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Since2007theInstituteof TheoreticalPhysicsandAstronomyof Vilnius Universityparticipatesin theinternationalproject
on thermonuclearfusion investigation ITER. Tungstenis oneof theconstructionalmaterialsusedto cover the innerwalls of
tokamaks.In theframework of ITER projectthetaskof boththeoreticalandexperimentalresearchof spectralcharacteristics
of varioustungstenions wasposed.The groundcon�guration of the investigatedions W29+ , W30+ , W31+ , W32+ , W33+ ,
W34+ is [Ni]4s24p64dN (herethenumberof d-electronsN is from 9 to 4).

Preliminarycalculationsof energy spectraof highly chargedtungstenionswith �lling 4d shellrevealthatthetaskof obtain-
ing thecharacteristicsof resonanttransitionswith accountof relativistic andcorrelationeffectswouldnotbeverycomplicated,
sinceonly two excitedcon�gurations4s24p54dN +1 and4s24p64dN ¡ 14f arestronglyinteracting.Theemissionbandof the
resonanttransitionsintersectswith multiple emissionlines that correspondto the transitionsfrom the excitedcon�gurations
of the sameparity asthe groundoneto the mentionedtwo con�gurations. It will be essentiallymoredif�cult to obtainthe
transitioncharacteristicsin thiscase,sincetheinitial con�gurationsform agroupwith avery largenumberof levels.
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PACS: 31.15.Ar, 31.25.Eb,31.25.Jf

1. Intr oduction

Vilnius schoolof a theoryof anatomestablishedby
Prof. A. Jucys exists for almost60 yearsnow. Dur-
ing this timemany methodsof theoreticalinvestigation
have beencreated,wide experienceof practicalappli-
cationof themethodshasbeenaccumulated.Fromthe
beginning of nineties,when personalcomputershad
beenstartedto exploit for calculations,the possibility
to usewidely known computercodesfor investigation
of spectralcharacteristicsof atomsandionsappeared.
A whole seriesof effective methodsandoriginal pro-
gramshave beencreatedaftermasteringtheworld ex-
perience. The acknowledgementof the high level of
Vilnius theoristsre�ects in participationof theInstitute
of TheoreticalPhysicsandAstronomyof Vilnius Uni-
versityin theinternationalprojectonthermonuclearfu-
sioninvestigationITER since2007.

Tungstenis oneof theconstructionalmaterialsused
to cover the inner walls of tokamaks. This element
can be detachedfrom the walls and various ions of
this atomappearin theplasma.Theradiationof tung-
¤ Thereportpresentedatthe37thLithuanianNationalPhysicsCon-

ference,11–13June2007,Vilnius, Lithuania.

sten ions joins the total spectrumof the thermonu-
clearplasmain variousregionsof wavelengthsandthis
shouldbe kept in mind while performingspectralin-
vestigation of suchplasmas.The spectralcharacteris-
tics of tungstenions are not properly analysedsince
theproductionandspectralinvestigationof suchhighly
ionized atoms demandsvery high temperaturesand
complicatedexperiments. In the framework of ITER
project the task of both theoreticaland experimental
researchof spectralcharacteristicsof varioustungsten
ionswasposed.Diverseexperimentalmethodsareap-
plied to investigate different tungstenions. The de-
taileddescriptionof theperformedresearchesis avail-
able in [1–3]. Within the experimentalinvestigations
themainattentionis paidto theionsof middle ioniza-
tion degreewith intensive radiationin theregion from
45 to 70 Å . The spectraof theseions arecomposed
from a multitudeof resolved lines,which form bright
emissionbands.It is known thatsuchquasicontinuum
emissionbandsoriginatefrom mostly ¢ n = 0 elec-
tric transitionswithin then = 4 shell, though¢ n = 1
transitionsarealsoknown to createcontinuumbands.
In orderto performthesuccessfulinterpretationof the
obtainedexperimentalresultsthe theoreticaldataare
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necessary. Generationof suchtheoreticaldatais avery
challengingtaskdueto theoutstandinglylargenumber
of levelsandevenbiggernumberof possibletransitions
betweenthe levels. The purposeof this paperis de-
terminationof thecon�gurationsthatarenecessaryto
investigate,sothatthetransitionsbetweenthemwould
correspondto theneededwavelengthinterval, andob-
taining preliminary dataon the energy spectraof the
ionsunderinvestigation.

