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BBEl.!ElillE 

~3Mepeirne SHepreTHqecKHX H OITTHqeCKHX xapaKTepH CTHK paapH~­

HO~ rrnaauu B raae HMeeT 6onbwoa Hayqn~~ H rrpaKTHqecKHU HHTepec . 

Hay't!HNU HHTepec BN3B8H B03MOEHOCTblO nunyqeHHH B rrnaaMe CHRbHblX 

aneKTpHqecKHX rronea AJIH ycKopeHHH aapHaeHHhlX qacTHU [I] , orrpe­

~eneHHH KOHCT8HT CKOpOCTeU aneMeHTapHblX rrpouecCOB H ~H3HqecKHX 

wexaHH3MOB TerrnOBNA8R6HHH B rrnaawe. IlpaKTHqecKH~ HHTepec o6yc­

J!OBR8H He06XO)U'IMOCT~IO nonyqeHHH O~HOPOAHOrO pacrrpe;u.eneHHH aneK­

TpOHOB H B036YlK~emrnx qaCTHU B KIOBeTax ~Rf1 ynyqill6HHH 8HeJlr6T>l­

qecKHX H OllTHqecKHX rrapaMeTpOB raaOBl:llC naaepoB [2] • 

YBeJIHqemrn .11;aBneHHH raaa P H paspH~oro TOKa Ip np•rno~T K 

paa orpeBy ~a~d, yBeRHqeHHIO TeMIIepaTypHOV. HBOAHOpO~HOCTH H,BCJ!6A­

CTBH6 p6 .. Koa aairnm1MOCTH MHOI'HX KOHCTaHT peaKI.\l-lR OT TeMllepary­

pu raaa T H npHBeAeHHoro aneKTpMqecKoro rronH E/N , K paaBH -

THIO npo~OJ!hHO~ H rronepeqaoa aeycTOR'll!BOCTeU B flOJ!OlltHT0JlbHOM 

CTOJiCltJ me) P~3PHAa (3 .. 7] • c uen:&iO rronyqeHHR O,l{HOpo~oro npo­

::TpaHCTllC!lIOro pacnpe)l6JieHHf1 BOa6yllC~8HHblX n sapmieHHhlX qacTHU 

D ITC r;.d:i JR PB BliCOKHX ~aBnemu1x H paapf1~Hb1X TOKax rrpmteHHIOT 

f.M. If; r; i: OKa •my raaa B,l{OJ!l, OCH paa PH~ [ 8-II]. KaK IT OKaaaH 0 

r r~ ], npo Ka B aneKTporronoimTen:&HOM raae. oxnaxAaeT raa ,Ho 

Be)leT K 1181-:0!l'Opm~y CTHI'l!BaHHIO paapH~a K -OCH. TOrAa K8K B 3JleK-
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TpooTpHUaTen»Hwc raaax Ha6nmAaeTca ynnomeHHe npo<J)Hna pacnpe­

AeneHHH aapazeHBLIX qaCTHU. 

Kruc HSBeCTHO, paapHA B qffCTOM' KHCnOpOAe uoaeT ropeT» npH 

B6C»Ua HHSKH~ SHaqeHHllX napaueTpa E/P ( ~ 30 B/cu Topp), KOr,Aa 

KOHCTSHTa CKOpOCTH Y.ASPHOI HOHHSaI.\HH MeH»me KOHCTaHTH npHnuna­

HHH, TalCKM o6pa30M Ka!C 6H COSAaeTCH CHTYaIU!H, KOrAa paapHA He 

AOnaee ropeT». B pa6oTax (3,12] Aenaerca npe]lllonoseHHe, qfo 

AOMKlillPYDlllHM uexaHHSMOM o6pa30BaHHH aneKTpOHOB B STHX peSHuax 

ropeHHH paspHAa HBnHeTCH CTyneHqaTaR HOHHSSUKH (qepea M6TSCTa-

6Hn»HHe COCTOHHHH 02ca1
.19) H ~(g'i:) ). 0AaaJCO B yKaSaHJihlX 

pa6oTax,Bo-nepBLIX, He yqHTHBaeTCH npouecc OTnHllaHHH aneKTPOHOB, 

K, BO-BTOpHX, npe]lllonozeHHe 0 CTyneHqaTOM uexaHH3M6 HOHKaauuH 

He nOATBepzAeHO y6e;lO!ren»HlilMH aicnepHueHTan»HlilMH .ASHHwm. Cne­

AY6T OTMeTHT», qTO H6CMOTpH aa OCHOBononaram111H« xapaKTep HOHH­

sauuu AHH ropeHKH paapa,Aa, 0 KKCHOPOA6 AO CHX nop H6! y~oBneT­

BOpHTen»Horo cornaCHH ue•AY ,AaHHWlH paanuqHHX aBTOpOB (TaK,AnH 

SHaqeHH« KOHCTaHTH y,AapHOI HOHK38UKH paanuqHH B paSHLIX pa60Tax 

AOCTHraDT ABYX nopHAKOB). 

B AaHHol pa6oTe aKcnepHueaTan»eo HaaAeea o6nacT» paapHAHHX 

TOKOB H AaBHOHH~, npH KO!OphllC B paapHAe qffCTOro KHcnopOAa npo­

AOn»HaH nauuHapHas npoKaqKa BeAeT K nOBhtlll6HHE TeunepaTypH raaa 

T H OAHOBpeueHHOMY pOCTY paspHAHOro HallPHX6HHH UR H npo -

AOn»Horo aneKTpHqecKoro nona E. IloRaaaHo, qTO B paspHAHNX ycno­

DHllX, cooTBeTCTBYDlllHX HHSKHM sHaqeHKHM napaueTpa E/P , Heo6xo­

;zl)!M yqeT CTyneHqaroa HOHH38.IOUI. K8.K OCHOBHOro M6X8.HHSM8. pOSAe­

HHH aneKTpOHOB. 

"' 

METO~KA MSMEPEHM~ 

9KcnepHU6HTH npOBO,JUIJWCb B paapHAHO« Tpy6Ke HS MOJIH6A6HOBO­

ro CTeKna ,JUlaMeTpOM 3,6 CM H ueaaneKTpOAfflilM paCCTOHHHeM 55 cu. 

KHcnopoA nonyqanca HarpeBou uapraHueBOKHcnoro xaJIHa (Xll) u oim­

manca cucreuoa noBywex c KHAKHM aaorou. MccneAoBanca ,JU1anaaoe 

paapHAffhlX TOKOB 30 - 100 MA, ,AaBJieHHI 2 - 8 Topp npH CKOpOCTHX 

npoxaqKH 0,5,10 u/c. OnruqecKHe uauepeHHH npouaBO;lO!nHCD nocpeA­

CTBOu cooceoro Tpy6Ke MOHOXpouaTopa MnP-2, CHrHa.n perHCTpHpOBan­

CH ~9Y-79, ceneRTHBHHM YCHHHTeneM Y2-8 H cauonHwylliffu BOH»TM6T­

pou. KanH6pOBK8. OllTHqecKoa CHCT6MH AHH a6COHDTHLIX HauepeHHI 

npouaBOAHnac» rpa.)cyHpoBoqHol 6attA-nawioi·C~l0-300Y. Te.MIIepary­

pa raaa Ha OCH paapHA8. Hauepanac» ABYMH M6TOAHK8.MH! onTHqecxoA 

- no aHanHay BpantaT6HDHOI CTpyKTYPH P-BeTBH 8.TMOCitiepHol nonOCH 

KHCHOPOAa H M6TOAOM ABYX repuouap. IlpO~OHbHOe aneK!pHqecxoe 

none H3M6pHHOCb ABYMH 5AeKTpH~6CKHMH 30HAaMH KOMIIeecauuoaeHM 

M6TOAOM. PacnpeAeneaue KOH~eHTPS.UHH aneKTPOHOB H llHOTHOCTH paa­

PHAHOro TOKa HSM6pHnOCb ABYJCSOHAOBOI M6TO;zl)!KOll B o6naCTH HaCH­

l!l6HHH SOHAOBOro TOKa; cnapeHHHe SOHAH HM6HH BOSMOSHOCTb nepe -
M61!18.TbCH no ,JUlaM6Tpy rpy6KH. 

AH8.Jllla Bpa~aTen»HlilX Cll6KTpOB 

IlpH uswepeHHH reunepaTypH rasa B paapHAHOA nnaaue nocpe~ -
I 

crBou aaanusa paapemeaeott Bpalll8.ren»aoa CTPYKTYPH e - v - R 

!IepexoAa g'L:;, v=o,j'- x3 L:;, V=O,j" UH OCHOBHBa.Jll!Cb Ha npe)(­

lIOH0:16~H o paBeHcne Bpa111arenbaott Tet41IeparypH TR H rasoBoll 

reuneparypH T B eaumx paapflAHlilX ycnoBuax. Ilo~o6Hoe npe.It1Iono:1e­

eae MOKHO Cqft!8TD 060CHOBaHHli!M TOHDKO B cnyqae P8.BHOBecaoro 
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1rnro) oa~npe.nemrn1rn uoJieKyJI no BpamaTeJI:&Hw ypoB­

CTHC. AJIH 60JI:&IIIHHCTBa wor.eKyJI ycTaHOBJieHJlle paBH0-

11po.neJ1emrn no Bpa!llaTeJl:&Hw ypoBHHM npo111cxo,1U1T cpaB­

Cit.10Tpo: 3a lll1CJIO CTOJIKHOB6HJlltt c <>< 2 - 30 ( JllCKJIJOtle­

lUTCR .nettTep111tt Ill IIpOTllltt, y KOTOPliX i! <>< 200 - 500, llTG 

c ~ucoRo~ aHepI'lllett BpamaTeJI:&Horo KBaHTa) (13] • Cnott­

po1.111 imaH111 Boa6ylK,neHHott MOJieKyJili Oz ( g' L) nopR,nKa IO c 

'1 l . B ycJIOBlllRX ttawero aKcnep1111i1eHTa Tywett111e ypOBHfl g' L; 
CXO)IHJIO B OCHOBHOM D peaK~RX I Ill TI (cw. Ta6mu~y peaK~llltt) 

np11 cyu1ecTBeHHOM .noM111tt111poBatt111111 BToporo npouecca. llo o~ettxau 

~60TOTa TYW6HJllH 030HOM He IIpeBOCX0,1UIJia 2·I04 c~1 , B TO Bp6MH, 

1m1< 11acT0Ta ynpyrHx CTOJIKHOBeHlllii Oz ( g' L ) c o2 ( X. 3 L: ) 6liJ!a He 

MeHee, qeu 3·I05c-I, TaKlllM o6paaou aa BpeMH lKlll3Hlll MOJieKyJia 

Oz ( g' L) npeTepneBaeT He Meaee I5 CTOJIKHOB8HJ.1tt c MOJ!eKyJiairn B 

OCHOBHOM COCTOHHJllJll. YnpyIYMH CTOJIKHOB6HJ.1HhU1 Dz(g'z::) C 3Jl6KTpO­

HaMJll woxHo npeHe6pe11:& B Blll.ny .nnyx coo6palKeH111tt. Bo-nepBHX, .noc­

Ta.ro11Ho ua.no COOTHOW6Hl/le tl8CTOT 3Jl6KTpOH-aTOMHWC n aTOM-aTOMHWC 

CTOJIKHOB6HHtt tleKea/N K00 '<: ?_· I0-5 (MaKClllMYM COOTB6TCTByeT 

cxopocT111 npoxat1KH v = 0 np111 Aa.BJieHillll 2 Topp Ill paapH,n:HOM TOite 

100 MA, B CJiyq~e IIPOK8t1KH COOTHomeHJ.16 eme M6H:&we, TaK, ITPlll 

_P = 2 Topp, V= 5 M/c, Ip= IOO MA - COOTHOWeHl/le ~ea/Yaa o::2·I0-5) . 

