!lH8UHOHH8SI 
y 

IIIHpHHa. B o6nacTH MenneHHbiX aefiTpOHOB f' y "' const .lJTOObi nony'IHTb aaa

'leHHH a .. nnH aHeprHH YH 1 aeooxoAHMO SKCTpanonuposaTb no aaKoHy l I v 

/6,7/ 
aenH'IHHbi a .. , aaHHbre a anH aeATpoaoa Tennoaoit aHeprHH • .UnH 6onh-

~ 
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t: 

IIIHHCTBa aneMeHTOB ( H30Tonos) a a > 100 6apH anSI YH. JilcKnJO'IeHHeM SIB-

nSIJOTCSI1 KaK npasuno, nerKue aneMeHTbr: 0 , Be , C 0 F Mg' 

AI Si p Zr H T8K)Ke Pb Bi H ap. OaaaKo TO'IHOCTb aTHX 

oueaoK aaBHCHT oT npHMeHHMOCTH aKcTpanonuposaHHSI a no aaKoHy I / v 
a 

.QnSI paCCM8TpHB8eMoro SI.Qpa, 'ITO OIIpe.QenSieTCSI IIapaMeTpaMH pe30H8HCOBo 

11/ 
Ha rpatHKax aa(E) B BH.QH01 B K8KO!!: Mepe OCyllleCTBnSieTCSI .QnSI Bbl-

6p8HHOI"O H30TOII8 XO.Q (Ia no I I v rrpu HH3KHX aaeprHSIX. 

Do cux nop aKcrrepuMeHTanbHO uccnenosaao rroseneaue a TOnbKO 
ft 

-3 -6 /8/ 
anSI Au s o6nacTH HH3KHX aaeprul!: ( 10 no 0 ,5.10 as) • PeaynbTaTbi 

IIOK83b!B810T OTHOCHTenbHO XOpOIIIee IIOBe.QeHHe (1 a IIO 38KOHy I I v ( CT a 

-3 
H3MeHSieTCSI OT 500 08pH IlpH aHeprHH Hel!:TpOHOB 10 aB .QO 20000 6apH 

-6 ) 
IlpH En = 0,5.10 aB 0 

2.3. Ceqeaue napaMarHHTHoro pacceSIHHSI 

Ce'!eHHe pacceSIHHSI HerronSipHaosaHHhiX ael!:Tpoaos aa rrapaMarHHTHOM 

aToMe B rrpenenbHOM cnyqae Hel!:Tpoaos oonbwux nnua sona ( A > 10 ~) 
/5/ 

HMeeT BH.Q ( CMo CTpo 33 B ) 

(1 _87T 2 
napa - -

3
- ( r 0 Y) S ( S+ I ) I,26 S(S+ I) l 6apal ( 2) 

rne r 0 =e 
2 I m c 

2 
- KnaccuqecKHl!: panuyc aneKTpoaa, y - senH'IHHa Mar-

e 1 

HHTHOI"O MOMeHT8 HeltTpOHa, Bb!pa)KeHHaSI B SIO.epHbiX M8rHeTOH8X1 S - CIIHH 

8TOMao 

DnSI npocTel!:wero cny'laSI S = l/2 nony'laeTcSI a ""' 0,94 6apH. 
napa 

0.QH8KO H8.QO .Q008BHTb1 'ITO ypaBHeHHe ( 2) cnpaBe.QnHBO TOnbKO B TOM 

cny"!ae1 ecnH ypoBHH aneKTpOHOB 8blpO)K.QeHbi1 HHaqe MoryT B03HHKHYTb Heyn

·'8/ 
pyrHe npoueccbr c H3MeaeaHeM aaeprHH aeltTpoaos. B pa6oTax aaltneHHhre 

CI19KTpbi HHTepnpeTHpy!OTCSI Ha OCHOBe 3TOro acjlcpeKT8o 

6 

_. 

IJ 

'· 

I . . .. ~· 

Jila TeOpHH TOHKO!!: H CB9pXTOHKOl!: CTpyKTypbl napaM 

H3BeCTH01 'ITO aHepreTH'!eCKHe ypOBHH, CBSI3aHHbie C MarHil 

H30nHpOB8HHOI"O napaMarHHTHOI"O HOH8, MoryT pacwennHTbC 

npoueCCOB B3aHMb.Qel!:CTBHSio DopH.QOK BenH'IHHbl pacwerrneH 

pa3nH'IHbiX rrpoUeCCOB: .QnSI B3aHMO.Q9HCTBHSI C aneKTpH'!eCKH 

KHM noneM 0Kpy)K9HHSI 

-2 
0.9HCTBHSI ~ 10 3B H 

-3 
~· 10 .f 1 aB1 .QnH CIIHH-OpOHTa 

-1 10 as B cnyqae 3d H 4£ aner 

-4 
CTB9HH0 1 .QnH CIIHH-ciiHHOBOI"O B38HMoaeii:CTBHSI "' 10 38 H J 

B3aHMoaeltCTBHSI 
-5 -7 /9/ 

"' 10 '* 10 as • DpeacTasneaue oo 

HOHe" cnpaseanHB01 ecnH KOHUeHTp8UHSI rrapaM8I"HHTHbiX HOH: 

0,1 Mon%. B npoTHBHOM cnyqae aHrronb-aHrronbHoe saaHMO 

HOH8MH C 3d -aneKTpOH8MH seaeT K CHnbHOMY ywJ!peHHIO pe: 

HaonJOaaeMblX aneKTpOHHb!M rrapaMarHHTHbiM pe30H8HCOM 1 'I' 

rrpeiiSITCTBOB8Tb HCCneaoB8HHIO pa3Hb!X aneKTpOHHb!X IIepeX 

-4 
< 10 as. 

TaK K8K anSI HCcneaoBaHHSI IIpHM9CHbiX HOHOB B TBepaoN 

HM910IIIHXCSI IIOTOKOB MeaneHHb!X Hel!:TpOHOB TpeoyeTCSI KOH 

1 Mon% H oonblll9 1 npHM9H9HH9 Hel!:TpOHOB anSI IIO.QOOHbiX H 

nSieTCSI Heuenecooop83Hb!Mo 0aH8KO H8.QO HM9Tb B BRay, '11 

rpeB8TbCSI BCneaCTBHe B38HMOaeltCTBHSI HX C aneKTpOH8MH 1 K 

Ha pa3HbiX aHepreTH'!eCKHX ypoBHHX. KpoMe Toro H&ao aaM 

HHe rrapaMarHHTHoro pacceSIHHSI B cny'lae onHoro soaoy> 

H YH oaaoii: aaeprHH rrporropuHoHanhHO OTHorneHHIO HMrrynbCOI 

rae p H p - HMIIynbCbl Hel!:TpOHOB IIOCne H 0.0 paCC9SIHH~ 

3TO Be.QeT K CHnbHOMY ysenH'I9HHIO Ce'!eHHSI napaMarHH1 

7 



TOB ( H30Torroa) a > 100 6apH Jln.R YH. HcKmo'!eHHeM srs-
" 

BHno1 nerKHe aneMeHThi: 0 1 Be , C 0 F Mg I 

Zr H TBK:lKe Pb Bi H Jlp. 0JlH8KO TO'IHOCTb 9THX 

OT rrpHM9HHMOCTH aKCTparronHpOBBHHSI a a IIO 38KOHy 1 / v 

eMoro srapa1 'ITO orrpeaensreTcsr rrapaMeTpaMH pesoHaHcoa. 

(E) B 

a XOJl 

17/ 

a,. 

BHJlH0 0 B K8KOil: Mepe OCYIU9CTBJISI9TCSI JlJISI Bbi

IIO 1 I v rrpH HH3KHX aHeprHsrx. 

aKCIIepHM9HT8JibHO HCCJI9JlOB8HO IIOB9Jl9HHe a TOJibKO 
~ 

-3 -6 /8/ 
'TH HH3KHX aHeprHil: ( 10 JlO 0 15.10 as) • PesynbTaTbi 

CHT9JibHO Xopomee IIOB9Jl9HHe a ITO 38KOHY 1/v ( a 
a a 

-3 
6apH IIpH aHeprHH Heil:TpOHOB 10 aB JlO 20000 6apH 

as). 

e rrapaMarHHTHoro paccesrHHSI 

ICC9SIHHSI HeiiOJIS!pH30B8HHhiX Heil:TpOHOB Ha rrapaMarHHTHOM 

HOM cnyqae Heil:TpOHOB 6onblliHX JlJIHH BOJIH ( A > 10 .R) 
/5/ 

CTp0 33 B ) 

.!!!._ ( r y ) 
2 

S ( S + 1 ) 
3 0 

1,26 S ( S+ 1 ) l 6apH J ( 2) 

- KnaccH'!eCKHil: paaHyc aneKTpoHa, y - aenH'IHHa Mar

Heil:TpoHa1 Bb!pa:ll<eHHaSI B Sl.ll9pHbiX M8rHeTOH8X
0 

S - CIIHH 

il:mero cnyqasr s = 1/2 rronyqaeTcsr a ~ 0,94 6apH. 
rrapa 

Jl06aBHTb1 'ITO ypaBH9HHe ( 2) CIIp8B9JlJIHBO TOnbKO B TOM 

HH MeKTpOHOB BblpO)I(JleHblo HH8'19 MoryT B03HHKHYTb Heyrr

'8/ 
H3MeHeHHeM aHeprHH Heil:TpoHoB. B pa6oTax· Hail:aeHHhie 

THpy~TCSI Ha OCHOBe aToro ~eKTa. 

