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1. BB.EAEH~E 

B pa60Te / 11 co06~anocb 0 per~CTpa~~~ n03~TpOH~eB (A2e ) OT 
pacnaAa 
ce4eH~e 

77 0-Me30HoB: 77° .... A 2e + y. n03AHee 6brno y'3MepeHO nonHoe 
B3a~MoAe~cTBHR aTOMOB A2e C yrnepoAoM / 2/ • n03~TpOH~~ 

~Men~ Y-oaxropu 8 ~HTepBane OT 800 AO 2000. <, 

~3Y4eH~e B3a~MoAe~cTB~R 3neMeHTapH~x aToMOB C Be~ecTBOM 

npl>1 5onbw~x Y-$aKTopax n03BonReT Ha6mo,aaTb HOBbie oco6eHHOCTVi 
aTOMH~x cOYAa~eH~~. np~ 60nbW~x Y-$aKTopax BpeMR t npoxomAe
H~R aTOMa MemAY ABYMR nocheAOBaTenbH~MH Heynpyr~M~ COYAape
H~RM~ MomeT CTa!b MHoro MeHbwe xapaKTepHoro aTOMHoro BpeMeH~ 

8 nacocaropaoa C~CTeMe r = Y '0 • B 3TOM CIlY4ae BepORTHOCTb H 
nPQxomAeH~R aTOMa uepea cnori BeU4eCTBa OKa3blBaeTCR 6dnbwe, II 

4eM 3TO cneAyeT ~3 3KcnOHeHl\~anbHO~ 3aBV1C~MOCT~. TaKoe RBne
H~e 6~IlO Ha3BaHO CBepxnpOH~~aeMOCTb~/3/. B cnY4ae n03~TpOH~R 
~ = ~,8·10-17 c, An~Ha cB060AHoro np06era B yrnepoAe A 
~ 0,1 MI:<M ~, cnenoaarensuo , t «Y'o yme npa Y <::1100. 

B pa60Te / 41 B 3~KoHanbHoM np~6nHmeH~~ /3n/ nOKa3aHo, 4~0 

npn ycnoanu t« Y'o BepORTHOCTb 06HapymeH~R A2e B CBR3aHHOM 
COCTORH~~ Ha rny6~He L» A nponopuaoaansae L-l. Kon~4ecTBeH
H~~ pac4eT, npoBeAeHH~~ TaKme B 3n / 5 / , nOKa3an, 4TO yme np~ 
L = 2,5A OTKnOHeH~e OT 3KcnOHeH~~anbHoro 3aKOHa AOCT~raeT 

'" 100%. B pa60Te / 6 1 f B KOTOPO~ paccMaip~8anocb npOXO~AeHHe A2e 
4epe3 BeU4eCTBO 6e3 ~cnonb30BaH~R 3n, nOKa3aHo, 4TO BepORTHOCTb 
npoxomAeH~R A2e AnR Ton~~H~ M~weHe~ MeHbwe HeKoTopo~ 

4ecKo~ L I<p onacaaae r cs 3n, AalOO.\~M 3aB~C~MOCTb u-i, a 
KP~T~

np~ L ~ 

~ Ll<p npo~cx~A~T pe3KaR CMeHa 3aB~C~MOCTH Ha L-4 • 

-, 06cymAaeM~~ 3$$eKT ~MeeT B cBoe~ oCHOBe 60nee 06~ee RBIle

\11 
~. 

i 

H~e Heynpyroro 3KpaH~poBa~~R, KOTopoe npORBnReTCR TaKme 
B aAPOH-RAepH~X B3a~MoAe~cTB~RX/7/. 3Kcnep~MeHT~ C ynbTpape
nRT~Bl>1CTCK~M~ aTOMaM~ B np~H~~ne n03BOIlR~T ~ccneAOBaTb Mexa
'H~3M Heynpyroro 3KpaH~pOBaH~R B npo~eccax, KOTop~e onpeAe
nR~TCR Ha~60nee ~3Y4eHH~M 3neKTpOMarH~TH~M B3a~MoAe~cTB~eM. 

3K~nep~MeHTanbHoe ~3Y4eH~e CBepxnpOH~~aeMOCT~ B HaCTOR~ee 

BpeMR B03MomHO ronsxo Ha nyuxax A 2e , TaK KaK B cnyuae 60J1ee 
r axenux aTOMOB YCJ10B~e t« Y'o asmonaae r c a np~ 04eHb 60nbwHx 
Y -oaxrooax ~n~ 3Hepn1Rx. TaK, 

axcnepaae-rraneuo Ha6n~Aan~cb B 

AIlR 77/l-aTOMOB (ArrlL ) , KOTopble 
pacnane KL .... A"f + v l S/ 

, yCIlO
B~e t « Y' 0 eunoru-ae rca B yrnepone np~ Y > 10 • 

i7 1 T ....... ..eA............ """" 
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B 3KCnep~MeHTe/2!onpeAenRnCR K03$¢~4~eHT npOnYCKa~HR K no
a~TpOH~eB 4epea yrne~OAHY~ nneHKy TOn~~HO~ L ~ 0,1 MKM. He
3KcnOHeH4~anbHOCTb norno~eH~R Y4~T~Banacb napaMeTp~aa~~e~ K= 

/ 5 /•
= f( L/i\) exp( -L / i\ ) • <!>YHK4~R f( L/ i\) paCC4~TaHa B Ben~4~Ha 
i\ nony4eHa ~a nonHoro ce4eH~R a: ' B~4~cneHHoro B HaCTOR~e~t 
pa60Teo 

B~4~cneH~e ce4eH~~ Baa~MoAe~cTB~R penAT~B~cTCK~X 3neMeHTap
H~X aTOMOB paHee npOBoA~nOCb/9+12/. Kp~T~4ecKH~ o6aop 3T~X 

B / 131 pa60T AaH <> Ha~6onee nonHoe paccMoTpeH~e Baa~MoAe~cTB~R 
3neMeHTapHbix aTOMOB C aTOMaM~ BblnOJ1HeHO B pafor ax 113 + 151. 
Pacue ra npOBOA~n~Cb B nepeox 60pHOBCKOM np~6n~>KeH~~" It1cnonb
aOBanOCb, KaK npaB~no, H~penRT"B~CTCKoe np~6n~>KeH~e. B pa6o
Te / 141 paCCMaTp~Ba~TCR penRT~B~CTCK~e acneKT~ npo6neM~. 3Kpa
H~pOBaH~e nons RApa aTOMa M~WeHlI1 Y4~Tb18anOCb BBeAeH~eM <POpM
<!>aKTopa. lt1a-aa 3KpaHHpOBaH~R ce4eH~e aTOM-aTOMH~X Baall1MOAe~
CTB~~ np~ 60nbW~X Y-$aKTopax OKa3~BaeTcR nOCTORHH~M. 

