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AHHOTAgHH 

Pa3BRTa RO~tTOMeTP~eCKaff NBTO~ RCC~e~OBaHHH nponecca 

o6pasoBamta: Mmtporrop B no.mts~eH'Iepeti>Ta.n:aTHoi IIJieHRe, o6.nyqeH

Hoi YCROpeHHDIMR TH.ilte~:EllVCJ.t HOHa.MH, CtCHOBa.HHM Ha H3MepeHD 3~eR

TpKqecKO~ npoBo~oCTR nneHRR rrp:m: Tp~eHKK. BHBe~eHH WOPMY~. 

IIpl'I6JimiteHHO OimCHBaJOillMe 3aBHCIDJIOm~:& 3~eRTponpoBO.n;HOCTR IIOJIHMep

HO~ IIJieHRR oT BpeMe:IDI ee xmvmqeCJcoit o6pa6oTKM wm C.JIY'laeB, :s:or,n;a 

B ILJleHKe KMeeTCH 0~ CKB03HOit TpHK liiJm rrpOH3BO~HOe HX 'til!CJIO. 

IIoKa3a.Ho, qTo rrpH H3BeCTHoi c:s:opoeTR Tpa.BJieHIDI Ma.TepE:aJia ITJieHRE: 

'Ia MOJB:HO ITO pesyJI:&TaTa.M ROH.IJYRTOMeTp:m:qecrooc K3Mepemrli OD;eHHT:b 

qxcJIO CKB03HHX OTBepc~, pa36poc BO BpeMeHH KX o6pa30BaHHH H rrpo

,IJ;O~HYlO cKopocT:& Tpa.BJiemrn CJie,n;oB sapmK~HHUX qacTHIJ; Vr • 
Hcc~e~OBaHO BJIKHHRe pa3Jmqfi~ ~TopoB Ha CKOpOCT:b TpaBneHRH 

Tpe:s:oB It! :as6HpaTeJI:&HOCT:& Tpa.BJieruur V = VT /Vs . MsyqeHa npor

peccM JiaTeHTHOrO TpeKa rrpH Xpa.HeHI!IR 06.nytieHHUX JiaBCaHOBUX IIJieHOK 

Ha Bos,n;yxe H npx o6~eHRE: Y~-cBeToM. PaccMoTpeHo BJIHRHHe ycJioBRi 

Tp~eHRH - KOH.UeHTPauMR e.n;Koi me~Oq:K H TeMITepaTypH - Ha reoMeTpH

qecicy'IO ~PMY rrop. liOKa3aHO, qTo r:yTeM yBeJmqeHKH E:36H:paTeJI:&HOCTE: 

Tp~eHM MOmtO IIO.Icy'iRT:b MHKPOIIOJIH C ,rr;Ha.MeTpa:MR t pa.miHMH pa3Mepy 

p~auKOHHOrO ITOBpe~eHRH, KOTOpl~ B c~ae RCITOJI:b30BaHHH ycKopeH

HHX ROHOB 136xe pa3Jm"CffillX 3Heprmt COCTa.BJIS!eT 50-70X. 



BBE,IkEHME 

MeTo,IUr.Ka :asroToBlieHiffi MMl\.J!OWHJibTJ!OB rryTeM o6Jli.f'!OHIDI 

TOHROrO ~8~8KTJ)HKa T~8~ 3~!~8HHHMH ~aCTHUaMM H ITOC~e~ 

Il\8ro TpaM8HH.H 6wra npe.n;JioJKeHa :a I962 ro;rry [I] • )J.aHHhiH 

ITJ!HHD;t'Ill J)8aJIM30BaH Ha TIJ)a.I\.TJU\8 B CillA, r,n;8 H8. OCHOBe ITOJlliK8.J!-

6oHaTHOH n~8HKH n LeX an. " rrpoH3BOMT (i>HJII>TJ!YJOll\Hii M8.T8J!HM 

" tJuc fepore ". 

B na6opa.TOPHH .H,n;8J!HHX p8aKUHH OMHYI pa3pa6oTaH8. M8TO~Ka 

ITOJIY1!8HH.H MHKpOC~HJibTpOB H3 ~8J3flaHOBOH (ITOJlli8TH~8HT8P8WTa7I8.T-

HOH - IT3T<J?) ILJI8HK1I [2, 3] • ITpcu;8cc :asroTOBJI8HIDI 0HJioTpoB BK.JII0-

1!8.8T B C86.H CJI8,IJylOll\H8 CTa;IOm oCpa60TKJii TIJI8HO~OrO MaT8pHa.7I8.: 

a) o6.rryqeHH8 M8Hllli TH.j[O~hiMH HCHa.Ml! Bl:lB8,n;eirnoro IJY1!K8. IJ;HI\JIOTpo

Ha Y -300; 6) OCJIY1!8HH8 YJILTpa(g:v.:o~8TOBblM CB8TOM Ha B03.IJYX8; 

B) TJ)8.BJI8HH8 B J!8.CTBOpe 8,Il;IWH ll(8~01IH i, r) TIJ!OT.IIhiBK8. H CyniRa. 

ITo.JIY1Ia8Mbi8 NMKpoqm.i'ThTJ!bl ( ".H,n;epHble Y)HJII>Tpu") RM8IOT cpe,IJ;HHii ,Il;l1:a

M8Tp nop OT 0, 03 MI\.M ,Il;O 2-3 Nli\.T'l H xapaKT8pH3YJOTC.H 0~8H:O Y3KMM 

pacrrp8,n;8~8HH8M TIOJ! ITO J!8.3M8J!8.1Vl. 8r.ro CBOMCTBO OT.llli1!8.8T 11JI,.Il;8pH1I8 

(Q:aJI:oTpH" oT Bcex g)H~:oTpoB .n;pyrnx THTIOB I! ,IJ;e.naeT :vrx H8.3a.MOHIDIIhi

MH BO NIHOrHX o6~aCT.HX H8.Yllli H '~8XI:UIKH. PemeHHe 3a.TI;8.'tlll IIOJIY1!8HH.H 
0 0 

MHKJ!oWM:OTpOB C 811\8 60~88 Ma.JI1Il/II1 IIOJ!a.NIH ( 50A - 300A) , IWTOpble 

MOryT H8.HTll llpl!M8H8HI!8, H8.ITJ!HMt3J!, B BUpyco~OrHH, B T8XHHK8 

rasopas,n;e~8Hll.H, Tpe6y8T np8o,IJ;o.rr8Hliffi p.T.I,Il;a .nonoJIHW.r8JII>HHX Tpy,n;

HOCT8M. 

B 0611\8M C.l.JY'18.8 nopa M8.9H1IX (pl!JI:OTpOB IDJ18CT CJ:!OPMY )IJjlyX 

YC81ICHHHX ROHYCOB, COBM8II(8HHbiX C8~0HHIDJJ1I ( 11 ll8C01!Hbl8 '!8.Cbi 11
). 

CooTHomen:vre ,IT,11a.M8TJ!OB Bxo,ruwro oTBepcTIDI 11 ca.Moro ysRoro y-qao'l'

Ka IIOJ!bl onpe,n;8.JI.H8TC.H 1!8Tblp:ONI.H rrapal'!I8Tp8.MH: TO.Jlll\HHOH J:trr8HE:IJ 

f.o , cKopocT:oro TpaBJieHM HerroBpeiKJ];8HHoro noJrnMepa. Vs , cKo-

pocT:oro Tpa.BJieHH.H B,n;oJr:o TpeKa. CioM6ap,IUipYJOII(811: -qa.cTHD;bl VT n 
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BpeMeHeM Tpa.BJieHH.H t . B TO BpeJ.m KaK ~ M.H .naHHoro ura-

TepHarra sam1cHT JIIDili> oT Tervrn:epaTypu :ii COC'l'aBa TpaB:aTeJI.H, VT 
OIIpe,TI;eJI.HeTC.H MHOrHMH .npyrHMR CflaKTOpa~m, II01<1UMO yJKe Ha3BaHH1IX -

BH.TI;OM 6oM6ap.TI;Hpyrome:fi ~acTunH u ee sHeprneit, ycJioBll.HMH xpaHeHH.H 

o6.cy~eHHOM IIJI8HKH, B03.TI;8MCTBH8M CBeTg,, T8IIJia ll .TI;p. 3TO CBSI3aHO C 

TeM, 1ITo VT onpe.neJI.HeT cKopocT:b TpaBJieHH.H pa,rura.u;:aoHHo-.necTpyKTH

poBaHHoro MaTepHaJia B TpeKe, KOTOp.blii ITO cpaBH8HI1IO C H8IIOBp8JK.TI;8HHIDII 

IIOJIHMepoM OOJia.TI;aeT M30HTO~HOH XHMM~8CKOM 8HeprMeH ll IIOBHlli8HHOH 

~BCTBHTeJI:bHOCT:bro K BHelliHHM Bos.nefic'IBHIDA. MsMeHeirne VT oco6eHHo 

CI\8.3IIDaeTC.H Ha rrepBOM CTa.TI;llll TpaBJieEH.H, IWr,TI;a ~~OpMJIIpyroTC.H TIOpH 

HaiDJI8H:bi.I.IIDC .IJ;H8.M8Tp0B. B CB.H3H C 8TID/ BCT8.8T BOIIpOC 0 .TI;8TaJI:bHOM 

HCCJI8.TI;OB8Ellll 3aROHOMepHOCT8H TpaBJieFU.H p~a.I.J;HOHHO-IIOBpeJK.TI;eHHOH 

o6JiacTu TpeKa. Hac 6y;n;eT IIHTepecoBa'J':b o6JiacT:b 6oJI:bi.lli1X sHa~eHMfii VT , 
.TI;JI.H H3y~eHH.H KOTOpOH y;n;ocieH ICOH.1JYKTOM8Tpu~ec:Kl!M M8TO,II;, rrpe.TI;JIOJKeHHbiH 

B pa60T8 [ 4] H IIpHMeHeHHHH BIIOCJI8.TI;C~:'BO .nJiF.r Ha6JTIO.TI;8HH.H (\_lOpMMpOBaHH.H 

MHKporrop B CJIID.TI;e, OOJIY~8HHOH OCKOJIL·:aMH .TI;8JI8HH.H [ 5 ] • MeTO.TI; OCHO

BaH Ha perHCTPaullll o6pa3YIOmflXC.H IIPM TpaBJieHHH CKB03HUX rrop B ,neTeK

TOpe no yMeH:biiieHI1IO ero sJieKTpM~ecKo:::>o conpoTuBJieHH.H. 