6 

..-

l 
~'~I 

- __,/-.· 
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'. 

J.13 T90pHH TOHKOil: H CBepXTOHKOil: CTpyKTypbl rrapaMarHHTHbiX HOHOB 

H3BeCTH01 'ITO aHepreTH'!eCKHe ypOBHH 1 CBSI38HHbl8 C MarHHTHbiM MOMeHTOM 

H30JIHpOB8HHOrO rrapaMarHHTHOrO HOH81 MOryT paCIU9IIJIS!TbCSI H3-38 pa3HbiX 

IlpOUeCCO~ B38HMb)leil:CTBHSI 0 OopS!JlOK BeJIH'IHHbl pacmerrneHHSI pasnH'IeH JlJISI 

pa3JIH'IHbiX rrpOU9CCOB: JlJISI B38HMO)leil:CTBHSI C aneKTpH'IeCKHM KpHCT8JIJIH'I9C

KHM IIOJI9M OKpy:ll<eHHSI 

-2 
)leil:CTBHSI ~ 10 as H 

-3 
"' 10 .. 1 aB 0 JlJISI CIIHH-op6HT8nbHOrO B38HM0-

-1 
10 as B cnyqae 3d H 4£ aneKTpOHOB COOTBeT

~ 
CTB8HH0 1 JlJISI CIIHH-ciiHHOBOrO B38HMO.Il8il:CTBHSI "' 10 as H JlJISI CB8pXTOHKOrO 

B38HMO.Il8il:CTBHSI 
-5 -7 /9/ 

10 "* 10 as • OpeacTaaneHHe o6 "HsonHpoaaHHOM 

HOHe" CIIp8B8JlJIHB01 8CJIH KOHU8HTpaUHSI rrapaMarHHTHbiX HOHOB He IIpeBbllli88T 

01 1 Mon%. B rrpoTHBHOM cnyqae JlHIIOnb-JlHIIonbHoe asaHMO.Ileil:cTBHe Me:lK.IlY 

HOHBMH C 3d -aneKTpOH8MH Be)leT K CHJibHOMY ymHpeHH~ pe30H8HCHbiX JIHHHil: 1 

Ha6n~Jl88Mb!X aneKTpOHHbiM rrapaMarHHTHbiM pe30H8HCOM1 'ITO MO:li<8T CHJibHO 

rrpeiiSITCTBOB8Tb HCCJie)lOBBHH~ p83Hb!X aJI8KTpOHHbiX rrepeXOJlOB C aHeprHeil: 

~ < 10 as. 

TaK K8K JlJISI HCCJI8Jl0B8HHSI IIpHM8CHbiX HOHOB B TB8p.llOM Tene C IIOMO!Ub~ 

HM8~1UHXCSI IIOTOKOB MeJlJI8HHhiX Heil:TpOHOB Tpe6yeTCSI KOHUeHTpaUHSI HOHOB 

1 MOJI% H 60JibiUe1 IIpHMeHeHH8 Heil:TpOHOB JlJISI IIOJl06HbiX HCCJI8JlOB8HHil: SIB-

nSieTCSI Heuenecoo6pa3HbiM. OaHaKo Haao HMeTb B BH.Ily1 'ITO YH MoryT Ha-

rpeaaTbCSI BCJI8JlCTBHe B38HMO)l8il:CTBHSI HX C aneKTpOH8MH1 KOT0pbl8 H8XOJlSITCSI 

Ha pa3HhiX aHepreTH'I9CKHX ypoBHSIX. KpoMe Toro H&Jlo aaMeTifTb1 'ITO ceqe-

HHe rrapaMarHHTHoro paccesrHHSI B cnyqae oaHoro aoa6y:lK.Il9HHoro ypoBHsr 

H YH OllHOil: aaeprHH nponopuHoHanbHO OTHomeHH~ HMnyn~:ocoa Heil:TpOHOB p 'I p , 

rae p H p - HMnynbCbl Heil:TpOHOB rrocne H JlO p8CC8SIHHSI COOTB9TCTB9HHOo 

3TO Be)leT K CHJibHOMY YB9JIH'I9HH~ C8'19HHSI napaMarHHTHOrO paCC9SIHHS11 

7 

' 



~ 

fi8IIpHMep 1 B 
-7 

"" 30 paa, eenH aaeprHSI YH "" 10 as, a aaeprHSI aneKTpoaao-

-4 
"" 10 aB. ( B enyqae MeLmeHHbiX aeATpOHOB H TeMrrepaTyp ro rrepexoaa 

0 
;, 300 K TaKoro SIBnSieHHSI HeT, TaK KaK BbieoKo neJKaiUHe aaepreTH'IeeKHe 

ypOBHH rryeTbl9) • 

B enyqae peAK03eMenbHhiX aneMeHTOB aa6moaeHHSI aneKTpOHHhiX nepe-

XOAOB e aaeprHeA ~ 
-3 

10 aB npoHaBOAHTb nerqe, 'leM B enyqae aneMeHTOB 

rpyrrrrhi JKeneaa, TaK KaK 41 -aneKTpOHhi xoporuo aaaKpaaHpoBaHbi aneKTpoaaMH 

BHewHHX o6ono'leK H wHpHaa aa6moaaeMbiX ypoaeA Mana. DpH aToM aaAo 

HMeTb B BHay1 'ITO e IIOMOIUbiO He~ITpOHOB B03MOlKHO HeeneaoBaTb MeTannbi 

H errnaBblo TaKHe HeeneaoBaHHSI e IIOMOIUbiO ApyrHX MeToaoB 3Ha'IHTenbHO 

aaTpyaaeHhi. 

2.4. CeqeaHe ynpyroro paeeeHHHSI 

DpH paecMoTpeHHH ynpyroro pacceSIHHSI AnSI YH eeqeaHe KorepeHTHoro 

yrrpyroro paeeeSIHHSI paBHO HynJ01 IIOTOMy 'ITO 6parroBeKOe paeC9SIHHe OTeyT-

eTByeT1 ecnH A > 2d 
MaKe' A - AnHHa BOnHhl HeATpOHOB H d 

MaKe 
- MaK-

CHManbHOe MeJKrrnOCKOCTHOe paCCTOSIHHe. D.nsr 06bi'IHbiX HeopraHH'I9CKHX 

MaTepHanoB d 2: It. • 0'19Hb HHTepeCHblM rrpoueecoM rrpH o6eyJKaeHHH B03-

MOlKHOeTeA HerronbaoBaHHSI YH B ~H3HKe TBepAoro Tena SIBnSieTCSI aeKorepeaT-

aoe paeceSIHHe, KorAa aenb3sr npeae6pe'lb pacruenneHHeM crrHHOBhlX ypoBHeft 
I 

Slaep. 3To aaa'IHT1 'ITO pacceSIHHe aeynpyroe. 06oaaa'IHM ce'leHHe npouecca 

0 
HK 
HY (errHH) 2 

CIIHH 
0 HY 

D.nSI Bbi'IHeneHHSI 
CrrHH 

o HY xcnonb3yeTcsr ~opManH3M nceeaorroTeauxana 

¢1epM11 1 H3nOlK9HHbiA1 

/5 10/ 
aanpxMep, B • • DpHMeaeaHe aToro <flopManH3Ma 

AnSI O'leHb HH3KHX 9HeprHA aeftTpOHOB CrrpaBeanHBO IIOTOMy1 'ITO BhliiOnHSieTCSI 

ycnoBHe r 0 <<d H r o <<A ro - paaHyC aeftCTBHSI SlaepHbiX CHn 

8 

--

~~ 

~ • j ' 

-12 ) 10 CM I ( ~ 

( -8 ) > 10 CM o 
"" 

d - paCCTOSIHH9 MelKAY 6nHJKaftwHMH srapaM 

( -6 
A - anHHa BOnHbl aeATpoHa "" 5. 10 CM AnSI 

weM rroTeHUHan B38HMOaeftCTBHSI aeftTpOHa e SIApOM B BHAe (e~ 

(14.1) H (14.2)): 

v f <r+) 
21Th 2 -+ -+ -+ -+ 

= -- ! A f + B f ( S n If ) 18 (r n- R f ) , 
m 

rae Sn - CIIHH aeftTpOHa H lf - errHH Slllp8 B yane peweTKH 

aeftweM ae 6yaeM y'IHTbiBaTb Kone6aHHSI peweTKH). BBOLlHM 

~~ ++ -- ~--
a f = "'f a f + "'f a f 2 A f + B f (;, n I f ) ' 

/5/ rne (eM. yp. ( 1.1.4 7) H ( 1 .1.48)) npoeKuHOHHbie onepaTop 

T.e. 

., + = 

f 

Af 

_,. -+ 

•e +1+20 fs n) 
H 

21 f + 1 

+ -
(I + l) a o +I fa f 

f L H 

2,f f + I 

-+ -+ 

- •e-2(1 f sn 
------., = 

f 2lp 1 

+ - ) 2 ( af - a f 
------

2Ie + I 
Bf 

-+ -+ 
+ af- anHHB paCC9SIHHSI e rrapannenbHbiMH eiiHH8MH s 

n 
., H 

I 
• 06maSI ~opMyna (eM. 