B pa60Tax/9+151 paCCMaTp~BanOCb n~Wb KorepeHTHoe ce4eH~e 

a ' TO eCTb ce4eH~e, B KOTOpOM aTOM~ M~WeH~ OCTa~TCR B OC
coh HOBHOM GOCTORH~~. HeKorepeHTHoe Baall1MOAe~CTB~e {inc) , CBRaaH

Hoe C Boa6Y>KAeHHeM ~n~ ~OH~aa~~e~ aTOMOB M~weH~, He Y4~Tbl

aanoc s . 116 171 
B pa60Tax ' B~4~cneHw nonHoe ce4eH~e a~t , ce4eH~R
 

Boa6Y>KAeHKR ~x ~ ~OH~3a4~~ at penRT~B~CTCK~X A2 e np~ Baa~
v von

MOAell1CTB~~ C aTOMaM~ C Y4eTOM HeKorepeHTHOl1 4aCT~. It1ccneAO
BanaCb TaK>Ke aaB~C~MOCTb OTHoweH~R a. /a KaK AnA nonHoro

InC co h
 
ce4eH~R, TaK ~ AnR ce4eH~R Boa6Y>KAeH~R OT aapRAa RApa aTOMa
 
M~weHHo OKaaanOCb, 4TO Y4eT Boa6Y>KAeH~R ~ ~OH~3a4~H aTOMOB
 
M~weH~ cy~ecTBeHHO YBen~4~BaeT ce4eH~e, B oco6eHHocT~ AnR
 
nerK~X aTOMOB. 

B pa60Tax/9+171 AnR on~caH~R aToMOB M~weH~ ~cnonbaoBan~cb 

aTOMH~e $opM¢aKTOp~ F(q) Iq-nepeAaHHw~ ~Mnynbc/, nonY4eHH~e 
B MOAen~ TOMaca - <!>epM~ - Monbep ITOM/. <l>YHK4~R HeKorepeHT
-roro pacceauaa Sine (q) B 116,17 I Bbl4~cnRnacb B npeanonoxeaaa 
o HeKoppen~pOBaHHOM pacnpeAeneH~H 3neKTpOHOB B aTOMe M~weH~. 

MOAenb T¢M, KaK ~aBeCTHO, On~CwBaeT np~eMneMO n~Wb aTOMW 
C AOCTaT04HO 60nbw~MH Z. no 3TO~ np~4~He peaynbTaTbl paC4e
TOB 19+17I HOCRT no cYU\eCTBY Ka4eCTBeHHbl~ xapaxr ep , B HaCTOR~eY1 

pa60Te AnR on~caH~R aTOMOB ~cnonbaOBan~Cb 6one~ T04Hwe F(q) 
~ Slnc(q) , B~4~cneH~R KOTOpWX oCHOBaHW Ha MeTOAe caMocornaco
BaHHoro nonR XapTpll1 - <!>OKa /X<I>/. 

AHanorH4HaR aaAa4a B~4~cneH~R ce4eH~R Baa~MOAe~CTB~R aTO
MOB C aTOMaM~ HMeeTCR B HepenRT~8~CTCKPM cnY4ae. B nocneAHHe 
ronu AnR peure-u-a 3TO~ aaAa4~ np~MeHReTCR nOfiXOA 118,ID/, 04eHb 
6f1~3K~~ K TOMY, KOTOPbl~ ~cnOflb308aflCR 8 /16, /. BSlI(HO TO, 4TO 
ce4eH~R ~OH~3a4~~ at~~ , nonY4eHHble 8 / 18 ,19 / , MOMtHO cpaBH~Tb 

2 

C ~Me~I.J.l~M~CR 3Kcnep~MeHTanbHbIM~ ce4eH~RMlI1 lt1oH~aa4~~ aN;n aTO
MOB BOAopoAa np~ 83a~MOAe~CTB"~ C aTOMaM~ 8 ~HTepBane 3Hep
r~~ OT 10 AO 200 M3B/20+23/, rAe 60PHoBcKoe np~6n~}f(eHHe xopo
wo pafor ae'r . 3Kcnep~MeHTanbHble OW~6K~ COCTaBnR~T np~MepHo 

~1 0%,. Teoper auecxae paC4eTbl / 18,19/ B npeneriax 3T~X OW~60K xopo
wo cornacY~TcR C 3Kcn~p~MeHTanbHwM~ ce4eH~RM~. 

AToM BOAopOAa onacaeaer c a T04HO, n03TOMY BCR 'HeonpeAeneH
HOCTb MO>KeT 6WTb CBR3aHa C on~caH~eM aTOMOB M~weH~. nOCKonbKY 
aTOM n03~TpOH~R TaK>Ke on~CWBaeTCR T04HO, TO ~ ce4eH~e BaaHMO
Ae~CTB~R A2 e C aTOMaM~ MomeT 6WTb BW4~cneHO C T04HOCTb~ He 
xy>Ke 10%. 

OCHoBHaR ueris HaCTORl.J.le~ pacoTbl COCTO~T B nonY4eH~~ «onu
4eCTBeHHWX pe3ynbTaToB no ce4eH~~ B3aIt1MOAe~CTB~R A2e C a~OMa
M~. 4T06bl 04eH~Tb T04HOCTb nonyuaexux peayne r aroa , Bbl4~cneHbt 
TaK>Ke ce4eH~R ~OHH3a4~~ aTOMa BOAopoAa np~ CTonKHOBeH~~ C aTO
MaM~ H, C, N ~ Ar. rT0I1Y4eHHble ai~~ AI1R BOAopOAa CpaBHlI1BalOTCR 
C TeopeT~4eCKHM" ce4eH~RM~ Ha pa6oT/18.19/~ C 3Kcnep~MeHTaI1b
HbIM~ ce4eH~RM~ 120+ 231 c 

