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Baenenue 

HacToruua51 pa6oTa rrocamnena orrpeneneHHIO TeMrrepaTypbi s n eKTponoa T. a nna3 Me 

/1/ 
HCTO'IHHKa MH0!'03ap51!1Hb!X HOHOB ( M3J1) H 51Bn51eTC51 nponon>KeHHeM pa60Tbl , 0ueH-

Ka T. nng rrono6noro pa3p5!lla 6bina rrpoaeneaa lO • .U. Tinr~pOBbiM n TI.M. Mop03o
/2/ 

Bb!M IIO BpeMeHHOMy C!IBHI'Y II051BneHHR HOHOB pa3 nH'IRblX 3 ap51!1HOCT e A H IIOIIy-

'l e HB aenH'!HHa T. =10-20 3 B. OnnaKo nalineanag HMH TeMrrepaTypa x apaKTepa3y eT 

T. a rrpouecce ycTanoaneHH51 pa3puna H ny>KnaeTc51 B norronHHTenhHOM yTO'!Re HHH 

He38BHCHMblM MeTO!IOM 1 HaiipHMep, OIITH'!eCKHM, 

.Un51 rrony'!e HH51 caenenaA o TeMrrepaType sneKTponoa H3 H3Mep eHH51 HHTencaa

noc TeA CIIeKTp81IbHblX nHHHH He06XO!IHMO 3H8Tb MeXaHH3M 3aceneHH51 H OIIyCTOW eHHR 

B03 6y>KneHHblX ypoanel!, HH O!IHa H3 pa3pa60TaHHblX B HaCTORIIle e BpeMR MO!leneA 
/3/ 

3 aceneHHR YPOBHeii:, 063op KOTOPblX MOJKHO aaliTH B , B HallleM Cnyqae, rne 
14 -3 

n. =1,2 • 10 eM , He npaMeHHMa. Tax, npn STOll KmmenTpaunn 3aaenoMo oTcyT-

CTayeT noKaiibHOe TepMH'!eCKOe paBHOBeCHe B036y>K.QeHHblX aTOMOB renHR, 8TO BHA
/4/ 

IJO H3 H3 Mepennlf B.H. KonecHHKOBa , KOTOpbie rroKa3ann, 'ITO TaKoe paanoaecne 

nng aToMOB aprona B nyroaoM pa3p5!lle npa HOpManhHOM naanennn ycTanaanuaaeTc51 
15 -3 

1IpH n~~4·10 CM 1 a B renHH paBHOBeCHe .QOnlKHO yCTaHaBnHBaTbCR npH eme 

6onblllHX KOHUeHTpauHRX, J1.M. TionropHbll! H f.B. llJonHH/
5

/ IIOKa3anH, 'ITO MO!lenb 

•Ml'HOBeHHO!'O BblCBe'IHBaHH51• nng 3aCeneHH51 B036y>KneHHblX ypOBHeA HeATpanbHOrO 

r e nHR npaMeHHMa TOnhKO !lO KOHUeHTpauHli n ~1011 -1012 CM-
3

, J.13 /
3

/ BH!IHO 

C rnaBHblMH KBaHTOBblMH "l:HCnaMH 

D =4-6 B ycnOBHRX OIITH'!eCKH TOHKOil: nna3Mbl 3Ta MO.Qenb cnpaaennHaa IIPH KOH-
13 14 -3 

uenTpauuRX n. s;10 -10 CM • TioaToMy HHlKe 6yneT npoaenen anana3 3aceneHH51 

ypoBH51 o =4 nona renHR a ycnoan= nalllero pa3p51na c uenhiO onpenenHTb BKnan 

3 



p83nH'IHbiX npoueccoa a 38Ceneaae :aToro ypoBHll, Bbi6op ypoaag o6ycnoanBa8eTC!I 

T eM , 'ITO C HerO H8'IHH8eTCa YA06H8ll l!nll H3MepeaBft nHHIISI Hell 4686 ~ (3d 41 

H T.A.). 

Pacc MoTpeal!e npoue c coa 3aceneaaa a orrycToweaaSI 

ypOBHa n "' 4 HOHa He + 

HI! JI<e p a CCM8TpHBaeTCa HCTO'IHHK M3J.i, KOTOpbiA p a 6oTaeT aa CMeCI! BOAOpOAa 

(10%) c renaeM (90%) rrpa cane TOKa 4a H aarrpa)l{eHHH aa Ay r e 400 a. KoaueaTpa-

14 -3/1/ 
UHa :::>neKTpOHOB ITO HaWHM 113MepeHHaM Ana 3TOI'O pe)I{H M8 p a BHa D

0 
•1 ,2·10 CM • 

M acc- c n eKTpanbHb! l! aaanH3 noKa3b!BaeT, 'ITO KOHUeHTpaUHH HOHOB Re
2
+ COCTaB

n aeT n p HMepHO 1/ 20 OT KOHUe HTpaUHH He+, a KOHUe HTpaUHa HOHOB npHMeCel! a30T8 

H KHCnopOAa He n peBbiWaeT 5% OT o6rue ft. Y'IIITbiBaa TaK )I{e BKnaA IIOHOB BOAOpOA8 