-+ 

THIIapannenbHbiMH errHH8MH Sn H I f 

(3) ASeT anSI HerronS1pH30B8HHblX aeftTpDHOB 
_,. 

tq <f-f '> I 

e Y'I~TOM 

d 
2 

0 l 

dOdE' = 21Th 

p 

p 
I e 
ff' 

IAe Ae,2"8(w)+ 4 BeBe,~ <I 

rne 
a a 

<If II £', > w dt < I f If' ( t) ,> 
twt 

f e 

-oo 

9 



YH 
-7 

10 SB1 a SHeprHH sneKTpOHHO-

( B cnyqae MeaneHHhiX aeATponos H TeMnepaTyp 

K8K Bb!COKO nelKaiUHe SHepreTH'IeeKHe 

nhHbiX sneMeaToB ua6moaeHHH sneKTpOHHbiX nepe-

SB npOH3BOaHTb ner'!e1 '!eM B enyqae aneMeHTOB 

-sneKTpOHbl XOpOUJO 38:3Kp8HHpOB8Hbl aneKTpOHSMH 

aa6moaaeMbiX ypoaeA Mana. DpH aToM Haao 

OIUblO HeihpOHOB B03MOlKHO HeeneaoBaTb MeTannhi 

H e IIOMOIUblO apyrHX MeToaoB 3Ha'IHTel!bHO 

paeeeHHHH 

anH YH ee'!eHHe KorepeHTHoro 

6parroBeKoe paeeeHHHe OTeyT

A - anHHa sonHhl aeATpoHoB H d 
MaKe - MSK-

e paccTOHHHe. DnH o6hl'IHhlX aeopraHH'IeCKHX 

HHTepeCHbiM rrpoueccoM IlpH 06CylKJleHHH B03-

B ~H3HKe TBepaoro Tena HBl!HeTCH HeKorepeHT

I1peae6peqb pacruenneaHeM errHHOBhiX yposaeft 

aeynpyroe. 06oaaa'IHM ceqenHe npouecca 

HCIIOllb3yeTeH ~OpManH3M IICeBaOIIOTeHUHana 

/5 10/ 
p, B ' • DpHMeaeHHe aToro ~opManH3Ma 

HeftTpOHOB enpaBe)ll!HBO IIOTOMy1 'ITO BblflOliHHeTeSI 

A 
r o - paaHyc aeltcTBHSI SlllepHbiX CHn 

8 

.-

., 

~ \" 

s. -12 ) 10 CM 1 d - paeeTOHHH9 MelKay 6nHlKaftliiHMH HapaMH B peliieTKe 

-8 ) -6 ~ 10 eM , A - anHHa BOl!Hbi aeRTpoua ( "' 5.10 CM anH YH). 3anH-

/ 10/ 
IIIeM IIOTeHUHall B38HMOaeftCTBHSI HeitTpOH8 C HapOM B BHae (eM. 

(14.1) H (14.2)): 

_, 2rrh 2 _, _, _, _, 

Vf (rn)=-m-IAe+Bf(Snlf)IB(rn-Rf ), 

ypaBH. 

(3) 

rae Sn - eiTHH HeftTpOHa H lf - enHH Hapa B yane peliieTKH f (B aanb

Heli:IIIeM ae 6yaeM y'IHTbiB8Th Kone6aHHH peweTKH). BsoaHM 

a e ~~ (4) ++ -- '"''"' 
1J f a f + 1J f a e "' A f + B f (S n I f ) • 

/5/ 
rae (eM. yp. ( 1.1.4 7) H ( 1.1.48)) npoeKUHOHHbie onepaTopbi 

_, _, _, _, 

1J + = 
e 

le+I+20CSn) 

21 e + I 

le-2(1eSn 
H 1J = e 21p 1 

T.e. 

Ae 

+ -
(If +I) ae +I fa C 

21 e + 1 

2 (a;- a e ) 
-------. 

21e + I 
( 5) H Be 

+ ae- aliHH8 pacceHHHH C nap8lll!el!bHblMH eiTHH8MH 
_, 
s 

n 

_, 
H I e I a i" e au-

110/ 
( CMo yp. ( 22.1)) 

_, 

THIT8p8l!l!el!bHb!MH CITHH8MH S n H I e • 06waH <f>opMyna 

c y'I~TOM ( 3) aaeT ansr uerronS!pHaosaHHhiX aeATponos 

2 _, 0 0' 
d a l p' lq (L-L ) I a a 

dOdE' = 2rrh p i- e !Af Ae-~rrB(w)+4 8 e8e-~ <lelle,'>w I ,( 6) 

rae 
"" 

<Itlle-_>w- f dt < I f If- ( t) '> e tcut ( 7) 

-
i 

9 



~.· ,. 

Bbipa:lKeHHe ( 7) - <:lypbe-KoMrroaeaTa KoppenauHoaaot!: ¢yHKUHH aaepHbiX 

cm!HoB, p l 
11: p - II:MIIynbCb! HelfTpOHOB AD II: IIOCne paCC9HHHH 1 W : -h-(E -rE ) 

p p 

~ -+ 
11: q : p - p - 11:3M9H9H11:9 3H9pi'HII: II: IIMITynbCB: HelfTpOHOB 11: a : X , y , Z • 

OepBOe cnaraeMoe B CK06KaX ~bljiQ:lK9HII:H ( 6) He Y'iii:Tb!B89T CIIII:HOByJO 

38BII:CII:MOCTb aaepHbiX Cll:n H aaeT H3BeCTHbi9 KOI'epeHTHbl9 H H9KOI'9p9HTHbi9 

(TonbKO 110 H30TOIIaM) BKnaabi B 3H8'ieHHH C9'i9HHH yrrpyroro pacceHHHH. 

B aanbHelfUieM paCCMOTpHM TOnbKO 11pOU9CCbi1 OIIHCb!B89Mbl9 BTOpblM Cnarae-

MbiM, B TOM cnyqae, Koraa Heo6xoaHMO y'iHTbiBaTb pacruerrneHHe anepHbiX 

ypoBHelf. 

TaK KaK Me:lKay aaepHbiMH CIIHH8MH H9T KOppenSIUHM 1 cne·ayeT 
a a a a 

< If I If ' > =Bee-< Ie I Ie > ( 8) 
w 

H 

d~ ] ' l l 82<Ja I Ia > :---L-
dO dE' 2rrh p 4 f,a f f f w 

(9) 

PaCCMOTpHM T9119pb MOaenb CB06oaHb!X CIIHHOB B none f(Z • faMHnb-

TOHH8H 1 KOTOpbllf OIIHCb!B89T B38HMoaet!:CTBH9 M8I'HHTHOI'O MOM9HTa SIJlpa 

C M8I'HHTHblM rroneM 1 HM99T BHa 

H = -p. Hz l 
f 

I z 
f 

Bbi'iHcneHHe KoppenHUHOHHOif ¢YHKUHH ( 8) aaeT: 

X X Y )' 

<If lie >w =<If lie >w 

z 
=rr <If > l n(fi)8 (w-fi) +0+n) 8(w+ fi ) , 

10 

_. 

( 10) 

( 11) 

I . 

·~, i 

' 

~ 

I'' 

_/ \ 

1 
p. Hz n ( fi ) fi H I'll9 e IXTKT_l 

z z 
< Ie lie 

z 
>w =2rr8 (w) < (If 

2 

> 

OnpeaenHM aaMarHH'ieHHOCTb B npe11ene fi << KT, T.e. n· 

l 
:-<I z > 

3 

fi 

KT 
IO+l)H <(I z) 2> : _1 I (I 

3 

CneaoBaTenbHO, ana (9) rronyqaeTcH c (11) 

CIIHH 
2 

d (1 ,. _1_ .L ~ 8221(1+1) rrl8(w-fi)+8 (w+fi) 
d!ldE' HY 2rrh p 4 3 

H C ( 12) 

CIIHH 

d2 (1 

dO dE' 

!__ _L,..~ 8 2 _ 2HI+!2 IT 8 (w) 

y 2rr h p 4 3 

OpH cyMMHpoBaHHH no f rrpearronaranocb, 'ITO o6paaeu c 

N aaep oaaoro usoTorra. 

EcnH p '= p H fi: 0, Bb!p8)!{9HHSI ( 14) H ( 15) COBII8118~ 

peaynbTaTaMH anH aeKorepeHTHoro yrrpyroro pacceHHHSI c n 

nepeKHilKH CIIHHa. 

