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TionyLfeHbl 411CJieHHbie perneHl1SI Cl1CTeMbl HeJI11Hei1HblX ::ineKTp0,!111cPcPY3110HHblX ypasHeH11i1, on11Cb1Ba10-
Il\l1X pa3,!leJieH11e ::JJieKTp114eCKOro 3apsi,!1a Ha cPPOHTe Kp11CTaJIJil13al\1111 '111CTOi1 BO,!lbl. Pa3,!leJieH11e 3apSI,!1a OCHOBaHO 
Ha pa3JI11L11111 noTeHL\HaJihHOi1 3Hepr1111 op11eHTal\HOHHhrx ,!le¢eKTOB L- 11 D-T11na s BO,!le 11 Jih/:IY 11 Ha pa3n11q1111 
11X KO::JcPcPI1L\11eHTOB ,!II1¢cpy31111. Tiony'leHa 60JiblllaS! BeJil1'!11Ha pa3HOCTl1 nOTeHL\HaJIOB (,!10 COTeH BOJibT) Me)!{,!ly 
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NONLINEAR PROBLEM OF CHARGE SEPARATION AT THE FRONT 
OF WATER CRYSTALLIZATION 

A. V. Shavlov 

Earth Cryosphere Institute SB RAS, 625000, Tyumen, 1230, Russia 

The numerical solutions of a system of the nonlinear electrodiffusion equations circumscribing separation of 
an electrical charge at the front of crystallization of pure water are obtained. The separation of a charge is based 
on difference of potential energy of Bjerrum L- and D-defects in water and ice and on difference of their diffusivities. 
Large magnitude of an electrical potential, up to hundreds volts, are obtained. It is due to exclusion of charge 
carriers in ice. 

1 ce, water, crystallization, charge separation, diffusivity, Bjerrum defects, velocity of crystallization, power 
trans it ion, exclusion 

0CHOBHhIM BOIIpOCOM, rrpH pemeHHH KOTOporo 

pyurnTC.51 60JihIIIHHCTBO rrpeJJ;JiaraeMhIX MOJJ;eJie:i1: 

pa3JJ;eJieHH.51 3ap.51JJ;a Ha cPPOHTe KpHCTaJIJIH3aI.I,HH 

BOJJ;hl, 51BJI.51eTC.51 o6hSICHeHHe 6oJihIIIOH Me)l(¢a3HOH 

pa3HOCTH IlOTeHI.I,HaJIOB, )l;OCTHrarom,e:i1: B HeKOTOphlX 

3KCnepHMeHTaX COTeH BOJihT [Eeppu U 8p., 1986; 
MellbH.wcoea, 1969 ]. CpeJJ;H yJJ;aqHhIX B 3TOM CMhIC­

Jie MOJJ;eJie:i1: 6hlJla npeJJ;JIO)l(eHHaSI HaMH paHee MO­

JJ:eJih [lliae;ioe, 1996, 1998], ocHoBaHHaSI Ha p a3-

JIHqHH IIOTeHI.I,HaJihHOH 3HeprHH H K03cPcPHI.I,HeHTa 

JJ:HcPcPY3HH opHeHTaI.I,HOHHhIX JJ;e¢eKTOB BO JihJJ:Y H B 

BOJJ;e. MoJJ;eJih BepHo onHChIBaJia nopSIJJ:OK BeJIHqHHhl 

Me)l(¢a3HOH pa3HOCTH nOTeHI.I,HaJIOB, Ha6JIIOJJ;aeMOH 

B OilbITe, 3HaK 3ap51JJ;a H HaCbIII.I,eHHe pa3HOCTH 

IlOTeHI.I,HaJIOB c yBeJIHqeHHeM CKOpOCTH KpHCTaJI­

JIH3aI.I,HH. 0 JJ;HaKO MOJJ;eJih p accqHThIBaJiaCb B rpy-

6oM JIHHeHHOM npH6JIH)l(eHHH, H Il03TOMY .D,OCTO­

BepHOCTh IlOJiyqeHHhlX c ee IIOMOII.I,bIO qHcJieHHhlX 

OI.I,eHOK rrpeJJ;CTaBJISIJiaCh HeBhICOKOH. 

