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c 1976 06'~ee)uHeHHWii UHc•u•ya JIOepHWX UCCAee)oeaHUJi,lly6Ha 
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.. 
8ReKTpOH, nouemeH~~ B KPHCT8RR, ITORHpHayeT OKpy~a~my~ 

CpeAY H B38HMOAeacrByeT C HaBeAeHHHMH aapflAaMH, BCne~CTBHe 

qero 3HeprHH ero MeHnercn. npyrHMH CROBBMH, HepenHTH

BHCTCKan qacruna (anexrpoa) nonnpHayer ~OHOHHU~ BaKyyu, 

SHeprHH ee ITOHREaercn, B03HHK8eT CROEHOe COCTOHHHe (qacTHUa + 

WDHOHHoe o6naxo = nonHpoH), o6na~a~mee HeKoropoH s~eKTHBHOH 

M8CCOH 111 , OORbllieH, qeu uacca sneKTPOHa. 

B HaCTOH~ea padOTe HCCRe~yeTCH CBH3aHHOe COCTOHHHe ITORHpOHa, 

B38HMO~eHCTBy~mero He TORbKO C WOHOH8MH 1 HO H C HeKOTOpNM BHelliHHM 

KnaccHqecKHM nonew. ~arepec K sroa aa~aqe CTHMynHpyercH HecKonb

KHMH C006paxeHHHMH. Bo-nepBUX 1 STO npaKTHqecKHe COOdpaEeHHH
1 

HOD 

IT0~06HaH CHCTeUa B03HHK8eT, HanpHuep, npH BHeceHHH B cpe~y CTO

pOHHero 3apn~a. BO-BTOpHX, HeCOMHeHHUR HHTepec npe~CTaBHRO du 

HCCRe~OBaHMe pacceHHMH ITORHpOHOB M H3YQeHHe 3aBHCHMOCTH UUITRHTYAU 

pacceHHMH or crpyxrypu cnoxaoA qacruuu. PemeaHe aa~aqH o nonnpoHe 

B ITOTeHUHaJibHOM none HBRHeTCH nepBUM marou B 3TOM HanpaBReHHM. 

B nepaoH qacTH paooru nonyqeao KoaruayanLaoe npe~craaneHHe 

WYHKUHH rpHHa, BO BTOpo~-OUCHHBaeTCH OCHOBHOA ypoBCHb 3HeprHM 

CHCTCYH. 

I. raUHRbTOHHaH, OITHCNBa~mH~ B3BHMO~e~CTBHe ITORHpOH8 C 

BHemHHU KR8CCHqecKHU ITOTeHUHBROU 1 Hueer B~ 
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+ 
r.ne O.k. 11 Q.~~; - onepaTopbl polK,lJ,eHI1ft 11 yHW<TOJIWHl1ft KBaHTOB 

CK8EftpHoro ilOEft (WOHOHOB) C 3HeprHeH w~~.. 11 BOEHOBbiM BeKTOpOM 
+ 
~ ~yp~e llEOTHOCTI1 HCTQqH11K8, ~ A K - KoMnoHeHThl 

KOHCTaHTa cBH311, V(ii) - BH8illHl1H TIOTeHU118E. 06blqHo cql1Ta~T -WK He aaEI1Cftll\l1M oT K 11 BBO,lJ,HT HOBY~ KOHCTaHTy CBH3H d.. 

~ ")(. = i \. z '12 d.. ii w '3/'l 1 
K L v rl'1. ' 

r.ne V - 06beM, B KOTOpbiH llOMemeHa Harua Cl1CTeMa. TiepeXO,lJ, OT 

CYMMl1pOB8Hl1ft K 11HTerpl1pOB8HHIJ npOl13BO,lJ,l1TCH OQblqHbiM oOpa3011: 

.LL F(K) v ... t;ii); s <i~ F ( ~) · 
BhlnonHl1M no nepeMeHHOH if npeoopaaoBaHl1e H.H.EoronBJ-

6ona111: 

-ii'i 
a.~'- ._,. a. ... e 
Q+ + eti~ 

K -+ Q.K 

..... --t'iJ- ~ -i..n-'1. v't 

(1.2) 

" .... + L K o.K QK 
I( 

KOTOpOe OCJ'll\8CTBHH8TCH onepaTOpOM 

faMl1E~TOHH8H (I.I) npeoClpaayeTCH B 

S = ex p (- i. i i. i a: n,) . 