06cyllHM ¢opMyny ( 14) rroapo6aee. Ecnu pacmerrnea11:e c 

(KaK B HaUieM rrpHMepe) nuaeftao saBHCHT oT I H 11eAcTBye1 

Am • t 1 , TO naaaJOWHA aeATpoH Mo:lKeT pacceHBaT&CSI < 

HnH c OTila'left saeprHH A • HaTerpupya Bhxpa:lKeHHe ( 14) 

nonyqaeM 

CIIHH 

u HY 
A 

.. c '" 1 +-+vi
Eo 

11 

A 

Eo 
.. I 



) - cl>ypbe-KOMIIOHeHT8 KOppenHUHOHHOti: 4JyHKUHH HaepHb!X 

p ' - HMIIynhCbl Heli:TpOHOB JlO H rrocne pacceSIHHSI 0 w ~ -h1-(E ,.E ) 
p p 

- H3MeHeHHe 3HeprHH H HMIIynhCa Hel!TpOHOB H a = X , y , Z • 

araeMoe B CK06KaX 1'3biJIIVKeHHSI ( 6) He Y'IHTh!B8eT C!IHHOBYIO 

epHbiX CHn H )laeT H3BeCTHbie KOrepeHTHbie H HeKorepeHTHh!e 

'OTO!IaM) BKnBt:lbl B 3H8'1eHHSI Ce"!eHHSl yrrpyroro pacceHHHHo 

paCCMOTpHM TOnhKO rrpoueCCbl 0 O!IHCbiBaeMbie BTOpbiM cnarae-

y"!ae, Koraa aeo6xoaHMO Y"'HThiBBTh pacmenneHHe s:~aepHhiX 

Me )Kay HaepHhiMH CnHH8MH HeT KoppenHUHM, cne·ayeT 
a a a a 

I f I If ' > =opp,<lp lie > ( 8) 
w 

d ~ l ' l 
~ 82<fa !Ia > ~---..1!... __ 

dE' 21Th p 4 £,a £ £ f w 
(9) 

M Terrepb Monenb CB060JlHbiX CnHHOB B none f{z • raMHnh-

OI1HCb!B8eT B38HMOt:{eMCTBHe MBrHHTHOrO MOMeHT8 Ht:lp8 

oneM, HMeeT BHt:l 

H = -11 Hz ~ I e 
e 

penSIUHOHHOli: 4JyHKUHH (8) naeT: 

X X y }' 

< le lie >w =<le lie >w 

I ez > I n ( 1'1) o ( w - 1'1 ) + (l + n ) o ( w + 1'1 ) , 

10 

_.. 

( 10) 

( 11) 

~ 

f~ \ 

.. .-/ \ 

rne 1'1 11 Hz 
1 

H n ( 1'1 ) 
e IITKT-l 

z z z 2 

< Ie lie >w =2"8 (w) < <Ie) > ( 12) 

OnpenenHM HaMarHH"!eHHOCTh B npeaene 1'1 << KT , T.e. n ( 1'1 ) = KT I ll H 

<I z > l 
~-

3 

1'1 

KT 
I(I+l)H <(lz)2> =-1 I (I +1). 

3 

CnenoaaTen&Ho, nns:~ (9) nony"!aeTCSI c (11) 

2 
d a 

CnHH 
1 p' N 

8
221(1+1) ------- --- "lo(w-1'1)+8 (w+L'1) 

dOdE' HY 21Th p 4 3 

H C ( 12) 

CnHH 

d 2 a !__ _j!_',.~ 82 _21(1+!2 1T o (w) . 

dO dE' y 217 h p 4 3 

( 13) 

(14) 

(15) 

npH cyMMHpOB8HHH no f npennonaranOCb 1 'ITO o6paaea COJlep)KHT TOnbKO 

N s:~nep oaHoro HaoTona. 

EcnH p '= p H t\ ~ 0, Bb!p8)1{9HHSI ( 14) H ( 15) COBnallSIOT C H3BeCTHhiMH 

peaynhTaTaMH ans:~ aeKorepeHTHoro ynpyroro pacceHHHSI c nepeKHilKOA H 6ea 

nepeKHt:IKH CI1HH8o 

06cyllHM lflopMyny ( 14) rronpo6aee. EcnH pacmerrneaHe crrHHOBbiX ypoaaeA 

(KaK a aaweM rrpHMepe) nHHeAao aaBHCHT OT I H neAcTByeT rrpaBHno oT6opa 

L'\m • t. l , TO I18t:l810ll!HA aeftTpOH MOlK9T pacceHB8TbCSI C rrpHo6peT9HH9M 

HnH c OTilS'IeA saeprHH 1'1 • l1aTerpHpySI BbipalKeHHe ( 14) no dE 

rrony11aeM 

' 

CIIHH 

a HY 

~ 

ll 
.. c '" 1 +-+vi

Eo 

11 

1'1 
E .. 1 

0 

H dO' 

(16) 



•• 

rAe C -i-NB~I (I +I 
2 h 2 

H Eo = ~- = Eo "" - saeprHSI rraua10-

WHX aeilTpoHoB. Ha pHc. IIpHB8Ll8Hbl COOTB8TCTBYJOWHe KpHBbl8! a -H8HT-

pOH IIpHo6peTaeT 8H8pi"HJ0 0 b - HeiJ:TpOH OTA88T 8H8pi"HJ00 C - cyMMa 

6 I 6 
, CIIHH 11 , 

o eHx KpHBbiX H < - ceqeHHe pacceSIHHSI ea rrepeKMAKH crrHHa, a = a HY , ..... 

KpMBaSI a 
, CIIHH 

rroKa3biBaeT, qTo BcneLICTBHe MHO)!{HTensJ p I p a HY =I/v 

Lln51 SHeprHH HefiTpOHOB M8Hbrne SHepi"l!JI pacmerrneHHSI CIIHHOBhlX ypOBH8Ho 

B KaqecTBe rrpHMepa rrpHBOLIHM HecKon&Ko oueHoK. UnSI sToro H8IIHIU9M 

2 
417 b HK 

I 2 
rrocToSIHHYJO C B BHLie C = --:r N 417 b HK. BenH'IHHbi 

/6/ 
MO)!{HO HaHTM, aarrpHMep, B • B cnyqae pacceSIHHSI YH Ha Bouopoue, MMeJO-

IUeM caMoe 6on&woe HeKorepeHTHoe ce<IeHHe paccesHHSI "' 80 6apH), 

-2 . CIIHH 
10 • lla-a HY MO)!{eT 6biTb B 10 paa 6onbwe, qeM a 11 •• ecnH Eo 

)1{8 B cnyqae E ~ ~I 
CIIHH 

a HY = a 
11 

B cnyqae pacceSIHHSI YH Ha BaHaLIMH 

H IIpl! T8X )1{9 3HaqeHHSIX E , 
0 

-2 =10 a » 
" 

CIIHH 
a HY • Ha qHcna sneMeH-

TOB C a "' 1 6apa (eM. paauen 3) rronyqaeM 
CIIHH 

a HY > 1 6apH TOnbKO 
11 = 

unSI ueil:TepHSI. TaKHM o6paaoM BMLIHo, qTo oco6eaao yuo6HbiMH unSI Mccneao-

B8HH51 pacwerrneHHbiX CIIHHOBbiX ypOBHefi OK83b!B8JOTC51 BOJlOpOJl H Jleil:TepHil:, 

2.5. CeqeaHe Heyrrpyroro pacceSIHHSI 

8 paaaene 2.4 paccMaTpHBanac& Ta qacTb aeyrrpyroro pacceSIHHSI, Ko-

TOpaSI CB5138H8 C H3M8H8HH8M 8H8pi"HH H8HTpOHOB IIpH IIepeKH)lK9 51Jl8pHbiX 

CIIJIHOBo 8 STOM pa3)lene IIpOB8Jl8M OU8HKH BenJ!qJIH ceqeHHH paCC851HH51 0 KO-

TOphle o6ycnoBn8Hhl p0)!{)18HH8M II YHHqTQ)!{8HH8M ~OHOHO~ Jln51 6onee WHpOKO-

I'D )ll!8II!l30H8 SHeprMH HefiTpOHOB , qeM 06bi'qHQ • 

PaccMaTpHBaeM peweTKY EpaBs H Hcrron&ayeM JlHHaMHqecKyJO MOLien& 

lle6a51, i1HTerpanbH"Ie ceqeHHSI OLlHO<f!OHOHHbiX H LlBYX~OHOHHbiX H8KOI"epeHTHbiX 

/51 
rrpoueccoB aaHhi, HarrpHMep, B cTp. 168 H 517. OpHI"HHan&HOH pa6oTol!: 

111/ 
SIBJlSieTCSI • B cnyqae E 0<<KT << K0

0 
,rae E

0 
- saeprHSI HeH:TpoHOB 

12 

j 

t " 
·' ~~ 

I 
I 

I 

! 
f 

• 
~ 

I 
h __ ... ·t 

,. 

10 

5 

c 

1 

0,5 r 
~t • .. , .-• 10"f ... 

Pnc, 1. 3aBHCHMOCTb nonaoro ceqeHHH noTeaunanbHoro pacceHHHH pa 

COB OT aHeprHH Il8ll810WHX Hel!TpOHOB, Eo HOpMHpOB8HO H8 aaeprHJO 

CIIHHOBbiX ypOBHell !1 o KpHB8H a - Hel!TpOH IIpH06peTaeT SHeprHJO 

pOH 0Tll89T aHeprHJO !1 0 C - CyMM8 KpHBbiX a H b , d - Cl 

C9HHHH 6ea nepeKHllKH CIIHH8, 

13 



U~l (I +l 
2 h 2 

n: Eo = Tm- = Eo t. - sHeprn:SI nana10-

Ha pn:c. 11pHB9A9Hbl COOTB9TCTBYJOll1H9 KpHBbi9! a -Heil:T-

T sHeprn:JO, b - Heil:TpoH oTnaeT sHeprn:JO, c - cyMMa 

I 6 
, CITHH/( 

< - ceqeHn:e pacceHHHH e3 rrepeKHAKH crrn:Ha, a = a HY , . 