2. Discussionof the calculation results

The ground con�guration of the investigated ions
is [Ni]4s24p64dN , here N (number of d-electrons)
variesfrom 9 to 4 dependingon the degreeof ioniza-
tion. As follows from theexperimentaldata[1,2], the
most intensive radiation correspondsto the resonant
transitionsfrom excited con�gurations 4s24p54dN +1

and4s24p64dN ¡ 14f to thegroundcon�guration. The
transitionsbetweenthe excited con�gurationsare no
lessimportant,too. Sincethereareno completedata
on thehighly excitedcon�gurations,all con�gurations
with the energy lower than that of the con�guration
4s24p64dN ¡ 15g havebeeninvestigated.

Thenon-relativistic radialorbitals(RO) obtainedby
solving Hartree–Fock equations[4] have been used
in performingthe investigation. The equationfor the
groundcon�gurationhasbeensolved,andafterthatthe
RO of all excited electronshave beenobtainedwithin
thefrozencore�eld approximation.Therelativistic ef-
fectsaretaken into accountwithin theBreit–Pauli ap-
proach[5,6].

The ionization degreesunder investigation (+ 29,
: : :, + 34) are high, thereforethe correlationeffects
appearingdueto virtual excitationsarecomparatively
weak. Thus only the superpositionof the lower re-
ally existing con�gurationsis usedin calculations,i. e.
only the con�gurations being examinedare included
into superposition.Thesecon�gurationsareobtained
from the groundcon�guration by excitation of elec-
trons from 4s , 4p, and 4d levels. Besidesthe men-
tioned programand our original computercodesfor
calculationanddiagonalizationof energy operatorma-
trices, the programfor calculationof angularpartsof
matrix elementsof the Breit–Pauli energy matrix [7]
wasused.

The investigatedcon�gurationsof eachion aredi-
vided into two groupsaccordingto their parity. The
�rst groupof theinvestigatedcon�gurationsis formed
from theoneswith thesameparity asthegroundcon-
�guration:

4s24p64dN ,

4s4p64dN +1 ,

4s24p64dN ¡ 15l (l = s;d;g),

4s24p44dN +2 ,

4s24p54dN 4f ,

4s24p64dN ¡ 24f 2,

4s24p54dN 5p,

4s24p64dN ¡ 24f 5p,

4p64dN +2 ,

4s4p54dN +1 4f ,

4s4p44dN +3 .

Thesecondgroupof the investigatedcon�gurationsis
formed from the con�gurationsof the sameparity as
the�rst excitedone:

4s24p54dN +1 ,

4s24p64dN ¡ 14f ,

4s24p64dN ¡ 15l (l = p; f ),

4s4p64dN 4f ,

4s24p64dN ¡ 24f 5s,

4s24p44dN +1 4f ,

4s24p54dN ¡ 14f 2,

4s24p54dN 5s,

4s4p54dN +2 ,

4s24p34dN +3 .

The in�uence of theenergeticallyclosecon�gurations
on eachother and their mixing is successfullytaken
into accountwhen the con�gurationsare investigated
notassingleonesbut asagroupof thesameparity. Al-
thoughthenumberof con�gurationsin bothgroupsis
comparatively small,thetotal numberof their levels is
ratherlarge. Even thoughthesespectraparametersdo
not exceedthe possibilitiesof existing programsand
usedcomputers,the performedcalculationshave de-
mandedmuchcomputertimefor diagonalizationof en-
ergy matrices.Obtainingtheenergy spectraof separate
groupsof someionshasnecessitatedmorethanaweek
of a PCcalculationtime. It happenedbecausetheob-
tainedmatricescontainmany largeoff-diagonalmatrix
elementsandinitial LS-couplingfunctionsarestrongly
mixedwithin theobtainedmultitermeigenfunctions,as
seenfrom thedatabelow.

