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6.11 Introductio n 

Holloww atoms, which are characterized by empty inner-shell(s), can be produced by collisions 
betweenn highly-charged ions (or bare nuclei) and either a solid surface (Briand 1990, Winter 
1991)) or a heavy gas target (see for example Benoit-Cattin et al 1988). In both cases, electrons 
fromm the target are transferred resonantly into high n orbitals of the projectile that subsequently 
decayy by successive Auger processes (Auger cascades). Benoit-Cattin et al performed collision 
experimentss by sending bare nitrogen nuclei through an Ar gas and from the analysis of the 
electronn spectrum, they concluded that two-electron capture was the dominant process although 
triplee and quadruple capture were observed also. Recently, Moretto-Capelle et al (1999) rein-
vestigatedd the N7+ + Ar experiment performed by Benoit-Cattin et al with better resolution 
andd showed that the dominant double capture was to Zlnl' and Alnl' states with 3 < n < 5. 
Moretto-Capellee et al pointed out that triple capture was also observed and that both ZlZl'nl" 
andd ZlAl'nl" levels with 3 < n < 5 were populated with a preference for the former states. 

Thee early work of Benoit-Cattin et al (1988) was part of the motivation for Vaeck and Hansen 
(1992a)) to perform calculations on the 3/3/'3/" states in N V and on ls23f3/'3/" states in N II I 
usingg the CIHFR approach developed by Cowan (1981). Vaeck and Hansen reported energies 
andd autoionization widths but pointed out that the error could be considerable, especially on 
Augerr rates for which the uncertainty was estimated to be 50 %. The limitation in accuracy was 
causedd by the large number of states belonging to the 3/3/'3/" configurations. Vaeck and Hansen 
(1992a)) included the spin-orbit interaction which increases the size of the matrices considerably 
comparedd to neglecting the spin-orbit interaction as is done here. 

Inn this chapter, calculations using a 5-spline basis are presented for singly, doubly and triply 
core-excitedd doublet states in N V. The study of ZlZl'Zl" and the lowest 3/3f'4/" states allows to 
checkk the accuracy of the CIHFR calculations but represents also a step forward in the study 
off  the ZlZl'41" and 3l4l'4l" levels observed experimentally (Moretto-Capelle et al 1999). The 
energyy spectrum of the lowest singly core-excited states in N V has been studied by Mack and 
Niehauss (1987) using single- and double-electron capture experiment. For these states, Mack and 
Niehauss concluded that, at the time, the agreement between theory and experiment sometimes 
wass disappointing as for example for the (ls2s3S )3d 2De term and we will see that the use of 
thee B-spline approach provides a solution to this problem. For 2121'nl" states, the first results 
forr individual terms are reported. 

Alsoo the influence of a Is2 core on the energy spectrum and the Auger rates is studied by 
meanss of a model-potential and it is estimated that the error on the calculated energies of the 
ls23/3/'n/""  states is improved by a factor of five compared to the accuracy obtained by Vaeck 
andd Hansen (1992a). 

Thee 5-spline approach was successfully applied to core-excited states in chapters 4 and 5 in 
whichh the accuracy of the method for computing ls2/nf', 2121'nl" and ZlZl'nl" states in lithium 
iss shown. The accuracy provided by the present approach for two-electron systems, which has 
beenn shown several years ago (see for example van der Hart and Hansen 1992a), comes from 
thee effective completeness of the basis set (see section 1.4.1, page 34) and from the ability to 
includee the full correlation in the hamiltonian matrix while when pseudo two-electron systems 
aree studied, the accuracy of the method is limited by the description of the core (cf. chapter 2). 
Thee present calculations concern three- and pseudo three-electron systems and, in this case, it is 
noo longer possible to include the full correlation (cf. section 1.3.3.4, page 29) and the accuracy 
off  the method is determined by the truncation of the CI expansion as well as by the quality of 
thee model-potential used to describe the core. 

Thee combination of a model-potential with the B-spline method has already been used sue-
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cessfullyy for describing two or three valence electrons outside a closed core (see for example 
vann der Hart and Hansen 1992a, van der Hart et al 1993) as well as for describing an inner 
singlee Is electron in addition to two outer electrons (Chen 1996). In this method, the core-core 
andd core-valence interactions are modeled so that the valence correlation is the only part of 
thee correlation left to consider explicitly. The gain in computation time is not limited to the 
reductionn in the size of the hamiltonian matrix but follows also from the decrease in the number 
off  integrals needed for computing each matrix element. The price to pay is the introduction 
andd determination of a number of semi-empirical parameters necessary to specify the potential. 
Thiss number increases with the complexity of the core. However, there are no other compli-
cationss related to the number of electrons included in the core and it was shown in chapter 2 
thatt the model-potential method gives the most accurate results obtained so far for the energy 
levelss of neutral Ca. To achieve this, a fairly elaborate model potential was used to describe the 
ls22s22p63s23p66 core in Ca2+ and the polarization of the core by the valence electrons. Here, 
sincee the core consists of a closed Is shell, a simpler potential can be used while the polarization 
off  the core has not been taken into account explicitly. 

6.22 Differences between doubly- and triply-excited states 

Theoreticall  studies of systems with many open shells are difficult in the first place because the 
numberr of allowed quantum states increases very quickly which leads to very large calculations 
evenn in a single configuration approximation. This is illustrated for example by the large number 
off  terms, more than hundred, that can be build from three non-equivalent f electrons. Further-
more,, because of the near degeneracy in energy of configurations with the same distribution of 
nn values, there is a very strong interaction between terms having the same n distribution and 
thee same symmetry. This means that single configuration calculations are of limited validity and 
thee complex1 (Layzer 1959) is the lowest unit for which calculations can be expected to have a 
reasonablee degree of reliability. This increases the size of the calculations very much compared 
too "normal" closed shell systems, as mentioned by Vaeck and Hansen (1995). Vaeck and Hansen 
carriedd out the first calculations for triply-excited states with all electrons in the n = 3 shells 
(Vaeckk and Hansen 1991, 1992a) using an expansion basically limited to the complex although 
somee configurations with n = 4, particularly 4f, were included also. Calculations were carried 
outt for N II I and N V, in the former case a Is2 core was included, with the purpose of ob-
tainingg radiative and in particular, because they are more likely, non-radiative decay rates for 
suchh systems. To reduce the amount of data to manageable proportions, average values of decay 
ratess were reported and it was found that for three-electron systems, the influence of CI on the 
averagee value is small. A major result of the studies by Vaeck and Hansen (1995) was in fact 
thatt the variation between states in properties such as the decay rates is much smaller for three-
comparedd to two-electron systems. Two-electron systems have been studied for a long time and 
itt has been found that there is a wide variation, for example in autoionization decay rates, be-
tweenn different states depending on, for example, whether the electrons can be understood to 
bee predominantly on different sides or on the same side of the nucleus. Vaeck and Hansen con-
cludedd that the peculiarities of the Coulomb potential, in particular the degeneracy with I, are 
stilll  important for two-electron systems while for three electrons the effects are much reduced. 
Thiss observation was based on large scale but still limited CI calculations and it is interesting 
too check its validity using a more accurate approach. 