\4= \ ( • - .. + )2. 2 r - L vi - L K 0."' Q~~, + V(~) + 

~ I ( t\\1- Q~~. "'" I\: ~:) + I. WK o.: ~"- (1.3) 

.. 

EnH nocTpoeHl1H WYHKUKH rp11Ha cHcTeMhl .nocTaToqHo aHaT~ 

onepaTop 

G('l) = e-tH 

H11~e Mbl nonyqHM KOHTl1Hyan~HOe npe,llCT8BR8HHe 
-tH 

onepaTopa e 
' ... '2) 

RHHeapHayH Bhlpa:a:eHHH BH.na e.l!. ~ (- S J10 As. llOCpe,lJ,CTBOM ~Be-
0 

.neHHH WYHKUHOHan~Horo 11HTerpana. 

TIO,ll06HaH RHHeapH38UHH OCHOB8H8 Ha WOpMyne: 

1 I } 1 = ~ (&v]~ ~ .) [S~J: exp t2qtls~(slAs + ~ A:,ls . 
'lr~ \r-1.~ ' 

r-~ 
3.nec~ - J~ 

r ~ ~] ' = i~ e o . 
L o ~ _ _ foi; 2. 

Jh"' e . 
OTciO.na nonyqaeu 

I t 

up(-~ ds As) ~ (~~1~ ellp(2~ ~.ls~c~)As.) 
4 

(1.4) 

TipHMeHHH (1,4) H HCTIOH~3YH ynopH,lJ,QqHB8!0illi1H HH,lJ,eKC S (cM./2/), 

nonyqae» ,lJ,JIII C.(\) 
'C 

C.l't) = ellp(-t~) -= \e)(.\'\- \ds\-\co):: 
't 1 

= T ej.f (- ~ ~"'~-\v -l. i\!l~u'")st r . 
't t 

1: 

~ ~d~ L (AkllK + AK <l:)s-
0 

~.lsL_w"'{u:n..)s 
0 

~ V ( iis) ~s I = 
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't 

= S(&'ii]~ Tup ~ i.~ ~d$ii<s>(i.v + L_ iZ<lto.~~)s-
~ t ~ 

- ~~d~l_(A ... O..,.+f\:o.:)s- JJ\L_w._tn:o.")s- ~V(is)"s1= 
o e o 

"t 

~ t - 'ffi V j ds~(s) 
J [ s~t e " I> • ~ t t) . 

(I. 5) 

B BHpaJKeHlillil ~(-r) li!MeeTCH T -aKcnoHeHTa. ,l\JIH Taro tiT06hl 

cHHT:o ee, rrpo~lilWwepeH~lilpyeM ~{t) no 1 Iii yt~TeM, tiTO onepa

Tophl rrplil 3H8tleHliiHX ynopH~OtlliiB8!0Illero liiH~eKCa S:: 't ~OJilKHhl 

38Hli!M3Th Kpa~He JieEoe nonoJKeHlile. ITonyqaeM ypaEHeHHe 

d~~' = L i.fr ~(t) L_ "Ka~ a"-~ L { ~r,a"' • ~ ~~)- L. wko:t~n.c 

- V ( i + f; ~ ii;(s)ds) 1 ~l~). r- c. 