UeJI:b HacTo.Hme:fi pa6oTbl cocTo.ma B npmAeHeHHM .nrumoro IvieTo,na 

.TI;.IDI H3Y~8HHH Ha~a.Jil>HOH C'ra.TI;HM o6pa3·)BaHH.H MIDtponop B H3T<J? - IIJI8HK8, 

odny~eHHOM TRJKGJIUMM HOHfu~. 

I. MeToJUllia ::mcrrepuMeHTa • 

I. I. l{oHcTpYKUJI.ff IWHJ!YKTOMe'rpu~ecKoli n11eliK1::1. 

)J:ID:r OIII:lTOB HCIIOJI:b30BaJiaC:b I'i.OH.1JYKTOM8TpU1!8CKa.H .ff"t:I8HKa, KOH

CTpyr{~1.H KOTOpofi U3o6paJKeHa Ha PHC. I. MccJie.nyeMHfi o6paseu TIOJIH

M8pHOH IIJieHror I, o6~eHH'biH TroKeJimvu uoHaMM, .HBJI.HeTc.H usoJIHpyromefi 

neperopO.TI;KOH M8jp'.,lly JI8BOH ll npaBOH "tl8.CT.Hlvll1 Ita.Mepbl TpaBJieHH.H, B KO

TOpHX HaxO.TI;.HTC.H IIJI8.THHOBU8 llJIH HHKEJI8BI:l8 8JI8KTpO.TI;I:l 4 ll 9. 
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fl'Ieihta noMemaeTc.n B TepMocTa'r. IIpH ,n;oc•;IDKeHIDI pacTnopoM · neo6-

xo.n;KMoii: TeMIIeparrypa no,IijOOJia.IOTC.R: nopnmx II x 12, npe,n;o.xpa.H.f!IOinHe o6-

paseu OT BOS,n;eiCTBHH napoB TPaBHTe~. :?aCTBOp nepeBO~TCJl: B KaA~epy 

Tpa.BJieH:w:r npH noMOmH nopllJliei 5 H 8. TeJvmeparrypa nenocpe.n;cTBeHHo 

B KaMepe Tpa.BJieHR.R: KOHTpo~yeTCE TepM)pe3HCTOpOM 7. 06~eM I~epa 

TpaBneHRIT ,n;oeTaTo't!eH ~ Toro, 't!To6a paexo,n;oBaHRe me~o~ na X]Um[qee

EYID peaxnHID C llO~epoM npaKTH't!eeKH He H3MeHRllO ReXO~ KO~eHTpa

u;mo. Bee ,n;eTa.mt .R:'t!eil:KH BbiiiOJIHeHa ns <J)TopoiTJiaeTa ~-4. Tpa.BHMM ITJio

ma.n::o o6pasua eoeTa.J3JIJIJia I, 76 er? MH C , IO crvf. 
I. 2. Hec~e.nyewe MaTepHMa x o6.JIY't!emre. 

B aKenepHMeHTax xeno~sonanaeb r~1~ - nneHKa oTe't!eeTBeHHoro 

npoHsBo,n;cTBa (~ea.H) c HOMWiaJI:&Hon TO~Hoi 8, IO, I2 MIOV£ x ITJIOTHoc

TbiO I ,40 r/eM3 x nponsBo.n;eTBa ~Pr (xo<:Ta<l>aH, (PHJ;>Ma " K all e ") 

To.JimHHoft 3, 7 MKM x I17IOTHOCT:&IO I, 36 r I oM3• lJJieHKH o6.7JY't!a..rme:o HOHa.MH 

I6o, 22Ne, 40 Ar , 132 Xe , 136Xe Ha ruiMoTpone JmP 011.ffii. lJ.JroT-

HOCT:& TpeKOB B o6pasua.x COCTa.B.7.tW.Ia lOG- 108 r/eM-2. }J;JI.H H3Y't!eHIDI 

sannciDJiocTH VT oT aneprmr 6oM6ap;J;Iiipyromeii 't!acTH!Ul ncno~sonaJIRc:o 
CTOIIKH IIJieHKH XOCTacl>a.H. 06.nyqeiDie npo:i!3BO,mrJIOCb nepneH.n;mzy.7IJIPH1IM K 

TIOBepXHOCTH n~eHKM nyqKOM. 

OKCilOHHPOBaHRe Y~~BeTOM npOH3BO~~oe:& npH UOMOmH 6aTapeH 

~a.MII Jffi-30, HMeiOIItHX Ma.KemnyM miTeHCHBHOeTR R3J.tY't!eim:Jl: B 06~aCTR 320HM. 

1.3. MsMepxTe~Ha.n exeMa. 

8~eKTpR't!eeKaH CXeMa YCTaHOBKH ~ R3MepeHHR eorrpOTKBHeHRH 

ffllei:KH B npoueeee Tpa.BJieH:wr npe.n;cTaJ3JleHa Ha pne. 2ao 11sMepHTe~Ha.n 

Ueil:& TIKTaeTe.R: ReTO't!HHKOM eKaYeO~anbEOrO Hanp~eHHJl:. 8~eKTpH't!eeKa.R: 

3KBRBaJieHTHM CXeMa Y't!aeTKa a~eKTpH't!E:eKOH uerm a~eitTpO,Il; -

paeTBOp - o6paseu - paeTBOp - S~eKTPC•,D; H3o6pailteHa Ha pRe. 26. 
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EMKocT:b C no,IU3o,lllill.\ero Ka6eJI.fl R aJieKTpo.u;oB .u;ocTaTO'lHO MaJia 

(<!~) H npH HCUOJI:b30Ba.HHH HH3KO't!aCT1)THOrO ClirHa.Jia MOJKeT 6BT:b 

HCRJliO"t!eHa H3 paCCMOTpeHIDI. EMKoCT:b C:IJI nJiemm - Me"M()paHB T0.7IIIUI

Hoi 3 - !0 MKM COCTa.BJI.B:eT COTim IIIDtopapa;n;. CorrpoTHBJiemte pacT-

R' Ru 
Bopa p + p HMeeT Be.mflmHY 3 - 2:) OM, B 3a.B7tcMMOCTH OT KOH-

IJ;eHTPauiD!, COCTa.Ba TpaBHTeJI.fl H Te:MIIepaTypB. l13MepeHIDI npOBO.u;R

~C:b Ha 11acToTe IOOO r.u, npn KOTopoE RCRJIIDqaeTCH noJIHpRS~ 

SJieKTpO~OB. TipR Haxo~eHRH aKTRBHOrO COnpOTHBJieHKff MeM6paHB 

RM B HHTepBaXe ro7 - I02 
OM y-qRTBE~ BK~a.u; Be~ eM I{ 

' R .. Rr + p B noJIHoe conpoTHBJieime .A:tie!Im. 

Ha srqemcy no.u;aBaJioc:r, Hanp.FDiteERe 0, 5 - 2B. TipoTeKaHRe To

Ka llepes CKB03HYJO nopy B npmmane MCtJKeT npRB6CTR K pasorpeBy 

naxo;zr;nqeroc.a: B Hei pacTBopa. TeopeT~:-qecl:Gtli paclleT BeJIR"tliDIB aTo

ro aqxpeKTa npxme.u;eH B pa6oTe [ 6] . UccJI~llYH TpaBJieHHe n;neHTKti

HHX o6pasu;oB npH Hanp.fDKeHrurx Ha srqejtKe , paBHHX IB, 2B, 3B , MH 

y6e;mt7IHC:O, "t!TO H3MeHeiDie npOBO,Il;HMOQr;~H MeM6p8lU1 npOHCXO,ItRT O,n;H:

HaKOBSM o6pasoM, n, cJie.n;o:aa.TeJILHO, IIPR .n;rumwc yCJioB:wrx: JIOKaJII)lillii 

pasorpeB Tpa.BHTeJI.fl B nopax npaKTH"ieOIGI OTCYTCTByeT. 

TI. 3aBRCHMOCT:b 3JI6KTpHlleCKOK npOB08!MOCTH 06~eHHOi 

~~a.Hbi OT BJ?el.'.~eHH T~~· 

TeopHH H aKcnepHMeBT. 

