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B HaCTosrmee apeMsr Ge ( Li ) - JleTeKTOpbi HaxoJlSIT ace 6onee IIIHpoKoe 

rrpHMeHeHHe B aKcrrepHMeHTanbHOft RJlepHOH ~HaHKe. 0JlHBKO HX HaroToane-
" 

HHe rrpeJlCTaBnSieT pSIJl TPYilHOCTeH, CBSI38HHhlX B OCHOBHOM C KaqecTBOM HC

XOJlHOrO MaTepHana.· TiapaMeTpbi HCXOJlHOrO MaTepHana, H3MepsreMbie 38BO

Jl0M HnH !jlHpMOH-H3rOTOBHTeneM, XOTSI H xapaKTepH3YIOT B K8KOH-TO CTerre

HH KaqeCTBO repM8HHSI 0 HO He orrpeJlenSIIOT ero ITpHrOJlHOCTH JlnSI K3rOTOB

neHHSI y - )leTeKTOpOB C BbiCOKHM aHepreTHqeCKHM paapellleHHeM. TIOSTOMY 

H3yqeHHe CBOHCTB MaTepHana H Bb!SICHeHHe KoppenSIUHH STHX CBOHCTB C Ka

qeCTBOM JleTeKTOpOB OCTaeTCSI OJlHOH H3 HaH6onee Ba*HhlX rrpo6neMo 

06mHe Tpe60B8HHSI K MaTepHany MOryT 6b!Tb C~OpMynHpOB8Hbl cneJlyiO

InHM o6paaoM: 

1. BbicoKasr cKopocTb Jlpeft~a nHTHSI. 

2o Manble TOKH yTeqKH BO BpeMSI Jlpeft~a ITpH JlOCT8TQqHQ 60nbiiiHX CMe

IlleHHSIX H ITOBbiiiieHHOR TeMrrepaType. 

3. MHHHManbH8SI rrpeiiHITHT8UHSI nHTHSI BO BpeM.SI JlpeH~a. 

4. BoaMO*HOCTb HaroToaneHH.SI JleTeKTopoa a) c HH3KHMH IllyMaMH H 

ManbiMH ToKaMH rrpH 6onhiiiHX cMemeHH.srx, 6) MHHHManbHbiMH rroi-epsrMH aapsr

Jla H3-38 peKOM6HH8UHH H ITpHnHIT8HH.SI HepaBHOBeCHblX HOCHTeneH TOKa. 

UenbiO HacTosrmea pa6oTbi 6bmo :nccneJloBaHHe H cpaBHeHHe caoftcTB 

HCXOJlHOrO p - repM8HHSI 0 rronyqeHHOrO H3 paanHqHbiX HCTQqHHKOB. 

llnsr H3rOTOBneHH.SI )leTeKTOpOB H8MH HCITOnb30BanC.SI M8TepHan MapKH 

rnn- 10-40 H 6enbrHii:CKHR repMaHHR ~HpMbl Xo6oKeH. l1crronb30BanHCb 

o6paaubi co cneJlyiOIUHMH rrapaMeTpaMH: rrnocKoCTb poc'ta ( 1.1.1) ,nerHpyiOma.sr 
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Jlo6asKa Ga HnH In, yJlenbHOe COIIpOTHBneHH9 p = 2() of 30 OM, CM1 

speMH )Klf3HH H90CHOBHbiX HOCHTenefi TOKa T = 350 of 1150 MKC9K 1 IInOT

HOCTb llHCllOK8UHfi N d = 0,6 of 2,5,103 CM-2, 0JlH8KO K8'19CTBO H rrapa

MeTpbl Jl9T9KTOpOB1 H3rOTOBnfi9Mb!X H3 M8T9pHana C IlpHM9pHO OllHH8KOBb!MH 

IIapaMeTp8MH 1 MOryT 6b!Tb p93KO pa3nH'IHhi: 

1, BbiXOil JleTeKTopos c BhiCOKHM anepreTH'IeCKHM paaperneHHeM H3 

MaTepHana rnn cyrnecTB9HHO HH)Ke, '19M H3 MaTepHana Xo6oKeH, 'ITO oco-

6eHHO CK83b!B89TCfl IlpH H3rOTOBn9HHH ll9T9KTOpOB C 6onbiiiHMH 'lyBCTBHTenb

Hb!MH 06'b9M8MH, 

2, llpefi~ B 06p83U8X IlpOHCXOilHT C pa3nH'IHOfi CKOpOCTbiD1 'ITO 38BHCH~ 

OT COJl9p)K8HHfl KHCnOpOJl8 B MaTepHane/1/, 

3. DoseJleHHe llHOilOB so speMf! Jlpefi~a peaKo paanH'IHO, 06pa3Ubi Xo6o

xeH II03BOnfiiDT B9CTH Jlpefitjl IIpH 6onbiiiHX CM9IU9HHfiX H ManbiX TOK8X 

( pHC, 16) 1 a H8 o6pa3U8X rnn B Cp9JlH9M qepe3 HeCKOnbKO CYTOK TOKH 

B03paCT8IDT1 H .Jlpefitjl IlpHXOilHTCfl IIpOBOilHTb IIpH IIOHH)K9HHbiX CM9IU9HHSIX 

(pHC, 1B H r ), J1cKniD'I9HH9 COCTaBnfiiDT "HeJlpefi~yeMbie" o6pa3Ubl 1 B KOTO

pb!X H8IIpfi)K9HH9 Ha Jlpefitjle MO)KHO II01lll9p)KHB8Tb llOCT8TO'IHO JlnHTenbHOe 

Bp9Mfl 60nbiiiHM IlpH ManbiX TOK8X ( pHC, 1a) 1 HO rny6HH8 IIOny'leHHOrO 

-cnoH He rrpeBbiiiiaeT 1-1,5 MM. 

llnH cpaBH9HHfl CBOfiCTB HCXOilHOrO M8T9pHana Ha IIIafi6ax OT paanH'I

HbiX CnHTKOB repMaHHfl 6bin H3MepeH T9MIIepaTypHblfi XOil aneKTpOIIpOBOilHO

CTH H XOnnOBCKOfi IIOilBH)KHOCTH 1 OllHBKO He 6bin8 o6Hapy)K9H8 pa3HHU8 y 
0 0 

o6paauoB rnn H Xo6oxeH B HHTepsane TeMrrepaTyp OT 77 K llO 300 K. 