B 0 6IUy!O KOHU8HTp8 UHID 3 a pa)I{8HH biX "!aCTHU H1 npHHHMaa BO BHHMaHII8 1 "'TO rrpH Ta-

KOM pe)I{HMe BKn aA IIOHOB Mo 

UeHTpa UH a HOHOB r e na a He+ 

II W He AOn )l{eH 6biTb 6onbWIIM, HaXOAHM 1 'ITO KOH-

14 -3 /2/ 
cocTaanaeT aenH'IHHy 1.10 eM • Hcxona a:a , 

npa pac'Ie Ta aepo aTHOCTH cTy neH'IaTbiX npoueccoa npHHHMaeM T" = 15 3B, 'ITO anon

He AOnyCTHMO, Ta K K8K npH 6onbWHX TeMnepa Typ8X 9n8KTpOHOB BepOSITHOCTb CTy

n eH'Ia TblX npo u e c c oa a 3 ac eneHHH ypoaael! 6yAeT cna6o 3 a aaceTb OT T
0 

, B aaweM 

cnyqae MO)I{HO npeae 6p8"1b CTOnKHOB8 HHHMH HOHOB renHH C 8TOMaMH II HOHaMH 

n n a3 Mbl H paCCMaTpHBaTb TOnbKO CTOnKHOB8HHa C :aneKTpOHaMH. Do3TOMY HH)I{e 6ynyT 

p accMoTpe abi c n en yroma e npouecc bi 3 acenea11a a onycToweaaa ypoaHSI n -4 : 3acene

HIIe 3 a C"'8 T :an e KTpOHHOI'O yU8pa C HH)I{ene)l{aiUHX ypOBHei!: n '" 1, 2, 3 H C BbiW8-

n e )I{8 IUero y pOBH a n =5; nornomeHHe pe30HaHCHOI'O H3ny'I8HHa, , Ha"'HHaromer :J C 

y pOBHSI n a4; p e KOM 6HHaUHa :an e KTpOHOB Ha B036y)I{AeHHbie ypOBHH; YXOU 3lleKTpo

HOB C AaHHOI'O y pOBHa 3a C'I8 T CnOHTaHHOI'O H3nyqeaaa, 38 C'IeT B036y)I{UeHHa Ha 

BbiWe ne*aiUHe ypOBHH a 3 8 C'IeT yaapoa aTop oro pona aa HH)I{ene*amae ypoBHH, a 

T8K)I{8 yxon nyTe M HOHH3aUIIH C ypOBHa D a 4. 

1. Bo3 6y*neaae ypoaaa n • 4 H3 OCHOBHOI'O COCTOaHHa H.Q8T, rnaBHbiM 06-

pa3 0M, 3 a C'IeT n epexoaa ls - 4p 11 'I8CTII'IHO Is -4s • Ce'IeHI!SI B036y)I{AeHI!SI 

4d - H 41 - ypOBHel! HH'ITOJI<HO Manbi 1 KaK ITOK83biB8eT p8C'IeT B 6opHOBCKOM 

17 1 
npH6nll*e HHH nna aoaopoaa • OnnaKo 3 KCnepHMeHTanbHbie pe3ynbTaTbi no onpeae-

n e HHIO Ce'IeHHl! B03 6y)I{.Qe HHSI 
He+ 

~l s -.fp) 

4 

II 
He+ 

Q(l s -4s ) ypoaaell 4p II 4s ana 

HOH8 r enaa OTCyTCTByroT. 

CKHM noneM aoaa ceq e a : 