2.!. Tpa.BJieHHe o;n;Horo Tperm. 

~ Haxo~eHRH npOBO,Il;WMOCTH ITOpbi KaK ~KUHR BpeMeHR BOC

llOJI:bSyeMCH o6menpHHHTHMH npe,Il;CTaBJieHHHMK 0 reoMeTpHH TpeKa 
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TmKeJI0}1 "l!aCT:V.mH B O,D;FIOpO,IU10M 1I 1I30T)OilliOM MaTep:vraJie .IWI.ff CJIY'IM, 

rwr.rr;a VT He MeHHeTCH no ,n.mme Tpe::ta. Bxo.mwii ,II;MaMeTp nepneH-

.rm:ey.rurpnaif K noBepxHOCTH nopu npn y:)JIOBID'I VT >> Vs K MoMeH'l'Y 

BpeMeHH t orrpe.rr;eJIHeTCH no WOPMYJie 

(I) 

a ~aMeTp B HaHOOJiee ysKoH "l!aCTH 

(2) 

r.rr;e i;, - BpelVlff CKBOSHoro npoTpaBJrn:Ba.HIDI TpeKa. 

3JieKTPH"LieCKoe corrpo'l'UBJieHHe pacTBopa, sarroJIHmoi.l.lero o6'bOM 

Tperm., onpe.rr;eJI.HeTcH cJie.IJYIOllWM BHpaneHHeM: 

(3) 
0 " 

3.rr;eci> K - y.rr;eJII>HM aJieKTporrpoBO.rr;HOJTI> pacTBopa, 

S(x) - rmoma.n;I> rronepe'rnor•o ce"Liemm TpeKa Ha paccTO.fiHHR 

OT llOBOpXHOCTH lln8HKH. 

fvlH: 6y,n:eM paccMaTpnBaTI> Ha"l!BJII>HYIO CTa.rr;HIO Tpa.BJieHJiHI rrop, 

Kor.rr;a :ax ,n;ua.MeTp lVII-IOro MeHI>lile .n:JIHF.hl. IIoa'rOMY rrpH pac"l!eTe conpo

THBJieHM IIOpH rrpeHedperaeM rpaHlfliF.bll.'IH HBJieHH.fllvlH Ha KOHI.J,ax IIOphi, 

a TaiDKe He 6y.n;eM Y"l!H'mTJ3a.Tb, B .rr;aJII:HefuiieM, H3MeHeHHH TO;rmiillH M8Ivl-

6paHH B pesyJIDTaTe CTpa:BJTI1Ba.HHH ru:aCTHKa C TIOBepXHOCTH. BWlliCJI.IDI 

HHTerpaJI (3) C y-qeTOM (I) H (2), LOJIY11aeM BHpruKeffi:e .IJ;Jifl rrpOBOM

MOCTH TpeKa B MOMeHT t : 

(4) 
) 

ru:m, 'ITO TO iKe CaMOe 
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(5) 

r.ne 

(6) 

CrrpaBe.n;.mmocT:& <;PopN\}TJIH (5) rrpoBep.F:Jiac:r, Herrocpe.n;cTBeHHm.m H3Me

peHnHMH. B G -:rvuu<:poHHOH JiaBcaHonoit rrJieHRe, o6JIY1IeHHoM: KoJIJIH

Nrn:poBaHHbDVrn: OCKOJllia.MH CIIOHTaHHoro ,I1;8JI8HH.H .H.n;ep 
244Gm, ;nJI.FI 

Tl)aBJI8HH.H 6HJI BH,IJ;8JI8H ytraCTOI\ C O)I;RIIM II8pii8H,II.l1Icy"JI.HpHHM K IIOB8pX

HOCTH CJI8,Il;OM T.IDXOJIOH traCTIDJ;bi ITO MDTO,IUUC8, Oill1Ca.HHOH B pa6o're 

( 7) . I1ocJie I-traconoi1 aKcnosm.um Y<J?-cneToM ,n;eTei~Top noMema.rrc.H 

B KOH.IfY1\.TOM8TpH1!8CeyiO .Htreiffiy, C01IpOTHBJI8HH8 KOTOpoli H3M8pmiOCb 

npu6opoM B7-I5, pa6oTaiOI1UIM B peJIOO/le OMMeTpa. 

EoJI:&IIIM B8JII11ff!Ha corrpoTHBJI8HH.H o,n;:Hofi no pH( IO 7 - I0
9 

01vr) 

1103BOJIHJia HCTIOJib30BaT:& B ,Il;a.HHOM 0j11J:T8 M3I~IepHT8JI!:>Hy10 U8IIb IIOCTO.HH-

Horo TOKa. 

Ha pnc. 3 rrpe,Il;CTaBJieHH KpiiBH ~ 3aBHCMMOCTH paCCtii1Ta.HHOrO H 

nsMepeHHoro B rrpouecce TpaBJieHH.H 3JieKTpocorrpoTHBJI8HH.H pacTBopa 

B TpeKe oT npeMeHn TpaBJieHH.H. Ha )CH a6ciJ,Hcc OTJIO.iKeHa Be.JIR"lllma 

t- to , 'l'O ecT:& npeM.H, rrporne,IJ;IIIee c Hatia.rra rra.n;emm corrpoT:vrBJieHH.H. 

BpeM.H .£KB03Horo rrpoTpaBJIHBaHH.H ·t, cocTanHJio 64 MI1HYTH. Y,n;oBJieT

nop:vrTeJI:&Hoe COBIIa,TI;8HH8 8KCII8pMMeHraJihHOH II pactieTHOii ItpMBHX IIO.IL

TB8p.iK,Il;aGT IIp8,Il;IIOJIO.iK8HH.H, Ha IWTOpbiX OCHOBbiBaJIC.fi BHBO,Il; (()()pMyJibl 

( 5) : ,UMaM8Tp Tp8Ka pacTeT BO Bp8M8HH JIMH8llHO, Ha'-IliHM 11piDli8pHO 
0 

OT 20-30A B ero Hal160JI88 Y3KOH 1!3CTI1, M CKOpOCTb TpaBJieHH.H CT8HOK 

KaHaJia Tp8Ka paBHa CKOpOCT!ti TpaBJJ8HM.H IIJI8HKI1 C IIOBepXHOCTH. 

OOJI88 IDI3K08 ITO CpaBH8HliiO C paCti8THbiNI 3Hati8HI18 COIIpOTI1BJI8HlUI B 

HatiaJI!:>HHH MOM8HT o6pa30BaHH.H CKBC3HOrO I<:aHaJia, IIO-BH,Il;1IMOMY, Offi.H-
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3a.HO 0 6oJieO 6HCTphllVI paCTBOpeHHOM cep,rmeBUHH TpeKa, cocrro.mi{OM 

:as pa..n;:aarmouHo-rroBpe.nmeHHoro MaTe:r;::aaJia. PacxmK.n;eH:ae aKcrrep:aMeH-

Ta.JibHHX 11 pac"l!eTHHX sHa"lleHm1 R B mtTepBaJie BpeMeHH oT 4 

MKH,YT ,ILO 60 Iv1RHYT MOJKeT 6HTb BH3Bf.HO CJie,eyiOI.IUIMH CHCTelVlHTH"lleC

IUIMM: rrorpeUIHOC'rffivli1: B H3M8peHMJii 0Cirrp0THBJI8H1I.H - 4Jb, CKOpOCTH 

TpaBJieiDI.H IIJiaCTMKa - 5/b, T0.7IIUiillbl C16pasr~a - 2, 57b. 

2.2. TpaBJI8Hli8 Ha6opa ~.'p8KOB. 

Ha pMC. 4 M306paiK8H TMITM"l!Hiffi BH,IL 3aBMCHMOCTli IIpOBO,Il;I1MOCTH 

MOM6paHbi, o6.nyqeHHOfi :rryqKOM Tffiili.eJIIJX HOHOB, OT BpeMOHH TpaBJIOIDI.H. 

3I\CIIepHM8HTa.JI1>Ha.JI KpHBa.H HH IIpH K<lKOM Bbl6ope ~ He OIIHCbiBaOTC.H 

WYHKLUi8H BH,ILa tl9iKV,/'t(t-t;JIIe, r.ue N- 'l!HCJIO Tpei\.OB B 

o6pasn;e. XapaK'repHhllVI .f.CB.JI.fieTC.fi To, "l!TO M3Iv1epeHHM Ha OIIbiTe rrpoBo-

.u:auoc'l'b oTJIH'laeTc.fi oT Cj?yHKI.J;IDI, np::mopiU10HaJibHoft • 
t(t-1;,), 

60JI88 Me,If,JIOHHbilv'I pOCTOM Ha Ha"l!aJibH0M yl:faOTK8, B TO Bp811J..H Kai\. ,JJ;JI.fi 

O,ILHoro TpeKa MH Ha6mO,ILaJIH IIpOTHBOITOJIO*HOe RBJI8IDI8. AorH'IHO rrpe,IL

IIOJIOJKV!Tb, 'ITO He BOO IIOpbi B o6pasu;e npoTpaBJII!BaiOTC.H O,ILHOBpeMeHHO. 