Thee (Layzer) complex is defined as the set of alt configurations of a given parity that can be formed from a 
sett of electrons with a specified distribution of n values. 



144 4 Studyy of multiply-excited s tates in N II I  and N V 

Thee present results support the conclusions of Vaeck and Hansen but, because the size of 
thee matrices involved for three-electron systems does not, at the moment, allow to include the 
wholee correlation, a comparison is less conclusive than for two-electron systems for which full 
CII  calculations can be performed. In addition to including more correlation, the B-spline results 
aree expected to be more accurate for other reasons too. In particular for light systems, non-
orthogonalitiess between the initial and final states can have a considerable influence on, for 
example,, autoionization decay rates (Froese Fischer 1986) and the present results represent an 
improvementt over the CIHFR calculations in this respect. 

6.33 Theoretical approach 

Thee first extension of the B-spline method from two- to three-electron systems was reported by 
vann der Hart et al (1993) in order to compute the ground state energy of Ca~ using a model-
potentiall  to describe the ls22s22p63s23p6 core. Later, Bachau (1996) used a similar approach to 
studyy the non-radiative decay of triply core-excited states in N V. The techniques used in these 
twoo works have been extended and improved here. 

AA detailed description of the theoretical approach can be found in the introduction to this 
thesiss (cf. sections 1.2 and 1.3) and, in the following, we will focus briefly on the definition of 
thee orbital basis and on the description of the model-potential. Basically, the parameters used 
heree to set up the B-spline basis are, with exception of the box size, identical to those used in 
chapterss 4 and 5 while relativistic corrections have been neglected in the present calculations. 

Inn the present chapter, Li- and B-like nitrogen are studied. For the former, N V, the orbital 
basiss is constructed in a way similar to that used for Li (cf. section 4.2.1, page 93, and section 5.2, 
pagee 125), the basis sets being computed by solving the HF equation for an electron with angular 
momentumm / outside a frozen core determined by HF calculations on N VI . For ls2/nf, 2121'nl" 
andd 3131'nl" states, the core is respectively Is (the Is orbital taken from a HF calculation on 
Is2),, 2s2 and 3s2. In this way, the screening of the outer electron(s) due to the inner electron(s) 
iss taken into account to some degree. For B-like nitrogen, N III , the presence of the Is2 core is 
simulatedd by using a model-potential. It was shown by van der Hart and Hansen (1993) that a 
model-potentiall  can give a better representation of the Is2 core than a frozen HF description 
becausee it can be designed to include part of the core-valence correlation. The model-potential 
usedd in the present work was introduced by Bachau et al (1990) and is defined as 

vvMM = - (* -3-»( i+<»*-~ 
r r 

Bachauu et al (1990) have shown that for a certain value of a, independent of /, the potential is 
equivalentt to the HF potential while if a is allowed to vary with /, a more accurate approximation 
iss possible. 

Thee combination of the potential described by equation 6.1 (with an a value independent 
off  Z) and the B-spline approach gives accurate energies and autoionization widths for doubly-
excitedd four-electron systems (van der Hart and Hansen 1992b, 1993). Because, in the present 
case,, five-electron systems are studied, the a value has been allowed to vary with /, as explained 
inn a later section. The atomic orbitals are obtained by solving a single particle equation in the 
coree potential (equation 6.1) for each I value separately. The polarization of the core by the 
valencee electrons is neglected although its effects, to some degree, is taken into account by the 
// dependence of the model-potential. 

Ass the Is electrons to some extent are screening the nuclear charge and thereby reducing the 
nucleus-electronn interaction, orbitals are expected to be less contracted for N II I than for N V. 
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Therefore,, the size of the box has been increased from 60 au for N V to 80 au for N II I  in order 
too avoid "squeezing" the bound orbitals for N III . 

Oncee atomic orbitals have been set up, a CI calculation is performed. In the case of (pseudo) 
two-electronn systems, it is possible to take full advantage of the effective completeness of the 
basiss since it generally is possible to diagonalize the hamiltonian without the necessity to restrict 
significantlyy the excitations included (van der Hart and Hansen 1992a). For (pseudo) three-
electronn systems, the amount of correlation that can be included in the hamiltonian is limited 
byy the memory of the computer used. With the Sun Ultra workstations used here, the size 
off  the matrix is restricted to about 30000 when matrix elements are kept in memory. In the 
presentt calculations, energies and Auger widths were found to have converged "already" when 
150000 csf's were included in the CI expansion, allowing the use of smaller matrices and thereby 
speedingg up the calculations. 

Thee use of the truncated diagonalization method, TDM, in which all open-channels, as-
sociatedd with ionization limits lying lower than the quasi-bound states are removed from the 
hamiltoniann matrix, is required to avoid any accidental degeneracy between the excited state 
andd a discretized continuum state. The contribution from the open-channels to the energy is 
computedd in a later step, using perturbation theory (cf. equation 1.86, page 33). 

Thee limitation of the correlation and the use of the TDM involve that calculations are 
basiss dependent. Therefore the use of a HF basis is expected to reduce the energy shift due to 
thee open-channels (cf. section 1.4.2, page 36) and thereby reduce the error introduced by the 
perturbativee treatment. In chapter 4, we mentioned the shortcomings of this approach in the 
casee of 3/3/'n/" states in Li. The unstability of the energies observed in Li did not occur in the 
presentt calculations and, therefore, we believe that the perturbative approach provides accurate 
resultss for nitrogen ions. However, a HF basis has been used only for the three-electron problem, 
althoughh an attempt has been made to improve the model-potential, as described in a next 
section,, to make it more suitable for the five-electron problem. 

6.44 Li-lik e nitrogen, N V 

6.4.11 ls2lnl' doub let s t a tes 

Inn 1987, Mack and Niehaus (1987) reported charge exchange experiments involving several 
lithium-likee ions including nitrogen. Isnln'l' excited states were produced by single- and double-
electronn capture by allowing slow charge-selected beams of hydrogenic and He-like C, N or O 
ionss to pass through a thin gas target of He or H2. Mack and Niehaus compared their results 
withh the then available theoretical data (Gabriel 1972, Vainshtein and Safronova 1979, 1980 and 
Chenn 1986) and pointed out that the agreement was sometimes disappointing, mentioning the 
(ls2ss S )3d 2De term as an example for which the disagreement was particularly large. 

Inn table 6.1, energies of singly core-excited states are listed for the lowest 2Le'° states with 
LL < 3. The energies, in eV, are reported relative to the Is2 ionization limit which corresponds, 
forr autoionizing states, to the energy of the Auger electron. The data presented in this section 
havee been computed relative to the non-relativistic ö-spline energy for the Is2 state, -44.78049 
au,, while the transformation coefficient from au to eV was taken to be 27.21053. In table 6.1, 
thee B-spline energies are listed together with other experimental and theoretical data. We note 
thatt the most recent experimental data (Hofman et al 1990) have large error bars and that 
somee early theoretical predictions also show very large disagreement with other work (Henry 
1979,, Jakubowicz and Moresi 1981). Therefore, we wil l focus on a comparison between the 
presentt results and the theoretical energies reported by Vainshtein and Safronova (1979, 1980) 
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Tablee 6.1: Energies of singly core-excited doublet states in N V (in eV), relative to the Is2 state. 
Thee present work is compared with experimental and theoretical data. 

