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t- INTnOnrtIOl

Van-loue anorallee, approxlaatc etrnretrlee, strong correlatlon and dyna-

nlcal cffecte as yell as other ne$ featuree of conplex atons wtth open

shells hg,vs bcen, ncvealcd duc to thc recent lnvesttgittons of frec atone

(lbhlhorn 1982, Fano 1983, Conncrede 1984, Ar4ycra 1987). Thc natn dlrectton
of thls progresa tn the atorlc phystcs as r.rall as tn sorc other flelde of
p$5rslce, ls thc htghpr cnerglce. At thc atrong pcrturbatlon of the aton by

X-rayrs on GnergGtlc partlclee thc conflguratlona vlth lnner vscancleg arc

artelng. Thelr detatlcd tnvestlgatton bacones noro accosslble ulth the dcvc-

lopnent of nodern oxperlnental tools, such as eynchrotnon radlatlon' hcavy

lon accclcrators, electronlc spectroreters. A new branch of the atonlc p\y-

slcs - atonlc lnner-ehell ptryslcs - has fonned in the second half of thls
century (Aberg et al. 19?5, AUerg et aI. 1985). It nas provtded by the ln-
portarrce of lnner-shell proccsses ln plasna p\rclcs, astrophyslce, colll-
slon ptllrslce and by thc progrcss ln thc area of short ravelcngth lasens'

Aftcr eore perlod, when X-.ray and Arrger spectroscopy was closely ncla-

ted to thc eolld statc phystrcs. f,ron the 6o-ttcs the hlgh lesolutlotr spectra

of varloue free atons becane accesslbla. They contaln the valuable lnforna-

tlon on ths structure of, clectronlc ehells arrd elenentary processes nlthln
then. It rcqutrcs tbc claboratlon of the adequate -heory of exclted nany-

electron ators, conplcx X-rry and electronlc spectra. , t

Such,.theory tras orlglnatcd fron tha angular nonentuu theory of Condon

and Shortley (1935), llryrc r;qr. (1960), and the lrreduclblc t.ensor operators

nethod, clabonated by lJlgner (1955) and Racah (f942, 1943). In the case of

atons wtth odter closed or half-fllled shelie pertr.rrbatlon t,heory has becn

effccttvely used (Kclly 1969, Avycur 1987 and others) The second quantlza-

tlon representatlon, Bpeclfled for atore by Judd (1967a) and extended by

Py,qgrrac, Kanaycrac (1984J, and the thcory of contlnuous group€ of htghcr

ranks (Judd 1962, Wburne 1970) ara pcnspcctlvc ln thls fleld too.

Thc Etn alr of the theory cf X:ray and clectron:{: $L!Fj'tra ls not only

to dcvelop cffcctlvc rcthoC:i, tu calculale alid lrrt.erpre' lonplex spectra,

but also to tnvestlgatc general spectral regularltle.;. to Bstabllsh thc re-

latlong betsecn thc opcn shell features and lhe structure of atorlc spectra.

Descrtptlon of conplcx spectra espcclally roqulres the gLotral charactcrls-

tlcs, rcvcallng physlcal phenonena, obscured by thelr abuncinnt structura
(Barrche ct al . lg88). Consequent ly, generol sunnat lon nethcids for obtalntng
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oxpllctt expresslons for rmarl ch6nacter'1st1cs of spectra and gnoups of llnes

or levols ln thon are needed.

The prtgent rrork rns lnltlated about tr,enty years cgp by P.rof . A. Jucys,

ths hFail of Vllnlr.s t,heoretl"cal school, at the requegt of t,hc expenlnenters.

At that tlre snd later the'theoretlcal rlork nas grqatly ptlnulated by the

collaboratlon wlth experlnenters Profs. L. L.l.lakarov, T. !1. Zlnktfra: M. A. Elarr-

80, Dp. E.T.Vefkhr tseva, Doc. A.Sirvaltls and othens, by ttp needs and the

problcle related to the tnterpretatlon of partlcular spoctna. The author's

aln hogever 1raa not the extenslve calculatlons of spectra, but ttp elabora-

tlon of theoretlcal nethods, the lnvestlgatlon of speptral regularltles and

thelr relatlons to the structune of open electronlc shells.

Thcre have been set the follovtng naln problens:

-lnvestlgatlon of the speclflc featr.Fes of confl8qratlons wlth vacan-

cles as xpll as theln lnfluence on atonlc propertles and spectna3

- t,laboratlon c,f the general iunnatlon pethod over all nany electnon

quantun ntrnbere dnd lts appllcatlon for obtatnlng expllctt expresslo4s of

naln global on tr1sa.1r charactenlstlcs of enengy lavels, X-ray and Auger

spectra, lnvestlgat. lon of t-helr regularltles;
- elaboratlon and.appllcatlon of the nethods fot' obtalnlng expltitt ex-

preeslons of nean'characterlstlcs of the llne a*t level'Sroups;

-lnvestlgatlon of thc ccnflguratlon mixlng effects ln conplex atoms and

thetr lnfluence on X-ray and nuger sSrctra.

The naln results of thls vo:'k were publlshed ln [f-391, pnesented ln

the author'p revlew reports at the VI-th All-unlorr Conference on the Theory

of Atons and Atonlc Spectra iVoronezh, 1980), lhe VII AII-Unlon Conference

on the Theory of Atoins ,and Atomic Spectra (Tbl1lsl, 1981), the Ftrst
gSSg-Poland Semlnai on the Investlgatlon of f Electron Systems (Vllnlus,

fg88) and reponted a.'. var.lous'All-tlnton and lnterneltlonal conferenees on the

theony of atorrs and atomlc spectre, X-ray and electronlc spectra, etc.

2. SPECIFIC FE,{TIJRES OF CONFIGT'RATIONS }IITH VACANCIES AND
,

THEIR INFLI.'E}',JE ON A|OMIC PRLIPERTIES AND SPECTRA

Conftguratlons wlth lnner vacancles are conslderably less lnvestlgated

a! conpared to the conflguratlons r.rtth excltatl.gns ln outer shells. The

productlon of the vircancy essentlally changes sone charactenlstlcs of an

atom, lncreases thc conflguratlon nlxlng effects, Leads to the varlous

relaxatlon and deexritatlon processes (Aberg et. al. 1975, 1985). The
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nelatlvlstlc effects alEo beccrae nrire lnportant. ln t,he lnrrer shells. Thc

tfieoretleal trnvestlgat!on ef -ne ce,nftrgurations wlth,.:.qancles and thelr
lnfluence on cornespondtng X-ray and slectronlc sl!€cEra are sunrarlzed [n

thle Chaptcr.

2. t. Influencc of the vggancy on slngle-electron charaetellstlcs, blndlng

@.Thc[nfluenceof,t,heV6Cal1C}n"l,-1onthes1rrgle-
olectron qnantlty Zr,t W be chanactertzed by tl;o dl,ffer-ent;e of lte va]ues

for conftguratlons wlthout and' Hltt! thls vacancy

arnt-ht-rn, in' I"-1). ( 1)

Systemtlc calculatlons of t,tre electnon screenlng constanta of varLous

electrons tn conftguratlons wlth the f.nnen ls'"x, z5r-iencn 3p-t vacancles have

shown t,hat t,he lnfluence cf, t.he vacsncy ls the strongest not on the charac-

terletlcs of netghborlng shells, Uui, rrr, i'.he iiut.er tr*akt$ blncleci electrons

[lO" tl]" The screening constant of the outer" arlectron decrenses by 2 and

even 3 unlte at trnner vacancy creatlon iFtg.l), whicFr ls due to the change

of, lhe asynptotlc behavlor of the potent?ai By the way, it shows, that "Z+1

approxlnatlon" for the Aug,er energles ls llsufficlent in the case of outer

electrons,
The appltcatlon of ttre Koopnans theonen to the eh*nges of slngle-

electron energles glves the app:'oNlnatc relat'ton l l0l .

t -l .

Aerrr(n'l'-!) g a"n,t,(n1-"), (2)

showlng that the lnfluer,ce of vacancy n'l'-l on eleetr'<,ri nl !s approxlna-

tely thc sane as that of the vacanc)" nl-l on clcctron r" l' '

The generallzatlon of Koopmarrs theoren fon the corrf lgura'-lons nlth va"

cancles ln t,.ro (or norel shells nrflqr nrfrqz allons one io obtaln expliclt

expresslons for the shlft of blirdlng enerSy ancl x-ray enelty tn aton vlth

respect to lon, corltalnlng t.hese vacarrcles [7, l2l:

aI'1.(.trfqr nrrrqll 'nlt ,lfrrr-l-(nl*l)+ ci, A';,., n",{r'i'llt

+e,(or-1) A.,.1,,,r-i,] or,,,o-,, 
^.:,:,.,1-l)* 

0,,f, u,r,l,,".,.tnt-l), (3)
--t- - 2 2

otn.r.r r.l.'trtiqr ntrlqz) ' {r rn,r,

'q2(qz-t ) A,rrt."qtor tn, 
ro, n.lo"

' 92 in I t {t1at- i 
^J., r-'* -?-2 I t

({)
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The slnple fornulae f,or" t.lie paranett-rs A, A" , Bo B" and C ln
nonrelatlvlsttc and reiatlvlstlc approxinatlons have been obtatned [7, 12,

11. Fon thelr calcul.atlon the r.ravefunctlons of the atom and lon wtth only

one vacancy nt-ltrraZor n' I o -lare needed, wtrl te t'h^e 
' accuracy of (3) and

eepeclally (A) dlffene a ltttle fnom the accuracy of the fonnulau Cbnt,alnlng

the dlfferences of totat r,,nrrglesi a.s 1t. $las shown by Tyrrntpnr, Eparqea

(1979)o and exceeds the acc"u'acy of usually e*oioyeci approxlnate fornula"

both requlrlng calculatl<lns of the *mvefunctlr)na for al} va.:ues of gr -t, {z
(Flg.2). The expliclt form anci accuracy'of, (3), (4i as wetI as a ncak

dependence of the parameters on the ccnflg'"ratlcn [7, 8, 1€] faVored theln

10
qF

iq*\c)

-o- J0*il

50

20

Flg.2. Btndlng cnengy

vacancles [12J. Results of
by total eneFgy dlfferences

rl *.L__*.i-23 4 5q
shtft ,Iro "* a flr*cilon of tlre riunber of sp-t

calculatlons uslng fornr.lla (3) (l'ul I curvc} ard

(dark polnts).

g

I
f

I

t-
I
{
I

t-
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uae f,or the lnvesf,Sgat"tons r:f chennlcat shtfts "rf X-nay and electronlc trlnes

(Xalcapoa H Ap" 1975" Sal1rca u Ap. l9?8. Tuxorxlri H AI). 1988" [13] r Ap. ).

2.2. Rslatl.vls-tlc correctlons to lnn€r electroq energles ln ltartree-

rg'@.Relat1vtst1ceffecisp1ay*,n1nportantrolelnthe
lnner shollg of heavy arld even lnterncdlute nLons (Grant 1983). Slnce the

conplcta relatlvlstlc calculatlons Her'e conpl l';ated, there ritas acconpllshed

the tnveettgatlon accorrntlng for the naln relatrvlstlc comectlons to lnner-

clectron, X-nay and Augen enengles ln the flri:t order of perturbatlon the-

or.yo !.a" ln llartree-Fock-Paul! appnoxlnaLlon (Bethe, Salpether 1957, Eorna-

HoBHr{ n Ap. t9??)" The results fon noble gas atorns Ar, Kr and Xe have shovn

ttre ef,f,tclcncy of thls nethod for inner arrd subvalent, vacancles, except for
the outer ones ti4l. Thene nas established the f,ollowlng regulartty: the

dlfference bet,rrcen relatlvlsttc and experlmental valtrcs of lnner-electron

btndlng cncrgles or corrclatlon corr'ectlon lncreases ln absolute valuc af, a
glven prlnclple,itrantun nurnben wlth the lncrea"s of the orbttal quantun nun-

ber. Thls r.cgulartty has bcen conflrned by subsequent systenatlc calcula-
t,lone (tlcGtlp, t{elghtnan 1980, Chen et ril. 19SS),'It tg caused by th1 lnte-
ractlon of the 1'acaney n-Ill wtth super-Coster*Kronlng and Coster-tbonlngItr
cont lnua

nrtll* rrtlt ,,rt;u[:], o n. rrlnrr;t 
[iJt,

! l.Iz. (5)

Thelr nusben lncneases for the shells rlth the enallen value of I, at the

glvcn nr" Such correlation effectsn the sLnongest ln the conftgurat,lons vlth
va,cancles, and thelr. lnfluence on X-ray and Auger spectra wlll be consldered

tn thc folilowtng chapters. iiartree*Fock-Paull approxlnatlon nas used ln the

naJorlty of. calculatlonso referred to ln thls thesls"

2.3. Collapse -€ arl-glgl.t-"d Sl::!f"-g{*tL. -pg""tr".ttt"= 
.l.atonlc

strctra. lhre to the o'centrli'.rgal" i'epulslon of the electron wlth the orbltal
quantun nunber l>t f,ron lhe nrrcleus and Coulomb exchange lnteractlon, the

effectlve potcntlal can obtialn'*. ,,lorn of tvo r.rells, separated by a barler.
Furthcrnore, at the change rrf conflguratton (Grlffln et al" 1969) or even

nany-clectron statc of the atom {(v.ra.: vt AF. 1976), a sudden contractlon of

th,: electron orbltal nay occun. Va,rlous nanlf'estatlons of the collapse and

potenttal irarrler effects ln etons wer€ revler.red ln [4], where thelr
Irnportanee for the confiSlurat,lons wlth lnner vacancy uas stressed. In this
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work the collapse of the slov free electron nean'the aton uas also
considered and there lrcre suggested inportant potentlatr barnter effects for
negatlve lons, tlrc dtsappearance of sorre Atrgen llnes at snall encnglee not

forbldden cnergettcally and (baslng on sorm anonal"tes for X-ray Ilnc
cherrlcal shlfts and other characterlsttcs of rare earths) the posslblllty
for thc f electrons to take part, ln the chentcal bondlng.

,The posltlve bqmler dlsappeare for the hlgher lonlzatlon dcgrocs J
(Kapocene H Ap" 1yl3). Honever lt has been shown [n [.2O], that tho
conslderable dependence of the exclted elirbtron orbltai on nany-electron
quantun nunbers may take place up tlll Jo 8-1O.

The extstence of the positlve barrler can lead to the strong dependence

of ihe Auger transltlon probablltty on the free electron energy [22J.

