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OPTIMIZED RELATIVISTIC DIRAC-FOCK APPROACH TO 
CALCULATING THE HYPERFINE LINE SHIFT AND BROADENING 

FOR HEAVY ATOMS IN THE BUFFER GAS

It is presented a new consistent relativistic approach to description of the energetic and spectral properties of the heavy 
atoms in an atmosphere of the inert gases, based on the atomic gauge-invariant relativistic perturbation theory with the 
optimized Dirac-Fock zeroth approximation with density functional correlation potential and the exchange perturbation 
theory for construction of the interatomic potential function. As illustration it is applied to calculating the interatomic po­
tentials, hyperfine structure line collision shift and broadening for alkali and thallium atoms, in an atmosphere of the buffer 
inert gas. It is shown that an accurate accounting of relativistic and exchange-correlation provides physically reasonable 
description of the energetic and spectral properties of the heavy atoms in an atmosphere of the inert gases.

1. Introduction

I n  R e f .  [ 1 - 3 ]  I t  h a s  b e e n  p r e s e n t e d  a  n e w  c o n ­

s i s t e n t  r e l a t i v i s t i c  a p p r o a c h  t o  h y p e r f i n e  s t r u c t u r e  

l i n e  c o l l i s i o n  s h i f t  a n d  b r o a d e n i n g  f o r  h e a v y  a t o m s  

i n  a n  a t m o s p h e r e  o f  t h e  b u f f e r  i n e r t  g a s ,  b a s e d  o n  

t h e  a t o m i c  g a u g e - i n v a r i a n t  r e l a t i v i s t i c  p e r t u r b a ­

t i o n  t h e o r y  a n d  t h e  o p t i m a l  c o n s t r u c t i o n  o f  t h e  

i n t e r a t o m i c  p o t e n t i a l  f u n c t i o n  w i t h i n  e x c h a n g e  

p e r t u r b a t i o n  t h e o r y  . A s  i l l u s t r a t i o n  i t  h a s  b e e n  

a p p l i e d  t o  c a l c u l a t i n g  t h e  i n t e r a t o m i c  p o t e n t i a l s ,  

h y p e r f i n e  s t r u c t u r e  l i n e  c o l l i s i o n  s h i f t  f o r  h e a v y  

a t o m s ,  n a m e l y ,  r u b i d i u m ,  c e s i u m  e t c  i n  a n  a t m o ­

s p h e r e  o f  t h e  b u f f e r  i n e r t  g a s  ( H e ) .  I t  w a s  s h o w n  

t h a t  t h e  c o n s i s t e n t ,  a c c u r a t e  a c c o u n t i n g  t h e  t h e  

r e l a t i v i s t i c  a n d  e x c h a n g e - c o r r e l a t i o n ,  c o n t i n u u m  

p r e s s u r e  e f f e c t s  h a s  t o  b e  d o n e  t o  g e t  a n  a d e q u a t e  

d e s c r i p t i o n  o f  t h e  e n e r g e t i c  a n d  s p e c t r a l  p r o p e r t i e s  

o f  t h e  h e a v y  a t o m s  i n  a n  a t m o s p h e r e  o f  t h e  h e a v y  

i n e r t  g a s e s .

L e t  u s  r e m i n d  t h a t  t h e  b r o a d e n i n g  a n d  s h i f t  o f  

a t o m i c  s p e c t r a l  l i n e s  b y  c o l l i s i o n s  w i t h  n e u t r a l  

a t o m s  h a s  b e e n  s t u d i e d  e x t e n s i v e l y  s i n c e  t h e  v e r y  

b e g i n n i n g  o f  a t o m i c  p h y s i c s ,  p h y s i c s  o f  c o l l i s i o n s  

e t c  [ 4 - 3 6 ] .  T h e s e  s t u d i e d  a r e  o f  a  g r e a t  i n t e r e s t  

f o r  m o d e r n  a t o m i c  a n d  m o l e c u l a r  s p e c t r o s c o p y ,  

q u a n t u m  c h e m i s t r y ,  l a s e r  p h y s i c s  a n d  q u a n t u m  

e l e c t r o n i c s ,  a s t r o p h y s i c s  a n d  m e t r o l o g y  a s  w e l l  a s  