, CllHH 
3 biBaeT, qTo BcnencTBn:e MHO)I{HTenSI p I p a HY "' l I v 

il:TpOHOB M9Hblli9 9HeprHH pacruenneHHSI CITHHOBhlX ypoBHell:, 

n:Mepa 11pHBOJlHM H9CKonbKO OU9HOK, 
2 

b HK" 
' ] 

B BH)l9 c = --:r N 4 1T 

llnSI sToro aann:rueM 

2 

BenH'IHHbi 4" b HK 

/6/ 
arrpn:Mep, B • B cnyqae pacceSIHHSI YH Ha Bonopone, HMeJO-

bWOe H9KorepeHTH09 C9'19HH9 paCC9SHHSI 

6biTb B 10 pa3 6onbrue, qeM a._ . , ecnn: E 0 

"' 80 6apH), 

-2 . 
10 • na-

' :;,1 Cl1HH 
~ a ... B cnyqae pacceSIHRSI YH Ha BaHann:n: 0 a 

HY 

E , -2 C 11HH 
• Hs qn:cna sneMeH-H8'19HHSIX ~10 a >> a HY 0 " 

6apH (eM. pa3nen 3) rronyqaeM 
Cl1HH 

a P.Y ·~ 1 oapH TOnbKO 

aKHM o6pa30M BHDHo, 'ITo oco6eHHo ynooHbiMH nnSI n:ccneno-

HHbiX CITHHOBbiX ypoBH9H OK83biB8JOTCSI BOJlOpOJl H Jl9HTepn:i1:. 

n:e Heyrrpyroro pacceSIHHSI 

2,4 paccMaTpn:Banacb Ta qacTb Heyrrpyroro pacceSIHHSI, Ko-

C H3M9H9HH9M 9Heprn:n: Heil:TpOHOB npn: rrepeKHJlK9 SillepHhlX 

pa3Jlene 11pOB9Jl9M OU9HKH B9nH'IHH C9'19HHil: p8CC9SIHHSI 0 KO-

9Hhl p0)1{il9HH9M H YHH'ITO)I{9HH9M .OHOHO~ nnSI 6onee lliHpOKO-

eprn:n: HeliTpoHoB , qeM oobi'IHo • 

BaeM peweTKY EpaBs H n:cnonbsyeM nn:HaMn:qecKyJO Monenb 

nbH"Ie C9'19HHS! OllHOcpOHOHHblX H llBYX.OHOHHbiX H9KOrepeHTHblX 

/5/ 
1, aarrpn:Mep, B cTp. 188 n: 517. Opn:rn:HanhHoll: paooToA 

B cny'lae E <<KT « KO rne E - sHeprn:SI Hell:TpoHoB 
0 D • 0 

12 

..-

. 
t} 

• ' I 

I 

! 
f 

t: -- --·t. 

,. 

10 

5 

c 

1 

0,5 r 
~ ~ ••• .,.., fO"f ... ifOf 

Pn:c. 1. 3aBHCHMOCTb nonHero ce'leHHH noTeaun:anbHoro pacceHHHH pa3HbiX npouec
coB oT saeprHH naJl8IOlllHX aell:Tpoaos. Eo HopMHposaao aa saeprHIO pacmenneHHH 
CITHHOBb!X ypOBHeil: t. • KpHB8H a - HBil:TpOH 11pHo6peTaeT SHeprHIO 1'. 0 b - Heil:T-
pOH oTJlaeT saeprHIO 1'. , c - cyMMa KpHBbiX a H b , d - ceqean:e pac-
cesHHH 6ea nepeKHJlKH Cl1HH8, 

~ 
13 



i 

f 

no pacceSJHHSJ, T - TeMnepaTypa o6paaua H (} 0 - TeMnepaTypa Lle6aSJ, nony-

'18IOTCSI cnenyiOIUHe BbtpalKeHHSI AnSI pOlKAeHHSI OAHOI"O $OHOH8 

0 
a 

I 

m E 2 T .. (,) (---) (-) 
K 8 o 8 o 

AnSI yHH'ITOJKeHHSI onHOI"O $OHOH8 

~ 

al ,(__!!!__) < ...:.L) 8 < _lfL_ ) 
I M (}D Eo 

AnSI pOlKAeHHSI ABYX ~OHOHOB 

a o "' ( ~ )2 ( ~ )4 ( _2_ , 2 
2 M K (}D (}D 

AnSI poJKAeHHSI ABYX $OHOHOB H yHH'ITOlKeHHSI OAHOI"O $OHOH8 

al 
2 

"' ( -~ )2 ( _E_ )2 (-T-)2(_E_) ~ 
M K8

0 
8

0 
KT 

H AnSI pOlKAeHHSI ABYX ¢oHOHOB H yHH'ITOlKeHHSI ABYX «fJoHOHOB 

a2 
2 

... ( ~ ) 2 ( _T_ ) 6 ( KT ) ~ 
M (Jo Eo 

( 17) 

(18) 

( 19) 

( 20) 

( 21) 

rne m H M - Macca aeATpoaa H pacceHBaiOxuero S!Ap8 COOTBeTCTBeHHOo 

JlsyxljloHOHHbie npoUeCCbl H a 0 O'leHb CHnbHO 38BHCSIT H OT TeMnepaTypbl 
1 

H OT 9HeprHH IT8A810IUHX HeftTpOHOB0 T8K 'ITO AnSI ManeHbKHX 9HeprHA H TeM-

nepaTyp HX 3H8'1eHHSIMH Ce'leHHSI p8CC9SIHHSI no cpaBH9HHIO CO 3H8'19HHSIMH 

1 
I a 

1 
MO:JKHO npeae6pe'lb. llHcneHHbte pac'I~Tbi nnSI a 

1 
npoaeneHbi no ¢op-

MynaM: 

at 
1 

- ( 0 8 8 a24s( m) E M KO D) If dy de e -2W ., e 

14 

exp(~) -1 
KT 

( 22) 

~ ',, .. 

rne 

Eo 
-2w 1 -24 < ~-> < !fe-e = exp M o 

2 T 
71 D(---) 

(}D 

rne 

H s 

l 2 l l 
D(Y) =-+Y Q(--), Q(--) 

4 y y 
2 

4rr bHK 

1/Y 

J dz z 

0 

06naCTb HHTerpHpOB8HHSI rrpencTaBnSJeTCSI HepaBeHCTB8MH: 

_!..(y~~ 
2 

l --
-1)< .,., < --<v 1+e + 1. 

- 2 

0 <;_ I; K8o ) 
<;_ ( --y;;--

PeaynbT8Tbl HHTerpHpOB8HHSI C ITOMOIUbJO Bbi'IHCnHTenbHOii: Ml 

I 12/ 
aosancSJ anropHTM 32a B ) npencTasneHbi Ha pHc. 2. Dp1 

m I M= 0,1, T I (}
0

= 0,3 (nyHKTHpHaSJ KpHBaSJ) H T I (}
0 

HaSJ KpHBaSJ). KpoMe a I 
I 

npencTasneHbi Ha pHc. 2 KpHBbte JJ 

I 2 /5/ 
T I (} o HMeeT aHa 'I a2 H a2 0 B3SITbie H3 • LlnSJ HHX 

m 
0,1. 

I 0 2 
a "' a2 • a H a 2 npencTaaneHbi Ha PH' 

M 2 

E IK8 < l . BHnao HX 'IHcneHHoe yMeabxueaHe c yMeHbllleHHe 
0 o.. ' 

OnaaKo npH nocTaTO'IHO HH3KHX saeprHSJX a
2 

onSJTb pacTeT 
2 

eTCSJ scerna aa aecKonbKO nopSinKoB MeHbllle a' 
I 

i1HTerpanbHbie Ce'I9HHSI $OHOHHb!X KOrepeHTHbiX rrpouec< 

Ill/ 
HHB8Tb ITO «fJopMynaM, A8HHbiM B • 0K83b!B8eTCSI 0 'ITO AnSI 

lliHA Heii:TpOHOB MeHbllle 10 
-3 

I 
a 1 KOI"' "' l I v 

15 
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T - TeMrrepaTypa o6paaua H 8 0 - TeMrrepaTypa .Ue6aH1 rrony-

II!He BbtpaJKeHHH )lnH pOlKAeHHH OAHOrO $OHOH8 

o m E 2 T 
a ,(,) (--) (-

1 K 8
0 

8 0 

HH OAHOrO $OHOH8 

a I "' ( 
I 

m 

M 

ABYX ~OHOHOB 

( __:_!___ ) 8 ( ___!!__ ) ~ 
8o Eo 

a o "' ( ~ )2 ( ~ )4 ( _2_ ) 2 
2 M K 80 8 0 ' 

ABYX $OHOHOB H yHH'iTOJKeHHH OAHOrO $oHOH8 

at 
2 

"' ( _m_ )2 ( _E_ )2 (-T-)2(-E-) ~ 
M K 8

0 
8

0 
KT 

HH ABYX ¢oHOHOB H yHH'iTOJKeHHH ABYX $OHOHOB 

a:,.( =)2(+}6(~)~ 
0 E 0 

( 17) 

(18) 

(19) 

( 20) 

( 21) 

- Mecca aeATpoaa H pacceHBaiDmero HApS COOTBeTCTBeHHO, 

e rrpoueccht H a 0 O'i9Hb CHnhHO 38BHCHT H OT TeMIIepaTypbl 
t '~ 

Il8A8IOIUHX aeATpOHOB, T8K 'iTO AnH ManeHhKHX aaeprHA H TeM-

Ha'ieHHHMH ceqeHHH p8CC9HHHH no Cp8BH9HHIO CO 3H8'i9HHHMH 

peae6pe'ib, llHcneHHbte pacq~Tbt nnH 
1 u t npoBeneHbt no $op-

24s ( m ) ( E - 0 3 3 M KT > II c1y d 1: -
2
w ., e o ~, e 

14 

.-

exp(~) -1 
KT 

( 22) 

