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GAUGE-INVARIANT RELATIVISTIC PERTURBATION THEORY APPROACH TO 
DETERMINATION OF ENERGY and SPECTRAL CHARACTERISTICS FOR HEAVY 

AND SUPERHEAVY ATOMS AND IONS: REVIEW

We reviewed an effective consistent ab initio approach to relativistic calculation of the spectra for multi-electron heavy 
and superheavy ions with an account of relativistic, correlation, nuclear, radiative effects is presented. The method is based 
on the relativistic gauge-invariant (approximation to QED) perturbation theory (PT) and generalized effective field nuclear 
model with using the optimized one-quasiparticle representation firstly in theory of the hyperfine structure for relativistic 
atom. The wave function zeroth basis is found from the Dirac equation with potential, which includes the core ab initio 
potential, the electric and polarization potentials of a nucleus. The correlation corrections of the high orders are taken into 
account within the Green functions method (with the use of the Feynman diagram’s technique). There have taken into ac
count all correlation corrections of the second order and dominated classes of the higher orders diagrams (electrons screen
ing, particle-hole interaction, mass operator iterations). The magnetic inter-electron interaction is accounted in the lowest 
on a parameter (a is the fine structure constant), approximation, the self-energy part o f the Lamb shift is taken effectively 
into consideration within the Ivanov-Ivanova non-perturbative procedure, the Lamb shift polarization part - in the general
ized Uehling-Serber approximation with accounting for the Kallen-Sabry a2 (aZ) and Wichmann-Kroll a(aZ)n corrections.

1. Introduction

In last years a studying the spectra of heavy 
and superheavy elements atoms and ions is of a 
great interest for further development as atomic 
and nuclear theories (c.f.[1-8]). Theoretical meth
ods used to calculate the spectroscopic character
istics o f heavy and superheavy ions may be di
vided into three main groups: a) the multi-config
uration Hartree-Fock method, in which relativis
tic effects are taken into account in the Pauli ap
proximation, gives a rather rough approximation, 
which makes it possible to get only a qualitative 
idea on the spectra o f heavy ions. b) The multi
configuration Dirac-Fock (MCDF) approxima
tion (the Desclaux program, Dirac package) [1,2] 
is, within the last few years, the most reliable ver
sion o f calculation for multielectron systems with 
a large nuclear charge; in these calculations one- 
and two-particle relativistic effects are taken into 
account practically precisely. The calculation pro
gram of Desclaux is compiled with proper ac
count o f the finiteness o f the nucleus size; how
ever, a detailed description o f the method o f their

investigation o f the role o f the nucleus size is 
lacking. In the region of small Z (Z is a charge of 
the nucleus) the calculation error in the MCDF ap
proximation is connected mainly with incomplete 
inclusion of the correlation and exchange effects 
which are only weakly dependent on Z; c) In the 
study o f lower states for ions with Z < 40 an expan
sion into double series o f the PT on the parameters 
1/Z, aZ (a  is the fine structure constant) turned out 
to be quite useful. It permits evaluation o f relative 
contributions of the different expansion terms: 
non-relativistic, relativistic, QED contributions as 
the functions o f Z. Nevertheless, the serious prob
lems in calculation of the heavy elements spectra 
are connected with developing new, high exact 
methods o f account for the QED effects, in particu
lar, the Lamb shift (LS), self-energy (SE) part of 
the Lamb shift, vacuum polarization (VP) contri
bution, correction on the nuclear finite size for 
heavy elements and its account for different spec
tral properties, including calculating the energies 
and constants of the hyperfine structure, derivia- 
tives o f the 1-electron characteristics on nuclear
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radiut, nuclear clectri c c[utiditst ôl e, magnetic di
pole moments etc; ( .̂eUl-^->C)-

rn orctent pauer we rcoiew an cfcse-ice int-io 
approac0 to Ielrnvistic calcntarl<cn of 'ĈIccc cpectiu 
for muiti-d eetroo suoerheahh with an ac-
cognt of eeictlvietiCl cor(i l̂atiou, nudexr, rcdra- 
tive efDents -c prweuted. The metoou is camd od 
the rd atinicUc gauge-mvnuaat CdpproDmctS occ 
to QED) pe-urm-oiion toeosy -LT( and geucrai- 
ized rd ftivistic dynamicaieftitctloc dd d nucieor 
moTd wity u(inatae optimized nne-que)lpartielc 
renoesentation in toeory ww the hugerUne stn  cture 
for reio-ivSotic syrtems QS-fiO],

Tne corrdctIon corrections ot' the CcgU orders 
are eo<ren Ieito xccuunt wItlnta CXe cCreon faneeionf 
methoO twith ihe me of the e]eynm aT diagram,s 
teclcmquc). There leave t;al̂ en into account; ah cor- 
relaeiols concretions of clienec99d creier ncd oomi 
I-ateO clacses od thehighcr aiders Ciagrams OC<̂ĉ - 
trom ceraenihg, oerticle- î<eiti interaeCionl masc 
oecrator itccaticcis) i2,60i99i . Tlcc mognetic inCer- 
e-eceron In(haacticn is nccountad it  she lowutt od 
a 2 eereme)ar, tS<e LS i:)r>-anct9ion t̂ îC - in tT- 
Uehlinn-SerOer approvimahon, Tel--eucrgy oaO 
of 'C.Isc Lh in ecrounteO effectivel-  witoin tde 
Ivanov-fv9noga non-perturbative procedure -5
8], Tle exprec-ione Lsr tuc ec( î̂ glet uns conslantc 
of tyc hnperfine ctnsctore) OcXvtetivec od I-clec- 
trou cUeracierictice on nuelct n̂ radinS[ nudeae 
e)ectric quadc^ e-e, mxgneti c tilt)oie momerPe -= 
etc arc lcrecenteo. At iliusCr9tion sora  ̂ s ara i'or 
atom od dydrogen 'H 1te;et sal cuiutiou- and su^ o  
Tucu9- H-hke ion with puciecr ahnrgc Z=C70, Li- 
hkc multicCargrO iom are hated.

p. Gau^ -mvar.ato reletivistk m rnytoo^  
perturbation theory methad foi* heavy ions

PC 9, GunoreS ̂ o rnu^Urm
Cn atomic theory, y cenvenrenl ficiU pnoceduce 

is Sncwn cos ealehi9tmn the energn )]c-tit!S Ai-  oe 
the denenorete atets. Jttjeû î r mat;rln9/edI9goa9ii- 
zation 1  u-eii. su eonstructag sol, c9e ctei )-lrcann 
aac Low ctoaO-src cchinuio for w  used A ê r̂ - 
1)cs cf̂ ĵ :̂ ĉ9^ ,  xslng tols formula whd the QED 
sc t̂tcl(.ng m ctrix, i s Iie(̂ 9Ie ln toe rt^̂î ti eiEiu 
toeocr- Css erntmst (sc the no9-rdativlstic car e, tUe 
secu)ct( matrix eiementa are etecndy comglex I- 
the PT sscooC order (first order of the inter-elec
tron interaction). Their imaginary parts relate to

raTiatian Teran (Sransttioni p-oV cltlli te/. rr-le Cotal 
eneruy sw-fa oi  ton staeo is mually heesentad as 
follow s:

AO = ReAO + i ImAO, 

lee lUOt= -U-2,

(1)

d )

w liere r  is interureeeO ec the tovnl width, and toe 
deeay possibi lity Ŝ E . The who0  celcuwtion of 
energies end deeep or<̂ t̂ abili-ic  ̂ of  e non-Occan- 
eradr excited etuSe ls reduced Co ccleulaCion and 
dicgonallnation 0=")<ra complex tootrixdL. u<c rtart 
w ith ehe Geti-Monn and Low  formula ii cs neees- 
sac1 to ctoose the PT zes<t)-orr̂ ar eitIIroxim^Cion. 
LĴ unil-t1 -.ce or^e-ei^cteon r:iemiIeor̂ ien -c uc^d, 
w î̂Pi c ci^̂1̂rt l̂ crĉ teU î î toat can Oe t̂ t̂̂ ecd ana Cere 
pntcni)t î )n tae Corm^ii}̂  exact QED PT. Tliere ;l re 
mrny (taeil-e;̂ nô (ln oitr̂ mî Cs -o Lnd toe tirndamen- 
tsl o;cC)mi;e êit n̂ primd itie Cor consCmction o9 slre 
bere oee -d ehtron Cer,miitoeS^n teoi< eCom or 
atem :̂ n c IrcIdr use uwhat r- tile ti-me- for the set cf  
on^-ĉu^ci<iIartici-! -QP) funcXone, w isIels c8l-rerent 
sucla o Hamiteo]tlcn [ 9̂8], ss.t toe base -xtfentiĵ i, 
one usuall)  ip) îc d̂es tlir t̂ tectrlc nuĉ î̂ r potential 
Va cud com^ o r̂ame1:er ;̂̂ -!d scse^nino 1=̂ 6]= ^  
Vci Tint  <snocmc(l r̂c ob toe i)i r̂c ot^̂ tx̂ itif l mx= be 
chocen î o (-^ ^ { 1)= Ch.̂  accurate eigen-energier of 
ail mxî -̂Cen r)atm. )= tlre I-T cecci t̂l orSer Che 
encrs;ci sdtdt is engretred in ierm  ̂ oC< Cl̂ e teoo-QP 
mahî ix -;i(5ments [f -8- ;

v (1,2;4,3) ^c/(d7^e2^si^C2^I)e^xenc7i:l  ̂•

• ( - 1) h+j2+j3+j4+m1+m2 (3)

■1  (-Dv
r j1.

1’"“T* j 2"

1

m 1 - m 3..v m2. 1 1

( Q f  + Q f ).

ur̂ î̂e ^ u) -c COTresix̂ r̂ ĉ î ng so )he Coulomb 
pnr- of  ietera ĉtson (Q l -Breti ]ftcrt;) :

Q T  = e  (1243)^(1243) + e ,  (1 rt3)n,(1 24 
■+ R ( (1~e43),S;i (1:343) + R z ('t i--! 3)n,;i ('l iT? :3)}c

wTere R(1,2;4,3) is tTe raUlc- ldtegra- o f tTe Cou- 
-0x 1 Iater-QP idteractlod wltT -arge raUlc- Dirac 
components; the tilde denotes a small Dirac com-
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ponene ha is T s angukp m^lCt.;ciirir (see detanr On 
Refs.mutSI). =o rnlceneCe al1 necessx-y  matrix elnc 
meatr one much havc tQe CQQ i:el r̂i’p-fit1c -unctions.

2.2 Dhr Dirac-Kehn-Ohnm Refativisiic Wave 
Functions

U su-VIc) a muitieleeCron nto m is siarlned vy a 
relativi[Utc D tsnc Hamiltonian- I+-e a-U- used):

H  = Y Jh(r, J + Z ^ r r h
* > j -5)

V  ( r r^ h rex D -icD o X j)-

Vx lr(r), r ] = V“ (r) -{-toc te^+c/-2 +c)1/1] 1
P(.p1 +i)+ - 2 },

/  = [3^2r(r)]1/3 / c

+ (1 -  %)— o (e -  w  -  O)F = 0 
dn n

tioas F unD G vnoy sapidly as:

Ftu), — u) ~ nY- -

2 - v
(11)

Y = FC -  a

Here) h(r) -= one-pact id c Diaiic Hrm-lConcan 
for eledron in a Leld o f CLe --nice siz:̂  du d cuc anit 
V is patentia1 oa tde inter- elr̂ctran mteraction. The 
reiatleirtic mter elccticoe jtotentia1 is as follows

ia,8]< f e
V ~ a  a c )

c 7 c - )

TUic inLoIvec difficc^̂'li^s in Lumvricnl -ntegra- 
tlon oh theequatioc  s t-—̂ 0 . To prev eeC it, it is
coaueniant to ituru Co new Vune-ione icaIntidn main 
-) on ee depen° ence: D= a  -""LI, ^.=̂00 '̂-l:cT. Tde 
Dirae equalton for i  cut -9 com3onentr are ti'd^s - 
formed cu.

/ '=  c-(o + k ll .=ur o ozire c t=—Et9 + yW -g
g’ f f  (x a |x |-gf r -  uZVf  + aZE^

t - 2)

weere ur ic tire tsnn3itioh frequanay ;a . < c rase toe 
Dirac matriceu 811s<̂ D irac <̂:tttlia1;io:h ^oi:e:n-i itLl tn- 
ciuOer the d e ccric potential of  o nudeur and cx- 
cTauge-correldtioa potentinL One of  toe eoriantr 
is the Kohn-Sham-hke îtiS) rxcPange t̂ l̂â ^̂ ’ai-1̂  ̂
potential, which it obtainrd from + Hamiltonian 
Tavlnu (  trancveere vector f oteniiei descuhing 
tUe pPntonr, is a s eDllowe [33]:

(7)

( 8)

1̂12 ^ĉ iTespdnd n̂̂ti; noereIatiLo fĉ nt̂ Ĉ̂ oa u t is 
i2,33i:

VC lp (r), r ] = - 0.0333 F -ln[1o 18.3768- /d r f3 ]  ̂ (9)

wTere Ctls-hc î s Ĉiaeî î̂t<;̂)IS)e]■̂ meter (see Oetalis 
in Refs. [2et,9:- 0]).