PaccMoTpHM CJIY"llaH, rwr.ua B MeM6paHe nMeeTc.fi N TpeRoB 

TmiteJibiX sapmrteHHLIX "l!acT:v.ru;. IIpoBo,r;vrMOCTb MerJr6pa.Hbi G rrpH TpaBJie- · 

HHH CKJia.,n;biBaeTCfl M3 rrpOBO,Il;IDJIOCTe~: YL CRB03HHX IIOp, o6pa30BaB-

IIIliXCfl K ,ILaHHOMy- MOMeHTY BpeMeiD1 t. . 
i=n 

G (-t) :: 2: ?,· (t) (?) 
c_: 1 

r.n;e ~· (~) - IIpOBO,IJ;JIMOCTb i -TOR IIOphi. 

ilO,ILCTaBJIJlf.[ B (?/::::blpa.JKeHH8 (5) ,IL~IH jc.·(t}, IIOJI:Y'IaeM: 

G{t): £ JiK~1

t(t-"t(.)B(t-t;_} /fo (S) 
~ i:l . 

r.ue (;,· - Bpervriff c1rnosHoro rrpoTpaBJIH!3aHI1fl L -Toil no pH. 
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.IJ:M@:QepeHIUIPYJI ,IJ;BaiK,Il;bi IIO Bp8H8Im lii Y1~kbiBM, 'ITO Tiplii 

~ < t < ~+1 HM88T M80'1'0 COOTHOIII8HH8 2: {) (t -7:;_) :: n. 
i,:::f 

npHxo,:rr;ruJI K (j)opMYJie . , uo3BoJimOme:ti Haxo,IJ;HT:O tmcJio nop B .mo6oi1 MO-

MeHT TpaBJI8HHJI: 

Ha pHc .4 rrpG,4cTaBJieH pe3yJIE>TaTu o6pa6oTI{H I\p:vmoi1 

C IIOMOlU:OID ~OPMY~ (9). 

( 9) 

G(t) 

Ha6JIID,n;aeMhiH pa36poc BO Bp8M8HH CKB03Horo rrpoTpaBJIHBaim.H 

Tp8IWB 3apF.uK8HHbiX "Y:aCTIIll; B IIOJIHrv18pHOH M8M6pa.H8 MOJI\8T 6HT:O o6yc

JIOBJI8H :u;eJiblM p.H,II;oM rrpH"Y:IDI: Heo.roJcpo,ro:-IocT:oro cno:ticTB MaTepuaJia, 

,Il;HCII8pC:U8H TOJIIIUIHbi IIJiaCTHKa, H8MCH08HepreTII'IHOCT:OID nyqKa "Y:aCTHIJ;. 

CpanHemre o6pa3:u;on, o6JIY1IE HHmc HoHru~ 16o, 40 Ar II 
132

xe 

pa3JTI1:"Y:HbiX 8Heprrrn, rrponeneHHoe n pa6oTa [ 8] , rroKa3aJIO, "Y:To 

B CJIY"Y:ae llCIIOJID30BaHH.H HOHOB KC8EOHa BP81i!JI CKB03HOro rrpoTpaBJmBa

HH.H lii ero ,IU1CII8pCI1.H 3Ha"t.UIT8JI'bHO f>IeH:Olii8, "Y:8M B CJ.rytiae HCIIOJI:030Ba

HHJI 60.1I88 Jiermrx: HOHOB. 0"Y:8BH,IJ;HO: 'ITO H80,II,liOBp8M8HHOCT:O OTKpblBa

HH.H CKB03HblX rrop TipHBO,IU1T K pa3Jll["Y:HID llX I~H:VlJ!lla.JI:OHbiX ,IJ;RaM8TpOB, 

onpe,n;eJI.HeMHX caMm'11M Y3Kii!MH ytiaCTJta.MH I\a.Ha.JIOB. Ecm1 npervm CKB03-

Horo rrpoTpaBJIHBaHM BeJnnw, To TIOJIY"Y:aelVIhle rvrn:Kponopbl xapaKTep:u:3yroT

C.H 6oJI:onrpi1 KOHJTCHOCT:OIO H 60JIDIIIOi1: ,II;HCTI8pCYI8H MIDUIMa.JihHbiX ,IUiaMeTpOB, 

li08TONW ,n.JI.fi (Qopivll1poBaHH.H MaJibiX llt)p B 00JIY"Y:8HHOM TIJiaCTID\8 CJI8.IJY8T 

peKOM8H,Il;OBaTb HCTIOJI:b30Ba.HH8 Hal16)JI88 'l'H.iK8~ "Y:aC'l'H.U;, OOJia,Il;aiOl4HX 

BblCOIWH HOHH3HPyi0lU8H CliOCOOHOCTL.O. 

Ill. IlaJ2aM8Tpbl, OIIJ?8,lt8JIJI8Mbi8 0 IIOiv10ffib10 KOHJ!YKTOM8'rPU"Y:8 OK Oro 

MeTo;p;a. 

3.1. CiwpocT:& Tpa.BJieHM.H TpeKa VT . 
MeTo,n; TI03BOJIJieT II3y"Y:a'l'h I\MHeTlf.KY o6pasoBaHU.H mmo3HbiX nop 

B OOJIY"Y:eHHOH MeMdpaHe, xapaiC'l'8PI13yerv'JYID QJyHKUHeH n. ( t) . 
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3HaJI IIOCJI8,IT,HIOIO, MO.iKHO OIIpe,IT.OJTIIT:b C:pe,IT,HIOIO CKOpOC '1'1:> TpaBJieHli.H 

'l'P8KOB 'IaC'l'IDJ; ,Il;a.HHOro BH.rr;a ItaK OTI<OIII8HH8 IIOJIOBllHbl TOJI.I.IU!Hbl IIJie

HO'IHOrO ,Il;8T8KTopa K Bp8M8HM CKB03f:oro rrpoTpa.BJIHBaiDUI IIOJIOBHHbl 

o6IIlero "tUICJia Tpe:&oB ~ : 

(IO) 

Vr rrpe.rr;cTaBJIJieT co6o:M: Be.JIH'IHIIy;., ycpe,IT,HeHeyro no 'IHCJIY TpeKoB 

H no TOJIIImHe IIJieHKH; VT TeM 6JII.IJce It HCTIIHHo:ti cKopocTH TpaBJieHIDI 

.rr;J.LH ,Il;a.HHOH 'IaCTIDJ;hi C orrpe,TI;eJieHHOM 8HeprHeti, 'IBM TOHI:>IIIe HCIIOJII:>Sy

ervThiH IIJiaCTIIROBHM oc5pase:u;, T. 8. M8H:oill8 H3M8H8HU8 IIOTep:r, 8HepriiH 

'IaCTHIJ;hi B,Il;OJib 3aWHKCHpOBaHHoro B JIJI8HK8 y'IaCTKa TpeKa. 3Harr CKO

pOCT:b TpaBJieHM Tp81:ta. H CltopOCT:b ·~paBJieHIIJI H8IIOBp8jiQJ;8HHOrO IIOJIH-

Mepa, Ha.xo,IJ;IDJI BeJIH"tflrny V = VT /~3 -rrapaMeTp, orrpe,n;eJI.RJOll\IIM reo-

MeTp:mo rropH. 

)J;Jm OIJ;8HKH TO'IHOC'rH II3M8)8HH.H Vr rrpoBe.n;eHa cepii.H H3 

IO OIIHTOB .rr,.mr o,mmrutoBhiX o6pasuoB rrp:a o.ruruaKoBhiX ycJIOBH.HX. Cpe,n;He

KBa,TIJ>aTH'IHM OlliHOita O,TI;fiOro II3Mepe:~II.IT COCTaBIIJia 6 %. 

3.2. ~CJIO Tp8KOB Jv . 
EcJIH IIpOCJI8,JUiT:b sa XO,TI;0\.1 QlYHIW.lUI n.(t) .rr;o MOMeHTa, 

IIp8BbllllaiOIIl8rO BperAH CKB03HOrO IIPOTpaBJIHBa.HH.H IIOCJie,IT,Hero TpeKa, TO 

Moxmo o:u;eHIITI:> o6mee KOJTII'IecTBo rrop B o6pas:u;e. 3To oco6ermo BaJKHo 

B C.n:ytia.HX, KOr,IJ;a H8B03r.JIOiKBH H8IIOCpe,II;C'l'B8HHHfi IIO,Il;C'IOT TpeKOB. MeTo

,TI,1IKY MOJK.Ho peKmvreH,n;oBaTI:> ,Il;JLH o:u;eHI\.H Bemi"tfliHH N , HO He ,IT,JLFI 

TO'iHoro ee onpe,n;eJieHH.H. 3To o6ycJJoBJieHo, HarrpHMep, TeM, 'ITO B 

p8a.7IbHOM CJIY'Ia8 CKOpOCT:b Tpa.BJI8IW.H B,Il;OJI:b TpeKa MOJit8T M8H.HTI:>C.H 

IIO ero ,If,IDIH8, 'ITO IIpHB8,Il;OT K H8KCppeKTHOCTH g)op~fWJibi ( 5). 

IIoM11MO 8Toro, ec.mr pasHoBpeMeHHoc TI:> o6pasoBaiiM CitB03HbiX rrop 
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OtiOHI> BO.Jmita, TO IIOOJie,II;rm:e IIOJ)hl BHOC.HT BeCI>Ma MaJihiH BKJia.,n; B 

IIJ)OBO,II;IDJIOCT:O ITO cpaBHeHIDO C rrepBilliM. ,If.,Jm TOrO, '1T06ll 3aTGM B 

G(~'.) pe3yJII>TaTe ~epeHIJ;IipOBaHIDI • HaMTH o6mee tiHOJIO nop, 

He06XO.n;HMa IIJ)aKTH'180KM He,II;OOTIDKID/Ia.H T01IHOOTI> H3MepeHIDI 8JieitTJ)H

tieOKOH IIJ)OBO,II;RMOOTH. 