' . -., ~ 

rAe 

-2W m Eo 2 T 
exp I - 24 ( --) ( --- ) 71 D ( --- ) 

M K80 80 
( 23) e 

rAe 

l 2 l l 
0 (Y) =- + Y Q ( --) , Q ( --) 

4 y y 

1/'y 

J dz z(ez-l)- 1 (24) 

H s 
2 

417 bHK. 
0 

06naCTb HHTerpHpOB8HHH IIpeACTaBnHeTCH HepaBeHCTBSMH: 

_l (v 1+e 
2 

l ----
-1 > < 71 < --< v 1 + e + 1 > • 

- 2 

0 <;_ I; K8o ) 
<;_ ( -Ira"-

( 25) 

PeaynbT8Thl HHTerpHpOBaHHH C IIOMOIUbiO Bhl'iHCnHTenbHOfi M8lliHHhl (HCIIOnb

/12/ 
30B8nCSI anropHTM 32a B ) IIpencTaBneHbl H8 pHC, 2, npH STOM aht6paHO 

m I M= 01 1, T I 8 
0 

= 013 ( rryHKTHpHaSI KpHBSSI) H T I 8 
0 

= 0 102 ( crrnow-

HaS! KpHBaH), KpoMe a 1 
I 

rrpencTaBneHbi Ha pHc, 2 KpHBbie nnH ao 
.: I 

ao 
2 I 

1 2 /5/ 
a 2 H a 2 I B3S!Tble H3 • .UnSI HHX T I e D HMeeT 3H8'ieHHSI 013 ll 01021 

m 0 
IIpeACTaBneHbl H8 pHC, 2 TOnbKO AnSI 

2 
011. a 

2 
H a-M a 2 1 a 2 

E IKO < l. BHAHO HX 'iHCneaHoe yMeHbWeHHe c yMeHbWeHHeM aaeprHH E0 , 
0 o .. 

0AH8KO IIpH AOCT8TO'iHO HH3KHX 9HeprHSIX a 2 
OIIS!Tb pacTeT ( 21) 1 HO OCTa-

2 

eTCSI BCerna Ha H9CKOnbKO IIOPHAKOB M9Hbllie at 
I 

HHTerpanbHbie Ce'ieHHH $oHOHHbiX KOrepeHTHblX IIpoueccoB MOlKHO oue

/ 11/ 
HHB8Tb IIO $opMynaMI A8HHbiM B , 0K83biB8eTCSI 1 'iTO AnSI aaeprHA Il8A8I0-

IUHA HefiTpOHOB MeHbllie 10 

~ 

-3 

t 
u 

tKOr 
1 I v ( 28) 

15 



I 

~~ 
\1, 

~ 

.. 
........... 

............ 

~ I '~ I I I I I 

... ... ... ... r ... .. ... . ,.., .. , 
Puc. 2, 3asRCRMOCTb nonHoro ce'!eHRH cjloHOHHbiX npo~teccos OT aHeprHR naaaiOWRX 

HeltTpOHOBo nyHKTHpH8SI KpRBBSI JlliSI T I 0 D - 0,3 R CITII01IIH8SI KpRB8SI llliSI T/ 0c0,02. 

16 

--

I 

a 3Ha'leHHe 

ul 
I KOI" Is u 1 

1 HK Is 
2 2 

rae S = 477 bKOI" • s = 477 b HK b 
KOI" 

H 
bHK 

KorepeHTHOI"O H H9KorepeHTHOI"O paCC9SIHHSI COOTB9TCTB9HHO, 

( 28) YllOBIIeTBOpSieTCSI JliiSI HHTepecyJOliiHX HaC 3H8'19HHA B91IR'II 

pblo B p8MK8X HCITOIIb30B8HHOI"O rrpH61IH)K9HHSI C ITOMOliibiO pH< 

HHSI b Kor H b HK lliiSI orrpeaeneaaoro usoTorra MO)KHO oue1 

ITOIIHOI"O C9'19HHSI JliiSI yHH'ITO)K9HHSI OJlHOI"O ~OHOH8 -B 38BHCHMI 

'IHHbl COOTHOIII9HHSI T I (} D • 

3, Yn&Tpaxono.llHhie ae:li:TpoHhi H rrpo6neMbi ~H3HKH T 

Hs rrposeaeuuoro B pasaenax 2.1 + 2,5 paccMoTpeHHSI 

YH MoryT 6biTb Hcrron&soBaHbi JliiSI H3y'leHHSI pacmerrneHHSI Hll4 

-7 -5 
B JlH8IT830H9 10 + 10 3Bo He rrpHHHM8SI BO BHHM8HHe H 

pacceusaTenu H H V 6es y'lt!!Ta MHO)KHTenSI p 'I p (eM. 

H91Ib3SI 0)KHJl8Tb a 
CITHH 

HY 
6on&llle aecKon&KHX 6apa. ( BnuSI 

3HepreTH'I9CKOI"O pacmenneHHSI CITHHOBbiX ypOBHe:ll: Ha 
u en 

H~ 

H8 pHCo 1). 0JlH8KO JliiSI 60IIblliHHCTB8 H30TODOB 3H8'19HH9 Ce'!eH 

cnu 
rrpH aaeprHH YH so MHoro pas 6on&llle, 'leM saaqeaue a HY 

JlJUI H • Ne • Na 
1 

p 
• Zn , Sn a a "' 100 6apu, JlJUI F 

v 3 
N • Ga , Ge • • Mn a a "' 10 6apu H am1 Co • CJ 

Ton&Ko .lliiSI 0 I Be • c • 0 I F a a "'1 6apH. OueHII 

ITOK83b!B8JOT1 'ITO OCo6eHHO Bbii"OJlHbiMH 31I9M9HT8MH JliiSI HCCII4 

merrneHHbiX CITHHOBbiX ypOBHelt SIBIISIIOTCSI BOJlOpOJl H Jl9ATepH:ll: ~ 

B Ta6nHue CO.Il9p)K8TCSI OCHOBHbl9 xapaKTepHCTHKH B38HMO.Il4 

pOHOB C R.llp8MH .lliiSI 3119M9HTOB1 H8H6onee '18CTO BCTp9'1810liiHll 

17 



•• .... ... .... .. r,l«4t 

Tb nonuoro ceqenH!I ljlonoHH&IX npoueccos OT aueprHH naLISIOWHX 

pHS!! KpHBS!I Llll!l T I 0 D = 0,3 H CllliOWHS!I KpHBS!I Llll!l T I 00"0,02. 

16 

.,. 

a 3Ha'leHHe 

a• 
I KOI' Is o I 

I HK Is 
2 

rile S = 477 bKor 
2 

s = 4 17 b HK • b 
KOI" 

H b HK - aMnnHTYilbi 

KOI"epeHTHOI"O H HeKorepeHTHOI"O pacceHHHH COOTB9TCTBeHHO. CoOTHOllieHHe 

(28) YllOBn9TBOpHeTCH llnH HHTepecyJOWHX HaC 3Ha'leHHA eenH'IHH TeMnepaTy-

p&I. B paMKax Hcnonbaoaaaaoro npu6nH:>KeHHH c noMOWbiO puc. 2 H aaaqe-

HHH b Kor H b HK llnH onpelleneaaoro uaoTona MO:>KHo oueHHTb eenH'IHHy 

nonHOI"O Ce'leHHH llnH yHR'ITO:lK9HHH OllHOI"O ~OHOHa .B aaBHCHMOCTH OT BenH-

'IHH&I cooTaorneHHH T I (J n • 

3. YnbTpaxonollHble aeATpoHbi H npo6neMbl ~H3HKH Taep.ooro Tena 

Ha npoaelleaaoro a paa.oenax 2.1 • 2,5 paccMoTpeHHH cne.oyeT
1 

'ITO 

YH MoryT 6&1Tb ucnonbaoBaH&l llnH uayqeaHH pacmenneHHH HllepH&IX ypoaaeA 

-7 -5 
B .llHafi830He 10 • 10 3Bo He npHHHM8H BO BHHMaHHe H9KOrepeHTHb19 

pacceHBaTenH H H V 6ea y'I~Ta MHO:>KHTenH p 'I p ( cM. paa.oen 2.4) 
1 

Henb3H O:lKH.IlaTb 0 
CfiHH 

HY 
6onblli9 H9CKOnbKHX 6apHo (BnHHHHe 3H8'19HHH 

3HepreTH'I9CKOI'O pacmenneHHH CfiHHOBbiX ypOBHeA H8 0 ~~H noKaaaao 

Ha pHCo 1). 01lHaKO llnH 60nbWHHCTB8 H30TOfiOB 3H8'19HH9 C9'19HHH nornoweHHH 

CfiHH 
npH ::~aeprHH YH eo MHoro paa 6onhrne1 'leM aHa'leHHe o HY 1 aanpnMep

1 

llnH H Ne Na P , Zn Sn 0 a , 100 6apH. llnH Fe Ni • Cr • 

N Ga • Ge • v • Mn ua 
3 

, 10 6apH H llnH Co 1 CI 4 
u a, 10 6apH. 