J1ccnellOB8HH9 IIOB91l9HHfl nHTHfl B repMaHHH 6binO IIpOB91l9HO Ha Tpex 
I 

IIIafi6ax OT HM9BIIIHX Cfl B H8III9M paCIIOpfi)K9HHH CnHTKOB Xo60K9H 1 H Ha '19-

Tb!pex rnafi6ax OT cnHTKOB rnn 10-40. HaH6onee xapaKTepHb!e Jlnfl 9THX 

MaTep:~~anoB peaynbT8Tbi rrpHBelleHbi Ha p:~~cyHKax H B Ta6n:~~ue 1, Bee 9TH 

CnHTKH 6binH HCIIOnb30B8Hbl Jlnfl H3rOTOBneHHfl ll9T9KTOpOB1 IIapaMeTpbl KOTO

pb!X rrpHBelleHbi B Ta6n:~~ue II . 
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J1:3MepeHHe npei1HllHT811HH B o6p8:3118X1 H8CbillleHHbiX OHTHeM 

13 
PacTsopHMOCTb nHTHR B 'IHCTOM repMaHHH cocTaBnReT 6,10 aToMoB 

B CM3 IIpH KOMHaTHOti: TeMIIepaType/2/, fepMaHHti: 0 H8CbillleHHbiti: nHTHeM IIpH 

TeMnepaType 400°C ao KoHueaTpauHt!: 4,1017 CM-3, npeacTaBnReT co6ot!: IIpH 

KOMH8THOti: TeMIIepaType nepeCbillleHHbiti: TBepabiti: paCTBOp 0 Heiipepb!BHO pac

naaaiOlllH:il:CR ao pasaosecaoro 3Ha'IeHHR, 3ToT pacnaa Bbipa*aeTcR B Bhi

naaeHHH HOHH30B8HHOrO nHTHR B aneKTpH'IeCKH H9ti:Tp8nbHOe COCTORHHe ('npe

UHIIHT8UHR nHTHR'), CKOpOCTb IIpeUHIIHT8UHH 38BHCHT OT pRaa IIapaMeTpOB 

( TeMIIepaTypa IIpeUHIIHT8UHH 0 CTeneHb nepeCbiiUeHHR H T,a,) H 1 B 'I8CTHOCTH 1 

OT KOHUeHTp8UHH UeHTpOB H KaTanH38TOpOB IIpeUHIIHT8UHH 1 K8KOBbiMH RBnR-

IOTCR B8K8HCHH 0 KHCnopoa H apyrHe aetiJeKTbl CTpyKTypb!/3,4/, 

npeUHIIHT8UHR nHTHR B n -cnoe p-i -n aeTeKTOpa IIpHBOaHT K TOMy 1 

'ITO BO BpeMR ape:il:tlJa HCCRK8eT 38II8C HOHH30B8HHOrO nHTHR 1 H apet!:tlJ OCT8H8B

nHBaeTCR, npeUHIIHT8UHR B i -cnoe, OCTaBneHHOM 6e3 CMellleHHR IIpH KOM

H8THOti: TeMIIepaType, Bb!p8)1{8eTCR B paCKOMIIeHC8UHH i -cnOR H o6p830B8-

HHH B HeM ueHTpOB 38XB8T8 HOCHTenet!: TOK8, 

HccneaosaaHe nponecca npeuHIIHTaUHH senocb no H3MeHeHHIO so speMeHH 

yaenbaoro conpoTHsneHHR aachlmeaaoro nHTHeM o6pa3ua 

p=l/nell. 

TaK K8K aOHOpHbie ypOBHH nHTHR IIpH KOMH8THOti: TeMIIepaType IIOnHOCTbiO 

HOHH30B8Hblo TO n 9KBHBaneHTH8 pa3HOCTH KOHUeHTp8UH:il: aOHOpOB H 8KUeii-

Topos N 0 - N A T.e. B aaqane npouecca,, Koraa N 0 >> N A ' n 9KBH-
~ I 

BaneHTHa KOHUeHTP8UHH HOHH30B8HHOro nHTHR B repM8HHH, noaBH)I{HOCTb /l 

38BHCHT OT KOHUeHTp8UHH HOHH30B8HHOti: IIpHMeCH IIO 38KOHY ne6aR-KOHyanna/5/ 

H MO)I{eT 6b!Tb Hati:aeHa IIO aaHHbiM/6/, 

nnR HCCneaoB8HHR KHHeTHKH npouecca mat!:6a OT HccneayeMoro cnHTKa 

TOnlllHHOti: 3 MM H8Cbllll8nacb nHTHeM B Te'IeHHe 20 'I8COB IIpH TeMIIepaType 
0 

400 C a TOKe a3oTa. llnR aToro npoTpasneHHaR mat!:6a noKpbiBanacb nHTH-

esot!: II8CTOti: (cyCII9H3HR nHTHR B MHHepanbHOM Macne) C o6eHX CTOpOH H 

noMemanacb B ne'Ib anR aHtPtPY3HH. 
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no OKOH'I8HHH aHtPtPY3HH ma:il:6a BbiHHM8n8Cb H3 IIe'IH H 

aanaCb CTpyet!: 830T8, BepXHHe CnOH 1 IIOKpb!TbJe II8CTOti:1 COli 

113MepeaHe conpoTHBneHHR ma:il:6hi nposoaHnocb qeTbipexaoaa' 