nonyqaeTca H3 c e q e aa a 

H3 MeHeHI! e M Ma CWTa 6 a 

Y'IeT non a aoaa n pa 

3Hepraax Ha n eTaiOwer o 3 

H npH 

/ 8 / 
n !O 

u E = u n , rAe 

H c nonb3ya xon pE 

non a Ce'Ie iml! Q (l s - Zol 

BblM 1 Bbi 6Hpa eM Ce'I 8 HIIe 

acex 3 Hepra ft H p aBHbiM 

MaKCHMyMe. CnaA ce"'eH~ 

Te Mn e p aTy p a e 6yueT c y 1 

Tpynao c Ka3aTb 'ITo-na6c 

Dpa pacqeT e ae n H"'H 

CKOH <jlopMyn oil , npenn o lKe 

3 necb A= 4rra~R 2 

- -u-

Q = 

6y)l{ueHHa , H- nOCT OaHHE 

Horo n epexona , •o - 6 op 

KOT OpaS! 06bl "'HO HaXOUHTC 

npH6nH )I{eHHH n pH 6onbW 

I 
P acq eT ce q eHHSI Q( 

110 1 
11<8 8 BTOpOM 

KOT OpaH , KaK H <jJOpMyna 

6nHlK8 HHe M. K oacTaHTa 

'1 8 HHH B 6opHOBCKOM npHI 

ll blX UBHllblX, lln H nep eXOUt 



'POBHH o6yCJIOBJIBB8eTCH 

Hell 4686 ~ (3d 41 

•HHH 

TaeT Ha CMeca sonopona 

nyPe 400 s. KoaueaTpa

aeHa n •1 2·10
1
\M -

3 111 
e ' • 

8UHH HOHOB He
2

+ COCTaB-

H HOHOB npHMeCeH a30Ta 

e BKnan BOHOB aonopona 

) BHHMaHHe, qTO npa Ta-

•IIIHM, HaXOAHM, qTo KOH-

14 -3 /2/ 
CM • Y!CXOAH H3 

M T. = 15 3B, qTo anon

poHOB eepOHTHOCTb CTy

HCeTb OT T. • B aallleM 

C aTOMaMH H HOH8MH 

8MH. no3TOMY HH~e 6yAyT 

HH ypOBHll n -4 : aacene-

I n .. I , 2, 3 H c Bbiiiie-

IeHHH, , H8qHHaiOmeP:J C 

~ ypOBHH; YXOA 3lieKTpD-

3a cqeT soa6y~nea11n aa 

i!HH H HAeT , P.llaBHbiM 06-

Ceqeaan soa6y~neaan 

!T pacqeT B 6 opHOBCKOM 

e peaynbTaTbi no onpene-

yposaea 4p a 4s 

HDHa Penan OTCYTCTBY~T. Eea yqeTa npHTH~eHHH HaneTa~mePO 3 JieKTpoHa KY.IIOHOB

CKHM noneM HOHa ceqeaae soa6y~neHHH yposHeR sonopononono6aoro aoHa renaH 

nonyqaeTCH H3 ceqeHHH B036y~neHHH COOTBeTCTBy~mHX ypOBHeR BOAOpOna npOCTbiM 

H3MeHeHHeM MaCIIITa6a 

(I) 

npH Ma.llbiX 

3HepPHHX HaJieTa~mePO 3 .1leKTpOHa E npeBOCXOAHT nonyqeHHOe 113 ypasHeHHH ( 1) 

H npH 

/8/ 
n~ 

E = u n , Pne u n - nopoPoBaH 3HepPHH eoa6y~neaaH, y~e ae pasHo Hy-

Ylcnonbayn xon paccqaTaHHbiX B npa6na~eHHH EopHa c yqeToM KynoHOBCKOPO 

npH 3HepPHHX 3.1IeKTpOHa, 6nH3KHX K nopOPO-

BbiM , Bbi6apaeM ceqeHHe B036y~AeHHH ypOBHH n =4 A.IIH HOHa He+ .IIOCTOHHHbiM A.IIH 

BCeX 3HepPHa H paBHblM 1/ 16 ceqeHHH B036y~AeHHH 3TOPO ypOBHH A.IIH BOAOpona B 

MaKCHMyMe. Cnan ceqeHHH npK 6onbiiiHX 3HepPHHX B HHTepecy~meM Hac naanaaoHe 

TeMnepaTyp He 6yneT cymecTseHeH, a o xone ceqeaKH y nopoPosoR 3HepPHH 

TpynHo cKaaaTb qTo-nK6o 6onee onpeneneHHoe. 

H 
npH pacqeTe senaqHHhi o0 ._4Pl nnH aonopona eocnonbayeMCH nony3Mnapaqe-

/ 9 / 
CI<oii ¢opMynoii, npenno>I<eHHoa BpKeHCOM A.IIH onTKqecKH paapellleHHbiX nepexonos. 

Q= A(E;;) In[l+c(E-Ul]. (2) 

3necb A = 4rTa~ R 
2 

--u-- E - 3HepPHll aaneTa~mePo 3.1leKTpoaa , U - 3aepPHll soa-

6y~neHHH, R - noCTOHHHBH Pan6epPa, £ - onTHqecKaH cana ocuKnnnTopa nnH naa

HOPO nepeXOAa, a 0 - 6opOBCKHfi p8AHyC, C - KOHCT8HT8, 38BHCHm8SI OT nepexona, 

KOTOpaH 06bJqHQ HaXOAHTCH H3 peayJibTaTOB pacqeTa naHHOPO ceqeHHH B 6opUOBCKOM 

npK6.1IH~eHHH npH 60.IlbiiiHX 3HepPHHX H A.IIH nepexona I s-4p 

PacqeT ceqeHHH 

1101 
>Ke 8BTOpOM 

MO~UO llpOBeCTH no 

O=J-0-¥,-l. 

/9/ 

(3) 

KOTOpaH , KaK H !jJOpMy.lla (2), npH 60JibiiiHX 3HepPHSIX COBnanaeT C 6opHOBCKHM llpH-

6na>KeHHeM . KoHCTaHTa B s naHHOM cnyqae TaK~e nonyqaeTcH aa pacqeTa ce-

•IeHHH B 6opHOBCKOM npa6nH~eHHH ITPH 6onbiiiHX 3HePPHHX H.IIH , H3 3KCnepHMeHTa.llb
/10/ 

llb!X nanHbiX. llnH nepexona Is -4s senaqaHy B MO>KHO onpenenHTb aHa.IIOPHqHo 

5 



H 
H3 nonH oro ce'IeHH51 0 14 

Ill/ 
, npepcTasnmomero cyMMY ceqeHaA B036y)l{aeHHSI 

BCeX nonypOBHeH C rnaBHbiM KBSHTOBbiM 'IHCliOM n • 4. nocne Bbi'IHCl!eHHSI nony-

He+ -19 2 
qaeT C51 aenH'IHHa ce q e HH51 0 14 = 3,4 ·10 CM npH E ~ U n • Ko31jlljlHUHeHT s e po-