Bo-BTOpliX, Ha-aa MaJIOCTlll uaccli anexTpotta np111 anexTpott-aTOMHUX 

~TOJIKHOB6HlllHX 1113M6H6HJll8 BpalJl8T6J!:&HOro KBaHTOBOPO llJllCJia KaK npa­

BJllJIO He npOlllCXO,nJllT. 

ATMOCrlJep~aH no110ca KJllCJIOpo.na (nepexo.n g'.L;, V=O - x 3Li,V=O) 
) OCTOJllT 1113 R Ill p B6TBett' MR KOTOPIDC npaBJllJIO OT6opa IIO Bpa-

maT6Jl:&HOMY KBSHTOBOMy tll/ICJIY Aj COOTBrTCTBeHHO -I Ill +I. B 

06111eu cnyt1ae MR aneKTpoHuo-xone6aTeJI:&HO-BpamaTeJU>Horo nepexo.zia 

6 

B031l0ll6H TaKll6 .1j = 0 ( Q. - B8TB:&), KOTOplilt B .na.HHOll CJIYlla6 

3anpe111ea, Tax KaK HMeeM nepexo.n L. - .L • 

B111.n paapemeHHOtt no Bpall(aTeJI:&HOtt CTpyxType P-BeTB• aTMOC(lep­

HoH IIOJIOCU KHC1IOpo.na npe.ncTaBJieH . Ha pzc.Ia. 9CW/8K!MBBOO paa­

paweaze CHCT6Mli ll,.y = vAJY1' . IIpH BXO;zr.HOH !118IDI 0,! 1111 • BKXOA­

HOt! !118Jllll O,I5 MM 6liJIO He xyae I,7 cu-I; a,IJ,eC:& A'A - DDllUlt -

HliU paapeWHllliH HHT8PBaJI MHH BOJIH (;1U'1cnepc111a peIIJiilKll MOllGXpo-

M8TOpa 600 Mil-I B ;lU'laII830He qacTOT 300-800 WI pan.euaci. 

40 HM/Mil). 

ECJllll aaceneHHOCT:& Bpa111aT6Jll>HhlX ypOBHeM ll01I6KY1I ll0~1111Bll9TCR 

pacnpe,IJ,eJieHJllD BOJllilUl8Ha, TO A1IR 14HT8HCHBHOCTl4 Kaz,noro DJ'llUl ' 

COCT8.B1IRDI11ero IIOJlOCY,MOZHQ 3aIIHCaT:& 

J = C(j'+ j 11 + 1) exp[· Bvj'(j'+ l)/KTR], (I) 

r.ne j / 111 j" - B pamaren:&Hlie KBaHTOBlie llHCJia Be pxaero 14 HHKHe­

ro ypoBHett, MR P-Be~:a111 t = j' + I, Bv - BpaD1aTeJI:&HBH nocroaH­

HaR ypoBHH S1 L.; , v = o , c - n oc!ORHHaR ;1:1nH .nrurnon no11ocH, 

TR - Bpa111aTen:&HaR TellIIepaTypa. B aKcnep111weHTe KPHTep111e1i1 6on:r,~-

MaHOBcRoro pacnpe.neneHHR RB1IH6TCli Jll!HeUHOCT:& samtCHMOCTH 

en(J/(j'+ 1)] OT j'(j1 +f) , cne.nyllI118H 143 (I) (cu.p111c.I6). 

Ilony~eHHaR TaKHll 06paao1i1 SKC06pHll8HT8Jl:&HaR Bp8ll(8T6JI:&HaR TeMIIe­

paTypa TR B c111ny nwue1113nozeHHhlX coo6pazeHJ11U HA8HTH~lUIPOBa-

11ac:& c ra3oBoU TeMIIepaTypoU. OlllH6Ka 111auepeHHU 61i1J1a nopHAKa 

IO-I5% (cw.p111c.2a,6,B.r; Ta6JI.I). 

R3MepeH111e pa;lU'laJIJ>Horo pacnpe,IJ,eneHHR nnoTHOC'fil 

TOKa Ill KOH~eHTpalUIH aneKTpOHOB 

Pacnpe.neJI6HH8 II1IOTHOCTH paspR.naoro TOKa H sneKTPOHHOA KOH-
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ueHTP~lllH no pa.;zuiycy nOJIOKH!6JU,HOrO C"fOJloa H3M6PHJ10Cl> npH no­

MOllUi cnapeHHb1X IU!Jll'IHAPHqecKl/IX MOJll'f 6]:16HOBb1X 30HAOB )UiaM6TPOM 

O,I MM Ill ~Hon I MY, BllaHHHb1X B KallHJIJIHPli HS MOJlll6A6HOBOrO 

CT6KJ1a. BOHAH HM6Jll'I BOSMOKHOCTI> nepeMeUla!I>CH no BC6MY ]U!aMeTp~ 

paspH,IUIOn Tpy6Klll. 

rroxeHa TOK, npoTeKaEllUin no ceqeHHll UC paspH;na, BHpaaaeTcH 

B BHA6: 
1 

Ip= 2'f R2e ne(O) ~ 1JS (f) ':!'( s>) s>ds> , (2) 
0 

rAe R - pa;iu!yC Tpy6Kl4, ne(O) - KOHU6HTpaJ:U!H sJieKTpOHOB ea 

00111, "9(~) - ;npenitioBaH CKOpOCTI> 3Jl6KTpOHOB, '5'= 't/P. - 6espas­

M6pHHn pa]U1yc, If(§>) - <IIYHKIU!H, xapaxTepHSYlllllaH npoqiHJU. KOH­

ueHTpaJ:U!H aJieKTpOHOB rte q:i) = 11el0). '!(~) • ~yHKJ:U!ll lf(S') 

YA06HO. BH6paTI> B BHA6 O,lU{OnapaueTpHqecKoa HOpMHpOBaHHOa Ha 6)U!­

HHUY ~YHKIU!H, npeAJIOK6HHOa E.M.CMHpHOBHM tI5] (CM.p!4c.2): 

':f(S')= ~(~ 1~)=[exp(-~"'~)- exp(-~)J/(1-exp(-~)]. 

TaKoa BHJI yAQ66H TeM, qTO npH l43M6H6HHZ napaMeTpa 's OT - 00 

;no + C>Q H -I ~ S' ~ +I <IIYHKIU!H xopomo Olll4CHBa6T BC6B03MOS-

Hli6 pacnpe;nenemrn OT "n11ocKoro11 ;l{O KOHTpampoBaJlllOro. IlpM 

~ = 0,823 pasJIMqxe Mez,ey l:f ( s>, ~) H <IIYHKUBeit EecceJut 

Jo(2,405 ~ ) Ha BC614 OT.peSK6 ~ ae npeBHmaH O,Oa?.. 

BeaqeHHH napaueTp~ ls B Kall]:IOY 3KCnepHM6HT~JlliHOM CJiyqae 

onpe;nexHJIHCI> HaMM q14cJieHHHM pemeHHeM ypaBHeHHH (cM.pHc.3a,6; 

Ta6JI.2): 

1 

\exp(-~2 s)d~ = S(~)[f-exp(-'s)]t exp(-~), (2a) 

-1 

8 

r;ne 5 ( ~) - 3KCil6plllM6HTaJll>HO H8HJ16HHaH IlJIOUla]:IKa IlO;l{ HOpMHpo­

BW!HliM Ha 6;1U!HHUY vacnpe;neJieHH6M 30H]:IOBOrO TOKa no BC6MY ;nHa-

ueTpy Tpy6Kl4. YKasaHHHtt MeTOA aaxo~;neHHH ~ ;naeT BOSMOJC -

HOCTI> KOppeKUHH H6KOTOpon aCHMM6TPHH pacnpe;neJI6HHit, Ha6Jill]:lalD­

lll6ncH HHor~a B cxyqae KOHTpa:rHpOBa!ieoro paspH;na. KoaueeTpaJ:U!H 

3Jl6KTPOHOB Ha OCH paspH;na onpe;neJIHJiaCI> !43 ypaBH6HHH (2).B [6] 

noKasaao, qTO B WHPOKOM )U1anasoae paspHJ1Hb1X ycJIOBlllit 1'"9 (~) 

]:IOCTaToqao cxa6o saBHCHT OT 9 ; ll03TOMY. 6CJIJI npHHHTI> 

'lr~(S')=const • ypaBH6Hl46 (2) MO~HO pelllHTI> aHaJIHTHqeCKH: 
~ 

<P (~, ~) = ~ tf(X, ~) xdx = [ 1-exp(-~s>2)-exp(-~)(~9a)J/ [ 2~( f-exp(- ~))], 
0 

~aK111u 06paao1i1 (cM.Ta6n.2), 

ne(O) = Ip/23!R2 1'~(0)q> ( 1, '$). (3) 

IlpH pacqeTe ~ cpe;nHHH 0U1H6Ka uorxa ;nocT111rau 50% (npH ~ 

6JIH3KlllX K HyJill), TaKYll ToqaocTI>, O]:IHaKo, MO~HO cq111TaTI> YAOBJ16T­

BOPHT6Jll>HOn, TaK KaK ':f(S', ~) H 4> (~, ~) .RBJlflllTCH AOCTaToqao 

rnaBHHMH <l!YBKJ:U!.RMH OT ~ , oco6eaao npH ~ , 6JIHsKOM K. HYJII>. 

KOHTaKTHliit M6TOA H3M6peHH.R 

TeMnepaTypH raaa 

06 Hccne;noBaHHHX TeMIIepaTypH rasa B TJie~~eM paspH;ne TepMo­

napHI:iMl4 M6TOJlaMH coo6~aeTCH B (I3,I6] • BBe;neHHe TepuonapH B 

paspHAHYll o6naCTI> npHBOJIHT K HCKaJt6HH.RM TeMnepaTypHoro npo4)HnH, 

pacnpe;neJI6HHH IlJIOTHOCTH HCTOqHHKOB Te.nxa q, (s>) ; 6CJIH B OT -

cyTCTBHe T6pMonapH pacnpe;nexeHHe llJIOTHOCTH TOKa j(~) sa~eT-

q 



Cl'! ~YHK~Hel.t EecceJil'l j (~) = j (o) Jo(2 ,405~ ) • TO ]Qll'l IlJlOTHO~TH 

HCTOllHHKOB Tenna cnpaB6AJll1BO BlipaSeHue: 

rt Ip E q. (~) = 2,31 ... ca Jo ( '2,405S'). (4) 