B HaCTOSIII.I,e:i1: cTaThe HaMH paccMaTpHBaeTCSI 

HeJIHHeHHbIH BapHaHT JJ;aHHOH MOJJ;eJIH, OilHChIBaIOT-

(!:) A. B. lllannos, 2002 
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C51 IlOJiyqeHHhie Ha ee OCHOBe qffCJieHHhie pe3yJihTa­

TbI. 3 a 6eraSI BrrepeJJ;, 3aMeTHM, qTo HeJIHHe:i1:HaSI 

3aJJ;aqa, no cpaBHeHHIO c JIHHe:i1:Ho:i1:, .n,aeT eII.I,e 6oJih­

mee 3HaqeHHe Me)l(¢a3HOH pa3HOCTH IlOTeHI.I,HaJIOB 

6JiaroJJ;ap51 3KCKJII03HH (BhlT51rHBaHHIO IIOJieM) HO­

CHTeJie:i1: 3apS1JJ:a H3 JihJJ;a. 

lhaK, paccMaTpHBaeMaSI MOJJ;eJih pa3JJ;eJieHH51 

3ap51JJ:a Ha cPPOHTe KpHCTaJIJIH3aI.I,HH OCHOBaHa Ha 

opHeHTaI.I,HOHHhIX JJ;e¢eKTax EheppyMa L- H D­
THna, IlOCKOJihKY OHH 51BJI.51IOTC51 caMhlMH MHOro­

qHcJieHHhlMH HOCHTeJISIMH 3ap51JJ;a B BOJJ;e HBO JihJJ;y. 

D -JJ:e¢eKThI HecyT noJIO)l(HTeJihHhr:i1: 3ap.51.n, (JJ;Ba rrpo­

TOHa Ha JIHHHH Me)l(JJ:Y 6JIH)l(aHIIIHMH aTOMaMH K HC­

JIOPOJJ;a), a L-JJ:e¢eKThI OTpHI.I,aTeJihHhIH (HH OJJ:HOro 

rrpOTOHa Ha JIHHHH) [Ma3H.O, 1988 J. 
3Hepm51 opHeHTaI.I,HOHHbIX JJ;e¢eKTOB BO JihAY 

6oJihIIIe, q eM B BOJJ;e (pHC. 1), II03TOMY JJ;e¢eKThl 

MOryT CB060JJ;HO JJ:HcPcPYHJJ:HPOBaTh H30 JihJJ;a B BOJJ:Y, 

H 3aTeM p eJiaKcHpoBaTh c ypoBHSI E 1 Ha ypoBeHh E2, 

OTJJ;aBa51 H36bITOqHyIO 3Heprmo OKpy)l(aIOII.I,HM MO­

JieKyJiaM. 06paTHa.51 JJ:HcPcPY3H51 .n,e¢eKTOB H3 BOJJ;hl 
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Pttc. 1. .LI.ttarpaMMa ::mepreTw1eCKHX nepexoJJ,OB 

opHeHTaQHOHHbIX JJ,ecpeKTOB B6JIH3H cppoHTa KpHC­

TaJIJIH3aQHH. 

£ 1 11 E2 - :mepm11 L-11ecjJeKTOB no Jih/1Y 11 e eo11e, £ 1' H £ 2' -

:rnepmH D-11ecjJeKTOB COOTBeTCTBeHHO. 

B Jie.n. 3aTpy.n.HeHa H3-3a Ham11rn51 noTeHQHaJihHOro 

6apbepa (,,.lI.HO.lI.HhIH" 3¢¢eKT). EJiaro.n.ap51 ;:i;tto.n.­

HOMY 3¢¢eKTY optteHTaU.HOHHhle .n.e¢eKThl npH 

KpHCTaJIJIH3aU,HH HaKanJIHBaIOTC51 nepe.n. ¢a30BblM 

cPPOHTOM H 06ecne1mBaIOT TeM caMbIM npocTpaHCT­

BeHHOe pa3JJ;eJieHHe 3JieKTPH1·IeCKOro 3ap5IJJ;a. 

3anHIIIeM CHCTeMy ypaBHeHHH ,ll,JI51 IlOJIHblX 

KOHU.eHTpau.Hil: N H M cooTBeTCTBeHHO L- H D­
JJ;e¢eKTOB B CTaU,HOHapHOM CJiy11ae B CHCTeMe KO­

