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K HaCTOJHD;eMy BpeMeHII orry6JIHKOBaHO 60Jihmoe 'IHCJIO TeopeTH'IeCKHX H 9KC

rrepnMeHTaJibHbIX pa6oT, B KOTOpbIX H3y'!a10TCH rrporr.ecCbI peJiaKcarr.nn KOHU.eHTpH

poBaHHOfi TeIIJIOBOfi 9HeprHH, cocpe,n:OTO'IeHHOfi rrepBOHa'IaJibHO IIO'ITH IIOJIHOCTblO 

B 9JieKTpOHHbIX CTerreHHX CB060,n:hI. B 9TOfi CBH3H CJie,n:yeT yrroMHHYTb pac'IeThI 

pa,n:HaI\HOHHbIX pa3pymeHHfi repMeTH3Hpyro~ett o6oJIO'IKH TB8JloB B H,n:epHbIX H 

rrpoeKTHPYlO~HXCH B HaCTOR~ee BpeMH 9JieKTpOH,n:epHbIX 9HepreTH'IeCKHX ycTaHOB

Kax, pa,n:no6HOJIOrn10, pa60TbI no orrpe,n:eJieHHlO IIOCTOHHHOfi 9JieKTpOH-q>OHOHHOro 

B3aHMO,n:efiCTBHH C IIOMO~blO Jia3epHOfi q>eMTOCeKyH,n:HOfi TexHHKH, C03,n:aHHe BbICO

KOTeMrrepaTypHbIX CBepxrrpOBO)];HHKOB C BbICOKHMH KpHTH'IeCKHMH TOKaMH 3a C'IeT 

HX o6Jiy'IeHHH ycKopeHHbIMH HOHaMH, pac'!eTbI xapaKTepHCTHK H,n:epHbIX q>HJibTpOB 

H TpeKOBbIX ,n:eTeKTOpOB H ,n:p. TeopHH 9THX HBJieHHfi o6cy)K)];aJiacb e~e B pa6o

Tax [1,2] H 3aTeM 6hIJia pa3BHTa B pH,n:e IIOCJie,n:yro~HX rry6JIHKan;ntt (cM., Hanpn

Mep, pa60ThI [3,4] H co,n:ep)Ka~HeCH B HHX CCbIJIKH). Bee OCHOBe Jle)I{HT CBH3aHHaH 

CHCTeMa HeJIHHefiHhIX )];Hq>q>epeHU.HaJibHbIX ypaBHeHHfi )];Hq>q>y3HOHHOro THrra, OIIH

ChIBalO~aH )];HHaMHKY H3MeHeHHH rrpocTpaHCTBeHHbIX pacrrpe,n:eJieHHfi TeMrrepaTyp 

9JieKTpOHOB H HOHOB: 

pC;(T;) a~; = :r [ K;(T;) ~;] + K;;T;) ~:; + g(Te -T;). 

3,n:eCb Ce, C; H Ke, K; - TeTIJIOeMKOCTH H TeIIJIOIIpOBO)];HOCTH 9JieKTpOHHOfi CHCTe

MbI n pemeTKHj p - IIJIOTHOCTh Be~eCTBa; g - KOHCTaHTa, orrpe,n:eJIHlO~aH o6MeH 

9Heprnett Me)K,n:y 9JieKTpOHaMH H pemeTKOfi; A(r, t) - MO~HOCTb 9HeprOBbl)];eJieHHH 

B MOMeHT BpeMeHH t B TO'!Ke r, r,n:e paccTOHHHe r OTMepHeTCH rrepneH)];HKYJIHpHO 

TpaeKTOpHH HOHa. 

Pac'IeThl [5,6] IIJIOTHQCTH 9HeprHH, BbI)];eJIHlO~eficH B OKpeCTHOCTH TpeKa 3apH

)KeHHOro HOHa, ,n:alOT BeJIH'IHHY nopH,n:Ka 100 9B Ha o,n:Hy MOJieKyJiy, OTKy,n:a CJie

,n:yeT, 'ITO paccMaTpHBaeMhie HBJieHHH corrpOBO)K)];alOTCH 3Ha'IHTeJihHOfi HOHH3arr.nett 

Be~eCTBa. IlocJie,n:Hee o6CTOHTeJibCTBO BJIHHeT Ha PHA xapaKTepHCTtIK rrporr.ecca Te