IIO KOMIIeHC8UHOHHOti: CXeMe, HaMepeHHR BenHCb IIpH KOMHaTHO 

B TeMHOTe, 3aBHCHMOCTb IIpouecca IIpeUHIIHT8UHH nHTHR OT l 

CTasneHa H8 pHc. 2 anR o6pa3UOB Hll-42 ( Xo6oKeH). r-1-2 H 

M8HHH fllll 10-40), 
/7/ 

KHHeTHKa npouecca onHcbJBaeTcR ypaBHeHHeM 

No-N, 

ND- N t 
0 

m 
=exp(-a t ), 

r.lle N 0 
~ 

KOHUeHTp8UHR HOHH30B8HHOrO nHTHR B MOMeH~ 

N D - KOHUeHTp8UHR nHTHR B MOMeHT BpeMeHH t = 0 
0 0 

pacTsopHMOCTb npH TeMnepaType aacbJllleHHR 400 C), Nr 
0 

pacTsopHMOCTb nHTHR npH TeMnepaType npeUHIIHTaUHH 21 C, 

BhiTeKaeT H3 npeanono*eHHR o ctiJepH'IecKot!: 4>opMe ueHTpOB npe 

H crrpaseanHBo anR Ha'Iana npouecca, 

4 I /2 3/2 
a= -

3 
rr N [(N -N )v] (2D L! ) • 

P Do r 

N - KoaueHTpauHR ueHTpoB npeuHIIHTauHH, D Ll 
p - K09~ 

3HH nHTHR IIpH TeMIIepaType OCa~eHHR 1 V - IIpHpameHHe 06~ 

npHXO.IlRllleeCR Ha oaHH 8TOM npeUHIIHTHpOB8HHOrO 

2, 2,1Q-23 CM3 /3/, 

nHTH 

0TCIOaa nerKO M0)1{9T 6biTb IIOaC'IHT8H8 KOHUeHTp8UHR ueE 

T8UHH N P anR paanH'IHhiX o6pa3UOB1 ecnH Hcrronb30B8Tb no, 

Hbie (pH Co 2) H BOCIIOnb30B8TbCR 3H8'IaHHRMH D Ll • 4,10• 

N, - 6,1Q13 CM-3, N 
0 

= 4,1017 cM-3, Tor.lla 
0 

NP 3,5,1018 a -3 
CM 

/9,1( 
AaanorH'IHO rrpoueccaM, npoHcxoaRlllHM B KpeMHHH 

H3nOM8 H8 KpHBbiX rtpeUHIIHT8UHH ( pHCo 2) M0)1{9T 6biTb Oil 

ueaTpauHR KHcnopo.lla N0 a o6paauax repMaHHR/12/, 

9 
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'He IlpellHilHT8IlHH B o6p83Il8X1 H8CbJ/IleHHbiX OHTHeM 

13 
Tb nHTHSI B 'IHCTOM repM8HHH COCTaBnHeT 6. 10 8TOMOB 

oil: TeMnepaType/2/ o fepMaHHi!:, H8CbiiUeHHbiil: nHTHeM npH 

ao KoHueHTpauHi!: 4.1017 CM-3, npeacTaBnHeT coooi!: npH 

Type nepeChiiUeHHbii!: TBepAbiil: paCTBOp, Henpepb!BHO pac-

8BHOBeCHOrO 3Ha'JeHHSio 3TOT pacnaa Bh!pa)l{aeTCSI B Bbl

oro nHTHSI B aneKTpH'IeCKH Hei!:TpanbHOe COCTOSIHHe (wnpe

• CKopoCTb npeuHnHTauHH aaBHCHT oT pHaa napaMeTpoB 

HnHTaUHH 0 CTeneHb nepeCbiiUeHHSI H T.A.) H, B 'JaCTHOCTH, 

eHTpOB H K8TanH3aTOpOB npeuHnHTaUHH1 KaKOBhiMH SIBnSI

HCnopOA H ApyrHe aecpeKThl CTpyKTyphi/3,4/ • 

nHTHH B n -cnoe p - i -n AeTeKTopa npHBOAHT K TOMy, 

a HCCSIK8eT aanac HOHH30BaHHOrO nHTHSI 0 H Apei!:cp OCTaHaB

aUHSI B i -cnoe, OCTaBneHHOM oea CMeiUeHHSI npH KOM-

e, Bhlpa)l{aeTCSI B paCKOMneHcauHH 

38XBaTa HOCHTeneH TOKa. 

-CnOH H OOpa30Ba-

npouecca npeuHnHT8UHH Benocb no H3MeHeHHID BO BpeMeHH 

neHHSI H8ChiiUeHHOrO nHTHeM Oopaaua 

p=l/ne~. 

ypOBHH nHTHSI npH KOMHaTHOi!: TeMnepaType nonHOCTbiD 

9KBHBaneHTHa pa3HOCTH KOHUeHTp8UHH llOHOpOB H aKuen-

.e. B Ha<Jane npouecca,, Koraa N 0 >> N A , n 9KBH-

UHH HOHH30BaHHOro nHTHSI B repMaHHH. noABH)I{HOCTL ~ 

8UHH HOHH30B8HH01!: npHMeCH no 38KOHY neoaH-KOHyanna/5/ 

no A8HHhiM/6/ 0 

KHHeTHKH npouecca ma1!:6a oT HccneayeMoro cnHTKa 

hiiUanacb nHTHeM B Te'leHHe 20 'lacos npH TeMnepaType 

a. nnSI 9TOro npoTpasneHHaSI rnai!:oa nOKpbiBanacb nHTH

eH3HSI nHTHSI B MHHepanbHOM Macne) C o6eHX CTOpOH H 

llnH AHcpcpyaHHo 
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no OKOH'I8HHH UHcpcpyaHH rnaltoa BhiHHManacb Ha neqH H OhiCTpo oxna:lK-

aanacb cTpyei!: aaoTa. BepxHHe cnoH, noKphiThie nacToi!:, cornnHcpoBbiBanHcb. 