2 0 OCHOBHWE ~OPMYnW 

B HaCTORl.J.le~ pa60Te MW CI1eAyeM paC4eTH~M cxeMaM, ~3I10>KeH

HWM B/16+1~/. PaccMoTp~M CTOI1KHOBeH~e AByX He~TpaI1bHWX aTOMOB 
A ~ B, HaXOARI.J.l~XCR B OCHOBKOM COCTORH~H. AMnI1~TYAa B3aHMoAe~

CTB~R B 60pHOBCKOM np~6I1~>KeH~~ ~MeeT B~A 

f (q) = _2_ ~ F (q) F (q) • IIImn q 2 {3 m n 

rAe q - nepeAaHH51~ ~Mnynbc, a - nOCTORHHaR TOHKO~ CTPYKTypbl, 
(3 - OTHOC~TeI1bHaR CKOPO~Tb aTOMOB B eA~HH4ax CKOPOCT~ CBeTa, 
m ~ n - KsaHTOBwe 4~CI1a aTOMOB A ~ B nOCI1e CTOI1KHOBeHHR 
~Cn0I1b3YIOTCR AI1A o603Ha4eH~R KaK A~CKpeTH~X COCTORH~~, TaK 
~ COCTORH~~ HenpepblBHoro cnexr pa , m = n = 0 AI1R OCHOBHoro 
COCTORH~R, Fm(q) ~ Fn(q) - ynpyr ae ~ HeynpyrHe /rrepexonaua/ 
$opM$aKTop~ aTOMOB. 6YAeM Hcnonb30BaTb TaK>Ke o603Ha4eHHR: 
F m(q, Z ), Z - 3a PRA RApa aTOMa. 

Ynpyr~~ $opM$aKTop ~MeeT B~A
 

z
 
~ ~ 

F 0 (q) = < 0 \ z - ~ exp (i q. re ) I 0 > , 121
 
e== 1
 

rAe Z - 3apAA AApa, re - xoopna-rar u 3I1eKTpOHoB B arone , 
<0 \ ... \ 0> - O>K~AaeMaR BeI1~4~Ha OCHOBHoro COCTORH~R. 
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Ynpyrlll~ <pOp/-1cPaKTOp auoaxae r c s 4epe3 aTOMHbl~ cPOpMcPaKTOp "F(q ): 

F (q) == Z - F'{q ) , 
o /3/ 

nepeXOAH~e cPOpMcPaKTOp~ - 3TO MaTp1ll4H~e 3neMeHT~: 

z 
F J (q) == < m I Z - L exp ( i q.r£ ) I {) > • /4/mr:o £==1 

B /4/ Z MO~HO He nHcaTb, TaK KaK BKnaA OT 3apflAa f1APa B 

Fm -/: o(q) Yl3-3a op r orouane uoc r a BonHOBblX cPYHKI..4I11~ Ha4anbHoro III 
KOHe4Horo COCTOAH~~ paseH Hyn~Q 

nlll$$epeHl..4l11anbHoe Ino ql ce4eHllle nepeXOAa aTOMOB B COCTOfl
HillA m III n paBHO 

4 a 2 2 2 
dGl,TIn 17~(3 IFm(q)1 IF (q)12~ 

151n 4 • 
q 

Ce4eHllle nepexoAa aTOMOB B COCTOAHlllfi m 1-1 n AaeTcfI IIIHTerpa
nOM no nepeAaHHoMy IIIMnynbCY: 

2 
q


2 max 2
 

Gmn = 4 17 ~-2 r F (q). 1
2 F (q ) 1

2 ~~- • 161 
(3 2 

I

m 
I

n 4 
qmin q 

rpaHlII4~ IIIHTerp~pOBaHlllfi onpeAenfl~TCfI 3aKOHaMIII coxpaHeHlllfi
 
III 3aBIIICAT OT 3Heprlll~ B036Y>l<AeHlllfi Em III 18 , 19 / .
 E n/ 

nonHoe ce4eHllle nony4aeTcH CYMMlllpOBaHllleM naPl..4l11anbH~X ce4e
HIII~ no AIIICKpeTH~M COCTOflHlllfiM III IIIHTerplllpOBa~lIIeM no Henpep~B
HOMy cneKTpy: 

q2
 
2 max
 

G =417~ l.,! r F (q) 12 I F (q) 12 dq2
 
tot (32 m n 2 m n I 4 17/


q 
qrnin 

nplII 60nbwlllx CKOP0CT~X q2 III q2 CTpeMATCfI K Hyn~ III 6eCKomin max
 
He4HOCTIII. BMeCTe C 1113BeCTH~M nOBeAeHllleM cPopMcPaKTopOB nplII
 
Man~x H 60nbwlllx q2 3TO n03BonfieT pacwlllplIITb 06naCTb IIIHTerplII

pOBaHlllfi AO (0,00) Anfl Bcex B036Y>l<AeHIII~. n03TOMY nopAAoK IIIHTe

rplllpoBaHlllfi III CYMMlllpOBaHlllfi MO>l<HO nOMeHflTb MeCTaMIII:
 

cfl 00 2 A 2 dq 2 18/ 
~ t =411-2 .r [ I \ F (q)\ + IF (q ) 1 ][ }: IF (q)12+IFB(q)12]~. 

o (3 . o m i: 0 m 0 n i: 0 n 0 q4 

4 

3AeCb BblAeneHbl 8 fl8HOM BIIIAe KBaApaTW ynpyrHx cPopMOaK-
TOpOSo 

Benll141f1Ha 

Sinc(q) = It IF
m(q)12 /9/

mi:o 

1f138eCTHa KaK cPYHKI..4I11f1 H~KorepeHTHoro pacceflHlllfl. TorAa 

2 00, 2
 
G t.=41T~2,{[SiA (Q)+IF\q)!2][SiB (q)+IF B( q ) ·12 ] dq


t /10/o t a 0 nc 0 nc 0 
fJ q 4 

MO}l(HO 11136e»<aTb CyMMlllpoBaHlllfi 6eCKOHe4Horo 4111cna cnaraeM~X. 