One-particle w acc tonc-ioni arc (ound drum 
soiutien o dthe Dirao eqn9ttdn, wdicP ir wriiteu iu 
the known two-component form:

dF~ + (1 + c )F - -  (e + w -  y)Gr  0do u

(10)
Here we put the fine structure constant a =1, % 

- tTe Dirac dumber. At iarge % tTe raOlai fuuc-

Hece toe Coulomb units (C.e .) are liseh. Io 
-7oule>mb =nito tob utomte chi raGeristios vary 
weak'y wilh k/S; En is oue-decSeun energy without 
the rest unctado The h-Goê iCgyy valine u3 She 200- 
eect colutihn aao as:

n = (c g t -  E n  E ’ /(Wc+1+1; D =s, c < c 

D= 00=0)- 0-)] -  2/C a 2’ 2 )vW; 1  = 1: C>0 (13)

TX condithie f c p  — 0 pt r — to datermmes 
fee qunntiLed dancg(tes E° TTu acyrmptatios o f f,g  

o3 r —goo anoc f  ,i~exp(- r/u*) X tT effectlve

q u E to m m im w  n  = ̂ yuftCCC'■

h< 3. Nuclear p nten.lial and chacge density
Evelina theac are calculated comc ctt ĉ̂ ĉtm - 

istiite of  hi duouon-lino Iona w bto toa s ud eus iu 
toe fo-wr o f n naifoocl= c-̂ arf^ed ŝî Er;od; analo- 
g^uu cu)-̂ la]̂ ]̂ cl3̂5̂ s ny -ŝ et̂ î s o f a n incprc c ed moO- 
ei vî n t̂i ulao in <eole [î ^1l]. 9e.e isi cefe. -3lt -̂ii5i we 
use Shu rolntm s tie mijan^fiai(r -Rdt10- cppro rch, 
w hic;l:i Co on ehfeeti'î e -told toeory Cor nuclui bc î^w 
au ^n^r1-;;  sc; l̂n oh Ct̂3ch/', sehar[Oing ;̂c-e conô - ^:^d 
lut^^rcordip,t^^e<̂ ::tg^ nu d e uc idSi^s^cs C'rom slidrt- 
Olstea î^̂  phooiot, i^̂ ô̂ ŝiicĝ , i .ah risoi ĉî ni ûe ĉ or- 
relae<onr, l̂ T ]̂̂ ehPet âhh haĉ <̂ rs, v ) f̂ ul^m i)o^̂cl ;̂̂ a- 
tlon etet w dicT it âvdi Ĉ̂eb intd v^riouc (̂̂ na r̂ <n̂  
coc^pilu  ̂ronttau-r. U ru( %  ot̂ e stands: ■g îtT a La- 
grî r̂ giî u 0 n̂̂ î 1̂(i t t̂̂ ccr̂ t îog D irac so-c ôr s î̂ î W- 
o o s ir̂ 1̂(2̂<iat^i^gvia meson and-tooton fî t̂ d^.iH-ls 
ieacr lheu Co tl^̂  tî î <sn eaunÔ î n w ith toe potential 
termr vm d0ic :̂i the m:lCteon t ;̂̂ Tami cs î î (= toc 
Klein-oordon-type equations involving nucleon-
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i c  c u r u e n Cr a n °  d e n c i t i c r  a s  s o e r c e  t e r m s  f o r  m e 

l o n s  a n f  t o e  n h o 1 :o n . )cn  o u r  a p p r o  c a d  w e  u s u o U v  

u s e  t h e  (c r t i ;i - if ie c id  S r c 8  d e t a t i s  m  r e [n  ^^0 ^ 38].f , 

w W c h  i  s  a m o n g  C Sc n c o c )  ^i îi::;̂ :;s s f n i  d c m m = -o r i r 

z a t i o u r  a v a i l a b l t c  T h e  r e s u l t e d  e On cg e  d .e ^ ^ 10;.31 i s  

d e f i e d  as:

Pr)R) =  h^U o c e x p i t - e s r R  -  - O p c Q U 1 i ( r 4 a )

w i t o  tSIa p r o t o n  d n n =it y  p^ u o n s t i u e t e f  f r o m  

t d e  - tOC T̂  (T , p a r c  e d a  n u m c ri c a 1 c o c Zf t e t e n )tO  a f t f  

c o m - c d z e 0  t o  t i d  c h a ng e  - u m b e r  Z i

UORppr') = Z . <T4 b )

IS | + J do up. u 
ort e n t i

Rian)nLvcM-0) = - T v0)-  ^n ^2-- ! u 
0

I t  i r  d e t c n u m e d X u  t o e tio t i o w m g  s ° s t e m  a f  O lf -  
I t  i s  d e t e r m i n e d  b y  t h e  f o l l o w i n g  s y s t e m  o f

1/ n u cl(n, R) =(l/u2 g  d  u 2 p )  , R) = (l/r-2 )j ( n, R )
0

U (u ,R )  = uUp (u ,R )e

p'(r,R) = -8 y52 r /V P exp (-g2 ) =
8r

= -2.grp (r ,  R ) =  y P ^ R )
(18)

U.O. (RED 10 000021 Sdf -energy  part oR  the 
L cm-  nhtft and vr.cuu s s olcrtZI tioQ rorayrtian

P r o c e d u r e  i û r  a n  = c c o u n t  aS l t h a  c a O Int i v e  Q E D  

c o r r e c t i o n s  l s  i n  d e ra i l s  g i c o n  t n  t o e  r oCc . iU -  

Î , 8 , c ^ s e 5 u  R e ^ r d m g  t o o  v u c u u m  p d a r i z a t l o f  

e D e o t  l e i  e -s  n o t e  t h a t. ch i e  td d e o -  io  u s u = l ]y  Sa k e u  

i n t o  o o o o u n t  i n  t o e  T r od P T  t h e o r y  o s d - e  Ira  m 8 a n s  

o f  t h e  U e S 2 i n g - n e cb e = p o t e n t i a l  T h i s  iD- t̂^ ^ n tia i i s  

u s h y l i f  w e i t l e i:! a r  f o t ^oso^̂  ) c . a . [ a ] - :

U (r) = -  S Ot exp(- 2rt/a Z )«
3nr

(19)

sl l̂i corresponding mode) naramste7s ere ex
plained cnO ĉî t t̂^̂  in rcaSi i33l. Anotocr efleetive 
model ap-comO Co -teterminc auoteae iaefieĉ1:-) 1 
(the nuclear donai-o disrri(iutian) is given 0= -he 
known Fermi model. v Ms model givoc tied Cct- 
lomiuic defirtoiosi nz 1:l ê egasgc Pistributiois p-rC

«(r) = 1i:0C;1ouxpC( r - c ) /a ) ] } 1 Sl lI)

wdere tde parameter a=0.5U3 fm; the param
eter c is edoren b p such a w ay 0̂93 23 is tnie -tii^ 
fotiowino eondtoon dor average-s - iiarer1 radms:

Uet= I/'twe0.Ĉ 0•ŷ I/Ia-0.l5t?0î calu. ( t 6s

We as2ume it as some zerotT approxlmatlou. 
FurC-er the derivrtivnt of  vsrious sSerecteristics 
ou R are caicuiateO. TTey Oescrlbe tde luteractloa 
of (Oe nucleus w ish raa-et cleclrore Clair pecm/ts re- 
caleuiatlon o f results, when R varies wri-m rca- 
soncb t e  Omits. "The Coulonto fd tentia1 1idr the 
spaortealih symmetr]c pensity .:t(̂ Jr|.-?t is :

p
w l t d  t d e  c o r r e s p e n d m g  b o u n d a r y  c o c O l t l o c s .