IIJIOIIepeHOCa, TaKHX KaK TeIIJIOeMKOCTh H TeIIJIOIIpOBO)];HOCTh, cy~eCTBeHHbIX rrpH 

OIIHCaHHH 9JieKTpOH-q>OHOHHOfi peJiaKcarr.nn1. IlOHHTHO, 'ITO ,ll.JIH OIIHCaHHH HOHH-

3aU.HH HCIIOJib30BaTh 3,n:ech H3BeCTHhlfi rro,n:xo,n: [7], OCHOBaHHhlfi Ha rrpe,n:rrOJIO)KeHHH 

0 paBeHCTBe TeMnepaTyp 9JieKTpOHOB H HOHOB H rrpHBO)];H~Hfi, B 'IacTHOCTH, K q>Op

MyJie Caxa, HeJih3H. B HacTOH~ett pa6oTe rrpe,lI.JlaraeTCH npOCTOfi MeTO)]; pac'IeTa 

9JieKTpOHHOfi TeIIJIOeMKOCTH B YKa3aHHOfi o6JiaCTH, OCHOBaHHhlfi Ha 'IHCJieHHOM pe

meHHH ypaBHeHHH )];JIH XHMH'IeCKOro TIOTeHU.HaJia 9JieKTpOHOB. 

1ComacHO MO,D;eJIH [1-2] xapaKTepHOe BpeM11 T !lJieKTPOH-q>OHOHHOtt peJiaKca~ml CB.H3aHO C Te

rmoeMKOCTb!O c. :meKTPOHOB COOTHOmeHHeM r- 1 = g/ pC., r.n;e g- He 3aBHC.!IIIl;a.H OT TeMrrepaTyph! 

IIOCTO.!IHHHa.H :meKTPOH-q>OHOHHOl'O B3aHMO,D;ettCTBH.!I. B orry6JIHKOBaHHhIX K HacTO.Hm;eMy epeMe

HH pacqe-rax 3aBHCHMOCTb T OT TeMrrepaTyphl JIH60 rrpOCTO Hl'HOpHpye-rc.a, JIH60 Y'IHTb!Bae"rC.!I Ha 

OCHOBe rrp~IIOJIO:lKeHH.!I O JIHHettHott 3aBHCHMOCTH c. OT TeMrrepaTyphl. Ha TO HH .n;pyroe, eoo6m;e 

roeop.a, He eepHo. 



Tax KaK B o6cy)K,ll;aeMbIX .HBJieHlUIX 3Ha'In:TeJibHaH 'IacTb aTOMHbIX ypOBHefi BCe 

:lKe MO:lKeT OCTaBaTbC.H HeB036J:lK,D;eHHOfi, cpe,n;Hee 'IllCJIO 3JieKTpOHOB B COCTOHHllU C 

3Heprn:ett E CJie,n;yeT OilUCblBaTb TO'IHO, llCilOJib3J.H pacnpe,n;eJieHn:e <DepMn: 

1 
(N) = e<E-µ(T))/KBT-+ 1 · (1) 

,Ll;aJiee, ll3 Toro, 'ITO npn: T = 0 Bee 3JieKTpOHbl HaxO,D;.HTC.H B CBH3aHHOM COCTOH

HUll CJie,n;yeT, 'ITO 3Ha'IeHn:e XlfMH'IeCKOrO IlOTeHIJ;UaJia µ npn HyJieBOfi TeMnepaType 

paBHO Han:60Jibmett 3Hepr:im CB.H3Il 3JieKTpOHa B MOJieKyJie. BbIJl:eJI.H.H B Bbipa:ll<:eHUU 

AJI.H XlfMH'IeCKOro noTeHII;UaJia 3TY BeJIU'IUHY OT,D;eJibHbIM CJiaraeMbIM, 

µ(T) = µ(0) + l:!,.µ(T), 
t 

Bbipa:ll<:eHUIO (1) HeTpy,n;Ho npn,n;aTb Bll,D; 

1 
(Ni,b) = e-(,,+Aµ)/KBT + 1' 

(N. ) - 1 
k,f - e(<k-Aµ)/KBT + 1' 