f o r  s t u d y i n g  a  r o l e  o f  w e a k  i n t e r a c t i o n s  i n  a t o m i c

o p t i c s  a n d  h e a v y - e l e m e n t s  c h e m i s t r y  [ 3 7 - 4 8 ] .  I t  

i s  v e r y  i m p o r t a n t  p o i n t  t h a t  t h e  c o m p u t i n g  t h e  

h y p e r f i n e  s t r u c t u r e  l i n e  s h i f t  a n d  b r o a d e n i n g  a l ­

l o w s  t o  c h e c k  a  q u a l i t y  o f  t h e  o r b i t a l s  b a s i s  a n d  

u n d e r s t a n d  p h y s i c a l  a s p e c t s  o f  a c c o u n t i n g  t h e  r e l a ­

t i v i s t i c  a n d  c o r r e l a t i o n  e f f e c t s  t o  t h e  e n e r g e t i c  a n d  

s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  t w o - c e n t e r  ( m u l t i ­

c e n t e r )  a t o m i c  s y s t e m s .  O n e  o f  t h e  k n o w n  a n d  

w i d e l y  u s e d  q u a n t u m  m e t h o d s  t o  c o m p u t e  a t o m i c  

p a r a m e t e r s  a n d  s p e c t r a l  l i n e s  c h a r a c t e r i s t i c s  i s  

t h e  D i r a c - F o c k  m e t h o d .  H o w e v e r ,  b e c a u s e  o f  t h e  

k n o w n  p o i n t s  c o n n e c t e d  w i t h  g e n e r a t i o n  o f  n o n ­

o p t i m i z e d  b a s i s  o f  w a v e  f u n c t i o n s  a n d  o t h e r  o n e s  

( f o r  e x a m p l e ,  t h e  s l o w  c o n v e r g e n c e  o f  t h e  c o r ­

r e s p o n d i n g  P T  s e r i e s  w i t h  t h e  D i r a c - F o c k  z e r o t h  

a p p r o x i m a t i o n ,  n e c e s s i t y  o f  a c c u r a t e  a c c o u n t i n g  

f o r  t h e  c o r r e l a t i o n  e f f e c t s  e t c )  t h i s  m e t h o d  s h o u l d  

b e  s e r i o u s l y  i m p r o v e d .  T h e  m o s t  k n o w n  i m p r o v e ­

m e n t  i s  i n  u s i n g  t h e  m u l t i c o n f i g u r a t i o n  D i r a c - F o c k  

a p p r o a c h .

I n  t h i s  p a p e r  w e  p r e s e n t  a  n e w  c o n s i s t e n t  r e l a ­

t i v i s t i c  a p p r o a c h  t o  d e s c r i p t i o n  o f  t h e  e n e r g e t i c  

a n d  s p e c t r a l  p r o p e r t i e s  o f  t h e  h e a v y  a t o m s  i n  a n  

a t m o s p h e r e  o f  t h e  i n e r t  g a s e s ,  b a s e d  o n  t h e  a t o m i c  

g a u g e - i n v a r i a n t  r e l a t i v i s t i c  p e r t u r b a t i o n  t h e o r y  

w i t h  t h e  o p t i m i z e d  D i r a c - F o c k  z e r o t h  a p p r o x i m a ­

t i o n  w i t h  d e n s i t y  f u n c t i o n a l  c o r r e l a t i o n  p o t e n t i a l  

a n d  t h e  e x c h a n g e  p e r t u r b a t i o n  t h e o r y  f o r  c o n ­

s t r u c t i o n  o f  t h e  i n t e r a t o m i c  p o t e n t i a l  f u n c t i o n .  A s
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i l l u s t r a t i o n  i t  i s  a p p l i e d  t o  c a l c u l a t i n g  t h e ,  h y p e r -  

f i n e  s t r u c t u r e  l i n e  s h i f t  a n d  b r o a d e n i n g  f o r  a l k a l i  

a t o m s  i n  a n  a t m o s p h e r e  o f  t h e  b u f f e r  i n e r t  g a s .  I t  i s  

f h o w n  t h a t  a n  a c c u r a t e a c c o u n t i n g  o f " r e l e t i v i s t i c  

c o d  e x n ^ n ^ - c o r r e l a t o n  p r o v M e d  p h y s m a f i y  e - a -  

f o n a b l e  d a s c r i p t i n n  o s  A t  e n c r g e t i  c  e n d  s p e c t r a l  

p n a o e l̂p l c t̂  e f  A e  h t e v y  a t o m e m  a n  a A i o r p h e r e  o f  

t h e  m e r t  g a r o s

2. Method

T h e  b c s A  e x p r e r s r o n s  f o r  A c  0 0 1 1 ° ^  i f ii f t  

e a p  b r o a d e n ^  h ^ e r f m e  e A u c A c e  r e) - d r e .  h n s s  

a s e  t a k e n  f r o m  A n  k m e t i t  A e o ^  o c  s p t d r a l  l m e s  