~\'t= o) = i. 
YpaEHeHlile 3TO JierKO peruaeTCH, Iii EMeCTO (I.5) Mhl npHXO,llliiM K 

EhlpalKeH\110, yll!e He co;nepll!allleMy \ -3KCnOHeHTy: 

(I.6) 

~ t s 
c; (1:):: ~ (~v1~ exll \-~ v ~dsv(s)) exp(- )dsV(it+~ s~Y X 

• • r o ~ 

x ekp(- L_ a';.n, 1••t w, -l-q. KV!+ ~; H\ 
~I.7) 

r~e ~ s 
~ = expf Q\ ,.*a.+~ ~wK -t'/!i<~;) 

+ \ Cl L ,...I<. K l ds e I" 0 ' 

0 

6 

, 
' 

\ 
I 

t 'i: - SW + • ,ff .. s -
:r_=u~(.~L.t\y.U~~.~d,e "~,FK~"'), 

0 s, 

R. r t 11 ~ ~· -l~.- sl) wl\ • ~~ ~ ~ rli-1 
=ex.?L~L.\A.~~.\ lds,JJste t' .,2 • 

0 0 
Mhl OylJ.eM liiCCJie~OD3T:O npo~eCChl, KOr;na 1l H81.!3JI:OHOM Iii ICOHetiHOM 

COCTOHHliiHX He HMeeTCH CB060,!1HHX KBaHTOB. ZJIH 3TOrO ,llOCTaTOl.!HO 

HMeT:D EaKyyMHoe cpe,llHee Gt (t) : 

(o\ ca't)\o) = Go\'i:) = 
~ 't 

~ _ 'i: - ~V~cls~(s) - ~dsV(ii-t-'(! ~ii-) ><. 
(b'll) e • • e 0 r " 

0 

x ex p ~ {l_ I II, It \J~ ~Os, ~ w,(s,- <,\ + L{f ~~'if 1 0 0 ... ~ 
,(I.8) 

IT. ITepe~,lleM K o~eHKe ocHOEHoro ypoEHH sHeprlillil cHcreMhl. 

l:y,llell npe,lliTOJiaran, tiTO nOJIHPOHH8H CTpyKTypa He pa3pyruaeTCfl 

M3-33 B38HMO,lle~CTBHfl C llOJieM \T(t) , T.e. tiTO llOJiflpOH BHCTy

U6eT no OTHOWeHM~ K BHeWHliiM nOJIHM K8K e,llli!H3H ti3CTlil~3 C EnOJIHe 

onpe,lleJieHin.IMPI xapaKTepliiC'!'lilK8Mlil ( ~0 Iii 'ln , r;ne to - 3Heprlilfl 

nonilpoHa, ~ - era ~eKTHEHSfl uacca). Hm.~ulil cJioEaMH, MH 

oy;neu pewaT:o aa;na~y E cnyqae, Kor~a noTeH~wan \T(i) He 

H8C'!'OJibKO CHBeH, l.!'!'OOH pa30pB8'!':0 CBH3b ~aC'!'lil~ C KB8H'!'OB8HH~M 

noneu. CleJiaHHoe HaMH npe.nnono•eHee uo•er 6Hr:o peanHaoEaHo 

BH;neneHHeu B ~YHK~MH (io(~) tiJieBa, onHc~Ea~mero noBe;neHHe 

CB060,llHOrO UOBHpOHa, 8'!'0 ,llOC'!'lilrae'!'CH BBe,lleBlileM ~yHKUHOH8JI:OHOH 

b -~yHKUHH: 

7 



t • 

~\It·~-v<,v) = ~ 8x ei.~J'tx(~[~t'l>-1$ttt)1. 
J (2.ti)., 

jiP)"20 

C yqeroM (2.1) rreperrl'!meM (1.8) cne~YIOIIII'!M oopaaou: 

~olt) ':: r ~l r G~ e ·Lr~1i":i: 
J J ('~'ti)' 

XlC); 0 
'i: s 

- S .1 sV ( i + ·.g r J.) 
x e · ~ ~ GC-x) 

r~e 'i 

G. ( x) = ~ [ ~~1: e- L ~ ~~ 

'[ 

-~QSJ: e r o x 

X 

(2.1) 

(2.2) 

X ex.p ( 02"\ \A ,2~ ~· -W,_(S,-S2) +i.~K_s't1 l a L K lds, j4s2 e j ,.~ 
() Q 

• (2.3) 

B (2.3) c~enaeu aaMeHy rrepeueaao~ 

~ -') 

lr -----+ ~\r -

Tor~a ·~: 

. 
~ x T. 

