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KoMneaca.uBII aJtnenTopoB B p -«pewrunr uyrew 11peJ!cj>a aoaos mrTBll B sneJtTpB'I:ec-

/11 
xoM none p - n -nepexo11a 6wna ocymecTsneaa BnepBble nennow B 1960 r. C Tex nop 

noRBBnocb 6onbwoe xonaqecTBO pa6oT no npaxTaqeoxoMy npaueaeaa~ 11peacj>a n&TBR. B oc-

BOBBOM 3TOT npoll&CC BCllOllb3Y9TCR IIlli! nony'IOBBII XpOMBB&BblX p- i - D ll9T9XTOpoB, 

xoTapble y~e cTana npaM&HHTbCII wapoxo B R!lepaoa cnexTpocxonaa
121

• OnaaKo aeaasacauo 

OT 6onbWBX ycneXOB B 3TOM H8np8M9BBH 110 CHX BOp npouecc llpeAcj>a BOBOB nBTBII OCT8nCll 

no'ITH 89 BblRCH&H. 

nenn 
1 11 

aawen aaKoa, no xoTOpoMy H3Me&l!eTcll T01llllBHa cxoMneacaposaaaoA naT& eM 

o6nacTa B aaBHCHMOCTH aT speM&HH npeAcj>a. Ero peaynbTSTbl xopowo cornacy~c11 c axe-

nepBM9BT8llbHblMH ll8HHblMH no H3M9p9HH~ 9MXOCTH 

npennono~eBHe, 'ITO BO Bp&MR 11peAcj>a nono~eBHe 

p - n -nepexona. Onaaxo nenn nenaeT 

xl 
p - D -nepOXOII8 He B3M&HROTCII 

KpoMe Toro, nenn Be H8XOIIHT pacnpenenOHBB KOHU9HTP811BB BOHOB llBTBII B XOMn&HCBpOB8B

BOA o6naCTB 0 8 npennonaraeT, 'ITO OH8 nocTOHHH8 H p8BH8 XOHIIOHTp8UBH 8XU&nTOpoB B OC-

HOBHOM M8T9pB8llO, 

141 
nepep B PeAce BblBOIIRT o6mee Bblp8~9HB9 IIlli! KOHIIOBTp81lHH HOHOB llHTHR B KOM-

neacHpOB8HHOA o6naCTB, 0nH8KO IIlli! IIOBOII&HBR BX p8C'I9TOB 110 KOBUS 88110 HCnOnb30B8Tb 

peaynbT8Tbl 9KCn9pBM9HT8, a T8KHX 8BT0pbl ae n pBBOIIRT. KpoMe Taro, BblBOilbl nepepa " 

PeAcca ocaoeblBSJOTCR aa npennono~eaaa, 'ITO npeAcj>oBbiA 'lnea B ypasaeaaa (3.26) Man no 

Cp8BH9HHJO C llB<i>cl>y3BOHHbiM 'lll&HOM H8 rp8HHU8X CKOMU9HCHp'OB8HHOJI o6naCTH 0 H naSTOMY 

3T;; SBTOpbl npennonaraiOT0 'ITO XOBil9HTp8UBH llOHOpoB B llpeAcj>oBOM 'lll&He p8BH8 KOHU9HTPllllHH 

aKnenTopos. Harnu Hccne.a.oBS.HHSJ npHsenenHbie HH>Ke, onHaKo, noKa3biB8JOT, 'ITO 9TO npenno-

no~euHe ue onpasuauo, 

HacTORIIl8H pa6oTa coneplKHT aeKoTopbie sKcnepB MeaTam.Bble a TeopeTJI'IOCKBO accneno

BaHBR, HMOIOIIlHO U&llb BbiRCHHTb OCHOBHblO 38KOH bl npeAcj>a HOHOB llHTI!R D KpOMHHB, 

x/ npoRBll9BH9 HepexOIIOB B KpeMHH&BbiX p - j - n-llOT9KTOp8X C llOMOIIlbJO sneKTpO

XHMB'-!9CXOrO OTllOlK&HI!R M&!IB/3/ UOK83blB89T, B '18CTHOCTH, '-ITO rny6HHll 38n&r8HHll p- D -

nepexona pacTeT c ysena'leaaeM epeMeaa npeA<!>a. 

3 



1, 3~tcnepwMeBTan.aYe pesynbTaTY 

/'6/ B pa6oTe 6yn npenno*eH MeTOA nn• onpeneneHBH pacnpeneneaaa xoaneHTpanaa npa~ 

Mecelt B o6nacTR p - D - nepexona nonynpoBOAHBXa.· nna xoaneaTpiUIRR N - N Jl - N. 

N - xoaneaTpanwa noaopos, N • - xoaneaTpanRH aKnenTopos) 6YnR nony'leHY cne-
Jl x/ 

llYIOIIlRe Bbtpa*GHRSI 

dU I· IN(x,.)lal~ 411elxP .. (1) 
X 

IN(x >1 -1~1· 
P dxP 411e I xP -x,.l 

(2) 

rne X R 
p 

X .. - KOOpllR88TY rpaHHD 06118CTR OTpRD8T811b80ro H HOIIO~RT&IIbBOro npocT-

p88CTB8HHbiX 38pRIIOB ( 88'18110 ltOOpARH8THOit CHCTeMY COBH81l88T C rpa8anelt p - D - nepe-

xon8), U - npaKnanYsaeMoe B sanpemaJOmeM 8anpasneHRa 11: p - a - nepexony aanpa-

>Kene, - llR3n8XTpH'I8Cit8H HpoHRD88MOCTb Kp&NBIR R e - sapsn anexTpoaa, 

Hs Bbtpa~eawA ( 1) a ( 2) Mo~8o onpeneltiiTb pacnpenen&8He KOHil&HTpanaa npaMeceA 

N B o6n&CTR p - n nepexona, ecnn H3B8CTH0 1 lt8K H3M88HIOTCH C npHIIOlK8H8biM Han-

pHlK8BRP.M TOIIIIlRBhl o6nacTelt BOIIOlKHTQnbBOro R 0Tp8D8T8nb80ro 38pS!Il8 X,. R X 
p 