LS LS 
*S' ' 

22 no 

2D' ' 

2pe e 

2 D o o 

State e 
ls(2szz 'S) 
ls(2p21S) ) 
(ls2s3S)3s s 
(ls2s1S)3s s 
ls(2P3p3P) ) 
l s^pSp 'P) ) 
(ls2s3S)4s s 
ls(2s2p3P) ) 
l s ^ p ' P) ) 
(ls2s3S)3p p 
(ls2s1S)3p p 
(ls2p3P)3s s 
(ls2p'P)3s s 
(ls2p3P)3d d 
ls{2p22 1D) 
(ls2s3S)3d d 
(ls2s1S)3d d 
(ls2p3P)3p p 
(ls2p1P)3p p 
(ls2s3S)4d d 
(ls2p3P)4p p 
ls(2p23P) ) 
ls(2p3p1P) ) 
ls(2p3p3P) ) 
ls(2p4p'P) ) 
ls(2p4p3P) ) 
ls(2p5p'P) ) 
ls(2p5p3P) ) 
(ls2p3P)3d d 
(ls2p1P)3d d 
(ls2p3P)4d d 
(ls2p1P)4d d 
(ls2p3P)5d d 
(ls2p3P)6d d 
( ^ p ' P J Öd d 

B-spline" " 
312.969 9 
338.706 6 
376.911 1 
381.735 5 
388.247 7 
391.484 4 
396.627 7 
323.285 5 
327.386 6 
378.160 0 
383.803 3 
385.435 5 
387.679 9 
389.331 1 
331.213 3 
381.160 0 
386.544 4 
386.904 4 
390.022 2 
398.131 1 
404.246 6 
332.734 4 
384.686 6 
390.102 2 
403.573 3 
408.093 3 
411.908 8 
416.162 2 
386.605 5 
391.641 1 
404.216 6 
408.800 0 
412.202 2 
416.472 2 
416.704 4 

Experiments s 
ECA° ° 

312.888 (7) 
338.722 (10) 
376.800 (15) 

391.53(10)* * 

323.233 (8) 
327.177 (15)* 
378.188 (10) 

385.4(2) ) 
387.75(10)t t 

331.188 (15) 
381.233 (10) 
386.6(1)* * 

389.76(20) ) 
398.13(10)* * 

EICBMC C 

313(1) ) 

3233 (1) 
3288 (1) 

CIa a 

314.9 9 

325.2 2 
330.7 7 

MCDF' ' 
311.57 7 
339.58 8 
375.70 0 
380.24 4 
388.17 7 
391.69 9 

322.32 2 
327.41 1 
377.24 4 
382.64 4 
384.90 0 
386.97 7 

331.53 3 
380.43 3 
385.34 4 
386.28 8 
389.49 9 

Otherr theories 
CCM' ' 
313.2 2 
343.8 8 

326.1 1 
330.0 0 

Z-exp.9 9 

312.84 4 
338.95 5 
376.67 7 

389.28 8 
392.73 3 

323.25 5 
327.39 9 
378.24 4 

385.99 9 
387.86 6 
390.86 6 
331.40 0 
381.68 8 
387.27 7 
387.70 0 
390.57 7 

332.64 4 
384.54 4 
390.69 9 

387.74 4 
392.42 2 

Z-exp." " 

391.65 5 

384.88 8 
387.99 9 

386.76* * 

390.06 6 
397.88 8 

aa Present work. 
66 Electron capture experiment, Mack (1987) and Mack and Niehaus (1987). The energies have 
beenn normalized to Is2s2p 4P° and the error estimates are in parenthesis. The energies above 
3822 eV are taken from Mack (1987). Also the energy of the ls(2s2p lP) 2P° state (marked with 
aa *) was taken from the Ph.D. thesis by Mack (Mack 1987) and not from the earlier publication 
(Mackk and Niehaus 1987). The labels of the states marked with a t are discussed in the text. 
cc Electron-ion crossed-beams measurements, Hofmann et al (1990). The error estimates are in 
parenthesis. . 
dd CI calculations using Slater-type orbitals, Henry (1979). 
ee MCDF calculations, Chen (1986). QED-corrections were added. The energies listed in the table 
weree computed assuming a statistical distribution of the different LSJ levels. 
ƒƒ Close-coupling method, Jakubowicz and Moresi (1981). 
99 Z-expansion method, Vainshtein and Safronova (1979, 1980). Relativistic corrections for the 
Is2,, ls22s and ls22p states have not been included. 
hh Z-expansion method, Safronova (1987). Private communication to Mack (1987). The label of 
thee state marked with a * is discussed in the text. 
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andd Chen (1986) as well as the accurate experimental result from Mack (1987) and Mack and 
Niehauss (1987). 

Inn the seventh column, the Auger energies computed by Chen (1986), using the MCDF ap-
proach,, are shown. Because Chen reported wavelengths for radiative transitions involving ls2/n/' 
statess with n = 2 and 3, the energies relative to the ionization limit have been computed by 
addingg the experimental Is2-Is2 2s energy difference taken from the compilation by Kelly (1987). 
Also,, when required, the experimental ls22s - ls2nZ energy, taken from the NIST compilation2, 
waswas added to the energies reported by Vainshtein and Safronova (1979, 1980) and by Chen 
(1986).. The errors on these energies were neglected. 

Comparingg their experimental energies, referred to as EC A energies in table 6.1, to other 
data,, Mack and Niehaus (1987) mentioned the inaccuracy of the MCDF calculations performed 
byy Chen (1986) and, in order to reduce the discrepancies with the MCDF results, Mack and 
Niehauss renormalized the MCDF energies to the theoretical (ls2s 3S )2p 4P° saddle-point energy 
reportedd by Bruch et al (1985). Because we are more interested in comparing theoretical data 
ass such, such a renormalization is not done in here. However, the energy of the (ls2s3S)2p 
4P°° state gives an idea of the accuracy of the different theoretical approaches. Using the B-
splinee method without including any relativistic corrections, the lowest 4P° state is found at 
315.966 eV (not shown in the table) which is very close to the value reported by Bruch et 
alal (315.93 eV) and Vainshtein and Safronova (316.07 eV) while the energy reported by Chen is 
lyingg considerably lower, at 314.98 eV. Renormalizing the energies, following Mack and Niehaus, 
too the (ls2s3S)2p 4P° state reported by Bruch et al thus shifts the MCDF values by about 1 
eV.. The resulting renormalization of the MCDF energies does not improve the description of all 
statess as already noted by Mack and Niehaus (1987). For example, the non-renormalized MCDF 
energyy for the (ls2p1P)3p 2De state is lying just outside the error limits defined by Mack 
(1987).. From table 6.1, it is seen that a renormalization would improve the description of nearly 
alll  ls2sn/ states while the representation of ls2pnp states is better without renormalization. 
Forr Is2p3s states, no real trend is seen. This could mean that the ls2s core is not accurately 
describedd in the MCDF calculations reported by Chen (1986) although the energy of the second 
lowestt 2P° state, labeled (ls2s3S)2p by Chen, is found to be fairly close to the experimental 
energyy reported by Mack and Niehaus. 