2.4. Radlatlve ard Agger lldths of levelE and_ihelr approxlsgle lnvarl-
ance. In the case of short llvlng st,ates wlth lnner vacancieg the vldth of
exclted levels na'nly conslsts of thelr natural wldth. TheEe statcs can de-

cay not only by radlatlve but also by Augen transltlons. Supposlng radlal
orbltals are tern-lndependenr-o the sunnatlon ln an expresslon for the partlal
radlatlve or Auger Hldth (comespondlng to the transltions t,o all states of
the gtven flnal conflguratlon) can be accompllshed ln the seeond quantlza-

tlon representatlon and tlpse quantltles are expressed 1n terns of a nat.lx
elenent of an effcctlve operatcr. Tha effectlve operators i'or the radlattve
wldth were obtalned by Forp.axoaru x p,p. (1985, 1988) and in (21. The effec-
tlve operators for A'rger wtdth follow fron the genera, expresstons. re-
ferred ln Sec.. 5. 1.

In the case of aone conftguratlons only the ecalar part of the effec-
tlve operator glves a contributlon to the parttal rltlth and then lt becosres

tenrn-lndependent" Auger wldth ncqulres thls propert'r for ihc followlng
transltlons [21, ll:

b tf' ,2'"*'.t141.*2' xu rf l*1

ro rfr r!t"'z, ro tfr*f tf ra ct

and the radlatlve sldth lp t''r€ cases:

ro rfr rlr"*2. xo tfr.t tltr*t,

*o t? rlz + *o tl ,l'-t .

Here any symbol l. stands f'on n- I

tltr*t tfl"ol ':

K near,s "r'asslve* open
lc

(6)

(7t

or closed

iI



shcl ls.
uhen all parllal wtdths of level are tern-lndependent, the total vldth

of level pIFo become lnvarlant (ln faci. apprcxlnately lnvarlant)' Thls

takee placc only for conflguratlons vlth one oFen shell qbove closed

,,passlve* shells K'. So far a9 nadlatlve and Auger wldths depend on the

nunber of electrons N ln thlE shell through the slnple nultlpller {l+Z-N'

the totAl radlatlvt, or Auger wtdth and the total na"ural wldth of levels of

Euch conflguratlon, dtfferlng by the nunber of electrons ln an open shell'

fulflll nelatlon [2ll

r(KilNrJ)

r,\ilF
Then the fluoreseence yleld qfso becomes approxlnately lndependent on

the nur :r of elect;-ons or vacancles ln thls shell It corresponds to the

experlnental datq on the approxlnate equallty of fluorqgcenqe yleld for

conflguratlons wtth cne ard tno vacancles ln the sans shell (Carybell et aI .

1977, Venugopala et al. 1974, Indlra et al.. 1979). The obtalned

tern-lndependent fornula of. the parttal and total vldLhs conslderably

slnp|lfles the calculatlon of these quantlltes

z.s sua4gfs:!,-ug!Lql9l alalgn due to thq vacancv p ' Hanv-

electron processes, sue': as slnultaneous lonlzatlon and excltatlon or two-

electnon lonlzatlon of tha aton play a^n lnportant role tn the lnner-shell

b al. 1985), but the accunate probablllty calculatlons of

such processes for conplex atoms are cunbersone. If the lnttlal perturbetlon

of the aton ls sudden and'electrons ar€ renoved fron dlfferent, r*eakly cor-

related shells, the sudden penturbatlon nodel can "be used (Aborg 1967,

lb6eea, Ilapa.rnrc 1982). In thts nodel nany-electioll p1'eE.te le d.'rided lnto

.two steps: productlon of the tnltlal vacancy ln frozen cone and sutlsequent

excltatlon or lonlzatlon drre tc the relu<atlon of electionlc shells. The

probabllltles of such shake-ofl' and shake-up processes, dependlng on ;amy-

ellctron quantun nunbers, s1-,1 liged€d fon t.he calculatlons of X-rry and Auger

spectra, arlslng at the rearrangenent of the electnonlc shells, Correspon-

dlng expresslons have been obtalned tn t15l uhlle lntegrattng the (N-1)-

electron denslty natrlces, r.rhlch descrtbe an electronlc systen, except the

removed Llectron.

4l+2-N
(8)

4l'+2-N'
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2. 6. Cascade of Pl9].i::e1,;Al-:gsl-U--3-
dtructure of X-ray aP:ctTr!. An lnner v&:"ancy productlon by X-rays,

alcctronlc'on lonlc bearns glves rlse to the cascade of elenentary processes:

the excltatlon and lonlzatlon of ottrer shells, nadlatlvc and Auger

transltlons. X-nay or Aqger spectra" generated tn sueh a wqy, depend on the

populatlons of varlous levels. Thenefore the accurate theoretlcal

lnterpretatlon of s;rectra requlres tc calcr.llate t,he shole cascade of
proceases. The ftrst such detalled theoretlcal lnvestlgatlon was

acconplluhed ln t17i for to," soft X-ray spectrun of AF, excltcd by

electronlc bean (BepxonrleBa n Ap. 1976). The naln processee cf the cascade

ucre deftned by the prellnlnary approxlnate calculatlon of the total
populatlons of conflguratlons (Flg.3). Level populatlons at electron beam

er\et.gy of 1 keV- $ere calculated by uslng senlempyrlcal.electron lonlzatlon

(/)'

s
rS\s
s>\\
.E

220 230

Flg. 4. Ar L.," 'soft x-ray spectrun. Ful I cunve conresponds to the
expcntnerit (Bepxoarpaa t{ Ap. 1376}, sepa.rate llnes nepresents the results of
calculatlon taklng lnto account the populatlons of exclted levels.ttzl.

210 240 f (eV)
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cross-secttons, as rrell as the expressions for the shake-<li'f, probebtrlltlee,
referred above, and the fornulae of Auger tnanslt,lon probabllltles, obtatned
ln tgl. The strong nlxtng of conflguratlons 3s3ps + 3se3p{3d + 3s23p{4s,

corespondlng to the epeciflc type of, correlatlons (5)o was also taken lnto
account. A reasonable agrecment of the theorctlcal and experlnental spectna
(Flg.a) has allor.red to adJust thc trnterpretatlon of lts st,ructure, proposed

by BgpxorqeBa H.qp.(1976i. For exanple" lt nas shown that the naln llnc at
221 eY corresponds to the satelltte. not to a dlagran translt$on and the low
energy naxlnurn ls caused by two-electron r4dlatlve transltione 3p2-.r 3s3d

and 3p2-* 3s4s, The lnterpnetatlon of thls spectrun nas conttnued by Dyall,
Larklns ( 1982), CyxoppcoB r{ Ap. ( 1985).

Slmllan lnvesttgatlon of the ultrasoft X-ray spectium of Kr was acconp-

llshed ln [23], Thene nas analyzed the role of, varlous elenent,ary processes

on f,ornatlon of thls spectrun. An estlrnatlon of the stnong comelatton ef-
fects ln the conflguratton wlth 3p-1 vacancy had shown ihat lhey could not
explaln anonalous htgh populatlon of 3d-2 conflguratlon levels"

3" MEAN CHAMCTERISTTCS OF ATOMIC SPECTRA Ai{D THEIR REGULARITIES

The atomle spectra are usually lnvestlgate^"i on performing thelr
detalled calculatlons an,l conslderlng slngle electron quantXbtes or racllal
lntegrale. A new penepectlve methoci tn the theory of complex.specUl'a ls
glven by'the analyels of thetr gtrobal or neen charactenlstlce, such aa

avenage energy (E), varlo.nce (oz), scewness (rn). and excess (xr), trhlch.are
the central spectral nonents

; trr-E)k n, (s)

(E, ls energy of tho l-th level or l!ne, 
"trd 

pr stands for the probablllty
of flndlrrg tt ln the spectrumi or an'e expressed by tlren

2 ." ?,3'',a - p2, Klg p3/ (f ,f xr* ltnl taz )7*3, ( 10)

Averale enerSy charar:terlles the "center" of spectnu*r, varlance rcprc-
sents its wfdth, scelrness descntbes tts.asymrctry and excess stands fon lts
level on llne denslty. The rmln problen lE to obtatn expllclt expresslons of
these characterlstlcs whlch do not need calculatlons of' spectra. About tcn
years ago such a general formula nas knc,vn only for the average encrgy of
energy level spectrun. Eauche-Arnoult et aL(1979, 1982) obtalned so!. neu
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fornulas fon thls and eillsston spectra and effectlvely applted then for the

approxlmte descrtptlon of conplex spcctra of htgFrty charged lons. Sone ln-

vesttgattons of spectral regularltlee uere acconpllshed by uslng lean cha-

racterlstlcE calculated dlrectly fror experlaental and theonetlcal spectra

(Cona,n 1g81" Baneewlcz, l(anrcnskl 1983 ct al . ). The authors aln nas to ela-

borate thc gcneral eunrtatlon nethod for obta: ntng exprcaslons of cpectral
rnorentg, to flnd srrch fornulac for vartoue apr;ctra end to tllustrato thelr
usefulneEt for the lnvestlgaf-lon of spcctral regularltlee.

3.l.General nethod of suilnatlon over aIl nqny-electron guantun nun-

bens. l,latrlx e!,enents of atonlc operators contaln fractlonal parentage

cocfflclcnts" havlng a non-standard forn, so the dlrect aunnatlon of natrlx
e lerrente le very curnbersone . ( Nonuna t9721 , Bauchc-Arnoul t et at . ( 197S )

obtalned Borc oxpllclt forrulae eonblnlng th€ second quantlzatlon

repnerentatlon ulth a slnple fcrnula- for sone conflguratlons. Houever thls
method becores lnsufflclent for the thlrd and even for the sccond nonents of

sone spectra. A general group-theeretlcal nethod for derlvlng the averages

of opcrrtors" actlng ln aany fennlon spaccs, rris propoecd by Gl4occhlo

(1973). To solve thls. problen the contlnuous groups of htgher ranks rene

used: the rotatlon group p191+5) and lts unltary eubgroup U(41+2). The

operaton .avcragc ls oxpressed by lts vacuuir expectatlon valuc rnd a unltary
scalar coefftclent vhlch (due to tha fact ttrat Gvory lrreduclble

repnaaentatlon of U(41+2) appaans once and only once ln a glven lrrcduclble
represcntatlon of thts rotatlon group) has a slnplc expltclt cxpncsslon.

Uhlte evaluattrrg all posslbte dlstnlbutlons of contractlona botneen

operatone of creation end annlhllatlon of clectrons ln thc vacuun

expectatlon the speclal sunmatlon dlagrans qpne sug,gested (iylk, Glnocchlo

1974)

In [30, 32, 2, 51 thte ncthod nas speclflcd to elcctrontc ehclls and

Its dlagrannatlc f,orn ''ras elaboraied. The average of thc'product of opera-

lors ls exprcsscd as follonF:

(11)

nherc O- ls the operator of -nteractlon or transltlon, lrreduclble vlth
I

rcspect to the R(81+5) and'U(^L+21 groups; t.r* ls thc N-nulttpllcr,
contalnlng all depcndencles on the electron nunbers ln the shclls,. *d Hat"g

ts the nlntnal sun of one- and two-electron natrtx elenents. The sunnatlon

toroz"'o*'K - 
of* Nir"g nor*
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tn (11) ls cagled out over all nonequlvalent dlagralns. The general nules

for obtalnlng all dlagram and excludlng topologleally cqulvalent fron then

ag ucll aS the graphtcal techntque for ovaluatlng lhe expresslons of rlnlnal
aqns tprc fornulated {Ftg.S, 6i, Also the groups of dl,agrans, correspondlng

to the sarc nlnlmal sunr as well as the pernutatlon openators, actlng on the

natrlx elerents" were !.ntroduced. It conslderably slmpllfles the evaluatlon

of, averagea. Thls dlagrannatt-c nethod le valld 1n nonrelatlvlstlc and

nelatlvlstlc, slngle- and rmny-com lguratlon approxlrnatlons (the last one

wtll be consldered tn Chapten 5). It nas lnplenented ln a general conputer

program by S.KuCas

Var-lous operators can bc expressed !n terns of the standard unlt opera-

to"s v(kk'' tSl. The sunrnatlon method was applled to obtaln the averages of

scalar and tensor products of two, -three and four such operators [2].

3.2. Flrst ffgl ryner.ts of !tr. g:r*gy-_level sf,ectruLand tlrelr peculla-

rltlcg. The k-th tentral norrcnt of the enengy level spectrun of the conflgu-

ratlon K |s expressed by the average of the product of lrreduclble traceless

llarnlltonlans tt- I{*E(K) ln the followlng nay:

\(K)- et" g t<K lHlrz>-E(r)]k = <K7lr{lK7>k - .lt..l>I (12)

k oPerators

1-
srri i

where E(f) ts an a\vcrage anergy, and I ls a state of the conflguratlon K.

Ceneral fornul,ae for the average snergy nere obtalned by Slater (1960),

for the varlance by Bauche-Arnoult et aI. (1979)n for sone tenns of the thlrd
and fourth nonents ln the J.J coupllng by Nonura ti9?2). In [2, 331 there we-

re der-lved the expresslons fon any order moment, caused by one-electron

spln-orblt lnteractton, and for the thtnd arrd the four'th monents of any con-

ftguratlon. They nere used tc lnvestlgate sone pecullarltles of the .spectra
.for atons wlth the open pf,, dt and fx shells [33!: the con]ributtons of Cou-

Ionb and spln-orblt lnteractlons to varlance, sceHness and excess as a fun-

ctlon of a prlnclpat quantun irurqber, the dependence of scertness and excess

on a nunber of electron ln a shell (Flg.7)"(the sySretny wlth respect to a

hatf ehell is dlstorted by the contnactlon of rarllal wavefunctlons and the

presenee of a nonlnvarlant spln-orblt term). The values of the coefflctents
x, and rc- for atons wlth ttre npx sh6tl are ln a good agreement wlth experl-t2
rnental data for n=3-5 (Flg.8). Dlscnepancles for n=2 aie caused by the well-

1B
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2,4

1,6

1,2

0,4

0

'a2

Ftg.7. E:<cess

Fock neeufts) [331.

x for neutral atons wlth ndx and 4fF ehellg (llartree-
2

known strong conftguratlon nlxing 2s22$2+ 2pt, changlng the energy dtetancas

between tarne; thus, spectral rnments are sensltlve to ccrialatlon offects.

The ratlo '/al"nlnl, uhere crzoand "f *" sptn-orbit ald Couionb lnterac-

tlon parts of the varlance, nay serve.as; a ne'.curc of Lhe coupllng ln a

shell [33 l. Thls ts a nor€ accurate rneasu'e ttran the ratlo cf the neln re-
dlal lntegrals as lt takes spin-angular parts of the natrlx elcrcnts lnto

account as well.
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?t1

1,5

Flg.8. Scer*ross xr(a), and axcess".a,tr"for neutral atous rlth npr shell

t331. o - Ibrtree-Fock results; x-np-, -DP-, * - nP{ -experlncntal results
(Moorc, 1948, 1952, 1958).