COOTBeTCTBeHHO AJI.H CBH3aHHbIX n CB060,D;HbIX COCTOHHilfi. 3,ri:ech 

E; = µ(0)- Ei 

- 3Heprn.H CBH3ll, OTBe'IaIOni;a.11 i-My 3JieKTpOHHOMY ypOBHIO, 

p~ 
Ek=-

2m 

- 3HeprnH CB060,n;Horo 3JieKTpOHa. 3aBUCHilI;aH OT TeMnepaTypbl nonpaBKa K xn

Mn:'IeCKOMY IlOTeHii;naJiy l:!,.µ(T) Haxo,n;nTC.H Il3 YCJIOBll.H coxpaHeHn.H IlOJIHOro 'IHCJia 

3JieKTpOHOB 

2)1 - (Ni,b)) = "£(Nk,/)- (2) 
i k 

3aMeH.H.H o6hl'IHbIM o6pa30M [7] cyMMy no COCTO.HHil.HM CB060AHbIX 3JieKTpOHOB UH

TerpaJIOM 

./2,vm312 [ 00 ,.fidE ./2.v(mKnT)312 
[ 00 .jzdz 

7r2t,,3 lo e<•-Aµ)/KBT + 1 - 7r2t,,3 lo ez-Aµ/KBT + 1' 

IlOJIJ'IUM ypaBHeHne Jl:Jl.H onpe,n;eJieHn.H BeJIIl'IIlHbl !:!,.µ(T) (3,ri:ech V - ofo,eM, npn:

xo.n;.11ni:nttc.11 Ha OAHY MOJieKyJiy Beni;eCTBa) . 
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Puc. 1. Pac•ieTHa.11 3a1rncn:MOCTh l:!,.µ(T) ;1:irn BhICOKOTeMnepaTypHoro cBepxnpoBo,n:

HUKa Y Ba2Cua01 

Ha pnc. 1 IIOKa3aHa pac'IeTHaH 3aBUCIIMOCTh !:!,.µ(T) Jl:JIH BhICOKOTeMrrepaTypHOfO 

CBepxrrpoBOJl:HUKa y Ba2Cu307, BpeMH 3JieKTpOH-q>OHOHHOfi peJiaKca1i:u:11 KOTOporo 

Il3MepHJIOCh B rrpHMblX Jia3epHbIX 3KcrrepuMeHTaX B pa6oTax [8 10], a rrpmi:ecChl 

TpeKoo6pa30BaHnH, IIHTepeCHhJe C TO'IKII 3peHU.H B03MO:ll<:HOCTII TIOBhIIIIeH:H.H Kpn

TU'IeCKOro TOKa (6Jiaro.n;apH 3q>q>eKTY IIIIHHUHra), - B pa6oTe [11]. B Ka'IeCTBe 

:rneprutt CB.H3U €; :,meKTpOHOB HaMn 6hIJIII B3.HThl 3KCrrepnMeHT3.J"lhHhie IIOTeHii:na.,,hJ 

IIOHII3ari:nu [12] OTJl:CJlhHhIX aTOMOB, BXOAHTII:IIX C COOTBeTCTBJIOilI;IIMII KpaTHOCT.HMII 

(1, 2, 3 H 7 ;i:it.11 Y, Ba, Cu n: 0) B xuMn'IecKyro q>opMJJIY Beni:ecTBa. IIpn 3TOM 

Y'IIIThIBaJIIICh B036y)K,ll;eHII.H TOJihKO nepBhIX 11 ypoBHefi (rroTCHII:llaJihl IIOHil3ari:nn 

6oJiee rJiy6oKIIX ypoBHefi, cyni;eCTBeHHhJe rrpn 6oJiee BhICOKIIX Te11,mepaTypax, MOfYT 

6hITh Hatt,n;eHhl TeopeTn'IeCKII [13]). TOT q>aKT, 'ITO rronpaBKa l:!,.µ(T) nMeeT OT

pmi:aTeJihHOe 3Ha'IeHne,o6'h.HCH.HCTCH 60JihIDIIM CTaTUCTil'ICCKIIM BeCOM CB060,n:HhIX 

COCTOHHnfi, npnBOJJ:HilI;:HM K IIOHU:ll<:eHn:IO TeMrrepaTyphI, rrpn KOTOpott Ha'InHaeTC.H 

3q>q>eKTIIBHaH l!OHI13ari:u.11 ypOBH.H (cM. puc. 2). ,D;JI.11 cpaBHCHII.H Ha pnc. 2 rryHK

