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Since2007thelnstituteof TheoreticaPhysicsandAstronomyof Vilnius University participatesn theinternationajproject
on thermonucleafusion investigation ITER. Tungstens oneof the constructionamaterialsusedto cover the innerwalls of
tokamaks.In theframework of ITER projectthe taskof boththeoreticalandexperimentakresearctof spectralcharacteristics
of varioustungstenions was posed. The groundcon guration of the investigatedions W22+ | W30+ W81+ w82t yw38+
W3 is[Ni]4s24pt4dN (herethenumberof d-electronsN is from 9to 4).

Preliminarycalculationsof enegy spectreof highly chagedtungsterionswith lling 4d shellrevealthatthetaskof obtain-
ing thecharacteristicef resonantransitionswith accounof relatiistic andcorrelationeffectswould notbevery complicated,
sinceonly two excited con gurations4s?4p®4d™ *1 and4s?4p®4d i 14f arestronglyinteracting. The emissionbandof the
resonantransitionsintersectswith multiple emissionlines that correspondo the transitionsfrom the excited con gurations
of the sameparity asthe groundoneto the mentionedtwo con gurations. It will be essentiallymoredif cult to obtainthe
transitioncharacteristicn this case sincetheinitial con gurationsform agroupwith avery large numberof levels.
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1. Intr oduction

Vilnius schoolof atheoryof anatomestablishedby
Prof. A. Jugs exists for almost60 yearsnow. Dur-
ing thistime mary method=f theoreticainvestigation
have beencreatedwide experienceof practicalappli-
cationof the methodshasbeenaccumulatedFromthe
beginning of nineties, when personalcomputershad
beenstartedto exploit for calculationsthe possibility
to usewidely knowvn computercodesfor investication

of spectralcharacteristicef atomsandions appeared.

A whole seriesof effective methodsand original pro-
gramshave beencreatedafter masteringhe world ex-
perience. The acknavledgemeniof the high level of
Vilnius theoristge ectsin participationof theInstitute
of TheoreticalPhysicsand Astronomyof Vilnius Uni-
versityin theinternationaprojectonthermonucleafu-
sioninvestication I TER since2007.

Tungsternis oneof the constructionamaterialsused
to cover the inner walls of tokamaks. This element
can be detachedirom the walls and variousions of
this atomappeaiin the plasma.Theradiationof tung-
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stenions joins the total spectrumof the thermonu-
clearplasmain variousregionsof wavelengthsandthis
shouldbe keptin mind while performingspectralin-
vestigation of suchplasmas.The spectralcharacteris-
tics of tungstenions are not properly analysedsince
theproductiomandspectrainvestigationof suchhighly
ionized atoms demandsvery high temperaturesand
complicatedexperiments. In the framework of ITER
project the task of both theoreticaland experimental
researctof spectralcharacteristicef varioustungsten
ionswasposed.Diverseexperimentaimethodsareap-
plied to investicate different tungstenions. The de-
tailed descriptionof the performedresearchess avail-
ablein [1-3]. Within the experimentalinvestigations
the main attentionis paidto theions of middleioniza-
tion degreewith intensive radiationin the region from
45to 70 A . The spectraof theseions are composed
from a multitude of resoled lines, which form bright
emissionbands.It is known thatsuchquasicontinuum
emissionbandsoriginatefrom mostly ¢ n = 0 elec-
tric transitionswithin then = 4 shell,though¢ n = 1
transitionsare alsoknown to createcontinuumbands.
In orderto performthe successfuinterpretatiorof the
obtainedexperimentalresultsthe theoreticaldataare

ISSN1648-8504



152 P. Bogdanwich andR. Karpuskier/ LithuanianJ. Phys.47, 151-161(2007)

necessaryGeneratiorof suchtheoreticaldatais avery
challengingaskdueto the outstandinglyarge number
of levelsandevenbiggernumberof possiblgransitions
betweenthe levels. The purposeof this paperis de-
terminationof the con gurationsthat are necessaryo

investigate,sothatthe transitionsbetweerthemwould

correspondo the neededvavelengthintenal, andob-

taining preliminary dataon the enegy spectraof the
ionsunderinvestication.