Thepreliminaryenergy spectraof tungstenionsare
presentedin the �gures. On the left sidein the �gures
thereis the�rst groupof thecon�gurations,ontheright
sideis the secondone. As it follows from the experi-
mentalworks [1–3], the investigatedionsradiatemost
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Fig. 1. Energy spectraof W29+ .
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Fig. 2. Energy spectraof W30+ .
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Fig. 3. Energy spectraof W31+ .
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Fig. 4. Energy spectraof W32+ .
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Fig. 5. Energy spectraof W33+ .
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Fig. 6. Energy spectraof W34+ .
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Table1. Numberof levelsof investigatedcon�gurations:K is therealnumber, K 0 is anumberassignedafterdiagonalization.

W34+ (N = 4) W33+ (N = 5) W32+ (N = 6) W31+ (N = 7) W30+ (N = 8) W29+ (N = 9)
Con�guration K K 0 K K 0 K K 0 K K 0 K K 0 K K 0

4s24p64dN 34 34 37 37 34 34 19 19 9 9 2 2

4s4p64dN +1 74 75 63 132 38 80 16 24 4 4 1 1

4s24p44dN +2 444 458 261 223 111 124 28 54 5 7 ¡ ¡

4s24p64dN ¡ 24f 2 457 509 1149 1595 1982 2221 2334 2337 1982 1918 1149 1127

4s24p54dN 4f 2022 1953 2382 1824 2022 1619 1180 1022 472 481 113 126

4s24p64dN ¡ 15s 38 40 63 144 74 183 63 184 38 90 16 24

4s24p64dN ¡ 15d 168 168 276 276 332 332 276 276 168 169 67 68

4p64dN +2 34 34 19 42 9 21 2 5 1 2 ¡ ¡

4s24p64dN ¡ 24f 5p 472 570 1180 1369 2022 1971 2382 2256 2022 1873 1180 1141

4s24p54dN 5p 1038 1011 1208 1030 1038 929 613 603 256 322 65 90

4s24p64dN ¡ 15g 228 402 389 637 466 679 389 516 228 307 88 102

4s4p64dN ¡ 14f 2 4710 4423 ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡

4s4p54dN +1 4f 515 545 3939 3641 2353 2283 924 928 226 229 ¡ ¡

4s4p44dN +3 2275 2287 211 227 56 61 8 10 ¡ ¡ ¡ ¡

4s24p54dN +1 214 200 180 170 110 111 45 49 12 13 2 3

4s24p64dN ¡ 14f 206 220 346 356 416 415 346 342 206 205 81 80

4s24p64dN ¡ 15p 110 249 180 243 214 226 180 180 110 110 45 45

4s4p64dN 4f 692 1632 815 1949 692 1633 404 1001 162 307 39 41

4s24p54dN 5s 360 852 417 1103 360 1075 213 588 90 212 23 36

4s24p44dN +1 4f 5886 3939 4905 3000 2914 1683 1140 665 278 171 ¡ ¡

4s24p54dN ¡ 14f 2 6748 6596 11444 9973 13726 11324 10845 8653 6486 5486 2506 2278

4s24p64dN ¡ 24f 5s 162 546 404 1404 692 1922 815 1921 692 1317 404 551

4s24p64dN ¡ 15f 206 340 346 746 416 1086 346 935 206 421 81 147

4s4p54dN +2 360 411 213 301 90 155 ¡ ¡ ¡ ¡ ¡ ¡

4s24p34dN +3 350 309 141 146 ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡

Total numberof levels 27803 27803 30568 30568 30167 30167 22568 22568 13653 13653 5862 5862

intensively in the region between4 and5 nm. These
wavelengthscorrespondto the transitionsbetweenthe
levelsenergeticallyapartby approximately10 a.u. On
theverticalaxistheenergy is presentedin atomicunits
to facilitatethediscriminationof con�gurationspartic-
ipatingin suchtransitions.