TaJCHM o6p830M 6binO a8Ane8o pacnpeneneBRe KOBn&8Tpan8R nHTRH a o6nacTH npeAq,a xpeM-

HBBBblX p - i - n - A&TeltTOpOB, nna STOlt nenH 38BRCHMOCTb TOIIIIlHBY o6naCTH OTpRil&· 

renbaoro npocTpaacTseaaoro sapana oT 8anpSI*&HHSI o6paTaoro cMemeaaa x = f(U) onpe-
/5/ p 

ll811Hit8Cb C DOMOIIlbiO lKHilJCOro 3n8KTpo4>oTorpa4>11'18CtWro HpoHBHTQnH • nyTeM H3M8pe8HH 

8MKOCTH p - n - nepexona xax 4>YHKnRH oT 8anpa~e8HH o6paTaoro cMemeaaa (as Bhlpa-

<S 16,11 
lK88RH C a .-::T: c 

411JXp-x,.l 
na) onpenenan8Cb sasacRMOCTb I X p -X .. I 

8M.KOCTb 1 

·F ( U) 

S - nnomaAb P - n - nepexo-

, a OTCIOA8 H x, g ( u ) 
B Ka'lecTse anntOCTpanaa 88 pac. 1 npaseAeKY nony'leHahle nna onaoro Kp&Maaeeoro 

p - i - n - A8T8KTOp8 38BHCHMOCTB X 

J.is KpBBYX THUS UOK838HROA H8 puc. 

dU dU 
MOlKHO H&ltTH npOH3BOilHbt8 H --

dx ,. dx P 

N = N Jl- N • Bbi'IHCIIHTb KOHD8HTp8HHIO 

c ( u ) B xP~ f(U). 

nyT&M rpaq,a..,ecxoro na4>4>epeanapoaaaaa 

nallblliQ C HOMOIIlbtO (I) H ( 2) MOlKHO 

H, cneAOBaTenDH0 1 KOHU9HTp8UH~ nRTRH 

N Jl ( HOCKOIIbKY KOHU8HTp8DHH 81CD8HTOpOB B OCHOBHOM M8T8pH8118 N a H3B8CT8a). 

OnaoapeMeaao c onpeneneaaeM XOHileHTpanaa fiHTHH accnenoeanocb c noMOIIlbtO ane~:

/3/ 
TpO'XHMH'I8CKOrO OTIIOli<&HHR MQIIH , K8K CM8IIl810TCH BO BpeMH npelt4la rp&HHDbl CKOMU&H-

CHpoB8RHOA IIHTH8M 06118CTH ( - o6n8CTH). T aKHMH KOMnneKCHbtMR accneAoBaHHRMH 

x/ nna CHCTeMbi CfC3. 

4 

MOlKHO nony'IHTb BCQ aeo6XOIIHMI 

KHH. 

na4>4>y3HH H npeA4> IIHTHR [ 

'18CTBOCTH, AB4>4>Y311H DpoBCXOilH1 

T8'18HH8 apeMeRH 3.;.30 MHH. 

npeA4> OCylll&CTBIIHIIC!l npH 

paspK~eaaoA no naaneaaa I MM 

KpeMaaA e coneplKaBHeM 6opa (I 

8'6 .;. 145 MKC&IC B C UpHMeCbiO Kl 

Ha pae. 2 noKasaao, K8K 1 

nepexona Xo B nonOJK8HR9 1 

naCTbtO) a canbHO nerapoaaaaoA 

OTC'lHTbtB810TCH OT DOBBpXBOCTH 

OTHOCSITC!l K llBYM o6p83D8M, Y 

T • 263°C, 30 MBB. y , 

llBBHbiX pe3yllbT8TOB BHIIHO, 'ITO 

ae B3MeHH8TCH BO Bp8MH npeA4> 

na, sosaaxrnHM nocne nH4>4>ysaH, 

R8UpllM8HHIO npeA4>a B OTIIH'IH8 

nna onpeneneRHH DOIIOll<e 

110 K X O npH68BHTb TOIIIIlHHY 

UOIIY'IeRHYIO lKHiliCHM 3118KTpo4>o1 

lK8HHH
1 

p8BHH!OIIl8MCH H8UpRll<eR 

MH'I&CKOMY OTIIOlK8HHIO M&JlH H 

4>H'I8CKHM 11poHBHT8118M MOlKHO 

w = x"- x' . Ee MO>KHO T8KJKE 

Ill 
( CM. ) C UOMOIIlbtO Bblp8li<8H! 

Ha puc. 3 noJCasaao nna 

U8HCHpDB8HBOA o6naCTH W 

Hs pHcyaKa BHllHO, 'ITO B npen 

xoBhtA pesynbTaT. Ha 3TOM pH• 

xoa<j.pauaeHTOM ~ • BHJlHO, 

611HlK8HHeM 38BHCHT OT BpeMeB 

MOCTb 6blll8 nony'leHB nennoM/ 

aTOA 3aBHCHMOCTH no HBUIBM :: 

uax npeAq>a 6onbrne 12 'lacoa. 



tcnpeneneuuR xouneuTpanuu npu~ 

1Hil9HTPIIII:RR N - N JJ. - N • 

nenTopos) «5blnB nony'l9Rbl cne-

(I) 

(2) 

oro u nonolltuTen&uoro npocT

i9T c rpaaR!lell p _ 0 _ nape-

P - n - nepexony aanpa-

e - aapsrn anei<TpoHa, 

HRe XOHil9BTp81lRB DpHMeCel! 

eRIIIOTCII C npBllOlK9RRbiM Han-

1'0 38pHA8 z 

ITBH S o6naCTH ApellcjJa KpeM

•CTb TOlllllRRbi o6naCTU OTpHlla-

1 CM911l9HUll Z P = f ( U) onpe-
/5/ 

BHTensr • nyTeM H3M9p9HHll 

ruoro cMemeuusr ( 83 Sbipa-

- nnomaAb P - 0 - nepexo-

OTCIO.Il8 H & ( u ) 
.SI onaoro KpeMauesoro 

Zpa f(U). 