2. Discussionof the calculation results

The ground con guration of the investicatedions
is [Ni]4s24pf4dN | here N (numberof d-electrons)
variesfrom 9 to 4 dependingon the degreeof ioniza-
tion. As follows from the experimentaldata[1, 2], the
most intensve radiation correspondgo the resonant
transitionsfrom excited con gurations 4s24p>4dN *1
and4s24p®4dVi 14f to the groundcon guration. The
transitionsbetweenthe excited con gurations are no
lessimportant,too. Sincethereareno completedata
onthe highly excited con gurations,all con gurations
with the enepgy lower than that of the con guration
4s524pP4dN i 159 have beeninvestigated.

Thenon-relatvistic radial orbitals(RO) obtainedoy
solving Hartree—Bck equations[4] have beenused
in performingthe investigation. The equationfor the
groundcon gurationhasbeensolved,andafterthatthe
RO of all excited electronshave beenobtainedwithin
thefrozencore eld approximationTherelatvistic ef-
fectsaretakeninto accountwithin the Breit—Pauli ap-
proach[5, 6].

The ionization degreesunder investigation (+ 29,
.::, +34) are high, thereforethe correlation effects
appearingdueto virtual excitationsare comparatrely
weak. Thus only the superpositionof the lower re-
ally existing con gurationsis usedin calculations;j. e.
only the con gurations being examinedare included
into superposition.Thesecon gurationsare obtained
from the ground con guration by excitation of elec-
tronsfrom 4s , 4p, and4d levels. Besidesthe men-
tioned programand our original computercodesfor
calculationanddiagonalizatiorof enegy operatoma-
trices, the programfor calculationof angularpartsof
matrix elementsof the Breit—Pauli enegy matrix [7]
wasused.

The investigated con gurations of eachion are di-
vided into two groupsaccordingto their parity. The

rst groupof theinvesticgatedcon gurationsis formed
from the oneswith the sameparity asthe groundcon-
guration:

4s24p640N

4s4pSagN +1 |

4s524p84dNi 15] (I = s;d;q),
4524p44dN +2 ,

4524pPAdN 4f |

4524p84dNi 245 2,
4s24p®4dN 5p,

4524p840N i 24f 5p,

4p64dN +2 ,

4s4pP4dN * 4f

4s4p*adN +3

The secondgroupof the investicgatedcon gurationsis

formed from the con gurations of the sameparity as
the rst excitedone:

4s24p> 4N+

4524p84dN i 14f |

4s?4p84dNi 15| (I = p;f),

4s4pSadN 4f

4524p84dN i 24f 5s,

4524p*AdN *1 4f |

4s24p34dN i 14f 2,

4524p°4dN 5,

4s4p°4dN +2 |

4s24p34dN+3

Thein uence of the enegetically closecon gurations
on eachother and their mixing is successfullytaken
into accountwhenthe con gurationsare investigated
notassingleonesbut asa groupof thesameparity. Al-
thoughthe numberof con gurationsin both groupsis
comparatrely small,thetotal numberof their levelsis
ratherlarge. Eventhoughthesespectrgparameterslio
not exceedthe possibilitiesof existing programsand
usedcomputersthe performedcalculationshave de-
mandednuchcomputetime for diagonalizatiorof en-
ergy matrices.Obtainingtheenepgy spectraof separate
groupsof someionshasnecessitatethorethanaweek
of a PC calculationtime. It happenedecausdhe ob-
tainedmatricescontainmary large off-diagonalmatrix
elementandinitial LS -couplingfunctionsarestrongly
mixedwithin theobtainedmultitermeigenfunctionsas
seenfrom thedatabelow.