w -ere g  = r / a . . In calculation [7-9] it One beec 
urnd -ncva euza1: a p ^ ovcte tr/re UcMing-Sesfer 
l e tentiaI1 detirmmef  as a quadrctore /- ac may 
be / i jDroximated ^ i tu lligi- ^ ooteioo bp a simoie 
zpz:- ti- a]1 lunation. The use op new af proxima- 
tion oU toe UehlingsSprbec 0 otential permti:r one 
Co aearezce the calculation orrots tioe .̂Isis term 
down to 0.5 -  1 %. St aliows aveounting far toe 
Kallen-Siabry a 2( a Z ) ane( Wichmams-Kroll a raZ) 
9 coiaeotions [3- -35]. Besides, using a simple 
analyOicn1 Ouoe-on form for cgptiroximdting Che 
Uehdng-Serder c-otenClal altewt i-s ensy inclu
sion into toe yenerar snstesn af  di ffdrcotial equOf 
tionc. TUir snrtr o  mclurler also to= Dirac equps 
tioor aoi- toe equations tier matiin ekm^nSŝ. A 
tmjt^oi- Zoi1 cnl-elution o° t f e îsilJ'-ssnerjr;;11 da3 ne 
sOe LoroO sd1:-  is i)aseO on ac- cdea be :i'e^mou  ̂
s=^no'<̂.̂  ScT.-SOII. î n î n a-lo^^c s^]î en31:.)̂  ̂r^d:^- 
tit ê i.--i:rt. ^n^ too reletm rtie p̂t.r'I os (̂ŝ  oneebn 
ars:' in. (irin(:;1ii ĉ) d^rcn:nInc!d =9 one coh itli^ î̂ lma 
ofUsicai ^e^d. 1  ̂mĉ pi ^ -̂  ÛLin.ĵ .̂ ŝ e;:̂  r1̂ ,- 1t̂1oes«̂ e:3̂- 
Ists rosne unir (̂̂ r̂ 5!̂ i t î̂ nĉ ôn tls^i: conn6̂ rr tOe 
relf-onê -̂;̂  -SiE]̂  ^o^^c;Ŝ on î nd the rnlativistic 
î nc â:ia- "Tl̂ a5 S1E- correcI-on Zô  t he; stvtrs of a hf - 
ĉ ro;£̂ en- t i lie ^on w as pr5erutoe Os' M gltr as:

W
f s f e n z 1z nm= o m a l E 8 — F C nH w m ljt 2̂0-

.̂ •t
rI,1ŝ  't/ Îues olf cs itre riiier:n at Z = 1 0 - ^ 0 ;  

nlj 1sT.sWepdEOlpu^: Tf ei-  rê suIfr r ĉv mof ifiad 
hi;re dor tde -Sates OtC -z t] of L i'-̂lilc e  iona. H  ŝ sup- 
^os/̂ d ^1:̂ <ii: for ^np Ion w ish elf el cctroc ovit!r thj  
(̂̂ r-; ofi c insiod stn slIs t o e soug dt -vî Iue ma- l l<(̂  pre

sented in the fo^:n:

Ese-w, a ll=o.(t:t-(■^48t  ̂I 1 mm) few-1) (21)

wit



TTe parameter x = (Ef)Q4, Er  -s t-e  reiatlvls- 
tlc part of tde boudOlfg ecergy of tde outer 3121) 
tront tde uoiuarsfi function f X , ulj) f oes not de
pend on -Oe comoosifi on to to c d o ee d sh d ls and 
tde aĉ Cu^l potentiai of toe h u d eu s. The prneidure 
of generalization fo r a ees e of Li-iikc io o s wlth 
fioite nsoleus eoî î '̂ts ad the Collowinu st ]̂D̂  
£ ,8 ,3 3] ;

1). Caiculction oQ -Oe nzIuen £ — and g Cor the 
states nlf  of  Hsltoe tonswhh the pom tnvdeus (la 
accoddanhs whh to e ir ommerfote formuta);

2f. ConstIjlctioo o f cpproximetiTg fonctioc  
f  by the vounf  cp^̂ t^n-̂ e Z ena toe o^ r opriate
d m o  /SCs;)[

3f . Lateutatiby to scR znf  X fŝ i" toe stater i f of 
Li-like ioos with the finite nucleus;

4). Calculation o f ESf for tde soug-t states. 
TTe enerntes o° the if atea oC LMtoe tons aoe c c1- 
cuiated tw ico: w it/  a conocntioncl ciw ltanr tothe 
fine stiaid nre a ^ lS-RSand a <= a /1 0R The results 
of tatteaGateulcti on are aonsi ̂ î̂ c d as non -re i ativ- 
Istic. TOis permitted i ĉ̂ ^̂ tlr n od ERUs. The above 
extrapolation method is more 1 0 1116(1 toan usinc  
tdeknowo eupznsion on u Z î ar̂ to^̂'t̂ r̂.

2.5. The hyperfine structure parameters
fcergles o f quadruple (W^ soC magnetic di

pole (Wp) ioteractioos to define a hyperfine struc
ture (HFS) are calculated as [32,35]:

W=[P+C(C+1)]B, W/u=0,5 AC,

p=-t4e3)t4x-e)ti+e)e[iti-e)tei-e)],

C=F(F+1)-JtJ+1)-I(I+1). (22)

Here I  is a splc o f cucieus, d  is a full momec- 
tum of system, J is a full electron momentum. 
HFS constants are expressed through the standard 
raOlai iftegrais iU,8,35]:

A={[t4,3e587)eo-4n2xgJet4x2-e)}tRA) 2,

B={7.e87810-7 z 3Qe[t4x2-e)^I-e)} (RA) -3

(RA)  ̂n JOrr2d ( r )G (r )U (1/r2,R),

0
to

(RA)_3 = J Orr 2i d 2 (n) + G 2(n )]U (1/n 3; R) •
(24)

For calculatioo of potentials of the hy^tone 
interaction I Zto-Rk w e rdve thefo llawm1 f if- 
fesentia1 equtoms R7,8i : U(e/c-,R/=  fn y 0c,R -/r 1+1. 
The Cunitlons rin VCt,io>Sf)eOt - ate can be f0!)=  by 
sisali as wzn. do ubfain tCc conera ondin/  value
ocorresponding value of Qeone must combine ta 
the HFS constants data with the electric field r 

agradient calculated in our approach too. The e- 
sented in l l -,14, 87,-8 3

2.6. Corraleiion o ff acts end construction o f  
optimal 1-quasipnefclc rapydscntaiw h

Toe probtemoP ihe t iara- mg ran t ie ont/mai 
o/e-eiectro/ represe/tatlo/ is o/e of tde oiOest la 
the theciy of  multideeteon otoms. One to toe
simpifiecl reciper reprcrcnta, for c=amdle( toe 
DFu nsel9od S-ee [S9]). Unfortemctdy, 'tJ.nis 
mpthoo do3Suu pucvide a se l a r stfmi mant 
proct ddrn in tot snrt of  s1it compicated â ftni 
w ith few q u a slto d es - ilecteons os vacandes 
ah ova s  c o c o  to the d hie d d hd conte thd lst. W e 
utc toemethoa [e ,19].For Fo p̂hi Ôy, ictus con
sider now tin ^ c î̂ uati) ]̂̂ î ie ê atomic t̂ ŷ 't̂ m. 
The molti-auasif erticte rose eaein<- cooSai n pria- 
cipalla i êw mcmanls. in the tewe-t, -tsoed order, 
o ft0t QED PTfoiCOc AEnhsrt Q thu mly zce- 
euooipaslide F^ntdM Ziagram e (fig.l)rcoo-rib- 
utica -Xe l̂oicUC (tor rcdiatino dfcaywidthC1

(23)
Here gI is tde La/Oe factor, Q is a quadruple 

momentum of nucleus (in Bam); radial integrals 
are defined as follows:

d

Fipzre l.  a: sscenO other XT diagram crntribuc- 
ing -Or imaginarcronsry aert selfird to fob sedia- 
t-cn -î r̂ n—t̂ ĉ ]̂ !̂ ; b md c, lourtz orl er QED polar. 

ization diagrams.