3.3. CitopooT:o TpanJieHH.H rro.JIHMepa Va . 

Ec.Jm HaM II3BeCTHO 1:Jl!OJIO '-IaC'~IDJ;, npoiiie.IOIIIDC '1epe3 liiCO.Jie.nyeMl:>IH 

o6pa3GIJ;, 'rO, rrpoBe.n;H IWH.IJYKTOMeTJ)H'IeOitiie II3MepeHH.H Ha TOM O'l'a.n;HII 

TpaBJieHII.H, Itor,n;a BOe IIOpH CTa.JIH CltB03HI1Ml1, MO.miO pelllliTI> o6paTityiO 

3a,n;a-qy - orrpe,n;e.JillT:O OKOJ)OOTI> TJ)aR18HH.H TIJiaOTM!{a, IICIIOJII>30BaB 

B o6meM OJIYtiae c})opivJY JIY 

( 
d 2C(-tJ I. )~ 

Vs = f.o oLtz I J..rrK N (IJ) 

8ToT orroco6 orrpe.n;e.JieHH.H c::topoc'l'ti Tpa.BJieHIDI TIJiao'rHica MO.iKeT 

6HTI> IIOJie3eH B TeX CJIYtia.HX, KOr,n;a H36IIpaTe~~HOCTI> TJ)aBJIGHH.H 

V-r /Vs BHOOita, a Be.IDrlllllia Vs o'IeH:o Ma.n:a 11 He MolKeT 6HTI> 

orrpe;n;e.JieHa .n;pyr:mvrn: Me·ro;n;a.IVm. l:I:IDKe 6y.n;eT rrpHne.n;eHo oiiHcaHvre &Iwrre-

J)l'Uv1eHTOB, B KOTOJ)biX KOH.IJYICTOMG'rpWIGOKIDllH II3iv1epeHRm11JH orrpe,n;e.JieHa 

BGJili'TIIHa v& ' OOCTaBJI.ffiOII{a.H - IOA/tiao. 

IY. &.mr.HHHe I?a3Jm'IHhiX WmtTopon Ha ciwpooT:o TPaB.JieHH.H 

TDeita. 

Tpa,Il)Ic.U.UIOHI-ILITvl TpanuTe.JieM ,IIJm rrpo.HBJieHIDI •rpeKoB Tm:~e.JIHX 

3apJDKeHHllX "t!aCTIDJ; B II0.7IH8(QHJ)HLIX IJO.iUU.Jiepax .Hl3JI.f!eTC.H BO,IJ;Hllii paOTBOp 

e;n;Koit me.Jio'tll!. IVIH paccMoTpHNI 3aKoE oMepHOCTH TpaBJieHIDI cJie;n;oB TJI

JKe.JIHX IIOHOB B II81'W-IIJIGIIKax B paC'IBOpax e,IJ;Koro HaTpa C IJ;GJII>IO 

orrpe;n;e.JieHH.H yo.JIOBHM, orrTHMaJI:OHHX ,n;JI.H c.Dopr-;IHponan:nH o,n;Hopo.n;HLIX 

Ma.JIHX IIOp. 
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4. I. XpaHerme Ha nos,nyxe II o<5.JIYG:eHue Y@-.cneToM. 

&J.)cY,eKT rrporpecc:aM JiaTeHTHoro TpeKa B rromv1epe rrpu B03.TI;ei1:

cTmur aTMoc<I>epu, co,TI;epiKall.{eit KMcJiopo,TI;, u Yc»-o6JryqeHW1 xopomo 

M3BecTeH [ 4, 9] • Ha pMc. 5 II 6 noKa3aHo, KaK M3M8IDIIOTC.H ~ 

11 VT c ynemeH:aeM 8KCII03liLUll! Y<l?-cneToM. B TelieH:vre rrepBLIX 

HecKoJII:>IatK cyToK xpaHeH:an Ha B03~ce rrpoucxo,IJ;HT 6ucTpoe ycHJieHne 

TpaBMMOCTH C.Jie,TI;a, Bbi3BaHH08 OKMCJrn:'r8JIOHOii ,Il;8CTPYKI.J;M8H ITOBpe~:;.;n;eH

HbiX IIOHM3an;H8H 06.JiaCT8M, II .mru:Ib He:3Ha'lliT8JibHbi8 li3M8H8HIDI rrpOMC

XO,TIIIT B T8li8Hli8 I10CJI8,IJyiO~ero Bp8M8::lli, KOr,TI;a HaCTyrraeT COCTOmni8, 

0JIII3K08 K XMIVIIIli8CKOMY paBHOB8CliiO M3JK.IIY OH:pyJKa.I0~8H cpe,TI;OH ll B8~8CT

BOM B TpeKax 'rmKe.JILIX liaCTIDJ;. llpu B J3,TI;8i!C'l'DIDI Y@-H3JJY1I8HH.H B aTMOe

cpepe B03,ICY"xa ,Il;8CTPYKIU1.H MaTepnaJia JJie,TI;a RpOHCXO,Il;H'l' 3Ha1!M'l'8JIOHO 

6HcTpee. 0TM8TMM, liTO B II8T~-IIJI8HK3, o6.JIYG:eHHoM: TJDKBJIHMH HOHaMM 
<It 

M Y~cBeToM, rrpn rrocJie.IJYIO~erv1 xpane JMH Tarorte Ha6JIIO,n;aeTcn rrocT-

8(lx]eKT. Puc. ? rrmca3HBaeT I1:3MeHeHn::r, rrpoMCXO,Il;ffmJie rrprr xpar-IeHID! 

IIJI8HKH IIOCJie 170-Iv'MIIYTHOM Y~8KCII03MIUIU. (OT MOM8HTa OOJIYli8HH.H 

TmK8JibiMM HOHaMU ,Il;O oopaOO'l'KII Y~CB9TOM o6pa3D;H B T8'I8HII8 Tpex 

M8C.fm8B XpaHHJIIICb Ha B03.IJYX8 B T8Mt!OT8) • ilO-BH,Il;MMOMY, KBaHTbi 

8JI8KTPOMariDI'l'HOI'O II3JIYli8Hli.H C 8Hepi'I18M 3, b - 4 aB rropoJit,IJ;aiOT B 

o6.JiaCT.HX TpeKOB HecTaOHJII:>HHe liac'r:vruu (pa;rnnta.JIH HJm ,TI;pyrne HeHacH

u~eHHHe CTPYKTypu), ROTOphle IIpM IIOCJI8.IJYIOllt8Iv1 B03,Il;8HCTBID! ORpYJKai0~8M 

aTMOC(_£}8pbi B T8'I8HII8 H8CIW.JII:>I\.IDC ,Il;8CH'l'IWB 'IaCOB rrepeXO,IJ;.[T B .JI8rRO 

paCTBOPM~lli8 B ~8JI01IM B8~8CTBa. 80neRT YB8u'lH'I8HIDI CKOpOCTM TpaBJI8-

HH.H H8 Oli8Hb B8JillR, HO IIpH pa3pa00'l'IC8 pelmMa IIO.Jry<-I8HM.H IVIaJibiX IIOp 

,Il;OJDl\8H 6biTb Y1JT8H. 

4.2. TervmepaTypa rrpo:o;ecca 'l'paB.JieHM.rr. 

Hcc.Jie,n;onaHue 3aBHCMMOCTei:i: "V.r oT TeJ~,mepaTypH TpaBJieHH.H 

(pMC. 8) TIOKa3aJIO, liTO CKOpOCTb Tp:ll3JI8Hli.H I10Bp8Ji\,TJ;8HHLIX HOHH381J;II8H 
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o6JiacTeit JiaBcaHa BospacTaeT c yBe.mi1!3HMeM TeMnepaT'JpH 6HcTpee, 

tie:M ciwpocT:o TpaBJieHu.rr HenoBperr...n;eHHoro MaTep:rraJia. B ImTepBaJie 

T8MTI8P8.TYP OT 20°C ;n;o 50°C ,IT,JI.H CIWPO~T8H Tpa:BJI8HH.H crrpaBe,:n;JIHBhl 

ypaBHeHRH AppeHnyca: 

V8 = V80 e~ (- 0.?2eV/~~:T) 
v:e. = v:oe e!:Cp (- 1.10 E~ v /K T) 

vt = v:: exp(- 0.85e.V/KT) 

(12) 

(I3) 

(14) 

Vao, v, Xe 
To - rrp e;n; ::1\.CTIOH 8HI.U1:8Jil>HH8 !-11HOJIG!T8Jlli 

;n;.ru:I CIWpOCTU TpaBJI8HU.H IIJI8.CTHRa., CKCpOCTU TpaBJieHRH •rpeROB RC8-

HOHa M aproHa, COOTB8TC'I'B8HHO; 

eV - 3JI8RTpoH BOJI:O'i'; 

R - TIOCTOHHHaH EoJI:OI.~f/IaHa; 

rn 
.L - Tervm:epaTypa. 