S!THOCTH B036y)l{lleHH51 C OCHOBHOrO ypOBH51 H8 ypoBeHb n "' 4 onpeaen51eTC51 Bb!pa-

)l(eHHe M K 14 = }"'vf(v) 0 14(v) dv, rae f(v) $yHKUHSI pacnpeaeneHHSI 

un 
3l!eKTpOHOB ITO CK OpOCT51M, HOpMHpOB8HH851 H8 eaHHHUY, v - CKOpOCTb HaneTSIOlliero 

3neKTpoHa . P e3ynhTaTbi pac'IeTa K 14 B npeanono)l{eHHH MaKcaennoacKoro pacnpe-

aencHHS! npeacTaaneHbi aa pHC, 1. BepOSITHOCTb B036y)l{aeHHSI HSXOaHTC 5I YMHO)I{e-

HHeM K03<jlljlHUHeHT8 K H8 KOHUeHTp8UHIO 3l!eKTpOHOB. 

H ecMoTp51 aa H36Hpa T e nbHoe 3aceneHHe noaypoBHeA c pa3nH'IHbiMH op6HTanb

HbiMH KBBHT OBbiMH 'IHCliSMH f , H3-38 CHllbHOrO BblpO)I{aeHH51 pacnp e a e neHHe 38Ce-

neHHOCTH 3l!eKTpOHOB BHY TPH rnasHoro KBBHToaoro 'IHCna no pa3nH'IHbiM 6yaeT 

COOT BeTCTBOB8Tb CTSTHCTH'Ie CKHM B eCaM. 3TO noaTBep)l(aaeTC51 cpaBHeHHeM (pHC, 2) 

H3MepeHHOrO H B MH npolj!JW 51 l!HHHH He II 4686 ~ (cnnomH851 KpHB851) C TeopeTH'IeCKHM 

pacnpeaeneHHeM HHTeHCHBHOCTH KOMnOHeHT TOHKOA CTPYKTYPbl, Bbl'IHCl!eHJib!M B npea

/12/ 
nOl!O)I{eHHH paBHOB eCHOro pacnpeaeneHH51 3 lle KTpOHOB BHYTPH n .. 4 • no3TOMY 

K031jlljlaua e HTbi aepoHTHOCTH nepexoaoa Kpq M e)l(a y ypOBH51MH C rnaBHbiMH KBBH-

TOBbiMH 'IHCli SMH p II q 6yayT ·HaxoaHTbC51 ycpeaHefUeM no CTSTHCTH'IeCKHM 

Be CaM H8'18l!bHOrO ypOBH51 H CyMMHpOBSHHeM no BCeM Op6HT8llbllblM KBSHTOBbiM 'IHC-

l!SM KOHe'IHOrO y pOB H51. 

2. 3 a c e n eHH e ypoBH51 n = 4 3a c 'IeT nneaeaag pe3oHaHCHoro H3ny'IeHH51 y'IH-

TbiBaeTCH C nOMOllibiO ,K03 1jlljlHUHeHT8 Ilp03p8'IHOCTH, g(r o ) 
131 

• .llng 3TOrO rrpH 

paCCMOT peHHH npoueCCOB orryCTOllieHH51 ypOBH51 Bep051THOCTb CnOHTSHHOrO H3nyqeHH51 

C aaHHOr o yp0BH51 Ha OCHOBHOA YMH0)1{8eTC51 H8 g (r 0 ) , rae r 0 - OIITH'IeCK851 TOli

/3/ 
IUHHa nna3Mbi anH ueHTpallhHOA qaCTH nHHHH. B pacqeTbi anH g(r0 ) Bbmon-

He H bi TOl!hKO anH aorrnnepOBCKoro KOHTypa l!HHHH. B HBllieM cnyqae pe30H8HCH851 

lii!HII51 I!CUb!TbiBSeT KSK aonnnepOBCKOe, TBK lliT8pKOBCKOe H 3eeM8ROBCKOe ymapeHHe, 

npH'Ie M ee npo¢lHnh ae 6yaeT CHllhHO OTliH'IaTbC51 oT npolj!Hn51 nHHHH 4686 ~. A npo

QJI! llh 3 TOi! l!HHIIH XOpOWO arrnpOKCHMI!pyeTC51 aonnnepOBCKHM KOHTypOM. naaei!Hble 

na3MeDbi 6eoeM oaBHbiMII nonoaHae MeHhmero oa3Meoa nna3Mbi . 11cnonh3V51 coenHee 

14 -3 
3 Ha'IeHHe CHllbl OCUHllli51TOpa nepe xoaa Is - 2p H n He+• 1,0' 10 CM , HaXOaHM 

g(r0 ) =0,6. 

6 

i 

~ 

3. Ceqeaae B036y)l{.o 

caaqana lll!SI pa3pemeHHbiJ 

/9/ 
3Y 51 npHBeaeHHble B 

nonyqaeTC51 no ljlopMYne ( 

xoaa ITOCT051HHbiM H paBHbl 

npa KOTOpbiX nonyqeHHoe 

nonpaBKa He 6yaeT cymec 

T eMnepaTypb!, .llng pa3pem 

-6 
K

45 
• 1,4·10 c 

pa3. 