op,!I,HHaT' 3aKpenJieHHOH Ha cPPOHTe KpHCTaJIJIH-

3aU.HH. C11cTeMa HMeeT OJJ;HHaKoBhIH Bl1JJ; KaK .ll.JI51 

JibJJ;a, TaK 11 JJ;JI51 BO)J,bl. Pa3Jil1111151 COCT051T Jil1IIIb B 

3Ha11eH115lx OTJJ;eJihHbIX napa MeTpoB. B JJ;aJibHeil:IIIeM 

JJ;JI5I npOCTOTbl 6 y .n.eM C1111TaTb IlJIOTHOCTH BOJJ;bl H 

JibJJ;a, a TaK)l(e ,lI,H3JieKTpH11eCKHe npOHHU,aeMOCTH 

O,lI,HHaKOBbIMl1. IlOJIO)l(HM K03cP¢HU.HeHT JJ;l1cPcPY311H 

L-.n.e¢eKTOB o.n.11HaKOBbIM B 06e11x ¢a3ax. D-.n.e¢eK­

TbI JJ;Ji:5I npOCTOTbI 6yJJ;eM C1111TaTb B o6eHX ¢a3ax 

HeilO,lI,BH)l(HbIMH, IlOJib3Y5ICb TeM, 11TO HX IlO,lI,Bl1)!(­

HOCTb, Hanp11Mep BO Jlh.ll.Y ' BTpoe MeHbIIIe no.n.­

Bl1)l(H0CTH L-.n.e¢eKTOB [Hobbs, 1974]. 

dN = '!!._ M _ (v + µE) N (1) 
dx D D ' 

dM = 2'.. (MN - N 2 exp ( _ _!:!:'._)) (2) 
dx v O kT ' 

dE = - ~ (N - M) (3) 
dx ee0 ' 

r.n.e v - JIHHeil:Ha5I CKOpOCTb ,lI,BH)l(eHH51 cPPOHTa 

Kp11cTaJIJI113au.1111, µ H D - no.n.BH)l(HOCTh 11 Ko-

3cPcPHU.11eHT .n.11¢¢y3HH L-.n.e¢eKTOB, k - nocT051H­

Ha5I EoJihU.MaHa, T - TeMnepaTypa, e - 3ap51,!I, 

3JieKTPOHa, e - ,lI,H3JieKTPH11eCKa5I npoH11u.aeMOCTb 

cpe,!I,hI, e
0 

- 3JieKTpH11ecKa5I nocT051HHa5I, E -

Hanp5I)l(eHHOCTb 3JieKTpH11eCKOro IlOJI5I, y - K0-

3cPcP11U.HeHT peKoM611Hau,1111, N 0 - rrJIOTHOCTh MO­

JieKyJI BO.II.bl, W - 3Hepr115I po)l(.n.eHH5I L-D-napb1, 

pa3JIH11Ha5I ,!I,JI5I BOJJ;bl H Jlb,ll,a. 

YpaBHeH11e (1) noJiy11eHo H3 HMeIOrn;ero MecTo 

B CTal.l,HOHapHOM CJiy11ae paBeHCTBa IlOTOKOB jN 11 jM 
JJ;e¢eKTOB cooTBeTCTBeHHO L- 11 D-T11na: 

jN = jM, 

r.n.e jN = D ~~ + (v + µE) N, jM = vM. 

YpaBHeH11e (2) noJiy11eHo H3 y paBHeH115I He­

npepbIBHOCTH .ll.JI5I D-.n.e¢eKTOB B cTau,110HapHOM 

CJiy11ae: 

d:: = div (JM ) - yNM + yNg exp ( - ;;.) = 0. 

3.n.ech BTopoe cJiaraeMoe B npaBoil: 11acT11 onH­

ChrnaeT peKoM611Hau,11IO L- H D-.n.e¢eKTOB, a 

TpeThe - HX TenJioByIO reHepau,HIO. TpeThe cJiara­

eMoe 1111CJieHHO paBHO y(N1)2 BO Jlb.ll.Y H y(N2)2 - B 

BO,ll,e, 11TO MO)l(HO IlOKa3aTb np11 paCCMOTpeHl111 

ypa BHeH115I HenpephIBHOCT11 .ll.JI51 D-.n.e¢eKTOB B y c­

JIOBl15IX TepMO,lI,11HaMH11eCKOro paBHOBeCl15I. 

YpaBHeH11e (3) - ypaBHeH11e IlyaccoHa. 

Ilp11 COCTaBJieHHH rpaHH11HbIX ycJIOBl1H 6y.n.eM 

C1111TaTb, 11TO npocTpaHCTBO KOOp,!I,11HaT x > 0 OT­

HOCHTC5I K BO,!I,e, x < 0 - KO JibJJ;Y. fpaHH11Hhle 

ycJIOBH5I 11MeIOT BM.II. 