The preliminaryenepgy spectreof tungstenionsare
presentedn the gures. Ontheleft sidein the gures
thereisthe rst groupof thecon gurations,ontheright
sideis the secondone. As it follows from the experi-
mentalworks [1-3], the investigatedions radiatemost
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Fig. 1. Enegy spectraof W?* |
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Fig. 2. Enegy spectraof W3°" |
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Fig. 3. Enegy spectraof W3* |
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Fig. 4. Enegy spectraof W32* |



P. Bogdanwich andR. Karpuskier/ LithuanianJ. Phys.47, 151-161(2007) 157

Fig. 5. Enegy spectraof W33*
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Fig. 6. Enegy spectraof W34* |
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Table1. Numberof levelsof investigatedcon gurations:K is therealnumberK °is anumberassignedfterdiagonalization.

W (N=4) W3 (N=5 W2 N=6 W"N=7 W™ N=8 W (N=09)
Con guration K K?° K K© K K?° K KO K K?© K K?°
452 4p®4dN 34 34 37 37 34 34 19 19 9 9 2 2
4s4pP 40N 1 74 75 63 132 38 80 16 24 4 4 1 1
452 4p*4dN *2 444 458 261 223 111 124 28 54 5 7 i i
4524p84dN i 245 2 457 509 1149 1595 1982 2221 2334 2337 1982 1918 1149 1127
4s24p° adN 4f 2022 1953 2382 1824 2022 1619 1180 1022 472 481 113 126
4s24pP4adV i 155 38 40 63 144 74 183 63 184 38 90 16 24
4s24p%4dV i 15d 168 168 276 276 332 332 276 276 168 169 67 68
4p84dN *2 34 34 19 42 9 21 2 5 1 2 i i
4s524p®4dN i 24f 5p 472 570 1180 1369 2022 1971 2382 2256 2022 1873 1180 1141
4s24p°4d\ 5p 1038 1011 1208 1030 1038 929 613 603 256 322 65 90
4s524p®4adV i 15g 228 402 389 637 466 679 389 516 228 307 88 102
4s4pS4dN i 14f 2 4710 4423 i i i i i i i i i i
4s4p° 4dN *t 4f 515 545 3939 3641 2353 2283 924 928 226 229 i i
4s4p* 40N *3 2275 2287 211 227 56 61 8 10 i i i i
4s%4p° 4N 1 214 200 180 170 110 111 45 49 12 13 2 3
4524p84dN 1 L4t 206 220 346 356 416 415 346 342 206 205 81 80
4524p®4adN i 15p 110 249 180 243 214 226 180 180 110 110 45 45
4s4p8 40N 4f 692 1632 815 1949 692 1633 404 1001 162 307 39 41
4s%4p°4dN 5s 360 852 417 1103 360 1075 213 588 90 212 23 36
452 4p*adN *1 4f 5886 3939 4905 3000 2914 1683 1140 665 278 171 i i
4524p°4dN i 4f 2 6748 6596 11444 9973 13726 11324 10845 8653 6486 5486 2506 2278
4s524p®adV i 24f 55 162 546 404 1404 692 1922 815 1921 692 1317 404 551
4524p®4dN i 15¢ 206 340 346 746 416 1086 346 935 206 421 81 147
4s4p® 40N *2 360 411 213 301 90 155 i i i i i i
4s24p% 40N 3 350 309 141 146 i i i i i i i i
Totalnumberof levels 27803 27803 30568 30568 30167 30167 22568 22568 13653 13653 5862 5862

intensvely in the region betweerd and5 nm. These
wavelengthscorrespondo the transitionsbetweenthe
levelsenepeticallyapartby approximatelylOa.u. On
theverticalaxistheenegy is presentedn atomicunits
to facilitatethe discriminationof con gurationspartic-
ipatingin suchtransitions.