TonbKO llnH D Be c 0 F 0 a ,1 6apa. OueHKR paa.oena 2.4 

fiOKa3biB810T 1 'ITO OC069HHO Bbii"OilHbiMH <:~neMeHTaMR llnH HCCne.QOB8HHH pac-

wenneHHbiX CfiHHOBblX ypOBHeA HBnHIOTCH BO.QOpO.Q H .Q9ATepHA ( CM. Ta6n. 1) 
0 

B Ta6nuue CO.Qep:>KaTCSI OCHOBHbi9 XapaKTepHCTRKH B3aHMO.Q91CTBRSI HeAT-

pOHOB C SI.Qp8MH llnil 3n9M9HTOB1 H8H6onee '18CTO BCTp9'1810WHXCSI B Mal"HRT-

~ 
17 
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\ TaO.tiiita I 

3.1:8- Hsoron bxor ° Kor °Kor + UHK u. (1.08,.{' ) I' Q u. (500,.{' ) w w. ... , (-) (J0-12CJI) (Oapa) (6apH) (Oapa) I (u) u . ro-24c•2) OapH (6e3 u. ) (c u. 

I 2 a 4 5 2 :z 8 2 IQ II l~ 
H -0,374 I,79.±,0,02 81,5.±,0,4 

HI( IOO) " • • (327+0,2)10-3 I/2 2,79279 !50 0,7 0,4 

.;, O,OI5) 0,65 
- -3 

0,857348 2,82.I03 5,4 7,6 (0,46.±,0,IO)IO I 0,2 0,2 0,2 

aLi -O,I8 0.40.±,0,03 I,2;t0,3 40 20000 0,4 I0-4 

;; Li
1 (92,48) -0,2I 0,80.±,0,05 I,4!Q,2 (33.±,5)Io-3 3/2 3,25628 -4,2.10-2 16,5 0,3 6.Io-2 

uK 0,35 I,5.±,0,I 2,2.±,0,I 2,07.±,0,07 1000 0,2 r.ro-3 

.. v -0,651 0,032!,9008 5,13.±,0,02 4,98.±,0,02 2500· 0,7 3.ro-4 

24Cr 0,352 I,56.±,0,03 4,1.±,0,3 3,I.±,0,2 1500 0,4 3.ro-4 

. •• Ma Ma •• (100) -0,36 I,7.±,0,I 2 ,0.±,0, I 13,2.±,0,1 5/2 3,4610 0,355 15600 O,I 2.10-5 

Fe 51 (2,17) 0,23 0,64.±,0,04 2,0.t0,5 2,5.±,0,2 I/2 0,0905 I250 0,5 4.10-4 

OTCo co•• (IOO) 0,25 I, 00.±,0, 06 6.t1 37,I.±,I,O 7/2 4,6388 0,5 13000 0,6 3.1o-5 

2 , Ni 1,03 11,2,:!;.0,2 18,04.±,0,05 4,8.±,0,2 2500 0,2 I0-4 

•• c. 7,4.±,0,2 8,0.±,0,1 3,77.±,0,03 2000 0,05 2.10-5 

.. 

npo~o.tzeRH8 rao ... ~ I 

I 2 3 4 5 6 7 8 9 IO II 12 
;; 

A .. TO (IOO) uA" 5,0.t0,3 8.±,1 4,3.t0,2 3/2 !,4349 0,27 2GI)() 0,5 2.ro-4 

.,Sr 4,I.t0,3 10.t2 1,2!.±,0,6 600 0,4 G.ro-4 

<TAg 
4,6.t0,3 6,5.±,0,5 63.ti 3!000 0,2 I0-5 



l 2 :i 4 5 § 7. 8 2 IQ Il IZ 
H -0,374 I,79.±,0,02 8I,5.±,0,4 

H1( IOO) " " • (327+0,2)Io-3 I/2 2, 79279 I 50 0,7 0,4 

a2c o,oi5) o,65 
- -3 

0,857348 2,82.I03 5,4 7,6 (0,46.±,0,IO)IO I 0,2 0,2 0,2 

\ aLi -0,18 0.40.±,0,03 1,2.:t,0,3 40 20000 0,4 10-4 

;; Li
7 (92,48) -0,21 0,80.±,0,05 I ,4.:.Q,2 (33.±,5)10-3 3/2 3,25628 -4,2.!0-2 16,5 0,3 6.1o-2 

uK 0,35 I,5.±,0,1 2,2!,0,1 2,07.±,0,07 IOOO 0,2 1.10-3 

•• v -0,651 0,032.±,Q008 5,13.±,0,02 4,98.±,0,02 2500 0,7 3.1o-4 

•• c. 0,352 1,56.±,0,03 4,!.±,0,3 3,1!,0,2 1500 0,4 3.ro-4 

.•• Ma Mn '' (I()()) -0,36 1,7.±,0,1 2,0!,0,1 13,2!,0,1 5/2 3,4610 0,355 15600 0,1 2.10-5 

Fe 57 (2,!7) 0,23 0,64.±,0,04 2,0_t0,5 2,5!,0,2 I/2 0,0905 1250 0,5 4.!0-4 

27 Co Co 09 (IOO) 0,25 I, 00!,0, 06 6.!1 37 ,I!,I ,0 7/2 4,6388 0,5 19000 0,6 3.Io-5 

28 Ni 1,03 I:B,2!,0,2 18,04.±,0,05 4,8.±,0,2 2500 0,2 w-4 

•• c. 7,4.±,0,2 8,0_tO,I 3,77.±,0,03 2000 0,05 2.!0-5 

-

llpOAO~zea•e raO~•qw I 

I 2 3 4 5 6 7 8 9 10 II I2 
~ 

As 
74 (J()()) aaAs 5,0_t0,3 B.±,I 4,3.±,0,2 3/2 1,4349 0,27 2GK)O 0,5 2.ro-4 

•• Sr 4,I;t.0,3 IO.t2 I,2I_t0,6 600 0,4 6.10-4 

41 Ag 
4,6_t0,3 . 6,5t,0,5 63.ti 31000 0,2 ro-5 



Hb!X coeLIHHeHIHix. DpHseuenHbie 'IHcneHHbie ana'!eHHSI 3THX napaMeTpos, xa

/6,7,13/ 
paKT9pH3Y!OillHX B3aHMDLI9il:CTBHSI 0 1!13S!Tbl H3 pa6oT 1 a H9KOTOpbi9 Bbl-

0 
'IHCJ19Hbi HaMH ( a,.. ( 500 A ) , W W,.. ) • B Ta6n. 1 HCnonbayJOTCSI cneLiyJOIUHe 

o6D3Ha'i9HHSI: b - KOI'epeHTHaSI aMnJlHTyLia paCC9SIHHSI CBSI3aHHOI'O S!Upa, 
KOI' 

2 2 
a ~4rrb H a HK ~ 4rr b HK - KorepenTHoe H neKorepeHTHoe ceqe-
Kor Kor 

0 
HHe CBSI3aHHOI'O S!Lipa, a ( 1,08 A ) - ceqeHHSI nornomenHSI .unSI neil:Tpoaos 

a 

0 
c .unHHOil: BOJlHbi 1,08 A , I - SI.uepHbiil: CIIHH, p. - SI.UepHbiil: MoMenT 

-24 2 
B SILI9pHbiX Mai'H9TOHax, Q -KBaLipynOJlbHbiil: MOM9HT B 9JlHHHUaX I' " 10 CM 0 

0 . 0 
a" ( 500 A ) - ceqenHe nornomeHHSI JlJlSI nell:TpOHOB c nnHnoil: BOJlHbi 500 A 

w- 2 -3 
aHK 

aKor+U HK 
aepOS!THDCTb patCeSIHHSI C nepeKHJlKOil: SIJl9pHOI'O CnHna 

2 aHK 
H W" "'- ----- - BepOS!THOCTb pacceSIHHSI C nepeKHLIKOil: CnHHa C yq~TOM a,... 

3 <korWHKua 

.0aHHbl9 a , W H W SIBJlSIIOTCSI rpy6b!MH DU9HKaMH. 
a c. 

15,61 
113 pHCo 2 H JlBHHb!X /lJlSI aMIIJlHTYil pacceSIHHSI ( CM. H Taon. 1} 

H aaMe'!aHHil: no noBO/lY KOrepeHTHOil: '!aCTH C9'19HHSI paCC9SIHHSI (paanen 2.5) 

cneuyeT, 'ITO a 
I 

< 1 6apn, ecnH TeMnepaTypa o6paaua < I00°K. TaKHM 

o6pa30M 1 MO)KHO H36aBMTbCSI OT HeynpyrHX ~OHOHHhlX IIpOU9CCOB. 

BKnau a 
napa 

"' 1 6apH He 3aBHCHT , HH OT 3HeprHH 0 HH OT TeMIIe-

paTypb! H noaToMy ]laeT nOCTOSIHHbiil: ~OHo 

0/lHaKO cne.uyeT HMeTb B BH.UY1 'ITO npH /l0CT8TO'IHOM KOJ1H'i8CTB8 

aTOMOB c aaceneHHbiMH aneKTpoHHbiMH ypoBHSIMH YH MoryT aarpeBaTqCSI 

LIOBOJlbHO CHJ1bH0 1 nOCKOJlbKy B 3TOM cnyqae K HaJlO YMH0)K8Tb Ha 
napa 

p'/p. 

a p 'I p MO)KeT /lOCTHraTb senH'IHHbi 
2 

"' 10 H oonbllle (eM. paan. 2.3). 