3]1.eC» '1 - AOJll'l saepn!K 3J16KTPHll6CKOrO :oKa,nepexO]l.HmaH B 

Tenno ll o6'beMe: q. = 'l,j E , E - npo]l.OJI»Hoe aneKTpHt1ecKoe none, 

R - pa]l.Hyc Tpy6uu, . J0 - ~YHKIU'IH EeccenH HyneBoro nopa]l.Ka 

jtO) - IlJlOTHOCTl> TOKa Ha OCH. 3Hal'l q.(S>) ,MOSHO Hai.tTH 

Telllle paTypy ael.tTpaJIDHOJ.1 l:<OM.IIOH6HTli IIJia314li H3 ypaBH6HHll T6IIJ10 -

npOBO]l.HOCTH: 

cl iv ( ce ~'Zacl T ) = - q. ( 'Z.) , 

r]l.e ~ - T6llJIOilpOBO]l.HOCTl> raaa: ~ = CT" • Ml'! ~HCJlOpO]l.a 

c = 2 ,43 10-6 BT/cM, n "' 0,827 (51 • 0)1.HaKo C£ YA06Hee 

B3l'!U B BH~ CE(T) = CE(To)-t'X.[T('Z)-To] • Kax noKaaaao B [16] • 

npH ycJIOBHH R/ 'io < 500, r]l.e 'Zo - pa.zuiyc KallHJIJrnpa TepMona­

pli, BH~CHMli6 T6pMOIIapol.t H3M6H6HHH MOryT cy~eCTB6HHO H3M6HHT» 

npo!l>HJI» 9- (?.) , TaKHM 06paao11, BlipaseHH~ ( 4) nepecTaeT 6liTl> 

cnpaBeJIJIHBliM. 
IlpH· TepuonapHl:ilX ua11epeHHHX CJ16]1.y6T HM6Tb ll BHliS taKxe H TO, 

l!TO perHCTpHpyeMaR Tepuonapo~ TeunepaTypa B aaBHCHMOCTH OT paa­

pl'l]l.HWc ycJIOBHJ.1 MOS6T 6liTb KaK 60JlbW6, TaK H M6HbW6 HCTHHHOJ.1 

raaoBOJ.1 TeMIIepaTypli B HCCJ16]1.y6MO~ 06JlaCTH. Ilpo~eccaMH, npHBO­

]l.Hll\HW! K aaBliW6HHD noKaaaHHJ.1 TepMOnapli, RBJIRDTCl'l peHOM6HHa~Hl'l 

aTOMOB, HOHOB, ]l.63aKTHB!ll.Ul'.R aTOYOB H MOJleKyJl B reTeporeHHblX 

npo~eccax O]l.HaKO qame Beere ]l.OMHHHPYeT BKJiaA KOJie6aten»HOl.t 

peJiaKCaIU'IH Ha'CT6HKax TepMOnapli HJIH TepM030H]l.a. BKna]I. reTepo-

IO 

reHHblX npo~eCCOB B HarpeB repMonapli MOSHO B lltHpOKHX npe]l.eJiax 

H3MeHHT» nocpe]l.CTBOM Bli6opa MaTepHaJIOB H HX o6pa60TKH. B [I3] 

coo6maeTcH, llTO nouememrn Tep11onapli B Kamrn1rnp Ha KBap~enoro 

HJIH MOJIH6]1.eHOBOro CT6KJia MOll6T y11eHblliHTb BKJia~ reTeporeH~blX 

nponeCCOB Ha 2-3 llOpH]l.Ka. naJIDHettmero YM6HblliCHHH MO•HO ]l.0CTHl!1
1 

o6pa6oTaB T6pM030H]I. 60pHO~ KHCJIOTO~. ~aKTopairn, CHH.a~~HMH 

IlOKaaaHHR Tepuonapli, l'!BJIRETCH: I) OTBOA Tenna no npOBOAaM, 

KOTOPli~ Ha 3KCnepHM6HTe pean»HO MOSHO C]l.eJJaT» npeHe6pellHMO wa­

JlblM ( ~ 1%); 2) llOTepH Ha il3JiytleHHe, y11eT KOTOpblX 06HaaTeJieH. 

EaJiaHC T6llJIOBblX llOTOKOB ;liaeTCH ~opwyno~: 

re Nu 4 
-d-( T - Tm)+ 'heT = c6TTn . (5) 

3]1.eC» Nu - 'il'ICJJO Hyccen;.o:a ~JIH TenJionepe]l.atlH OT raaa K Tep­

d - ]l.HaJleTp Tepwonapli, TTn ~ HawepHeMaR TeMnepaTypa 

fopwonapli, 9-m - BKJiaA reTeporeHHblX npo~eccoB, e. - Koa<WiH­

~eHT 11epHOTli TepM011apli, 6 - nocTOHHHaR CTecpaHa-EoJI»~aHa. 

nJ!l'l l1JJY'X. T6pMOllap da > d1 , npeHe6peraH raTeporeHHIDIH IIpO­

necCaMH, i13 COBK6CTHOrO peweHHH AByx ypaBH6HHtt THna (5) nony­

qaeM B~pazeHHe AJJH onpe]l.eJJeHHH.HCTHHHoro T: 

Monape, 

(T1 -Ta) 

T = T1 + I ~z T~ -1) 
\.d1 T, 

(Su) 

3Aec» T1 H T2 - noKaaaHHR Tepwonap. TaKHM 0~paaow,M03:HO onpeAe­

JI?.TL B6JrHq'°rny nonpaBKH, o6ycJIOBJJeHHOV. il.3JIYliGHJl6M AT= T - TTn , 

nocne qero, aHall t.T , MOEHO noJI»aoBaT1cH y•e o]l.Ho~ repwona-

po it 

.i.l 



B HalllHx aKcnep11ue:uax TeMnepaTypa Ha OCH paapfl):(a 1t1aMepR11ac:i, 

'ABYMfl TepuonapaMH, HarOTOBJ16HHWAH Ha xpOM6Jlh-aJIJOM6Jlfl 

d, = 0,18 MM, da= 0,47 MM. ,lLHaMeTpli KBapueBblX KanHnnHpOB 

6HnH 211 = 5,5 MM H ~a= 8 MM. nnfl YY6HhW6HHH HCKaXBHHa B 

nnaaue TepMoaOH.llli BBO,llilnHC.b c Topua Tpy6K1t1 no OCH paapR):(a Ha 

rny6HHY === IO cM. IlpHMeHeHHe AByx TepMoaOHAOB :lJ1 1t1 !lJ2 noa­

BOJIHJIO HCKJIJOlUIT.b B Bli1UICJI6HHHX BJIHHHH6 HX HCKaxaJOmero A6~CTB!t1H 

Ha nnaawy. 

Ha pMc.4a np1t1BeAeHa aaB1t1CHMDCT.b nonpaBKH Ha 1t1any11eH1t1e OT 

T6MnepaTypli T6pMonapH, onpeAeJieHHaH B HaWHx ycJIOBHHX. PHc.46 

HJ1JIJOCTPHPY6T onpe):(eneHH6 HCTldHHO~ T6MnepaTypli raaa no IlOKaaa­

HHflM ABYX T6pMonap d1 H da • Ilony11eHHli6 3T0'1 Y6TOAHKO~ 

TeMnepaTypli H8XO,llilJIHC.b B xopoweu cornaCHH c COOTB6TCTBYJO~Ml! 

AattHHM1rt,nony11eHHHMH Ha aHan1rtaa BpamaTeJI.bHhlX cneKTpoB. PacxolK­

~eHHe He npeBHwano 15% (cu.Ta6n.3). 

llpH UHJ!HH):(PHll6CKO~ CHMM6Tp~rn, 6CM npHHHT:b, llTO KOSilJqJHUH6HT 

TennonpOBO):(HOC'l'H ~ = c T n • ypaBHBHHe TennonpOBO;'.(HOCTH ltlMee T 

B o6meM CJiyqae BHA: 

c d [ n d T<s»] . T ~ T (~)~~ = -JoE'1.(Y)'f(~1~)R2 • (6) 

8):(6C.b jo= ne(O)'l?'~(o)e - IlJIOTHOCT.b paapflAHOro TOKa Ha OCH, 

~(~) - ):(OJlfl atteprHH, · BKJla):(liBaeuoa B paapH):(, KOTOpaH H):(6T Ha 

paaorpen raaa, T.e. npaBaH qacT.b ypantteHHH npe):(cTaBnfieT co6o~ 

pacnpe):(eJieH1t1e 11 HCT~llHHKOB Tenna" B 06':beMe. BeJlltlllHHY 11(~) MOlKHO 

c 60JI:bWO~ TOllHOCT:bJO npHHHT:b aa IlOCTOHHHYll 'l(Y)= '1 [6,!3] . 

nBal!):(li npOHHTerpHpOBaB OT Q AO X H OT 0 ):(0 ? t ypaBH6Hl46 

(6) c y11eTOM (2) 14 rpaHJ4qHhlX ycnOBHa T\ 0 =1=T(1), T\1>=o"'T(O), 

12 

(dT/cl.S') l~=o =0 IlOJIYllHM BlipalK6Hl46! 

T(ot+1 - H~)n+t = 

f 1-exp(-\=x2
) ] 

Ip E ( n+f) '1. [~si 2exp(-~) - 2 l x dx (7) 

4~C [ 1-(1+ ~) exp(-~)1 

HecJIO~HliMH npeo6paaoBaH!4HMH HHTerpa.n B npaBO~ 11aCTH MOl!HO CB6-

CTl4 K YO,llilqi1t1uHpOBaHHOi1 HHTerpa.n.bHOU noKaaa!6Jl:bHO~ qiyHKUHH, He 

ldM6JOme~ OC066HHOCTett npH JIJOOOM ):(eacTBl4T6JI.bHOM s 
'l~ t-exp(-'s'x 2

) "'° (-1)n(s>2 ~l 
2 dx=.: Ei.n(~ 2 ~)=2= 

X n=1 
0 

,n ):(OJIH aHeprzz,nepexoAHme~ B Tenno 

(cu.pHc.5a,6,B; Ta6n.I) : 

• B nnaaMe nony11~M 

ti ::'. 

VlMP l 

[ T(0)"+1-T(1)"H] 4.rtC [ 1-(! +~)exp(-~)] 

JpE(n+1) [ 'sexp(- ~) - ELnl's' ] 

MOlKHO c TOllHOCT.bJO ):(0 nOC TORHCTBa 'l (5>) no paAJrt-

ycy no. YllltlT.b Ha (7) pacnpe,!16Jl6Hltle T6 Mne paTypli no pa,llilycy nc 
paapH):(a. ECJIH ,lOIH KOaqxfJHUH6HTa Tennon pOBO):(HOCTH B3RT.b BH,!1 , npe ):(-

JV416HHli~ B (3,13,16) G'e(T ) =~ (T(O)} + A_ (T(O)-T(}>)) , TO npH 

6ecceJieBCKOM pacnpe.ztene mrn KOHU6HTpaUHH 3Jl6KTpOHOB no ~ ypaB­

Ten;ronpOBO):(HOCTH MO~HO HallHC8Tb B BK.zte: 

<£ T c (T (OJ -T(~)) + 0,5 X. (T (o)- T( ~))2- = 0, 128 rt Ip E J0 ( 2, 4-05~) 

nJlH cpa~HeHKH Mli paccqft1TliB8JIH ~ TaK>:IM lK6 odpasoi;, O,llHa-

KO ll rrpaBo~ qacTH ypanHeHHfl BM 6CTO :iJYHK UHl1 EecceJIH n oJI.b30Ba1rncr 

'.5oJiee rn6Ko~ qiyHKUH e ~ C,- ( Jl 1 ' ) , pH 3TOM X ,ll)IR K1litAOI'O 



cJiyl!afl paccl!HTblllaJiocI> no qiopuyJie X = c ( T(o)" - T(1 )")/(T(o)-T(O) 

PacxoxAeaHe UOJiyl!eHHblX STO~ M6TO,ll,MKO" ,11,8.HHblX c pesyJII>TaTaM.H 

pacqeTa no (8) cocTallJiflJI~ He 6oJiee I%. 

CTeHOl!Hafl TeMUepaTypa T(I) HaxOAMJiacI> HaMH KaK cpe;n.eee 

a pHq>MeTHl!eCKOe Mex;iur IlOKaaaHHliWI p;ayx CHYMeTpHl!HblX cTeHOl!HblX 

Tepuonap, H3Mepeimfl npOBO,ll,MJIHCl> MeTO;zu!KO~ H3JIOE6HHOtt BWJle 

( Ta6JI. I). 