Me)l(ay ypOBH51MH n • 4 H 

6opHOBCKOM npH6liH)I{eHHH. 

3anpemeHHbiX n e pexoaoa E 

H n • 4 B 8TOMe BOaopoal 

-6 
BeliH'IHHa K48• 1,8 ' 10 C 

y pOBHS! n = 4 Ha ypoaeHb 

Horo n e pexoaa a a HH)I{HHe 

COCT8Bli51eT Bel!H'IHHY 55%. 

4. 06mee ceqeaae ao. 

/1 
CT 8Bli51eT m~ 0 2m .. 0,3 0 ~a 

3 TOMY !lll51 ypOBH51 n = 4 

3lleKTpOH8 C ypOBH51 n 

KBSH TOBOro 'IHCna paCTeT H, 

T aK , ang HOHH3BUHH c ocac 

B036y)l{aeHHbli! ypOB€Bb C 

/17/ 
n = 4 o~ ... 0,1046 • no: 

Bepo51THOCThiO nepexoaa 3l 

ae6pe'Ih no cpaaaeaaro c 1 

6onhmyro Bel!H'IHHY T • 

5 • .llng yqeTa 3acene. 

CH8 '18lla , BO CKOllbKO pa3 KC 

TpOROB Ha OaHH H3 HH)I{BHX 

3THX ypoaHeii csepxy ae y'IE 

HOB B036y)l(aaeTC51 aa ypoae . 



:ne Bbi'IHCneHH g nony-

1 
• Koa$jlauaeaT aepo-

4 onpenenHeTCH Bbipa-

·aKUHSI pacnpeneneHHSI 

:KopoCTh aaneTaiOmero 

{CaennoacKoro pacnpe-

lSI HaXOAHTC Sl YMHOlKe-

paana'IHblMH op6aTanb-

Sl pacnpeneneaae aace-

paanH'IHblM 6yneT 

: SI cpaaaeaaeM ( pac. 2) 

aaaSI) c TeopeTH'leCKHM 

Bbi'IHCneHHbiM B npen
/121 

•H n a 4 • IloaTOMY 

IS!MH C rnaBHblMH KB8H-

M no CT8THCTH'IeCKHM 

lnbllblM KB8HTOBbiM 'lHC-

lHcuoro aanyqeaaSI y'IH-

1 l 
131

• Jlns aToro npa 

CTTOHT8HHOrO H3ny'leHHSI 

e r 0 - OTTTH'IeCK8SI TOn

'!eTbl nnSI g(r0 l Bbmon-

~M cnyqae peaoaaacaaSI 

aeeMaHOBCKoe ywapeaae, 

lSI naaaa 4686 ~. A npo-

aM KOHTypOM. JiaaeliHble 

3Mbl . Y!cnonh3VSI coenaee 
14 -3 

•1,0 • 10 CM 1 HaXOAHM 

' 

3. Ce'leHHe aoa6ylKneHHR c ypoBHR n = 4 Ha ypoaeHh n ,. 5 paCC'IHTbiBaeM 

caaqana nnR paapeweHHbiX nepexonoa B a TOMe aonopona no ljlopMyne (2), acnonb-

191 
ayg npaaeneHHble a aenH'lliHbl c. IlOTOM AnSI HOHa renHR BenH'IHH8 

nonyqaeTCSI no !jlopMYne ( 1). · KynoaoacKoe none y'IHTbiBaeM, C'IHTaSI ceqeaae nepe

xona TTOCTOSIHHbiM H paBHbiM M8KCHM8nhHOMy AnSI aHeprali OT E U IT AO aaeprHi!., 

npa KOTOpblX nonyqeaaoe no !jlopMYne ( 1) ceqeaae HMeeT MaKCHMyM. OnaaKo aTa 

nonpaaKa ae 6yAeT cymecTaeaaoA AnSI npeAnonaraeMoi!. a aawei!. nnaaMe awcoKoi!. 

TeMnepaTypbl. JlnSI paapeweHHhlX nepeXOAOB paCC'IHT8HH8S! T8KHM o6pa30M Bena'IHHa 

-6 -3 
K. 1,4 · 10 CM leeK. Ceqeaae onTH'IeCKH aanpemeHHbiX nepexoAOB 

45 paa. 
MelKAY ypOBHS!MH n •4 H 5 Bbi'IHCnHTb Henb3SI 1 T8K K8K AnSI aero BeT paC'leTa B 

1131 
60pHOBCKOM npa6nH)KeHHH. IloaTOMy 6yAeM C'IHT8Th, 8HanOrH'IHO 1 'ITO BKn8A 

aanpemeHHblX nepeXOAOB B K. 45 paBHSieTCS! T8KOBOMY AnSI nepexona Me )KAY n •3 

H n • 4 B 8TOMe BOAOPOA8 npa T • sl5/4 SB. IlonyqeaHaSI H3 T8KHX coo6pa)KeHHi!. 

aenH'IHHa K.45• 1,8 · 10-6 CM -
3 

le eK. Cpaaaeaae aepOSITHOCTH yxoAa aneKTpoaa c 

14 -3 
ypOBHSI n ~ 4 Ha ypoBeHb n ~ 5 npH n 

0 
• 1,2 · 10 CM C aepOSITHOCTbiO CnOHTaH-

HOrO n epexona aa HHlKHHe ypoBHH c y'leTOM caMonornomeaaSI noKa3biBaeT, 'ITO oaa 

COCT8BnSieT BenH'IHHY 55%. 