HaMepeHHe conpbTHBneHHH rnai!:ohi nposoaHnocb qeThipexaoHAOBhiM MeTOAOM 

no KOMneHCaUHOHHOi!: CXeMe. I1aMepeHHSI BenHCb npH KOMH8THOft TeMnepaType 

B TeMHOTe. 3aBHCHMOCTb npouecca npeuHnHTaUHH nHTHSI OT BpeMeHH rrpea

CTaBneHa H8 pHCo 2 nnH oopaauoB Hn-42 (XoooKeH), r-1-2 H rnn-27 (rep

MaHHi!: rnn to-40). 

171 
KHHeTHKa npouecca onHChiBaeTcH ypaBHeHHeM 

No-N, 

ND- N f 
0 

m 
= exp(-a t ), 

rae N D - KOHUeHTpaUHSI HOHH30BaHHOrO nHTHSI B MOMe.HT BpeMeHH t .. 
N D - KOHUeHTpaUHSI nHTHSI B MOMeHT BpeMeHH t = 0 ( paBHOBeCHaH 

0 0 
paCTBOpHMOCTb npH TeMnepaType HaCbiiUeHHSI 400 C) I N r - paBHosecaaH 

0 
pacTBOpHMOCTh nHTHH npH TeMnepaType npeunnHTaUHH 21 C, m = 3/2, 'ITO 

BhiTeKaeT H3 npennonO)I{8HHSI 0 ccjJepH'I8CKOJt <;opMe U8ftTpOB npeuHnHT8UHH/7,8/ 

H cnpaBennnBo nnR Ha'lana npouecca, 

4 1/2 3/2 
a,-

3 
11N [(N -N, )v] (2DL1 ) • 

P Do 

N P- KoHueHTpaunR ueHTpos npeunnHTaUHH, D Lt - Koa[h$HuHeHT ancjlcjJy-

3HH nHTHH npn TeMnepaType oca:lKneHHH, v - npnpameHHe oo'beMa aaponhiUia, 

npHXOASIIUeeCH Ha OAHH aTOM rrpeuHrrHTHpOBaHHOrO nHTHH 0 paBHOe 

2, 2. IQ-23 CM3 /3/ • 

0Tcrona nerKO MO:lKeT Oh!Tb noAC'IHTaHa KOHU8HTp8UHSI U8HTpOB npeuHnH-

Taunn N P nnH paanH'IHhiX oopaauoB, ecnn ncnonbaoBaTh nony'leHHhie naH

Hhie (pHCo 2) H BOCnonb30BaTbCSI 3Ha'leHHHMH DLI = 4.10-12 CM2 /ceK, 

N - 6 1013 cM-3 f • • N 0 = 4.1017 cM-3. Toraa 
0 

NP 3 
18 ,5.10 a 

-3 
CM 

/8,10/ 
AHanorH'IHo npoueccaM, npoHCXOAHIUHM B KpeMHHH , no TO'IKaM 

H3nOMa Ha KpHBbJX IIpeUHilHT8UHH (pHCo 2) MO)I{eT Oh!Tb onpeneneHa KOH

ueHTpauHH KHCnopoaa No B oopaauax repMaHHSI/121. 

~ 
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06ey*aasr rrony'leHHbie aaHHbie (eM. Ta6nHUY 1), OTMe'laeM eneayroqxee: 

1. KoaueHTpaUHSI UeHTpOB IIpeUHIIHT8UHH B enHTKaX, H3 KOTOpblX IIony

'18IOTeSI BbieOKOKa'leeTBeHHble aeTeKTOpblo Ha IIOpSinOK MeHbllle, qeM B OeTanb

HblX o6paauax. 

2. KoaueHTpauHsr KHenopoaa N 0 , rrony'leHHasr rro TO'IKaM HanoMa KpH

BbiX IIpeUHIIHT8UHH 0 B • HeapeA:!flyeMoM• o6paaue - 8.1015 eM-3 
0 y ,.aopManbHO 

npeit!flyeMbiX" o6paauos - 2 .. 5.1013 eM-3. 

3. I1poueee BbiiiaaeHHSI nHTHSI IIpoHexoaHT ao 3Ha'leHHSI 2-5.1013 eM-9. 

3To 3Ha'leHHe MeHbllle paBHOBeeHoro IIpH aaHHOit TeMIIepaType, T.K. OHO rrpea

eTaBnsteT eo6oit IIpeBbiiiieHHe KOHUeHTp8UHH nHTHSI Haa ypOBHeM nerHpOB8HHSI 

aaHHoro enHTKa (N
0 

-N A ) • 

M3MepeHHe npeuHnHTSUHH B n - cnoe 

0 
TaK KaK rrpH TeMrrepaType aaehlmeHHSI 400 C MO)KeT rrpoHexoaHTb onao-

speMeHHo e aH!fl!flyaHeit nHTHSI MHrpaUHSI BaKaHeHit BHyTpb o6pa3U8 H TeM ea-

MbiM yBenH'IeHHe UeHTpOB IIpeUHIIHT8UHH 0 Mbl e'IHTanH ueneeoo6pa3HbiM 

npoBeCTH H3MepeHHe npeUHIIHT8UHH B n - Cnoe, nony'leHHOM B 06bi'IHbiX 

TeXHOnOrHqeeKHX yenoBHSIX (aH~~Y3HSI B BaKyyMe IIpH 400°C B Te'leHHe 10 MH-

HYT) o PeaynbT8Tbl H3MepeHHit IIpeneTaBneHbl Ha pH e. 3 B BHne 38BHeHMOeTH 
No 

OT BpeMeHH (rae N 0 - epeaHHSI KoHueHTpauHH nHTHSI B n -enoe 
No0 

B MOMeHT BpeMeHH t , a N 00 - epeaHHSI KOHueHTpaUHSI B MoMeHT speMe-

HH t = 0). KaK enenyeT H3 epasaeHHSI KpHBbiX, rronyqeHHhiX nnH o6paa-

UOB OT pa3nH'IHbiX enHTKOB 0 xapaKTep BbiTiaaeHifst nHTHSI COXp8HSieTCSI 0 T.e. 

y o6pa3UOB fllll 10-40 KOHUeHTp8UHSI rraaaeT 6onee pe3K00 'leM y o6pa3UOB 

Xo6oKeH. o 3TO e111e paa eBHaeTenbeTByeT 0 TOM0 'ITO KOHUeHTp8UHSI UeHTpOB 

IIpeUHIIHT8UHH B IIepBblX 6onbllle 0 'leM BO BTOpbiXo 

KpoMe Toro, eneayeT OTMeTHTb TOT ¢aKT0 'ITO o6pa3Ubi 0 Ha KOTOpbiX 

~~ 
. .r 

'
. 