It is seenfrom the presentedgures that the men-
tioned wavelength interval correspondsto the res-
onance transitions from the excited con g-
urations 4s24p°4dV *1  and 4s24pf4dNi 14f to the
ground one. It has been anticipatedthat besides
the mentioned transitions the transitions from the
higher con guration group (of the sameparity asthe
ground con guration) to the mentionedtwo excited
con gurations take place. The performed calcula-
tions con rm that the enegy distancebetweenex-
citedcon gurationsof thedifferentparity is alsoabout
10 a.u. However, the situationhereis very compli-

catedand the calculationsof higher excited con gu-
ration enegy spectraalone demandmuch computer
time. As it is seenfrom the Figs. 1-6, the con gu-
rations4s4pt4dN +1 | 4s24p%4dNi 155, 4524p*adN +2
4s24p°4dN 4f | 4524pB4dN i 24f 2 form acompacgroup.
Theenepy spectraof thesecon gurationsstronglyin-
tersectconsequentlytheir levelsstronglyinteract,and
obtainedeigenfunctionsessentiallydeviate from the
initial single-con gurationLS -coupling. After the to-
tal diagonalizatiorof the enegy matrix it is seenthat
the mixing of the initial wavefunctionsis very strong
within themultitermmulticon gurationfunctions.The
usedcomputemprogramassignghelevelsto oneor an-
other con guration formally accordingto their maxi-
mal weightwithin the multiterm function obtainedaf-
ter the diagonalization.The numberof the levels may
changewithin thecon gurationonaccounof suchfor-
mal assignmentThereis an olbvious exampleof such
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situationin Fig. 1. In this gure the enegy spectrum
of the excited con guration 4s24p°>4d'° is presented,
wherethreelevels areeasily seeninsteadof two ones.
Correspondinglythe enegetically closecon guration

4s524pP4dB4f containsonelevel less.

In Tablel thenumbersf levelsof eachinvestigated
con guration are presented.The numberof levels K
shavs how mary levels one or anothercon guration
must have, and numberK ° denoteshow mary levels
this con guration containsafter diagonalizationwhen
the levelsareformally classi ed by the highestweight
of the multiterm function. As it is seenfrom the ta-
ble, the numberof levels of somecon gurationsno-
tably grows. For example the numberof levelsof con-

guration 4s24pf4d®5s of theion W3 increasesy
morethan3 timesafterdiagonalizationandin thecase
of 4s4p®4dN *1 con guration of W32* andW33* ions
it morethandoubles. The lossof levelsis not so ob-
vious astheincreaseof their numberssincethelevels
reducein the con gurationswith very large numbers
of those.For example,the con guration 4s24p°4d°4f
of W33* shouldhave had2382levels, but afterthe di-
agonalizatioronly 1824 levels are assignedo it, i. e.
approximatelyB80%lessthanoriginally.

It is interestingthat in the spectraof almostevery
ion morethanonelevel is identi ed by the sameset
of gquantumnumbers. Some setsof quantumnum-
bers appeareven more than ve times. The level
4s24p84d°(®S)4f ("F)5s 8Fs—, of W3 jon repeats
mostof all (14 times). This meanghatwithin themul-
titerm functionsof theselevels not a single expansion
coefcient exceed9.267by its absolutevalueandcor
respondingveightis not morethan0.0714. Although
the mentionedfactsstrongly in uence the numberof
assignedevels of particularcon gurations, the total
numberof levels of the investigatedgroup of con g-
urationsremainghesame.

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 changegin somecases
evenby severaltimes)of thenumberof levelsassigned
to theparticularcon gurationshav thateventheusing
of j j -couplingwould hardly help, sincein theinvesti-
gatedcasetheconcepbf con gurationis inappropriate
in describingthe excited states.