3.3.l,loncnts of the enlsslon s.pectrrT and llne strength dlstrlbutlon. Gcne-

rptly the lntenslty of anlsston llnee ando thenefone, th€ uonents of
sp{ctrun depend on i.he cxcliatlol condltlons, but ln sone rcallstlc cases

th€ assunpt lon can be mde that al I states '1". populated iqual ly
(Fopulatlons of levels ar'e prop.r'tlonal to thetr statlstlcal uelghts). Thls

usually corresponds to the physlcal condltlons ln htgh tenperature plasna as

rrcll as ln arcs and sparks. llhen the errcngy of a transttlon betr.reen two

conflguratlons ls nuch larger as conpared to the sun of configuratton ntdths
(thls condltton ls as a rule fulfllled for X-ray spectra), the transltlon

20
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energy ln the exprcsslon for llne probabtltty as aI! averaglng factor my bc

replaced by the average €nergy, and the k-th nonent ls glven as follore [5]:

t <Kr lHlrq>-<K'r' lg lr r'>-E(K-K' ) lk s(rr, K" | |
rl'(r-r')-

r Q (K.K')
ctt

l
tt'

k
l
p{

I
TI,

S(Kt, K't' )

(-r )P [[J 
.**. . .lt* D*,t, . " .t,rl,KrK ?

k-p operators P oP,erators

( 13)

where t Ir the tnaccless tla,ntltonlano Dr*, ts a transltlon operator taken

tn a dlpolc fonn, eE ts ihe shlft of the average transltlon energy wlth re-

spect to the dlfference of average energles of the lniilal (K) and the flnal
(K') conf-lguratl.ns. The factor Ccr(K,K',1 has a slnple exprtrsslon, dependlng

on the nunben of electrons ln the shells and slngle-electron transltlon llne

strength.
The general expresslon of ttre average energy r+as obtalned by Bauche-

Arnoult et al. (1982)" In the case of frozen savefuncttons the fornula of

varlance was presented by Bauche-Annoult et aI. (1382) and the gcneral for-

nula for thls quantlty r*as obtatned !n I3Oi. Sone terms cf ttre thtrdionent

were glvgn by Barrche-Arnoult et al. (fgS4) and the expresslon of thls nonent

ln terms of the nlntnal suns ln [21.

An "electron-vacancy" slmnetny of the .av€Fage, contalnlng an even nun-

ber of spln-onblt tnteractlon operatore 132,21, leads to the synraetry of

the flrst and the second nonents of cnlsslon sP€cl,t'un wlth nespect to thc

subst I tut lons

Nr-r Qr-Nr-l , Nr+ Q-Nr+l,
(r4)

whene g ls the nrgnber of states !n.a shell, and N. is the number of elec-
rt

trons ln the lnltlal conflgurattcn.

Some .terns of the enlssigi spectrurn rroncnts cgn 6e expressed by thc

correspondlng terns of the errergy levei spectra llncments- As lt nas shonn ln

t32, 21, the relatton

[ <Kz lH I rztk s( Kr, t(' r? )

lr' _
S(K, K'}

f,.rzlnlrr>F
G7-

e(Ki

( ls)
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((S(Kf, K'7') ls a llne strength and,

holde for trt$sltlons (?)" The stmllar

S(K, K')
takes plac€ for th. transltlons

<k'?o lHltr'r'rk s(Kr, K'f') E
T

<K'r' lHf K't'>k

S(K" K'l ls a total llne strength)
relatlcn

( 18)
g(K')

( 17)

of the "enlsglve zgnc" and

( 18)

( rs)

I
tt'

6 rfr,.t rfe
Bauche et al.

"reccpt lve zotrct' ,

'ftxl-

rl""tr')

<KtlltlKt>k "s(Kr, K' 7' )

s(K, K')

[ <K'y'llllK'?'>k s(Kt, (,7')
= ll'

s(K. K. )

+ ro tflr*' t!"-t t t|t tr+ xo tfr*l

(1983) lntroduced the corrcepts

deflrred by lts lnttlal nomnts

F
L

7lo

They arc useful'for the estlnatlon of the spe:trun afray, taktng part ln
glvbn trarsltlons, and r'eneal deep nalatlons betreen thc propertles of
erur€S/ luwls and structure of the, enlsslon spectrun. As lt follons fror
(15), (161" the"'enlsslrre zone" 1s ldentlcal to the aFagl of lnltlal levels
tn the caFe of transltlons t7). and the "receptlve zone" colpcldes lrlth thc
arrey of flnal levels for transltlons (t7). llhen the lolehts of zorn and
confllurretlon dlffer, thq flrEt onc ts shtfted uI, bv f,oulonb cxclnqge
lntemction - lt follous fron thc forrula for 6E(K-K'). tgl.

Ae far'as the dlstrlbutton of enlsslon llnes ls close to the fiausslanr,
usually thc knowledge of only three or even trro norents enables one to de-
'scrlbc appnoxlmtely the envelogc of ttre conplcx.s$ectrtn lrlg.g)..
, Thc arnlysls of the rc.rerrti arrd thctr parts revtal,t the rolc of varlous
tnteractlons on raln features of spectrun and thelr varlatlsn along the
sequcncee of atons or lons. An exanple ls glven-ln Flg.10.

The .above consldered nean characterlsttcs correslrcnd to the arnaSl of
llncs, thc vtdth of vhlch ls not taken tnto acco.unt. ttsually the X-ray or
Auger'ttnc wldth la not smll ln conparlson wlth tbe spactnge of llnes, but
the llne proflles depend neakly on the nany-electnon quantun nunbens. Let us
suppose that all llnes are descrlbed by the sarne proflle, and tts rnoments fl
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Flg.9. SrXII 3d"4p-3d" experlnental enlsslon spcctrun cxcltcd by thc

vacuun spark of snall lnductlvlty (3arrr,rx s &P. 1983) and lts cnvelope,

calculated uslng ftrst two noments [2]

exlst, Thcn the nQnents

sl

of tlie array of broadened ltnes er-G Gxprcsscd 12'

kr-t I

P'O t
o

up t-p ,

).

uf
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thevhere ;r ls the nonent
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Flg.lg. S$nrr ryot of thc vrrltutcc of crtsrton spcctrrn, corFc8pondlng

to thc tramittoirs {d'4f*-ldtolfl-r for ncutnl atorp(I) bfd flrst rons(Il}
cf nerc carths. Dash€d llnc rcprcBontiB thc spln-orblt part of thlS quanttty

lel.

3.Llben ch$3ctertstlce of thc Augcr sPcctru?. llaan cturactenlstlcs of
the iqgcr. apcctrur $ane practlially unlnvcettgatcd. Thc cxpr'cselon for thc

avcrage cncrgy of Atrger traneltlo# amay, corrcspondtngoto tha tr-anetttone

b ^l' 
rlz + b ^l'*t 

r!z-2 er ,

h ^1, 
r!" rfe * xo r!,*t r|"ir r!s-t cr

t2t0I t3N

. 
(2D
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Flg. tt. k Ha,"ta," Nr,a Augen spectrun: a - expcrlrcnt (tlenc ct el.
1972r; b - calculat lon ln Hartree-Fock-Par.rl I approxl:lat lon f 22 I . Thc anve-
lope of the spectrun ls obtained uslng tno f trst mnants tll . Tha arroy
narks posltlon of the average energy vlthout taktng lnto account tts chlft.
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(Ko neans thc "passlve" shells. i denotes I ln the 15 or lJ ln the JJ coup-

Itng wlthln a. shell) gere obtalned !n [29, 21. Tbe fornula of the varlance

nas derlved by the conputen pnogra6 1391. As ln the case of the enlEslon

spectrun the lntensltles of Auger llncs are supposed to be proportlonal to

thelr probabllltles as well as ttp radial lntegrals belne terr-lndependent.

All or only sone shells can be tneate& ln thc JJ coupltrg'

Thc flret t$o morEents of the Augen spectrun can bc used to calculate

approxlnately lts envelope (Flg.11). The shlft of the averaSs encrgy of

Agger spectrun, descnlblng lts ctrangc due to the dlstrlbutlon of transltlon
probabilltlce, can reach several eV and lts account essentlally lnproves the

posltlon of the lntenslty center.

3. S. 
, 
ltean chanacterlstlcs 'of ' thc photoelectron and Photoexcltatlon

spectra. The photoelectron and photoexcltatlon spectra of free atons belong

to the other ttr4pe of atomlc spectra, correspondlng to the transltlons fron

sorp levcls, usually from one ground level of the tntttat conflguratlon, to

all levels of the flnal conflguratlon. The fonnulae of thelr rorents can bc

obtalned by accornpltshlng the sunnatlon over all states of the ftnal .confl-

guratlon ln thc second quanttzatlon nepresentatlon and are expressed by the

natnlx elenent of a certaln effectlve operator rlth respect to tha ground

state wavefuncttons t2l
T'he cvaluatlon of t\e nean characterlstlcs of photoelectron spectrun ls

conslderably sllpltfled by the fact that the operators of crcatlon and

a^nnlhtlatlon of .thc pholoelectron appear only ln transltlori operators arrd

arc absent ln the Haratltonlan. As a result the transttlon op.nators do not

cntcr lnto the effcctlve 'operator and tfre ghlft of the averago ancrty ls
expnassed by the ratrlx elenent of the traceless Hallli,onlan 12, 3?l

. sE r(Ko rT, r + h tf,-lt-- I #.b ,T, ?ltPlh tfr r>i, '(23)

,yhcrc lp t" a p-clectnon part, of the ef,factlve operator, the subscrlpt at

thc ratrlx elcmnt lrdlcates the lonftguratlon, radtal orbltals of wtrlch are

uscd ln thlg latrtx clcrent. gtnllarly the effcctlvc openaton

,ff - !lK, lt*,= f, H!,
p

le ueed ln thc cxpres,lon of the varlance
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'!rtrotN, r
N. -p'3 -f't

+ Kol ilr-l; -

r!, ,lnplb tf, rr*,- 6E"rrxo rf, r * h rfr-lt. (2s)

,,tfltt nrlz + ,,tflr*1 ,,t|r*l

The "excltatlon zone' can be tnt'roduced.for the photoclectnon spectrun too.

As lt rlas shonn ln [37 l, lt ls nrrch namorer than the energy level array of
the pppcr conf lguratlon.

Durlng soft X-rry absorptlon the lonlsatlon pnocess le. conpetlng wlth
the excltatlon pnocess, especlally vhen a,n eleetron fron the subvalent ehell
ls excttcd lnto an open shell Hlth the sane prtnclpal qua.ntun nunbcr. If tte
radlal orbltal ln the ftnal state ls collapsed, the lntense photocxcltatlon

leads to the rlslng of glant photoabsorptlon resonanrces (Connerade 1984,

t4l). tn the case of such transttlons the expresslon of thc averagc encrgy

nas obtalned ln 126l and that of the varlancc by fpygprtrcrac (1986). Thcec

fornulac ara also valld fon the conplerentary transltlons

nrfr + ntfr-r nt, e7l

lr-l r+1 '
(26)

to tho transltlong
Its envelopg, cal-

. F{g.12. Gd Photoabsorbtlon
4dlo4f7-4d"4f" ( Au,r.xnx, tllemcoerv

culated uslng tvo flrst monents

spqctrun cOrrespondlng

197{) (solld llne), and

(broken ltne) (21.
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conaldcncd by Bauchc ct al. (1988).

An cxgrple 9f the photoexcttatlon spectrur envelop?, ealPutcd wlth the

ald of !rn, flfet nQnents, le. strorrn ln Flg' 12

T. T.E.I/EL A}ID LIilE GROUFS IN THE SPEgTRA

tlhenpn.GlntcracltoDlnacoqflFurattonnpstlyprcdorlpptgsovarthc
othcre. ttp atortc sptctrq aro ecparated lnto lcvcl qr llnc troupc. Thpep

groups cot?p refntqin thelr ctnraptgrlctlc feltunca 14 varleW at'olt e|!d af?

nonot,orpWly dcpendtqg on the nunbcr of electrons ln th6 oPeF sb;ff 91

tonlzatlon 4Fgrec. In such cascs lt ts uscful to lntroctrcl thc lFall

quantlllpq, cttelacterlzl4g pot tha rholq spectlul, put tl}e pcnertti gfoup of

levele or llnps. A nork ln thls dlrectlon only beglns. Thc Fvcrqfe G!!?!'gy

and vprtnnco of leyels ylth gtvcn gpln Jor thc conflguraitoq li noF ohrtatrrcd

by Slatcr (1S68)i $nc fonrulae for lhc ftrst tqo norcnle of sp'ln-orbtt

epltt """qp 
r*." presented by Farrcha-Arnoutt et al. (1935). Thc authQl'r

aln ngs !p &vclop thg lethods of eurnatlon ovcr a.rlre qulntur n$rbcFe, to

obtaln ncr{ fqmulap of loFcr nomnts and ,ln certal4 clscl, to pepforr th.c

anelytle of thG extstcrce and regularttles of Fuch g:ouPs q3 rllpll qs to

nevcil thc dipcnden -. of Qllgnqy on the none *rpprtent quqqtr;lr nUtbgrc

tr1. }fq* char?cterlstlce of l?f-a! or !lq! grgury, fqrredly tha spln-

orbtt t+t*f+qtlon. For th€ atot Xlth thc lnn.sr vacancy nfJ ' (l O) the

sptn-onblt lntcrecttop ntthlh thfs ehcll Pnedpnlnstcs even other

lntcracttpnc. Thrb cnerqy leve!5 of such conflguretlon crs ;epe!'Sted lpto

tro apln-Corfblet groups and the erleslqn or Apger spgciru!, corrispondl4g to

th.tranrt!lgngtothlsgonflgrrrrtlon,lnspln-dquuettfqlrPsofllneq
(FtS.l3). In hcar4y atons or hlgh lons the epllttlng of other shclls bccogqs

trportant as nell.'llhcn atl the ;hells spllt lnto subshelle' the rean

ctnractcrtetlce of thc subarraS/, conrespondtng to thc trlnsttlons bctrfen

t,yo aubcorrflggratlons, can. be obtalncd-by tha gerreral surntlon nthod'

rrfogcd ln SGc.3.1. Thte nthdd le also uscful 
o 
for flrrdlng thG ican

ctraractcnlstlcs of,sptn-doublct SrouPs of levcls or llncs tn the case of the

IS coupllng wtthln sbelle. A 'rcll contalrrtnS a slnglc vtcaDcy vlth the

glvcn t'otrt rcrntrn qtlntur nulbcn J can ba ecptrato{ Ccflnltcly lnto tvo

subehcl la

vhere J'- lt l/2 st J- l1 l/2.
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Flg.13, k t"," H.."Nr." Auger spectrul: a - experlment (Slcgbehn K' et

al. 1967); b - calculatlon tn Har,tree-Fock-Paul! approxluatlon on taklng tn-

t,o account natural wldth of llnes nzl , Arorrs aark the averags etrcrgles df

spln-doublet groups of llnes.
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A closed subsh€ll does not glve a contrlbutlon to the rean ctnracterlstlcs
of spectrgr. Thus acconpl.lshlng the sunmatlon ln spaces of lnner subshell

and outer shells tndependentty, ne obtaln the.nean characterlstlcs, depen-

dlng only on the total qr.rarrtun nunber of thc'lnnen vacancy [21.