1h C7 , ert^ l i a  A  c r d d  t o  c a ^ u A A  a c o f o r r o n  

t h i f t  a f  A e  a y p a r f m c  s t r u c t u r e  s y ^(^t c e l  d n e s  

o n e  c a n  u s e A e  f o l f o w m 0  e x o t a s  s r o n  k n o w n  i n  

A w ^ g e c^(i l̂ l l (̂i ^  o ^ ^ cA s - l m e s  e h a p e  Rs e e  

R e f t .  [ a t n ^̂ ):

f P = -  = ^  J [1 + c(V i]da(v)exe ( -  U(R), kT)R2dR
kT

(1)

C ( R  ) =

0
3*Jn

0,

U  (R ) 
k T

\7 o

, U  < 0, 

U  > 0,

sical model for their consideration. The interaction 
of alkali (A) atoms with a buffer (B) gas atom is 
treated in the adiabatic approximation and the 
t^prosi metion of thy r gto eotei . Here A is w- rA 
to remmy veh t êdccessful rdndyl pot;cdtiei emu- 
letiont 0s w e stndie d cp 1̂ams Rsee, for eaampie, 
Reft. [teenati.

epah e nypeiniclc ipteraction H rmiltoni an one 
s hynly foematiy eondder as e  magnetie Apole 
Atera ctior af  momenta of A e d ecAon ansi the
ole interaction of moments of the electron u-
aple inseroeCion fhawevepto1; umem Î̂ d̂ 1̂^̂ , as 
a rule, Ae morn ente of nucAi oe mo st (buffsr)
mertd at (totopes eciuaAo zer<p.

T̂ he o e cesuffe of tlm sAictAtoting reletiv­
istic effects causes using the following ex- 
pre ssion sor a l̂ ]/t̂ <̂ rAt^̂ inteeeetron operator 

( see, cg .u

rator
N

a Z d
i=1

a  x r
> a = -0/m

?° h
0m  cp

( 2 )

He re U(Rs  (s an eCfedive g oSenti ai oa mSera- 
tdmic mterection, which hat Ae sentre! svmmeAy 
1ep eete o1) She syctem s O—B  (lp aur for 
exema1e, ^ R x^Prr eC=H= ; 0  is a tempera­
ture, v  d is a Rrequenuy of A e hnperfmc struc- 
tyee teensltron A cn r̂c ote^ ^ d  aetivc atom; 

d o ( R )= D w )R) / w 0 io m relative; local vhifi; os Ae 
hyt eitine sfvuctnre lmeg ( 1 + c(V)S is a tevsdeea- 
ture form-factor.

The local slii ft; ia eeeseel due to tta A ^ o s-- 
Tyn of A e a ntive ^̂ dms ŝ̂ ûr, Ae eidati atom 
aod on ilnm He) at A e Gisae, ct R . kn otter to 
ea-chlat e e n eefu)tihe pvtuatial of  toe Atera- 
tomic in teracClon foRher we use tht excRenge 
perturt>atron ideory yosmal irsn )the modified  

peesioo e UsH A vs [hoe]).
siuce we are interested by the alkali (this atom 

cun be treated ai a nne-c[daoieartic1e system), s e. 
en etomie tystem witd s t  ugia velencededron
systems, i.e. an atomic system with a single -

valence electron above a core of the closed r
ehen A ree-quasipariiele sy st̂ t̂ ip), s(̂ y u ^  t̂ ê c^^-