Ml +o =Ml _0• 

El +o =El _0• 

DN1 
M l +o - NI +o - - l ­

v D 
Nl_o = µ D 

1 + -v El +o l 
VD 

NI _
00 

= Ml _
00 

= N 1. 

NI +oo =Ml +oo = N2. 

El±00 = 0, 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

r.n.e N 1 H N 2 - paBHOBeCHhie KOHU.eHTpau,H11 JJ;e¢eK­

TOB COOTBeTCTBeHHO BO Jlh.ll.Y H B BO,ll,e, ID - ,ll,Jil1Ha 

JJ;11¢¢y31111 L-.n.e¢eKTOB Ha BHpTyaJihHOM y poBHe E1 
B BO,ll,e. 

YcJIOBHe (4) cJie.n.yeT H3 paBeHCTBa noToKOB 

D-.n.e¢eKTOB cJieBa H cnpaBa OT rpaHHU.hI. YcJIOBHe 

(5) CJie.n.yeT H3 o6rn;eil: 3JieKTPOHeil:TpaJibHOCTH 

KpHcTaJIJIH3au,HOHHOH 5111eil:K11. YcJIOBHe (6) BbITe­

KaeT H3 paBeHCTBa noToKa .n.e¢eKTOB L-T11na BO 

JibJJ;Y (JN I _a) c y MMe .ll.BYX IlOTOKOB: IlOTOKa 3axBaTa 

L-.n.e¢eKTOB c OCHOBHoro ypoBH5I E2 BO.II.bl (vNI +o) 11 

noToKa .n.e¢eKTOB L-THna Ha BHpTyaJihHOM ypoBHe 

E1 BOJJ;bI ()1 I +a): 

jNl-o = vNI +o + jll +O' 

. J d/I +o J 
} 1 +o = D dX + (v +µEl +o) I +o' 

dl l +o _ /l+o-N1 J - j 
dX - - I ' I +o - N - o' 

D 
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PHC. 2. 3aBHCHMOCTb ttepaBHOBeCHOH KOHU,eHTpa-

1.l,HH L-JJ;ecpeKTOB s 6 n11311 q,pottTa K p 11cTaJIJIH3au,1111 

(a), HanpR)l{eHHOCTH nOJIR (6), pa3HOCTH noTeH­

U,HaJIOB (e) OT CKOpOCTH KpHCTaJIJIH3aU,HH. 

ID = v Dr 1-+ 2 rrpH v < v D Ir 1 ... 2 , 

ID = Div npH v > vDlr1 ... 2· 

3J:(eCh I - noJIHa.SI KOHu,eHTpau,.1151 L - J:(ecpeKTOB 

Ha BHpTyaJibHOM ypOBHe El B BOJ:(e. r 1-+ 2 - BpeM.51 

)KH3HH L-Ae¢eKTOB Ha BHpTyaJibHOM ypoBHe. Ll,JIH­

Ha AH¢cpy3HH L-Ae<t>eKTOB (JD) Ha BHpTyaJihHOM 

ypOBHe 6hIJia H3H,J:(eHa c IIOMOIIJ;hIO rrpH6JIH)KeHHOro 

ypaBHeHH.51 HenpepbIBHOCTH: 

di = D d21 + v di - I - Nl = 0. 
dt dx2 dX Tl-+ 2 

I1pH lfHCJieHHOM p erneHHH CHCTeMbl ypaBHeHHH 

(1 )-(9) HCIIOJib30BaJIHCb CJie}:(yIOru;He 3HalfeHH51 

rrapaMeTpoB: 

N - 1 5 . 1021 M-3 N = 1 5 . lQ27 M-3 
1 - ' ' 2 ' ' 

Y = 3 . 10- 11 M3lc, r1 ... 2 = 10- 12 c, (10) 
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s = 80, µ = 2 · 10- s M 2l(B · c), D = 4 · 10-10 M 2lc. 