As ln the case of Auger spectrun (Sec.3.4) the general expresstons of

ronents can be prcecnted ln such forn, that they rpuld nenaln tn foncc for
both coupllng echen s ln anY shell

Ttre lndependencc of sunnatlon ln the spaces of separate shells or sub-

shelle can also be used for obtalnlng th€ rean characterlstlcs of spln-

doublet groupa of llnes ln photoexcltatlon or photoetectnon spectra 121

(som of the operators are actlng on thc stngle electron states nlJl and the

othcre on statcs nlqr)
The rean characterlstlc rcthod te rrseful for the calculatlon of

epln-doublet llnes, nhlch arc broadcned by the nulttplet spltttlng due to

the lnter.actlon betrreen a vacangy ard;n outer open ehell. Sr.".,; ppgllnlnary

reeults on tbe *Fr,"tlnes nultlplet broadenlng ln transltlon elencnts uere

preeented ln t36l

4.2. Coulolb exchaneo lnteractlon ln the conplex conflgurittotl= and p€-

cullarltles of spectra. Decorpoeltlon of Cot'.tonb exchange lnteractlon
operaton lnto scalar product of tno one-electron operators and tho electrdn

nunber opcrator rcveals the strubture of cxchangc natrlx clerent8,

coefflclents of shtch can be presented ln the fom [2, 381

e*(ro lfr
1"r,.*o 

tt t? rJlut''l* d*l*t tNar-l z'1">x

x<xo rfr !\r r'rl*tt'l*o ,f,';t l!"-1 7"1'>-6(r, ,', h) .rrl.t*'l ,rr'-

- {tz.r.tl-1 E-.-.h ,T, rla r.rltl(rtlro rfr-l r}.'l z"J*)xt t-;"'

xrxo rfr t\z r'.rlut''lxo:r'fi-l ,lr*t r*r')-. Gr,,t', th ) .rrlctktllztz,

ntrerc H(r) le thc general unlt operaton. tf th. teri stnucture of conflgu-
natton nffr nffz ls ratnly deterrlnid by thi largeet renber of'a ratrlx ele-
ront wtth trrnt, then ltg terrs have a tendency to separate lnto tno groups:

thc loner group vtth thc negattve tenr-lndependen[ Coulonb exchange energy

and the Uppen group'lf'terms, yhlch ane ltnked by the natrlx elenents of

l.l(k) wlth thc terns of conflguratlons rfr!1 r)ril.

r\ rr'v1. fiz.r.rl-l

(2s)
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The slnpleat such conflguratlons are n(l-l)-tnl (thnsen 19?2, l$vac x

gp. .1S/6), yhtch have onc hlgh-lytng lcvel tP 
"trd 

a loner group of renalnlng'
levels. The upper gnorrp ln conflguratlons n(l-tt-rnlx "r.d ,,lrl'z-In(t*r) 

"t
N-2.conslets of three t€rrc, vhlch at l=3 are r.6ually lytng,qultc dtstant
fron the lor.rer 8r:oup'(Ffg. 14). At a larger nunber of electroirs or vacanrcles

N the levcls'of both groups tend to overlap. It le expcdlent to descrlbe thc

E(1 0o0cm -t ;

300

o

200

100

-
- --:.--

CelV BoXll

Ftg.l{. Energy tcrr spcctrr of CctrV 1rdoef2, and Ba XII 4d8{f (ntth re-
spect to the lonest tern of conflguratlon) calculated ln llartree-Fock-Faull
approxlnatlon [381. '
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dlstant groupe.by dlfferent radlal orbltals. For thesc purposes the
slons of thc avGra,gc cxclrange coefflclcnt for the uppcr group Hene

127, 21.
By dlagonbllelng the natrtir of raln cdefflclbrits tiii_ldl tt

cTpres-

obtalned

li p6e-

rlblc to obtaln thc ruvcfunctlon basla, irhlch, le horc 6:6bt theri thc uSuel

couplcd io*nte basls 127,381 (Iluc to the cehcillattoii effaet, i,lid rirlxtng of
tcnrc, belonglng to both lFoupd. ncmlrui thll on tiltn! lnto accotiht rill
Coulorb lnteractlon). Thle baste can bc coii'btirbtld axpllcitfy by uslrrg thc
operator H(lt, ln ptrttcular, on obtalnlrrg tht wtvtfwrcttons of thls opcra-
tor. At l-rl^ rnd ltn k-O thls operator ls pnopoft,lonel to thb l5osptn opa-t2
iaton (Pylpncac, Kaxnycrac 19e4), r,tlllc at ir*I, to thc elictnic niulttpole
traneltlon opcrator; the last ba,sls, claborrtcd irrtheidtlcally by Bcnnotas

ct al. (ISSO), lilr nared partlclc-holo baslg.

Rclatlonshlp (29) betrccn ttre cxcliange eoafflilent !r arid dlcctric dl-
polc tnansltlon anplltudcs cxplrlna ths khbrm patt-rn Jf pho.tocxcttCtlon

spectre, corre3pondlng to translttons (26). iri ttrc dlpol" approxlnatton the
photocxcltatloh ls pocslblc only to those tdi-s of a finel conftguritlon,
wtrlch belorig to thc uppcr grtrup of tenrco ariil thc haln nantlirb oi siSetr.a tc

]r]ftea 
to the hlghcr cnertlGs (Sqar 19721.

4.3. Dependencc of atontc quantttlee on; Splirr ipctBplir aitd quggligpln

qua$g--!gbers. Levrls nlth glncn sptn queiitun nriibcrC 1116 rirreiy iesolvcd
lnto separate groups, but th€ tcndency to hinenge levele ulth the htgnen

nuftpltctty loner ln the spectru: ts peculiar to the €lectrohlb coitftfiria-
tlons, espectally nlth onc opclt chcll. Eveii lf siich !t'ort$s do not ai'lse,
eonetlres lt ls trportant to ddternrlne thb depandencb of the crrdrgy and

other atonlc qua.ntitles on the approxtrately gdod sptn qriaritUi nuiibcrg.

In the case of the IS. coupllng xlthln Ehells, thc strnmatlon tn orbltal
and spln spaccs can be acconpllshcd lndependcntly. Slrtcc only the scalai
pert of thc opcrator glves a contrlbutton to lts lverage, $€ cen put all thc
reeulttng orbltal rankE of the operaton tn the subepacos of all shells equal

to O t2l. lftren tlre operator ls one-cl6ctron operator ln all subspaces, the

averaged spln operator ls obtalned tnrnedlately, tts natrlx elearent has thc
expllctt expnesslon. (In thls walr thc dependencc of the Coulonb exchange ln-
teractton anergy betreen shells.on the spis ls easlly &ternlned. ) If the

operntor ls of trp-elcctnon type ln certaln subspace, lt can be trar,sforned
tnto a spln operator ln the followlng nay tzl. The palrlng operator (tts
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alganvalqe glvge thc nulber of electron palng tn a eholl) le transfor.od tn-
to a geupled fgre

(30)

vhere iqtrt t ,-'1rT:r-lt l.r-rrr. Each t*q of
thp oB:rFlgr of p$!rl4g Utth lbe glvep rerent.S,

<lN rtsff(Sl)f lil rt5>r N($, Sr) ,,

eur (3o) ovcr €, rcpncgents
. ltultlplylng lta clgenvaluc

* - -4 
frrr[,*t* etl(Lrs,).[i * it(Lrsr)J,

5y the lvgnafc ener8V of tfrc clectron palr ullh the epln S, rnd sunlng
ovgl'' xl! popslhlc v1lp9s 9f Sr ye obtaln the avcnagc cncrgy of the tcrre
vlt,h thr gptn S

F{lt ql, 
$ntt, 

qrl E(t? srt. , (34)

I
Tht correspondlqg operrtgr (pbiqlired replactqg ln the rlght hard of (34)

thc clgenvnlne ll(s, sr) bg lhs perlrrg'operator ?(s1)) represcnts an avaraEc
sPlD QPeralor,, lntrpCppeC by Flrl.?frc3p, l(arqqrcrec (1gS{}. It carr be uscd for
cvalrrat,lng other: lolqn!8 of thc tgrq group vlth gtven rultlpllclty.

Thc +Ver.qglql gf tha transltlarr probabtllttce can ba accqppltehod by
uslr.E llp r-clattoq fgr tlp fl'fpttoml Frcntrge cocfftctcnts

I lln rrslrN-l i E sf 
" fb+ [ + +s(s+r)-srs+rrJ

tt r

(3r )

(33)

qnd lllp corrcsFoFrding rlletlcn fpr rhc irro clcctron cocfftctcntc ([31],
&arerprc, EppnoRe 19!3)

A rtrller rpttroo g3rl h? rnpltd fgr obtalntng thl erErgy dlpcrdcrrcc on
th3 lssqPll qUSDtTf pgQpr T. qy trerttng thc crcetlon uld annthlletton
opgnXtops 9s tflpls tcnsof€ ln crbltal, sptn and lsoe'pln. apacct ud
tntroducllg tho. opcr:ator5 of palrtng.rlth e glvcn .leoeptn nulbcr, tt lr
posstblc to cv:lustc the coeff lclents for Coulorb lntc;.actlon ntrlx
clcnnts averaged ovcr all nntrl-clcctron qrnntur nurbcre Gxce!; T [3lt:

F*trlt ltz r]. -

4t t*r ltz T). -

2<llc(ktfl>2 
tl(l+r)H,lto+ (21+t)x l, kro, (3{)(21+1)({l+f)(fi+a) L 3

a<r;ctrr ;r>?

(2t+11(tl+!)(tl?3) I 
u* rrtz+ x ]' rr, (?F)
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EotlN, lNz)- | r, xr* x ,

whcre

x_r(r+r)_ \.:'-. +a

(36)

(37)

At T=(Nr-N")/2 (Nr. Nr) these fornuiac descrlbe the Coulonb lntcractlon
enengy, avcr-aged over all terns, absent ln the loncr conflluhattons ltr
lNz-P (p>O) t181. Thetr usc ln llartree-Fock cquatlone glvcc the yavefunc-

tlong, whleh arc autolatlcatly orthogonef t,b the functlons of lorer states
wlth thc sare s5rnnctry.

The quaslspln Q, the second analog of the spln, ls rclated to the sen-
lortty quantun nuaber u. tlslng the palrlng operator ?(Q) lt ts poeetble to
obtaln the lnteractlon en€ne6r, avenaged over all quantur nurbers, cxcept u

[31], t]e Sh.llt, Talnl ( 1963). Thc cocff lctcnt at the lntegral f (nt, nt )

neads:

F*{rNu)- { Il+iif$i - qiij## } .r;c,k';r,z. (38)

The ghcll lx fras only one ton vlth ulo sr rrrt, utrlch le rrsually the

hllhcst ten of thts'conftgrrratlon [25], so (38) glves thc formula for euch

tebn'and, together ul!,h the expresslon for the ground level (see Scc.4.4),
enables to flnd th€ uldth of the cncrgy epectnrn.

4.4. PecuUarlt,les'of the ground statc ard regulerlt.les,of the blnd-
lng energleE. Levels of the ground tern often fon a- seperata Sroup of
levcls. Thu9, at nornal tenperaturcs (Tt SOOK) only thls gnoup of .Ievels of
ueuatly only tlre ground levil are populated, so they .are playfng arr

lnportant rolc -ln the fornattbn of spectra. In the IS coupltng thc ground

tern often ls of the hlghest nulttpllclty. The other quantun nurbers of thts
tenl and tte lbrest levcl also have stnple expresslons ln the case of one

open shell l

* ll/2. v- l(, L- ll(21+l-ll)/2, J- tl(21-Nlt2,

yhere N le thc nulber of electrons at N<21+l and !hc- nunber of vacancles at

NrZl+I. The fonnulac for l,l and U rquantur nunbens of the ground tern of the

fr shell uera obtalned ln [251

A shell tn tts hlghest nultlpllclty state ean be separated lnto' tncr

(3s)
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| 2 J 4 C 6 7I9 t0 Nt
sc2' n2' y? tf nf rto cf tti* fub zn2'

Flg.15. Blndlng cnergpl of 3d cicctngn ln thlnd lons of transltlon
elercnts as a, functlon of the nunben of electrom ln 3dx ehcll.. - cxperlrcnt
(data, takcn fror Conirn (1981)); -.- calculatlon ln llartrcc-Fock-Paull ap-
pnoxlntton; -.. qalculetton taktng lnto account onty arierage errcrglca [351.

5
At

Flg.16, Blndlng cncrw of 8p clcctron ln ncutral atore as a f,unctlon ot
the nrnber of clcctrons tn 6pr ghcll. - cxpcrlnnt (data, taken fror Gosan

(1981)). -.- calculetton ln tlartncc-Fock-Pault approxlntlon; -..- thc sa.n,
but ntsslng spln-orblt lntcnactlon contrlbutlon [351.

6
Rn

2J1
Pb6itu
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eubahells rlth elaetron splns dlrected up and donn (Judd 1g6?b), one of
whlch ls enpty or cloecd. The addltlonal relattona for scalar prodrrcts of
etandard untt operatore can be found ln the spln-dlracted space. It leads to
thc expllqtt cxpresslons for thu cnerglec of the hlghest lultlpllclty terrc
1251" The subetltutton of thc ground tert qu4ntun.nunbens (gg) glves the
forrulac of thn ground tern cnergy as ttr€ polynonial of tho clgctron nunber
ln a shell [2S1.

A eubehall nemlns lnvartant. on FGRlrElng clections by vacarrclac (at
frozen radlal nave functlons). Thus a sbpll tn tts htchest nrrltlpllclty rtatc
obteins an addtttonal synnetry wlth respcct to a half of shail lx+ l2l.l.r.