4. 06mee ceqeaae aoa6ylKAeHHR aa ace awwene)Kamae ypoaaa nnR n • 2 co-
114,151 1161 

CTaBnSieT m~ Q 2m ti 0,3 Q 23 • C yaena'leaaeM n aT a non Sl nanaeT , no-

3TOMY AnSI ypOBHSI n = 4 npHHHMaeM !, K. 4 ~ 0,2K. 45 m > G m 
Ceqeaae aoa6y)I{AeHBH 

aneKTpoaa c ypoBHSI n aa coceAJIHli ypoaeHb n + 1 c yaenaqeaaeM rnaaaoro 

KBanToaoro qacna pacTeT aaMaoro 6biCTpee , 'leM ce'leaae HOHH38URH C ypOBHSI n 

T aK, AnSI ROHB381lHH C OCHOBHOrO ypOBHSI BOAOpOAa H AnSI B036y)I{AeHHSI Ha nepBbiH 

B036y)I{AeHHblli ypOBE:Hb Ce'leHHSI llpHMepHO paBHbl, a npH HOHH38UHH C YPOBHSI 
1111 

n = 4 Q4.1 ,. 0,1Q 45 • IlOSTOMY HOHH38UHIO C ypOBHSI D "' 4 MO)KHQ He Y'lHThlB8Tb, 

BepOSITHOCThiO nepexoAa aneKTpoaa c n = 4 aa BHlKHHe ypoBBH TBKlKe MOlKHO npe

a e 6pe'lb no cpaaaeaaro c aepOSITHOCThJO nepexoAa c n • 4 aa n • 5, y'IHTbiBBSI 

6onhmyro aenH'IHHy T • 

5. JlnSI y'leTa 38CeneHHSI ypOBHSI n • 4 C HH)KHHX ypOBHeli paCC'lHTbiBaeM 

CHa'lana, BO CKOnbKO pa3 KOnaqeCTBO B036ylKAeHHbiX 83 OCHOBHOro COCTOSIHHSI aneK-

TpOHOB Ha OAHH H3 HHlKHHX ypoaaeif 6onbWe 'IHCna T8KOBbiX AnSI n - 4. 3aceneaae 

3THX ypoaaeli CBepxy He Y'IHTbiB8eM. IlOTOM H8XOAHM, K8K8SI AOnSI H3 STRX aneKTpo

HOB aoa6ylKnaeTCSI aa ypoaeHb n "' 4. Pac'leTbl noKa3biBaiOT, 'ITO aa ypoaeHb n •4 
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qepea ypoaeHb n = 3 nocTynaeT Konaq:ecTao aneKTpoaoa, paaaoe 20% OT aoa6yJK-

A6HHbiX C OCHOBHOI'O ypOBHR, a aaceneaaeM qepea ypoaeab n a 2 MOJKHO npeae-

6pe'Ib. npa 3THX oueaKax nornomeaae peaoaaacaoro aany'leHHSI y'IHTbiBanocb BbiWe-

aanoJKeHHbiM cnoco6oM • .Uong aneKTpoaoa, npHXOJUimax aa n• 4 C n = 5 COCTaa.;. 

nReT aenH'IHHy 10% OT 'IHCna npHXOLlRWHX H3 OCHOBHOI'O COCTORHHH, 

/18/ 
6, nonb3YHCb npHBe.QeHHbiMH B K03!jxjJHUH6HTaMH peKOM6HHaUHH Ha B03-

6ylKA6HHble ypOBHH H HM65I H3MepeHHYIO nnoTHOCTb aneKTpOHOB H .QByXaapMHbiX HOHOB, 

npHXOAHM K BbiBOAy, 'ITO KOnH'IeCTBO peKOM6HHaUHJ\ aa B03 6ylK.Q6HHbl8 ypOBHH npH 

T.=15 3 B Ha H6CKOnbKO nOpMKOB M6HbW6 'IHCna B036ylK.Q6HHH H3 OCHOBHOI'O COCTOSI

HHSI, 3TO nonoJKe HHe MOlKHO 06'bSICHHTb yXOAOM HOHOB nna3Mbl ,Ha KaTOllbl BCne.QCTBHe 

6onbworo cao6o.t:~aoro npo6era a aa cTeHKH KaMepbi aa-aa aanH'IHR Kone6aaaA a 

nnaaMe H nyTe M aHOManbHOA .QH!jxjly3HH. 
14 -3 

npoBe.Qe HHbie BbiWe paC'I6Tbl ITOKa3biBaiOT 1 'ITO npa n • • 10 CM CTynenqa-

Tb!e npoueccbi arparoT yJKe 3Ha'IHTenbayro ponb B aaceneaaa ypoBHH n • 4 aona re-

14 -3 
naSI, .Qng KOHU6 HTpaUHH n • = 1,2' 10 CM C y'leTOM paCCMOTpeHHbiX npoue CCOB 

non SI an e KTpOHOB, npawe.QWHX C B036ylK.Q8HHbiX ypOBHeH,COCTaBnReT 30% OT 'IHCna 

npawe.QWHX c OCHOBHOI'O. CyMMapHaSI BepOHTHOCTb yxo.Qa aneKTpona c YPOBHSI n a 4 

8 -1 
COCT8BnR6T BenH'IHHy 6,8·10 CeK , B TO Bp8M5I KaK aepOSITHOCTb CITOHTBHHOI'O 

8 -1 
aa ny'le HHSI c y'leTOM nornoweHHR peaoaaacaoro aany.'leHHR paaaa 4• 10 ceK , 'ITO 

COCTaBnSieT BenH'IHHy 60% OT o6well BepOSITHOCTH yXO.Qa. 