HaMepeaHe KOHn;eH'rpamrn O( 3p 5 P ) • 

]J;JIH onpe;n;eneHHfl a6cOJlllTHOtt .HHT6HCHBHOCTH H5JIYll6HHfl 06'.b8M­

Horo HCTOl!HHKa (paapfl;D;HOtt Tpy6KH) nplll OCBe~eHHH HM ~eJIH MOHO­

xpoMaTopa, He06XO;zu!MO CpaBHHTl> HCCJie;n;yeuoe HSJiyqeHHe 0 H3Jiyqe­

HHeM STaJIOHHOro HCTOl!HHKa CBeTa, B Kal!eCTBe KOTOporo qa~e :scero 

HCllOJI!>SYDT KaJIH6poBaHHble Jl6HTOqH1i1e JiaMUbl. B pa60Te [I7] HCCJie· 

;n;oBaH BOnpoc 0 llbll!HCJI6HHH llOTOKa, na;n;aD~ero Ha npOTflE6HHYD 

meJil>, H cq>opMyJIHpOBaH KpHTepH", KOTOpouy ;D;OJIEHbl y;n;OBJI6TBOPHT1> 

reoMeTpHqeCKHe pasuepbl H3M6pHT6Jll>HOtt CHCTeMbl. B HalllHx SKCnepH­

M6HTax KPHT6pH~, cq>OpMyJIHpOBaHHbl~ B pa60T6 rony60BCKOrO ~.£., 

6blJI y;n;oBJieT:sopeH. CneKTpaJII>Hafl Jiyl!eHcnycKaTeJII>HaH cnoc o6aocTI> 

paaorpeTOl BOJlbq>paMOBOtt JI6HTbl 6aH;n;-JiaMIIbl E~T HCOJle;n;oBaHa 

B pa6oTe (IS] • PacCMOTpeH ;zu!allaSOH 0,4 - 2,0 MKM npH TeMUepa­

Typax TeJia ttaKa:na 1200 7 3000°K. MR 111cnons0Baaaott Ha.MH 6aa;n;­

naMII1i1 CH10-300Y ttpH TOKe 22,0 A HpKOCTHaH TeMnepaTypa.cocTaB -

JIHJia I850°K ' a HCTHHHaf! COOTB6TCTB6HHO 20IO°K, KOS\M)H n:HeHT 

cepOCTH JI6HTbl 0,44. 

CBeTOBo~ noTOK OT paspa;n;Ho" Tpy6KH B1i1qHcJ1HJICH no qiopuyne: 

,+:_ 4E.i1.T d.:A. c(. 

'+' = -L- Keep de 6l cl' • , Br·cM-3 . {9) 
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3;n;eCl> dJ.../ de - ;n;HCilepCHH MOHOXpOMaTopa, oe - llWlpHHa lil8ml, 

L. - ;zwiaa ITC paspn;n;a, ol' H oe.. - cHrHaJ11i1 :a npoH3BOJil>HblX eAH-
\ 

IHIJ;ax OT 6aH;n;-JiaMJibl H OT paapR;n;a ) COOTB0TCTB6HHO, Keep.- Kosqi-

Pffn;H6HT cepo~TH BOJII>qipaMa. 

Koan;eHTpan;HR HaJiyl!aDl!lHX qacTHD: B1i1paEaeTcH qepea cBeTOBol 

noToK: Ni.= <Pt/.At h i>t , r;n;e .A~ - :sepoHTHOCTl> nepexo;n;a 

Ha qacTOTe Vt • Cpe;n.eHH BepoRTHocn TpHnJieTa A. = 777 HM 

6b1Jla onpe;n;eneaa no MHHblM [19] c Yll6TOM BepOHTH OCTe~ Tpex 

nepexo;n;o:e 3p5 P1_3 -3s5 S2 no qiopMyJie 

3 -s •i~r 

.A 
- ?;, ( 1,49·10 <ti 3di ) 
- 3 

L: o. 
i.=1 , .. 

r,lle 'h - :sepOHTHOCTl> KalK;ll.OrO nepexo,11,a, 81 - CTaT.l!CTHl!eCKHl 

Bee ypoBHH 3s5 s , ~2.l - cTaTRCTHll~cKHe :eeca ypoBHe~ 

3p 5 
P1- 3 , )., H f;. ..:. cooTBeTcT:BeHHO .D.JIHHbl BOJIB H CHJibl oc-

IJ;HJIJiflTOpo:e nepexo,11,0B. Paccl!HT8HHa11 TaKHM o6paaoM BeJIHl!HHa Be­

POHTHOCTH nepexo;n;a pa:BHHJiaCl> .A= 0,299·Ia8c-1• IlpH onpe,11,e­

JieHHH KOHIJ;eHTpaIJ;HH 0(3p5 P) 3KcnepHMeHT8JI:&BaH OUIH6Ka Be 

npeBocxo;zu!11a l-2%-(cu.Ta6JI.2). 

MauepeBHe npo,llOJll>BOro a11eKTpHqecKoro noJIH 

H paapH;n;HOro HanpH•6HHl1 

HanpHEeHHOCTl> npo;n;Qnl>Horo aJieKTpHl!ecKoro non11 E :e nJiaaue 

H3MepHJiaCl> P;ByMfi IJ;HJIHH,llpHqecKHMH SJieKTpHll6CKHMJ4 30H~aMH H3 MO­

JIH6;n;eaa Ha paccTOHHHH 6,0 CM ;n;pyr OT ;n;pyra. nJIHaa H6H30JIHpO -

:eaHHOU qacTK aOH.l\OB I MM, ,11,HaMeTp SOH.l\OB O,I MM. 30H;n;bl pac -

IlOJiaraJIHCl> nepneHAHKYJIHpHO OCH Tpy6KH. ]J;JIH HCKJIDqeHHfl BJIHHHHR 

p;ao«Hmc CJlOeB, o6pasyDIJlHXCfl BOKpyr 30H;D;OB, HaXO;Zl;HlllHXCH IT O,ll 
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nnaBalllll.HM noTeHIU1anou, HauepeHHa aneKTpHqecKoro nona npoBO.lU!­

n1c» KOMileHCaIU!OHHOR ue!O)l.HKOR. IlorpeWHOCTb HauepeHHR He npe­

BYmana IQ%. HanpaseHHe Ha paspa,l.\HOR Tpy6xe Hsuepanocb c OlllH6-

KoR, ee npeBocxo~~eR 2% (cu.ra6n.I). 

OBCYl,1lEill1E SKCilEP'™EHTAJlbH!il 

PESYJlhTATOB 

IlpoaHaJIH3HpyeM pesyJll>TaTY o6pa60TKH axcnepHMeHTaJlbHYX MH­

HYX • KOTOpYe npHB6,IteHY B Ta6n. I,2 H ea pHc.2,3,5,6. 

Cryneeqaraa HOHHSaIU!H KRicnopoM qepes 

ueracra6Hlll>H06 COCTOHHHe a 1 A9. 

Paccuorp1u npouecc cTyneeqaroR 1oe1saIU!H - peaKIU!H IY 

(cu.ra6n.4). Kax cne~e! HS npHB6,l.\6HHLIX B ra6n.I SKCll0pHU6H -

TaJll>HYX ;n.BHBYX, npoKallKa ~ B,l.\Olll> paspHMOR o6naCTH npHBO)l.HT 

K peamtSQIU!H -p;ayx ~opu cy~eCTBOBaBHH paspHM - Bil3KOBOnbTBOR 

• BYCOKOBOlll>THOR. 0TM0THM, qT,0 npH BKJil)qeHHH npoxaqKH rasa npo 

HCXO~T 6onee o~opo~oe pacnpeAeneeHe aneKTpOHOB no pa)l.Hycy 

IlC (napa.uerp ~ yueahmaeTca~ cu.Ta6n.2)~H KOHUeHTPaIU!H anex­

TPOHOB B ueerpe TaKZ6 yuee»maeTCH H63aBHCHMO OT Toro, KaKOR 

)eEHM ycraeaBmJBaeTca ii xax npH aTou i.aeHaeTcH oTeomeeHe E / N • 

STH oco6eHHOCTH UOZHO o6~HCHHTb cy~eCTBOBaHHeM B nnaaue KHCJIO­

po,l.la· -p;ayx KOHKYPIPYlllll.HX uexaHHauoB HOHHSaIU!il: YMPHOR (peaxUHa 

ill , Ta6n.4) ii cryneaqaron , qepes 11eTacra61n»Hoe 

~(01 ~3),peaKUHH IY. ~ 

COC!lOHHJl6 

Ilpep,nonoa1u, qro HOHHBaIU!H npOHCXO)l.HT TOlll>KO npHUYM y,l.\apou. 

~accuorpHu AJIH npHuepa cnyqa11 P = 2 Topp, Ip = 100 uA, V = Q 
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H 5 u/c. ~s axcnepHueHTa cne~eT, qTo npH V = 5 M/C KOHU6H-

TPaIU!H aneKTpOHOB yweHbmaeTCH B TPH paaa, HX pa;iu!anbHOe pac­

npe,l.leJieHH0 . CTaHOBHTCH 6onee O,l.\Bopo~blM (napaueTp ~ yuea»ma­

eTCH OT 2,45 ,l.\O 0,4), a OTHOW6HHe E/N y:BeJIHqH:BaeTCH ea non­

nopaAKa no cpaBHeHHll c peDJuou 6ea npoxaqxH. ){nH Toro, qTo6u 

no,l.\,l.\epxaT» B paspa,l.\e rox IOO uA npH cxopocTH npoxaqxH 5 M/c, 

He06XO)l,HUO KOMIIeHCHpOBaT» yueHbWBHHe KOHUBHTPauHH anexTpOHOB. 

IloaTOMY npO,l.\On»H06 none ycTBHaBJIH:BaeTCH TBKHM, qro6y Ha COOT­

B6TCTBYllillYll B0J1HqffHY yB0J!HqH:BaJiaCb cpe~HH aeeprHH anex~pOHOB. 

0TueTHM, qTo rrpH aTou xapax_repeoe Bpeua y.n,apaon HOHHSalU!H 

't'i~ = 1/[0~] K Iii yueHbwaeTOH OT O,I c npH v = 0 u/c ,l.\O 

6· I0-6C IIpH V = 5 U/C, H BYllOXHH6T_CH Hepa:BeHCTBO 

'Cg » t't~ ( 'tr, = 0,035 c). IlpHB6,l.\0HHYM ~sHqecKHM uexa -

HHSUOU MOZHO o6~HCHHTb yBeJ1HqeaHe npo,l.\OJlbHOro nona, ecnH HOHH­

saUHH npOHCXO)l.HT B OCHO:BHOM TOJlbKO rrpHUYU anexTpOHHYM y,l.\apou 

[3I] • Ho OU0HKH o6~MHYX BLIXO,l.\OB rrpoueccoB HOHHSaUHH,IIPHnH -

rraima, OTnHnaHHa H nepesapa,l.\KH (radn.4, peaKUHH lli,Y,YI,Yll,Yill, 

Xlli) rroxaaaJIH, qTo npH npoKaqKe o6~eual:dt BYXO,l.\ peaKUHH y,l.\apaott 

HOHHSaUHH yBe mtqHBaeTCH B "' 6. rd3 pas. a aettTpanHsauHH anex-

TpOHOB "2 ne Ha CTeaxe yueH»mae Tcf! B ,.., 4 pasa Hs-sa yueH»-

rneaHH pa)l.Han»Horo r pa,l.\HeHTa ne(~) • 0TM6THM, qTo ne I 

ueHTpe nnasuli rrpH aT ou yweHhwaeTca. TaKaH CHTyauHa MO•eT pe -

anHSOBblBaTbCH TOn»KO,B TOM cnyqae, KOrAa : I) peaKUHH y,l.\ap­

HOtt HOHH3aUHH He HBJIHeTCf! ,l.\OMHHHPYJOlllHM npoueccoM pOll,l.\eHHH anex-

TPOHOB, TaK KaK yBemtqeHHe ee KOHCTaHTY CKOPOCTH OT 

,.., 3·Io-16cw3c-I npH v = 0 M/C ,l.\O 7·Io-12cM3c-1 npH 

V = 5 u/c Ha-sa pocTa E/N He npHBO~T K y:seJIHqeHHJO ne 
2) B nnaaue cy~eCTByeT ,l.lpyroR, KOHKYPHPYJOIIIHtt npouecc poa,l.\eHHH 