' 

.~, .~ 
1\1' 

1 
"'1 .. ~!: 

~~ ,,. 
t'.,j I 

6bma HaMepeaa rrpeuHIIHTaUHSI B n - enoe ( T.e. rroene Toro KaK OHH aaxonH- f;;. 

nHCb "" 160 .'18COB B KOMH8THbiX ycnoBHSIX) 0 6bWH IIOCTSBneHbl H8 ape!!:¢ 

so ~peoa-113 6ea aononHHTenbHoro aarrbineHHSI nHTHSI HnH rrporpesa. Ha o6-

paauax Xo6oKeH apeit~ IIOene 9TOro IIpOHexoaHn e HOpManbHOit eKOpOCTbl00 

10 

~ 

.I 

~ ·:· .. 
,;1t; 

PRe~ 2 •. I1peuHIIHT8UHSI nHTHSI B HaCbiiiieHHbiX o6paauax ( a 
!l - o6paaeu fllll-27, 0 - o6paaeu Hll-42 Xo6oKel 
TopeHHe f-1-2 6ecKOHT8KTHbiM MeToaoM OIIpeneneHHSI 

• • -
PHe. 3. ITpeUHIIHTaUHSI nHTHSI B n -enoe 

H 3-Kr-239 crnn-tn-40) >. 
11 
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ony<~eHHbie aaHHbie (eM, Ta6mruy 1), OTMe'laeM cneayJOl!lee: 

SUHH U9HTpOB rrpeUHITHTSUHH B CnHTKaX, H3 KOTOpbiX rrony

eCTB9HHbi9 aeTeKTOpbl 0 H8 ITOpHliOK M9Hhlli9 0 '19M B OCTsnh-

aUHSI KHcnopoaa N 0 , rrony'leHHaSI no TO'IKaM HanoMa KpH

• B "Heapeil:!flyeMoM" oopaaue - 8,1015 CM-3 
1 y ,.HOpManhHO 

UOB - 2 + 5,1013 CM-3, 

Bb!IT8li9HHSI nHTHSI rrpOHCXOliHT ):10 3H8'19HHSI 2·-5,1013 cM-9 . 
blUe paBHOB9CHOrO rrpH li8HHOil: TeMrrepaType, T,K, OHO rrpen-

peBbllli9HHe KOHU9HTp8UHH nHTHSI Han ypOBH9M nerHpOBSHHSI 

ND -NA ). 

H3MepenHe npeuHnHTSUHH B n - cnoe 

0 
TeMrrepaType HSChiiUeHHSI 400 C MO:lKeT rrpOHCXOliHTb OliH0-

3Heil: nHTHSI MHrpaUHSI B8K8HCHil: BHyTpb 00p83U8 H TeM Ca

U9HTpOB rrp9UHITHT8UHH1 Mbl C'IHTanH uenecooopa3HbiM 

HHe rrpeuHrrHTaUHH B n - cnoe, rrony'leHHOM B OObi'IHhiX 

0 
CnOBHHX (nn!fl$y3HSI B BaKyyMe rrpH 400 C B Te'leHHe 10 MH-

H3MepeHHil: rrpencTaBneHhl HS pHC, 3 B BHlle 38BHCHMOCTH 

9Hii (rae N D - cpe):IHSISI KOHUeHTpaUHSI nHTHSI B n -cnoe 

t , a N 00 - CpenHSIH KOHUeHTp8UiiSI B MOMeHT BpeMe

cneayeT H3 cpaBHeHHst KpHBhiX, rrony'leHHhiX nnst o6paa-

cnnTKOB1 xapaKTep BhmaaeHHst nwrHst coxpaHsteTcst,': T,e, 

10-40 KOHUeHTpaUHSI nanaeT 6onee peaKo, <~eM y oopaauoa 

e pa3 CBH.QeTen&CTByeT 0 TOM, 'ITO KOHU9RTp8UHSI UeHTpOB 

6on&me, 'leM BO BTOpb!X, 

t CneayeT OTMeTHTh TOT ¢aKT1 'ITO 00p83Ubi1 Ha KOTOpblX 

eunrrHTsUHSI B n - cnoe ( T,e. nocne Toro KaK OHH Haxoun

B B KOMH8THhiX ycnOBHstX) 1 ObinH ITOCTaBneHbl Ha npeil:!fl 

norronHHTenbHoro HsiTbineHHSI nHTHH HnH rrporpesa, Ha o6-

apeil:!fl rrocne sToro rrpoHcxonHn c HOpMan&Hoil: cKopocT&JO, 

10 

... 