where I  -  the oherator of  Ae nuclear shin active 
atom, a. -  Dirac matrices, m p -  hroton mass, m - 
moment of the nu- lous of l̂̂ e active atom, ex­
pressed in the nucd ear Bohr magnetons. Of 
couese, Ae tnmlT̂l̂ êl t̂ n do (T;) i s rvt r̂ ed ! tiaSes 
ol2 vie el^^trons o i (̂̂  ̂ rt,sicm, <̂̂ t l)t̂ ed(̂ l̂ i ng 
Pa e ^orer .^l^el nîfoyn ced mr̂ d el ohr ontid- 
m̂ at̂ oo rf  tĈe eea '̂es ai^mt is impnttmfi Ui de- 
rea î̂ e^neffmVue enCerafonfie i]n̂ r̂̂ ^̂ ■t̂ f . po- 
tentm l )ee aê tive etom -  ^n i(e ttia n atr̂ m), 
t^hiĉtl ie ^ed t̂e1lo? st̂ samatrie { J j ^ l Ct en our

The introduced model of consideration of an
inert grns dtr r̂l̂ ): Lsd ur t̂ nge^̂ l ne Sdea ŝ uoR an 
^p^on̂im̂ î̂ Rn is; âltu eptable î n A e r;ase 
Cdt̂ ĉ̂ m “A  allium atom p an inart ets v̂nm” 
t̂ r̂m s ome rcre-e^^li n̂t̂ m̂ s, in smte t̂ li the 
pre 1̂ enc e o djD- eit ê̂ Aoĉ si i n She tVailin m Sin the 
caae of ^̂ ro-ea1̂ A â fota / A g si tu(0ien is le ôre 
^od̂ iDl^̂ ûteR - .Ont od tf ĥ m ^t eorred met̂tiuds to 
dê ĉ d̂ e Ccrvy ĉtt m̂s in so â mas^ e l̂e cR mert 
gases is the relativistic Dirac-Fock one or thr 
Dirac-Kohn-Sham method. It is obvious thaS 
more sophisticated relativistic many-body meth­
ods should be used for correct treating relativistic, 
exchange-correlation and even nuclear effects in 
heavy atoms (including the many-body 00^ 111- 
tion êlOets, mteread 1 eorreM enc. pos siM.  Ae 
crntmynm pî e ŝ s î̂ e ete!). -n ote ur̂i:̂ ui l̂̂ ôn we
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have used the relativi stic functions, which are 
generated tai thtn the (if)t m̂lziid Dirae-f  c-cf zeroth 
accraximaii on er;f the telakiviski c rnhnrt Oody ptr- 
turi>atinn Cfeory h-8]. TSc po-entiel e fthe inter- 
electroc interattioo ueitia accounting tne reta-dlng 
effeti end maf - e-ic inteuaftionin th  ̂ lowest f rn 
der on prrameter a2 (the fine structure oofttaft) it 
ar foil ows:

V ( r r  ) = exp (irny ry )-̂ ----O j l , (3 3
rij

where to., ar thetranfittoo frequency; a . etnt eii’e t ^̂  
Dira! matrice s. <<r]ht I3! 1 ârotf  vaztoximatien i s 
the ootimioee Dirae-aock oce tdinr additional 
ooereiation poCentiol ihie]) wrth ltting the consist- 
en- remti6i -tic enecgy appooach en orator -o con- 
rCruht tiii; oeti-rai seictiv istie otiil- ĥi  ̂ baelt SCec 
detcilt cer ReOr . f3 7-On])] "gee ootimiaati on ie 
reduced -a 91̂ 10-1)1-2x0 c f  Vlae; caufe  d- le n de- t 
mdltielcctron aontoibf ti on im bE . o f the lowestmtt
rel t̂ >̂z:istic pecturOatiob tiieoey corrections (v tfe 
radia-ioc widthr of2 -1:05110 16X018. Ti e mlnimiza- 
ticn cC die au]lctiona1 Om a E  . leads to -he Dirac-fhaa
Focf -lide cquations -"or tOic eleetroe dfnsity tha- 
arenum-nicntin sol'ete. The further elaboration 
of the mathod cam. be tracEed c f  (hitian:̂  of uticv 
Che Diraet-furm ) o-)coc:;Cc 15], To ecleuiato an ef- 
fec- îcn f otenti ai ol2 t(te 1̂ x50100(1] inkeraa-ion wh 
urc a metUod o6the exchange (ie:aui'b̂ t(hn ineoty 
(in-Oe modified veo-loe Ec-HAV lh^ CD , n itum 
eucctncet iio eeconc( orf ec tarmt on potenCac of 
Cotiiomb interaetl on uf  4— xalent ti êtron) and 
a-omle cozez t  Ioĉ I thiec eon ce woit-en at ;

