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3Kcneplflt-1eHTaJ1bHble IfICCIleAOBaHIfIR OT>t<IfIra TpeKOB B AIfI3J1eKTplfl4eC
KIfIX TpeKOBblX AeTeKTOpaX nOK'aaaJ11f1, 4TO npoueccu per peccua B HIfIX 
HOCRT MHOrOKOMnOHeHTHbl~ xepaxrep 11/. 3Heprlfllfl aKTIfIBal41f11f1, COOT

BeTCTBYIOw.lfle paaIllfl4HbiM KOMnOHeHTaM, MoryT Cyw.eCTBeHHO OTIllfl4aTb
CR APyr OT APyra, a COOTHoweHIfIR Me~AY KOMnOHeHTaMIfI aaBIfICRT 
OT nore ps 3Heprlfllfl IfIOHa B AeTeKTope. B AaHHO~ oafor e MHorOKOMno
HeHTHbl~ xapaxrep KPIfIBblX o rxar a TpeKOB 06bRCHReTCR IfIHa4e, HaIlIfI
41f1eM AByX TlflnOB peK?M61f1Hal41f10HHbIX npOl4eCCOB. nOKaaaHO, 4TO Ta
KO~ nOAxoA noaBOIlReT AOCTaT04HO ~OPOwo onlflCpTb ~MelOw.Y~CR COBO
xynuocr s 3KcnepIfIMeHTaJ1bHblX AaHHblX no o rxar y TpeKoa B nonaaep
HblX ne'rexropax , 

TEOP~HI 

CKOPOCTb TpaBIleHIfIR VB Heo6J1Y4eHHoro MaTeplflaIla nponOPl41f10HaJ1b

Ha CKOPOCTIfI xIfIMIfI4eCKO~ peaKl4\111f1 VB- dC B /dt IfI, corna CHO ypaaae.
HlfllO AppeHlflyca, paBHa: 

E B 
VB = ACOCBexp(---), /1/

kTo 

rAe CB IfI Co - KOHl4eHTpa~IfIIfI MOIleKYIl nOIlIfIMepa IfI TpaBIfITeIlR COOT
BeTcTBeHHo, E B - 3HeprlflR aKTIfIBa~IfIIfI npa TpaBIleHIfIIfI, To - rexne> 
paTypa TpaBIleHIfIR, A - KOHCTaHTa. CKOPOCTb TpaBJ1eHIfIR B TpeKe 
VT onpenenaerca IfIaMeHeHlfleM KOHl4eHTpa~IfIIfI KaK nOBpe>t<AeHHbIX CT , 
TaK IfI IfICXOAH~X CB MOIleKyJ1. npIfI 3TOM, B npeAnOJ1o>t<eHIfIIfI, 4TO 

dCB dC TCB'» C"T' .CKOPOCTb TpaBIleHIfIR VT - (-- + -) • Bblpa>t<eHlfle AJ1R 
. tit dt 

I
\ CKOpOCTIfI TpaBIleHIfIR B TpeKe MO>t<HO aanlflcaTb CJ1eAYIOw.IfIM 06paaOM: 

E T
VT = VB + BCOCT(T. t) exp'(-, --), /2/

kT o 

rAe E T - 3HeprlflR aKTIfIBa~IfIIfI npIfI TpaBIleHIfIIfI nOBp~>t<AeHH~x MOJ1eKyJ1,I
t, 

./1 B - KOHCTaHTa. 3aMeTIfIM, 4TO KOHl4eHTpa~IfIR nOBpe>t<AeHH~x MOIleKYJ1. 
CT(TJ) eCTb $YHK~IfIR BpeMeHIfI IfI TeMnepaTYP~, npIfI KOTOPO~ Haxo

J AIfITCR AeTeKTop KaK AO, TaK IfI B npo~ecce TpaBJ1eHIfIR • 
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MomHO nonaraTb, He paccMaTp~Ba~ B AeTan~x np~pOAY paA~a