Onpeaene aae TeMnepaTypbi aneKTpoaoa 

Komi'leCTBO <j>oTOHOB c >. =4686 ~ , acnycKaeMoe eAHHauell o5'beMa nnaa Mbi 

15 3 
B CeKyHAY N cP =4,7 • 10 <j>OTfCM C8K , 5binO paCC'IHTaHO H3 H3Mep8HHOll a5co-

nJOTHOH HHTeHCHBHOCTH nHHHH He fl 4686 ~ , l13Mep~HHH npOBO.QHnHCb C ITOMO!llb!O . 
c neKTporpa<j>a .U<I>C-8 c <j>oTonpacTaBKOll • .UnSI Kana5poBKH acnonbaoaanacb naMna 

CYJ-16Y, KOTOpaH npH H3MepeHHRX CT8BHnaCb Ha M6CTO HCTO'IHHKa. 

l1 cnonb3 YSI BhlwenpaaeaeaHbie oueHKH aKna.Qa paanH'IHbiX npoueccoa B aacene

nae a onycToweaae ypOBHH n = 4, cocTaanReM 5anaac KonaqecTBa npaweAWIIX aa 

y poaeHb a yweAWIIX c aero aneKTpoaoa. OTcro.Qa npa aaaecTHbiX KoaueaTpanHSIX 

n . II n
80

+ B OCHOBHOM COCTOHHIIII onpeaenHeM aenH'IIIHY K l4 , npa KOTOpOil KOnll-

'leCTBO a n eKTpOHOB, y w e .QWIIX Ha ]I pOBeHb n a 3 rryTeM CUOHT8HHOI'O 1!3 ny'leHHH 5y

neT p a ano 1!3 MepeanoMy KonaqecTay <j>oTonoa c >. ~4686 ~ • Heo5xo.QHMbie AnR 

/19/ 
pac'le Ta aepOHTHOCTH cnoaTa naoro a a ny'leHHR HMeJOTCR B 

8 

' 

' 

no Bbi'IHCneHHOM)' 3 

aenH'IHHY T • =9,5 sa. Ha1 

onpeneneHHOCTH C6'16HHR Bt 

'IT06hi pacq:eTHaR aena'IHHa 

noJKeHHH, BCne.QCTBHe CHnb 

.Qeneaaa T. nonyq:aeTc 

npoueccoa COCTaBJIReT 

KOHU6HTpaUHH BnnOTb AO 

HOB MOlKHO UpHMeHHTb MO.QI 

.UnSI npoaepKH npaaam 

W6HH5I B036ylKA6HHbiX ypOBI 

ceneHHOCTH ypoaaeA n = 5 1 

( 3d-'41 H T,.Q,) H 3203 ~ 

TenbHOCTH <1>3Y B 3TOM CT. 

/20 21/ 
AYI'H ' • B peaynbTaTe 

paCC'IHTaHHaR C y'leTOM pa 

HHR ypoaaell, nonyqaeTCR 

TaaaoA aenH'IHH noKa3biBaeT, 

aae YPOBaeA 6bm oneaea n · 

OTHOCHT8nbHOA 3aCeneHHOCTI 

cMoTpeHHble upon eccbi, Tai 

CHT8nbHOA aaceneaHOCTH 31 

B aaKnroqeaae npaaow 

BOllCTBO pa6o'roi!:, r.B. liJ01i 

a pa50Te • 

1. H .n. PoMaHOB, A.C. nac 

2. IO • .U. n11rapoa, n.M. Mo 

3. R.W.P. McWhiorter, in "Plasma Diogo• 

London 1965. 



paaaoe 20% OT ao36y)l{-

•Hb n ~ 2 MO)I{HO npeae-

'leHH B y 'IHTbiBanoc b Bb!We-

n = 5 C OC T a a.;. 

)CTOHHHH, 

H peKOM6 HH8UHH H 8 B 03-

.OB H llBYX3 8 pMHbiX HOHOB , 

::>3 6y)I{Jl9HH b l e ypOBHH npa 

HHA H3 OCH OBHOI'O COCTOH-

.fbi ,HB KBTOJlbl BCneJ:ICTBHe 

·3a aanH'IH SI Kone6aaa l!: B 

-3 
CM c T yneH 'la -

!H y poBHH n • 4 HOHa r e -

accMoTpeHHbiX npoueccoa 

:ocTaanSieT 30% oT qacna 

on e KT pOH 8 c YPOBHH n ~ 4 

l e pOBTHOCTb Cll0HT 8 HHOI' O 

8 -1 
p8BH8 4•1Q CeK , 'IT O 

anaHa n:ei! o 6'beMa nna3Mbl 

tHO H3 H3MepeHHOll a6co-

npOBOJ:IHnHCb C llOMOWblO 

1 acnonb3 oaa n acb naMna 

JCT O'IHHK8, 

IHhiX n p oueccoa a 3acen e -

:omPiecT aa rrpHwenwax aa 

'3B9CT HbiX K OHU9HTp8 U IIHX 

K14 , n pH KOT Opol!: KOnii 

!IOHT B HHOI'O H3ny'leHHH 6y-

l ~ . H eo6xonH Mhie 

/ 19/ 
anSI 

' 