Fromm the energies reported for the (ls2s3S)2p 4P° state (not included in table 6.1), it is 
seenn that the B-spline energy is lying 0.03 eV higher than the value used for calibrating the 
experimentall  spectrum while the disagreement between the latter energy and that reported by 
Vainshteinn and Safronova is larger, about 0.1 eV. These two numbers can be used as error 
estimatee for the theoretical approaches (the error limits of the B-spline method are discussed in 
moree detail in a later section). It should be mentioned that the results referred to as Vainshtein 
andd Safronova (1979, 1980) in table 6.1 differ slightly from those reported under that name by 
Mackk and Niehaus (1987). The differences, which are difficult to quantify because Mack and 
Niehauss only show the results graphically, have some influence on the interpretation of the data. 
Forr example, according to Mack and Niehaus, the Z-expansion energy reported by Vainshtein 
andd Safronova is not in agreement with the ECA energy for the lowest 2Se state but agrees well 
forr the lowest 2De state. From table 6.1, the opposite behaviour is found. 

Mackk and Niehaus (1987) reported experimental energies below 382 eV and concluded that, 
whilee the energies due to Chen (1986) did not agree very well with experiment even after 
renormalization,, there was good agreement with the Z-expansion results reported by Vainshtein 
andd Safronova (1979, 1980). From table 6.1, it is seen that the agreement between the B-splines, 

'Availablee from the internet at the following address: http://www.nist.gov. 

http://www.nist.gov
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thee Z-expansion and the ECA (Mack and Niehaus 1987) energies is reasonable for the 2Se and 
2P°° series i.e. the energies are lying within the appropriate error limits. For the 2Se series, the 
lowestt S-spline and the second lowest Z-expansion energy lie outside the error limits reported 
byy Mack and Niehaus while for the ls(2s2p l P) 2P° state, which is the only 2P° state for which 
theree is disagreement with the measurements of Mack and Niehaus, the B^spline and the Z-
expansionn energies are in good agreement with each other. It should also be mentioned that, 
forr the ls(2s2p *P) 2P° state, the experimental ECA energy listed in table 6.1 was taken from 
thee Ph.D. thesis of Mack (1987) and not from Mack and Niehaus (1987), which we believe to 
bee an earlier publication. In the later work, the energy reported was 327.00  0.15 eV while 
inn his Ph.D. thesis, Mack reported an energy of 327.17  0.15 eV which is in better agreement 
withh the calculations. Concerning the two lowest 2De states, Mack and Niehaus reported larger 
discrepanciess with theoretical predictions. From table 6.1, it is seen that the B-spline predictions 
forr the energies of the ls(2p2 1D) and (ls2s3S )3d states constitute an improvement of previous 
theoreticall  descriptions and that, in the two cases, the present energies are the only theoretical 
dataa lying within the error limits established by Mack and Niehaus (1987). 

Mackk (1987) reported a number of states above 382 eV for which energies and tentative 
identificationss are given in his thesis. All except one have been included in table 6.1. The missing 
onee at 397.28 eV was identified as a 2P° term and our results for this symmetry does not extend to 
soo high energies. The present identifications have been made purely on the basis of agreement in 
energyy and we believe that the earlier identifications were made on the same basis. Two of the six 
identificationss reported in table 6.1 correspond to the earlier ones. Of the four other states, two, 
att respectively 387.75 and 391.53 eV, have been assigned by Mack (1987) as 2F° states (for the 
latter,, we assume that the label should be (ls2p lP )3d 2F°). The state at 387.75 eV is identified 
byy Mack as the lowest 2F° state but this energy corresponds to that of the ( ls2pl P)3s 2P° 
statee computed by Safronova (1987), which is confirmed by the present calculations. According 
too S-spline calculations, the lowest 2F° state is lying at 391.61 eV (the energy levels of the 2F° 
statess are not reported in the table). This value should be considered as an upper estimate of the 
exactt energy because the contribution of electrons with / > 4, which is neglected in the present 
work,, is expected to be larger for the 2F° states than for 2Se, 2P° or 2De states. However, the 
valuee is accurate enough to exclude the identification of the 387.75 state as the lowest 2F° state. 
Thee B-spline energy for this state does, on the other hand, agree with the 391.53 level labeled 
byy Mack as (ls2p1P)3d 2F° although the labels differ. According to the present calculations, 
thee ( ls2p3P )3d 2F° label is more appropriate but as the 2F° state is expected to lie close to the 
ls(2p3p1P)) 2Se state, the assignment is tentative. For the level at 398.13 eV, Mack gave two 
labels:: (ls2s3S )4d 2De and (ls2s3S )4f  2F°. The former is in agreement with the label proposed 
byy Safronova (1987) and confirmed by the present work while, according to our calculations, the 
closestt 2F° state is lying slightly higher, at 398.55 eV, and corresponds to the (ls2p l P )3d state. 
Thee last state for which the labels disagree is the 2De state lying at 386.6 eV. According to the 
#-splinee calculations, the state should be labeled (ls2s1S)3d while Safronova (1987) and Mack 
(1987)) agree on the assignment to (ls2p3P)3p. 

Despitee the considerable differences between the S-splineand the Z-expansion calculations 
off  Safronova (1987) for some states above 382 eV, like for example (ls2p3P )3s 2P°, the latter 
workk represents an improvement of the previous Z-expansion results reported by Vainshtein 
andd Safronova (1979, 1980). However, the 5-splineresults are in better agreement with the 
observationss of Mack than the values reported by Safronova (1987). 

Inn table 6.2 autoionization widths are reported for the 2Se, 2P° and 2De series that, in a non-
relativisticc approach, are the only series allowed to decay to the Is2 limit . The present results are 
comparedd with those reported by Vainshtein and Safronova (1979, 1980) and by Chen (1986). 
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Tablee 6.2: Comparison between the B-spline, the MCDF and the Z-expansion approaches for 
thee Auger rates for the lowest singly core-excited states in N V. The decay rates are given in 

LSLS State £-spline° MCDF" Z-expansion~ 
* S e e 

ls(2s22 lS) 
l s (2p2 I S) ) 
( ls2s3S)3s s 
( l s ^ S ) * * 
l s (2P3p3P) ) 
ls(2p3p1P) ) 
( ls2s3S)4s s 

2po o 

ls(2s2p3P) ) 
ls(2s2pp *P) 
( ls2s3S)3p p 
( ls2s1S)3p p 
( ls2p3P)3s s 
( ^ p ' P ^s s 
( ls2p3P)3d d 

2De e 

ls(2p22 *D) 
(ls2s3S)3d d 

(ltós^JM M 
( ls2p3P)3p p 
( l s2p: P)3p p 
(ls2s3S)4d d 
( ls2p3P)4p p 

1.13xl014 4 

1.38xl013 3 

3.06xl013 3 

1.67xl013 3 

3.744 xlO12 

7.30xl012 2 

8.533 xlO12 

5.37xl012 2 

6.37xl013 3 

9.75xlOn n 

6.64xl010 0 

2.07xl013 3 

2.711 xlO12 

1.49x10" " 