. ~~OHH~X Ae~eKTOB InoBpemAeHH~x MoneKyn/, YTO CT(T,t) on~c~BaeT
c~ ypaBHeH~~M~ peKOM6~Ha~~~. B TpeKe cy~ecTBY~T 06nacT~ c H~S

K~M~ SHaYeH~~M~ C T Ha 6onbw~x paccroanuax OT TpaeKTOp1-1~ -iacra
~~. B TaK~X 06nacT~X peKOM6~Ha~~~ ocy~ecTBn~eTc~ no n~He~HOMY 

aaxouy dCT/dt = aC T ' r ne a - K03¢(lm~~eHT n~He~HO~ peKOM6~Ha

~~~. B 3TOM cnyYae: 

C = N e-atT a , 131 

rAe Na - HaYanbHa~ KOH~eHTpa~~~ n~He~Ho peKoM6~H~PY~~~x Ae~eK


.OB. Hao60poT, B 06nacT~ TpeKa c 6Onbwo~ nnOTHOCTb~ nOTep~HHo~
 

3Hepr~~ ~ B~COKO~ KOH~eHTpa~~e~ Ae~eKToB npo~c~oA~T KBaApaT~Y


Ha~ peKoM6~Ha~~~ no aaxouy dCT/dt = f3C~, rAe f3 - K03~~~~~eHT
 
KBaApaTHYHO~ peKoM6~Ka~~~. B 3TOM cnyYae:
 

N{3 
C T = ------, 141
 

1 + N{3f3 t
 

rAe Ne - HaYanbHa~ KOH~eHTpa~~~ KBaApaT~YHO peKoM6HH~PY~~~x 

Ae~eKToB. 

04ea~AHo, YTO Ha6n~AaeMa~ C~OPOCTb TpaaneHHR B TpeKe VT on

peAenReTc~ 060~M~ npo~eccaM~ In~He~Ho~ ~ KBaAP~T~YHO~ peKoM6~


Ha~~eH/. MCXOA~ ~s CooTHoweH~~ 12/,/31, 14/, MO~HO san~caTb:
 

E T -at C20 .
VT(T, t ) VB + BCoexp( - --) [C 10 e + ---"---l, 151


kT o . 1 + C20 f3 t
 

rne K03~1II~~eHTbl C10 ~ C20 onpeneriaor BKnaA roro ~I1~ ~Horo Me

xaH~SMa peKoM6~Ha~~~ ~ saB~C~T OT HayanbHblX KOH~eHTpa~~~ N
a 
~ NS· 

~03~~~~~eHT~ peKoM6~Ha~~H MomHo Ha~T~, ecn~ C4~TaTb peKoM
6~Ha~~~ KaK TepM~YecKY~ aKT~aa~~~ SaXBaYeHH~X Hoc~Tene~ sap~
Aa 121 .
 

Ea 
a = S exp ( - --- )

a kT' 

161E
f3 .. Sf3exp (- J_) ,
 

kT
 Ill' 
rne KOHCTaHTbl Sa ~ S f3 saB~C~T OT yaCTOTHblX oaxropos , E a ~ E f3 

3Hepr~~ aKT~Ba~~~. B 06~eM cnyYae BOSMo~eH cneKTp 3HepreT~YeC


K~X COCTO~H~~, OTBeYa~~~x Ae~eKTaM B TpeKe / 3 / • 

2 

OYeB~AHO, 4TO npo~ecc B~~BneH~~ TpeKoB TpaBneH~~ BOSMo~eH, 

TonbKO B TOM cnyYae, KorAa reKOM6~Ha~~~ 3~~eKT"BHO rypo~CXOA~T 

np~ 60nee B~COK~X TeMnepaTypax, yeM TpaBneKKe,.n03ToMy 
C T(To , t ) = con st. B YaCTHOCT~, B norueae paux nerekropax peKOM

c/ 4 / 6~Ha~~OHH~e npo~ecc~ 3~¢eKT~BH~ np~ TeMnepaTypax 100-130o 
, 