.,'/•.·'·.·.' 
,:~ ': . \ 

' I 

'l ~, 

.. r 

~ 
'( 
l 

J 
~; 

PHC~ 2.· npeUHITHT8UHH nHTHH B H8ChiiU9HHhiX Oopa3U8X ( a - oopaaeu f-1-2, 

l:l - o6pa3eU rnn-27, 0 - o6paaeu Hll-42 Xo6oKeH, ¢ - nos-

TopeHHe f-1-2 09CKOHT8KTHhiM M9TO.QOM orrpeaeneHHH p ), 

• • CD • .. • ., "• 
PHc. 3, npeuHrrHT8UHH nHTHH B n -cnoe 

H 3-Kr-139 <rnn-tn-4o)). 
1 - Hn-42 Xo6oKeH, 2-f-1-2 
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Ha o6pa3UaX fllll - C H93Ha'IHT9nbHblM 3aMeJ]n9HH9M1 a B o6paaue fllll-27 

nHTHii npOJlBHHynCH BCero Ha rny6HHY 1,5 MM. ··' 

KOHU9HTpaUHSI KHCnopOJla B repMaHHH onpeJ]enHnacb HaMH TaK*9-H no 

CKOpOCTH J]peti~a 1 aHanorH'IHO TOMY KaK 3TO JJenanOCb Ha KpeMHHH/1/, OJ]Ha-

KO 3TH JJaHHbl9 M9H99 J]OCTOB9pHbi1 TaK KaK 3aKniO'IaiOT B ce6e norpeWHOCTb 

onpeJJeneHHSI KOHCTaHTbl JlHCCOUHaUHH o6paayiOIUHXCSI KOMnneKCOB ( Li 0+). 

HccneaosaHHe npoueccos penaKcauHH 

TepMHH " penaKcauHH' no OTHOl!leHHIO K Ge(Li)- JJeTeKTopaM/11/ 

6bin npHMeHeH JlnH TOr0 1 'IT06bi oxapaKT9pH30BaTb npoueCCbi 1 npOHCXOJlSIIUH9 

B cnoe Jl9T9KTOpa 1 OCT~Bn9HHOrO 6e3 CM9IU9HHSI npH KOMHaTHOfi T9Mnepa-

Type. 

llnH cpaBH9HHSI 3THX npOU9CCOB1 npOHCXOJlSIIUHX B pa3nH'IHOM MaTepHane, 

H3 HCCneJJyeMhlX o6pa3UOB H3rOTOBnHnCH p-i-n nepexoJJ o6bi'IHbiM MeTo-

JlOM JlH~~yaHH, JJpeti~a H BbipaBHHBaHHH. ITpoBOJJHnHcb aa6niOJl9HHH aa H3Me

aeHHHMH B j -cnoe no BOnbT-eMKOCTHbiM xapaKT9pHCTHKaM 1 pacnpeJJeneHHIO 

~OT03JlC H TepM03JlC B aaBHCHMOCTK_ oT · speMeHH penaKcauHH. Ha pHc. 4 H 5 

npeJJCTasneHbi peaynbTaTbi aTHX HaMepeaHii JJnH o6paaua .rnn 10-40 (f-1-2) 

(pHc. 4 a,6,s) H o6paaua Xo6oKeH (HB-61) (pHc. 5 a,6,B). KaK cneJJyeT H3 

ysenH'I9HHSI nHKOB ~OT03J]C (pHCo 4), ysenH'I9HHSI p - rtpOBOJ]HMOCTH 

-cnOH (TepM03JlC) H H3 ysenH'I9HHSI 9MKOCTH 1 B o6pa3U9 f-1-2 rtpOHC

XOJlHT Henpepb!BHOe ysenH'I9HH9 KOHU9HTp8UHH HOCHTeneti. 3TO MO*HO '06'bHC

HHTb JJHccouHauHei!' npH KOMHaTHoii TeMnepa.Type KoMnneKCOB [ Li + Ga- ] H 

JlH~~y3H9ti nHTHSI K ueHTpaM npeUHriHTaUHH H nosepXHOCTH 1 rJ]e OH BbinaJJa

eT B aneKTpH'19CKH H9iiTpanbH09 COCTOSIHH9 1 OCTaBnHH qaCTb 8KU9riTOpHhlX 

ypoBHeti H9CKOMn9HCHpOBaHHbiMHo. 

11aroToBneHHbiii Ha MaTepHane Xo6oKeH - CnOH HM99T npOBOJ]HMOCTb 

n - THrra, Ilo3TOMY B Ha'lane penaKCaUHH BbinaJJeHHe nHTHSI B 3neKTpH'19CKH 

H9HTpanbH09 COCTOSIHH9 npHBOJlHT K yM9Hbli19HHIO n - npOBOJlHMOCTH i -cnOSI 

( T,e, YM9Hblli9HHIO KOHU9HTp8UHH HOCHTeneii) 1 a 38TeM - K rrepexOJly ero ·B 

p -THn H ysenH'I9HHIO p - npoBOJlHMOCTH, EcnH npHHHTb 1 'ITO BbmaJJeHHe 

nHTHSI npOHCXOJ]HT paBHOM9pHO no BCeMy 06'heMy 

HHTb ypOB9Hb KOMneHC8UHH no BenH'IHHe eMKOCTH, 

12 
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Xf, 

PHc, 4. M3MeHeHHe BonbT-eMJ(OCTHbiX xapaKTepHCTHK 1 pacnpeneneH 

H TepM09liC B 38BHCHMOCTH OT BpeMeHH panaKCBUHHo 
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n - C H93H8'lHT9JibHbiM 38M9JlJ19HH9M 0 a B o6pa3U9 rnn-27 

ncR acero aa rny6HHY 1,5 MM. 

UHSI KHCJIOpOil8 B repMaHHH onpeJJ9JISIJI8Cb HaMH TaK~e-H no 

0 
8H8JIOrH'lHO TOMY KaK 3TO Jl9J18J10Cb Ha KpeMHHH/1/, OJJHa

MeHee JlOCTOB9pHbi1 T8K K8K 38KJIJO'l8JOT B Ce6e norpeliiHOCTb 

HCT8HTbl JJHCCOUHBUHH o6pa3yJOliiHXCSI KOMnJieKCOB [ Li o+]. 