Ioro nucjJcjJepeB!luposauu11 

tMOII(biO ( 1) U ( 2) MOlKHO 

fO , KOHil9HTp8UHIO llHTHll 

puane N • U3B9CTR8), 

19.1lOB8110Cb C noMOD!biO aneJt. 

I npel!cjJa rpauunw CKOMneu-

l e KCHbiMH HCCne}lOBBHHRMll 

MOJKHO nony'lHTb see ueo«5XOARMb18 BelUl'lRHbl .lln51 OnRC81fRII nponecca ApellcjJa llRTHII S KpeM-

HHH. 

nHcjJ.py3RII H .npellcjJ llHTHII npoBOAUllUCb no onucauuoll s nuTepaType Texuonoruu
111 

B 

qacTHocTR, nucjJ.pyaxsr npoucxonuna s aTuoccjJepe aproua npu TeunepaType 180 .;. 560°C s 

T9'l9HRe speueHH 3+80 MUH, 

npel!cjJ ocy!ll9CTSllHllCR npR p83UbiX TeunepaTypax U RanplllK9RRIIX S 06bi'lROII aTMOCcjJepe 1 

pa3plllK9HUOII AO AaSll9RHH 1 MM Hg. 11CXOARblll MaTepuan fiblll MOHOKpUCTallllU'19CitUII p -

xpeuuull c coneplKaRHeM 6ope (1,8-:. 7).1o
12

cu-3 co speweaeu lKB3RU ocHOSRhiX uocuTenell 

85.;. 145 MXC9X U C npHM9CbiO XRCllOpOAa < 10
16

cu-3, 

Ha puc. 2 noxaaauo, xax uaueaRIOTCII so speu11 npellcjJa rny6uaa aaneraHHII p - n 

nepexona zo B UOllOlK9BR9 rpaBHUbl z' M9JKAY CKOMneHCHpoSaHHOII 06ll8CTbiO( 

nacT&IO)u cun&HO neruposaHuol! nuTueu o6nacT&IO ( 

OTC'IUThlsaiOTcll oT nosepxaocTu o6paaua , Kpus&Ie 

n - o6nacT&IO) 

B 2 (cOOTS9TCTS9BHO 

Z O U 

1' H 2' 

o6-

z' 

OTHOCIITCH K ASYM o6paanaM1 Y KOTOpbiX nucjJ.py3UR DpoUCXOJlHlla npH OAIIR8KOSbiX YCllOSUHX 

30 MUR. Ycnosu11 npel!cjJa yxaaau&I s TexcTe non pucyaKoM, 11a· npuse-

A9UHbi X pe3yll&TaTOS SHABO, 'ITO rpauuna M9lKAY - H 0 - o6naCTIIMU Dp8KTH'I9C](U 

He B3M9RH9TCII SO speMII npel!cjJa U COSDSAaeT C Ha'l8llbHblM nOllOJK9HR9M p - 0 - nepexo-

.ll81 B03RHKlliBM nocne ABcjJ.py3HH 1 Tax 'ITO CKOMneHCHpoSaBH811 o6naCTb p8CT9T TOllbKO no 

aanpasneuu10 Apel!cjJa s OTllH'lHe oT nonymeuull, cnenaaa&IX s 
111 

a
141 

nnll onpeneneRHll DOllOJK9HRSI npyroll rpaHUUbl CKOMD9UCHpOS8RROI! o6naCTH x" HB-

JlO K z 0 npH68SUTb TOlllllUHY 06118CTH 0TpBil8T9llbHOro DpoCTp8HCTS9HHOrO 38pll.ll8 z 
/5/ . p ~ 

nony'l9RHYKl lKB)lKHM aneXTpocjJoTorpacjJH'l9CKUM npoliSHTeneM ( CM, H puc, 1) npu H8Dp11-

lK9HUU1 paBHIIIO!Il9MCII uanpRJKeHHIO npel\cjJa. Tru<:BM o6paaoM, ua peayllbT8TOB no aneKTpoxu-

MH'I9CXOMY OTllOlK9HHIO M9AH H no npo11Sll9BUIO p - n - nepexona JKU.IlKHM anei<TpocjJoTorpa-

cPH'I9CKHM Dpo11SUT9119M MOlKHO nony'IHTb TOllii(UHy CKOMn9HCHpoB8HHOII llHTU9M 06118CTU 

w -= x'~- x' . Ee MO>KHO TBK>Ke nony"'HTh nyTeM B3MepeHHH e MKOCTH p - n - nepexona 

(cM/
11

) C nOMOII(biO Bblp8lK9HHII C = ( S 
41TW 

• Ha puc, 3 noKaaauo Allll AByx o6paauos uaMeaeaue oo speMsr npel!<jla TOllllli!Hbi cKoM-

neHCHpoB8HHOI! 06118CTB w , onpeneneanol! .llBYMll aanoJKeHHbiMH Bbillle cnoco6aMH, 

!13 pBCYHX8 BBJlH01 'ITO B npettenax aKCnepBM9HT8llbHbiX OlliB60K o6a cnoco6a JtaiOT O.llHH8-

KOBt-ll! peayn&TaT, Ha aTOM pucyaKe DJIHXTHPRbiMH nHHHIIMH nposeneuw npliM&Ie c yrnoB&IM 

Ko9<jM!luuueaToM ~ • Bunao, 'ITO Tonmuaa cKOMneucuposauaoll o6nacTH c xopoUIHM npu-
~ 

6nuJKeHHeM aasucuT oT BpeMeHH npellcjJa no aru<:ouy w = roost· t Taxasr aasucu-

MOCT& 6blll8 nony'leHa nennoM
111 

Allll OOllbWIIX BpeMeH npel!cjJa. He6on&mue OTKllOH9RUII OT 

3TOI! 38BUCHMOCTU no U8UIUM aKcnepBM9HTallbHbiM peayn&TaTaM Ha6lliOJl8IOTCll DpH BpeMe