C 3TOR l..4enb~ Mcnonb3yeTcA ycnoBHe nonHOTW co6tTBeHHWX COCTOA
HH~: 

I l mc- c m : = 1, /11/ 
m=o 

KOTopoe n03BonfleT npHMeHHTb npaBHno ~YMM, 4T06w B~pa3HTb 

Ce4eHI-1e HeynpyrHx cTonKHOBeHI-1R 4epe3 CBo~cTBa Ha4anbHoro 
COCTOAHHA aTOMa: 

z z 

S (q):= I I. < O\exp[iq.(rk-r ) li 0> _ IF (q) 12 • /12/
inc k = 1 e= 1 e

TaKIIIM 06pa30M, 4T06~ nonY41-1Tb Ce4eHl-1e, Hy}l(HO BW4HCnl-1Tb 
OAHOMep:-ibIR I-1HTerpan, 3aBI-1Cfl~l-1~ OT Sinc( q) 1-1 F (q), xoropue 
onpeAenA~TCfI 4epe3 BonHOBwe cPYHKI..4HI-1 ocHoBHoro COCTOflHHfl 
aTOMOB. 

KaK BI-1AHO 1t13 /10/, G MO>KHO pasnerurr s Ha 4eTbipe napuaans
to t 

r 

H~X ce4eHHA B 3aBHC~MOCTH OT Toro, ynpyro Hnl-1 Heynpyro B3aHMO
Ae~cTBY~T HaneTaID~I-1R aTOM A H aTOM MI-1WeHH B. Ce4eHIt1fl 0603Ha
41t1M ASyMR ~HAeKcaMH. nepBw~ HHAeKC OTHOCIt1TCR K aToMy A: el 
ynpyroe, in - Heynpyroe oacceaaae ; 8TOPO~ K aroxy B: coh 
ynpyroe, inc - Heynpyroe pacceRHllle. TaKHM o6pa30M, 

Gto t = Gel,coh + Gin,coh + O'el,inc'+ Gin,inc' 

PaCCMaTpIt18a~TCR TonbKO ABa Knacca KOHe4H~X COCTORHI-1~ aToMa 
MI-1WeHI-1. nnA HaneTa~~ero aTOMa 6YAeM TaK}I(e BW4~cnflTb Ce4eHIt1R 
B030Y)f(AeHlt1fl Gas H' 1-10HIt13aI..4H~'" • Ecna OAHH 1t13 AByX It1HAeKCOBG io n
 
onycKaeTcR, TO no HeMy nOApa3yMeBaeTCA CyMMl-1poBaHl-1e.
 

nnfl Bbl41t1CneHIt1R G H G BBOAflTCR $YHKI..4I-1I-1 B036Y>KAeHl-1fl'n l o n
 
Sex (q) H 1t10HH3al..41-1H Sion (q) :
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/13/Sinc (q) = Sex (q) + Sian (q ) • 

Sex (q) = ;: IFrn(q) 1
2
-, /14/m=l 

QO 

&i (q) = .r f FE (q ) l2 dE • 
on E . /151

mIn 

rne CYMMl-1pOBaHl-1e npoBoAI-1TCfI TOJlbKO no B036y)/(geHHbiM AI-1CKpeTHblM 
COCTOHHI-1f1M, a 1-1~·TerpI-1POBaHl-1e no HenpepbIBH~IM, E min - MI-1HI-1MaJlb
Hafl 3Heprl-1f1, Heo6xoAHMafi AJlfl 1-10H1-13a~I-1H aTOMa. 

AJlfl Sex (q) npaaana CY~-1M He cyU\eCTBYIOT. 3Hafl Sex (q) , MO)/(HO_ 
Bbl41-1CIH1Tb Torna uion HaXOAIttTCfI 1-13 COOTHOWeHI-1f10a ex 

= - - U • /16/Uion atot ael ex 

,~ 

:; 
3. F(q) H Si (q) An~ ATOMOB C, N ~ Ar ne 

B JlI-1TepaType I-1MelOTCfI Ta6Jll-14bl F(q) H Sinc(q) AJlfl 60JlbWHHCTBa 
3JleMeHTOB, KOTop~e paCC4I-1TaH~ C nOMOU\blO BOJlHOBWX $YHK4I-1A, na
JlY4eHH~X MeTOAOM XapTpl-1 - ~OKa. M~ I-1CnOJlb30BaJll-1 Ta6JlI-14~/24,25~ 

a~H npOBeAeHI-1f1 4I-1CJleHH~X paC4eTOB Ta6JlI-14H~e 3Ha4eHI-1f1 an

npOKCI-1MHpOSaJlI-1Cb ~YHK41-1f1MH: 

4 

F(q) I- Ai exp( --B i x
2 

) + C. /17/
i = 1 

2 3
 

Sine (q) = [Z _ F (q) 1 L D.exp(-EiX),
 /18/z i = 1 I ,P 

rAe x - o6U\enpl-1HflTafi nepeMeHHafl, 4epe3 KOTOPYIO nepeAaHH~A I-1M
nYJlbC BWpa)/{aeTCfI CJleAYIOU\I-1M o6pa30M: 

q = 4rrx(A-1 ) . /19/ 

K03$$1-14I-1eHT~ Ai' AJlfl aTOMOB C, N 1-1 Ar npl-1Bi, C, Di, E i 
BeAeHw B Ta6Jl. 1 0 

K03$$1-14I-1eHTbl Ai' B i' C AJlfl N 1-1 Ar B3f1Tbl 1-13/24/ ; Ai' B i ' 
C AJlfl C 1-1 Di , E i AJlfl C, N 1-1 Ar nonyueua HaMI-1 npa annpOKCI-1Ma-- 
41-11-1 Ta6Jll-14 F(q) 1-1 Sinc(q) , npl-1BeAeHHblx B /25/ • 

Ta6nH~a 1 
K03~H~HeHTbI Ai' B I , C, Di , E i gnH napaMeTpH3a~HH F(q) 

H Sine (q) aTOMOB C, N H Ar 

C N Ar- C N Ar 

A 2,56960 12,2126 7,48450 D 0,6065 0,60654 0,48191 1 
B 14,3590 0,00570 0,90720 E 2,1250 1,990 0,-81171 1 

1,.17700 3,13220 6,77230A,., D - 0,2466 - 0,357 - 0,1353
L 2 

8 0,73756 9,89330 14,8407 E,., 5,6250 5,550 1,0502 L 

2,01250 0,04284A~I 0,65243 O,65~90 
D31 

S: 0,19450 28,9975 43,8983 E 17,125
3 

A4
'"'Ir 1,58850 1,16630 1 ~ 64420 

B41 0,58260 33,392939,5610
 
C 0,01129 -11,5290 1,44510
 

4 0 B~4~cnEH~E CE4EH~~ B3A~MOAE~CTBHR 
H C H, C, N H Ar 

AJlfl 04eHKH T04HOCTI-1 paC4eTOB CHa4aJla BW41-1CJll-1M Ce4eHI-1f1 H 
C H, C, N 1-1 Ar, TaK KaK B~4I-1CJleHH~e Ce4eHI-1R MomHO CpaBHI-1Tb 
C paC4eTaMI-1 /18,19/, a a KpOMe roro , C 3KCnepl-1MeHTaJlbHblMI-1