a 06blYHble reanepa rypu rpaaneuua : 35--70.°C. 
B pa60Te npOBOA~naCb 3Kcnep~MeHTanbHa~ npOBepKa COOTHowe, 

H~~ 11/-/6/, a Tat<>t<e ~SMep~n~Cb 3Hepr~~ aKT~Ba~~~ ~ APyr~e na
paMeTp~, on~C~Ba~~~e npo~ecc~ B TpeKe. 

3KcnEPHMEHT 

HccneAOBan~Cb noruoaepxue AeTeKTopbl ~s H~TpaTa IKodak LR-1151 
~ auer ara ICel1 i t-T I uenruonoau. ,lJ,eTeKTopbl ofinyvanac s T~~enbIM~ , 
~OHaM~ Ha YCKop~Tene Y-300 H Y-400 OH~H anb~a-YaCT~~aM~ eCTeCT
BeHHO~ paA~oaKT~BHOCT~, a TaK~e raMMa-~snyYeH~eM IB TOM cnyYae, 
KorAa ~ccneAOBanOCb nOBeAeH~e AeTeKTopa np~ 60nbW~X 'nnOTHOCT~X 

norno~eHHo~ 3Hepr~~/. TpaBneH~e ocy~ecTBn~nOCb B 20%-pacTBope 
NaOH npa paSI1~YHbIX r exneparypax . HSMep~n~cb CKOPOCT~ TpaBneH~~ 

VT ~ VB An~ paSn~YHblX r e-meparyp orxara. 
3Hepr~~ aKT~Baq~~ np~ r paaneun« E B ~ E T onpenenanuc s no Ha

xnouy r eane parypaux saB~C~MOCTe~ InVB=f(T-l) (;1, In(VT-VB)=f(T-1),
HSMepeHHbie SHa4eH~~ An~ Kodak LR-115 COCTaB~n~: 

E B = 11 ,06±0,02/ 38; E T = 10,97±0,031 ;3B, 

YTO cornacyer ca C aHanOr~YHbIM~ .AaHHbIM~ An~ APY,r~x T~nOB H~Tpa

t a ~enn~nOSbI/5/. 
Ha puc . 1 npaseneua saB~C~MOCT~ (V T- V ~) -1 OT BpeMeH~ OT)f{~ra 

B Kodak LR-115 An~ TpeKOB 22 Ne c 3Hepr~e~ 7 M38/HYKnoH. KaK 
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t, MHH 

B~AHO ~s rpa~~KoB, saB~C~MOCT~ 

cnpRMnfllOTC~ npu fio.nsurax apexeuax 
OTm~ra. TaKoe nOBeAeH~e KP~B~X 

06b~CH~eTC~ TeM, YTO n~He~Ha~ 

peKOM6~Ha~~~ B TpeKe saBepwaeTC~ 

sa MeHbwee apexa , ~ (V T - VB ) - l , 

cornaCHO ypaBHeH~~ 151, n~HeHHO 

saB~C~T OT BpeMeH~. 

PHc.I. 3aBHCHMOCTE pa3HOCTH 

(VT- VB) OT BpeMeHH o-rxara Tpe-;

KOB HOHOB 
22 Ne npa pas.na-msrx 

TeMrrepaTypax. 
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PHc.3. 3aBHc HMo CTb Ko HCTa HT 2 
peKoM6HHa U;HH OT o6paTHoH Te M- ~ 
nepa rvpu a(T) , (3(T). -10 

2,8 2.56 2,64 
rl,.. ,ti?K., 

TaKHM 06pa30M, HMeeTCH B03MomHOCTb pa3A enHTb BKnaA KBaApa
TH"lHO~ H nHHe~Ho~ peKOM6HHa4 HoHHbiX cocr ae naoun-x . Haxnou 'n pHMblx 