I7 



aneKTpOHOB, o6~eMHbU1 BWCOA KOTOporo yueHhmaeTCH c yBeJJHqeHH6M 

E/N , a KOHcTaHTa npH (E/P) -;;!:. IO B/c11 Topp AOCTaToqHo BeJ1H­

Ka, qT06li BliilOnHHnOCh HepaBeHCTBO '?:L » ~& • PacqeT noKaaan 

qTO npouec~li OTJIHilaHHfl (YII) H npHJ1HilaHHH (Y,YI) He uoryT 6liTD 

HCKOMliMH peaKUHHMH,TaK Ka.K H3M6Hfl!OTCH cpaBHHTenhHO Mano H 

KOl4IleHcHpy10Tca npoueccoM AHiJ)qlyaaH (Yill). HaJHH aKcnepHMeHTanhHhl~ 

AattHlie noKaah!BaIOT, qTo, Ae«cTBHTenhHO, npH uanb!X aHaqeeHHX OT­

aomeHHH (E/P) ~ 5 B/CM Topp AOMHHHPY!OlllHM MexaHH3MOM HOHH3aUirm 

B nnaaue KHCnOpOAa HBnfleTCfl CTyneaqaTli~, qepea COCTOflHHe a1A3. 
3TO llOAfB6PlKAaeTCH npHB6A6HHblMH B Ta6n.I,2 H PffC.2,5,6 ,ZJ,aHHNMH, 

H3 KOTopwc cneAYeT, t1TO npH P = 4 Topp, I = 60 MA, V = 5 u/c 

peaJIH3YlOTCH o6a pelKHMa: BliCOKOBOJll>TH~ H HHSKOBOnhTH~ c 

E/P = 8,5 B/cu Topp H 2 B/c11 Topp, T.e. npH P = 4 Topp , 

!p = 60 MA, v = O 11/c, (E/P) = 2 ,22 B/cu Topp B n.naaue ycTa­

HaBJIHBaerecH nepeXOAHlia 6HCTa6HJll>H~ pelltHM, npH KOTOpOM BKnaAhl 

060HX MexaHH3MOB HOHH3~H CpaBHHBalOTCfl. neacTBHTenhHO, yBe-

JlHtl6HH6 ,ZJ,aBneHHH raaa p ~ 4 Topp HJIH YM6HhW6HHe TOKa 

Ip ~ 60 MA, P = 4 Topp (cM . Ta6n. I,2) npHBOAHT K yuetthmeHHIO . . 
E/P H E/N < 12 TA, H HOHH3~H B OCHOBHOM o6ycnoBneHa CTyneH-

qaTblM npouecCOM (IY). B STOM cnyqae ycTaHaBnH:eaeTCH HH3KOBOHhT­

Hhl~ pexHM KHCnOpOAHO" nna3Mli. XapaxTepaoe BpeMH YA8PHO~ HOHH-

aaUHH B aTHX ycnOB14HX t'L~-=([01.]l<mrf ~ I07c, T.e. BKnaA 

peaK1.un1 Ill npeae6pelllltMO Man (cM.pHc.2,5). 

HaH6onee BepOHTHblMH peareHTaMH npH CT OnKHO:eea.im c aneKTpo­

HOM B npouecce CTyneHqaTo« HOHHaau•rn MOryT 6h!U:> B086YlKA6HHhl6 

MoneKynhl KHcnopo.n.a B M6TacTa6HJll>HblX aneKTpOHHO-KOne6aTenhHWC 

}OCTOHHHHX a1·ti~ H g• -r.; [3,12] • B paapHAHoa nnaaMe KHC­

nopo.n.a [Oz (a' ti~ )] ~ [Oz~ !;1 Ei )] [20] , TaK KaK g' L; 60-
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nee awcf!eKTHBHO TYllIHTCfl 030HOM (peaKUHH IT H XIY), a xapaKTepHOe 

:epeMH lKH3HH 'C"c.nll!i) Q: I2 c, t'en(a) = r<i3c [32] ,noaTOMY 

OCHOBHb!M peareHTOM B CTyneHqaTO~ MOHH38UHVI MO~HO cqVITaTL 

32 (a1ll ). 

OueHHM KOHCTaHTY cTyneHqaToM HOHHaa~HH no peaKUHH IY. Cne-

lJ.YH HameMy npeJJ1IonomeHH~ , npa P = 4 Topp, 

v = IO w/c .n.on~HO Bl:ililOnHRTLCH HepaBeHCTBo: 

KiY> Km[Oi]n~/nan~, 

r.ne n~ 
I/ 

VI ne - KOHJ~eHTpamrn aneKTpOHOB npVJ 

Ip = 60 MA 

V = 0 M/C 

V = 5 M/C ( Bl:lCOIWBOnI>THhl!i pe~HM , CM.Ta6n.2 ) 

Tor.n.a nonyqaeu AnH 

VI 

na = [ o2 (a'A)] ~ 10I6c1r8, 

E/P ::::t 8,5 B/cM Topp, BenaqVIHY Kw~ 4·I0-12cu3/c. qVlcneHttaR 

ouettKa,cAenattttaff ttaMH H3 ypa:eaeHHfl 6ananca .nna aneKTPOHOB VI 

OTpHuaTenhHIDC HOHOB B c11yqae p = 4 Topp, Ip = 60 MA, v = 0 M/C 

Aana BeJIHt1HHY Kniz7·I0-12cM8/c npH E/P = 2,25 B/cr.1 Topp. 

ilpr.rne.n.eHttble BenaqHHbl KIY 

c norpemgocn10 "' IOO%. 

HY~Ho paccwaTpHBaTh ·KaK oueHoqtth!e 

nonH aHeprHH , BKnaAl:lBaeMaH B paaorpeB raaa 

~3 BblRa~eHl'lH (8) MOmHO nonytlHTh AOnIO aaeprHH aneKTpOHOB, 

>acxOAY9MY~ Ha nponeccbl HOHH3aUHH, AHCCOUHBUHH, npVInHllaHVJfl, 

aoa6y~.n.eHVJH aneKTPOHHhlX H KDne6aT0HhHliX YPOBHe~ H T • .n.. ~eMcT­

BVIT6Jll>HO, AnH TIROTHOCTH MOmHOCTVI, BKnaAblBaeMO~ B pa3pHA,VJMeeM: 

j E = p~ + P!lp + PK+ PH . 

rpaBH0HHe TennonpoB O.ll.H OCTH raaa 3ailHCblBaeTCH B BVJAe: 

- cl.i.v ( ~ ~~ad T ) == P~ + PgP + PK - Pg , 

OTKy.n.a MOZHO nonyqHTh : 
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_1 d ( dT ) . 
s> ds> ~CE ds> = J E ( 1- ~) 7 (IO) 

r;n;e O =(PH+ Pc)/j E ·- ~OJIH aH~prnH aneKTpOHOB, KOTopaH pacxo­

;n;yeTcH Ha Heynpyrne npoueccu, He npl'IBO;D;HII(He K Harpeay ra3a H 

BblHOCl'ITCH np0Ka1mo~. ~ , Pep , PK - xapaKTepz3yl()T CKopocTJ, 

noTepb aHeprHH aneKTPOHOB Ha ynpyroe pacceHHl'le, apa~aTeJlbHOe 

H KOJie6aTeJlbHOe B036yllt;n;eHH6 (pa3MepHOCTb - BT/cM3). 

CpaBHl'IBaH (IO) l'I (6); Bl'l.JU1.r.t, '!TO 

6 = 1- n = .ne L: c., Kt n, + Pg 
·1, j E J 

(II) 

r;n;e Ki. ' ei. - KOHCTaHTbl CKOpOCTe~ H noporOBble aHeprHH Heyn-

pyrHx npoueccoB, ni - KOHUeHTpaU)!H ~ HJIH B036yllt;n;eHHHX MOJle -

KyJI, ecJIH 3TO cTyneHtJaTut! nponecc. l/13 aKcnepHMeHTaJibHblX ;n;aHHhtX 

Mbl onpe;n;eJIHJIH ri , jE' , ne , Pg , [~] • lllcnoJib3YH J1J11Tepa-

TypHble ;n;aHHbl6 no ei. H Kt MOlltHO onpe;n;eJIHTD ;D;OJllO aHeprnH 

aJleKTpOHOB, yxo;n;a~IO Ha onpe;n;eJ1eHHble HeynpyrHe npoueccbl B Kallt­

;n;oM KOHKp6THOM CJlyqae. l/13 pHC.5 CJle;n;yeT, '!TO npH p ~ 4 Topp 

npoKaqKa ra3a npHBO;n;HT K pocTy 5 H3-3a yaeJIHtJeHHH E/ N 

T.e. ;D;OJIH aHeprHH 8Jl6KTPOHOB, pacxo;n;yeMaH Ha B036ya;n;eHHe 3JleK­

TPOHHblX COCTOHHH~,YB6JIH'IHBaeTCH. 

CaMocorJ1acoaaHHOe none nna3MH KHCJ1opo;n;a 

Pa;n;HaJlbHOe pacnpe;n;eJ1eHHe 3apHllt6HH.liX qacTHL\ B nJ1a3Me onpe;n;e­

JIHeTcH npocTpaHCTBeHHW4 H3MeHeHH6M CaMOCOrJlaCOBaHHOrO IlOT6H -

l.\HaJla, KOTOpbl~ ycTaHaBJIHBaeTCH B nJJa3M6. OHO onpe;n;eJIH6T pac -

npe;n;eJ1eHHe aapa;n;oa no pa;n;Hycy Tpy6KH. 
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B pa60Te [33] nonyqeHO, '!TO npH HH3KhX ;n;?..BJl6HHHX H MaJlblX 

IlJIOTHOCTHX TOKOB pacnpe;n;e~eHHe KOHL\6HTpal.\HH 3Jl6KTPOHOB no pa­

;n;uycy p~3pa;n;a B aneKTpOOTPHL\aTeJIDHblX rasax ycTaHa»JIHBaeTcH. 

SHatJHT6JIDHO 6onee O;n;HOpO,lUiOe, qew ~YHKL\HH .EecceJIH HyJleBoro no­

pa;n;Ka. 9TO CBH3aHO c T6M 06CTOHT6JlbCTBOM, '!TO npH paccMaTpHBa­

eMblX yCJIOBHHX KOHL\6HTpauuH OTPHL\aTeJlbHblX HOHOB HM66T TaKOe 

60J1bmoe SHatJeHHe, '!TO KBa3HH6t!Tp~JlbHOCTb llJla3MH co6nw;n;aeTCH 

6J1aro;n;apH paBeHCTBY HOH-HOHHOt! KOMIIOH6HTH, a BeJIHtJHHa cawocor­

JlaCOBaHHOrO nOJIH nopH;n;Ka HOHHOt! TeunepaTyp1i1. BcJle;n;CTBHe aToro, 

3Jl6KTpOHbl, CB060;n;HO pacTeKaHCb no pa;n;Hycy CTOJl6a, O;n;HOpO;n;HO 

3allOJIHHWT pa3pH;n;HYIO KaMepy (34] • 

O;n;ttaKo npM nOBbl.IDeHHOM ;n;alJnemrn ra3a KOHL\6HTpaUJ1H OTPHL\aTeJID· 

HblX HOHOB yueHbmaeTCH, 3HatJeHHe CaMOCOrJlaCOBaHHOrO IlOJIH BOSpac­

TaeT, a pa;n;HaJlbHOe pacnpe;n;eJleHHe aneKTPOHOB CT8HOBHTCR .6oµee 

KPYThlM. !IpH cpe;n;HHX ;n;aBneHHHX ne (S') , KaK noKasaHo B [8] , 

HBJIH6TCH 8HatJHTeJibHO 6onee cxaTblM, '16M ~YHKUHH .Eecc~JIH, TaK 

KaK aneKTPOHbl, B03HHKaH BCJle;n;CTB·He HOHH3al.\HH B llpHC'CeBOt! 66 -

Jl8CTH,;n;H~~YH;n;Hpy10T B pa;n;HaJlbHOM HanpaBJleHHH H Ha nepH~P*H npH­

JIHnaIOT R aTOMaM H woneKynau. B aTOM paa;n;ene pacc.r.taTpHBaeTCH 

MO;D;6Jlb nonOlltHTeJlbHOro CTOJ16a, KOTOpaa nosBOJIHeT onHcaTb paapa;n; 

npH HH3KHX ;n;a:eneHHHX, Kor;n;a ~opwa pa;n;HaJlhHoro pacnpe;n;eneHHH 

JleKTpOHOB HBJIHeTCH 60J1ee O;n;HOpO;n;HO~, qeM napa6oJ.rnqecKaa:, H 

JPH cpe;n;HHX ;n;aaneH.1.rnx, itor;n;a aneKTPOHHbl~ npo~nh no cetJeHHIO 

JllMeeT KOJIOKOJ!OOdpaaHbi.ll: BH'A (CM.pHc.2,3). 