HaX npell<j>a 6on&me 12 qacos, 

5 



Ha pac, 4 a pac. 5 noKaaaao aa n p i!Mepe llBYX o6paanoa, KaJt H3MeHHeTCR ao apeMII 

llpeA~ p a cnpeQeneHHe KOHil9HTpanaa nHTRII a JtpeMa aeaow MOHOKPRCTanne. B o6oax o6paanax 

llH<jl<pyaaa n poxoliRna npa OllHHS KOB b!X y cnoaHRx: TeM n epaTypa T • 268°C a apeMR 

t • 30 MHH0 A ycnOBRII llpeA<jla YK838 Hbl B no.[IUHCIIX nOli pHCYHK8MH. J1a npHB9ll9HRbiX pe-

3 YllbT8 TO B BH!lH0 0 qTO <jlpoHT npeA<jla llHTH9Bb!X HOBOB CMemaeTCH npa6 nR3HT9llbHO napannenb

HO CAMOMY ce6 e, 8 KOHil9HTpaUHII llHTHII B o 6 naCTH Qp eA<jla C yaenaqeUHeM BpeM9 HH npa6nR

~89TCII K KORU9HTp8UHH 8KU9nTOpO B B Kp9MBRH. 

aQ6cy~eHH9 3KCnepHM9HT8llbBbiX peayllbT 8TOB 

npouecc npe A<jla HOHOB llHTHII B KpeM HHH p - THllA MO~HO OnHC8Tb C noMOmb iO cne-

llYIOmeA CHCT9Mbl ypBBH9HHil: 

~ 

aNn= 0~ - I"EB!u._ - 1"N ~ 
' a t ax 

~ a X 1l a X 
(3 ) 

aE 4~re 
x) 

h= -- (N , n - N a) (4) 

H rpaHH'IHbiX ycnosuil: 

E(x') = E ( x") = 0 • (5) 

" X 

f (N - N )dx = 0 , 
x' ll a 

(6) 

" X 

f,Edx= u (7) 
X 

rue E -aneKTpH'19<.:Koe none B o6nacTH p - n - nepexoua, 0 - KOg¢¢HUH9HT llR¢<I>y-

3H H HOHOB nMTHR , p - HX noaBH~HOCTb 

ll1111 ynpomeHHII ypaBJI9HIIII (3) 6bin8 Cll9ll8H8 0U9HK8 ero 'lll9HOB. C 3TOil U9llbl0 6binH 

HCllOJI.b30B8Hbl 3KCn9pHM9HTRllb Hbl9 pe3yllbT8Tbl no Ollp9ll9ll9HHIO KOHll9HTp8UHH llHTHII B o6-

ll8CTH upell<jla. 3neKTpHqecKoe none BbiqucnRnOcb nyTeM rpa<jluqecKoro HHTerpaposauHR ypan

HeauR (4) npu acnonb3osaaau rpaHH'IHbiX ycnosull (5 ) H (6 ). Peaynb TBTbi oueHKH npa usyx 

paaHbiX ycnoBmiX upeA<jla np~tseueHhi a Ta6mtuax H 2. B neoBbiX KonoHKax Ta6nnn nocTRn-

ncaa KOOPilHRaTa X ( ll0ll'19 pKHYTb! 3H8'19HKH KOop,giiH8T X ' x
0 

H x'' ) , a 

B ocTanbHbiX KonoHKax npaseneHbi oTuenbHbie '!lleHbi ypanaeHRR (3). KaK nerKo aaMeTMTb.J 

x/ /8/ 
DbiiiB caenaHa npa6nH3HT9JlbHBR oueHKB n cornacuu c pa6oToA , KoTopau noKa~RIIA, 

qTO B p981!bHb!X YCllOBRIIX npeA<jla MOlKHO npeue6p9'lb BK1!8UOM CB060/1Hbl lt HOCI!T91!9i\ B ypan

H9HH9 nyaCCOHR. 

6 

B T861!HUA~ BO sceA o6naCTH 

HHIO K q1!9RAM 0 OTCqHTbiB8101I 

ypana eaast (S) nonyqaeM cnet 

~ 
at 

DL 0 XB83HCT81lHOHRp1 

KaK swnao R3 KpHBbiX p 

4 H 51 B o6nACTK ~OOp!lHB8T 

HHilbl p - n - nepe xona) KOI 

M9H9M. no3TONY Mhl M0~8M 

061!8CTH BM9CTO (3') 6y!l8T & 

C noMombiO noncTaHoBOK 

rne 

x . ( 4n 

•" 

N • N n 1l & 
E 

" - KORCT8RT8 DOI!Jl: 

(5), (6) R (7) npHBOllRTCR It 

~ . 

x/ TaKoe nonymene (o~ 

xx/ 'iacTRhle npoaasona> 

xoopnasaThl BXOJlHT yJKe 



!lOB, lt8Jt 113M8JUieTCSI BO Bp8MSI 

roaoxpllcTanne. B o6o11x o6pa31u 1x 

a 1 • 268°C II BP&Msr 

ORCyHJ[aMII. Ha npRsaneaablx pe

teTcsr npll6nR3RT&IIbHO napannenb

= ysenR'leaReM BpeMeuu npu6n11-

U pooynbT8TOB 

WO>KHO OfiJIC8Tb C llOMO[QbJO cne-

(3) 

{4) 

(5) 

(6) 

(7) 

.a , D - xoa¢¢uuueuT nn~y-

0 'IIIBHOB. C 3TOi! U81Ibl0 6binH 

110 KOH1181iTpallHH JIHTHR B 06-

!'lecxoro HHTerpuposauasr ypan 

PeaynhT8Tbt onenxu npa nsyx 

OB bi X KOnOiiKSX Ta6nMil JTOC T R3-

I , 
x" ) , a 

sr (3). Kax nerxo 

/8/ 
;lB60TOA. , KOTOpa n OOKB:'l~IJA, 
CB060!1Rh! X HOCHTBII8H B ypan-

B Ta6nBil87. BO BCeft o6naCTH npeft~a MO~HO npeae6pe'lb AB~Y3ROHHbiM 'IIIBHOM no OTHowe