The electron btndlru energy ln an aton lg qxprcsaed by the dlffFrenec
of lon and at.on ground state enengtes. So vhlle rrstng the obtalned fornulac
for thcr, tt uas posslblc to :valulte expllilt oxpresslons of th.
tern-dependent part of the blndlng Gnergy End to show t,hclr approxlratc
slnrctry wlth nespect to thc nulbans of eleotrens llrl+l anil 3l+a-il. Thts
dependencs tras a dlfferent pat,tern ln thc casesf whcn 9oUlOnb or spln-onbtl
lnteractlons are donlnatlng ln a ehell" Thc lxpenlpcot,al ncsultt ugrrllly
comespond to th€ Coulolb. pottern, lrpoqed o$ tha llpparly lneregslng
dlffenence of avcregs cnergtes (Flg.15), but tn a rou of stotc ntth thc gpr
opcn 'shell a sptn-orblt pattcrn givce an evldanec (Flg. t6). Taklng lnto
account all perts of thc blndtng cnergy ths ,,lntcrvll rufeg" for thle
quantlty nere derlved [3Ul

I rr,r,,I+l-l{1+ rnl(;l+r+rrJ / rnt(lt*l r. z ,

Inl ( l l+1-ll;+ Inl ( l l+1+ll)

- r t', l>1,
' Inl(tl+1-ili+ Int(t l+l+N')

vhere N-O'1,...,1. Correspondlng rules for the alnos! fllled shell follon
fror ({O)' (41) on replactng ln thel l+1 by 3l+b. These rules wene estab-
llshed enptrlcally for f clectrons by cru,rr4mr r Ap. (l9gz). Thelr applfea-
tlons to p, d and f clectrons ;;f varlous atons and lons have ,shonn a hlgh
accuracy even at hlgh degree of lonlzatlon

({o)

(41)

5. COHFICT'RATION XIXING AXI) t'n; IT'FLTJEJICE Ol X-R^y AHD AIEER SPECTM.

The lnvestlgatlon of corrclatlon or nany-body effeets ls one of.t?ro

t
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natn problens ln atoqlc thcgry ald ln prtlcular ln lnner-shcll ptrysles.

Conl'lgUra'-lon nlxlng (Ct{) or coFflguratlon tntcractlon nethod ts thc noetly
rtsed correlatton rethed. Beeldce the nurlarous calculatlons, perforned by
thls rnethod, aom atlenpts to lnveatlgate the rcgularltles of conflguratlon
nlxlhg effects (Layser 1959, Froese-Flsher 1g77, Cosan fSSf;;/Becf, Nlcolal-
clas 1982, anC ottrei-s) and to lntroducc thclr nean ctraractcrt3tlcs (RaJnak,

Wbduftio 1963, Bruohe et el. fgSB) rerc nadg. Such a thoonetlcal approach
rag dcveloped ln thls rDfk by tntFoduclng,,the ner Dean charactcrlstlcs, cva-
luetlng thcln exprosslons alrd applylng then, sorctlnes togethcr nlth de-
tatled caleulatlonB, for ttre lnvFstlgatlon of etrong nlxlrrg effecte ln X-rry
hnd Auger spedtra.

5.1. Haa4 chaflctcnlatlce of the conflguratlon rlxlng. The colplcx of
tuo or rore nlxlng conftguratlong thd thc trarrsltlons bctrecn such-tuo corp-
lexes cqn ba deecrlb€d by thelr lolrcnls. It lB vcry llportant that thesc rcr..

lFnts cah be cxPresgcd ln torni of thc lvenagcg of thc operaton6 ln a aln-
gle-conflguritlon ipproxlntlon [Z l. Instead of the central (f.) end thc
tnttlrl (c.) nonentg tt ls ugeful to lntroducc thelr changes due to tho con-
ftguratton atxtng

Al,*. u[t-d*, \- # -n;-, :rz;
Hhcne thc sulteortpts iCH" ahd "Bur' ltrdlcatc mrcnts of corplcx ln Cll and

Blngle-co$lguratlon appnoxlnatlons. For clrarplc, thc charrges of thc accond
and tlrg thfrd lnltlal roruntt of rrrrry lcvcl apcctrur erG cxprcsscd by the
evEragcs as follore lll:

e'!ttrl' r{m t , 8(Kr) rk,*, t,*,,x, '.

r{tn.;fu,
+2 E g(K. )

t<Jct I

{ Lrtt*,} *1,k.;,\n,'*' *

't,rrtrr.\*,t*t ) ' .

' (43)

(.{)

vhcre t -d k,f. arc thc tlarlltonlans, actlng ln thc confl3uretlon K, orrJ
betrrccn thc conflguratlors Xr.and KJ. ThG grrirt'tqs ln (rl3), ({l} lc caplcd
out over all conflgrrattons of thc corplcx fl.

'The ratn problcr of thc Cll nthod tr e ctnlcc of thc conflgrratlon ba-
sls. So far as thc Cl{ ls stronger at thc larg* abaolutc nalue of lntcrcon-
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flguratlon ratrtx clerents and at the srallcr dlstanceg betrpen lntcractlng
lcvcla, tho follorlng teaBure of tha conflgurattone K and K' nlxlng, tho
conftguratton rlxlng etnength, can bc lntroduccd [24, 1l

E <KrlHfK'7'> .H(K,K, 
)

T(K,K')- tT'- 5 - 

- 

, (4S)
a- (K,K') c-(K,K')

nherc rt(K;K') ts tfrc varlance of-spaclnge betncen tntcractlng tevqlg

I tcKrlnlr7> - (K'7.'lnlrr'>12 <rrlulrr'12
t2{r;x1;- tr' ' 

(46)

<xTlHlK'r'>2

Approxlrately T(K,K') has a neanlng of a sgr.rare of an averrgc coefftclent
ln a.ravefunctlon cxpanslon. Ttrts quanttty Ha,s used to lnveetlgatc thc
rlxtng of (s+61N+1 conflguratlons ln thc lron group (t2(K,f') ln (4S) yas

approxlratcly replaccd by the eqrnred dlffercrpe of ^r,hc avGragc energlca

{E(K)-E(K')}2).. As Flg.17 . shors, thc cil betneen dr; and di-rsa

conflguratlons ls prevelltng ln tba second balf of the perlod, mtnly dus to
the stnong overlap of thcse conflguratlons.

The shtft of the level K7 energy dr.re to tts CM wlth all levcls of thc
dlstant conflguratlop.K' .Tt b" calculatcd appnoxtratcly tn thc eecond orden

of perturbatlon theory by rcplaclng the rnengy dlffer.errce tn the denonlnaton.

by thc average dlffercnce

I t<r*lHfre> - (K'r'lHltr'r'>l <KTlHlrz'12
ll' (47)

<KrlHlK'7'>2

Thus thc 
"r"."r" 

cneFgy shtft nay be. exprcssed tn the forr

<KTlHlK'r' ra <ry1g.ff 11g'>
aE(Kl,K')-

l
rl'

E{K7,K'1.

[.
tt'

E
I I

E(Kz,K') E(Kr,K')

Tha forlulac of the effcctlve operator Htff
nlth onG or Dorc open shells $ere glven

For.larorx*, g,'rqycrec (f9$), tlyltngs ( 1985),

ecnted ln [21.

Thc avcragc

r ({8)

'.a

for dlfferant .. conf lgurat lons

by REJnak, l,lybourne ( 1963 ) ,

the general fornulae HerG pre-

shlft of the level cncpgy of conflgrrrat.lon K ls glvcn by

36

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



s
-\t

t{

I

b

0

-z

Ffg. t?. 1s+d)Fl rtxlng ln tron scrles 1241. Dashed llne corresponds to
the arrcr.qgc cnergles of conflgurratlons ar'r(t), drs (2) and dl|-rsa (31 ntt]r
respcet to the energy of corrflguratlon d"-t."; shadcd areas shos thc barrds

Et t,ria ,fn? for conflgurattons dts (vertlcal shadlrrg), dr-t"t (honlzontal

shadlng) and dt'l (obllque shadtng). Solld llnes ln the botton represents
the nlxlng strength T(K,K') (45): l- dxs- df,-1"2; z-di't-dx'ts2; 3-dr*t-di".

4

2

o
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aE(K,i(') :.aht I aE(rr,K') - - 
M(5'K'I 

-." t g(K) E(K,K')
The expresslon of the sun l,l(K,K') ras obtalned tn l2g, 21.

aE r(rf'-l r|r*t tl. ' rfr rj.-l r!".1 r

5.2. Nanrowlnc of the enlsslon run due to conflgrratlon ntxlnr.
Thc general sunnatton nethodo referned ln Sec.3.1, ls also.useful for
evaluatlng the nean ct€racterlstlcs of ttre enlsslon spectrun, correspondlng
to the transltlons bctween tuo. corplexes. of ntxlng conflgurattons. The

changes of the spectral nonents due to CM arc deflrred atntlarly to (42). Fon

exanple, taktng lnto account cornelatlone anong threc ahells ln the lnlttal
state, ttre change of the avenqge energy nay b rrttten [34]:

(49)

(51)

,T, rlz r!t=

(so)

.I [+uI { l: i: I,} ] ",1c(k)1tr' 't.[c(k)trtr> nkorr3,r2r2),

shcire Orr,r" ls a slngle electnon. subnatrlx elenent of the transttlon ope-

retor, nt'f.- a Coulonb radlal lntegral. In the ease Nr=41 +2, N"{ shlft
(5O) nas obtalned by Bauche et al. (198?). The fonnula of the varlance for
these tnansltlons ,o" iit"r, ln tZl. tlsing tfre synmetry between N-partlcle
and N-vacancy averages lt ls posslble to transforn these expresslons for the
tnansltlons fron one upper conflguratlon to two-conflguratlon conplex t2l.;

The obtatned exptlclt fornulae of the nean characterlstlcs d." *O rl"
nere used to lnvestlgate the rnnrowlng of the enlsslon spectrum through con-
flguratlon nlxlng. Thls effect called an attentlon, when lt alloued to ex-
pialn the lntense quaslcontlnuun bands ln eoft X-nay spectra of htghly lonl-
zed rare-earth elenents (llandelbaun et al. t9S8f.

The nost lnportant speclal case of tnansltlons (50) corresponds to the
decay of a vacancy at the presence of outer open shell

spN . =2pN-2a + szpN-l, p5dN + o6ot't-2, + o6oN-t

d9fN * dlOfN-zg + dlofN-l. :

In atore and flrst lori the conftguratlon wlth lnner vacancy strongly nlxes
wlth aany conflgurar-lons of the second type (5) (outer electron is exctted
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lnto a Rydberg senles or even eornespondlng contlnuum), but tn hlghly lonlz-

ed atons 1t alxes efflclently wlth only one nearest conflguratton. The lar-'
gest shtft AEcx takes place at equal prtnclpal quantun nunbens of all elec-

trons. The analysls of (50) shor.rs, that shlft of the average energy for such

transltlons ls alr*a;rs- posltlve, 1.€., the lntenstty of transt'tlons fror a

hlgher conflgunatlon decreises and fnon a lor.rer conflguratlon lncreases. The

results of calculatlon at varlous nunbe:'s of electrons ln outer shell, lonl-
zatlon degrees and prlnctpal guantun nunbers of ns-r and np-t vacancles [341

show a llnear dependence between AE^- and Ac^3. The narrowtng of the epec-cx cx
trurr and lts shlft to the hlghen enengles due to CM lncnease wlth lncreaslng

the degree of lonlzatlon, decreaslng the prtnclpal quantun nunber and ln-
creaslng the orbltal quantun nunber.

- . Inttlal and flnal conflguratlons of consldered transltlons (51) arc the

sane ac the related ones ln the expresslon of the coefflclent 8, (29). Oncc

nore, thc naln coefflclent I, of the.lnterconftguratlon matrtx elenent ls
expressed by the same natrlx elements of operator w(1) t381. It reveals a

deep relatlon betrrcen the structure of enengy levels and enlsslon spectra.

The dlagonallzatlon of the natnlx lgr.Irl gtveE a new tno-conftguratlon ba-

sls, vhlch takes lnto account a conslderablc part of nlxlng effacts.

5.3. l{lxlng of thc Brlllouln's cbnftgulatlons. In the cls€ of aorc

conf,lguratlons, dlfferlng by the pnlnclpal quantul nunber of one elcctron
the lnterconflguratlon natrlx elenents Htth frozen orbltalE are vantshlnS.

Thts result ls knonn as the Brlllouln's theoren. Th€ knowledge of strch

conflguratlons ln varlous appnoxlnatlons allows one to exclude then fron the

baslc eets. Sore Brtllouln's conflgunatlons uere detennlned by Bauche,

Ktaplsch (l972r, l.abarthe (1972't, Froese-Flshi- (1973), Coal (1981).

The varlatlon of a llartree-Fock radlal orbltal

Pr,, (r)- r$trt* cPrr, , 
(r) (52)

and ltg substltutton lnto thc energy functlonal on regulrln, lta statlona-
rlty, leads to a general relatlon for na.r'ix elemnti (Froese-Ftsher t9?3).

It nas .used tn t28l to establtsh'all the conflgurattons, for vhlch ttre grtt-

louln's theoren ls holdlng ln Hartnee-Fock (for the averagci encr!5r and LS-

tern) and lsospln bases. In HF-av basts such'conftgunatlons arc:

h .l - Ko n'1, t ,,tot*t- Ko nl4l*1 n'1,

Ko ,rl4l*2 n' l4l+1 - Ko nl4l*t ,r' r4l+2,
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wtrere K ncans

In tlF-LS'
tended

cloecd ehells.
basls the llst of Brlllouln'e conflguratlons beconee #rc ex-

Ki nl - Ki n'1, h .tt - Konl r'1, xo, nt41+2: Ko nl4l+1 n,l,

K6 ,lt4l*2- ,r'l{l*t- 16 nr{r*1 ,r,l4l*2,

h nrot*' n' l{I- Ko nr4l*1 n, l4l*1,

nhere the corc K' my contaln one electron or one vaeancy above eloscd
shells. In lsospln basls sone not'e lnterconflgurat,lon natrlx elerents dlsap-
pear [18], but the llst of Brlllouln's conflgutatlons renalns the sare as ln
HF-[-S basfe [28].

llhen the Brllloui.n'e theoren does not hold, sote conp€nsatlon of the
lnterconflguratton natrlx elenents g,f Coulorb lnteracttqn operaton Htth thc
ones of klnetlc anerry and Coulonb lntcractlon wtth the nucleus opcnator
takes place'. All such terns were deterllned ln [281. An expllclt expregslon
of the total sur M(K,K') fon conflguratlons K,K' dtffcntng hy guanttn ngn-
bers of one eiectroR, sas aleo obtalned.