HarrHrneM CHCTeMy ypaBHeH~t! 6anaaca B paapa;n;e 3Jl6KTpOOTPHL\8-

TeJII>HOro rasa: 

2I 



{ 

d..~V re = \Ku- K~)[02)ne + KoT11:(0]n- - Kgp.ne n+ -vgne 

dLV r_ = Ky [02] ne - K0 T11.(0]n- - Kpn-n+ - .Yt n _ 

di.v r+ = Ku [02Jne - -f<pn+n- - IS_9p.n+ n- - .Yen+ 

(I2) 

Ku= Km+ Kty na/[Dt] - cyWlapHaH KOHCTaHTa CKOpOCTH HOHH-

aa1.U1H' K9P - KOHCTSHTa CKOpOCTH ;AHCCOIU18THBHOtt peKOY6HH81.U1H' 

r - llJIO!?HOCT:b IlOTOKa aapHllt6HHblX qacTH~, Knp. ' Korn . - KOH -

CT8HTli npHJmllaHHH H OTJIHilaHHH. J,13 ycnOBHH KBa3HH6ttTpaJIDHOCTH 

H (I2) maeeM: 

r+ - re - r- = const . (I3)_ 

"13 (I2) H (13) H ypaBHemrn d~v E = 4.ft'e (n+.:. n_ - ne) c yqe­

TOM ycnOBHH KB83HHettTpaJlbHOCTH IlOJIYtlHM CJ16]lyJOmee BlipaE6HH6 AJIH 

caMocorJ1acoBaHHOro noJ1a B ITC paapa;zta [3S] 

-Z>+.t.n+ - ~LAn..; - ~e.t..ne E =~~~~~~~~~~ 
P f+ vn+ + JL vn- + }'e vne 

(I4) 

3aBHCHMOCTD CaMOCOrJlaCOBaHHOro _nona oT -KOHCTaHT aneM6HTapHliX 

npo~eCCOB [3S] nonyllHY H3 CHCT6Yli ypaBH6HHtt (I2) H ~OOTHOme­

HHH (I4): 

E~ = {[ (Ku - Kgp~)(:Ce/~i) + (Ky - KOTl:l·'6)(tJ-/2J'!. -~e/2>:)+ 

~ Kpd.~(3J+/z; - 2>_/£J.:)]n2i>~ (2!e/.1J: -1)/fte} / {c1 +ct)j:I + x 
(IS) 

(9J:-.5!:Je)/JJe +oe."' (~:-Jl>e)/Jle ,., } n-
x (1J+ -:?J:)/J-1+ :f'- (:l'J_ -1)~)/J.f- +pe ' ol = ne ' flt =._µini ' 

n = [0?.] 
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r:ii;e .13= n+/n , ~=[oJ/n, ii : n~ - npHBe,neHHwt KOaqiq.n@eHT 
s 

;D;Hqiq>y3HH' .flt - a!MJeKTHBHH6 KOS!M>H~6HTli ;AHIMJY3lUl1, ycTaHaBJ1H-

BaJOmt16Cfl B nJ1aaMe aneKTpooTpH~aTeJIDHblX raaoB. Coo!?HOweHHe (IS) 

;zta6T aaBHCHMOCTb pa;AHaJIDHOro CaMOCornacOBaHHOro llOJIH OT KOH -

CTaHT CKOpOCTett npo~eccOB o6paaoBaHHH H HBttTpaJ1Ha8IU1H 3apHlleH­

HblX qaCTH~, HX llO;D;BHgHOCTett, CTeneHett ;AHCCOIU1altHH H HOHH8Sl.U1H, 

a TaKxe OTHCCHT6JIDHoro OTKJIOHBHHH WYHKIU1~ pacnpe:ii;eJ1eHHa aneK­

TpOHOB H HOHOB OT COOTBBTCTBYJO~ett paBHOB6CHOtt. TaK, ;D;Jlfl cnyqaf 

paapa;zta HH3KOro ;D;aBJl6HHH B HHepTHHX raaax npH YaJIHX TOKax HM6· 

6M! 

E ~( :?Je - :IJ+ J ( Ku_n
2
R

2 i12 
I"' R(f't-+ }Je) ~~ / ' (I6) 

t1TO xoporuo cornacyeTCfi c MO;D;BJIDJO [36] • Pa;AHaJlbHoe pacnpe:ii;eJ1e -

( 
P+ +Pe ,, 

HH6 c Yt16TOM (I6) MOlltHO aanHcau B BH)le t"le= ne(0)1o E i>e - ~to fl; • 

0TCE,11a ;D;Jlfl rpa;AHBHTa aneKTPOHOB HMBBM 

( 
P-1- +fie Jl+ +fie d Er-) l (E f't- +fie 1) Vne~-ne(O) Er~e-f>+ +~ KYe-XJ+ d§> · 1 flJe-flJ-1- f;· 

Cne ;D;OBaTBJIDHO, He o;D;Hopo;D;HOCTD pa,zurnJlbHoro pacnpe.ne neaza aneK­

TpoH __ BOapacTaeT c yBenHqeHHBM rpa;D;H6HTa pa;AHaJlbHOrO IlOJIH. 

B cnyt1ae paapa:ii;a aJ1eKTpooTpHuaTeJLbHOro raaa, Kor:ii;a KBaaH -

HettTpanbHOCU IlJ188lolli .1 06ecnetmB86TCH IlOJIOlKHTBJIDHl&H H OTpHua -

T6JIDHhlMl4 HOHaMH, T.e. ci» 1(n+ ~ n-) 'H K03qxpH~6HTbl aqxpeK­

THBHliX ;AHqxpyaH~ CTpeMHTCH K COOTBBTCTBYIDmHM 3Hat1eHH.iiM CB060;D;­

HHX ;AH!J.xllyaHtt ( 1J: ..... 2Je , l>C __. :lJi ) , caMocornacoBaHHOe noJ1e 

cTaHOBHTCH npeHe6pelltKMO .uanw ( E,.- 0 ). AHaJIHa BblpmKeHHH 

(15) ;D;JIH KOHKpeTHHX yCJIOBH~ MOlKeT ;D;STb HHTepecHyJO H IlOJl93HYE 
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BHWOPMaIUID o uexauBaue B ycnoBHHX B03HHKHOBBHBH aeycTOAtmBoc­

Tel B HBSKOTelilliepaTypaol nxasue •. 

PacnpeAeneaHe snexTpOHOB no pa.l(Hycy 

HalAeu pacnpeAeneHHe sneKTpoaaol KoaueHTPWUIH no pa.l(Hycy TIC 

paapHAa B KHCJIOpOAe. Ecxn npeae6peq1> SJI6KTPOH-HOHHOI peKOU6H­

Ha~el no cpaBHeHHD c HOH-HOHHOI, TO ypaBH6HH6 6aJiaHca 6yAeT 

HY8Tb BHA 

d~v(2)e Vne + nefJeE,-)+(v.-vnp-vg)·ne+ Kor" [O]n- =O. 
(17) 

Ilocne aecnoxawc npeo6pasoBaanA 111a ypaBHBHHH (17) nonyqnu 

d2 ne (1 PeE,.. d 1~dne [- R. ~ dEr-
d.92 _ + 'f+ ~e R-dffn(n'ld~ + jJeEr-9+f'eR dy -

,.., d. e ) 2] ne 0 -peE...,Rd~ n(n)+n(vu-Ynp-.Yg+Yer"clo R ~e = 
( IS) 

Pa.!UiaJibHOe HsueaeHHe .Teunepa!ypa HeATpafilHDro rasa annpoK­

CIMHpyeu cneAYD~el ~YHK~el 
R 2 

T(~) = T(O)e":' a9 ' (19 ) 

r Ae fl - '1 , '1 - xapanepBsye1' AOJlD BKJiaAaBaeuol B p~SPHA 

saeprHH, HAY~el sa paaorpeB raaa, T(O)- TeunepaTypa rasa B 

ueaTpe IIC, np1i.rneY 0 ~ .A < 1 , ( ~ = CT" ) • JlallJleHHe raaa 

nocTOHHHO no ceqewm !rpy6KH, P = NT= const 
A 2. 

n(s>) = n(o)e2 P. 

, CJl6,llOBaTSJll>HO 

(20) 

PacnpeAeneHBe CTeneHB AHCCO~aIUIH no ·paAHycy TIC paspaAa 

KHC.llOpOAa O = (OJ/n nerKo nonyqae Tcs, ecmt paccuoTpeTI> 
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pa;lU!afilHOa pacnpeAeneHHe 0 (J') c YBJIOH 11 p..i1&eCbll nerKoro 

OAHOaT OMH OrO rasa B MO.llBKYJIHpHon npH ,llaHHOI TeMIIepaTypHOI He -

OAHOP~AHOCTH [37] • TorAa npH .!Ui~YSHOHHOM paBHOBeCHH AJIH ae­

paBHOuepHo aarpeToro r aaa nonyq111u 

T const, ~(f) = < U/6t> (2I) 

TenJIOBaH CKOpOCT:b QT OM OB 

- TpaHcnopTHOe ceqeHHe CTOJl.KHOBeHHI 

r Ae 'lY - cpeAHHH 

6 t= l (1-cosc(.)d6 (~ ) 

d6-1,'" F (p,°") d£L - ceqeHHe CTOJIKHOBSHH~. B peayn:&TaTe KOTO-

plilX nerKaH qacTHua . c 111unynbcou p npH o6peTaeT HMnyJibC 

P' = rnV' , aanpaBneHHbll B sneueHTe c TenecHJ& yrnou dn. 

d - yron uelKAY BeKTopaMH P H P' , a6con10TH1i1e :senH"llHHbl 

KOTOPIDC O.ziHHaKOBbl. ITpe,l\IIOJIOlKHM, "llTO ceqeHlde 6t He sa:BHCHT 
. 1' 

OT CKOpOCTH, H TaK KaK < 11'> "-' ( T /msi) vz 
1/2. . 

eM, "llTO o(~) ,.., T HnH 

, TO HS (21) nonyqa-

1/ 11 S'z 
r<s:>) = o<o)T 2; ¥<~) = Ho)e -4 ' (22) 

l'Ae t<o) = [OJ/n - AOJIH .l(HCCO~al.UfH Ha OCH Tpy6KH. 