HHIO X 'lli8HaM , OTC'IBTbiBaJOliiHM npeft~ ROHOB IIHTIISI B 3IIBXTPH'l8CXOM none. Torna BMBCTO 

ypaaaeausr (S) nony'laeM cnenyJOmee ypasaeuue: 

(S') 

DL 0 XB83BcTanuoaapaoM pacnpeneneauu xouneaTpanuu naTasr B o6nacTH 

xoopn11aaT ( x' x a ) 

Kax awnuo 113 xpaBbtX pacnpeneneausr XOH118HTpanRR nBTasr, npuaeneRHbiX ua pacyaxax 

4 II 5, B o6naCTII li:OOpABH8T ( x' X O ) (oT neaoft rp8HIIIlbl o6naCTB npeA~a AO rpa-

HRilbl p- n - nepexona) KOBil9HTpalliiSI IIHTHSl R3MQHSIBTCSI RQ 0'18Bb 
a N11 x) 

MeHeM. Tlo3Towy Mbl MOlK&M nonolKHTb a ( 3 ' ) npouaaonByJO -- = 0. Torna 
at 

o6II8CTH BM8CTO (3') 6yneT A8ACTBOBaTb yp8BH9HHQ 

C nOMOII!biO IIOACTaHOBOI< 

X • 

.E • 
4rrN • k T 
<---• 

t ~ 

~ . ., 
) .\< 

0. 

• r 

4rrl'e N a 

CBIIbHO CO Bpe

B yxaaauuoll 

(3") 

(8) 

rae k - xoacTaRTa EonnwaRa, cRCTewa ypaBR&HIIA ( 3"), ( 4) a rpaHH'IRble ycnoausr 

(6), (6) II (7) IIpHBOAllTCll X CII8AYJOII!8MY 

ciG 
+ D 

d( 

• - 1 

6eapa3MepHOMY 

xx/ 

0 , 

BBny: 

(9) 

(10) 

I · 14/ 
x Taxoe nonymeaae (oABaxo an11 acell o6nacTH npeA~a) nena10T 11 aaTopbl pa6oTbl • 

xx/ 'iaCTRble IIpo113BOAIIbiQ 3&M8R8Bbl 06bi'IHbiMII0 T8Jt X8Jt 38BHCBMOCTb OT BpeMeHHOft 

KOOpniiBaTbl BXOAIIT ylKe TOIIbKO B rpamr'IHbiX YCIIOBIIBX. 
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:i U'> - :~ <eo-> - o • 
(;' 

f <• - 1> d e - o • e 
(.?' 

f .6. d( - 'I' 
e 

( 11) 

(12) 

(18) 

r.ne (' B e' 0Dp81l81Il1DTCII H3 nepBOA nOACTA.HOimll (8) npB X • x'· B X • x"· 

Ma ypasa&BBJI ( 9) cne.nyeT: 

:~n • a , ( 14) 

rAe a - Beml'IJIBB, 38BBCSIIIl811 TOnbiO OT r 

Ha (9), (10) a (14) NaJkao nonrnr-r. cne.nyJOmee ypasaeaae Jliill n·: 

a dn dT - -(n- 1)a
2 ( 115) 

)[ IOTOpowy Mbl npa!SaBBM rp8BB'IB08 ycnOBBe 

n((') • n' (16) 

PeweHae ( 15) npa rpaHB'IHau ycnoBBH ( 16) npeaCTaBruleTCsr B cneAyJOmew aa.ne: 

-a (_!_ _ 1 ) I 1 - ..!_ n 7 -an ____ n e- e 
1 - ~ 

( 17) 

D 

Ypaaaeaae ( 1 7) a co'leT&BBH c ( 16) K (8) AaeT IBa3KCT8DBoaapaoe pacnpeAeneBBa 

I:OIIIIeKTpallKH IIKTHH B · o!SnaCTK ( x' , X 
0 

) , 

Ypaaaeaxe ( 17) ae paapewxwo no oTaomeBBJO " ~ • Ma aero cneAyeT, 'ITO npa 

e xJ 
D .. 1 • T8I 1[81[ B aaweu cny'lae D llOII)kBQ 6b1Tb paBBO 1 npK e - e 0 • 

TO Jlllll IIpBMeBlfMOCTB I<Ba3BCT8IillOB8pBOro p8W8HBSI ( 17) DOTpe!Syew, "'TO!Sbl 8 0TnH'I8nocb 

ACJCTIITO'IBO M8110 OT 1 DpB ( • ( 0 MccneAyew IBa3BCT41UloaapBoe pemeBBe npB n .. 1 • 

8 9TOM cny'lae B nesol! CTOpoBe ( J 7) MOJkBO Dpeae6pe'lb nepBbiM 'UieBOM no Cp8BB8BBJO 

CO BTOpbiM, B TOrll8 llnH D nany'laeTCB: 

D • 

1- n' 
n'- 1 

Mp (-
e-e 

a 

xJ 
( O onpell&nH8TCSI B3 nepBOA DOACT8BOBKB (8) DpB X • x

0 
, 

8 

T ax xax o6bi 'IBO n' > : 

CT8DBOH8pHOrO pe weHBH 91<BHI 

B R09TOMY npeJKHee BepaBeHC' 

n onyCTBM aanbwe, 'ITO 

npHMece A, T.e n ~ 1, T 

11a (1 8), ( 19) a (8) nc 

meBBH Bbtp8>K8eTCSI C DOMOIIJ:b 

r a e W -TOillllHH8 CI<OMReHC 

npa npeaROilOJKOHHH, 'IT 

H9 ypaaaeHHH 

.. 

Bblp8 lKRIOIIlee CBH3b M8lKilY KC 

H DOTOKOM BOHOB n HTBH - E 

11a (21) a ( 20) no ny'ia· 

pemeaea: 

rae - speMB apeA<j>a. 

n pe T ~ 136°C H 

N • 4,9.1 0 12 
eM -3 nony 

npKMeHHMO llllll peaynbT8TOB, 

x/ 06bi 'IBO BbiROilHBeTCH 

I x ,.1• x 0 - x' 1 a P PI · 
,. 