Ha pHc.l nponopuaouaneu (3(T ~ 

KOHcTaHTa nI-1He~HO~ peKoM6HHaqHH ~T) onp~AenHnacb cneAY~l1\HM 

o6pa30M. H3 3KcnepHMeHTanbHbiX 3Ha"leH H~ ¢JYHKqH~ VT -VB Bbl"l~Ta

noes cnar-aenoe /CooTHoweH~e /5// C yme Ha~AeHHbIM 3Ha"leHHeM 
(3(T). TorAa OCTaBwaRCH pa3HO CT~ (VT -VB ) * COOTseTcTByeT n~He~


HO~ peKoM6I-1Haq~oHHo~ COCTaBnH~l1\e ~.3T~ AaHHble np~BeAeHbl
 

Ha puc . 2 • .Qe~cTB~TenbHo, ¢JYHKq~H (VT - VB ) * cnpHMnHeTCH 'B nony

norapH¢JM~"lecKHx KooPA~HaTax, "lTO n03BonHeT no HaKnoHy npRMblX
 
onpeAen~Tb K03¢J¢J~qHeHTbI peKoM6~Haq~~ a(T) npH pa3nH"lHblx TeMne

parypax , 

3aBHolMocn, a(T) H f3(T) np~BeAeHbl Ha pHC. 3. B~AHO, YTO 3TI-1 
3aB~C~MOCTH xopouio on~CbIBa~TCH COOTHoweHHHMH /6/. HaKnOH npa
MblX Ha pac , 3 n03BonHeT onpenenar s 3Hepr~~ aKT~Baq~H npH o rxar e 
Ea~ Ef3' 

nonY4eHHble Ha OCHOBe 3Kcn ep~MeHTanb ~b1X pe3ynbTaToB napaMeT-
Pbl cseAeHbI B Ta6n~qy. 

06Cym.QEHHE 

H3 Ta6mlqbl 
AnH pa3r~"lHbl X 

nep~MeHTanbHblX 

PE3ynbTATOB 3KcnEPHMEHTA 

BI-1AHO, 4TO 3Hepr~1-1 aKT~BaqH~ ~ KOHCTaHTbl Sa r.1 S {3 11 
~OHOB ~Me~T 6n~3K~e 3Ha4eHW~. np~ o6pa6oTKe 3KC

AaHHblX 6b1n~ CAenaHbI TaKme nonblTK~ ~x onHcaH~H 
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PHc.4. TIpocTpaHcTBeHHoe pacnpegerreHHe KBagpaTH~HO II! 
H rrHHeHHO /2/ peKoMoHHHPYID~X ge¢eKToB B TpeKe rrerKoro 
/a/ M TH~erroro 10/ HOHa~ 

ABYXYPOBHeBO~ MOAenb~, OAHaKO cOBnaAeH~H paC4eTHWX K 3Kcnep~

MeHTanbHWX 3Ha4eH~~ AOCT~4b He YAanOCb. 3TO CB~AeTenbcTByeT 

o TOM, 4TO paA~a~~OHHble Ae<t>eKTbl, peKOM6~H~PY~Ll.t~e KaK no n~Helli

HOMY, TaK ~ no KBaApaT~4HOMY 3aKOHY, ~Me~T OA~HaKOBY~ ¢~3~4ec

KY~ np~pOAY. 

OniOweH~e C 1O/C20 nanae r C pOCTOM dE/ dx . 3TOT ceaynsrar 
06bHCHHeTCH pa3n~4~eM B CTpYKType TpeKOB. BepOfiTHOCTb peKOM6~

Ha~~~ onpeAenHeTCH paCCTOHH~eM ,0.0 6n~ma~wero peKOM6~Ha~~OHHO

ro napruepa'". nYCTb r 1 - cpenuee paCCTOHH~e Me)l{AY OTAenbHbIM~ 
reHeT~4eCK~M~ CBH3aHHWM~ napaM~, a ro - cpeAHee paCCTOHH~e Mem