O a W " - ^ *  n, + £2)-]-t tOr-,  (4)
1  O q  r R

1 - 0-0 valuer W,, Q2 aî e ihe non-euchange and 
exchange nov-phrturbation sum s of the firi^ r - 
der tfrrercfndinglm, whith eucrerr through ihc 
matrix elemefts of the hyperfife ifteraotiof op­
erator. the 01- 0- deCailr are in Redr.[1-11].

3. Results and conclusion

Furt-e- we crerenc rfme ieri rerul-r of ou- 
sthdyifg hyperfife life collisiofal thift for alkali 
atoms (rubidihm afd caesium) if  the atmosphere
48

nk the heUum ga(. In Fable a fcU we preseft t̂ î r 
tyooretiecl (((tui)r Oor the ucp erfine 1 ine observed 
î î f̂tjfl Sl trnoc1C in -  case i t  tlze CfsHe paira. The 
experimentzi ank al-ernntlve tiieoretical results ba 
(C atygin el al (5 ] fo- f  cee iinte -  too. A - cretcnt 
time ehere ape no f  3eoite cxperimenlal Baim for 
n wl ie  inteeval oC> temperature s in the Ilterature. 
hhc t(leoret( cal ica't̂  erom Recc. ((] l re oie-zi - ed 
on tOe b atir nf  eaieu( etlon earthin tOe exchanee 
OerturOa-tog t]-eorh) with uemg -Oc He whve Sunc- 
tionn in ti-n Ci ementi-Rotn3ane aj-li ôuImoLtiê n 
ieoiumn: TheocuO m b in the Z-uvomcximation 
(edinmn: T-nornf, and in die L Ocdin aj);hrox-m -̂ 
tion -column: Thloiy 0).

Cable -

The abscncet fp ( in4 1 /Toao) shiftt rn r hu sys-  
tems oE t̂r»c Cs-He on d conneseoe ding treo- 

v î̂ ical d^eo t see tox̂ t

- .js Ex f a b t noor

22t) - 164 142 169 171

322) i - r 126 109 129 114

4265 - 111 96 124 121

- 94 0 8 5 no 3 ion

622] - 94 na 96 f 02

aat. - - - f 90

ve^ - - - - 90

NoÎ ef  - ealeulation t//̂ tln rh  ̂Fl  ̂tv̂ 'î e Bunc-tons 
So-  f̂ie Ciemcni]tRoth£i^n  ̂ apfLroxhm l̂tion; B -  t-ie 
Ẑ ĉ ĵ jie îĉ m̂ tit ĉ̂ ; I ê Lf wdin proximati<̂ n Be];

I n  n a b l e r  2  C h e r e  a r e  l i r i e d  C he v a l u e r  o f  C he o b -  

r e r v e d f  i t t -n t / T o r r )  s h i f t s  f o r  t h e  s y s t e m s  o f  t h e  

O a i-:  - I -  H e :  C  - o u u  d a i a ,  B -  d a i a  b y  M i r h t h e n e o  

e i  a l  [ 7 ] ,  A -  d a i a  b y  B a C y g i n - f o e o l o v  [ d ] .  I n  n a b l c  

h C h e r e  a r e  l i r i e d  C he t a l t u l a i e d  a d i a b a i i t  b r o a d e n ­

i n g  v a l u e r  r / p  ( i f  H z / T o r )  f o r  t h e  t h a l l i u m  s p e c ­

t r a l  l i n e r  Cou d i f f e r e n t  C e r n c e r a C u r e r  a n d  c a f f r  V I -  

H e ,  K -  X e .



table 2

The observed f (10-9 1/Torr) shifts for the sys­
tems of the pair: TI- He: C -our data, B- data 
by Mischenko et al [7], A- data by Batygin- 

Sokolov [6].

Note: Eup. Value (Tl-He, T=700K): t)0± t0 ;

table 1

Adiabatic broadening values ra/p (in Hz/Tor) 
for the thallium spectral lines for different 

temperatures (pair: TI- He, TI-Kr, Tl-Xe).