6.388 xlO13 

4.07xl012 2 

1.72xl012 2 

1.54xl013 3 

1.65xl013 3 

8.04xlOu u 

6.68xl012 2 

8.444 xlO13 

1.944 xlO13 

2.333 xlO13 

4.511 xlO12 

1.86X1012 2 

l . lOxlO13 3 

1.37xl013 3 

4.711 xlO13 

3.12x10" " 
1.45xl012 2 

2.63xl013 3 

3.87xl012 2 

l . lOxlO13 3 

1.055 xlO14 

1.12xl013 3 

2.87xl010 0 

2.25xl013 3 

2.48xl013 3 

2.37xl013 3 

1.56xl014 4 

4.87xl010 0 

1.94xl012 2 

3.88xl012 2 

5.011 xlO12 

1.16xl014 4 

2.01x10" " 

4.87xl010 0 

4.56xl012 2 

1.855 xlO14 

6.22xl09 9 

1.255 xlO12 

2.022 xlO12 

2.85xl013 3 

aa Present work. 
66 MCDF method, Chen (1986). 
cc Z-expansion method, Vainshtein and Safronova (1979, 1980). 

Comparingg the three sets of data, it is seen that the results obtained using the Z-expansion 
methodd (Vainshtein and Safronova 1979, 1980) in some cases show very large disagreements 
withh the two other sets of results. This is illustrated, for example, by the (ls2s3S)3s 2Se, the 
(ls2p3PP )3s 2P° and the (ls2s3S )3d 2De states. Therefore, we wil l mainly focus on a comparison 
betweenn the B-splineand the MCDF results, using the Z-expansion values only when there is 
disagreementt between the two other results. Already Mack and Niehaus commented that the 
lifetimess reported by Chen were more accurate than his energies. Of the 18 widths that have 
beenn computed using the B-splineand the MCDF method, 10 are found to be in reasonable 
agreement,, i.e. with a difference smaller than a factor of 2 (cf. table 6.2) and of the 8 remaining, 
55 are within a factor of 4. Table 6.2 shows that the Z-expansion values for these states sometimes 
aree in good agreement with the ö-spline method, for example for the ls(2s2p3P) 2P° state, and 
sometimess agree better with the MCDF values, for example in the case of the (ls2s3S )3p 2P° 
state.. For three states, (ls2s lS )3p 2P°, ( ls2p3P )3d 2P° and (ls2s XS )3d 2De, the disagreement 
betweenn the B-splineand the MCDF width is much larger. For the (ls2s1S)3d 2De state, the 
Z-expansionn value agrees with the 5-spline width while for the ( ls2p3P )3d 2P° state, the width 
reportedd by Vainshtein and Safronova (1980) is closer to the MCDF value, differing by a factor 
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off  2. We note that Mack and Niehaus used the MCDF lifetimes to extract the energies from the 
observedd features. These may be shifted due to post-collision interaction effects which depend 
onn the lifetime of the state. The size of the shift was reported to be at most 100 meV and we 
havee not tried to estimate the effect of the change in lifetime in our results. 

I tt has been mentioned in chapters 4 and 5 that the Auger rate of singly core-excited states 
iss expected to decrease within a Rydberg series. This behaviour is followed by the 2Se and 2De 

seriess for which the width of the (ls2s3S)ns, (ls2s3S)nd and ( ls2p3P)np states are larger 
forr n = 3 than for n = 4. For the 2P° series, the labels chosen in tables 6.1 and 6.2 make 
suchh a comparison difficult but, because the ssp coupling scheme was used for performing the 
calculationss (cf. table 1.3, page 30), the computed wavefunctions can be used for comparison. 
Forr the two lowest 2P° terms, the wavefunctions are found to be a nearly 50-50 admixture in 
( ls2sl S)2pp and (ls2s3S)2p. For the lowest state, (ls2s1S)2p, the contributions to the width 
off  the two csf's have different sign and are therefore partially cancelling each other while for 
thee second lowest state, they are not. This explains the factor of 10 difference between the two 
autoionizationn widths. The decrease of the width within a Rydberg series is not observed for the 
fifthfifth  2P° state, (ls3s1S)2p, for which no cancellation effect was found. 

Tablee 6.3: Energies (in au) and autoionization widths (in s_1) for the lowest 2121'nl" doublet 
statess in N V. 

State e 

(2p2IS)2s s 
(2s21S)3s s 
(2s2p3P)3p p 
(2s2p1P)3p p 
(2p22 *D)3d 
(2s21S)4s s 
(2p21S)3s s 

2s(2p23P) ) 
(2s2p1P)3p p 
(2p23P)3s s 
(2p23P)3d d 
(2s2p3P)3p p 
(2p21D)3d d 
(2s2p1P)4p p 

2s(2p21D) ) 
(2s2p1P)3p p 
(2s2lS)3d d 
(2p21D)3s s 
(2s2p3P)3p p 
(2p23P)3d d 
(2p21D)3d d 

Energy y 

-15.045300 0 
-13.108427 7 
-12.840553 3 
-12.610582 2 
-12.414345 5 
-12.305973 3 
-12.246031 1 

-15.015473 3 
-13.009265 5 
-12.737248 8 
-12.603449 9 
-12.573238 8 
-12.400238 8 
-12.220882 2 

-15.243619 9 
-12.906950 0 
-12.880446 6 
-12.687746 6 
-12.587033 3 
-12.503759 9 
-12.442865 5 

Width h 

2.06x10" " 
3.69x10" " 
6.855 xlO13 

2.08xl014 4 

2.54x10" " 
3.43xl014 4 

7.56xl013 3 

2.18xl014 4 

2.255 xlO13 

7.366 xlO13 

3.822 xlO13 

1.488 xlO14 

2.75xl014 4 

2.48xl013 3 

3.59xl014 4 

1.24xl014 4 

3.20xl014 4 

2.80x10" " 
2.56x10" " 
1.28xl013 3 

2.82x10" " 

LSLS State 
22 go 

(2p23P)3p p 
(2p23P)4p p 
(2P

23P)5p p 
(2p22 3P )6p 
(2p23P)7p p 
(2p23P)8p p 
(2p23P)9p p 

2po o 

(2s21S)2p p 
2p3 3 

(2s2lS)3p p 
(2s2pp l P )3s 
(2s2p3P)3d d 
(2p21D)3p p 
(2p23P)3p p 

2D° ° 
2p3 3 

(2s2p3P)3d d 
(2p23P)3p p 
(2p21D)3p p 
(2s2pp !p )3d 
(2s2p3P)4d d 
(2p23P)4p p 

Energy y 

-12.772394 4 
-12.013172 2 
-11.685031 1 
-11.512801 1 
-11.411118 8 
-11.346038 8 
-11.301652 2 

-15.535653 3 
-14.767864 4 
-13.050404 4 
-12.946615 5 
-12.734763 3 
-12.727974 4 
-12.624960 0 