AY OT,QenbHblMlIt KOMnoHeHTaM~ 3T~X nap. Ecna r 1 > r 0' TO Ha~6o
nee BepoHTHa peKoM6~Ha~~H reHeT~4eCKH CBH3aHHWX nap, T.e. n~
He~HaH peKOM6~Ha~~fl. 3TOT cnY4a~ pean~3yeTcH B TpeKax 4acT~~ 

c OTHOC~TenbHO Mano~ ~oH~3a~~elli ~ Mano~ o6beMHoili nnOTHOCTb~ 

nap. Haotiopor , npa r 1 < r 0 ~ 60nbw~x dE/dx Ha~6onee BepOHTHa 
KBaApa'TlIt4HaH peKOM6~Ha~~R. 

J 

nnOTHOCTb nornOmeHHO~ 3Hepr.~~ B TpeKe, a 3Ha4~T, ~ 06beMHaR 
nnoTHoCTb nap 3aB~CHT OT paCCTOHH~H AO TpaeKTOp~~ 4aCT~~bl. no
3TOMY MomHO npeAnonaraTb, 4TO B TpeKe CYmeCTBY~T 06nacT~, rAe 
npeo6naAaeT TOT ~n~ ~Holli T~n peKoM6~Ha~~~. KBaApaTH4HaH peKOM
6~Ha~~H cYmecTBeHHa B6n~3~ TpaeKTOp~~ 4acT~~bl, TorAa KaK nllt
HelliHaH peKoM6~Ha~~H Ha~6onee BepOfiTHa Ha 6onbw~x paCCTOHH~HX 
OT Hee. 

p~c.4 ~nn~cTp~PyeT pacnpeAeneH~e nnOTHOCT~ peKoM6~H~PY~Ll.t~X 
nap no paA~Ycy OT TpaeKTOp~~ ~OHa C Mano~ ~ 6onbwolli YAenbHolli 
~oH~3a~~e~. nYHKT~pOM OTMe4eHa ycnoBHafi rpaH~~a, pa3AenH~Ll.taH, 

o6nacT~ C n~He~Holli ~ KBaApaTlIt4H6~ peKoM6~Ha4~e~. H3 p~c.4 B~A

HO B03paCTaH~e Aon~ KBaApaT~4Ho~ peKoM6~Ha~~~ C YBen~4eH~eM 

YAenbHolli ~oH~3a~~~, 4TO Ha6n~AaeTcH B 3Kcnep~MeHTe. 

BbIBO,abl 

npeAnO)l{eHa MOAenb AnH on~caH~H TepM~4eCKoro B03Ae~cTB~H 

Ha TpeKH 3apH)I{eHHWX 4aCT~u B non~MepHWX AeTeKTopax. npoBeAeHo 
c paaaeuae ee C 3Kcnep~MeHTanbHbIM~ peayns r araan ~ nOKa3aHO ~x 

YAoBneTBop~TenbHoe cOBnaAeH~e. nOM~MO npaKTH4eCKoro 3Ha4eH~H, 

pa3pa6oTaHHaH MOAenb n03BonHeT ~ccneAOBaTb MexaHK3M o6pa30Ba
HHH nepaacruor-o r pexa ~ nooacxonsuure B HeM npoueccu, 
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*HeooXOAHMO oTMeTHTb, ~TO npHpoga ge¢eKToB, OTBeTCTBeHHb~ 

3a oopa30BaHHe TpeKa H y~acTBYID~ B peKOMoHHa~HH, nOKa HeH3
BeCTHa. 3TO MoryT OWTb HOCHTerrR 3apHga !9rreKTpOHW H gWpKH/, 
panaxanu H T. J1,. B garrbHeHlIIeM oygeM me rraasraa-r s peKOMoHHaU;HOH
HbIMH na pai-nt, 
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