On tde next, tot  fourth zrdrs -Ucst Rppeei< Zia- 
gî îu ,̂ whose lfaCfibutio— i a tz tos ImOE rc- 
ccant S.r Sic t ore - olarieation dfestc. CCiÎ
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conlribuIon  describes eollee-iv e effceD enit i- D 
dependent f ion toe decteamagnctic gote- ticD 
gauge /tice I ^uf ;e non-invari cut co/rriS)uXone] We 
examme Che maltieleclron atom with one ° ua- 
siparticle :n toe first exeireo state, connected 
wh5 the ground state by the s idia=on ticniei- 
tion. I n tge PT c ê̂ .̂ 'tli a^ rooimztion o /e  cz / use 
tde one^ ( 10x011 haee ootential:

rr-C+■)-f c7̂ Ŵ t-ct

iVd r) W ) - j d x)A %x). (g9t

ImAEa (a) = ^  Im AO (a-s; a).

photon f r̂ooitr̂ 1̂o î  î (̂Iicratiî n as usnztiy: 

D =  D t + C D l

Dt = S v  /(eniS -ik2), (28)

with (tOct da ĉriicî nî  the clectric -x ti î t̂it̂ r of 
the nuaieru kVcX imitatinn taem tesaetion oh the 
w itd the ccre of  closed shell!. Tlie . erturlati on 
in terms oZ the second quzutizalion refsesenta- 
tion sezdr as

dhe core potesuttal (nf r )  is sd ete°  to toa sore 
dectron t̂ t̂̂ 1̂1̂̂1- pH  in a standfrd w en. TLe lat
ter °ully tofines toe one dectron representa)Ioo. 
Moreouer1 a[1 toe resuhs t-8 -lie a^ nox to ate ĉ -̂ 
nutations are clse fu /dtonaD is9 toe UensiCo —c(r- . 
Here, the low est order muitielectron eSfeds, in 
f articniao the gauge deecneeni radiatin i contsir 
butlon for the certain i Î^̂ t o f the photon pronefc- 
-or gauge d  trecting. This value is considered 
to be She tfd iezi reoresrntatiac o f tha electron 
correlation el lecD, who-e m mimtaation d a rea- 
so/able criteria in toe searching tor -hr dptimal 
one-electron fc s is o f tde PT. Remcmbee that 

he e calculated with the alternative forms o f the 
culatransition operator is commonly used as a 
tloc s .̂i r̂̂ tĉ r 1 s commonly used as a crit e r ia of 
tde muhietectron cateutatianr quzhty. T°e  to a w " 
oary nart (i f  the toagram aOfig.i ) conteibption tats 
b ee/ s r̂eieucea prevlou sly o x  sue  of  toe p^-01̂ 1 
co /tstoutions o(  a-c< translticnr from tye mtoal 
states /to the fina  state -v l --)]:

T t o  f o u r t h  s a f e r  f i l̂ c âi^ ^ / î i^ n  d i c n r a m c O , r  

( f i g d )  s h a u i d b e  c s>o c i d c r e d  f u I t o f r T h c  r o n / r d  

Ou t l o n s  f t e1 o g  u d d e r  c o / s l d e r e t i o n ,  a r e  g a u g e -  

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

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

h e  u  p h y s i c a l  e  q u a n t i t y  m u s t  i  b e  r  g a u g e  

c r e  m u i l i d c d r o n  l i t  t o e i r  / z t u r c . L d  u s  C ade  t d e

16

D l = -  k fkv/ ( kc0 - k  ).

Here C D to e g au ge c onstan), D k repr8ean)s the 
^ c ^ nge o f elec-sohc by trnnnverrephoto/s, 
-hLtnsĈ ty to n g hudina1 oner. Urbc cr̂ î t̂1 cc:euiate 
^l^et̂ î i l̂̂ rî iatiî n o f -lse a,1!,a; d i grams -fig .l) i nto 
tde Im AE takl/g l/to  accou/t botd tto DT a /0  
Ds ports i The a d  ehranl (Rf .1) contri0nlion into 
ihe cm 341 rel a'i  ̂d to  toe sa-a teait s12ion seeds os

(ni0fl1en_s1n (iOq'ŝ ,2) inatoO) Ids ttli;i:,
rst

029)
for D  = D t , hn0

- A_ f f dr 1 do-2 lUa+ r̂l ) y/s+ty2) {[(1- a  nsx 
8n

•aunluyrlo] sic <̂î ii,iri2 )»-̂ -]̂ l0̂: .

(1+ as nloaonlo)xctos(0(arlo)} /atro) /strl), (30)

fnr D=Dh where isô  is the a -s tranrition e/eegy. 
D acosd ng to toe Gran) t o eorem, the Dsic r contrl- 
bulion ’.-((.̂ [̂ili^r, it' t1ic ont-r-sasiparticte fonc- 
t1ons spa, i-r rcUr0 t1)  ̂ ra/c ê D irac eouacio /. 
N uverthdess îsir 1;crm is Co be retained when us- 
1n= tde dirtorted Iuanl t̂ a.]̂ î î s :̂?dma/io / t Sĉr eucm- 
ple. 'h.notlier .per-i imf orl̂zt t̂ examf te ocoi-es^nts 
the fs :̂rme:i1̂  aporoccb bcr^d on ^he I-^re
D amiltonicn d̂eilned -1)1 it  ̂ f̂)̂ ctrum witoout 
sn âi:̂ lIing its anat-i îî  f r̂ tnn 12,=). throe -die noc- 
1n[̂ cr1an1; eo-tribution f̂ o i iirs Îre^du ( u dm )[ĉ ’̂ - 
e/t r̂rder. th l̂ î n̂ cak uiatin1- tli  ̂ ôr-0. o d̂ r̂ 1:0/ -  
tributinns ôma eooro:a m̂<)Cicns an̂  Iu] v̂i)ai:iie. 
Tlrcse ôttroa^mations li-ue i^een 4ormucâ d̂ 1/ 
Rciaî .i l 1)), ’tencse t5-). tiolaiS^^tion corrections to 
tt c  ^nr:ir/ier  have f etid considered.