-14.988556 6 
-12.860751 1 
-12.687216 6 
-12.573324 4 
-12.458946 6 
-12.160019 9 
-11.978215 5 

Width h 

3.75x10" " 
2.06x10" " 
2.52x10" " 
2.10x10" " 
7.333 xlO13 

2.27x10" " 
8.26x10" " 

3.71x10" " 
4.32xl013 3 

1.18x10" " 
2.61x10" " 
1.72x10" " 
2.211 xlO13 

5.03xl013 3 
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6.4.22 2121'nl" doublet s ta tes 

Soo far, the literature about doubly core-excited states in N V has been very limited. The only 
referencee we are aware of was published by Vaeck and Hansen (1992b) who performed calcula-
tionss on double-autoionization rates for hollow nitrogen atoms using the CIHFR method (Cowan 
1981).. The purpose of their work was to investigate whether double-autoionization could com-
petee with single-autoionization and thus provide a fast way of fillin g the inner-shells of the hollow 
atom.. This turned out not to be the case and, in the present work, only single-autoionization 
ratess are reported. In table 6.3, energies and total ionization widths are reported for the lowest 
2121''nl"2121''nl" doublet states with L < 2, keeping in mind that the 2S° states cannot autoionize in the 
LSLS coupling approximation. There are no previous results to compare with. 

Inn chapter 4, it is shown that, under some conditions, the autoionization width is independent 
off  the n and the I value of the Rydberg electron. This prediction is well illustrated by the 
behaviourr of the six (2p2 *D )3/ 2L terms in table 6.3. The Auger rates of the (2p2 : D )3s 2De, 3p 
2D°° and 3d 2Se, 2Pe and 2De states are respectively 2.80xl014, 2.61xl014, 2.54xl014, 2.75xl014 

andd 2.82 xlO14 s- 1 . These values are very close to each other and only the width of the (2p2 *D )3p 
2P°° term, 2.27xl014, is found to be slightly different, which can be explained by the composition 
off  the wavefunctions. This state is the only (2p2 1D )3l state for which the wavefunction shows 
largee mixing and, because the main perturber, (2s2p lP )3s, has a lower decay rate, the Auger 
widthh of the (2p2 lD )3p 2P° state is smaller than for the other (2p2 lD )3/ states. 

Inn N V, the independence of n is less visible than in Li I because interference effects are more 
important.. Nevertheless, the widths of the (2s2 lS)ns 2Se terms are close for n = 3 and 4. Also, 
when,, as suggested in chapter 4, the contributions due to the decays to the ls2p *P and 3P 
limit ss are removed, the Auger rates of the (2p2 *D )2s and (2p2 *D )3s 2De terms are found to be 
inn good agreement (2.91xl014 vs 2.78xl014 s_ 1). 

6.4.33 3/3/'nZ" doublet s t a tes 

Twoo theoretical papers have been published earlier concerning ZlZl'nl" states in N V. Vaeck and 
Hansenn (1992a) performed relativistic calculations on 3/3f'3/" terms using the CIHFR method 
(Cowann 1981) and, later, Bachau (1996) used a non-relativistic CI approach combined with a B-
splinee basis for computing the energies and the non-radiative decay rates of the lowest members 
off  the 2Se and 2S° series and the energy of the lowest 2P° state in order to establish a relative 
energyy scale. The latter approach is similar to that used here with two major differences. Because 
Bachauu focused on the determination of Auger widths, a larger 5-spline basis was used in order 
too describe accurately continuum states while, on the other hand, the amount of correlation 
includedd in the present calculations is larger. Bachau included mono-excitations up to n = 
100 but no double-excitations. Vaeck and Hansen (1992a) included ZlZl'Zl" and some 3/3/'4/" 
statess but they partly compensated for the smaller CI expansion by using HF orbitals while 
Bachauu used hydrogenic functions. The justification for the choice of the correlation included 
byy Vaeck and Hansen is the strong interactions within a complex while the interactions between 
differentt complexes are expected to be less important -i.e. the 3/3/'3/" terms are strongly mixed 
togetherr while the interactions with 3/3/'4/" states are smaller. Nevertheless, the neglect of 
higherr configurations can lead to significant deviations in the description of the energy spectrum 
particularlyy for the higher terms as we will show. 

Thee lowest 3/3f'3/" term, 3s23p 2P°, was chosen as reference state by Vaeck and Hansen 
(1992a)) and for easy comparison the same is done here. Using a set of hydrogenic orbitals, 
Bachau,, who did not include the energy shift, found an energy of -7.0338 au which is lying 
betweenn the shifted and the unshifted values computed in the present work, respectively -7.0330 
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andd -7.0346 au while Vaeck and Hansen did not report the CIHFR energy for the 3s23p 2P° 
state. . 

Thee error in the present calculations for the 3/3/'n/" energy levels has been estimated by 
comparingg calculations on the 2P° series performed using two different basis sets (hydrogenic 
andd HF). The largest difference, 0.001 au, was found for the (3s21S)3p term for which the 
absolutee energy is -7.0330 and -7.0340 au when, respectively, a HF and a hydrogenic basis are 
used.. The disagreement between the two values is assumed to be indicative of the error of 
thee present approach, about 0.03 eV, which corresponds to a reduction of the error estimate 
reportedd by Vaeck and Hansen, 0.5 eV, by a factor of 17. As mentioned already, 0.03 eV is also 
thee difference between the B-splineand the SP energy reported by Bruch et al (1985) for the 
( ls2s3P)2p4P°° state. 

Fromm table 6.4, a comparison between B-splineand CIHFR energies can be made. All sym-
metriess show a similar behaviour: the energies computed in the present work are smaller and the 
differencee between the data sets is increasing with increasing energy. The two effects are linked 
too the amount of correlation included in the three approaches which is clearly illustrated by the 
2See series. Judging from the amount of correlation included, the relative energies computed by 
Vaeckk and Hansen are expected to be above those reported by Bachau while the present energies 
shouldd be the lowest of the three. This statement is true for all symmetries listed in table 6.4, 
notingg that Bachau reports results for 2Se and 2S° only. The neglect by Vaeck and Hansen of the 
influencee of higher states, such as 3131'51", is important for the accuracy of the results. These 
higherr states are expected to push the 3J3/'3Z" levels down both directly and via the 3/3/'4f" con-
figurations.figurations. This effect is well illustrated in table 6.4 by the differences between the B-spline and 
thee CIHFR energies for the 2D° series. The energy differences for the six lowest 3/3/'3Z" states, 
respectively,, 0.05, 0.12, 0.16, 0.43, 0.92 and 1.17 eV are increasing when the distance to the 
3/3/'4Z""  and higher terms decreases. This means also that the reference state is expected to be 
lesss affected by the inclusion of the additional correlation than the higher states with the result 
thatt the relative energies reported in the present work are lower than those reported by Vaeck 
andd Hansen (1992a) and Bachau (1996). If the variational principle holds, which is not guar-
anteedd in the present case because of the use of the TDM, lower energies correspond to more 
accuratee energies. Of the results reported in table 6.4, only the (3s3p3P )3d 2P° state is found 
too be higher in energy when the S-spline method is used. This is perhaps because the energy 
shiftt due to the additional correlation is smaller for this state than for the reference state. 