~nH o6nerqeHHH aHaJIHTHqecKoro uccne,no:eaHHH pa.nHanbHYID aa:eu· 

CHLIOCT:b qacTOTbl HOHH3auHH npe,ncTaBHM B BH,ne 

Yu<S') = Yu(0)(1- _Bs>2
), (23 

rAe 8 - napa1.1eTp, xapaKTepH3YIDU(Hl1 paAN!aJu.Hble rpa,Z\l!l6HTbl E/N 

H T. 8KcrrepHMeHTan1>Hble ,naHHble [I0,33,38] noKa31i1:ea~T, qTo 

pacnpe.z1eneHl!le OTHOCHTen:bHO~ KOHneHTPaI\HH OTPHI{aTen:OHhlX HO!!OB 

~opomo onHcb!BaeTca !l>YHK!.Ufe~ oc.. ( ~ ~ "" o<.(o) [exp ( 1- ?2 )- q 
Ypa:sHeHMe (18) 6yAeT uccnenoRBT:OCH noK Ol!RopollHblX rpaHH"llHIDC 
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YCHOBHHX 

ne(1)=0 dne I = O. 
df p=o _ (24 ) 

KaqeCTBeHHO H3MeHeHHe cawocorHacoBattHoro noHH no pa,D;Hycy 

IlC iaoa:tto annpoKCHMHpoBaTI> B BH,D;e E,.(51) = ·E(O)p [39] , r,D;e 

E(O) - SHaqeHHe cauocorHaCOBaHHOrO nOHH B ueHTpe c TOqHOCTI>D 

AO nOCTOHHHOU, paBHoa npo,D;OHI>HOMY noJllO. 

B o6HaCTH sHaqeHH~ napaMeTpoB, · xapaKTepH3YDlll.H~ ~BH6HHe ra­

aa H sHeproBKHa,D; :e paspa,D;, rAe 0 < A< 2 H 0 < B < I, ypaB· -

HeHHe (18) npHMeT BHA 

d2 ,.... d ~E(O) 
d.fe + [; + (~: E(O)R -R)p] ct~e +[ 2 ":(O)R + \),.(O)+ Yar,,<o) o(O)d(o) - ylJp(O)- 'Vg<O)t 

. ~ (25 ) 
fleE(O) ) 2] nCO)R

2 

+(v.,(o)(~-s)--Ynp(o).A--Yar~(o)~(O)cl(O)- nco)R Jl ~ Pie . ne = o. 

PemeHHB ypa:eHBHHH (25) 6y,neT 

ne<s>);; exp(-6p2/2)·F(S,1,ep2
), (26 ) 

r,ne F ( ~ , 1 , e9 2 ) - :eapoa:~eHHaH nmepreoueTpHqecKaa !}_lyHKnHa, 

napaueTpa. B t ~ t e onpe,D;6HHDTCH CH6.l\YDlll.HMH COOTHOmeHHHMH 

r,D;e 

2(9-e) = JleE(O)R/~e-.Fl =...n. 

92 - 2Ele::: Vu(O}CR/2 - 8) Ynp(O).A+YorACO) l((o )ci(O) 

)l.f) 

µeE(o)R 

:<Je 

(2? ) 
n 

26-4~e = 2)JeE(O)R 
~e 

_ v~(o)-vnp(D)-v0rA(o) l(O)ol.(O)-"Vgco) = cp 
v.v ' 

v.t> = .Ve/R2 • 
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IlpoBe,D;eM aHaJIH3 noHyqeHHOro pemerutH H paCCMOTPHM ~a CHyqaa: 

I. PacnpeAeHeHHe ne(~) B paapaAe aHeKTponoHOlltHTeHI>Horo 

rasa; HS (2?) HueeM 

2(6- e) = fleE(o) R/.l)e - .A = .Q_n 

Vu(O) (fl 0 }'eE(O)R 
82 -2c9=----B- =nn Y,'I) 2 :tJe 

2e- 4~e = CfleECO)R £) . 
e 

Yu(O)- vg(O) = ct'n . 
- -Y.ti 

3,nec:& v .. co)/v:n > I, O< .A/2- B < 1 }'eE(O)R 
' <©e 

(28) 

« 1 

weaI>me ero xapaKTepHoa aaeprHH. CHe,D;oBaTeHI>HO, :e n11asue aHeK­

TponoH01n1TeH:&Horo rasa nn>0,(9>2.E.)u cpn>0(0>4~e) • . 9TO 

osaaqaeT, qTO npH Yg = O pemeHHH (26) HeEaT He :eL111e !lJYHKl.\HH 

EecceHH. KaK BHAHO HS :eapallteHHa (15) H (28), y:eeHHqeHHe 'AaBHe­

KHH raaa npHBO,D;HT K y:eeHHqeHHD CaMOCOrHacoBaHHOro nOHH H na -

paMeTpa ~n t qTO npHBO,D;HT K 6oHee H60,llH OpO,D;HOMY pa,D;HM:&HO­

MY pacnpe~eHeHHD KOHqBHTpal.\HH 3H8KTpOHOB. 0TM6THM, qTo aTa MO­

A6Hl> yKasblBaeir ea ae:eosuoa:HOCTI> peaJ1HsaIU'IH B ITC aHeKTponoHOlltH­

TeHI>HHX rasOB 60Hee OAHOpO,llHblX pacnpe,D;6H6HHLt KOHqeHTpal.\HH <WeK-· 

TpOHOB no pa,D;Hycy, qeM WYHKl.\HH Eeccena, a TaKllte xopomo onHcaBa­

eT aKcnepHMeHTaJII>Hae 'AaHHliB 0 KOHTpaKl.\HH IlC npH yBeJIHqeHHH 

'A8BH6HHH H paspH,llHOro TOKa. 

2. AHaHH3 pem~HHH (26) H :eapaxeHHLt (2?) noKasliUlaeT, qTO 

yqeT KOHCTaHT CKOpOCTea SHBMBHTapHHX npouecCOB o6pasOBaHHH H 

paapymeHHH OTPHUaTBHl>HblX HOHOB, a TaKa:e ,D;OHH AHCCOqHaUHH KHCHO­

po,11,a npHBO,IUIT K OTpHiiaTBH:&HliM 3HaqeHHHM napaMBTpOB n H cp , 
a TaK KaK 8=4n.2 -1 '+Q.., TO peaHH3Y6TC

0

H HepaBBHCTBO 8 42c. 

'?..? 



iA 

Ill 

~eccax (22] 

* 
[!pH STOM pa,!11t!a.JI:bH06 pacnpe;a.eneHHe KOH1\6HTPWU1H SJ16KT pOHOll ll 

0
a + e - Oa ( 4,5 3V i 8,3 3V) + e - 20 + e . 

c peaynl>THPYE~e~ KOHCT2HTO~ CKOpOCTH 
nnaawe aneKTpOOTPHl\aTenI>HwC ra30ll CTaHOBHTCH 6onee 0)1.HOpO;a.HWol, 

qew moTKHHCKOe pacnpe;a.eneHl/18 no ~yHKl\HH Ee ccenH, a pa;a.HaJII>­

HOe CaMOCOrnacOBaHH08 none Cl/11ll>HO YM8Hbllia8TCH. 
Cne;a.oBaT8JlbHO, npHCYTCTBH8 60llblli0~ OTHOCH T61ll>HO~ KOHl\6HTpa-

l\Hl/I OTPHl\aTenI>HblX l/IOHOll B nnaaue npH uaJiblX ;a.aBJI8Hl/IHX raaa 

( a. » I) npl/IBO.zllt!T K ycTaHOBJieHl/IIO noqTH o;a.ttopo;a.Hwc pa;za1anI>HblX 

pacnpe;a.eneHl/I~ cauocornacoBaHHOro nonH l/I KOHl\6HTpal\Hl/I aneKTpo -

HOB. ITpl/I aTOM HaJIH'lHe OTPHl\aTenI>HWC l/I OHOB yueH1> maeT aeaqe HHH 

AaBJI8HlllH raaa l/I pa3pH;a.HWC TOKOB, npH KOT Opb!X ycTaHallnHB88_TCH 

KOHTparl/lpOBaHH08 COCTOHHl/16 ITC pa3pHAa ll aneKTpOOTPl/ll\8T8nbHWC 

raaax, qTo cornacyeTcH c a~cnepl/IM6HTanI>HblMH l/I pacqeTHWIH ;a.aH­

HWll/I [3,7,I0,33] • Kpoue Toro, HS Blipa.:6HH~ (27) H (28) cne;a.y-

3T, qTo npoKaqKa raaa B paapH;a.e KHcnopo;a.a oy;a.eT rrpl/IBO;a.HTI> K 

6onee o;a.ttopo;a.ttouy pacnpe;a.eneHl/IIO aneKTpOHOB no pa;a.Hycy Tpy6KH 
I 

(yMeHblllaeTCH napaMeTp 9 ) , qTO KaqeCTB8HHO cornacyeTCH C 

HaiJUU.IH SKcne p~1M8HT2Jll>H blM l/I ;a.aHHblMl/I - yu0Hl>lll28TCH aKcnepl/IM8H -

TaJil> HO onpe;a.enHeMli~ napaueTp S (cw.Ta6n. 2). 

On pe;a.enettl/le KO Hl\8HTpaIJ>1H aTOMapHoro 

Klt!C110p0,1¥i B OCHOBHOM COCTOHHlt!l/I 

B Ta6n.2 npl/111e;a.ettu sKcnepl/IM8HTaP.I>Hlie aHaqettHH KOHl\6HTpal\RH 

aTOl.IOB B COCT OHHHl/I 3p5 p ;a.nH BC8X l/ICCne;a.yeMWC TOKOll H 

;a.auettH~. 

3Hafl KOHl\6HTpal\HIO (o (5P)] MOXHO onpe;a.enHTl> KOHl\8HTpaIJ>1IO 

aTmaapttoro Kl/ICJIOpo;a.a B OCHO!lHOM COCTOHHlllii [o(
3
P)) ' ecnH 

npe.n;nonollG!Th, qTo I) ;za1ccoIJ>1aIJ>1H K1t1cnopo;a.a npo1t1cxo;a.v.T B npo -

28 

{ 

9,213 ro-14(E/N -4,89)2 •6556 7 ,06~I4,I2 T;n 

K
9
uc(E/N) :c 2,198 I0-12 (E/N -8,47)1 •5766 I4,I2•28,25 T;n 

4,898 ro-I2{E/N-IO, 75)1•3631 28,25-:-79,I Tit 

2) l'H6eJil> aTOMOll O{ 3 p) npoHCXO,lllt!T ll OCHO:BHOM aa C1leT .zllt!fl><IJY3HH 

K CTeHKru& TpyCSKH ~gucp H BliHOCa noTOKOM raaa Vg 
~ 1e I 0114 -1 -1 .Y

9
uip = ~N2) 5.8/R2 

; X = 0,05, N~ = 7,5·10 (T 273)' CM C 

{ 

0 - 0 M/C 

~" =2v/e "' 28 ,6 - 5 m/c 

57 ,I4 - lOm/c 

3) lloaC5y:1;a.e BHe TpKnneTa 0(3 p 5 P3_1 · ) np0Hcxo;za1T B OCHO:BHOM 

SJ16KTPOHHWI y;a.apou (40] ' 

4) ;neaaKTHBaIUIH cocTOHHKH 3p5 P npOilcxo.miT HaJiyqaTem.Ho 

c J...;: 777 HM , nepexo~ 3p5 P- 3s 5s H !yWeHH6M np11 CTO.ll­

KHOB6HHH c Oz [40] ' KOHCTaHTa KT pa11Ha l,4·Io- 10cw3c-I [28] • 

Tor ;a.a ypaBH6HHH ;zuifl onpe ;AeneHHH [ 0 ( 3 p )) H KOHCTaHT!i B036µ-

'A6HHH ypoBaa 3 p5 P Kc (E/ N ) csy-;zyT Hue TI> llH'A 

~ (0 (5P)]::. Kg(E/N)[O]ne - (KT[Oa] + 1/'Cp)[0( 5P)] 

d~ (0(3 P)] = K9uc(E/N)[O'i.]ne - (~9u<p+NycbiH)[0( 3 P)]/N 1 

r~e N = [ 02] + [ 0] • Ills COBK6CTHOro peweHHH CHCT8KLI ypaBH8HH1t 

,AJU1 O( Sp ) H O( 3 p5 p ) KO&HO no.ny1Dl'rl> BlipaaeHHe MH ~OJIH 

29 
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Ta6JIH1.ta I 

P ,Topp 2 
. 