HccneaoBaHHe npoueccoB penaKcauHH 

penaKcaUHSI .. no oTHoweHHJO K Ge ( Li) - JJeTeKTopaM/ 11/ 

JISI TOr0 1 'lT06bi OX8paKT9pH30B8Tb npOU9CCbl 0 npOHCXOJlSiliiH9 

9KTOp8 1 OCT~BJI9HHOrO 6e3 CM9lii9HHSI npH KOMH8THO~ TeMnepa-

9HHS! 3THX npOU9CCOB1 npOHCXOJlS!liiHX B pa3JIH'lHOM MaTepHane, 

o6pa3UOB H3rOTOBJISIJICSI p-i -n nepeXOJl 06bi'IHbiM M9TO-

JJpe~cpa H BbipaBHHBaHHSI. ITpoBOJJHJIHCb Ha6JIJOJl9HHSI sa H3Me

cnoe no BOJibT-eMKOCTHbiM xapaKT9pHCTHKaM 0 pacnpeJJ9JI9HHJO 

oaJJC B saBHCHMOCTa_ oT · apeMeaH penaKcauHH. Ha pHc. 4 H 5 

93YJibTaTbl 3TH X H3MepeHHll JlJISI o6pa3U8 fllll 10-40 ( r -1-2) 

o6pasua Xo6oKeH ( HB-61) ( pHc. 5 a,6,a). KaK cneJJyeT H3. 

OB cpOT03JlC (pHCo 4), yBeJIH'I9HHSI p - npOBOJJHMOCTH 

M03JJC) H H3 yBeJIH'I9HHSI 9MKOCTH 1 B o6pasue r-1-2 npOHC

HOe yB9JIH'I9HHe KOHU9HTpaUHH HOCHT9J19Ho 3TO MO~HO '06'bSIC

H9H npH KOMHaTHO~ TeMnepaType KOMnneKCOB [ Li + Ga- ] H 

Sl K U9HTpaM npeuHIIHT8UHH H noaepxHOCTH 1 rJJe OH BbiiT81l8-

CKH H9HTp8JibH09 COCTOSIHHe 1 OCTaBJISISI qaCTb aKuenTOpHMX 

II9HCHpOB8HHblMH. 

HHbi~ Ha MaTe pHane Xo6oKeH - CJIO~ HMeeT npOBOilHMOCTb 

3TOMY B Ha'laJie penaKC8UHH BbinaJJeHHe JIHTHSI B 3J19KTpH'19CKH 

CTOSIHHe npHBOJlHT K yMeHblii9HHIO n - npOBOilHMOCTH i -CJIOSI 

HJO KOHU9HTpaUHH HOCHTeneii) 0 a 3aTeM - K nepexOJJY ero ·B 

JIH'I9HHJO p - npoBOJJHMOCTH. EcnH npHHS!Tb, 'ITO BbiiiaJJeHHe 

HT paBHOM9pHO no BCeMy 06'beMy 

OMneHCBUHH no B9JIH'IHHe 9MKOCTH. 
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PHc. 4. M3MeHeHHe BonbT-eMJtOCTHbiX xapaKTepHCTHK, pacnpeneneHHe fi!oTo

H TepMOSIIC B 38BHCHMOCTH OT Bp9M9HH panaKC81lHHo 
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PHc, S,HaMeHeHHe son&T-eMKOCTHhiX xapaKTepHCTHK, pacnpelleneHHe <jloTo

H TepM03llC B 38BHCHMOCTH OT BpeMeHH penaKCBUHHo 

14 .,. 

Ha pHc, 6 rrpellcTasneaa saBHCHMOCTb NA-N 0 

UHH .llnSI o6pa3UOB r-1-2, HB-61 H o6pasua Kf-279, 

06cy~eHHe pe3yRhTSTOB 

oT spell. 

Orrpe.11eneHHe rrpHrO.IlHOCTH MaTepHana .llnH Ge( Li) ,.. .[leTeKT 

CSI O.llHOA H3 Ba)I{HbiX rrpo6neM, XoTR K HaCTOR!UeMy MOMeHTy 

yKaaaT& napaMeTp, no KOTopoMy cne.11yeT oT6HpaT& MaTepHan, 

TaTe rrpo.llenaHHOA pa60Tbi MO)I(HO .118Tb cne.llyiOIUHe peKOM9H.IlaU 

1o EcnH nposeCTH H3MepeHHR pacrra.11a nepec&IIUeHHoro pa 

so speMeHH, To y xopowero MaTepHana pacna.11 H.lleT cymecTBeHH 

neHHO H rrpO.IlOn)l(aeTCR OKOnO 10 .llHeA, IIOKa He 6y.lleT .llOCTHr'Hy 

HOe sHa'!eHHe pacTBOpHMOCTH nHTHSI { N 
0

• N A = 214o10 13 cM3 

K8K y MaTepHana1 KOTOpb!A MeHee CTa6HnbHO se.11eT ce6R Ha r. 