Let -0 eon-ideii i- e direct jioi r̂i.zption d[ î-i âm 
b Ctf-111- - ^s ^n examgte. "Hî  fimai ext)rel r̂too for 
toe sought vztoe i<3oks as

IwOrec (co I X<- ° =I j  OraOi— 0rnr,r, t l - ( -------   +4 n  a- m

(31)

to„ -  to„
- )T a+ (r, o x  (12 )Ts+ (0 ) 1  (r4 0(1 -  a a 2) /  0+



i i ( a 3«4 - m hn) ) ) /  rn- ■s™\-®a„ (0,2 + rn4 ) + ®an •

OOS [aa (rn + re])K1 + (a3hn4 ) ( a 4̂ 4})]}  ■

■ ^ ^ ^ ^ ( ^ n( ^ t ( r ,)

Exprascion t]1 c I eab be rn^ ercnte d I n tire form 
c<z toui 0° Tie following termes

2 ( ocm\ Wq |g5)Sae; W  \w c t- l + a  (32)

Wit— four Olffere/t com bl/atlo/s o f operators 
W, a /0  W2 (see [7-10]). Io (31) it should be per
formed summatloe over tde bou/U a /0  upper coe- 
tl/uum atomic states. To evaiuate tdls sum, o /c  
ecu use tde a/aiytlc reiatloe betweee tde atom
ic electron Fermi level and the core electron 
Oe/slty pc (r), appropriate to the Oohogeoeous 
eo/reiatlvlstlc eiectroe gas. Now tde sum Z . _0  n>f, m<f
can be calculated analytically, its value becomes 
a fu /ctlo/ai o f tde core eiectroe Oe/slty. TTe re
sulting expression looks as the correction due to 
the additional nonlocal interaction o f the active 
quaslpar-lcle wit— tde closed sdeiis. Never-de- 
less, its calculation is reducible to the solving of 
the system of the ordinary differential equations 
(1-D procedure) [10]. The most important refine- 
m e/ts cae be l/troOuceO by accou /tl/g  for tdc 
relativistic a /0  tde Oe/slty grafle/t correctlo/s to 
the Tomas- Fermi formula (see Refs. [2,3]). Ths 
same program is realized for other polarization 
Olagrams. TTe ml/lm lzatloe o f tde fu/ctlo/al 
Im 5Eninh (b+c) leads to tde mtegro-flDere/tlai 
equatloe for tde ps 003 Dlrac-ilke equatlo/s for 
electron density). I /  resuit we obtale tde optimal 
one-quasiparticle representation. In concrete cal
culation it is sufficient to use the simplified proce
dure, which is reduced to functional minimization 
usl/g  tde varlatloe o f tde parameter b in Eq.(9) 
t0,10]. Let us fur-der to come back to tde compiex 
secuiar matrix M  le tde form:

M  = M (0E  M  (1)o M 12 to M(i) r(3) (33)

Here M (0) is tde co/trlbutloe o f tde vacuum Ol
agrams o f ail orfer o f PT, a /0  M (1), M (2), M (3) 
those o f the one-, two- and three- quasiparticle 
Olagrams respectlveiy. M (0) is a real matrix, pro- 
por-logai to tde u /lt  matrix. It feterm l/es o /iy  tdc

ncnera1 fond  rCiifl. St is, is shafin assume!  M (0) = 0. 
The diegona: masrix M (1) can be presented as a 
rum ref tde inOependent nne-nuariparticle eo/trl- 
Xua1OIls. For dmpfo syrtemr (rur1! as alkdi atoms 
and tons) tge .m a-r:1,!/--:11/ )̂1: cte energies . an be 
Saken l'roiu She cepesiment  OxbstiCeting tdese 
quhntitias mSo tei/l one co d h gnvc summarized 
ah the rorCnidutions oathe one --n-asip astfote Ola- 
Otams o1 oil osdees ohTieUormaliy auc et relŝlmls- 
Oe I31-. The first )w o urdes correcti/u s do fe M ^  
trace "wc/ anciyaed nreoiour1n li-,̂ -^̂ ] tuning tde 
Fagt-men diagrams ted sniccee . rrfie couSributio/s 
od the first-o lder dinxraonr have 4een cemgietdy  
czlaulated. Iu fire scco/ 0 ouster, tliere art  two 
kmdr o f dragram s : I t o z a t i o n an d ladclrr o n es. 
Tr/c icoWri zar nn dragsamr taka 1 d o  account tde 
quasipnrttete mteraatiou forccl  toep o laoiRdbte 
core, and the k UOer diagrams ccconnt l or tde im
mediate quasiparticle interaction -Wn ef fective 
form Cor the two-parti cie e olariiaP le operator has 
been pretentedm  OS)f. [2]; it looks as:

Vptl  (0,02 )=  X  j j Or '(p d (r OFE')
0 -  " -  r -  o

. j Or ,pC0)(r OFEO j Or "p c°r(r " ) T d r ") j p e  )1/A

{ p f  )QA = j Or (pc»)(r ))vn e (r ̂

n -  o

d(S) = | ( + ^  -p^0) (r)f^  / (34)3

w nara p] is tde cose electro/ density (wit/o ut ac- 
cavntfor thc ouerioartieie ) ,X  ip numerical noef- 
fteteot, r: is the light nel ociSy. T h eeimfiar nfprox- 
-mote potf î̂ ^̂î î reprernntztiou Gas been rccelv e f  
for iCe enehrmu e -o larization interaction o f quasi- 
partialer. Some i l̂2 the lcdOer diaosam co/tribu- 
tlqnr as w ell as some o f the inuee-nuuripahi eie 
diagram eontributious in all TO orders trace tde 
s îa ê angcfiar rymmd ry ^^t̂=̂e t/o ŝ -̂qn^rip î î cie 
d ir a m  coufifoutioos o f Tie fiid  order T° ese 
confribntiqnr heva been summarise4 gy a m/d ifi- 
czti on of  the cant a 1 ^ te n ting whtelr most; uaw  
incluCe the reseem nn (an-i -seneeninn) olCh e eore 
potential o f each partide in  tha othera tiook

potential of each particle by the others (look he
raĉ î l integrals roduocs to soivin g a sy stem of dif
ferential equations with Unown boundciy condi
tions ^ tn = 0 . Consider the marten in-eosak
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R * = j  j  j  OraOr2Or3ra2r22oVa traf U * trar3f (3e) 

tr3 f U E l  r2 f

w0 eS(e/t es the p—tarization cnstoibution.ThD is 
tde mo s° c—mphcated Oute-!  oe c task. Le-; u s 
cote: R d =i1wEtn). Accoiding so io3 fodetiee

r — o

n ( r ) 9an de fonntl from eolutionof  syrtem o° tlx 
flfferentiii ec^atians with tde boundaiy  condi- 
tlons:

n1/ = tp ar 2 n (1)i -  (1 + sen) / r ,

E  = tPo r 2 Z (1)i -  (1  + S)no) / r ,

n/ = ( p f  r2Z (1)Z V  -  (2 1  + 1)n3) / r ,

n/ = ((P2r%  + pa/3n2ZWZ 2) -  (1 + i)n4) / r , 

n5/ = ((pr 2n3 + pa/3niZ (1)iz12) - (1 + i)n5) / r, 

n7(r) = (pr2n4 +P2r%  +pQ/°r2nanoZ f)Z f .
(66)

A compiete system of equatlo/s aiso i/ciufec 
equations for toe modiUed ft egsel funetions U(i) 
and fcr tDO aeĉ tal Cunctions tsec [8̂-1̂ ]).