'5.4. Satelllte llnes ln AWer and photoeleetron spqctre due to conflgu-
ratton nlLlrt8. Stnong 'cornelatlon' effccte for conflguratlons wtth lnner
vacancy, nalnly of type (5), lead to the ntetng.of a pnonouneed satelllte
etructure ln varlous X-nay and elentronlc speotna, espaclBlly 6i noble gas€s

and netghborlng elenente (llehlhorn 1982). The cfflclency of, Cl{ nethod,

taklng lnto account only few strongly nlxlng corrflgurqtlone, y1s

denonstrated by Mehlb nn (19821, fercxrcr.H Ap. (19?6) anrcl otherrs as r*cll rs
ln [17, lg, 221. An lntenpretatlon of satelllte llnes of X-rry spectnul r*as

denonstrated ln Sec.2.6., here such lntenpnetatlon 1e glven for eoile Auger

and photoeleptron spectra.'
Veny lntcnse satelllte llnes uere observed, t. 

"a,"** 
Auger spectnun of

Kr and N- -m spectrru of Xc by llerne et al. (1972). These satcllltes.nereI'E
dlscuss€d and lnterpreted ln nany pap€rs but nalnly uslng the results fon
llnc energles only. The full calculatlon of lntensltles and enengles of
satcltlte llnes nas acconpltshed t:i tt9l. The superposltlon of the follovlng
cotrftgtratlons vas taken tnto account:

rls4ps+ et2{p34d* {s2ep3sd. {s24p3ss,

4s2{p4. {so4p6* asep4{a+ 4s4p{sa+ oszap3sp.

(5{)
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The lnterpretatlon of thls Augen spectrun was acconpllshed together wlth
the peexantnatlon of the energy leval spectrun, the level posltlons of vhlch
ln the lor.rer part of the spectrun correspond very well to the experlncntal
results (Flg.18). The naln satelllte llnee are produced by ths doublc Auger

traneltlons, taktng place due to the nlxlrrg 4s4pB+ 4s24p34d {ftg. tS). Sone

neasslgnnents of tho Auger'llnes and Kr III energy levels rrerc proposed.

The results of calculatlon by CM netlpd of Xe nr,"* fq"l spectrun
alloned an lnterpretatlon of lts eatelltte llrca by Spo5d and 5p"6e nlxlng
wlth 5s5p5. In ths case of transltlons N.,"* and Na,rOr,"O",, thc

1 f( P, 4 d tq.+pt (2oqs ( e' b2 t

-- 

'- 
1ld,f,or+d.+s4f)tq

--- 

+pt$Poo.,,2,st
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Flg.18. Energy

nent (Moore 1952),

(s5) t lsl.

spectrum): a- experl-
ntxlrU appnoxlmatlon

ffi+fl'stxso--,, -{pr(rjrsr{t2

rl-
;R==l1*sq| 

-21
El-

I
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Ievels of KrIII (louer par.t of the
b - calculatlon ln conflguratlon
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Flg.19. H.,"N lWgr epoctrur of Kr: a- cxpeilrent (tlerrc ct al . lgTZ);
b- calculatlon, taklng lnto account conflguratton ntxlng (85). The theorett-
cal epcctrun 1g nornallzed wlth cxperlrcnt for H. Nr,"Nr," llnc Ifgl.

correlatlon cffects ln the flnal conflguratlon of the lon
t ls, 221

are aleo lmportant

At the presence ol' th lrrrsr vacancy

nents the (s+d)z nlxlng tncreasi6 due to
radc t978, t2{l). It nanlfests tn Ba 4d

ras obtatned by lfutlleunler et al. 1982

fol lowlng approxtnat lon:
' ld9(es2. 562+ GsSd. opz* aaz* 4927. .',

ln thl atons of alkall earth ele-
the collapse of d orbltal (C6nne-

electron spectrurn (Flg.20), whlch

an<l calculated ln I24l uslng the
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Ftg.?O. 4d photoelectron spectrur of Ba: a - cxp€rtrent (tlulllcunler et

aI. 1982), hy= 130,2 eV; b - calculatlon by conft'grratlon nlxlr8 rcthod

1241. Indtvldual eatcllltc llncs corrcspond to thc transltlons lnto follov-
tng ftnal sratee t- {d;a6p2(rs); 2-'t{rsp?1r51r 3 - 4d:/"5a4(rs): 4-

ldssaz(to)'D"r.; s -{d:/zsdz(ls)i g-ta9se{lo}sc "r"n, z-la9es(3n)sa 2orr";

g- laesoz( lo)sa 
'r.r".

The naln eatelllte llnea correspord to ths flnal statce of conflgunatlon

4d95d2, tno Sda clcctrons havlng thc sarc tcrl l's as 8s2 clectrons.
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, 6. MAIN RESULTS AND CONCLIJSIONS.

1. Expresslone for blndfng energy and X-ray energy shlfts due to

vacanrcy .productlon cxpllclt (quadratlc) wlth respect to the nrrnben of
vacancles have been derlved. They exceed ln accuracy the fornula, vldely
uscd for the lnterpretatton of cnergy shlfts, and dlffer only.a llttle ln
accuracy fr:on the general fomula, oxpresscd ln terns of total cnerglce,

whlch ls not expllctt and requlree conslderably nore calculatlons. The

paranetcrs of obtalned expresslons wene calculatcd for varlous atons and two

pnlnctpal X-ray llnes, theln wealc dependence on the conflguratlon and other

regularltles $?ro establlshed. Thls nethod vas systenatlcally used to
lnterpret experlrental chenlcal shlfts of X-ray llnes.

2. The efflclency of Hartree-Fock-Paull nethod (takfng lnto account

relatlvtstlc correctlons ln the ftrst order of pertunbatlon theory) fon

lnner and subvalent vacanctes" except the deeper and the outer ones, waa

shown. The regularlty uas establlshed: the dlfference betr,recn relatlvtstlc
and expcrlnental values of {nner electron blndlng energy or the cornelatlon
correctlon lircreases ln abeolute va.lus for the glven quantun nunber wlth an

lncreaslng orbltal qudrtun nunber, vhat ls caused by the lnteractlon of the

vacancy wlth super-Coster-Xronl8 atd Costcr-Kronlng contlnua.

3. The general expresslon foi the Auger wldth of the level and sone

approxlnate expresslons for the radlatlve wldth *ere obtalned. Indcpendence

of thc parttal ntdths.'for conflgu'atlons wlth one open "actlve" shell on

nsny-clcctron quantun nunbers Has proved. The same pecullarlty of the total
natgral rldth arrd fluorescence yleld ls talclng place for a. narower class of

conflguratlons rlth onc opcn'ehell above cloeed ehells. Thts conslderably

stnpllflcs the calculatlon of these quantltlee for such conflgurattons.

4. At the nonstatlstlcal populatlon of levels the rellable theoretlcal

lntcrpretatlon'of X-ray ahd Auger spectra requlnes the lnvestlgatton of all
the cascaile of processes, following a vacancy productlon and lts decry. The

nethod of such calculatlons uas elaborated (the deternlnatlon of'naln
proce6sGa by a prel lntnary " calculatlon of total Sropulatlons of

conflgrrratlons, approxtuate esttnatlon of co-rrelatlon effects, evaluatlon of

thc exprasstorrs for eone clenentary processes (nany-electron translttons ln
eudden partur'Uatton approxlm,tlon, Arrger transltions). The f trst such

cllculatton for Eorrc translttons ua.s acconpllshed, taktng lnt-o account CM
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effects. .

,5. The general dlagrannatlc sunnatlon nethod has been elaborated,
useful fon obtalnlrig expllclt expnesslons for nean cbaracterlstlcs of
varlous atonlc spectra ln nonrelatlvlstlc and relatlvlstlc,
slngle-conflguratlon qnd conflguratlon nlxlng approxinatlonf. It can be

reallzed ln a unlversal heurlstlc progra!, Thls dlagrannatt'c r"ifroA ls
appllcable also ln nrrclear phystcs.

6. Expresslons for the thtrd and the fourth monents of energy level
spectrul r.lero obtalrpd, whlch allow one td lnvestlgate lts asynrnetry and
levels denslty dlfference fron the nonnal denslty. Sone regularltles of the
scewlress and excess Here deternlned for pt,.tx and ff, shells and lt 16s
shown. that these coefflclents are very serrsltlve to the iorretatlon

._effects. It uas suggested, that the ratlo of the squril'e roots gf Coulonb and
spln-orbltal parts of the varlance qiy serve as a measrure of a coupllng type
ln a shcll.

7. General foruula of the naln n€an characterlstlcs - varlancc and
excess - of ihe enlsslon spectruo rere obtalned. It lras shown that aone
terns of the enlsslon spectrun nonents can be expressed by the conrespondlng
terns of the energ;tr level norents. All the conf lguratlons, fon whtch
n'enlsslve zonen and "receptlve zone" colnclde wlth the conflguratlon arry,
rrcre establlshed. In the case of rrnlfonly broadened llnes the fornuta for
thc enlsslon spcctrun nopents, expressed by the nonents of wldthless llnee
and a slngle llne, nas derlved.

8. .il"* characterlstlcs of thc Auger, photoelectron and photoexcltstlon
spectra uere lntroduced and exanlned for the ftrst tlnc, the expresslons of
the avenage.energy and varlance uere derlved and thelr ueefulness for the
appnoxlnate descrlptlon of the spectra r*as lllr.strated"

9. It nas shoHn, that general srrnnatlon nethods over all or only flnal
corrftguratlon narly-electron quantun nunbers can be nodtfted to obtaln nean
characterlstlcs of spln-doublet Sroupa of llnes. In such a way some prlncl-
pal fornulae for the energy levels, enlsston and othen spectra ulene obtalned.

10. Ncv expresslon for the coefilclcrru.of Coulonb exchalge lnteractlon
betrleen'tuo open shells t|t tla uae dcrlved, nevealtng ttre exlsterrce of tr.ro

Sroups of terns, caused by thls lnteractlon. Such groups are separated
energetlcally ln the confrguratlons n(l-1)jtnlx and rrt{l+z-tr| n(l+l) at
N-1,2. Thls expresslon explalns the knovn pattenn uf sore photoexltatlon
spectran 1.e., the shlft of thetr mln la:<lnrrn to ths hlgher +nergles.
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By dlagonaltzlng the ratrtx.of naln coefflclents Slll-lzl lt ls Pos-

slble to obtaln new yavefunctton basls, nore exact tttarl the usual coupled

nonent.a basls. Thls result led to che eonstnuctlon of the parttcle-hole ba-

sls for mny-electron atons

11. The nethod for deternlnlng the dependence of &tonlc qirantltles on

sptn guantun nunbers was developed. useful for thc dtralubtlon cf the nean

ctraracterlstlcs bf sptn gnoupst I+-s extenglon to the sptn analog tsospln

leaded to an expresslon for Coulonb lntcractlon Gnerry, averagcd over all
guantun nunbers, except lsospln. In a separdtc case lt pnesents the cn€rry,

averaged oven terns, absent ln the lowen conflgut"attoris of the sane,

synmetny, whtch ts useful fon obtalnlng rrav€functiohs orthogonal to ths

functlone of lorren states.

lZ. Conslderlng the electnonlc shell ln ti gtate of lts hlgheet

nultlpllctty as conslsttng of tro sribshells wlth electron splns dlrected up

and down, the fornulae for the energy atd quanttln nulberB of tho gnound

level Here derlved. They r.rere used to explaln the regularittes ln the

electron blndlng energy as a functton of a nunber of electrons !n a shell.

The lntenval rules for the blndlng energtes wer€ derived and thelr hlgh

accurecy for varlous lons, even at i ttgtr degree of lonlzatlon, nas shornr.

' 13. Mean characteristlcs of the conflguratlon ntxlng ln atons: the con-

flguratton rnlxlng stnength, varlance of :paclngs b€tHnen lnteractlng levels'

shlft of (statlsttcal) nonents due to CM wene lntroduced and lxpressed by thc

averages of the pnoducts of operators. The uiefulnees of the conflguratlon

mlxlng stlength for the lnvestlgatlon of Cl'l ln (C*d)f,'t conplex of lron

Sroup elenents nas denonstrated.
'l4.The fonnulae.or the shift of the averate energy and varlance drrc to

CM.xere derlved ln the case of transltlons fron two hlxlng conflguratlons on

into tno ntxtng conflguratlons. It nas showtt. that nlxlng of the conflslra-

tions nil-1)-tnt* and nln-2n(l+1) allrays leads to the shlft to htgher ener-

gles and narrorlng of the enlsslon spectrun, colr" pondlng to the electrlc

dtpole transltlons lnio the conf,lguratlon nlx-r. Thls cffect lncr-easeE ntttte

tncreaslng the degree of lonlzatlon, decreastw the prlnclpal quantun nunber

and tncreastng the orbttal quantun nunber'

tS. All tl"e conftguratlons,'for whlch the Brllloutn's theorer ls ful-

f!lled i'n Hartr.e-Fock approxlnatlon for the average energy and LS-tern on

!n lsospln basls, uere deternlned. llhen thls theoren does not hold, the quen-

ching terns nere establtsheJ for slngle-electron excltatlons''
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16. The efflclency of the CM nethod, talclng lnto account'few stroqgly

nlxl,ng conflgurat,ons n(l-1)-rnlx* nlx-zn(I+1) or (s+dlx, for the'
lnterpretatlon of satelllte structure of Auger, X-ray and photoelectron

spectra r+as denpnstrated. The calculatlons of the energles and lntensltles
of tho satelllte llnes ln,* ta,ann, *" na,"* Auger spectra,'.*'4"." X-ray

spectrum and Ba 4d electron spectruu[ ]rere acconpllshed and the

lnterpretatlon or reasslgnnent o{ some llnes was proposed.