Our data ooffirm violatiof o f the k fo w f Foli 
-010-2x0-620 be-ween -he obrervedf  rhifi and -he 
adiabaiit broadening value iT Jp ~ f  ) i f  the staf- 
1 0 1  -600- ;  o f roet-ral liner, Cou -001x01. Onc 
tuld ree, -ha- Cou euarncle, iT /p)/ f  ~ 1/d0 Cou 
ryr-em of VI-He eit. Quali-a-ively rimilar , but 
fuan-i-a-ively a little otheu er-ima-er have beeo 
obtained in Refr. [1,4].

to  tontlude, let ur unde-line -ha- uring -ho 
oc-irnived rela-ivir-it oubitalr barir iin ouu ac- 
0-00)6 roeeth ir about -he oc-irnived Diuat-Fote 
veuoth aoorovima-ion wi-h additional torrela-ioo 
aoteftial) afd coftisteft areoite aooohftifE for 
-he eut-ange-ton-elation and otheu effeatr ir ouin-

tioally neterra-y fou -he chyritally uearonablf 
dertrio-ion of -he ene-ge-it and roettual 0-004-­
tier of -he heavy atornr in an a-morchere of -ho 
ineut garer.
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OPTIMIZED RELATIVISTIC DIRAC-FOCK APPROACH TO CALCULATING THE 
h y p e r f in e  l in e  SHIFT a n d  b r o a d e n in g  FOR HEAVY ATOMS IN THE BUFFER GAS 

Summary
It ir c-eren-ed a new aonrirtent rela-ivir-it acc-oath to dertric-ion of -he energetia and rceatra) 

croce-tier of -he heavy atornr in an a-morchere of -he inert garer, bared on -he atornit gauge-invariant 
rela-ivir-it ce-turba-ion theory with -he oc-irnived Dirat-Fote veroth accrouima-ion with denrity funt- 
-ional aorrelation co-en-ial and -he euthange ce-turba-ion theory for aonrtmation of -he in-era-omin 
Ootential. Ac illurtration it ir applied to oalohlatifg the hyaerfife structure life oollitiof thift afd 
broadening for aieali and -hallium atornr in an a-morchere of -he buffer inert gar. It ir rhown -ha- ao 
aaaurate aaaounting of rela-ivir-it and euthange-torrela-ion provider chyritally rearonable dertric- 
-ion of -he energetia and rceatral c-oce-tier of -he heavy a-omr in an a-morchere of -he inert garer.

Keywords: Rela-ivir-it rnany-body ce-turba-ion theory, Dirat-Fote accrouima-ion, hyaerfife life 
tollirion rhift

Y ^ K  9 1 9 . 1 8 4

B. 0. MaHcapmucKUU, E. B. TepnoecKUU, A. B. MsHameHKO, E. ft. nonoMapeuKO

HOBblH PERRTHBHCTCKHH nO^XOA K OnPE^EREHHM C^BHrA H 
ymHPEHHR RHHHH CBEPXTOHKOH CTPYKTYPM B TR^ERblX ATOMAX B 

BY^EPHMX rA3AX 

Pe3MMe
n p e g c T a B n e H  h o b h h  p e n a T u B u c T C K u u  n o g x o g  k  o n p e g e n e H u r o  c g B u r a  u  y m u p e H u a  n u H u u  C B e p x -  

t o h k o h  C T p y K T y p w  T a ^ e n b i x  aTOM OB b  a T M O C ^ e p e  6y $ e p H b i x  r a 3 0 B ,  K O T op b iH  6 a 3 u p y e T c a  H a  aTO M - 

HOH K a n u 6p 0B0H H0-H H B a p H a H T H 0H p en a T u B u C T C K O H  T e O p u u  B 0 3 M y r a e H H H  C 0 n T H M H 3 H p 0 B a H H H M  

H y n e B b iM  n p u 6n u * e H u e M  ^ u p a K a - O o K a  c  g o n o n H u T e n b H b iM  K o p p e n a ^ u o H H b I M  ^ 0T e H ^ u a n 0M u  06-  