3 Same il̂ lnttrat îmi retulSs on d oonduoion

In table1 we present the experimental i8,32- - 
25i an the oretiao1(our tesi calcotation) resultr for 
ŷtfeO î̂  ̂ splitting enerpies for Is, 2s leuels of 

Tydrogen atom. Tdeoe is f dysicf lly reasonable 
agphysically treasonable agreement between

Cn table 2 there are listed Che sesul-r oC cal cu-
parameters (plus derivatives rof the energy lus 
daovntiuer o f  the enotgh conSributioe oo meal ear 
superheavy H-like ion with nuclear charge ar 
[11=110 2=170. We haue used the ÔenaCat ôns [1,8]:

A=108AeZ3g!, (eV); 

DA=(e0-2eZ4gI)(mecR), (eVecm); 

B=(e07BI(eI-e))eZ3Q, (eVeBarn); 

DB=[(10 3I(eI-e))eZ4Q](cBecR), (eVeBarn cm); 

U=-(e04eZ4)<U(r,R)>, (eV); 

Dn=(e0-1eZ5)(^<U(r,R)>e^R), (eVecm);.

DV=[e0-8eZ3](^V > e^0), (eVecm);

5abie 2
Parameters cf cne-electnan states fan H-l-ke 

ian w,tct Z=170 (d at a from [8,35])

E r ^91 /2 2Pa/2 °P3/2
A 831 3861 8 59

DA 11̂ ^̂ ^ 8 841 0Q001
B 9091 1891 ^061 0,01

DB 12-45 1551 15405 0.5008
DV 1255 273 n08 0,0011
U 1453 282 0301 Q31

DU 2) 4) 153 1011 0,0015

1s-/t - s a/2 3Pa/2 3P3/2
A 4335 2aa 922 2,615

DA 1039 26,8 54,0 0,a001
B 9091 415 101 0,04

DB 7245 395 074 0,3003
DV -dec 61.9 9C,0 0,090°
U i ocs 69,3 109 0,62

D U 2343 i 27 - 85 0,0090

In table 3 there are listed the nuclear corrections 
i / to e/ergy o2 ton low transitionsfor Ll-itoe io/s.

Table 1
Exparmccnto1 ond to coretter3 for

H F ^ n ec^ es fo r 0 S( 2 sH^ l̂^om 1 e=e]s

E term 
Quantum
OusCum 

numdnrt of 
Corol momend

Expmime nd 
Tv(F, F’), 
MHz 

AF,^ ) , 
i 0-n cw-1

T̂ er̂ ru 
Ĥ 3] ' 

Fy^ F ’), 
MHz

DOW,F),
10-n cm-1

is 2( m  , 80) l4no,no6
1 7 ,519

1455,685
t̂ t ,̂e5C

2° 2ad2 01,0) lrr,s5l 
5, 923

]ee,480 
5, 920
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Tabie S
Nuclear finite size cannect-ans -nta energy 

(cm -1) far Li-like -ans and values af the effec
tive radius af nucleus (10 -13 cm)

z 0Si/2-0Pi/2 0Si/2-0P3/2 R

20 - 15,1 - 15,5 3,26

41 - 659,0 - 610,0 4,14

69 - 20 690,0 - 21 112,0 4,93

19 - 62 315,0 - 66 931,0 5,15

92 - 261 325,0 - 288 312,0 5,42

The calculation showed also that a variation 
of the nuclear radius on several persents could 
lead to changing the transition energies on doz
e /s  o f tdousa/fs 103cm-i . Ie i8,30,35] tdere arc 
listed the results o f calculating the constants of 
t0e hyperfine interaction: the electric quadrupla 
constant B , the magnetic dipole constant A with 
inclusion o f nuclear finiteness and the Uehling- 
Serber pote/tlai for some Ll-llke io /s. Ie tabic 
4 data on the HFS constants for lowest excited 
states o f Ll-llke io /s  are ilstef. Similar fata fos 
other states were listed earlier (see ref. [8,32,34]), 
but there another model for a charge distribution 
in a nucleus and method o f treating the QED cor- 
rectlo/s were usef.

Table 4.
Canstants af the hyperfine electran-nudegr

interaction: A=Z3gT A cm-1, B= Z  Q b  cm-
1 a I 82I -1)

nlj Z 20 19 92

es _ 93 -03 215 -02 314
A -02

3s
A

26 -03 63 -03 90 -03

2Pm A
25 -03 11 -03 105

-02

3Pue A
81 -04 20 -03 31 -03

2P3e A
50 -04 11 -04 12 -04

B
9 -0 4 15 -04 11 -04

3Pee A
13 -04 21 -04 22 -04

B
31 -05 55-05 62 -05

3O3ee A
88 -05 11 -0 4 12 -04

B
51 -06 10 -05 11 -05

3O5ee A
36 -05 50 -05 52 -05

B
21 -06 39 -06 40 -06
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UDC 539.180

A. V. Glushkov, V B. Ternovsky, A. V Smirnov, A. A. Svinarenko

GAUGE-INVARIANT RELATIVISTIC PERTURBATION THEORY APPROACH TO 
DETERMINATION OF ENERGY and SPECTRAL CHARACTERISTICS FOR HEAVY 

AND SUPERHEAVY ATOMS AND IONS: REVIEW 

Summary
We reviewed ae effective co/siste/t ab i/itio approacd to relativistic caicuiatioe of tde spectra fos 

multi-electroe Teavy a/d superdeavy io/s wit- ae accou/t of relativistic, correlatioe, euciear, radia
tive elects is prese/ted. TTe metdod is based oe tde relativistic gauge-i/varia/t tapproximatioe to 
QED) perturbation theory (PT) and generalized effective field nuclear model with using the optimized 
one-euasiparticle representation firstly in theory of the hypetfine stroctore for relativistic atom. Tha 
wave fu/ctioe zerotd basis is fou/d from tde Dirac equatioe wit- pote/tial, wdicO i/cludes tde core ad 
i/itio pote/tial, tde electric a/d polarizatioe pote/tials of a eucieus. TTe correlatioe correctio/s of tdc 
dig- orders are take/ i/to accou/t witdie tde Greee fu/ctio/s metdod twit- tde use of tde Fey/maa 
diagram’s technique). There have taken into account all correlation corrections of the second ordet 
a/d domi/ated classes of tde digder orders diagrams (electro/s scree/i/g, parCicle-dole i/teractio/l
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mass operator iterations). TTe mag/etic i/ter-electroe i/teractioe is accou/ted ie tde lowest oe a  pa
rameter (a  is the fine structure constant), approximation, the self-energy part of the Lamb shift is taken 
effectively i/to co/sideratioe witdie tde Iva/ov-Iva/ova eoe-perturbative procedure, tde Lamb s—ifi 
polarizatioe par- - ie tde ge/eralized Uedli/g-Serber approximatioe wit- accou/ti/g for tde Kallee- 
Sabsy a °(a Z) and Wichmann-Kroll a (a Z)n correctio/s.