TllpOM IIOKa3aHa 3aBIICUMOCTh (Ni,t(T)) 6e3 J'IeTa 3aBIIC.HilI;eft OT TeMrrepaTyphl ,n:o--

6aBKII K XIIMil'IeCKOMY IIOTeHII:llaJIY, T.e. rrpn I:!,.µ= 0. OTKJIOHeHneM KpIIBOfi !:!,.µ(T) 
OT JIIIHefiHOfi 3aBIICIIMOCTII o6'hHCH.HeTC.H TOT q>aKT, 'ITO cpe,n:Hee 'lllCJIO 3J"IeKTp0HOB, 

OCB06o:iK,n:aIOTII:IIXCH C i-ro ypoBH.H 

(N;,1) = 1 - (Ni,b) 

CTpeMIITCH rrpn BhICOKIIX TeMnepaTypax K e.IJ:IIHIIII:e (cM. pl!C. 2). KapTillla TIOC.TJe

JI:OBaTeJihHOfO B036y)l(:Jl:eHII.H Bee 6oJiee rJiy6oKnX ypOBHeft, IIOKa3aHJia.H Ha pnc. 3, 
1 

1 C Ka'leCTBeHHOfi TO'IKJI 3peHn.H BIIOJIHe aHaJIOfll'IHa Toft, K0TOpaH l!Meer MeCTO npn 

y,n:apHoft II0HH3aii:nn IIJIII B paRH0Becnoft IIJia3Me. 
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Pnc. 2. MoHn3aU,nR ypoBHR 1 Bhrco

KOTeMnepaTypHoro CBepxnpOBO,ll;HHKa 
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Pnc. 3. IIoCJie,n;oBaTeJihHOe B036y

)K,ll;eHne ypOBHefi 1,5,10,15 BhICO

KOTeMnepaTypHOro CBepxnpOBO,ll;HHKa 

YBa2Cu301· 

TenJIOeMKOCTh ::meKTpOHOB (3,n;ecb ll ,n;anee - OTHeceHHaR K 0,ll;HOfi MOJieKyJie 

Beru,ecTBa) MO)KeT 6hITh Hafi,n;eHa npRMhIM ,n;mpcpepeHU,HpOBaHneM TIOJIHOfi 9Heprnn 

CBOOO,ll;HhIX 9JieKTpOHOB: 

(au) _ 3 " " d(N;,1) Cv = BT v - 2KB 7 n;(N;.J) + 7 n;f;~, 

r,n;e CYMMHpoBaHne n,n;eT TIO BCeM CBR3aHHhIM COCTORHHR 9JieKTpDHOB, a n; - KpaT

HOCTh BXO)K,ll;eHHR aTOMOB B q>OpMyJiy Beru,eCTBa. Ha pnc. 4 npe,n;cTaBJieHa pac

C'IHTaHHaR TaKHM o6pa30M TeTIJIOeMKOCTh 9JieKTpOHOB B o6JiacTH ll0Hll3all,llll ,ll;JIR 

y Ba2Cu307. Bn,n;HO, 'ITO OHa He MO)KeT 6hITh annpOKCHMllpOBaHa JIHHefiHOfi 3aBn

CllMOCThIO, cnpaBeMHBOfi ,ll;JIR BbipO)K,ll;eHHOro 9JieKTpOHHOrO ra3a, Haxo,n;Rru,erocR B 

mnpoKOfi TIOTeHU,llaJibHOfi RMe c TIJIOCKHM ,ll;HOM. TaK, MR cpaBHeHnR, Ha pnc. 5 

TIOKa3aHa pac'IeTHaR TeTIJIOeMKOCTh 9JieKTPOHOB MR MOJieKyJihI BO,ll;hI (Ba)KHa.H, B 

'IacTHOCTH, B pa,n;no6noJiornn [14] npn Mo,n;eJinpoBaHnn pa,n;nau_noHHhrx noBpe)K,n;e

Hnfi ,LJ;HK), n JinHefiHa.H annpoKcnMan,nR C = ,T, c nocTORHHofi 3oMMepq>eJih,n;a 1 
pacC'IHTaHHOfi o6bI'IHhIM o6pa30M [7]: 