It is seenfrom the presented�gures that the men-
tioned wavelength interval correspondsto the res-
onance transitions from the excited con�g-
urations 4s24p54dN +1 and 4s24p64dN ¡ 14f to the
ground one. It has been anticipated that besides
the mentioned transitions the transitions from the
highercon�guration group(of the sameparity as the
ground con�guration) to the mentionedtwo excited
con�gurations take place. The performedcalcula-
tions con�rm that the energy distancebetweenex-
citedcon�gurationsof thedifferentparity is alsoabout
10 a.u. However, the situationhere is very compli-

catedand the calculationsof higher excited con�gu-
ration energy spectraalone demandmuch computer
time. As it is seenfrom the Figs. 1–6, the con�gu-
rations4s4p64dN +1 , 4s24p64dN ¡ 15s, 4s24p44dN +2 ,
4s24p54dN 4f , 4s24p64dN ¡ 24f 2 formacompactgroup.
Theenergy spectraof thesecon�gurationsstronglyin-
tersect,consequently, their levelsstronglyinteract,and
obtainedeigenfunctionsessentiallydeviate from the
initial single-con�gurationLS-coupling. After the to-
tal diagonalizationof the energy matrix it is seenthat
the mixing of the initial wavefunctionsis very strong
within themultitermmulticon�gurationfunctions.The
usedcomputerprogramassignsthelevelsto oneor an-
other con�guration formally accordingto their maxi-
mal weightwithin themultitermfunctionobtainedaf-
ter thediagonalization.Thenumberof the levelsmay
changewithin thecon�gurationonaccountof suchfor-
mal assignment.Thereis anobviousexampleof such
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situationin Fig. 1. In this �gure the energy spectrum
of the excited con�guration 4s24p54d10 is presented,
wherethreelevelsareeasilyseeninsteadof two ones.
Correspondingly, the energetically closecon�guration
4s24p64d84f containsonelevel less.

In Table1 thenumbersof levelsof eachinvestigated
con�guration arepresented.The numberof levels K
shows how many levels one or anothercon�guration
must have, andnumberK 0 denoteshow many levels
this con�guration containsafter diagonalizationwhen
thelevelsareformally classi�edby thehighestweight
of the multiterm function. As it is seenfrom the ta-
ble, the numberof levels of somecon�gurationsno-
tablygrows. For example,thenumberof levelsof con-
�guration 4s24p64d65s of the ion W31+ increasesby
morethan3 timesafterdiagonalization,andin thecase
of 4s4p64dN +1 con�gurationof W32+ andW33+ ions
it morethandoubles.The lossof levels is not so ob-
viousastheincreaseof their numbers,sincethelevels
reducein the con�gurationswith very large numbers
of those.For example,thecon�guration4s24p54d54f
of W33+ shouldhave had2382levels,but after thedi-
agonalizationonly 1824 levels areassignedto it, i. e.
approximately30%lessthanoriginally.

It is interestingthat in the spectraof almostevery
ion more than one level is identi�ed by the sameset
of quantumnumbers. Somesetsof quantumnum-
bers appeareven more than � ve times. The level
4s24p64d5(6S)4f (7F)5s 8F5=2 of W31+ ion repeats
mostof all (14 times).Thismeansthatwithin themul-
titerm functionsof theselevels not a singleexpansion
coef�cient exceeds0.267by its absolutevalueandcor-
respondingweight is not morethan0.0714.Although
the mentionedfactsstrongly in�uence the numberof
assignedlevels of particularcon�gurations, the total
numberof levels of the investigatedgroupof con�g-
urationsremainsthesame.

It is obvious that the classi�cation of the levels by
LS termspoorly �ts theinvestigatedstatesof tungsten.
It is ausualsituationfor suchhighly ionizedatoms.At
the sametime, the signi�cant changes(in somecases
evenby severaltimes)of thenumberof levelsassigned
to theparticularcon�gurationshow thateventheusing
of j j -couplingwould hardlyhelp,sincein the investi-
gatedcasetheconceptof con�gurationis inappropriate
in describingtheexcitedstates.