Consequently as the.result of thts wgrk the theory of ai,ons nlth vacan-

cles, X-ray and Auger spectra, wa.a essentlally extended: new featureE of the

conflguratlons wlth vacancles (appnoxlnrate lnvarlance of the Auger arrd radl-
atlve vldths and fluonescence ylelds, appearance of the level groups, caused

by Coulonb exchange lnteractlon) and the relatlon" Ltr."en such cnnflgura-
-tlons structure and X-ray or Auger spectra pecullarttles (shl'ft of the pho-

toexcltatlon spectrun, namoutng of the enlsslon spectrun. reg.rl..rttles of
the blndtng energlcs) Here revealed, genenal nathods for obtalnlng expllclt
expresslons for rean clnra,ctenletlcs of sp€ctra, thelr llne or level groups

were elaborated and applled to obtaln naln global characterlstlcs of spectra
and nany-body effects ln then, new uevefunctlon bases uere suggested, efflcl'
ent theoretlcal nethods for the analysls of X-nay and Aucer spectra rrcre ela-
bonated and appltbd for thclr lntenpretatlon. Sone of ltrese results and de-
veloped rethods are also appllcable ln ttre optlcal epectra anfl nuclear shell
theory.

t

Acknouledserents

The authon ts very grateful to his colleagues O". S.KuCas, Dr. A.ttdrls,
Dn. J.Grudzlnskas, L.Rudzlkatte and olhers fon the successful collaboratlon
and pnovldlng the calculatlons ylth conputer, h.Sc. J.Kantauskas, Dr. A.Sa-
vukSmas, Dn, E.Na3l€nas for stlnulattng dlscusslons, Prof. Z.Rgdzlkas for
hts errcouragendnt and suppont, Iln.Sc. P.Bogdanovtch. Dr.G.Menkells, Dr.
A.Tutlys, Dr. S.Sadzluvlene f'or thetr corputer progra"ms, wldely used ln cal-
culat lons

49

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



7. LIST OF PUBLICATIOIIS

1. Xapasun P. Baetrcrue B TeopHp peHTreHoBcKr,D( H gnerrpoHFrlot cnoxTpoB cBo-

6o.qrno< arouoB. B;lunpc: Morcaac. 1987. 274 crp. ( Engllsh translatlon:
R.KanazlJa. Introductlon to the Theory of X-Ray a"nd Electronlc Spectra of
Free Atons. New York: Plenunr Press. 1992).

2. Kapasni. P. .Cyvnor aroHHbD( | BertHqHH u cpG.qp,re xaparreprcrnrx cnerrpoB.

Bn.rsrmc: llorcaac. 1991. 2'72 crp" (Suns of Atonlc Quantltleg and llean Cha-

racterlstlcs of Spectra).

3. Kapasnn P. U. , Bns6apallre t. n. " PygBnrac 3. B. , CIrnc A. II. Ta6.rrary AJrn

pacqera rraTplrqHbD( Irer{eHToB oneparopoB arc}MFnux Be.nHt{HH. Mocrea: Btt AI{

CCCP. 1-oe rsn-e 1967, 102 crp.; 2-oe usg-e 1972, 1O6 crp. ( Engllsh trans-
latlon by E. K. tJlllp ANL-Trans-563 Spnlngf leld, Natlonal Informtlon
Senvlce, 1968)

4. Kapasxa P.l{. Koaranc op6uru aoa6Sn4erroro brerrpoHa u oco6exnocru

arorn-$D( cnercTpoB. Ycn. Sus. H., 135, 79-115 (1981). (Engllsh translatlon
ln ttsp. Flz. Nauk, 24, 775-794 (1981). )

K:arazlJa R. Evaluatlon of expllctt expresslons for mean charactenlstlcs
of atornlc spectra. Acta Phtrrs. Hung., P, 65-77 (1991).

Kapasna P. ll. , fpa6aycrac A. B. , l0lceaes A. A. BmRtnre EaraHcnn B srekrpoH-

xoft o6oaoqre r*r gHeprnn recrrcoti pelrreHoBcuo? trrlrrytn Jtaroi. i[xs. c6. o 14,
a

?,3s-247 (1s74)

Kapasna P.rl., lpa6aycrac 4.8., Knceteg A.A. Casurn tecrrcofi peHreHoBcKoR

Jw$rnu npn o6paaoBaHlo,t HecKoJrbKHx BaKaHcnR a e.nerrpormrx o6oaoqrco(. ful-

.'Toa. ilrrc. c6., !9, 249-261 (1974)"

Kapaara P. l{. , lpa6aycrac A: B. , Kr,rceaeF A. A. tsrunnne KParHoR HoHHsanu{H

arora Ha eHeprno Kn'twn+tu. Hsn. Cn6. orA. AH CCCP, cep. xHM', No 4, 3-8

(1975).

9. Kapaarn ,P.''1. , Ygpnc A. n. , Fpy.qsnHcrac U.n. Buparernaa trgtr Bepof,THocren

noJrHer+rofi o6oaoqrofi. IIu-

roB. iPra. .6., :q, 527-537 (1975)

10. Kapasua P. H. , Ygpr,rc A.}{, , Kncenes A. A. BanrnHre BaraHcHH. Bo ax5rrpermeft

snerrpoHHofi o6oaoqre Hd, pa3rnqHHe aroMHHe BeJIHqHHbr. l{ae. AH CCCP, cep.

i[ng., p, 235-239 (1976).

ll. Yqpnc A. !,|. , Kapasnn P.H. Hsr..eHeH4e aToMHbrx BeJrHr{HH npN o6pasoBaHHH Ba-

BaxajrcHH do BHJarpeHl{Hx ereKTpoHHr{x o6oloqKax aTo}.€r. JINrOa. oHs. C6., t7,

5.

6.

7.

8.

50

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



1s9-170 (1977).

12.,Kapasua P.[1. o Y,4prre A.[1., Fpa6aycrac ,[.B. Mcno.tusoaano|e )(}rra{r'lecKHx

cADx!.oB 3reKTpor{{tD( ypoEHeR A,nfi nsyqelo|' PecflpeAeneHHf, eili[eKT.lExnx sa-

pflltoD aTot|oB B coeAflHeHHf,x. IypFl. cTpytcT. xvn''tn. 18, 653-660 (1977)"

13. ltarapoa .[. Jl. , xapaexa 
,t. 

n. , Earparoa 0. o. , rln6rcoa H. n. , t'Moccarq A. H. ,

3afttea It. U. o ygpnc A.'ll. ,lllr,rucprcaa Jl.B.. )krflqecrHe a{ifenrir a L-cner-

Tpax Th" Ilpnsnarx cJtrpcrBoBartln cBf,saHH(,ro cocroirsrn E coeAHP.elfitx

Th(nt. Paanoxunnf,, 390 116-124 (1978)

14. Klrriac C.A., Kapoceri A.B. o Kapasra P.H. O rprrreunMOc'm npn6.nxrexna

xaprpn-oora-Ilayrnr npH Hgyqet+tH eHepnerHqecKHx XaparGTGpHCTHts A4rTpeHrux

3renTpolroB. Jtnroc. {r,ra. c6., LE, 593-602 (1978)

15. lbpasnn P. H. , Fpynsro'rcrac ll. ll. Beporrnocm rrcpcxoAoB r:iir aneaarulou

-- o6pasolanoru Barat|gHH B eIGrTpolDloR o6oloqce aTorra" 
-JIHioD' 

i[r'rs' c6'o

19, 715-726 (1978).

16. Yru)xc A. ll. " llarapoe Jt. Jl. , Kapa:xe .P. ll. " 3a64e8 I). X. o Fpa6aycrac A- B. '
Eon.qFrroarq II. O. , Earparoa D. O. Itpunerrcnne npu6rmremr' xaprpx-oora r

!€yr{ep,rp 'ot ar"""*ro cApHroF p€HTrc}b6crto( JtHHufi. Jtxros. $'rs' c6. n 1979'

19. 442-tt43 ( 19?9)

17. Kapasna P.H., Kluac C.A. 3aceaercre roH{nnypargrh ArtI r ArIII npH eJer-

Tporu|ox yAspa H nocreAyn${x npoqeccax l,l cTPyKTypa 3]rHcchoH]rcro cneKTpa

L- -. Jlnroa. Q*ra, c6.o ffI, lt95-504 (1979).
213

18. EorrFrroanq n" O. , Kapasxr P. H. , Fopp'a 
. 
H- ll.

{ytoctun r Qy*gau sHeprcrnqecKn }lnrereral1t{x

Epx.nareta E c.4/qae 3rettrpoHl'toe ror@rrypat4rx

c6., ag, No 2, 15-24 (1980)

19. EorgaHoanqeH€ x.ll., Kapasun P.H. CoArreCfl{oe paccMoTFeHxe F Ma."NN, xe

N _OO Ore cnernpoB H sHeprerrqecKrx lrpoairen XrIII n XeIII" Jlr,rron. {ns.
lr5

c6., 1981, aL. No 2. 39-52 (1981).

ZA. f$.|ac C.A.,.Ka;rocene A.8., Kapasni P. ll. Koa.,lanc op6lmu Dos6yrAer{{oro

therrpoHa. llaa. AH CCCP, ccP. {t,rs., !4, 2376-2389 t1981).

2l . Xapasnn P. ll. tlpn6lrrreHl|ar nHBap nmHccTb Ore tr pa4Hat$,loHHrD( uHp',lH l/poB-

HeR H BbD(oAa ilnyopecrternuHi' ,tHroR. On". c6', l3-, No 1, 6-16 i1rl93)'

ZZ. Fptrpsnncrac n.?t. , l(apasnn P. ll. , Srvac C. A. Ore-nepexo.qu npH pacnaAe 3a'-

KanrcrR r cy6aa-rcrn.x o6oaoqrax t(r n Xe. JtrgOn. i[us. c6., &., ]Io {, 23-

33 .( 1983)

23, Kapasna P. }1. , lpypsrarcrac R. ff. , lr.rac c. A. , l(apoccue A. B. , Bepxosucaa 3.

T.' tlorpe6nnr ll'c' o6paooaaruae H Par]4arJ{oH}fin Paclral aarcaficHn B cy6Ba-

reHTHtD( o6oaoqrax rpHrroHa. &rnra x cnerclp., 57, 395-3gg (1984).

Oprororla-mr.toclt gortr.lsbD(

rcor1furypat4zfi H TeoPer/rra

"rllt 
nrlNe JIutou. {us.

5r

Free Hand

Free Hand

Free Hand

Free Hand



24.

29.

30.

31-

25.

27.

32.

35.

.tb.

24.

26.

33.

34.

37.

Ky.{ac c.4., Kapasna P.rl., Tlnrrac B. l{. Hercoropue 3aroHoMepHocrg.cMe[M-

BaHHf, (s+d)kl roHifurypaulrft. Jlrroa. Orc. c6., ?L, No 4, 16-28 (1984).

Kanaycrac D. ll. o Kapasxn P. ll. A.nredparvecrlte Brpqrerll.a Ata sHep'Hr'r rep-
MOB r€iccts,la,JbHon rryeTurueTHocTr H cEaSaHHtD( c ttltM TepMoB, lr Tarcle

ocl{oar{opo H BucreFo ypoBxen. Jlnroe. {na. c6., 2F, l{o 2, 31-41 (1985}.

Kapaslra P. ll. , lpygsmrcrac [. ff. elparettata ,Jn cpeAHen 3HeprHH, cnercTpa HB-

;gnrerfla n ifotoaoa6yrge*ra. l.ltrmoa. fte" c6., 25, No 5o 31-41 (1985).

Kapasra P. ll. , (yuac C. A. O6.uemroe orerrpocrarnqecroe BsarrrcAeftcrare r,!

oco6er+tocru p€lrrreHoBcrnx cnercTpoB. Jlrtroa. @ra. c6. , ?5, No 6, 32-42

( ress).
i(apasna P. n, , PypuranTe L C. Oco6ergocru creunBar{r{f, sJIeKTpoHHbD( KoH-

fir1ryaru,rn, oT,tl,tqap4rxct KBal{loBna{ q'tr:Jll},ct oAHoro sreK?pol€. .llnroa. {ns.

16., 2J, 144-155 (19E7).

Kapasna P,ll., Py.q,sracanTe JI.C. 'Cpenrss. aneprut ore-:nerrpa r ero cnnl{-

gy6nerr*rx npyrur l***ttz.. .llrrroa. Qra. c6., 28, 3-14 (i988).

Kapasra P. H, , PyneruaRTe I. C. Ctrnnmpoaamre MalpHqtcD( oreMeHToB ranrH.nb-

ToHrar{a H oneparopoB nepexoAoB. flpcnepcna cnerrpa H344{eHH8. Jlxroe.

{rs. c6. , &.,.294'307 (1988).

Kapasxa P. H. K saBrcr4recril aroMlsD( BetHr{HH or rBaHToBlD( r{HceJI cnntia,

l,rsocnru.la n riagncrura. Jtrroe. i[rs. c6., !$, 775-'I7A (1988)'

Kapasna P. H. K naxornenrn tBtstx oupareralf, Arrr cpeAt{,lx i<aparleprcruK

arorctrx.cnerrpoB. Jbrroa" {ne. c6. o 29, 131-1{2 (1989).

Py*artarre.ll.C., Kapasra P. ll. Acnrnreryna h 3Kcqecc cnerTpa ypoBHeR eHep-

?nH. Jlnroa. i[as. c6., a9., 143-155 {;989)

Kyvac C. A., Kapasnn P. H. Cyrerure cnerTpa 
'€J6/qeHna 

. cao6oAnru< HoFtoB'

bcre.EcrBre cl€uHBal{rfi ron&rypaurra, Jlnros. Qras. c6. , &, 2'15-283 (1989).

Kapa^:ng P. ll., PyAsHranre JI.C. Crwerpra o6o.noqrn enetcrpor@B B se HHsueM

cocl.oflHHH H npaaHra HHTePBa.rloB .qjlf, gl{GprHR CEff3H. ormlra rn cnercrp. , QQ,

4A7-492 (1890)

Karaztja R.. Kucas S, l{ean characterlstlcs of spln-onbtt spllt amays ln

the enlsslon s;rectrun and lts approxlnatc descnlptlon. Abstr. '22nd

European Gnoup for Atomlc 6pectroscopy Conf. tppsala: European Physlcal

Soclety. p. P. 380-382.

KrarazlJa R. Closed-forn expresslons far the average energy and varlance

of thc photoelectron spectrun arrd lts groups of llnes. Today and To-

nrorr of Photolonlzatlon. Proceed. of the tlVlrSSR Sentnar. Eds. M.Ya.

Anur: . rr, J. B. l{est. llarrl ngton: Daresburg. 1S91 P. l7g-182.

Xucas S.. KarazlJa R. Coutomb exchange lnteract.ton betveen electrons in38.

52

Free Hand

Free Hand



the aton and structure of conplex conflguratlons. J.Pt\ys.B., 4' 2925-

.2e36 ( 1991) .

39. Kucas S., l(araztJa R. Average enengy and vanlarrce of the Auger spectrun.
Abstr" 23rd European Group for Atonlc Spectroecopy Conf.., Torun: Euro-
pean Physlcal Soclety,. p.p. 2ffi-207.

* Ensllsh translatlon of Jlnroa. i[rs. c6. (LIt. flz. eb. or Llet. flz.rtnk. ]

ls publlshcd under thc tttle Sovlet. FtVs. ,Collsctlon (Ney York: Alcrton) ;

thc year and volur ar"e tbe arro,

53

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



8. REFERE}AES

Aberg T. 19S'7. Ftrys" Rov., t!Q, 35.