1 
o. , 

,qaHHbIMI-1 /20-:-23/ on0 

ATOMH~A $opM$aKTOp BOAOpoAa B OCHOBHOM COCTOflHl-11-1 B~pa)/{aeTCfI 

aHaJlI-1TI-14eCKI-1: 

F ( q , 1) = [ 1 + ( a0 q )2]-2 /20/2 ' 

rAe a o - 60POBCKI-1~ paAv.yc. 
Ynpyrl-1~ $opM$aKTop 

Fo(q,l) = l-F(q,l). /21/ 

~YHK41-1f1 HeKorepeHTHoro paCCeflHI-1f1 

Si (q,l) = l-IF(q.l'l
2 

. /22/nc . 

nepexoA~we ¢opM$aKTOp~ AJl~ B~4I-1CJleHHfI Sex(q,l) MoryT 6~Tb 
TaK)/(e BwpameH~ B aHaJl~T~4eCKO~ $opMe, OAHaKO OH~ ~Me~T 60nee 
CJlO)/(H~~ BHA/ 17 ,18 / H 3AeCb He np~BOAflTCfI. 
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Ce4eHIt1e B036Y>KAeH-It1f1 Bbl41t1CnRnOCb Kal< cyMMa no e Ce4eHIt1~ 

nepexonoa 8 COCTOflHlIlfi C onpeAenQ..HHblM 3Ha4eHIt1eM f, npOCYMMIt1PO

BaHH~x no n. npH 3TOM Anfl Man~x n It1CnOnb30Banlt1Cb T04H~e B~pa

>KeHIt1f1 Anfl nepeXOAH~X ¢opM¢aKTop08, a Anfl 60nblliHX n - It1X aCIt1M

It1Hj:\eKCbl coh, inc ,tot no BepTHKanlt1 OTHOCflTCfI K aTOMY MHWeHIt1. 

npHBeAeHbl TaK>Ke BenH41t1Hbi ~a% = 100(a G /a - 1) , r ne aO - r eope

TH4eCKIt1e Ce4eHYlfl ¥Ii 18,191 ,a - ce4eHHfI, Bbl4HcneHHbie B HaCTOfl

~e~ pa60Te o Anfl MHweHe~ H H C AaHH~eB3f1T~ 1t13 pa60T~/19! 
nTOTIt14eCKIt1e B~pa>KeHIt1f1!17/. 

8epXHIt1~ npeAen It1HTerplt1pOBaHIt1R 6~n paBeH q~ax = 250 X-~ 41'0 

coo r ee r c r eve t x » 1,26~-1 Ylnlt1 31,2 K38/c, It1nlt1 8,4 60POBCKIt1M 

It1MnynbcaM. Pe ayns r aru It1HTerplt1pOBaHJ.1f1 BblAaBanlt1Cb uepea ~q =5X-; 
4T06~ MO>KHO 6~no YCTaHOBIt1Tb, KaK Hac~~a~TCfI Ce4eHYlfl: ~nc Hac~

uiae r c a 6bltTpee, 4eM a coh • l 
8 Ta6n. 2 npHBeAeH~ pe3ynbTaTw 8W4HcneHH~ aCIt1MnTOTH4eCKHX 

ce4eHHi1 (f3 1) Anfl aonopona npH B3aHMoAe~CT8It1H C 80AOPOAoM,0: 

yrneponoa , a30TOM H aprOHOM. I-1HAeKcbl Anfl Ce4eHHv. el , ex , ion ~ 

in , tot no ropH30HTanH OTHOCflTCfI K HaneTa~~eMY aro-iy BOAoPOA~, 

Ta6JII1IJ;a 2
 
Pe3YJIbTaThl Bbll·mcneHHH aCHMrITOTW·leCKI1X CeqeH1111 B3aI1Mop;eH


(:TBI1H H C H, C, N 11 Ar 11 I1X c p aaueaae C p;aHHhIMH pa6oT / 18 ,19/.
 

CeQeHI1H npI1BeP;t::Hbl B ep;I1HHf~ax 10-19 CM 2/a TOM. nOHCHeHI1H
 

B TeKCTe
 

lur /.O"'el e l % O"'ex M e :< O"i on Mien O'tet Mtotl. 

a * H c:oh 0,042 4,8 0,007 - 0,067 ~,4 0,116 5,1 

0,075 4,0 0,063 - 0,172 0,9* 0,310 1,6(fine 

* 0,117 4,3 0,070 - 0,239 1,9 0,426 2, 1tot 
* 0,912 9,0 0,154 - 1,481 5,1 2,550 6,5~oh 

B 3TO~ pefio r e a H He Bbl4HCnflnlt1Cb, Anfl N It1 Ar AaHHbleex a i on 
B3f1Tbl 1t13 /18/, rne Bb141t1Cn~Hbl a H (1io • 8/ 18,19/ npuaeneuu roris>ex 
KO 3Ha4eHHfI 6e3pa3MepH~x It1HTerpanoB. ~T06~ nonY4HTb Ce4eHIt1f1, 

3Ha 4eHIt1f1 YlHTerpanoB YMHO>KanIt1C b Ha 8enH41t1HY 81Ta2' a 2 
3,75 ·1 0 -20 CM 2 c 0 

18,19/
1-13 Ta6nHllbi BIt1AHO, 41'0 HaWkl pe ayns r aru H pe3ynbTaTbl/

OTnIt14a~TCfI a 60nbwHHcTBe cnY4aeB He 60nee 4eM Ha 10%. I-1cKn~

4eHIt1e COCTaBnfl~T ~x - HaWH FJ ex 3Ha4HTenbHO 60nbwe, 4eM 8/
181 • 

a/ 181 
nOAXOAbl npa Bbl4HcneHklH a ex Y Hac /.1 HeCKonbKO 01'm14anlt1Cb. 