cymecTBeHHO MeHblliHA BhiXO.Il .[leTeKTOpOB C BbiCOKHM paaperne 

aaKaH'!HBaeTCR Ha 3 H 4 .[leHb 1 XOTR H H.lleT .110 8TOI"'O )l(e ypoBH~ 

cpyeMoro" MaTepHana cymecTBeHHaR '!aCT& nHTHR B&manaeT B TE 

.llHRo Pacc'!HTaHHaR no aTHM KpHBhiM KOHUeH'rpaUHR ueHTpoB 1 

oKa3&IBaeTCR Ha nopR.IlOK HH)I(e y MaTepHana Xo6oKeH, "J9M 

f.Q.U-10-40, XOTR ,llpeftlj> B IIOCne.uHeM H.lleT 6ea CylUeCTB9HHOr'O 

2o KoHueaTpaUHR KHcnopo.ua y HOpMan&Ho .11peA¢yeMoro 

2-5,1013 aT/ CM3 
1 y MaTepHana C IIOHH)KeHHOH CKOpOCTbiO npeAcfla -

B MaTepHane c N 0 = 8o10 15 aT/ cM3 .11peAcfl He H.UeT 6on&we, 

6HHY 1 MM, 3TH U8HHbie H8XOURTCSI B XOporneM cornaCHH C .ll8HHhii 

3, YcTaHosneHo, '!TO MaTepHan, rrpHrO.UH&IA .unH HaroTOBJ 

Topos, MO)I(eT nocne nposeaeHHR .llH¢cflysHH B Te'!eHHe 6-7 cyT 

BaTbCR rrpH KOMHaTHOA TeMrrepaType 6es cMerneHHH, a aaTeM 

rrpOHCXO.IlHT C HOpMan&HOA CKOpOCTbi01 1108TOMy HCIIbiTaHHe waft 

UnR BhiSlCHel:HSI HX 11pHl"'O,LlHOCTH CneayeT 11pOH3BO.IlHTb HMeHHO Bh 

cnoco6oM1 Toeo B HaHMeHee 6narorrpHRTHhiX ycnoBHRX, 

4, Y .119T9KTOpOB C XOpOWHMH xapaKTepHCTHKaMH - ( 

eT IIpOBO.IlHMOCTbiO n - THI1a 1 H Bbi.Ilep)I(Ka ero IIpH KOMHaTHO 

pe rrpHBO,LlHT K TOMy, '!TO OCTaTO'!HaSI KOHU9HTpaUHSI HOCHTeneA Bl 

waeTcR, a saTeM ysenH'!HBaeTcR nocne nepexo.na i -cnoR B p -THII 1 
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BOn&T-9MKOCTH~xxapaKT9pHCTHK0 pacnpe~eneHHe ~OTO
a~C B 38BHCHMOCTH OT Bp9M9HH penaKCSUHHo 

14 

_,.: 

Ha pHc, 6 rrpencTasneHa saBHCHMoCTb N A - N 0 

UHH nnSI o6pasuos f-1-2, HB-61 H o6pasua Kf-279, 

06cy~eHHe peaynbTBTOB 

oT speMeHH penaKca-

OrrpeneneHHe rrpHronHoCTH MaTepHana nnSI Ge{Li) - neTeKTopos ocTaeT

csr onHof!: H3 B8)KHbiX 11po6neM, XoTSI K H8CTOSIIIl9MY MOMeHTY H9B03MQ)KHQ 

yK838Tb rrapaMeTp 1 110 KOTOpoMy cnenyeT OT6Hp8Tb M8T9pH8ii1 HO B pesynb

T8Te 11ponenaHHOf!: pa6oTbl MQ)KHO naTb cnenyiOIIlHe peKOMeHnaUHH, 

1, EcnH 11posecTH HsMepeHHSI pac11ana 11epecbiiileHHoro pacTBopa Ge-Li 

so speMeHH 1 To y xopowero MaTepHana pac11an HneT cymecTBeHHO 6onee Men

neHHO H 11pOnOll)K89TCSI OKOliO 10 nHef!:, 110K8 He 6yneT nocTHI'HyTO paBHOBeC

HOe sHa'leaue pacTBOpHMocTH nHTHSI ( N; N A = 2,4.1013 cM3 ), a TO speMSI 

KaK y MaTepaana, KOTOpbil!: MeHee cTa6Hn&Ho seneT ce6SI aa npel!:t!>e H naeT 

cymecTB9HHO MeHbillHf!: Bb!XOn neTeKTOpOB C Bb!COKHM paapemeHHeM 1 pac11an 

38K8H'IHB89TCSI Ha 8 H 4 neHb1 XOTSI H HneT no 9TOI'O )1{9 ypOBHSI, Y •aenpeJ!:

!f>yeMOI'O., MaTepHana cymeCTBeHH8SI '18CTb iiHTHSI Bbii18rtaeT B Te'leHHe OLIHOI'b 

aasr. Pacc'IHTaHaasr 110 aTHM KpHBbiM KoaueaTpaUHSI ueaTpos 11peUH11HTallHH 

oKa3biBaeTcsr aa 11opsraoK HH)Ke y MaTepaana Xo6oKeH, t;~eM y MaTepHaJ'!a 

rnn-10-40, XOTSI apef!:!f> B 110CJieliH9M HlleT 6ea cymeCTB9HHOI'O 3aMeaneHHSI, 

2, KoaueHTpauHsr KHcnopoaa y aopManbHO apef!:!f>yeMoro MaTepHana -

2-5,1013 aT/cM8, y MaTepHana C ITOHH)KeHHOJ!: CKOpOCTbiO rtpel!:!f>a - 5,10 14aTfCM3, 

B MaTepHane c N 0 = 8,1015 aT/cM3 apef!:!f> ae HaeT 6onbwe, qeM aa rny-

6HHY 1 MM, 3TH naHHbie HaxonRTCll: B xopomeM COI'll8CHH C JlBHHbiMH <l>oKca/ 12/, 

3, YcTaHosneHo, 'ITO MaTepHan, 11pHronHhif!: ansr HsroTosneHHSI aeTeK

TOpoa, MO)KeT 110Cne 11pOBelleHHSI LIH!f>!f>yaHH B T9'19HH9 6-7 cyTOK Bblll9p)KH-

B8TbCll: 11pH KOMH8THOf!: T9MI1epaType 6e3 CMelll9HHSI 1 a 38T9M apeJ!:!f> B HeM 

11pOHCXOLIHT C HOpManbHOf!: CKOpOCTbi01 1109TOMy HCI1biT8HHe wal!:6 OT CiiHTKOB 

nnsr BbiSICHeHHSI HX 11pHronHOCTH cneayeT 11pOH3BOLIHTb HM9HHO BbiWeyKa38HHbiM 

crroco6oM1 T,e. B H8HMeaee 6naro11pHsrTHbiX ycnosHRX, 

4, Y li9T9KTOpOB C XOpOWHMH xapaKTepHCTHK8MH - cnof!: o6naaa-

eT 11pOBOnHMOCTbiO n - THI181 H Bb!Jl9p)KK8 ero 11pH KOMH8THOJ!: T9M11epaTy

pe 11pHBOLIHT K TOMy 1 'ITO OCT8TO'IH8SI KOHil9HTp81lHSI HOCHTeneJ!: BH8'18ll9 yMeHb~ 

waeTcR, a saTeM ysenH'IHBaeTCR 11ocne 11epexona i -cnosr B p -TH11 11pOBOLIHMOCTH, 

i 
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