Gti) 
~ ~ .~1 

= e o 
2. 't S: 

~ [~?1: ~xp t~~LIA,J ~4i,~d\, x 
0 ' 

-w .. (~,· St) 
x e 

S· s, 

+ ~ }( ~· ~ + i~ K S\ 1 e f" st. St 

8 

(2.4) 

Ho, KaK cne~yeT H3 pa6oT~/3/, G (i) ecn ¢iYHK41'1H, xapc-KTe-

pHayDmaH rroBe~eHHe o~aoro cBo6o~aoro rronHpoaa, rrpl'!4eM pon:& 

rronHpoaaoro I'!Mrryn:&ca l'lrpaer rrepeMeHHaH 
~ ,r;. p = 'it)( . 8To 

rroaEonHeT aau, B cBOD oqepe~:&, rrpe~cTBBHT:& GCi) rrpl'l cnao~x 

BHeWHHX ITOTeHUH8R8X (COOTBeTCTBeHHO, rrpl'l \~\<< i ) B El'!~e 
(cu. pa6orry13/): 

t '1. 1 G(i) = e~p \- ~~'llto + (;J : 

" . e 1 : ex p \- ~ ~'l (to + ~) , 
• 4m 

(2,5) 

r;ne to - OCHOBHO~ ypoBeH:& l10RHpOH8, m - ero 3!fiqJeKTI'!BH8H 

uacca. 

ITo~cTaBnHfl (2.5) B (2.2), rrony41'1M ~ 
't ~ 

r '"") _ -'tEo ( r--+ f ~x t~i:L -Jim~ i 2 

\JIG\ I. - e j 0.1.. J (l1T)1 e o e o X 

"iV~l:O 't .. 
e- }v('i +~ ~t). 

't 

-!vid: 
x e t' • (2.6) 

C;nenaB a;nec:& c;nBHr ~yHKUMoHan:&aoM rrepeueaaoM 
• • 

ITpH,lleM K 

x ~ :x + ~Itt i.~ 
rT' 

't 

r_ -t£ ~ m r- 2 ,rr-c-. ~o ( 1:) = e 0 &t e- y ~ J.. - 'F v J lk . e o 

S
T S X 

X e- • V(ii + q; p:) 

"t 
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.11 TIOCJie 381.!8Hhl 

I - I ~ TIOJ!J"'HM 

'C 'r s 

-~ QSl - ~V(rt+~~i). e 0 e • a G.,(1:) = ~ (~.i.]: e--re. 

S.nech [Hf= 

';' t 
6~ -Sd: 

----t e 0 
• Hopu.HpOBO~H8H TIOCTOHHHBH 

0011!> 

onpe.neJIHeTcfl nepexo.noM K npe.neJiy V = 0 . B aToM cJiy~ae 

,l!OJI)l(HO Dh!Th Go ('C) : ex.p l-t(eo- vl}} t OTKy.na 

'l"-?. 2.m 

Uli1S-\:. = ~·~ e-~cl. 
lJoJJy~eHHOe ,l!JIH C..l-r) qiyHKUHOHBJJ:&HOe npe,nCTBBJJeHitle 03Ha~aeT 1 

~TO Go('t') l.!Ol!HO aan~t~caT:& B BH,l!e 

Go{'t) :: 
r.ne 

H~T· = 

e--r:H~ 

A_ 
2m + V('i) + Eo. (2.7) 

TaK.HM o6paaou, B paccMaTp.HBaeMou HBN.H cny~ae cnaooro BHemaero 

TIOT8HUHBJ18 Mhl TIOJIY~.HJIH TIOTipBBKy H8 a~eKTHBHYD M8Ccy. AJIH HBXOll

,neH.HH OCHOBHOrO ypOBHH 3HeprHH CBH38HHOrO TIOJillpOH8 Hy)l[HO pelliHT:& 

ypaBHeH!IIe Illpe.n~t~Hrepa c rauHn:&TOHHaHolo! H~ . 
Bhl611Jp8H 1 H8TIPJIJM8p 1 B Ka~eCTBe v (it) KYJJOHOBCKJIJ~ TIOT8HUH8JI 