M eH H O H  T e o p u u  B 0 3 M y r a e H u M  g n a  n o c T p o e H u a  M e ^ a T O M H o r o  ^ 0T e H ^ u a n a .  B  K a a e c T B e  u n n r o c T p a ^ u H  

n p u B e g e H H  p e 3 y n b r a T b i  p a c a e T a  c g B u r a  u  y m u p e H u a  C B e p x T O H K u x  n u H U H  p a g a  T a ^ e n b i x  aTOM OB, b  

a a c T H O C T u , r a e n o a H b i x  u  aT O M a T a n n u a ,  b  a T M O C ^ e p e  6y $ e p H b i x  u H e p T H b ix  r a 3 0 B .  n o K a 3 a H 0 ,  aT O  

a K K y p a T H H H  y a e T  p e n a T u B u c T C K u x ,  06M eH H 0-K0p p e n a ^ u 0H H b Ix  ^ $ $ e K T 0B o 6e c n e a u B a e T  a g e K B a T -  

H o e  o n u c a H u e  ^ H e p ^ e T u a e c K u x  u  c n e K T p a n b H b ix  c b o h c t b  T a ^ e n b i x  aTOM OB b  a T M O C ^ e p e  T a ^ e n b i x  

u H e p T H b ix  r a 3 0 B .

K^roneBbie c^OBa: p e n a T u B u c T C K a a  T e o p u a  B 0 3 M y r a e H u a ,  n p u 6n u * e H u e  ^ u p a K a - O o K a ,  C T o n -  

K H O B u T en b H H H  c g B u r  n u H u H  C B epxT O H K O H  C T p y K T y p b i
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B. 0. MaHcapmucbKUU, €. B. TepnoecbKUU, r. B. IsHameHKO, O. ft. nonoMapeuKO

HOBHH PERRTHBICTCbKHH niAXIA AO BH3HAHEHHR 3C yB y TA y illHIMHHR 
RIHffl HAATOHKOI CTPyKTyPH y  BA^KHX ATOMAX B BVchEPMMX rA3AX 

Pe3roMe
n p e g c T a B n e H u H  h o b u h  p e n a T U B ic T C b K U H  n i g x i g  g o  B U 3 H a a e H H a  3 c y B y  i  y m u p e H H a  n i H i i  H a g T O H -  

K 0 i C T p y K T y p u  B a ^ K u x  aTO M iB b  a T M O C ^ e p i 6 y $ e p H u x  r a 3 iB ,  aK U H  6 a 3 y e T b c a  H a  aTO M H iH  K a n i 6 p y -  

B a n b H O -iH B a p ia H T H iH  p e n a T U B ic r c b K iM  T e o p i i  3 6 y p e H b  3 0 n T u M i3 0 B a H u M  H y n b O B u M  H a 6 n u * e H H a M  

A i p a K a - O o K a  3 g o g a T K O B u M  K o p e n a fo H H U M  n o T e H f o a n o M  i  o 6 M iH H iH  T e o p i i  3 6 y p e H b  g n a  n o 6 y g o B u  

M i^ a T O M H o r o  n o T e H f o a n y .  R k  i n r o c r p a f f a ,  H a B e g e H i  p e 3 y n b T a T u  p o 3 p a x y H K y  3 c y B y  i  y m u p e H H a  H a g -  

t o h k u x  n m iM  p a g y  B a ^ K u x  aT O M iB , 3 0 K p e M a , n y ^ H u x  i  aT O M a T a n ir o ,  b  a T M O C ^ e p i 6 y $ e p H u x  iH e p T -  

h u x  r a 3 iB .  n o K a 3 a H 0 ,  r a o  a K y p a T H e  y p a x y B a H H a  p e n a T u B ic T C b K u x ,  o 6 M i H H 0 - K o p e n a f o H H u x  e ^ e K T iB  

3 a 6 e 3 n e a y e  a g e K B a T H U H  o n u c  e H e p r e T u a H u x  i  c n e K T p a n b H u x  B n a cT U B O C T eH  B a ^ K u x  aT O M iB  b  aTM O C - 

$ e p i  B a ^ K u x  iH e p T H u x  r a 3 iB .

K ^ m h o b I  c^OBa: p e n a T U B ic T C b K a  T e o p i a  3 6 y p e H b ,  H a 6 n u * e H H a  A i p a K a - O o K a ,  3 c y B  3a  p a x y H O K  

3 iT K H eH b  n iH iH  H a g T O H K o i C T p y K T y p u
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