Keywords: Relativistic perturbatioe tdeory, Heavy io/s, Relativistic e/ergy formalisw

Y^K 539.182

A. B. rnymKoe, B. E. TepnoecKUU, A. B. CMupnoe, A. A. CeunapeuKO

METOA KAIHBPOBOHHO-HHBAPHAHTHOH PEIBTHBHCTCKOH TEOPHH 
BO3MY^EHHH K OnPEAEIEHHM  ^HEP^ETHHECKHX H CIIEKTPAIBHBIX 

XAPAKTEPHCTHK TB^EIBEX H CBEPXTB^EIBIX ATOMOB H HOHOB: 0E 30P  

Pe3MMe
B pa6oTe o63opHO u3no*eHbi ochobh $̂$eKTUBHÔ o, nocnegoBaTenbHoro ab initio nogxoga k 

penaTUBucTcKOMy BbinucneHuro cneKTpoB MHÔ ô neKTpoHHbIx Ta^enbix u cBepxTa^enbix hohob 
c yneTOM penaTUBucTcKux, Koppena^uoHHbIx, agepHbix, pagua^uoHHbIx $̂$eKTOB. MeTog ocho- 
BaH Ha penaTUBucTcKofi Kanu6poBOHHo-uHBapuaHTHofi (KQA) Teopuu BO3MymeHufi, o6o6meHHofi 
$̂$eKTHBHOH noneBofi Mogenu agpa c ucnonb3OBaHueM onTUMU3upoBaHHoro ogHOKBEunacTUH- 

Horo npegcTaBneHua BnepBbie b Teopuu cBepxTOHKofi cTpyKTypbi cneKTpa penaTUBucTcKoro aToMa. 
Ea3uc BonHOBbix $yH^Hfi HyneBoro npu6nu*eHua onpegenaeTca pemeHuaMu Dirac ypaBHeHua c 
^OTeĤ HanoM, KOTopbifi BKnronaeT b ce6a caMocornacoBaHHbifi ab initio n̂eKTpoHHbIfi ^OTeĤ uan, 
n̂eKTpHHecKHfi u ^onapu3a^uoHHbIfi ^OTeĤ uanbI agpa. Koppena^uoHHbIe nonpaBKH BHcmux no- 

pagKOB yHHTHBaroTca b paMKax MeToga ^yH^ufi rpuHa (c ucnonb3OBaHueM TexHUKu guarpaMM 
Feynman). YnTeHbi Bce Koppena^uoHHbIe nonpaBKH BToporo nopagKa u goMUHupyromue Knaccbi 
guarpaMM Bbicmux nopagKOB IpaHupoBaHue n̂eKTpoHOB, B3auMogeficTBue nacTumi c gbipKofi, 
uTepa^uu MaccoBoro onepaTopa). MarHUTHoe Me:*3neKTpoHHoe B3auMogeficTBue ynuTbiBaeTca b 
HH3meM no napaMeTpy a  (a  - nocToaHHaa TOHKofi cTpyKTypbi)npu6nu:*:eHuu, co6cTBeHHO-3Hepre- 
TunecKaa nacTb ^M6oBcKoro cgBura $̂$eKTUBHO ynuTbiBaeTca b paMKax o6o6meHHofi HenepTyp- 
6aTHBHofi npo^gypbi Ivanov-Ivanova, ^$$eKT ^onapu3a^uu BaKyyMa ^M6oBcKoro cgBura - b 
npu6nu*eHuu Uehling-Serber c yaeTOM nonpaBOK Kallen-Sabty a 0(a Z) u Wichmann-Kroll a (a Z)a 
(Z -  3apag agpa).

K^roneBbie c^OBa: Kanu6poBOHHO-uHBapuaHTHaa penaTUBucTcKaa Teopua BO3MymeHufi, Ta*e- 
nbie uoHH, PenaTHBucTcKufi ^Hep̂ eTUHecKufi $opManu3M

Y^K 539.182

O. B. rnymKoe, B. E. TepnoecbKUU, A. B. CMlpnoe, A. A. CeunapeuKO

METOA KAITBPYBAIBHO-THBAPTAHTHOT PEIBTHBICTCBKOT TEOPIT 3BYPEHL 
AO BinH.AMI H im  EHEPrETHHHHX I CnEKTPAIBHHX XAPAKTEPHCTHK 

BA^KHX I HATBAWKHX ATOMIB TA HOHOB: OEJIBA 

Pe3roMe
B po6oTi ornagoBO BUKnageHi ochobh e êKTUBHoro, nocnigoBHoro ab initio nigxogy go pena- 

TUBicTcbKoro o6nucneHHa cneKTpiB 6araToeneKTpoHHux Ba^Kux i HagBa^Kux ioHiB 3 ypaxyBaHHaM
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penaTUBicTcbKux, KopenadfiHux, agepHux, pagiadfiHux e^eKTd. MeTog 3acHOBaHufi Ha penaTu- 
BicTcbKoi' Kani6pyBanbHO-iHBapiaHTHoi' (KEA) Teopii 36ypeHb, y3aranbHeHoi ê eKTUBHoi nonbOBoi 
Mogeni agpa 3 BUKopucTaHHaM onTUMi3OBaHoro ogHOKBa3dacTUHKOBoro npegcTaBneHHa Bnepme 
b Teopii HagTOHKoi cTpyKTypu cneKTpy penaTUBicTcbKoro aTOMa. Ea3uc xBunbOBux ^yHKdfi Hynbo- 
Boro Ha6nu*eHHa BU3HaHaeTbca pimeHHaMu Dirac piBHaHHa 3 noTeHdanoM, aKufi BKnroHae b ce6e 
caMoy3rog*eHufi ab initio eneKTpoHHufi noTeHdan, eneKTpuHHufi i nonapu3adfiHufi noTeHdanu 
agpa. Kopenadfid nonpaBKH bu^hx nopagKiB BpaxoByroTbca b paMKax MeTogy ^yHKdfi rpiHa (3 
BUKopucTaHHaM TexHiKH giarpaM Feynman). BpaxoBaHO Bci Kopenadfim nonpaBKH gpyroro nopag- 
Ky i goMmyrod Knacu giarpaM bh^hx nopagKiB (eKpaHyBaHHa eneKTpoHiB, B3aeMogia HacTUHKu 3 
gipKoro, iTepad'i MacoBoro onepaTopa). Mardraa Mi®eneKTpoHHa B3aeMogia BpaxoByeTbca b hh®- 
HOMy 3a napaMeTpoM a  (a  - cTana tohkoi cTpyKTypu) Ha6nu*eHd, BnacHe-eHepreTUHHa HacTUHa 
neM6oBcbKoro 3cyBy ê eKTUBHO BpaxoByeTbca b paMKax y3aranbHeHoi HenepTyp6aTUBHoi npo^ - 
gypu Ivanov-Ivanova, e êKT nonaproad'i BaKyyMy neM6oBcbKoro 3cyBy - b Ha6nu*eHd Uehling- 
Serber 3 ypaxyBaHHaM nonpaBOK Kallee-Sabry a 0(aZ ) Ta WicOma/e-Kroll a (a Z )n (Z -  3apag agpa).

K^ronoBi c.iOBa: Kani6pyBanbHO-iHBapiaHTHa penaTUBicTcbKa Teopia 36ypeHb, Ba®Ki ioHu, Pe- 
naTHBicTcbKufi eHepreTUHHufi $opMani3M
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