AUerg T., et al. 1975 Atonlc Inner-Shall Froceeecs. Ed. B.Crasq-
rann (Nev York-London: Acaden. Press). Vol.1. p.p. 1-{68.

Aberg T" et al. t985" Atonlc Inner Shel Ptryslcs. Ed. B. Craseuann (Nev

York- London: Plenun), p.p.. 1-?54.
I

Aylk S. " Glnocchto J,N. L974. Nucl. Phys. A, 221" 285.

Banccwlcz M., Karwonski J. 1983: Act,a Phye. Polonlca, Agg, 279.

Bauche J., Klaplsch l'1. IS72- J. Phy6. B, E, 29.

Banrchc J. " Batrche-Arnoult C., Luc-Koenlg T., Ltyart J.-F. 1983, Pt^ys. Rev,

A, 49, 829.

Barrche J., Barrche-Arnoult C., Klaplsch M., llandelbaun P., Schwob J.-L. 1987.

J. Phrs. ts. 29, t442.

Satche J., Bauche-Arnoult C., Klaplsch H. 1988. Advancee lr, Atonlc and !b-
lecular Physlcs, vol.27 (New York: Acad. Prees), p. p.131-1.95.

Bauche-Arnoult C., Bauche J. , Kl*ptsch l,l. t9?9. Fliys. Rev. A, 20" 2424.

Bauche-Arnoul+- C., Bauch€ J., Klaplsch l{. 1982. Phys. Rev. A, 25, 2641.

Bauche-Arnoult C., Bauche J., Kiaptsch ll.' 1984. Phys. Rev. A, 30, 302e.

Bauche-Arnoult C., Bauche J. " Klaplsch M. 1985. Phys. Rev. A, 91, 2248.

Beck D.R., lllcolaldes'C.A. 1982. Phys. Rev. A, Ag, 857.

Bernotas A., Narevlclus R., Kanlauskas J. 1990. Abstr. 22nd Ettropean Group

for Atonlc Spectrosgopy Conf. (tlpp,sala: Eqropean Phystcat Soclety), p.p.

823-5.

Bethe H.A., Satpeter E.E. 1957. Quantul l,lachanlcg of Onc and Tr.ro-Electron

{tons (Berlln: Sprlnger).
Campbel J.L., '{cNelles L.A.,, Gelger J.S., }brrlt J.S., Graharn R.L. 1977.
' Canad. J. PhJrs. , EE, 868.

Chen !1. H. , Crasenann B. , l,lf,rtenson N. , Johanseon B. 1985. Phlrs. Rev. A, 3!,
556- 

r

Condon E.U., Shortley G.H. 1935. Tha Theory of Atorntc Spectra (Canbnldge:

U:rlverslty Press,.

Connerade J. P. 1978. Contenp. Phys. 19, 415.

Conncrade J. P. 1984. 'Naw Trelrds ln Atonic Phvslcs. (Annsterdan: Else-
vler), p.?. 645-d96.

Ccvan R.D. 1981. The Theory of htorlc'srructure and Spectra (Berkley: Unlv.

of Callfornla).

5{

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



De Sh4ltt A., Talnt I. 19G3. tltrcl'eq Stlell Theory. (llew York: Acaderlc

Presp)

qnfr F.G., l+rklrn r.P. 1s8?; J. Ptrys. B, lg, 1811

FBno U. 1983. nepts. Progr. Pl$.s., 49, 97.

Froese-FlsclFr Ch. 1973. J. P[Y"F. F. E, 1933. ',' 
\

FpoBse,-Flspher Ch. 19?7. Tle |$qtreg-Fock $thod for Ators (tlew York: lll-
ley).

Glnocchlo J.N. 1573. Ptrys. Rev. C., 9., 1'35.'

Grant I.P. 1970. Advgrrc.ee llt ptryglcs. Yol.19,' No 82, 9. .747.

Grent I. P. f 993. Feletlvtsilc Fffects !n Atorrs, llolecules and Sol lds.

Ed. C.L.llallt (Vancouver: NATO Advarrced Study Instltute), P"p.55-71.
Crtffln D.C., Andrew .K.L., CCHan R.D. 1969. Ptrys. Fa'ut 177, 62-

$ansen J.E. 1s7e. J. Pt\!4t. 8., !., 1096. 
t

- lnAira P.4., tkrus I.J., Vgnryopala P.R., Flnk R.t{. 1979, J. Ph}rE. 8., 1!,
,ra

1361.

Judd B.R. 1962. Operatop Tschnlquss ln Atonlc SpectroucoPy (llaw York: l.{c

Grow HtlI).
Judd B.R. 196?a. Seco4d Qrrantlzatlon and Atontc Spectroscopy (Bald,llore:

J. $opklne).

Judd B. R. 1967b. lltyt. Rev. 1€2, 28.

F.elly H.P. 1969. Adv. Chen. Phys., 14, 129.

Labartb J.J. 1972. J, PhJrB. B., E, L181.

Layser D. 1959. Ann. Phys. 8, 271.

Llndgnen I., llomlson J. 1982. Atorlc l{arryrBody Theory (Benlln: Sprlnger).

t{arrdeltxiun P., Flnkenthal }1., Schwob J.L., Klaptsch }1. 1988. Ptt}ts. Rcv. 35.,

5051.

ilcGtlp J.F., llelglrtnan P. 1980, J. PhfiE. B, 13, 1953.

l.lehlhorn lJ. 1982. Atonlc Plryslcs 8. Ed. I.Llndgren, A:Rosen {Neu York, Lon-

don: Plenun), p.p. 2t3-2ll
Moore l9{9, 1952, 1958. Atonlc Energy Lcvets ( lJashlngton: Nat. Buneau of

Standar<ls). Vol.1-3.
Nonura M. 1972. Progn. Theor. Plrys., 49, 11O.

Racalr G. 1942, 1943. Phys. Rev. II, @. {38; III 63, 367.

RaJnak K. , l{ybourne B. G. 1963. Phys Rev. L32, 28O.

Slegbatur K. et al. 196?. ESCA (Uppsala).

Slater J.C. 196O. Quantun Theory of Atonlc Structure. Vol.l (New York: tlc
Crov Hlll).

Slaten J.C. 1968. Phys. Rev., 165, 655.

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



Sugar J. 1972. Pt\)rs. Rev. B, f, 1785.

supl.51,253.
llcrnc L.O., Ilergmrk T." Slcgbahn K. 1972. Ph!'s. Scrlpta, Q, 1{1.

l{lgner E.P. 1955. Appllcatlon of Gnoup Thcory to thc Spcclat Frurctlons

of llathehatlca'l PtSrelcs (Nev York: Pnlnccton tkrlvorslty).
lfull.lcr.nter F., Blzau J.N., Ultattr G., Dttcz P. 1982. Proc. Intcrn. Conf. on

X-ray arrd Atorlc Inncn-Shcll 'P\yslcs (Oncgon) p.p. 153-157.

tlybourne B.G. l9?0. Syrnetry Prtnilplcs and Atorlc Spcctnoecopy (ilcw York:
I

Tl I lcy-Intcrecl ences ) .

2ukauskss G. L. , Bogdarrovlch P. O. 1987. Acta Ptr!'s. Hung. 8.1, 9.

Arrycun M. fl. 1987. Aror.crn r[orooi['1[err. (l{ocxsa: tlafnca}

Eonlanosrq Il.O., IGErrxn ll.C., llepreanc f.8., Pylpmcac 3.E.i Crulpr B. ll., Ua-

lfoaer* C.A. 1977. ltga. AlI CCCP, ccp. fia., *1, 2597.

Eorggnoanq ILO., fyraycrac F.JI. 1983. Jtnroa. ftrs. c6., p, No'3, 18.

Eor.qgrrcanq n. O. , Ilncrycrac l. tr. , lloucaycrafiTe A. II. , Tyr.tlrc B.ll. 1S85. JLmoa.

i[rs. c6. Ag., 44.

EorAarrosnq II. O. , Iyraycrac F. Jl. , llorncaycrafire A. II. 1988. Orrr. H crnrrP. , gL,

7ls.
Bepxoaqera 3.T., Ilorpc6nalc ll.C., t$ore.rD fl. ll. 1976. Itacsra a FTO, A, {6,1.

FpylBnxcrac fi. ft. 1s86. Jlnroa. i[rs. c6. , 4i, 536.

fiercxnx B. O. , fcmcoal+r'T. B. 1974. tDratrra rB. reaa, t$, lO2O.

Ilencxr+r B. O. , Cyxopyxoa B. I. , . SsHa B. A. , KSraarnra C. A. , tlpocq]tIpca C. A. ,

Eafipa'rrum D.ll. 1976. ll,ss. AII CCCP, cep. Qua. , !Kl, 255.

:laxinx n.O., lornnoc 4.8., Parploc A.A: ,'Pa6rrat A.H. 1983,.Intor. o?ts. c6.,

.a3, 83.

3aaqco D. I., Ea'rparcoa D.O., llarrcapor Jt.JI. tS78. Tcopct. x trcn. xrliclt, !4,352.
l(apocene A.8., Knceaer A.A., lbpasnr P.ll. l9?3. Jlrtoa. {uc. c6., |j!, 383.

I(yrac C. A. , Krpoccxe A. B. , Kapa.srn P.ll. 1976. ltga. Alt CCCP, cep. {ila. , 4g,

270.

llarapoa l.tr., Cyrao6oaa }l.f., Kapoana P,n.,3afiuea D.X., EarParoa D.O.,rln6rt-

coa H.II. 1975. Bccrrt. JIFY, No 16, 8?.

llaxapoa Jl. t. , 3aAuea D. M. , Barpaxos Il. O. 1976. Teop. H 3rcn" xtu. tL, 78.

llanaea 8.H., ttapr.nac 3.C. ,982 Ycn. {.rrs. Hayr, 138, 5?3.

Py1+rrac 3.8., l(axxycrac n.H. 1984. Kaa,ercnrx n ltsocnrH E TeoPHr. arora

{Bl.nstoc: l{orclac}.

55

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



Crurwr B.H. , Boxrr.rn B. t'. , llorrcaa f . B. 1987. Iprc.n. AH, ?gA, 650. .

cyt<opvroa B.JI. , Ilerp.,s tf. A. , trrelrcxxx B. o. , Jlanperrnea c. B. lggs. Hss. AH I

cccP, 1[9, 1483.

TnxoHog n. A. , lloceanq A. H. , lbrcapoa t. t. , Jlorrr.nog c. B. , Kpasurncra^a x. B. ,

3anqea O.I. 1988. [orn. AH CCCP, @, lS2. i.
Tyna4nr ll.ll., Epaqes B.O. i1g?9. Tcop. r 3xctt. xHM. lE, 216.
lnrcrcrc 8.q., Bepnorac A.I). lgBS. Jlxtoa. {ns..c6., 29, S3l.
Dtlnc A. II. , .llesxncos [l.8. , Bamrac B. B. 1980. llarcuarnqccrxR arnapar Teop1ar

r"oMcHTa rorDtqccTBa AFHIeHX' (Brrt}Dc: Focno.nrrrlalrqnslaTr.

57

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand



REIL[d

Habtlltaclnlarre darbe lepl€tota sudetlrgq atonq su vakafistJonls vldl-
nluosc elektronq sluoksnluose ln Bentgero bet OZe spektrQ, atltlnkanclq ra-
dlaclnlus ar neradlaclnlus grlUl-r.rs tdkluogc atorri,l,ose, teorlJa. Irodytb netl-
keta konflgoraclJq su valcanslJonls savybC: lygn6nq parciattnlq bet pllng na-

t{lraltq ploclq, apsprgstq O2€ tr radtaclnltl 5t1oli,i, O taill pet fluof€scencl-

Jos nasuno apytlkrls tnvar.tantlskunds. Tai letdtle tyhlel Bupaprastlntl 8tq

dydztq skatclavlnq,. Nr.rstatyta, Jog kodf igttt dct jirse sd dvieil ;tvlrelg bluoks-

ntals galt susldarytl lypnenq grup€so airsiif€siob elektnogtetlnee pmiiilnes
savelkos tarp elekt.ronrl" kas atskletdzti ldordlus garygtud t"t'p €herilJos

tygnenq lr Rcntgeno spektrq strukt0ros, o tatp pat lgallna {vestt naifJas

tlksleenes banglnlq funkclJq bazes. Gautos daugleelektrohlil suolttt tstatglos
perturbaclJos artutlnure) 1r Oz€ eucllq t,li(itqyblq lsrril$kos atodiarnE si! dtvl-
rale sluoksnlals. Jos panaudotoi plnniehs hentgeixr spbktrq t5hlna*is,

atslzvelglant I kaskadq procesrl, lenlanClq spektt'o stroirtura. Pet'oayta, Jog

kellq stlprtal .sqslnalsanctq konftgoraclJq uodelts geni gerai paat5klira ln-
tensyvlq satelttlnlq llnlJq atslnadlnq Reiueno tn OZe spektr0osa.

Ilarbe sufornuluotas bendras dlagr6.nlhts sufiavlnci n€todas, lgal tnarit ts

Cagtt energlJos lygrenq, enlslJos tr OZ€ sFektrq vtdutiillq charekteristlkrt

algebnlnes ltsralBkas" ytenkonflgoraclnlane 1r konflg0iaclJq suiialsyno artutl-
nunuose. Jla prltalkytas siq spektrq pagilndln6hs charekteFistlkons nastl. .

Tal lspleeta sudetlngq spektnrt, kurluos splidillluoJa irlezna ilr laisvl6J1

atonal, teorlnlo "pr.iyto 
gallnybee, o tatF pat {gallria numatytt lr tlrtl

bendrus spektrq desnlngurnus. . NaudoJantls aritrlnto ltvantavlno atvaizdevlmu

tBpletotl b0dat lySnenq bel llntJrl gruplq, o talp pat spektrq, atlttnkandlq

suollus 1g'vleno lygnens I vlsus kltos konflgoraclJos lygn6nls, vidutln6ns

charakterlstlkons rastt. HlnetleJl netodal talp pat prltalkytl korellclnlans

efektans atonuose tlrtl
Kat kurle gautt teorlnlal rezultatal prltalkonl lr opttn6Je spektrosko-

plJoJc bel brandrrcllo sluoksnlq teorlJoJe.' t

Ilaugells Sguttl teorlnlq rezultatrl galloJa 1r opttn6Je spektnoskopi3o;",

o kal kurle- tatp pat atono Uranauotlo sluoksrrtq teortJoJe.
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