8 pa60Te/ 18 1 u ex BW4HCnflnlt1Cb KaK cyMMa ce4~HH~ nepexdAoa B 

COCTOflHIt1f1 C ~na8H~M KBaHTOBWM 41t1CnOM n°, nplt1 3TOM BWpa>KeHIt1f1 Anfl 

K8aApaTOB n~pexoAHwx ¢opM¢aKTopoB BKn~4anH CYMMHpOBaHHe no e 
B KOHe4HOM COCTOflHHIt1. OAHaKo COCTaBnfleT He60nbwy~ 4aCTba ex 
01' ain /23%, 14%, 13% H 10% Anfl MHweHe~ H, C, N It1 Ar COOTBeT

cTBeHHo/. HawH 3Ha4eHHfI ' KOTopwe MO>KHO CpaBHIt1Tb C 3Kcneu i on 
pHMeHToM, B npeAenax HeCKonbKHX npOlleHTOB cOBnaAa~T C a i on 

/ 18 / . H3 . 

B cnyuae H-H cTonKHOBeHIt1~ ace Ce4eHIt1f1 AOn>KHbl Bbl41t1CnflTbCfI 

T04HO, OAHaKO H B 3TOM cny4ae HaWH AaHHwe H AaHH~e/19/ pa3nlt1

4a~TCfI.B npeAenax AO 5%. Pe3ynbTaT~ BW4It1CneHIt1~ B pa60Tax OA

H¥1X It1 r ex >Ke aa r opos /18/ It1 /191 TaK>Ke pa3nH4a~TCfI Ha HeCKonb-

KO npOLteHTOB, a BenH4HHbi a el,inc Anfl Ar B 3THX AByx pa60T ax 

OTnIt14a~TCfI n04TIt1 B 'ABa pa3a ICM. Ta6n. 3/. 

Taf5JIHIJ;a 3 
CpaBHeHl1e CeQeHI1H H-N 11 H-Ar B3aI1Mop;eHcTBI1H, B~QI1CJIeHHh~ 

B pario-ra x /18/ 11' 19.' • ~a% = 100. (a/ 19ja/ 18/· _ 1) 

Ac1el ('l.) Ac1in('l.) Ac1 to\!") 

I 

N 

Ar 

O"eoh 

I O"'ine 

(fhoh 

<Te oh 

0,9 

6.,2 

2,0 

1,3 

1 ,3 

10,3 

3,9 

1,6 

1 ,2 

9,1 

3,2 

1,5 

I 

- 46,0 1~,6 - 12,8

I
O'ine 

- 7,0 3,2 0,9(1totI I 

I (f. 0,291 5,2
ine f 

8,1 

8,4 

-0,3 

6,5 

12,8 

94,7 

21,8 

3Be3p;OtlKaMH noxevensr 

0,194 - 0,616 1,1 

* 
0,3~1 - 2,097 3,9 

0,150 -2,7 1,744 4,5 

0,227 -41,9 0,668 -3,4 

0,377 -23,2 2,412 2,4 

0,638 - 1,3 7,621 7,5 

0,364 23,8 1,260 -12,2 

1,002 8,4 8,881 5,2 

BeJIHtll1Hbl &7 i n %. 

1,101 2,5 

3,651 5,3 

3,028 5,6 

1,220 -8,0 

4,248 1,9 

13,278 9,1 

2,246 17,0 

1~,524 10,4 

I 

I )
 
1,203"tot 

N 1,134O"eoh 

I <1i nc I 0,325 

1,459<1'tot 

Ar 5,019~oh 
0,622()inc 

5,641(ftot 
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3TO MO*HO 06~~CH~Tb TeM, 4TO ~enb~ pa60T~/191 6~no B~4~C
neaue ce4eH~i1 An~ 6anbworo Ha60pa aTOM-aTOMHbIX CTOnKHoBeH~i1 

Ha eA~HOo6pa3Hoi1 OCHOSe. 3TO onpeAen~no B~6op Ta6n~ij F(q) 

.llanee Mbl nOOBenH CpaBHeH~e nOnY4eHHbiX a t i, h C HMelOlllHMHCfI 
, 120+231 on

B n~TepaType 3Kcnep~MeHTanbH~M~ ce4eH~~M~ HOHH3a4~H 

aTOMOB BOAopOAa npH CTonKHOBeH~~ C H, C, N ~ Ar, ~3MepeHH~MH 

~ S inc (q), xo r opue OTn~4aIOTCB OT acnons aoaauuux B1181 • B ~HTepBane 3Heprvn·1 10 + 2aO M~B. Peayns r ar u cpaBHeHH~ npaae 

HaM~ Bbl4HcneHbi r a-ose aeoh 
KorAa F (q, 6) 6panc~ B MOAenH 
B~C~MbIX 4dCT~ u: 

H a ine 
T4iM, a 

H-C cOYAapeH~i1 An~ 

Sine (q, 6)  B MOAeml1 
cnyvaa, 
-res a

t 

AeHbl B r afin , 4. B Ta6n~~y He BKnlO4eHbi ai~xl An~ H-H CTOnKHoBeH~i1 
npH 3Hepr~~x 14, 6 ~ 17,9 M3B 121/, KOTOpb!e MeH bwe ait~n n04T~ 
B ABa pa3a ~, nO-B~AHMOMY, OWH604Hbl, KaK 3TO OTMe4aeTC~ H 

SiIlCEq) = z -
IF(q)1 

2 

--Z--· 1231 ~I 

APyr~M~ aaropaeu- .. B r efin, 4 npHBeA~Hbl: 3Hepr~~ aTOMOB BO,qOpO
Aa E(R), COOTBeTCT8YIOIll~e 3T0i1 3Hepr~H BenH4~H~ y-l, ~-2, 

ai~~ ,C ow~6KaMlI1 H oruouieuae ai~~ I uI~~ C 3 Kcnepl"MeHTanbHbIM~ 

DbIJ10 nonyueuo : aeoh = 2,80 '10-19cM 2 , u ine = 1,94'10-19 CM 2 • 

B MOAen~ X4i 3T~ ce4eH~~ paBH~ ICM. Ta6n.2/: a eoh 
= 2,55'10-19 CM 2, aine = 1,10.10-19 CM2 0 Ce4eHiIi~ aeoh OTn~
4aIOTC~ Ha 10%, a aine Ha 70%, TO eCTb B np~6n~*eH~~ He3aB~C~

ow~6KaMHo B nocneAHei1 CTpOKe Ta6nH~~ np~BeAeHO OTHoweHHe 
th 1181/ th N Aaion I aion An~ 14 r , 
~aHH~e Ta6n. 4 B ~HTepBahe 10+ 44,5 M3B npHBeAeHW TaK*e

th
Ha p~c.l. Haw~ ~on np~H~T~ aa eA~H~~Y ~ 0603Ha4eH~ cnnOWH~MH 

np~M~MH n~HH~M~~ ~aHH~eI18Io603Ha4eH~'nYHKT~pH~MHnHH~~MH. 