•o• x 



( 11) 

(12) 

(IS) 

npB I • z'. B X • I."'· • 

(1.4) 

( Ul) 

(16) 

( 17) 

KCTanHoKapaoe pacnpeneneKBe 

Ha aero cnenyeT, ~ npB 

Th p8BKO 1 llplf ( • ( O xJ 

>e6yew, 'IT06hl • O'l"nB'Ianoc& 

oaapaoe pemeBBe npB n .. 1 • 

BhlN 'IIIBBOM no Cp8BB8JDIJO 

T ax x ax o 6bi'IBO n' > 1 (eM. pac. 4 a pa~. ~),~cnosae npawea&MOCTH KBa a a -

c Tanaoaapaoro pemeaaa 3KBHBaneaTBO Tpef5oBaBRIO ~ ·>> 1 • 0ABB.IO ( O • (" ~/ 
H ll09TOMY npeJKBee aepaBeBCTBO MOJK8N aanacaTh B BRAe: 

("- ( ' 
» 1 • (1 8) a 

norryCTHM Aaiih W8 1 'ITO BO scell o6naCTB Apellcpa &MeeT MBCTO IIOIIBaH KONII8HC8nBH 

upHMeceA, T.e n - 1. Torna sa (10),( 18) a ( 14) c n enyeT , 'ITO: 

a = ( 19) 
(" - (' 

Ha ( 18) , (19) R (8) nony~seM, 'ITO ycnosu e npaMeHaMOCTH xsaaac Tauuoaapnoro pe -

W8HJISI BbtpaJKa8TCSI C IIOMO!Uhlll H8paB8BCTBa 

2 
• >> 

(20) 

rne W -TOIIIUBHa CKOMII8HCKpoBaHBOft o6naCTH. 

n pa rrpennonoJKBHKB, 'ITO ecTh nonuasr xoMrreacanaa rrpawec eA, MOJKBo onpenenaT& w 

aa ypasaeaaa 

( 21) 

Bbtpa}({a JOIUee CBH3h M8}({1ly KOIIH'IBCTBOM IIBTJIH B CKONII8HCBpoBaHHOft o6naCTK w N 

H llOTOKOM BOHOB IIHTHH - .E N 

Ha (21) a ( 20) n onyqaeM npyry10 cjlopMy y c nosaa npaMea&MOCTH x saaacTanaoaapKoro 

pew e axa : 

t » (22 ) 

rne -speMsr n peAcjla. 

npK T = 186°C H N a 
12 -8 

1,9.10 eM ( 22) naeT >> 5 MHB, a rrpa 

N 4, 9.1 0 1 2 
eM -8 rronyqaeM t » 2 MHH. n o 9TOMY KBa3HCT8nHOBapaoe pew ease ( 17) 

llpBM8HBMO lliiH peayn&TaTOB1 npRB8A8HHbiX Ha pKCYHKaX 4 B 5. 

x/ 06bi'IBO BblfiOIIBSieTCH COOTBOWBHJIB 

I :o: ,.1• :o: o - z' , a p PI - z" - z o 

"o · z" 

9 

z al »I z PI (cw. pac. 1). Tal< 1<8lt 

, cnen yeT, 'ITO :In >> :o:~ - z 0 BUll 



KsaaHCTBUHOHapaoe peweHHe (17) aaBHCHT OT nayx KOBCTSBT- n' H a • Bb!'IHC-

nHB 3TH KOBCTBBTbl H3 3KCIIepHM9BT8.'lhHblX ASHHh!X, Mbl IIOCTpOHnH Ha pHCyHKax· 6 H 7 T90pe

TH'19CK09 pacnpeueneHHe xoaneuTpaUHH nHTHH nns nayx cnyqaea upe~a. Ha 3THX pHcyuxax 

CnenaHO Cp8BH9HH9 MC>K.lly TOOpHeil H 3KCIICpHM9BTOM, KOTOpoe IIOK83b!BaeT, 'ITO p&W&BH& 

(17) OIIHCbiBaeT noaonhao xopowo peanhaoe pacnpeueneHHe xoaneBTpanHH nHTHB. 

B bi BOAbl 

B pa6oTe npl!aeueabi aKcnepHMeaTanhable H TeopeTH'Iecxae I!CcnenoaaHH>I MexaaHaMa 

upell~8 HOBOB nHTHH B Kp&MHHH p ""T'HIIS. B 'ISCTBOCTH, IIOK838HO c DOMOIU .. JJ M9KTJ>'IXH-

MH'19CKOro OTno~eBHB M9AB, 'ITO CKOMII9BCHpoB8HBaH nHTH9M o6nacT .. pBCTeT TOnhKO IIO B&-

1Ip8Bn9BB~ npell~a. nyT&M H3M9p9BHH 9MKOCTH P - n - nepexona B nposaneaHB o6nacTH 

0TpHU8T9nhBOrO npoCTp8BCTB9HBOrO 38pHA8 ~HAXHM 9n9ltTpo~TOrpa~H'I9CKBM IIpoHBHTen&M 

nonyqeao pacnpeuenea&e xouneaTpaiiHH nHTHH B o6naCTH upell~a. 