3. Conclusion

The preliminary calculationsof enegy spectraof
highly chaged tungstenions with lling 4d electron

shell reveal that the task of obtainingthe characteris-
tics of resonantransitionswith accountof relatwvistic
andcorrelationeffectswould not be very complicated,
since only two excited con gurations 4s24p>4dN *1
and 4s24pf4dNi 14f are strongly interacting. The
emissionband of the resonanttransitionsintersects
with the multiple emissionlinesthatcorrespondo the
transitionsfrom the excited con gurationsof the same
parity asthe groundoneto the mentionedwo con g-
urations. It will be essentiallymoredif cult to obtain
the transitioncharacteristicén this case sincetheini-
tial con gurationsform agroupwith avery largenum-
ber of levels. The enegiesof theselevelslie within a
narrav interval. This implies extreme correlationef-
fects,which leadto a situationwherethe investicated
levels cannotbe unambiguoushassignedo the partic-
ular con guration. A chosenprecisionof calculation
of thecorrespondingnatrix elementsn uencesthein-
teractionof the enepetically closelevels. The correct
accounbf therelatvistic effectsmakessigni cant dif-
ferencedn the accurag of the mentionedmatrix ele-
ments.

Thusthe conclusionarisesthat the enegy spectra
and transition characteristicof highly chaged tung-
stenionsshouldbecalculatedvithin eitherDirac—Fock
or quasirelatristic approaches.
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TEORINIS VOLFRAMO JONU W?2%* \W34* ENERGIJOS SPEKTRU TYRIMAS

P. Bogdaneicius,R. Karpuskier

VU Teorines zikosir astonomijosinstitutas,Vilnius, Lietuva

Santrauka

Nuo 2007 m. Vilniaus universitetoTeorines zik osir astrono-
mijos institutasdalyvaujatarptautiniameermobranduoliassinte-
zestyrimo projekte ITER. SiameprojekteiSkelta u duotis istirti
volframojonu W2+ | W30 WA wWe2t WR ir W ener
gijos spektrusir kitas spektrinescharakteristikas. Tiriamu jonu
pagrindire kon g uracijayra [Ni]4s?4p%4d™ , kur N (d elektroru
skacius)yranuo9 iki 4. Remiantissksperimentiniaiduomenimis,
intensyviaus spinduliarima atitinkarezonansiniasuoliaiis su a-
dintu kon g uraciju 4s24p°4d" *1 ir 4s?4p°4dN T 14f i pagrindire
kon g uracija.

Atlikti preliminausdaugiakoviu volframojonu subesipildan-
ciu 4d sluoksniuenegijos spektu skaiciavimai paroce, kad rezo-
nansinu Suoliu charakteristil gavimasatsi velgianti reliatyvisti-
niusir koreliaciniusefektusnehutu labai sudetingas, kadangistip-

riai maiSositik dvi su adintoskon g uracijos.Rezonansini Suoliu
emisijosjuostapersiklojasu gausiomisemisijoslinijomis, kurias
atitinka Suoliai i$ auk&iau esariu su adintu kon guraciju i mi-
netasdvi su adintaskon g uracijas.Siu Suoliu charakteristil gavi-
masbusis esnessudetingesnisnespradireskon g uracijossudaro
grupe suypac dauglygmeru. Siu lygmeru enegijos yra nedide-
liameintenale,ir tai sukeliaitin dideliuskoreliaciniusefektusdel
kuriu nagrirejami lygmerys negali buti vienareikSmiSkapriskirti
konkreciai kon g uracijai. EnegetiSkaiartimu lygmeru tarpusa-
vio saweika lemia pasirenkamastitinkarmu matriciniu element
skaiciavimo tikslumas kuriamsvarbiausiayrakorektiSkastsi vel-
gimasi reliatyvistinius efektus nagrirejamuosedaugiakoviuose
jonuose.Taigi, kyla iSvada,kad daugiakoviu volframojonu ener
gijos spektrusr Suoliu charakteristikaseiktu skaiciuoti Dirako ir
Foko arbakvazireliatyvistiniameartinyje.