MblX -rac T~~ Sine(q) onacuaaer ca ueynoener eooareru, HO. B MOAen~ 

Tet>M ~	 B np~6n~*eH~~ He3aB~C~MbIX 4aCT~~ An~ S ine(q ) pauee 116,171 
6 " ¥P PHc.l. CpaBHeHHe TeOpeTHqeCKHX 

BbI4~CIU:mOCb ce4eH~e B3a~MoAei1cTB~B A2e C aTOMaM~. 1M 

H 3KcrrepHMeHTaJIbHb~ CeqeHHH~b,':-~ 
s.z H-H HOHH3a~HH aTOMOB Bogopo~a npH

Ta6JIHIJ;a 4 t.O ~---+ 1 I I T CTOJlKHOUeHHH C H, C, N H Ar 
CpaBHeHHe TeOpeTHqeCKHX H 3KcnepHMeHTaJIbHb~ CeqeHHH 0.8 B HHTepSaJIe' 3HeprHl1 10 7 
HOHH3aIJ;HH aTOMOB Bogopoga npH CTOJIKHOBeHHH C H, C, N + 44,5 M3B. CeqeHHH aton' BW
H Sx , B nexe-rasrx CTpOKax npaaeneau a~xp B egHHHIJ;ax 1.2 H-a qHCJIeHHwe B HacToH~eA pa6oTe,ttl 110-19 CM2 / a rox , B qeT,Hb~ - O:THOIlleHt~n af~gl U~~n' t.o ! t 1 rrpHHHTw' 3a egHHHIJ;Y. TIyHKTHPOM
C 3KcnepHMeHTaJIbHbWH OIllH6KaMH 0.8 0603HaqeHW TeOpeTHqeCKHe ceq~

HHO a' H3 pa60T 11S,191 TOq
rs: Ion	 , 

~-2	 1.2~ KaMH - 3KcnepHMeHTaJIbHWeE(H) Ir-L, H-H H-C H-N H-ArI i	 

I
i 

~~l- -- -IT--I-~I~l---~---~:~ a. 120+221~t10"L Ion .
 
10 1,07 47,66 11 :!:1 • 1 100:!:10 360:!:36
 

0,96:Kl,10 0,87 :Kl,09 0,-85:1:0 , 09
 I.Z H-lIr 

14,6	 11,56 32,90 71,4:1:8,8 238:t33 I 1.0
 

I 
°,90 zn , 11
 I I ~3 Ta6n.4 H p~c. 1 BHAHO, 

4TO cor'nacae ai~n C ar~g B 
0,82:!:o,11	 0.8 

22,0 12,34 22,09 5,2:tO,5 52,6:t6,1 53,5::1: 5 183::1:18
 
0,98:tO ,09 1,13:tO,13 0,99:±O,09 0,93:±o,09
 npeAenax 3Kcnep~MeHTanbH~X 

30,2 I I to zo OW~60K xopowee H, cneAOBaTenb
13,22	 16,30 3,8~,4 38,4 :!:4, 7 40:!: 4 138 :!:14 *0 

0,97:tO,10 1,12:tO,14 1 ,02±O, 10 0,~5:tO, 10 I	 HO, HeonpeAeneHHOCTb B TeopeI'
 
T~4eCK~X ce4eHH~X He npeB~waeT38,2 14,07 13,04 3,l±O,3 31,8±3,8 32,3± 3 114 ±11
 

0,99:tO,10 1,16:KJ,14 1 ,02:Kl, 10 0,98±D,09
 Ben~4~HY 3KcnepHMeHTanbH~X OW~60K, T.e. ±10%. 
, 

I 
.~ MO*HO	 YTsep*AaTb, 4TO ~ np~ B~4~cneH~~ ce4eHH~ B3a~MoAe~cT

44,5	 14,72 11,30 2,6 ±,26 27,8::1:3,0 28::1:2,8 98±10 
B~B A2e C aTOMaM~ aeonpeneneuuoc re r e-ose He 6YAeT npeauurar s0,96:tO,10 1,17:tO,12 1,03:tO,10 0,98:tO, l O I 
±10%,'TaK KaK Bce np~BeAeHH~e B~we et>opMyn~ MoryT 6~Tb ~cnonb

200 121,3 3,12	 6,5 I 30BaH~ AnR paC4eTa ce4eHHi1 B3a~MoAei1cTB~~ A2e C aTOMaM~ np~0,99 , 
He6onbwOM. H3MeHeH~~ B F(q, 1 )~ Sine (q,l) npa nepexone OTI

th 11; ~h I 
1,016 1,C52	 H K A2e •

1eTi a n ion	 i 
I	 I 

II, 10 
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1. 

I 

50 B~4~cnEH~E CE4EH~R 

C H, C, N ~ Ar 

B3AMMOaE~CTBMR A2e 

nepeXOAH~~ ¢opM$aKTOp nOSHTpOH~R MMeeT SMA 

F (~A m 'u 2e ) = 
• -+ -+/< I -1 q- r 2 m e -

-+ -+ 
iq.r/2 I 0 e > , 

rAe ±1/2 - KooPAMHaTw 3neKTpoHa M n03MTpoHa S A2e' 

Bce ~OpM$aKTopbl nosMTpoHHR, KaK M B cny4ae SOAopoAa, MomHO 
npeAcTasMTb B aHanMTM4ecKo~ ~opMe. ATOMHW~ ¢op¢aKTop A2 e 
HMeeT BHA 

~ 

F( q,. A 2e) [1 + (ao q ) 2 ] -~ 1241 

rAe a o - 60POBCKM~ paA~YC 

¢YHK~~R HeKorepeHTHoro 
aTOMa BOAopoAa. 
pacceRHMR A2 e : 

Sine (q , A 2e) = 2 (1 - F (q , A 2e ) ) • 1251 

3aMeTIIIM, 4TO 8 60PH08CKOM npM6nlllmeHHIII Ms-sa coxpaHeH~R 

sapRAoBo!:1 4eTHoCTM aanpeureua ynpyroe paCCeRHI.1~ ~a III ero ne
pexonu B 80s6ymAeHHble S-COCTORHHR. 