Pa3JII1:tiMe SHepr:vur aRTMBan;RM np:a TpaBJremm: TpeRoB, o6pasona.HHux 

pa3.mitiH11IVJJI 'I8.CTHIJ;a.MII, TIOR8.3h1B8.8T, ti'.'O 3T8. B8JllitiHHa MOJK8T OJIYjltiiT:O 

Mepoit IIJIOTHOCTH HOHH3a.I.Ulli, T. 8. TIOr~IOlll;8HHOM ,TI:03hi B Tp8It8. 

8TH pesyJI:oTaTH RoppeJIY.IpyroT o Bbmo;n;ru,m pa6oThi [ro] , r;n;e HaM;n;eno 

yBeJIH'IeHue aHepr:mr aRTliiBa.I.J;HI-I TPa:BJieHIDI II8T@-MaTepuarra, o6J1YtieH

Horo 8JI8KTpOHaMll H OCROJIRaMH ;D;8JI8HH.I. B 8TOM JK8 pa6oTe TIORa.38.HO, 

tiTO H31Vl8H8HH8 3HeprHH aRTHBaiJ;Illi ROJI>Iti80TBCHHO OBH38.HO 0 TIOrJIO

lll;8HHO:fi ;D;030M HOHH3Hpyrom;ero H3J.IYti8HH.I. 

llpe;n;TIOJIOJKUB, 'ITO COOTHOill8llli.H (12), (13), (14) CIIpaB8,Il;..JlliBh1 

B o6JiaOTH T > 50°C, MOjKHO HaiiTH 'I:IOJieHHhiO sna'IeHu.rr napa.Me'rpa 

v npH BhiCOIDIX T8NIIIepaTypax:, np:rr RJTOpbiX O'I8H:O 6oJI:OlllaH OIWpOOT:O 

npoueoca TpaBJiemr.rr He nosBoJI.HeT rrpoBeoT:v.r Herrocpe,IJ;oTBeHHhle usr.,1e-
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pemu.r. B c.nyqae TpaBJieHIIH TpeicoB I10HOB 
132

xe :mJieeM: 

(I5) 

Bupa.iKeHne ( 15) IIOita3HBae'l', 'ITO ,rr;.m .n;ocTIDKeHII.H BblcoKoli II3c5IIpa

TeJI:ouocTu TpaBJieHII.H .TI;8CTpy:KTI1pOBQHHOrO M8.T8piiaJia B Tp8K8 TJDKe

JIOll 'I8.CTIIIJ;bl H800XO.If.illi10 BOOTH npou;ecc IIPII Bb!COKOH TeMIIepaType. 

B 'IaCTHOCTII' IIPII I00°C napa.MeTp v .TI;OCTJII'aeT 3H8.'I8HII.H ~ ro4
• 

BJIUHHIW KOHI.J;8H'l'Pa.IJ;IIII IJ.t8JIOllli Ha II30Hp8.T8JI:DHOCT:O Tpa.BJI8HHH 

noRashrnaeT piic.9. ITprr co.n;epEBRIIII B pacTBope c5oJiee 6r - 8RB./JI 

Na OH cooTHorneHIIe CiwpocTeii TpaBJieHIUI TpeKa II IIJiacTHKa pesRo 

rra.n;aeT. CpaBHIIBaH pe3yJI:OT8.Tb1, rro~y'IeHHbl8 IIPII 40°C II 54°C, MOEEO 

npG.n;IIOJIOJKIIT:O' 'ITO 'l'8H.TI;8HlU'lH yrJI8H:Olll8HIIH a v c YBOJIII'I8HH8M KOH

IJ;8HTpan;m1 IU8JI01flil ;n;o.mrrna HM8T:O M8CTO :H rrpn: 00JI88 BblCOKMX 'rer~mepa

Typax. Haiic5oJiee BeponTHoli npirtrn:Hoi1: ;IJ;a.HHoli 3a.IWHOMepHOCTII Mhl 

CIQIOHHhl C'IHT8.T:O IIJIOJCYIO paCTBOpiiMOCT:O IIPOJJYKT8. ri1;n;pOJTI138. Jia.BCaHa -

COJlli T8P8WTaJI8BOH IaiCJIOThi - B IWHD;8HTpiipOBa.HHONI paCTBope IJ.t8JIO'IH 

II CBH3aHHoe c 8TinJI saMe.TI;Jieiiiie ;n;mi;QysuoHHblX npoi.I;eccoB B ysr-WI\1 

Ka.HaJie Tpei{a. Ka.KoBa Obi HH c5HJia npupo;u;a 8Toro .fiBJieHIUI, o'IeB!r.n;HO, 

'ITO npn: BhicoKIDC KOHL~eHTpa.IJ;IInx me~o'Iu sna'IUTeJI:oHo yBeJTI1'IUBaeTcn 

KOHYCHOC'l':O nop. 

4. 4. 8nepi'~IJI 6oM6ap.n;upymmeii 'IacrrUI.J;hi. 

KaK yJKe yrrorvrn:HaJioc:o, .If.JLH r.QopiVrnpoBaH:IDI o,IT,Hopo.nuoft MHKpo

nop:rrcTo:il CTPYI{Typhi B II8Tir!-IIJiemce npe;u;no'ITHTeJI:oHo ncnoJI:osoBa'l':O 
1~6 

Ha.IIOoJiee TJIJKeJIHe 'IaC'l'UI.J;bl ( B Haurm.t c.nyqae - Slf Xe ) . O.num~o, 
ycKopeHHbi8 UOHhi RC8HOHa, IIO.J:IY'!8.8Nhi8 Ha IJ)fKJIOTpoHe Y-300 JIHP OltlHH, 
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HM8IOT RopoTIDIH npo6er B IIJiaCTUI\e n noTepu suepnrn, CHJioHO yMeHL

rnaronmecs:r R RoHr.zy npooera. C ueJII>IO onpe.n;eJieHIIH onTHMaJII>HOH sHeprrm 

HOHOB RC8HOHa IIpOB8,TI;8HO OOJIY1!8HM8 C:TOill\H TOHIUIX oc5pa3D;OB XOCTa.LflaHa. 

CTOIIRa co.n;epJKaJia ? CJI08B, I\aiK,ICbli1: m: ROTOpbiX HM8JI TOJiliU'IHY 3,? MRJ'·,I. 

3HeprHH 6oMc5ap.n;Hpyroumx qacT:rru; cocTaB:[!IJia I, 13 MsB/HyRJioH. Bee oo

pasl.l;bi 6UJll! oo.nyqeHH o;n;rmaRoBoil .n;osoi1: Yli>-cBeTa n B.bT,II;epJita.Hbi nepe.n; 

ll3MepeHIDIMH Tpoe cyToR. B CJI08 jil 6 IIPH rrpaBJI8HIDI oopasyeTCH Ha 

,JJ;Ba nopH,TI;Ka M8Hbill88 ROJill"ti8CTBO CI\B03HbiX IIOp, 118M B !Ip8,JJ;LJ,IJyllUIX CJIO

HX. TaiDIM o6pasorvi, cpe.n;HB:H TpaBHMa.H ,n;.mn-ra TpeRa ,IT..7IJI HOHOB 136xe 

(I, I3 IvlsB/H) saRJIIOqena B rrpe.n;eJiax oT IS, 5 IVJRM ,n;o 22,3 IVIRI-JI. 

HsMepeHHH, npoBe,n;eHHnre co CJIOHMII H.l~ 1-5, noRasa:rrn:, Rai\ usMeHB:eTCH 

ciwpocTI> TPaBJI8HHH no ,IJ;JI:[!IHe ·rpe:rca. PesyJII>TaTnr HJIJIIOC'l,PI1JlYIOTCH Ta6JIM

ueii I. 

Tac5JIHUa I. 
I3" r CJWpOCTb TpaBJI8HHH TpGIWB RaE Q.Jyi-IR.!JliH ::meprHH UOHOO: 0Xe. 

(Y cJIOBMH TpaBJieHus:r - 6N N•a OH , 39, 5°C). 

HoMep CJIOH YqacTOI\ npoc5era,MKl'v1 3HeprHB: Ha BXO,JJ;8 
B CJIOH, MsB/H V T , l\IIRM/MHH 

I 0-3 ? 
' 

I,I3 1,?8 

2 3 7 -
' 

?,4 0,82 2,02 

3 7 4 
' - II,I 0,51 1,93 

4 II,I - 14,8 0,29 I, r/5 

r· 
\) 14,8 - 18,5 0,14 0,64 

Ha IIpOTHJK8HHH nepBhiX 15 NIKl'v'! rrpooera HOHOB IS6xe CKOpOCTb 

TpaBJI8HHH npn ,JJ;aHHbiX YCJIOBHHX ( T8MiepaType I1 KOHD;8HTPai.U-ll1: ll.{8JIOqH) 

MeHHeTCH M8HI>IIIe, qer.1r Ha I5;;. 8To 01JCTOHTeJII>CTBo, Bo-nepBnrx, nosBo

JIHeT peiwMeH.n;oBaTI> ymwpeHHble I10HH 136xe c ::meprMefi ~I, I Iv1sB/H 

.TI:JIH nponsBo.n;cTBa MI1I<pci])JIJII>TpoB us 3HIIYCI~aeM.biX npoMblliLJieHHOCTI>IO 
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IT8T<l?-IIJieHOR .mo6oi1: TOJillUffihi OT 6 NIKM ,TIO 12 MKM. Bo-BTOpbiX, nocTOIDI

CTBO YT no ,Il;JlliHe TpeKa nosBoJI.fieT np1MemrT:o K npor~eccy TpaBJieiUIH 

IvJ:aTeMaT:U't!eCROe OilliCa.HI18, H3JIO.iKeHHOe B nyHitTax 2. I II 2. 2 II IICIIOJI:0-

30BaT:O ROH.IJYRTOMeTpii't!eCKy10 Me<ro;ruucy ,1J,JI.H HaxOJK,IJ;eiUIH llliCJia CKB03HbiX 

nop. 