3. Conclusion

The preliminary calculationsof energy spectraof
highly charged tungstenions with �lling 4d electron

shell reveal that the taskof obtainingthe characteris-
tics of resonanttransitionswith accountof relativistic
andcorrelationeffectswould not bevery complicated,
since only two excited con�gurations 4s24p54dN +1

and 4s24p64dN ¡ 14f are strongly interacting. The
emissionband of the resonanttransitions intersects
with themultiple emissionlinesthatcorrespondto the
transitionsfrom theexcitedcon�gurationsof thesame
parity asthegroundoneto thementionedtwo con�g-
urations. It will beessentiallymoredif�cult to obtain
the transitioncharacteristicsin this case,sincethe ini-
tial con�gurationsform agroupwith avery largenum-
berof levels. Theenergiesof theselevels lie within a
narrow interval. This implies extremecorrelationef-
fects,which leadto a situationwherethe investigated
levelscannotbeunambiguouslyassignedto thepartic-
ular con�guration. A chosenprecisionof calculation
of thecorrespondingmatrixelementsin�uencesthein-
teractionof theenergeticallycloselevels. Thecorrect
accountof therelativistic effectsmakessigni�cant dif-
ferencesin the accuracy of the mentionedmatrix ele-
ments.

Thus the conclusionarisesthat the energy spectra
and transitioncharacteristicsof highly charged tung-
stenionsshouldbecalculatedwithin eitherDirac–Fock
or quasirelativistic approaches.
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TEORINIS VOLFRAMO JON �U W29+ –W34+ ENERGIJOS SPEKTR �U TYRIMAS

P. Bogdanovi �cius,R. Karpuškien�e

VU Teorin�es�zikosir astronomijosinstitutas,Vilnius, Lietuva

Santrauka

Nuo 2007m. VilniausuniversitetoTeorin�es�zik os ir astrono-
mijos institutasdalyvaujatarptautiniametermobranduolin�essinte-
z�es tyrimo projekteITER. Šiameprojekteiškelta u�duotis ištirti
volframo jon �u W29+ , W30+ , W31+ , W32+ , W33+ ir W34+ ener-
gijos spektrusir kitas spektrinescharakteristikas.Tiriam �u jon �u
pagrindin�e kon�g ūracijayra [Ni]4s24p64dN , kur N (d elektron�u
skai�cius)yranuo9 iki 4. Remiantiseksperimentiniaisduomenimis,
intensyviausi�a spinduliavim �a atitinkarezonansiniaišuoliai iš su�a-
dint �u kon�g ūracij �u 4s24p54dN +1 ir 4s24p64dN ¡ 14f �i pagrindin�e
kon�g ūracij �a.

Atlikti preliminar̄usdaugiakr̄uvi �u volframojon �u subesipildan-
�ciu 4d sluoksniuenergijos spektr�u skai�ciavimai parod�e, kad rezo-
nansini�u šuoli �u charakteristik�u gavimasatsi�velgiant�i reliatyvisti-
nius ir koreliaciniusefektusneb̄ut �u labaisud�etingas,kadangistip-

riai maišositik dvi su�adintoskon�g ūracijos.Rezonansini�u šuoli �u
emisijosjuostapersiklojasu gausiomisemisijoslinijomis, kurias
atitinka šuoliai iš aukš�ciau esan�ci �u su�adint�u kon�g ūracij �u �i mi-
n�etasdvi su�adintaskon�g ūracijas.Ši �u šuoli �u charakteristik�u gavi-
masbusiš esm�essud�etingesnis,nespradin�eskon�g ūracijossudaro
grup�e su ypa�c dauglygmen�u. Ši �u lygmen�u energijos yra nedide-
liameintervale,ir tai sukelia itin dideliuskoreliaciniusefektus,d�el
kuri �u nagrin�ejami lygmenys negali būti vienareikšmiškaipriskirti
konkre�ciai kon�g ūracijai. Energetiškaiartim�u lygmen�u tarpusa-
vio s�aveik �a lemia pasirenkamasatitinkam�u matricini �u element�u
skai�ciavimo tikslumas,kuriamsvarbiausiayrakorektiškasatsi�vel-
gimas �i reliatyvistinius efektusnagrin�ejamuosedaugiakr̄uviuose
jonuose.Taigi, kyla išvada,kaddaugiakr̄uvi �u volframojon �u ener-
gijos spektrusir šuoli �u charakteristikasreikt �u skai�ciuoti Dirako ir
Foko arbakvazireliatyvistiniameartinyje.