Cnenaaa onea1<a oTnenbHhiX 'lneaoa npel!~aoro ypaaaeaHH x noxaaaao, 'ITO so aceA o6-

nacTB npel!~a MO~O npeae6pe'lh AH<j>¢y3HOHHbiM 'UICHOM IIO Cp8BH9HliJJ C 'ln9118MH, OTC'IHTbi

BS~WHMH .'lpell~ HOHOB nHTHH B aneKTpH'19CI<OM none. Ha OCBOBSHHH 3TOI'O YlipolU9Hllll H rrpl!l 

npennono~CHHH, 'ITO MO~O npeae6pe'lh BKnSIIOM CBo60AHbiX BOCHTenell B ypaaB&HHe nyac

COBS, Hal!neao TeopeTH'I9CKB pacnpeneneHH9 KOHII9HTp8UBB nBTHH B o6nSCTB KOOpABBST 

x' x o ) • 

PeaynbTSTbl TeopeTB'IeCKBX nonc'leToa cornacy~TCB c sxcnepBM&BTOM. 

n H T e p 8 T y p 8 

1. E.II.Pell. J.AppL Phys., Eo N= 2 291 (1960). 

2. N.A.Bai.ly, J.W.IIayer. R.J.Grainger. IRE Traos. N S-9, N= 1, 91 ( 1962). 

3. A. C. ABTOBOB, B.n. 0CRU9HKO, n.r. 10 cxecenBeaa. npenpHHT 011Hl1, P-1726, Dy6aa, 

1964. 

4. F.A.Lehrer_ H. Reiss. J.AppL Phys., ~ N=7, 2353 ( 1962). 

5. A.C. AHTOBOB, n.r. IOcxecenBeBa. npenpBHT 011HI1, P-2002, Dy6aa, 1965. 

B. n.c. BepMaH. HenHBeilHSSI nonynpOBOAHRICOBSB 9MKOCTb, <I>B3M8TrHa, ·Mocxaa, 1963. 

7. A.C. AHTOHOB. npenpHHT OHH11, 2029, Dy6aa, 1965. 
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PyKOIIBCb DOCTyiiHnS B H3A8T9nhCKHi! OTA&n 
25 H~BSI 1965 r. 
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OneuKa qneuoa ypaaB 

T • 136°C, BpeUll npe 
Tann p - Kp9WBH>I H~ 

KOBU9BTp8UHJJ !IpHU&cB ltll< 

10 -t: 

10~ X (eM) (( 

1,16 86 
1,25 86 
1,4 82 
1,5 8, 
2 I, 
2,5 o, . 
4 <0, · 

...1.z12_ <0,, 
7,75 -.3,: 
8 -6,! 
8,25 -1.31 
8,5 0 

~ 0 



:cTaRT - o' H a • Bbi"'HC-

poana Ra pacyaxax· 6 H 7 Teope

ee npeAqla. Ha aTHx pHcyn:ax 

e noxaab!Bae'l', 'ITO peweaHe 

OHlleHTpalUlH nHTHII. 

BE: HCcn8AOBaHH!I M8X8HH3Ma 

K838HO C DOMO!Il .. JO MeKTpOXH-

o6nacT., PaCTe'l' TOnbiCO no H&.-

&X0/18 H DpO!IBnBHHH o6naCTR 

>TOrpacjJH"'BCKRM DpoSIBHTe1I&M 

~a. 

:11 R noxaaaao, 'ITO BO sceA o6-

•8BH8HJIX) C IJJieHBMR, OTC"'HTbl-

B8HHH 9TOro ynpomeHH!I H DpH 

OCHTenel! B ypaBH&HHe nyac-

HSI B o6naCTH KOOpAHH8T 

:cnepHMBHTOM. 

~T OIUH1, P-1726, ny6aa, 

2, ny6aa, 1965. 

JM8TrH3 1 ·MocKBa1 1968. 

~aTBnbCKHI! OTA81I 

I 
:/ 

, 
J 

Ta6na:a:a 

0neHK8 "'n&HOB ypaBH9IDI.II (8) DpR C1I8AYJOIIlBX YC1IOBHSIX Apel!cjla: T8MDepaTyp& 

T • 186°C, BpeMSI Ap&Acjla t • 4 'I, B8BpH)I{8HHe U • 200 B; ~OK_!!C-
Tann p - xpewaHB HM&eT xosneaTpBli.RJO npswecs 6opa N • 1,9. 10 eM 8 16 -8 a 
KOIIll&l!'rpBli.HJO DpRMecB KBCnOpo/18 .< 1 0 CM 

-12 D a 2Nn Hfl: Nnll__ 10-u.EaNn 10 
. " Tx"T' ax a" 

10~ X (eM) <c r c a> (C r c a> (C r c a> 

I,I6 864 66600 0 
1,25 864 22800 -33700 
I,~ 82,2 630 -3300 
1,5 8,32 352 -765 
2 I, 0'7 127 -204 
2,5 0,34 57,9 -24,1 
4 <O,OI 29,5 -8,00 
7,35 <O,OI 0 -8,34 
7,75 -3,38 -II6,4 -471 
8 -6,98 -333 -1020 
8,25 -136 0 -3760 
8,5 0 0 0 
8,75 0 0 0 
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T a 6 n H n a 2 

One~ qneaos ypaBH9HHR (3) npH cneny~mHx ycnoBHKX npeA$a: TeMnepaTypa 

T • 186 C, Bp&Mll npeA$a t • 4 q, HBDpRlK9HH9 U • 100 Bj MOHO!tpHCTann 

p- !tp9MBHR BM99T I<OBll9BTpBIUlX> DpBM9CB 6op~ N a • 4.9.10 12 CM -8 J1:. 
KoHneBTPanBX> npHMecR J<Hcnopona < I 0 16 

cu • 

-12 o aaNn -12 

·N ~ 10
-1. a·E aN Jl 

10
2
• X (eM) 

10 · --- 10 ,. ax 2 :n ax ax 

(C T C 3) cc r c 3) (c r c 3) 

1,39 5890 399000 0 
1,44 5820 59400 -166000 
1,49 2040 14900 -28000 
1,54 820 4670 -5220 
1,79 9, 70 840 -II40 
2,29 2,90 310 -58,3 
3,79 < O, I 56,5 -29,2 
5,29 <0, I 0 -29,8 
5,54 -2,90 -503 -710 
5,79 -17,2 -IIOO -1560 
6,04 -12,9 -1960 -8130 
6,19 0 0 -4390 
6124 0 0 0 

12 
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3

) 
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0 
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-166000 
-28000 
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-58,3 
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-1560 
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p R C. 2. CMemeHH8 rny6HHbl 3aner8RHSI P -11 -nepcxo.aa X o B rpaHRnbl M9"'ilY I - B 
• ~6nacTSIMH x' e 3 BBHCHMOCTH oT e~~eHH jPeA¢1a. YcnoBHH npeA4la: 

'r • IS8°C, U • 200 a, N • • 1,9,101 ~- (~pHable I B I' ) K 

'r •IS8°C, u - 100 a, N .- 4,9.1o
12

c .. ( ~ pHabte 2 H 2 , ). 
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1.; 

3 

f 2 

~ -~ 
::l;; 103 

~ 9 
8 
7 
6 
5 
4 

3 

2 

2 
10 0 

10 

p • c. 2. 

p K C. 3. 