3Halfemre N 1 6hIJIO ou,eHeHo M3 cpeHoMeHo­

JIOrnlfecKoro Bhlpa)KeHM.51 r 1 = 1 I (y N), r}:(e 

rl = 2 . 10-s - BpeM.51 J:(M3JieKTPMlfeCKOH peJiaK­

cau,MM Jih}:(a [Ma:mo, 1988]. 3HalfeHMe N 1 no no­

P51AKY BeJIMlfMHhI corJiacyeTC.51 co 3HalfemteM 

7 · 1021 M-3 [TaM )l(e ]. 3HalfeHMe N
2 

ou,eHeHo M3 

aHaJIOrHlfHoro Bbipa)KeHM.51 r 2 = 1/ (y N 2), me 

r2 = 2 . io-11 - BpeM.51 J:(M3JieKTPMlfeCKOH peJiaK­

caU,MM BOJ:(bl [3ii3e1-t6epz u ap., 1975 ]. Ko3cp­

cpMu,MeHT y ou,eHMBaJIC.51 no cpopMyJie y = SVT 

(s = 10-19 M2 - celfeHMe peKOM6MHall,MM, cpaB­

HMMOe c CelfeHMeM MOJieKyJibl BOJ:(bl, VT = 
= 300 Ml c - CKOpOCTb TenJIOBOro J:(BM)KeHM.51 MOJie­

KyJI). BpeM.51 r 1-+ 2 6bmo HaHJ:(eHO M3 COOTHOIIIeHM.51 

r l ... 2 = al v T (a = 3. 10-10 M - paCCT051HMe Me)KJ:(y 

MOJJeKyJiaMM) . 3HalfeHMe e BbI6paHO paBHblM cpe}:(­

HeMy M3 3HalfeHMH J:(Jl.51 Jlb,J:(a M BOJ:(bl, µ B351TO M3 

[MaaHo, 1988], D BhilfMCJieHo no M3BecTHOH cpop­

MyJie, CB513bIBaIOrn;eM: nO,J:(BM:>KHOCTb M K03cpcpMu,MeHT 

J:(Mcpcpy3MM. 

Bh16paHHhie B HacTo51rn;eM: pa6oTe 3HalfeHM51 

napaMeTpOB OTJIMlfaIOTCSI OT MCnOJib30BaHHbIX HaMM 

paHee [lllae.!loe, 1996 ]. 3To, OJ:(HaKo, He 03HaqaeT, 

lfTO npe)KHMe 3HalfeHM51 nJIOXM. Mb1 ClfMTaeM, lfTO M 

Te, M J:(pyrMe 51BJI51IOTC51 KpaHHMMM TOlfKaMM J:(Mana-

30Ha, B KOTOpOM MOryT Jie)KaTb cpaKTMlfeCKMe 3Ha­

qeHM51 cpH3HlfeCKMX xapaKTepHCTHK L-J:(ecpeKTOB. 

C11cTeMa (1 )-(9) q.11cJieHHO pernaJiaCh c no­

MOID;hIO nporpaMMHOro naKeTa Mathcad c .11cnOJib-

30BaHHeM cpyHKU.HH rkfixed (MeTOA PyHre-KyTTa 

lfeTBep TOro nop.51,J:(Ka) 11 Stiffr (MeTOA Po3eH6poKa). 

Ha pMc. 2 np.11Be}:(eHhl 3aBHCHMOCTH HepaBHOBeCHbIX 

KOHU,eHTpau,HH L - J:(ecpeKTOB B Henocpe}:(CTBeHHOH 

6JIH30CTH Bnepe}:(H H no3a,J:(H cppOHTa, Hanp51)KeH­

HOCTH 3JieKTPHlfeCKOro nOJISI Ha cppOHTe H pa3HOCTH 

noTeHu,MaJIOB OTJ:(eJibHO B BOJ:(e HBO Jlb}:(Y OT JIHHeH­

HOH cKopocTH KpHCTaJIJIH3au,HH. Ll,JI.51 cpaBHeHH.51 

3,J:(eCb )Ke np.11Be,J:(eHbl aHaJiorMlfHbie 3aBHCMMOCTH 

(nyHKTHpHbie KpHBbie)' IIOJiylfeHHbie npH aHaJIH­

THlfeCKOM perneHHH CHCTeMbl (1)-(9) co 3Halfe­

HH51MH napaMeTp,OB (10) B rpy6oM JIHHeHHOM 

np116JIH)KeHHH. 