Mw paCC4HTanH a~t AnR H, C, N III Ar; AnR C paCC4111TanM, 
KpOMe Toro, a H a1 . anR cpaBHeHHR npOBeAeHW TaK~e paC4e

ex on 
TW, B KOTOPWX F(q) AI1R aTOMOB MHWeHH 6panHCb B MOAenM T¢M 
III Sinc(q) B npH6nHmeHIIIH HeS~BHCHMWX 4aCTH4. PesynbTaTw npHSe
AeHbl B Ta611. 5. 

BIIIAHO, 4TO ce4eHIIIR 0Wt , nony4eHHwe B MOAenlll T~M, npHMepHO 
B 1,5 pasa 5onbwe, 4eM a MOAenH X~. Oc06eHHO BenHKO paSI1H4He 
~nc B AByX MOAenRX InpHMepHo 8 ABa pasa/. 

B 3KcnepHMeHTe/ 21 6b1no H3MepeHO ceueuae a to t BsaHMOAe~CTBHR 
A2 e C yrnepoaoa npIII Y-4>aKTopax A2 e OT 800 AO 2000. nonY4eHHoe 
3KcnepHMeHTanbHoe ce4eHHe paSHO 

<, 

exp
atot = (16 +16 _ 6 19).10 2

eM. 1261 

BW4HcneHHoe HaMH aCHMnTOTH4eCKoe 
BHR A2 e c yrnepoAOM paSHO: 

ce4eHHe ~~~ BsaMMOAe~CT

th
O'tot = 

4 -195.7 ·1 0 
2

eM I aTOM. 1271 

Ha pHc.2 npHseAeHo ce4eHHe ~~t B 3aSHCHMOCTH 'OT KIIIHeTH
4ecKo!:1 3HeprHH A2 e , BwpameHHo!:1 B eAHHH4ax MaCCbI nOKOR aTOMa 
y - 1 .. CTpeI1KO~ OTMe4eH HHTepaaI1 y < 1 ,2, a KOTOpOM 6b1no HS

MepeHO ce4eHMe HOHH3a4H~ ~on BOAopOAa npH CTOI1KHOeeHHH C yr

Ta6JIHIJ;a 5 
Pe3YJIbTaTbI BblqHCJIeHl':I11 aCHMnTOTHqeCKHX CeqeHHH B3aHMOp,eH

CTBHH A2e C H, C, N H Ar. CeqeHHH npnaenenu B ep,HHHIJ;aX 

10-19 CM2/ aTOM 

otot (HIM) 

a a. (J: (,X 't' ) 
e'l Ion tot CF (X't,) 

r ------1 
tot 

7I C-coh I 0,16 1 ,719 I 
~ 0,624 1,944IkI

H 

~ot 
Inc I . " :,7:1 1':,96 I 

C (Tcoh .0,4,.14 ...., ~ 185 .... , 6 .... 9 1 • .::......,(JI 

cT 10,652 1,452 2,104 2,D38
I n c 11.5ot t1,106 4,637 5,7:3 1.:2: I 

N ff 4,!-.>1 1,-::,6....,
c o h
 
~ 2,322 2,048
 I; 

<:;7I I Inc I I
 
~<rt{)t 6,4...1":' 1,609
I I 
, Ar, ~oh I 17.,:7 :,2,,:4 IU u'nc I ~~lj9 ",I<~ I 

~tot L_,11 1,409 

PHc.2. 3aBHCHMOCTb rrOJIHOrO ce
to - IT rTlI"mj """"1 """'1 ,,,,,mr ''''""I rn~r1 qeHHH B3aHMOAeHCTBHH a tot aTO

MOB rr03HTpOHHH C yrJIepogoM OT 
16 KHHeTHQeCKOH 3HeprHH, Bwpa~eH10- f 

HOH B ep,HHHIJ;aX Maccw rrOKOR.. 
HaJIeTalOI.IJ;erO a TOMa (y - 1) ~t 

10- 11 

~ CrrJIOlliHaH JIHHHR - TeOpeTHqeCKaR...; .f 
3aBHcHMoCTb; TOqKa - CeqeHHe

/ 21 J IO' M ~ +, a tot , H3MepeHHoe B pa6oTer 
CTpenKoH OTMeqeHa 06JIaCTb 

~ ~ 
(Y-l < 0,2), HCCJleAOBaHHaR B OITbI


m-""t,,".1 ,,",.1 "",,," ",,,,.I '"1,,01 """"I "1',]
 Tax ITO B3aHMOAeHCTBHID aTOMOB 

r- I aono pona C yrJ1epOAOM/22.23/. 
10-.J IO-z sr! 1011 10' IOl /oJ /0. 
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nepOAOM /22,23/. Ha 3TOM me p~CYHKe np~BeAeHO 3Kcnep~MeHTanbHoe 

ce4eH~e. ny6n~Ka4~~ no ~sMepeH~~ a~n BOAopoAa np~ y > 1,2 
HeT ~ AnR APyr~x aTOMOB M~weH~. TaK~M o6pa30M, aBTopbl 3Kcnep~
MeHTa/ 21 npoAB~Hyn~cb no Ben~4~He y-l np~MepHO Ha 4eT~pe no
panxa , 

B pa6oTe / 21 Ha OCHOBaH~~ conOCTaBneH~f1 Teop~~ ~ 3Kcnep~~ 
MeHTa caenan BbIBOA, 4TO normoe He npor a~sMepeHHoe ce4eH~e 

Bope4~T B~4~cneHHOMY aC~MnTOT~4eCKOMY sHa4eH~~. BMeCTe C TeM, 
OTMe4aeTCR B

/ 2/ 
, pesynbTaT He ~CKn~4aeT APyr~x MexaH~sMOB 

~OH~sa~~~ ~n~ Bos6ymAeH~f1 ynbTpapenflT~B~CTCK~X aTOMOB B cpeAe, 
np~BOAR~~X K cy~ecTBeHHOMY YBen~4eH~~ ce4eH~R. 

ABTop~ 6narOAapRT fl.fl.HeMeHOBa ~ A.B.TapacoBa sa ~HTepec 

K pa60Te ~ o6cymAeH~R. 
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