11CXO/lSI H3 TOI'0 1 'ITO IIOK8 IIOTOK YH Man, HCCJ1e/lOB8HHSI MarHHTHb!X 

MaTepHaJ10B1 KOT0pb19 CBO/lSITCSI K H3MepeHHIO BenH'IHHbl BHyTpeHHero M8I'HHT-

20 

--

HOI'O IIOJ1SI 1 O'ieHb TPYilHO I!pOBeCTH 0 IIOTOMY 'ITO M8I'HHTHhle l 

3 
10 oapa. CpaBHHTeJlbHO I!pOCTb!M SIBJlSieTCSI Hccnen a 

a 

IIOJlbHhlX pacmenneHHil: B COe/lHHeHHSIX C ManeHbkHM u 1 CC 
a 

Tonw c HllepHbiMH cnHHaMH ;::: 1 ( D , 7 Li ) 

ABTOpbi Bblp8)1(810T CBOIO HCKpeHHIOIQ onaronapHOCTI: 

r. Xe6ep, K. 3nbK ( o6a H3 TexHH'IeCKoro YHHBepCH':'eTa !I J 

38 ueHHbie 38Me'I8HHSI. Mbl ocooeHHO 6narOll8pHM H.M. nnai 

IIpH Bhl'IHCJ1eHHSIX1 IIpHBe}leHHb!X B paanene 2.4. 

nHTepaTypa 

1. ,z,.n. llJarrHpo. Yf~JH 95, 148 ( 1988). 

2. H.B. 3enbJ10BH'lo )1(3Tf~J 38, 1952 ( 1959). 

a. B.H. nywHKOB, JO.H. lloKOTHOOBCKHit,' A.B. CTpenKoB, 

llpeJ.lP!fHT OHHH P3-4127, /1y6na, 1988. 

4. B • ./1. AnaHbeB. llperrpHHT OHHH 13-4395, .11y6na 19t 

5. H.H. FypeBH'l, n.B. Tspacos. 4JH3HKB HeltTpOHOB HH3KHX 

M OCKBB1 1965. 

6. K. Bexypu. HeltTpOHHBH c/JH3HKa, ATOMH3J1BT, MocKB~ 

7. 11.)1(. XbiOJIJK, P.B. lllsapu. ATnac HeltTpoHHbiX ceqeHil 

Mocxsa, 1959. 

B. B. P.ainford, K.C. Turberfield, G.Busch, o. Vogt, J.l 

Phys.Soc.). R.J.Birgeneau, E.Bucher, L.Passel, D.L.l 

berfield. Preprint BNL ~4~31.. 

9. B. noy. llapaMSrHHTHbllt pe30HBHC B TBepJibiX Tensx. HHJ 

10. IO.A. J13IOMOB, P.n. Oaepos. MarHHTHBH HeltTpoHorpac/JHH, 

1988. 
11. J.M.Cassels. Progr.Nucl.Phys., ~. ~85 (~950). 
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HIIS!Xo npiiBeAeHHbie 'ti!CneHHbie 3Ha'teHIISI 9TIIX napaMeTpOB1 xa

/6, 7,13/ 
IIX B3aiiMOAefiCTBIISI 1 B3S!Tbl 113 pa6oT 1 a HeKOTOpbie Bbl-

0 

11 (a .. (500A ), W W.. ) . B Ta6n. 1 IICIIOnb3YJOTCSI cne/lyJOllllle 

b - KOrepeHTHaSI aMIIniiTy/la pacCeSIHIISI CBSI3aHHOrO S!/lpa, 
KO!' 

~or H a HK = 4rr b ~K - KorepeHTHoe 11 aeKorepeHTaoe ceqe-

o 
a ( 1,08 A ) - ce'teHIISI nornomeHIIH nnH aefiTpOHOB .. 

1,08 t_ , I - HAepHbiti CIIIIH 1 f.L - H/lepHbifi MOMeHT 

-24 2 
arHeTOH8X

1 
Q -KB8/lpyiiOnbHblH MOMeHT B e/liiHIIU8X I' • 10 CM 1 

' 0 

- ceqea11e nornomeaiiH nnH aeil:TpoHOB c nn11aoil: BOnHbi 500 A 

BepoHTHOCTb pa6ceHHIIH C nepeKIIAKOil: H/lepHO!'O CIIIIH8 

-- - BepOHTHOCTb pacceHHIIH C nepeKII/lKOil: CIIHH8 C y'tE!!TOM a ... 

, W II W HBnHIOTCH rpy6b!MII OUeHK8MIIo 
e !5,61 

Co 2 H naHHbiX /lnH aMnniiTYA pacceHHIIH ( CMo II Taon. 1) 

fi 110 IIOBO/lY KOrepeHTHOH 'taCTII Ce'teHIIH pacCeHHIIH (pa3/len 2.5) 
0 

1 6apH, ecn11 TeMnepaTypa o6pa3ua < 100 K. TaKIIM o a 
I 

< 

O*HO 1136aBIITbCH OT HeynpyriiX ¢oROHHhlX npoueCCOBo 

a ~ 1 6apH He 3aBIICIIT Hll OT 9Hepr1111 1 HII_OT TeMIIe-
napa 

09TOMY naeT nOCTOHHHbifi ¢oH. 

KO cneAyeT IIMeTb B BIIAYo 'ITO npll AOCT8TO'tHOM KOnll'teCTBe 

aceneHHbiMII aneKTpOHHbiMII ypoBHHMII YH MoryT aarpeBaT»CH 

HnbH0 1 nDCKOnbKY B 8TOM cnyqae K Ha/lO YMHOlKaTb Ha 
napa 

p' /p' 

2 ~ 10 11 6onhllle (eM. pa3/l. 2.3). JKeT /lOCTIIraTb Benll'tiiHbl 

H 113 Toro, 'ITO noKa noToK YH Man, 11ccnenoBaHHH MarHHTHbiX 

1 
KOTOpb!e CBO/lHTCH K 113MepeHIIIO Benll'tiiHbl BHyTpeHHerO MarHHT-

20 ..... 

Horo nonH, o"'eH& TPYllHO npoaecTII, noToMy 'ITO MarHIITHbie aToMbi o6nana10T 

3 10 6apa. CpaBHHTen&Ho npocThiM SIBnSieTCSI IICcneAOBBHIIe KB8APY-a 
a 

non&HbiX pacmenneHHA B C09ll11HeHHSIX C M8n9HbKIIM a 1 
COllep>K8lllHX 1130-

a 

Tonbl c SlllepHbiMH cnHH8MH :;::: 1 ( D , 
7 
Li ) 

ABTOpbl Bblp8)1(8JOT CBOIO HCKpeHHIO~ 6narOll8pHOCTb <ll.n. llJanHp01 

r. Xe6ep, K. 3n&K ( 008 H3 TeXHII"'9CKOrO YHIIBepCII';"eT8 B .Upe3lleHe, r.UP) 

38 ueHHbl9 38M9"18HHSio Mbi oco6eHHO 6n8rOll8pHM H.M. nn8KIIllY 38 IIOMOlll& 

npB Bbi"'HCneHHSIX1 npiiB9lleHHbiX B p83llene 2.4 • 

nHTepaTypa 

1. tP.n. llJsrnrpo. YtPH 95, 148 ( 1988). 

2. H.B. 3en&llOBH'Io )1(3Tt/J 38, 1952 ( 1959). 

s. B.H. flyiiiHKoB, IO.H. lloKoTHnoBCKHit, A.B. CTpenxoB, tP.n. lllsrrHpo. 

llpetW!fHT OHHH P3-4127, 0.y6Hs, 1988. 

4. B./1. AHsH&eB. llperrpHHT OHHH 13-4895, D.y6Hs 1989. 

5. H.H. rypeBH'I, n.B. Tapacos. 4JH3HKS HeltTpOHOB HH3KH:X. SHeprHR, HayKa, 

MocxBs, 1985. 

B. K. Bexypu. HeltTpoHHBH ,P113HKa, AToMH31lBT1 MocKBB, 1988. 

7. D..)l(. X&JOJl)f{, P.B. lllaapu. ATnac HeRTpoHHbiX ceqeHHR, ATOMH3JlBT1 

Mocxaa, 1959. 

B. B. P.ainford, K.C. Turberfield, G.Busch, o. Vogt, J.Phys.C. (Proc. 

Phys.Soc.). R.J.Birgeneau, E.Bucher, L.Passel, D.L.Price, K.C. Tur-

berfield. Preprint BNL ~4~3:1. 
9. B. noy. UspaMarHHTHbiR pe30HSHC B TBepQbi:X. Tens:x.. MMn, MocKBB, 1962. 

10. JO.A. I13IOMOB, P.n. 03epoB. MarHHTHBH HeRTpoHorpa,PHH, HayKa, MocKBa, 

1988. 
11 • .f.M.Cassels. Progr.Nucl.Phys., ~. ~85 (~950). 
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12. M.K. Arees, B.n. AnHK, P.M. ranHc. AnropHTMbl, Bbiii. 2, Bbl"lHCIIHTenb

Hbiil ueHTP AH CCCP, MocKBa 1988. 

13. I.Ebert, G.Seifert. Lernresonanz im F'estlorper, Akademische 

Verlagsgesellschaft, Leipzig, ~ 966. 

PyKonacb nocTynHna B H3AaTenbCKHR oTAen 

15 H~HH 1970 rOA8• 
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