0 
Y. ~opumpoBrume no]{ c JIDaMeTpru~m - 50A 11 H3Mepemre pasMepo13 

J?a,IJ;liia.I.l;HOHHb!JC noBpeJK.geHIIH, npOI13BO,I.WMhiX T.ff.iKeJihi:rvlli IIOHa.Ml1. 

HsMepemie npoBO.IlllM:OCTH Mel!i6prum npH 6oJI:oiiioM 3Ha't!em1n napm,ieTpa· 

V H O,n;HOBper·JieHHOr.1 OTitpHBaHJUI BCero 't!HCJia IIOp n03BOJIHeT onpe,IJ;eJI.fiT:O 

,I.WaMeTp ,Il;8CTpyH:TMpOBc'1HHOH o6JiaCTJii, J[0KaJll!30BffililOH BOKpyr TpaeKTOPIDI 

IIOHa ( 5 ,II] • 

BviH I1 .Ue Cop6o [II] npoBeJIII HaMepemw ,U:HaMeTpa noBpeJY..,TI;8HIIH, 

rrpoH3Be,IJ;eHHoro ocKoJIROM ,IJ;eJieHIIH B IO MKiv'I - ,IJ;eTeRTope H3 no.mu~apoo-

HaTa npH COOTHOIIIeHIDI BeJili't!HH Vr I1 Va 'aO.IDI3IWM I{ ro4 • 

lVlhi onHIIIeM ::mcnepiDv18HThi, npoBe;~OHHhle C OOJiee TOHIDUII ,IJ;eTeKTOpOM > 

( f!o = 3,? J.VIKM) np11 sHa'lleHRFIX V , ,IJ;OCTHraromvrx IO 
7 

11pu ,IJ;aHHhiX 

YCJIOBHHX TPaBRmm1 pacTBOp npOHHKaeT B TpeK no BCeli ero ~He D 

TO BpeVI.H, IWr,IJ;a BXO,n;HOe OTBepCTMe eJUe He ycueBaeT paCTpaBiiiT:OC.Fr ,Il;O 

pa,IJ;nyca, rrpeBhiiiiruomero ~HY npo6era BTOPH't!HHX 8JieKTpoHoB. 

Ha ocHOBaiiMH BKcrrepHMOHTa.JI:OlD H3MepeHHoi1 (QYHIUUIH G(t) pac

C't!liThiBaJiac:o 3aBIICHMOCT:O .IU1af.JieTpa .U JporrpaBJieHHOrO TpeRa OT BpeMeHU 

TpaBJieHIIH no (QopMyJio 

'/) ( t) = [ ~ e, G (t) I !ll"" N K ]
'%. 

(I6) 

n: JIOKa.JI:OHM crwpocT:o TpaBJreHH.H Ve B pa.;n;n:aJILHoM HanpaBJieHHH ItaK 

WYHK.I.J;IDI paccrr•oiDin.H oT omr Tpe:Ka no ;QopMyJie 

Ve ('z) = 1: · ~: (tt) (17) 
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3Ta Im(popMar.J;Jm MHTepecHa B cB.rrmi c o:po.noJDKaromelic.H .IJ:I1:CRyccneii o 

RPHTep:rurx: TPaBHMOCTU TpeRoB 3ap.H.t'K8HfiHX 'IacTnu;; oHa rro3BO~JUieT 

ROCB8HHO OD;8HHT:O pacrrpe,IJ;eJI8l!H8 IIOI'JIJmeHI-IOH ,IJ;0311, C03,Il;8.B8.8f·il0ll 

BTOpM'IHbiivm: 8JI8RTpOHaNJJI B OICpeCTHOCTA: TpaeRTOPHH 'I8.CTHIJ;H. 

H3IvrepeHn.H rrpoBo.u;n:mrc:o ,IT,.JI.H Ha6o}a o6pa3IJ;OB, RoTopHe n;n;eHTM'IHH 

~rcrroJII>30BaHHhiJ\~ D orrHTax, ormcaHHhiX :3 IJYHRTe 4.4. Ha pnc.IO rrpe;n;

cTaBJieHH (a) 3aBHCHMOCT:O 8JI8R':L'p1iP:I8C:toir rrpoBO.TI;HMOCTH O,nHOI'O H3 o6-

pa3I.J;OB oT BpeMeHu TpaBJreHn:.H, ( 6) cp1;,IJ;Hui1: ,ruiaMeTp TpeROB, pacc'lliTaH-

Hllii no c))opiV:ryJie (16), (B) JIOitaJ!l)HM CI{opocT:o TpaBJieHH.H Ra.R WYHRI.ULH 

pa;n;vryca rropLI. Y CJIOBH.H TpaBJI8HI1.H Oy~rT OIIHCaHH B IIOCJI8,TI,YIOIIU1X pado

Tax. IIocJie 6HcTporo pacTBopeHM.H D;8H'~PaJII>HOM 30Hhi TpcRa cRopocT:o 

TpaBJieHH.H rrocTerreHHO yMeH:olllaeTc.H, n , Ha'lliHaH c H eRoToporo ,IUiarv18Tpa, 

TpaBJicHne rrponcxo,rurT c rrocTOHHHOM cEopocT:oro Vs = IO A/ 'lac. 

Orrpe,IJ;eJrnM xaparcTep:HC'riPieCRn:~i pa;n;uyG TpeRa RclK paccTomiue, 

Ha l{OTOpOM JIORaJI:OHa.H CIWpOCT:O TpaBJIE!HH.H CIIa)J;8.8T ,IJ;O 3H8.'I8HJii.H paBHOI'O 

2 Vs . H3 padoT [10, 12] Jii3BecTHo, q~·o .IJ;ByRpaTHoe yBeJmqemre CI{opoc

TH TpC,BJI8HM.H COOTB8TCTBY8T rrpm.18pHO 200 Mpa;n; IIOI'JIOl48HHOM ,Il;03H 8JI8R

TpOHOB U.Jm O -In~a.HTOD. l{aR CJI8.IJY8T Jii3 HaJliJiiX 8RCII8pUM8HTOB, X8.pait

TepUCTJil'I8CID18 pa.,miyChl Tp8ROB B CJIO.HY I, 2, 3, 4 COC 1i'aBJIRJOT COOTB8T-
O 

CTB8HHO 1:!5, 34, 32 11 22A. D ,48.HHOi:l: raooTe Mbl H8 6y;n;eM IIO,]JJ)OOHO OC-

TaH8.BJIUB8.T:OC.H Ha odcYJK,IJ;eHJiUI no.ny'IeHEhiX pa3MepoB TpeRoB 11 cpaBHeHHH 

JiiX C pe3yJI:OT8.T8.MM T80p8TU1I8CIOL"'\: pac~ 8TOB pacrrpe,Il;8JI8HM IIOI'JIOmei-IHOM 

8H8pi'MM B Tpertax TmK8JihiX 'I8.CTHIJ; B ITC.JmMepax. ,li.Jm 8TOI'O HOTp80YJeTC.H 

,IJ;onoJIHMTeJI:oHue 8IWT8HCMBHhie MCCJie,IJ;oEaHM. O.IJ;IImw, c yBepeHHOCT:&IO 

MOj!{RO CR8.38.T:O, 'ITO CYI.48CTBY8T B03MOJRHOCT:O nyTeM 00.J\{1I8HR.H l13Ti.P

ITJI8HOR T5.DK8JiblMl1 MOHaJv'lll M I10CJI8,IJ;yiOll{8rO Tp8.BJI8HU.H HO.ny'I8.1':0 IvlHRponopbi 
0 0 

C .TI;H8.M8Tpill.'ll! OROJIO 50A. liOJJY1I8HHfL nop ,Il;Jii8.M8TpOM 50- ?OA COOTB8TCT-

BY8T y.na.n:em110 11:3 oRpecTHOCTJii TpaeKTOpi1n 1IaCTHIJ;hl Bcero HeCROJI:OIOIX 
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MOHOCJioeB noJIHMepa, HM8IOJ.q}IX TOJD.J.UIH:T nopH,IU{a IOA. TaKHM o6pasoM, 

111I no,IT,XO,Il;I-U/1 IC lJ.!HH1Uv18..J1:0HO B03MOJKHhlM pasvrepru.II MtUcponop, KO'l'Opbi8 

MOI'YT 6LIT:O cwoprv'lHpOBaiibi M8TO,Il;OM TP.3.BJI8Hll.IT. 