_ 2 (~) 2/3 m (.!!..) 2/3 
,-KB 3 t,,2N N ' 

r;:i:e N -- TIOJIHOe 'IllCJIO 9JieKTpOHOB B MOJieKyJie. 
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Pnc. 4.TenJioeMKOCTh 9JieKTpoHoB B o6JiacTn nOHH3all,HH MR Y Ba2Cu30 7• ITyHK

THpHa.H KpnBaR OTBe'IaeT pac'leTY c l:iµ = 0 
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Pnc. 5. TemroeMKOCTh 9JieKTp01IOB ,ll;JIR MOJieKJJibI BO,D;hl: 1-pacC'IHTaHIIaR Te

TIJIOeMKOCTh 9JieKTpOHOB, 2-pacC'IllTaHHaR TeTIJIOeMKOCTh 9JieKTpOHOB 6e3 rreTa TIO

npaBKH l:iµ, 3-JinHefiHaR annpOKCHMaU,HR 

Ha pnc. 6 - 11 npe,n;cTaBJieHhl 9JieKTpDHHhle TeTIJIOeMKOCTll MR pR,n;a Beru,eCTB, 

B3anMo,n;efiCTBHR KOTOphlX C llOHll3Hpyroru,nM H3JIY'IeHneM B HacTORIIJ,ee BpeMR TaK

)Ke mnpoKo o6cy)K,n;aIOTCR B JIHTepaType. 

Pa6om BhITIOJIHeHa npn noMep)KKe P<I><I>M, rpattT N97-01-01023. 
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AiipHH 3.A., KocTeHKO E.<l>., <l>e.n:opoB A.B. 
PacqeT XlIMHqeCKlIX noTeHUliaJlOB lI TerurneMKOCTeii 3JieK-rpOHOB 
B o6rraCTlI ClIJihHOH lIOHlI3aUlilI 

P14-98-235 

TiyreM npHMOro qlicJieHHOI'O pellleHHH ypaBHeHHH .n:m XlIMliqecKoro 
noTeHUliaJla npOlI3Be,n:eH pacqeT TenrroeMKOCTlI 3JleK"fl)OHOB B o6rraCTlI ClIJlhHOH 
lIOHlI3aulIH aTOMOB Beruecrna Ha CTa.D:lilI, npe.n:lllecrnyrorueii B036y)K.!l:eHlIIO qJOHOH
HhlX CTeneHeH CBo6o,n:bl. TioKa3aHO, qTo lIC0OJih3yeMM qacTO JllIHeHHM annpo
KClIMaUlIH TenrroeMKOCTlI B 3TOM crryqae, soo6rue I'OBOpH, He BepHa. TipttBe,n:eHbl 
pacqeTHbie 3HaqeHlIH 3JieK-rpOHHblX TenrroeMKOCTeii .!l:JIH pH.D:a seruecTB, Heo6xo
.!l:lIMbie .!l:JIH pellleHHH pH.D:a aKTYaJihHbIX BonpocoB pa.n:ttaUlIOHHOH <plI3lIKlI 
lI pa.n:tto6HOJIOITilI, a TaIOKe nplI onpe.n:erreHlilI BpeMeHlI 3JieKTpOH-qJOHOHHOH perraK
CaUlilI MeTO,n:aMlI Jia3epHOH cpeMTOCeKytt.!l:HOH TeXHlIKlI. 

Pa6orn BhlOOJIHeHa B Jia6opaTOplrn BbJqlICJIHTeJibHOH TeXHlIKlI tt aBTO
MaTlI3aUlilI 0115U1. 

Coo6111e1111e 061,emrnemtoro HHCTHlyra smeptthlX HCC/le/lOBaHHii. )ly6tta, 1998 

TiepeBo.n: aBTOpOB \ 

Ayrjan E.A., Kostenko B.F., Fedorov A.V. P14-98-235 
Calculation of Chemical Potentials and Electron's Specific Heat 
in Strong Ionization Region 

On the base of direct solution of equation for chemical potential, calculations 
of electron's specific heat in the multiple ionization region on the stage preceding 
to the excitation of phonon's degrees of freedom are fulfilled. It is shown that 
the well-known linear approximation for the specific heat is inapplicable here. 
Calculated values of the electron's specific heat for a number of substances 
(relevant for solution of some actual questions of radiation physics and biology 
as well as for determination of the electron-phonon relaxation time with the laser 
femtosecond technique) are given. 

The investigation has been performed at the Laboratory of Computing 
Techniques and Automation, JINR. 
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