I1051CHHM, lfTO JIHHeHHOe rrpH6JIH)KeHHe CHCTe­

MbI (1 )-(9) IIOJiylfaeTC.51 noCJie BbITIOJIHeHH.51 B HeH 

3aMeHbl N = N + !'l.N, M = N + !'l.M (i = 1 J:(Jl.51 
I I 

Jib}:(a, i = 2 AJI.51 BOJ:(bI) H npeHe6pe)KeHH51 cJiarae­

MhIMH, co}:(e p)Karn;.11MH npoH3Be}:(eHH51 E!'l.N H 

!'l.M !'l.N' r }:(e !'l.M H !'l.N - HepaBHOBeCHbie qacTH 

KOHU,eHTpall,HH. 

lfa npHBe,J:(eHHbIX rpacpHKOB BHJ:(HO, lfTO B BOJ:(e 

HepaBHOBecHa.51 KoHu,eHTpau,H.51 L-Ae¢eKTOB, Ha­

rrpSI)KeHHOCTh IIOJI.51 H pa3HOCTb noTeHU,HaJIOB B03pa­

CTaIOT c yBeJIHlfeHHeM CKOpOCTH KpHCTaJIJIH3all,HH 

H Bb!XOJ:(51T Ha HaCbIID;eHHe npH CKOpOCTH 60JibIIIe 

1 o-s Ml c, a 3aTeM rrpH CKOpOCTH BbIIIIe 1 Ml c 



HEJIJ1HEHHAfl 3A,l.(A'!A PA34EJIEHHfl 3AP5!4A 

Ha1I1rnaroT yMeHbIIIaTbC5L B o6Jiacnr HachrIIJ,emrn 

HepaBHOBeCHa5I KOHU:eHTpau:irn B BOL(e paBHa paBHO­

BeCHOH N 2 , noJie cocTaBJI5IeT 108 B/M, na):(eHHe 

noTeHu:HaJia MaJio H npHMepHO paBHO Bhlpa)KeHHOH 

B BOJihTax 3HeprHH TenJIOBoro J:IBH)KeHH5I kT I e = 
= 0,023 B. 

Bo JihAY B6JIH3H ¢poHTa HepaBHOBeCHa5I KOH -

u:eHTpau;H5I L-Ae¢eKTOB npH CKopocTH KpHcTaJI­

JIH3aU:HH BbIIIIe 1 o-s M/ c CTaHOBHTC5I 6oJihIIIe paB­

HOBeCHOH Nl' a npH CKOpOCTH BbIIIIe 1 M/ c L(OCTHra­

eT 3Ha1IeHH5I N 2 H HachrIIJ,aeTC5I. 3JieKTpH1IecKoe 

noJie Be):(eT ce65I TaK )Ke, KaK B BOL(e. 

0TMeTHM, 1.!TO n01ITH BCe 3aBHCHMOCTH (CM. 

pHC. 2)' noJiy1IeHHbie npH peIIIeHHH HeJIHHeHHOH H 

JIHHeHHOH 3a):(a1I, xopOIIIO JIO)KaTC5I Apyr Ha Apyra. 

Ilo3TOMY npH nOL(06HbIX pac1IeTax npe):(n01ITeHHe 

MO)KHO OTL(aTb JIHHettHOH 3a):(a1.!e, nOCKOJibKY ee 

peIIIeHH5I MO)KHO HaHTH aHaJIHTH1IeCKH, H OHM ro­

pa3):(0 YA06Hee AJI5I aHaJIH3a. 3aMeTHO pa3JIH1IaIOTC5I 

B HeJIHHettHOH H JIHHeHHOH 3a):(a1Iax KpHBbie na­

L(eHH5I noTeHu:HaJia BO JibAY' npH 3TOM HeJIHHettHa5I 

3a):(a1Ia L(aeT 60JibIIIHe 3Ha1IeHH5I, 1.!eM JIHHettHa5I. 

MaKCHMaJihHOe pa3JIH1IHe Ha6JIIOAaeTC5I (cM. 