Anpuopu MO.iK.Ho yTBepJK.II;aT:o, 'ITO <~pe.n;Im:iJ: .rura.MeTp, BhFIHCJI.HeMLI:ti 

H3 IWHJJYKTOM8TpH'I8CICHX .II;a.HHbiX, npe:3biiiiaeT cpe.II;HHM pasMep 'IaCTMI\, 

KOTOpLie MOI'Y'l' rrpOHTM CKB03:0 MltiiCpOC.Q:IJI:OTp, T. K. B pe3yJI:OTaTe CJ)JIYKTY

a.IJ;HH ITOT8p:O 8HeprHH, CTaTitiCTH'IeCKO:~o xapaKTepa XHMJI'IeCKOrO B3aHMO

,IJ;eifCTBH.H, npHCYTCTBH.ff pa3JIH'IHOrO po,II;a MHitpO,IJ;e(peiCTOB II ,II;PyrUX 

npH'IHH npos:pu.BJieHH.ufi TpeK He MOJKeT liMeT:O O,IlliHaKOBOe C8'!8HHe no 

Been cBoe:tJ: ~e. 

0KOH'Ia'l'eJI:oHue SaKJIIOI{GHH.ff o napaMerrpax @H.li:OTpoB c yJI:oTpaMaJIHIJIH 

nopaMII MOiKHO 6y,IJ;eT C.II;GJiaT:O JIIDU:O nOGJie HCCJie,I~OBa.HII.ff IIX .II;PYriDv'lli rl1e

TO.II;aMU H npHMeHeHH.ff B IWHKpeTHLIX 3ct,Il;a'!ax. 

3 a K JI IO 'I e H II e 

0CHOBHhi8 BHBO.II;bl l'I3 npoBe,D;eHHHX 8KCnepiUv18HTOB C,IJ;eJia.Hbi no XOJJY 

H3JIOJKeHHH. AB'l'OP C'!HTaeT CBOID/I npiiHTHhiTv1 .II;OJiroM rro6Jiaro.n;aprrrr:o 

r.H.iJ?JiepoBa II lO.C.3a.M.A:THUHa, npOJIBJlliBIIIIDC nOCTO.ffHHOe BHID,Ta.HII8 It 

pa6oTe, :vr C.II.TpeT:O.ffKOBy, no.II; Herrocpe,IJ;cTBeHHHM PYKOBO.II;CTBOM KOTopoi1: 

BblnOJIH8Ha '!aCT:O ItiCCJI8,Il;OBaHHH. 



JIHTEPATYPA: 

I. P.B.Price, R.M. Walker. Phys.Rev .Lett • .§., 21'/( 1962) 

P.B.Price, R.M.Walker. J.Appl.Phys. Jl, 3407(1962) 

2. T.C.3BapoBa, B.A.rBo3,D;eB, H.3:s.apa. K Bonpocy o6 xsroroB.neHHif 

R~epHWX ~MJiiTPOBo OHHM, EJ-I4-82SI (I974), 

3, r.H.AKanieB, B.C,EapameHKoB, ~.H.Ca»O~JIOBa, C,IT,Tper•aKOBa, 

B,A.meroBeB. K xero,D;xxe msroroa.neHwa a,D;epnHx ~xn•rpoB. OHHB, 
E1-14-82I4 (I974), 

4, W.ToCrawford, W.DeSorbo, J.S.Eumphrey. Nature 220, 
1313(19o8) 

5, C,P.Bean, M,V.Doyle, G.Entine. J.Appl.Phys. !1,1454(1970) 

6. C.P.Bean, R.W.DeBlois. Rev.Sci.Instr. !it 909(1970) 

7.o.orroncypeH, B.rr.nepe.nHrxH, c.r.creneHKo. Perxcrpan•a pe,D;KHX 

C06WTH« ,D;eJieHHS R,D;ep B TOHKIX CJIOSX llJI~CTXKa MeTO)J;OK COBn~eHm~. 

ORH!, P7·955I, !y6ua (1976). 

B. n.D.Anenio c.n.TpeTI»BKOBa. H3yqeHHe nponecca rpaBneHJIR cne,D;OB 

Tazenwx sapaxeHHHX qacrxn xo~yx~ouerpxqecxHM uero,D;ou. OBHH, 

13-!I9II, !y6sa, (I978). 

9. R.P,Henke, E. VoBenton, H.H.Hec.kman. Rad.Eff. J.,43(1970) 

IO. B.Schlenk, G.Somogyi, A.Valek. Rad.Eff. ,G!t, 247\1975) 

II. R.L.Fleischer, P.B.Price, R.M.Walker. Nuclear Tracks in 
Solids. Principles & Applica1;ions. Berkeley, 1975 

12. c.n. TpeTI»RKOBa, T. H.MaKOHOBa. B1IHHH11e 0- .nyqe~ Ha ,D;eTeKTJIPY

DutHe CBO~CTBa JiaBcaHa. OIDII, I4-l1439, !y6Ha (1978). 



IIO,IUIHCH K PHCT.tllwvl 

Puc. I. l{oHCTPYKJ.U1H: ICOH.1JYRTOMeTprrqeciw ~ .ff1IeiiKlil. 

I - oopaseu; 

2,3 - JI8BM H IIpaBM IIOJIOBIDI1I :\a.Mepbl TpaBJI8HI1H; 

4,9 - 3JI8KTpo,IU:J; 

5, 8 - ITOpiiiHH ,IJ,JI5I BB8,IJ;8IDI.IT pa.CT:30pa B Ka.Mepy TpaBJI8HHJ1; 

6 - paCTBOp TpaBHTeJI.IT; 

,-, 
r - TepMopesn:cTop; 

IO - TepMoMeTp; 

II ,12 - rrpe.IJ;oxpaHHTeJII:>Hbre rroplillnr. 

Puc. 2. a) Cxevra H3MepeHim corrpoTnBJieHJLH IWH.IJYI\Tor,:eTp:rr-qecKoii .rr11efiKM 

ITPH TpaBJI8HIDI; 

6) 3JI8KTPM'18CI\M 3KBIIB8J.I8HTHM CX8M8. .IT'1ei1:KM C M8MOpa.Hoii. 

Puc. 3. l13M8H8IDI8 3JI8KTprrqeCIWro COITpOC;'UBJI8HM ;!1;8T8I\TOpa C O;n;HHM 'l'pe

ROIII OCKOJIKa ,IJ;8JI8HU.IT .rr.n;pa. 
244c,.,. rrpu TP8.BJI8HIDI. 

fire. 4. 8JI8KTPI1118CI\M rrpoBO.II;IDviOCTJ:, JI8.BC:8.HOBOH II:JI8HKII, 00JlY'I8HHOM liiOHa

Mff I 3
6xe ( N- 2.10

8 
Tper\oB), Kill\ c.i?YHRIUUI BpeMeHH Tpa.BJieHH.rr 

(JieBM op.IJ;HHa.Ta.) • HsMeueHHe LIMCJia crmoSHbiX rrop, pa.cc'1HTaHHoe 

ITO @opMyJie ( 9) ( ITpaBM op,IT,HH8.TE ) • 

Puc. 5. BJIHmure BpeMeHII xpaHeHIDI Ha BOE.IJYXe Ha CI{opocT:o Tpa.BJieHH.rr 

rr'peKoB 
132

xe ( I MaB/H) :u 40 Ar ( 5, 5 MaB/H) B Jia.BcaHoBo:fi IIJieHit 

Pnc. 6. 3a.BHCliU.10C'l'l> CKOpOCTH TpaBJieHH.IT TpeiCOB 
22 tJe. , 40Ar H 

132xe 
B JI8.BC8.IIOBOli ITJI8HI\8 OT 8KCII031fQITH Y<J.?-CB8TOM. 

FMc. ? • B.mmHue BP8I'·Il8HII xpaHeHM.FI rrocJie o6.n:yqeHH.rr ~YQ?-cBeToM Ha mwpocTI> 

Tpa.BJ18HH.H Tpei\OB KceHoHa. n JiaBC aHoBoil ITJI8HI\e. Bpervi.ff o6JlY'IeHu.rr 

Y~CB8TOM I?O VIHH. 



Puc. 8. Te:rvmepaTypHue saBHCIDliOCT>1: cKopocTM TpaBJieHH.H IIJiacTnFca, 

CKOpOCTH Tpa.BJI8HH.H TpeiW:B aproHa H CKOpOCTH 'rpaBJieHH.H 

Tp8I\.OB ICC8HOHa D JiaBCaH8. 

PHC. 9. 3a.BHCHMOC'l':O H36HpaT8JI:OHO JTH TpaBJieHvi.fi OT KOHIJ;8HTpa.D;IDii 

e,IJ;Koro HaTpa ,JJ)I.fi o6pasuo B JiaBcrum, o6.nyqeHHmc HOHaM:rr 

IW8HOHa. 

Puc. IO. KoH,IJyRToMeTpntreCIU1e nsHepeHHH rrpH ~ /V8 """"IO 7• XocTacJ!aH, 

06JIYti8HHI:1H HOHaivii1 KC8HOH9. C 3Hepnreii 0, 5I MaB/H. lhiCJIO 

TpeKOB B o6pasue I,8.I07• 

a) 3aBMCHMOCT:O 3JI8l\TPJiPI8CKOH IIPOBO,IT,1IIviOCTM OT BpeMeHJii 

TpaBJieHJii.H; 6) saBMcn:r~.mc'r:o cpe,IT,Hero ,TI;Ma:r.IeTpa rrop oT Bpe

MeHM TpaBJieHJiia; n) JIOKaJI:JHM CiwpocT:o TpaBJiei-III.H Kai\ WYHK-

" 
IJ;RH p~ca rrophl. 
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