Oo Bbi'IHCneHHOMy 3H8'19HHIO K031jx!JHUH9HT8 aepOSITHOCTH H3 pHC, 1 H8XO.QHM 

aenH'IHHY T • = 9,5 s a. Haa6onbwas owa6Ka a onpene n e HHH T. 3aKniOqaeTCH a ae-

onpeneneaaocTH ceqeaas a036y)KJ:I9HHH ypoaas n = 4. OnaaKo Tpynao npeAnono)I{HTb, 

'IT06bl p8C'l9TH8H aenH'IHH8 HMena OWH6Ky 6onbwe 50%, i:lo Jl8)K9 llpH 3 TQM npe.Qno-

n O)I{9 HHH, BCneJ:ICTBHe CHnbHOA 38BHCHMOCTH T . , norpewH OCTb a onpe-

nonyqaeTcs nopH.QKa ±_0,5 sa. Owa6Ka OT HeY'leTa cTyrreH'IaTbiX 

npoueccoa COCT8BnS!eT TBKYIO )1{9 aenH'IHB:y , T8.K 'ITO .IVIH ManbiX 

K OHU9 HTp8ItHll BllnOTb J:IO n
0 

= 10
14 

CM -
3 

npa onpeneneHHH TeMne paTypbi a neKTpo-

HOB M O)I{HO llpHMeHHTb MOJ:Ienb • MI'HOB9HHOI'O Bb!CB9 'IHB8HHH'. 

nns npoae pKH llp8BHnbHOCTH npennonaraaMOI'O M9X8HH3 M8 3 8CeneHHSI H OIJYCTD-

+ ' 
weHHH B036y)KJ:I9 HHbiX ypoaHel!: He 6binO npOB91l9 HO H 3 M e p eHH e OTHOCHTe nbHOl!: 38-

cen eHHOCTH y pOBHel!: n =5 H n =4. nns H3MepeHHH H CUOnb3 0B8 nHCb nHHHH Hell 4686 

( 3d-' 4f H T,Jl,) H 3203 ~ ( 3d - 51 H T.Jl,). Kan a 6 pOBK8 OTHOCHTe nbHOl!: 'IY BCTBH-

TenbHOCTH <P3Y B 3 TOM cnyqae .QOUOnHHTenBHO llPOB9 P Hn8Cb C llOMOillb lO YI'OnbHOl!: 

/20 21/ 
nyra ' • B pe3ynbTaTe nony'leHO N ~ • 0,48N 4 • 0 THOCHTe nbaag 3 ac e n e HHOCTb, 

p aCC'IHT8HH8H C y'le TOM paC CMOTpeHHbiX B b!We npoueCCOB 3aceneHHH H onyCTOWe -

HHB y poaHel!: , n onyqaeTCB N ~ = 0,55 N 4 • Xopomee coananeHae 1!3MepeHHol!: H paccqa-

T8HHOll aenH'IHH llOK83biB89T, 'ITO, IID-BHJ:IHMOMY, BKnan CTyneH'l8TbiX npoueCCOB B 3acene

HR9 YPOBHel!: 6bin 0U9B9H IIPBBHJibHO, 0TCIOJ:18 TaK)I{e BHJ:IBO, 'ITO llPH P8.CCMOTP9HHH , 

14 -3 
OTHOCHT9nbHOl!: 38CenaHH0CTH ypOBHel!: llpH n 

0 
• 10 CM H81l0 Y'fHTbiB8Tb BbiW9 pac-

CMOTp9'HHbl9 llpOU 9CCbl 0 T8.K lt8K MOJ:19Jib 'MI'HQB9Hfl.Ol'O 

CHT9nbHOA 38Ce neHHOCTR 3TRX ypOBHal!: .QaeT aenH'IHHY 

B 3BKniO'leHae npaaowy rny6oKyiO 6naronap HOCTb A.P. CTpHI'BHOBY 38 pyKo

BOJ:ICTBO pa6oTol!:, r.B. IllonaH:y 38 nonesahle o6cy)I{JlaHHSI A.C. nacroxy 38 noMOIUb 

a pa60Te. 
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PHc. 1. 3asHCHMOCTb Koa!jl!jlHUHe HTa sepol'lTHOCTH s oa6y>KneHH5! ypoBH l'l 
n = 4 He+ OT TeMnepaTy p hl aneKTpOHOD. 
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PHc, 2. CpaaaeHHe H3Mepeaaoro npo!j!HnH nHHHH He U 4686 ~ c OT!lo

CHTenbHhiMH HHTeHCHBHOCTSIMH KOMnOHeHT TOEIKOi!: CTpyKTypb!, 
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