Ass already mentioned in chapter 4, autoionization widths are expected to be less accurate 
forr 3131'nl" than for 2121'nl" terms because Auger rates are sensitive to the single configuration 
representationn of the target state and 2lnl' target states are more difficult to describe than lsnl 
limit ss which are the only limits required when the widths of the 2121'nl" terms are calculated. 
Fromm table 6.4, it is seen that the autoionization widths computed using the B-spline method are 
inn good agreement with the CIHFR calculations of Vaeck and Hansen (1992a), within the fairly 
largee error limits of the latter, estimated to 50 %. In their work, Vaeck and Hansen computed 
thee decays to the ls3f and 2131' limits. Because more open-channels are included in the present 
calculations,, Auger rates are expected to be larger here, especially for states containing a 3d 
orbitall  for which the non-orthogonality with the 4d is considerable. This effect is similar to that 
reportedd in chapter 4 in the case of Li. Also, the decay of higher 3l3l'3l" states to ls4Z and 2141' 
limit ss is far from negligible because of the considerable admixture of 3/3/'4/" configurations. The 
twoo effects, which are not distinguished in the present case, are perhaps the reason why several 
widthss as for example these of the 3p(3d2 ^ S ^ P / D )) 2P° and the 3p(3d2 ( ' D ,3P )) 2D° 
statess are larger than predicted by Vaeck and Hansen. However, this argument does not hold for 
everyy state as for example illustrated by the (3p2 3P )3d 2Pe term for which the width computed 
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Tablee 6.4: Energies (in eV) relative to the 3s23p 2P° state and autoionization widths (in s_1) 
forr the lowest 3/3/'n/" doublet states in N V. The present values are compared to the results ob-
tainedd by Vaeck and Hansen (1992a) using the CIHFR approach and to the S-spline calculations 
reportedd by Bachau (1996) for some 2Se and 2S° states. 

LSLS State 

*P°° (3s* ^ p 
3p3 3 

(3s3p3P)3d d 
^ p ^ S d d 
3p(3d21D) ) 
3p(3d2 ,S) ) 
3p(3d23P) ) 

2Pee 3s(3p2 3P) 
(3p23P)3d d 
3s(3d23P) ) 
3d3 3 

(3p21D)3d d 
(3p3d3D)4p p 
(3p23P)4s s 

2See 3s(3p21S) 
(3p21D)3d d 
3s(3d22 *S) 
(3s21S)4s s 
(3s3p3P)4p p 
(3s3p1P)4p p 
(3p21D)4d d 

2S°° 3p(3d2 3P) 
(3p2 3P)4P P 

(3p3d3D)4d d 
(3p3dd XD )4d 
(3d23P)4p p 
(3d23F)4f f 
(3p2 3P)5p p 

2D°° (3s3p3P)3d 
{Zs$p{Zs$pllV)Z& V)Z& 
3p(3d23F) ) 
3p(3d2 3P) ) 
3p(3d21D) ) 
3p(3d2)* * 
(3s3p3P)4d d 

2Dee 3s(3p21D) 
(3s21S)3d d 
(3p2 lD)3d d 
(3p21S)3d d 
(3p23P)3d d 
3s(3d21D) ) 
3d3 3 

Presentt  work 
Energy y 

0 0 
4.807 7 
8.150 0 
9.436 6 

11.720 0 
14.938 8 
18.678 8 
3.526 6 
5.431 1 
9.135 5 

11.973 3 
17.514 4 
25.518 8 
27.871 1 
4.146 6 
9.419 9 

15.254 4 
25.107 7 
27.910 0 
29.442 2 
29.895 5 
8.729 9 

27.583 3 
30.955 5 
32.487 7 
34.069 9 
35.866 6 
38.274 4 

1.702 2 
4.637 7 
7.307 7 
9.504 4 

13.376 6 
16.197 7 
26.617 7 
1.267 7 
4.491 1 
6.951 1 
8.877 7 

10.983 3 
11.867 7 
15.032 2 

Widt h h 
6.54xl014 4 

9.588 xlO14 

1.06xl015 5 

5.566 xlO14 

7.36xlOu u 

6.844 xlO14 

7.52x10" " 
1.02xl015 5 

2.53xl014 4 

5.56x10" " 
5.811 xlO14 

5.88xl014 4 

2.77xl014 4 

4.47xl014 4 

6.80xl014 4 

1.13xl015 5 

4.94xl014 4 

4.38xl014 4 

4.36xl014 4 

4.511 xlO14 

5.011 xlO14 

3.922 xlO14 

6.08xl014 4 

1.500 xlO15 

2.73xl014 4 

5.65xl013 3 

3.10xl013 3 

5.04xl014 4 

5.26xl014 4 

6.13xl014 4 

6.18xl014 4 

6.90xl014 4 

8.50xl014 4 

9.25xl014 4 

3.86xl014 4 

7.36x10" " 
7.47x10" " 
9.37x10" " 
1.088 xlO15 

1.12xl015 5 

1.233 xlO15 

7.44x10" " 

CIHFR " " 
Energy y 

0 0 
4.98 8 
8.11 1 
9.96 6 

12.11 1 
15.54 4 
19.27 7 
3.55 5 
5.52 2 
9.59 9 

12.39 9 
18.75 5 

4.38 8 
10.00 0 
16.52 2 

8.98 8 

1.75 5 
4.76 6 
7.47 7 
9.93 3 

14.30 0 
17.37 7 

1.31 1 
4.61 1 
7.15 5 
9.19 9 

11.71 1 
12.46 6 
15.89 9 

Widt h h 
7.56xl014 4 

9.76x10" " 
1.04xl015 5 

6.50x10" " 
6.60x10" " 
4.48x10" " 
4.55x10" " 
l . l l x lO 1 5 5 

4.07x10" " 
5.17x10" " 
7.34x10" " 
3.30x10" " 

1.099 xlO15 

6.42x10" " 
3.80x10" " 

1.69x10" " 

4.01x10" " 
7.70x10" " 
6.50x10" " 
6.14x10" " 
5.31x10" " 
6.06x10" " 

6.98x10" " 
6.65x10" " 
6.42x10" " 
9.50x10" " 
7.51x10" " 
1.022 xlO15 

6.12x10" " 

.B-spline6 6 

Energyy Widt h 
0 0 

4.244 9.17x10" 
9.822 4.88x10" 

16.244 3.12x10" 

9.066 1.07x10" 

°° Vaeck and Hansen (1992a). 
bb Bachau (1996). The energy shifts of the 2Se states due to the 2/3/'3*" states were found to be 
respectivelyy 0.3, 0.2 and 0.2 eV but since the corresponding shift was not reported for the 3s23p 
2P°° term, the shifts have not been included in the data reported in the table. 
**  The wavefunction composition for this particular state is found to be a admixture of 3p(3d2 3P ), 
3p(3d22 *D) and (SsSp^jSd but because all three labels have already been used, a more "neu-
tral""  label is used in the present case. 
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usingg the CIHFR method is 60 % larger. 
Off  the five series included in table 6.4, two, 2P° and 2Pe, have a similar behaviour in the two 

calculations.. For example, the widths of the 2P° series are found to increase from 7 x 1014 to 
11 x 1015 s"1 and then to decrease again to 6 x 1014 s_ 1. For other series like 2De and 2Se, the 
trendss found in the two calculations are different. For 2Se, Vaeck and Hansen (1992a), whose 
resultss are in good agreement with those of Bachau (1996), predicted that the widths would go 
downn within the series while, in the present work, the width of the second state is much larger 
thann those of the other series members. However, if the width of the two lowest 2Se states were 
interchanged,, the three data sets would agree very well. 