4 8 

Ip, MA V,M/C Up E To Tc ti 
Up E To Tc 

~ 
Up E To Tc ~ KB B/CM K K KB B/CM K K KB B/CM K K 

100 0 I,27 8,9 550 362 0,550 I,33 9,2 594 365 O, 7II I,4I 12,2 8!0 428 0,999 
5 I,76 24,8 630 400 0,3I6 2,2I 37,9 774 444 0,3I2 I,45 I4,4 649 399 0,555 

IO I, 74 23,8 6I5 402 0,305 2,09 35,0 754 435 0,328 I,35 !5,0 630 39I 0,497 

80 0 I,25 0,9 503 353 0,5I7 I,22 8, 7 560 35I O, 743 I,49 12,7 725 359 0,964 
5 I,77 25,9 595 389 0,308 2,03 3I,8 647 43I 0,270 I,32 14,3 614 362 0,592 

IO 1,72 24,7 577 387 0,302 2,23 38,8 691 426 0,273 l,29 I5,6 580 355 0,488 

60 . 0 l,26 9,1 483 333 0,659 l,24 8,9 516 333 0,782 l,60 14,0 609 342 0,75I 
5 l,84 28,l 571 378 0,340 l,23 8,0 451 331 0,644 l,18 I5,0 512 343 0,455 
5 2,05 34,0 580 396 0,260 

IO l,78 26,6 565 374 0,355 2,00 35,8 595 400 0,268 l,27 16,5 496 347 0,372 

30 0 I,20 9,3 391 308 0,637 l,23 9,1 424 319 0,623 l,37 15,0 505 3I8 0,683 
5 I ,97 30, l 498 346 0,450 1,00 II,4 438 326 0,862 l,15 16,0 488 319 0,659 

IO 1,90 28,8 479 347 0,403 I,00 8,6 427 332 0,975 I,23 17,0 476 318 0,633 



-Ta6JIHI\a 2 

Tac5JIHI\a 3 
P, Ip v. E/N, 

~ 
ne(O), 1(777) (777) [OJ 

Topp uA .M/C T.1l CM-a cpoT/CMaC CM-a CM-a 

IOO 0 2S,3 2,S 2,79 Ir 7,6 .r4, 2 ts ~7 ~ 4,90 .rs.i 
s 80,9 0,4 9,43 9 2,7 >IS 9,I 7 S,43 >IS 

IO 7S.8 0.3 9.63 9 2.s IS 8.3 7 3.9S IS P,Topp 2 4 8 
tlU u ~~:3 ,l,4 ~:g~ ~r 

6,j1 .14,1 ~.1r:~ I~:§~ >15} 
s I,I I,7 .rs S,7 7 .rs , 

2 IO 73,9 0,8 8,S7 I,6 IS s.s 7 3,80 IS 
V ,M/C 0 s IO 0 5 IO 0 s IO 

60 0 22,6 2,3 I,7S~IO) 4,4~14~ I,S~7~ 3,60~IS~ s 83,I I,3 6,S8 9~ I,0 IS 3,S 7 4,99 IS 
IO 77,8 I,2 6,72 9 I,I IS 3,8 7 3,41 IS 

TBP'K sso 630 6IS S94 774 7S4 810 649 630 

30 0 I8,7 2,2 9,62~9~ 4,4 ~I3 ~ I,sr~ 2,I8~IS~ s 77,6 I,4 3,SO 9 3,3 14 I,I 7 3,33 IS 
IO ?I,4 I,3 3,62 9 3,4 14 I,I 7 2,19 IS 

TTil' K 500 6SO 640 S30 7SO 734 800 610 600 

IOO 0 I3,2 2,6 4,29~10~ S,3~14~ I,8~7~ 3,SI~IS~ s 7S,9 I,S I,20 IO 2,I IS 6,9 7 I,SI I6 
IO 68,3 I,2 I,21 IO, 2,I IS 7,0 7 7,S6 IS 

80 0 12,6 3,0 3,80~IO~ 4,4~14:~ I,Sr~ 3,00~IS~ s S3,3 I,7 I,24 IO I,6 IS S,3 7 9,93 IS 
4 

IO 69 ,4 2,0 I,I2 IO I,3 IS 4,3 7 8,2S IS 

60 0 II,9 3,3 ,,rTol ··ri I.Tl 2,5I!'5l s 9,3 I,I 2,3S IO I,9 14 6,3 6 2,43 I4 
s SI,I I,9 9,93 9~ 9,S I4 3,2 7 9,22 IS 

to SS,I I,8_ 9,28 9 9,3 I4 3, I 7 6 ,20 IS 
30 0 I0,3 6,7 3,07~10) I ,4~I4~ 4 ,6 ~6~ 2, I7 ~I5~ s I2~9 0,6 8,82 96 2,S I4 8,S 6 4,57 I4 

!O 9, 0,4 I,02 I ) 2,4 I4 8, 0 6 7 ,3I I3 

I OO 0 12,8 3, 0 4, 74~IO~ 7 , 6~I4~ 2,Sf 7~ S,79~IS~ 5 I2 , I I,7 3,77 IO I,2 IS 4,0 7 I,9S 15 
IO I2 ,2 I,4 3,53 IO I,2 I S) 4,0 7 1,16 lS 

80 0 II, 9 3,8 4.62~IO~ S,4~I4~ l 8 ~7 ~ S , 68~1S~ s II,3 2,7 3,02 IO 7 '7 I4 2
1
7 'I I ,27 IS 

8 IO II , 7 2,2 3,40 IO 7,7 I4 2:6 7 I,03 IS 
60 0 II,O 4,0 3,77~!0~ 3,9~14~ I ,3 ~7 ~ S,33~IS~ s 9,9 2,9 3,24 IO 5,4 14 I,8 7 9,22 14 

IO I0,6 2,3 2,78 IO S,I 14 I,7 7 7,00 14 

30 0 9,8 8,0 3. 76~10~ I,I~I4~ 3,8~6~ 4,a7ps~ 5 IO,I 4,6 2,22 IO I,5 14 , 5,0~6 7,34 I4 
IO IO,S 4,0 I,95 IO I,4 14 4,6 6 4,40~14 --
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Tal'.5JI111~a 4 

Pea.Kl.lllllll 

N~ Peam-1111111 Kotte TaHTbl, cM3• c - 1 

I Oz(g)+O-Oz+O 8(-14) 

II 0z<g) + o3-20z + o 2(-II) 

Ill 0z· + e -02 + 2e K(E/N) 

IY Oz (a) + e-~ + 2e K
0 

exp (0,98/T) 

y 0z + e-o- + o K(E/N ), a./P(E/P) 

YI 20z + e 02 + Oz r:i-/P(E/P) 

YII o- + o-0z + e I,9(-I0),2(-IO) 

Ylll e - ~qiq,ya111H NDe(E/ N) !!PH H.y 

IX 
0 - · 18 _T_ o,m 

- JU!qJ(fJya111a ND"=7,5·IO (z73) 

x O( 3p) + e--o( 5P,_3)+e IK:s(E/N) 

XI 0( s P1-3) + 0z- 0(3P)+02 I,4(-IO) 

XII Oz + e-20 + e K(E/N) 

Xlll 02 + o-o- + Oz 3(-IO) 

XIY 0zca) + 00-20z + o 7·roI3exp(- 1564) 
T 
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IlO.lUI~C~ K PMCYHKAM 

PHc.Ia·P-:seTil:& aT.MocqiepHoJ.l: noJiocu.KHcJiopo;zta c paapemeHHOit :spa­

maTeJI:&HOJ.l: CTPYKTypoJ.l: 

PHc.I6 3rurncHMOCT:& fn[:J/(j'+ 1)] OT j'(j'-t1) B paapll;zte 

Itl'lcJiopo.na rrpH IP = 80 MA, I - P = 2 Topp, v = OM/c ; 

2 - P = 4 Topp, v = 0 M/c ; 3 - P = 4 Topp, v = 5 u/c 

PHC.2 Pacnpe;zteJiemrn T8MIIepaTyp1i1 raaa T ( ~ ) H KOHI(8HTpa!UIE 

3JI8KTpOHOB ne(~)/ne(O) = Y'(~). no pa'Al'Jycy Tpy6:m B 

paapHitHOJ.l: nJiaaMe Kl4CJIOpOM npH I , • - V = 0 u/c 

2, 0 - v = 5 M/c, 3,A - v = IO u./c. a) Ip = 30 MA, 

P ~ 4 Topp, 6) Ip = 30 MA, P = 8 Topp, B) Ip = 60 MA, 

? = 4 Topp, a;ztec:& Ha KPHilbDC 2H M 2B o6o::rnai:zelili HHSKO -

BOJi:&THliit H BiilOCOKOBOJI:&THliit peuua, COOTB6TCTB8HHO' IlPH 

v = 5 M/c, r) Ip = IOO MA, p = 2 Topp 

PHc.3 3aBHCHMOCT:& napaueTpa § (cu • .111ipW1emrn (2a)) OT ;zta:eJie­

HHH raaa npH a) V = O M/c, 6) v = IO u/c; • - IOO MA , 

A - 80 MA, o - 60 MA·, X - 30 MA 

PHc.4a 3aBHCl'IMOCT:& nonpaBKH Ha H3Jiyi:zeHHe OT TeM~epaTypli TepMona 

PH B paapH'Ae KHCJIOpO,"lta • 

PHc:4o OnpeAeJieHHe HCTHHHOit TeunepaTypli raaa Tr B nAaaMe KHCJI(r 

POM no llOKaaaHHfiM Jt:Byx Tepuonap c ,ZiiHWeTpaMH d1=- O,IB MM 

da = 0,47 Mil IIO (Sa) 

PHc.5 noJIH 8H8PI'HH ~ , BKJia'AWla6MOit B paapH;zt Kl4CJIOPOM, rre-

pexo;ztnman D TerrJIO!Y B aaBHCMMOC!H- OT MBJI6HHH raaa npH 

paapa;l(HWC Toxax • - IOO MAt A- 80 MA, o - 60 MA, 
' x - 30 MA; a) v = O M/c; 6) v = 5 v./c. liyHKTMpOM 

o6oaHaqea IlliCOKOBOJibTHblit pex.v.u rrpR IP = 60 MA.; 
B) V = IO M/C 

4, 

PHc.6 3aBl!ICHMOCTl> K08gjpHI(H8HTO:S YMPHOit HOHH3al(Hill o{L/ p H 

npH.mmawrn olo /P OT E/P B paapH;zte KHCJIOPOM [3) 

Pirie.? 3aBHCMMOCTb rrponeHTa ;l(HCCOI(Hal(HM KHCJIOpOM OT ;l(a:SJI8Hlrili 

raaa H CKOPOCTH rrpoKal!KH' onpe;l(6JI0HHall H3 (29) npH TO­

Kax e - IOO MA, ll- 80 MA, o - 60 uA, X- 30 MA; 

a) P = 2 Topp; 6) P = 4 Topp; :e) P = 8 Topp; 

r) V = 0 M/C 

PHc.8 KOHCTaJl.Ta CKOpOCTH :soa6y~;l(8HHfl COCT~HHHH 3p5 P aTO­

uapHoro KHCJIOpOM aJieKTpOHHNM YMPOM B aa:eHCHMOCTH OT 

E/N • x , o , ~ - aam 3xcnepHMeHT (corJiacHo (30)), 

CilJIOlllHaH JIHHHH - paci:zeT no BUpallteHHD (3I). 

4~ 
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