2 

lJ 20 ~ 

_L:_' 
ItO so 

-trr~ 
CMemeaHe rnyiSHHbl aaneraHHlil P - n -nepoxona x 0 B rpauan bl Me"'Lty I - H 

• -o6nacTRMH x" a aaeHCHMOCTH oT a~reHB jpeA4la .. YcnoaHst .a.peA4la : 
T- IS6°C, U • 200 e, N • • 1,9,10 1 ~- ("pReble I B I' ) H 

T -1se0 c, u - 100 a, N .- 4,9.1o
12

c.. ( "pRe••a 2 a 2 ' ). 

3 It 5 6 7 8 910 1 2 3 L, 5 

--- 6 7 8 910
2 

t (7.) 
J.faMeueuMe TOnmHRbl CKOMITeHCHpo 8 8RHO A nRT M8M o6naCTH W B 38BHCHMOCTH OT 

epeMeHB npeA~a. KpecTHKH non y "'eHbl H3MepeuHeM eMKOCTA p - n - nepe~ona , 

8 Kpy>KKU - nyTCM 11poS1B118HH SI: nepeXOilOB 3118K:TpoXHMH'l8CKHM OTnO>K8HHeM Melle 
H )t(HJlKJJM 3nexTpo<flororpa<t>H'IecJtHM n~BHTeneM. Y cnoBHSI .apeA¢a: 1 • 136 C, 

U- 200 e, N. • 1,9. 1o 12cM (KpRBao I) " T- I36°C, U • 100 e, 

N. - 4, 9. 10 12 
CM-3 (KpHB&O 2). 
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12 
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-------

: f-z-
2 3 4 s 6 7 8 9 10 If 12. 13 /4 

2 -to ·X{cM) 

p H C, 4, Pacrrpeneneaae KoaneHTpanHH naTBH B o6naCTB n~A~a. YcnoBAH npeA~a: 
1 c 136°C, U s I 00 B, N a~ 4,9.t0 12

cM-3, speMSI npeA~a 4 q 

(KpBB8SI !), 6 "' (KpHB8H 2) H 29 "' (KpHB8H 3). 
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..:..."' 12 
~ 
r:; 
3 

~ 

(0 

I II 
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8 I II -A-- 2 
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cs 

0 

4 

2 ~ 

~ er- 6 - --- - -----;.--- - t\ l 
2 3 4 s 6 7 8 9 10 ff 12 13 14 

2 -to ·X{cM) 
p H c. 4. Pacnpeneneaue KoaueuTpanuu nHTHR a o6nacTH n~A¢a. Ycnoaua npeA¢a: 

T ~ !36°C, U - I 00 a, N • = 4,9.10 12cM.;.s, apeMa npeA¢a 4 " 
(KpHBHR !), 6 'I (KpHBHR 2) H 29 'I (KpHBHR 3), 

.:..."' 12 ,;-, 
;:;-
:l[ 

....::: 

(0 

I II 
I 

q - ~ 
-6- 2 
-x- J 

'I ~ 
I .. 1 

4 

2 

' Jfa 

t 
2 3 4 5 6 7 8 9 10 II 12 /3 /4 15 /6 17 

IO~X (eM) 
p H C, 5, Pacnpeneneuue KouneaTpanul! nHTB>I B o6nacTu nP.eA¢a. Ycnoaug npeA¢a: 

T ~ 136°C, U = 200 a, N.z 1,9.I0 12cM--3, apeMa npell¢a 
2 'I (KpHBQR !), 4 'I (KpRBHR 2) H 20 'I (KpHBHR 8). 
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x' X, 

2 3 4 5 6 

10
2 

X (CI'I, 

P H c. B. TeopeTH'lecKoe pacnpeneneane KOHDOHTpauKH nKTKH (aenpepbiBHaH nHHHR) a 
o6nacTK KoopnKHST ( x' , x 0 ) • KpecTHKSMH o6oaaaqenhi 3KcnepuMeHTanb-

ao nony'leHHbie TO~K, Y§no1wR npeA<jla: T = 136°C, U = 100 n, 
N. = 4,9.10 1 

CM- • t = 4 q, 

18 

p H C, 7, 

c; ~ f 
~ 
::::~ 

!.::! • 13 
I 

~ 

1'2 
If 

10 

9 

8 

7 t 
I • t 
I 

6 

5 

4 

3 

2 

x' 

TeopeTn'!ecKoe pa 
cneny10mnx ycnos1 

N a = 1,9,10 
nonyqeHbi 3KcnepH 



6 
2 

fO . X(c~<>, 

H nHTII!I ( Henpepb!BII8!1 nliHll!l) ll 
'HK8MH 0603H8l.JeUbl 3KCnepHMd.t{T8nb -

f = 136°C, U = 100 "• 

p ll c. 7. 

If 

10 

9 

8 

7 t 
6 

5 

4 

3 

2 \ 
~-----------------------

)C' 

2 3 s 6 

TeopeTHqecKoe pacnpeaeneaae KoaneaTpanBH nBTHH (aenpepbiBHa!l nHHHH) npa 
cneayiOII!BX ycnoaal':! a!lll<!>a : T • 186°C, U • 200 a, 

N a = 1,9.10 CM • - 4 q. KpeCTl!K8MH ofioaaaqeabl TQqKH, KOTOpble 
nonyqeabr 3KcnepaMeHTan&ao. 