V(i}:: _ P/'t , nony~aeu cpaay lll:e ,llJIH ocHOBHoro ypoBHH aHeprM 

Co B Blll,l!e 

Eo 
t 

:f.. - ~ 
0 ~ 

(2.8) 

10 

~CITOJ!h3YH EBpDmCHHll ,l!JIR 3~08KTMPHOA ~8CChl M 
ITOJJHpOHa/3/ 

v. sHepr;;.H Eo 

tc =. - >i W 
i"'w 

\ ~(( 1 . to = - 1lf \ 

\~ .J..~ 
m : r i\1{1. 

i»~ 
' m~_r\1+ ~) 

B p~MKBX HBill8~ M0,1!8JI~ 

Eo::.;- ,.j.W 

~ ~<<d.._) TIOJIY'IBe!.~ 
2. ¥-( I + ~ ) , d.<< ~ ' 

t SJ-4 

l~ Rl1t2. ~ d..'>)~ • E - l:w 
0-- ~it' 

IJo,n1.1epKH8M eme pas, 'ITO E OOOHX CJIY~BHX 60Jiblli.I1X .11 M8Jih!X 

(2.9) 

(2.10) 

J... 
KOHCT8HTB CEll3.11 ~ 1.!8CT.I1Uhl C EH8lliHJIJM TIOJ18M npe,nnoJiaraeTCH 

H800JihlliOl1. B CJiy~ae JK8 CHJibHOrO TIOT8HI.U18JI8 ( p )) 1) CJieP,yeT 

OlKll,l!BTh 1 'ITO CBll3b ~BCTlll.(hl C KBBHTOil8HHhlM ITOJI8M OK8lK8TCll ITO~Tll 

paaopBBHHOA. ipyrllMll CJIOI38Mll 1 OCHOBHOtl ypOI38Hb 6y,neT DJJ.I130K H 

ocHOEHOMY yponHJO noTeHuvraJia V( i) , OTJIIIl~BHCh oT Hero ~JieHat~a, 

11C~838101U1M.I1 rrp11 cl_~ 0 • .1\JIH KyJ;QHOBCKOrO TIOT8HUIIIBJI8 1 H8TIP.I1M8p 1 

,l!OJJJKHO TIOJJY1.!8TbCll 

Eo ~ 2 
-r~ (2.II) + O(cl..). 

KaqecTBeHHBH ~opMyJJa (2.11) rro.nTBep•.naeTCH pac'leTaM.H 

paOOTbl jLfj 1 ITOCBHU\8HHOH v!CCJI8,1!0B8Hl110 CBll38HHoro COCTOf!H.Hll ITOJJHpOH8 

E KYJJOHOBCKOM rroTeHU.HBJie. B cJJy'laRx Jt;e 1 onwcaHHhlX wopMyJJaMH 

(2.~), (2.10),B/
4

fnoJiyqeHhl 8H8JIOrl1~Hhle BhlpalKBHl1ll, OTJJ.I11.!3~llii/J8Cll 
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0~ HBmHX 3BKeHOI 
:1. \ 

~/l--"> ~ ~ , qro CBH38HO C \PBKTHqecKHM 

npHKeHeHHeM BBPHBUHOHHOro Me~o~a K pemeHHD ypaBHeHHH llipe~HH

repa, B ~o BpeKH KBK ~ Hcno~~aoBa~H ero roqHoe perueBBe. 

AHa~orzqHYK o6p830M MOKHO HCC~e~OBBT~ ~BH•eHHe ITOnHpOHB 

B 6o~ee C~OKHYX nonHX, HBnpHKep B aneKTpOMBrHHTHNX, HO STB 

aa~aqa BYXO~H~ aa paKKH Hac~oamea pa6orw. 

AB~opw 6naro~apHH B.A.UarBeeBy H A.H.TaBxenH~ae 3a 

noneaHHe o6cy•~eHHH. 
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