pHc. 2,6) npH cKopocTH I0-5M/c, npH KOTopoil He­

paBHOBecHa5I KOHU:eHTpaU:H5I L-Ae¢eKTOB BO JibAY 

cpaBHHMa c paBHOBeCHOH. B JIHHettHOH 3a):(a1Ie npH 

3TOM noTeHu:HaJI paBeH 63 MB, a B HeJIHHettHOtt 

2,6 B, T. e. B nocJie):(Hett 6oJihIIIe npHMepHo B 

40 pa3. IlpH yBeJIH1IeHHH CKOpOCTH pa3JIH1IHe 

yMeHbIIIaeTC5I H npH CKOpOCTH 0,01 M/ c CTaHOBHTC5I 

He3aMeTHhlM. IlpH CKOpOCTH 0,01 M/C na):(eHHe no­

TeHu:HaJia BO JibAY B o6eHX 3a):(a1IaX COCTaBJI5IeT 

OKOJIO 100 B. 
EoJihIIIOe na):(eHHe 3JieKTpH1IecKoro noTeH­

U:HaJia BO JibAY B HeJIHHettHOH 3a):(a1Ie CB5I3aHO c 

3KCKJII03Hett HOCHTeJieH 3ap5IL(a - BbIT5IrHBaHHeM 

HOCHTeJieil H3o JihAa 3JieKTpH1IeCKHM noJieM. He­

JIHHettHa5I 3a):(a1Ia n03BOJI5IeT L(eTaJibHO paCC1IHTaTb 

3TO 5IBJieHHe. 3KCKJII03HIO HJIJIIOCTPHPYIOT rpa¢HKH 

pacnpe):(eJieHH5I KOHU:eHTpau:HH, nOJI5I H noTeH­

U:HaJia B6JIH3H cPPOHTa KPHCTaJIJIH3aU:HH, npHBe):(eH­

Hhle Ha pHc. 3. BHAHO (CM. pHc. 3,a), 1.!TO npH 

CKOpOCTH 3. 10-6 M/ c nOJIHa5I KOHU:eHTpaU:H5I L-L(e­
¢eKTOB BO JibAY eIIJ,e n01ITH He OTJIH1IaeTC5I OT 

paBHOBernoil. Ho y)Ke npH cKopocTH 10-5M/ c noJI­

Ha5I KOHU:eHTpaU:H5I Ha paCCT05IHHH 0, 1 MKM OT 

cPPOHTa CTaHOBHTC5I n01ITH B 100 pa3 MeHhIIIe paB­

HOBeCHOH. IlpH L(aJihHettIIIeM yBeJIH1IeHHH CKOpOCTH 

poCTa 3KCKJII03H5I nocTeneHHO ocJia6eBaeT. PoCT 

pa3HOCTH noTeHu:HaJIOB (U) npH 3KCKJII03HH BbI-

3BaH, B COOTBeTCTBHH c COOTHOIIIeHHeM u = E . L,. 
yBeJIH1IeHHeM L(JIHHbI 3KpaHHpOBaHH5I (L) 3JieKT­

pH1IeCKoro nOJI5I (£) no Mepe HCTOIIJ,eHH5I KOHU:eHT­

pau:HH HOCHTeJieil 3ap5IJ:1a. Ha pHc. 3,6 xopoIIIo BHA­

Ho, KaK c B03HHKHOBeHHeM 3KCKJII03HH yBeJIH1IHBa­

eTC5I rJiy6HHa npOHHKHOBeHH5I 3JieKTPH1IeCKOro no­

JI5I B Jie):(. 
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PHc. 3. 3aBHCHMOCTb noJIHOH KOHU,eHTpau,HH L­
ii,e¢eKTOB (a), Hanp5I)l{eHHOCTH TIOJI5I (6), IIOTeH­

u,11aJia (6) OT paCCT05IHH5I JJ,O ¢pottTa KpHCTaJIJIH3aU,HH 

np11 pa3JIJ1lIHhrx CKopocT5IX Kp11cTaJIJI113au,1111. 

EoJihIIIOe 3Ha1.!eHHe pa3HOCTH noTeHu,HaJIOB no 

cpaBHeHHIO c BeJIH1IHHOH kT/ e, noJiy1IeHHOe npH 

peIIIemm HeJIHHeHHOH 3a):(a1IH, 3HaK pa3HOCTH rro­

TeHu:HaJIOB (BOL(a OTPHU:aTeJibHO 3ap5I)KeHa no OTHO­

rneHHIO KO JibAY)' 6hICTpoe yBeJIH1IeHHe IIOTeHu:HaJia 

c IIOCJie):(yIOIIJ,HM era HaCbIIIJ,eHHeM npH CKOPOCTH 

pocTa I0-5M/ c, noJI,TBep)KJ:laeMhle AaHHhlMH onhrTa, 

CBHL(eTeJibCTBYIOT B IIOJib3Y npaBHJibHOCTH Bhr6paH­

HOro IIOL(XOL(a B OIIHCaHHH MexaHH3Ma pa3L(eJieHH5I 

3ap5IL(a Ha cPPOHTe Kp~cTaJIJIH3aU:HH BOL(bI. 

IlOCKOJibKY 60JibIIIOe 3Ha1IeHHe pa3HOCTH no­

TeHU:HaJIOB 5IBJI5IeTC5I Ba)!(HettIIIHM KPHTepHeM 

ou:eHKH npHro):(HOCTH MOL(eJIH, IIOKa)KeM, OT KaKHX 

napaMeTpOB MOJI,eJIH 3aBHCHT pa3HOCTb IIOTeH­

U:HaJIOB B HarneM cJiy1.!ae. B JIHHettHOM BapHaHTe 
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A.B. llIABJIOB 

CKOpOCTb 10-s M/ c, rrpll KOTOpOH HepaBHOBeCHbie 

KOHIJ;eHTpau;tttt L-.qe¢eKTOB BO JibAY ll BOAe CTaHO­

B51TC51 cpaBHllMbIMll llJill rrpeBbI IIIaIOT paBHOBeCHbie 

ll B03HllKaeT 3KCKJII03ll51, orrpe.qeJI51eTC51 ll3 COOTHO­

IIIeHll51 v = [2kTeeol(e2N2)]1/2yNl. Ilptt 3TOM rra­

.qeHtte rroTeHu;ttaJia orrpe.qeJI51eTc51 Bbrpa:>KeHtteM 

U=(kT/ e) (uN1)-1 [ee0N/ (2kT) ]l/2v = kTet:0y/ (e2µ). 
3Ha'-IeHlle yKa3aHHOH CKOpOCTll TeM MeHhIIIe, a 

rroTeHu;ttaJI TeM 6oJihIIIe, '-IeM MeHhIIIe µ, N 1 n 

6oJihIIIe N 2• B pa6oTe [ill ae.1we, 1996 ], HarrpttMep, 

o6ocHOBbIBaJillCb 3Ha'-Iemrn µ B CTO pa3 MeHbIIIlle 

HCI10Jlb30BaHHbIX B HaCT051IIJ,eH pa6oTe. IlpHMepHO 

B CTO pa3 MeHbIIIHe 3Ha'-IeHH51 MO%HO TaK:>Ke rro­

JIY'-IllTb AJI51 Nl' HCITOJih3Y51 3Ha'-IeHHe speMeHH 

):(H3JieKTpH'-IeCKOH peJiaKcau;HH Jlb):(a Tl = 10-3 c ll3 

pa6oTbI [Hobbs, 1974 ]. TaKHM o6pa30M, c rro­

MOIIJ,hIO ):(aHHOH MO):(eJill MO:>KeT 6hITb o6ocHOBaHa 

eIIJ,e 60JibIIIa51 pa3HOCTb IlOTeHIJ;HaJIOB Ha cPPOHTe 

KpllCTaJIJIH3aIJ;Hll no cpaBHeHllIO co 3Ha'-IeHH51Mll, 

rrpttBe):(eHHbIMll Ha pn:c. 2, 3. 
I1pe):(JIO:>KeHHa51 HaMll CllCTeMa ypasHeHHH 

(1 )- (9) 51BJI51eTC51 rrpocTeilIIIeil H3 B03MO:>KHbIX. Ee 

MO:>KHO ycJIO:>KHHTh, Harrpn:Mep, Y'-IT51 AHcPcPY3HIO n: 

OTTOp:>KeHHe D-Ae¢eKTOB cPPOHTOM KpHCTaJIJIH-

3au;n:n:, a TaK:>Ke BBe/:(51 B paCCMOTpeHn:e eIIJ,e O):(HH 

THil HOCllTeJieH 3ap51):(a - rrpOTOHbI, KOTOphle, KaK 
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ll3BeCTHO, OKa3bIBaIOT cyIIJ,eCTBeHHOe BJlll5IHlle Ha 

ABtt:>KeHtte L- n D-.qe¢eKTOB. Ho s caMbIX o6IIJ,ttx 

'-Iepnx 3a.qaqy pa3.qeJieHtt51 3ap51.qa Ha ¢poHTe 

KpllCTaJIJill3au;ttll y:>Ke MO:>KHO C'-IllTaTb peIIIeHHOH. 

B 3aKJIIO'-IeHne Bbrpa%a10 rny6oKyIO 6Jiaro.qap­

HOCTb aKa.qeMttKy PAH B. IT. MeJibHttKosy 3a Bce­

CTOPOHHIOIO rro.q.qep:>KKY pa6oThI. TaK:>Ke Bhrpa:>KaIO 

6naro.qapHOCTh Hay'-IHhIM COTPYAHttKaM 11K3 CO 
P AH C. H. PoMaHIOKY n LI,. B. Ee3ycy 3a rroMOII(h 

s pa6oTe Ha pa3Jitt'-IHhlX ee 3Tarrax. 
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