I tt was shown in chapter 4 that members of a Rydberg series are expected to have approx-
imatelyy the same autoionization width. This behaviour, observed for the 2121'nl" states, is not 
evidentt in this case (cf. table 6.4) because, as already found for the ZlZl'nl" states in lithium, 
interferencee effects are destroying this regularity. 

6.55 Be-like nitrogen, N IV 

6.5.11 Opt imizat io n of th e potent ial 

Inn previous attempts to compute energies of four-electron systems using a model-potential de-
scribingg the Is2 core, the a parameter in equation 6.1 was fixed at a value which reproduced the 
experimentall  energy of the ls22s 2Se state (Bachau et al 1990, van der Hart and Hansen 1992b). 
Inn this case, the best value of a is easy to determine because it only requires the diagonalization 
off  the single-electron hamiltonian for the s series in the potential of the Is2 core. In the present 
work,, the model-potential is used to compute N II I  states which means that not two but three 
electronss are present outside the core and, because the error of the method is expected to in-
creasee with the number of valence electrons, optimization on the ls22s2 xSe term seems more 
appropriate. . 

Tablee 6.5: Optimization of the a coefficients on the ground state of N IV. In each cases, two 
numberss are given: the absolute energy (relative to Is2) and the energy relative to the ls22s2 

1See state. All energies are in au. 

Experiment" " 

xSee State 

Abs.. energy 
Rel.. energy 

B-splinee + model-potential6 

oo = 4.3 

oo = 4.4 

QQ = 4.5 

Abs.. energy 
Rel.. energy 
Abs.. energy 
Rel.. energy 
Abs.. energy 
Rel.. energy 

ls*2s* * 

-6.44474 4 
0 0 

-6.45774 4 
0 0 

-6.44507 7 
0 0 

-6.43286 6 
0 0 

ls*2p2 2 

-5.37227 7 
1.07247 7 

-5.39147 7 
1.06627 7 

-5.37880 0 
1.06627 7 

-5.36901 1 
1.06638 8 

aa Hallin (1966). The error reported is 2 x 10"5 au. 
66 Present work. 

Inn table 6.5, the energies relative to the Is2 state, called absolute energies, the energies 
relativee to the ls22s2 level and the experimental values (Hallin 1966) are reported for the three 

-4.67290 0 
1.77184 4 

-4.68218 8 
1.77555 5 

-4.67386 6 
1.77121 1 

-4.66583 3 
1.76703 3 
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lowestt 1Se states. Results are presented for a = 4.3, 4.4 and 4.5. The errors on the three lowest 
2See states are rather large, even for the most accurate of the three descriptions, respectively, 
44 x 10~4, 7 x 10~3 and 1 x 10~3 au. Energies relative to the ls22s2 state are more stable 
againstt variations of a, changing by about 0.003 au each time the parameter is increased by 0.1 
(noticee that the ls22s2-ls22p2 energy difference is the same for a = 4.3 and 4.4). Table 6.5 shows 
thatt Q = 4.4, which corresponds closely to the value found when the coefficient is optimized on 
thee ls22s state (van der Hart and Hansen (1992b) reported a value of 4.402872), is the best 
valuee for absolute as well as for relative energies although the latter still are underestimated by, 
respectively,, 0.006 and 0.0006 au for the ls22p2 and ls22s3s l Se states. 

Thee large difference, a factor of 10, between the errors on the relative energies for these 
twoo states can be related to the mean radii of the different orbitals involved. Using the model-
potential,, the mean radius of the Is orbital is found to be close to that obtained from HF 
calculations.. The 2s mean radius is found to be close to the 2s in ls22s2 while the 2p is more 
contractedd than the 2p from a HF calculation for ls22p2. Therefore, a second a parameter, ap, 
hass been introduced in order to reduce the error on the ls22s2-ls22p2 energy difference. This is 
donee by varying ap while keeping a fixed on 4.4 for s, d and f orbitals. The best value of ap was 
determinedd by trial and error, limiting the search to the range from 4 to 5. The optimal value 
waswas found to be 4.45 which corresponds to a slight expansion of the 2p orbital for which the 
meann radius gets closer to the HF value. The absolute and relative energies for the three lowest 
1See terms computed using the two a parameters are listed in table 6.6. The inclusion of the ap 

parameterr considerably improves the relative energy of the ls22p2 1Se term for which the error 
iss reduced from 0.006 to 0.002 au while the error for the ls22s3s l Se term is increased by only 
0.00022 au. In addition, it gives an very good fit to the energy of the Is22s2 1Se ground state. 

Tablee 6.6: Comparison between the experimental and the optimized ö-spline energies for the 
threee lowest *Se states of N IV. In each case, two numbers are given: the absolute energy 
(relativee to Is2) and the energy relative to the ls22s2 1Se state. The last column gives the error 
inn the calculated absolute and relative energies. All energies are given in au. 

Experiment""  Present work" ~ 
1See state Abs. energy Rel, energy Abs. energy Rel, energy A E 

ls^s**  -6.44474(2) Ö -6.44474 Ö Ö 
ls22p22 -5.37227(2) 1.07247 -5.37412 1.07062 1.8xl0~3 

ls22s3ss -4.67290(2) 1.77184 -4.67374 1.77100 8.4 xlO"4 

aa Hallin (1966). 
bb The value of a is set to 4.45 for the p electrons while for s, d and f electrons a is equal 4.40 
(cf.. text). 

6.5.22 Valence s ta tes 

Thee term dependence of orbitals describing valence electrons has been mentioned a long time 
agoo for example by Hartree and Hartree (1936) who showed the large differences between the 
2pp orbitals of the ls22s2p states when HF calculations were performed on beryllium. Therefore, 
itt is interesting to investigate the behaviour of different symmetries when the ap parameter 
inn introduced in the model-potential. In table 6.7, the B-spUne calculations performed with a 
singlee parameter potential (column headed "Spl.c") , the S-splinecalculations obtained when 
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thee ap parameter is introduced (column headed "Spl.6") and the R-Matrix results reported by 
Ramsbottomm et al (1994) are compared for several symmetries, namely 1 ,3Se, 1 ,3P°, 3Pe and 
l D e.. Ramsbottom et al included the correlation associated with nl orbitals with n < 4 and 
// < 3 while the Is2 core was frozen. This approach is less accurate than calculations focused on 
specificc terms (see for example Zhu and Chung (1994), Fleming et at (1995)) but Ramsbottom et 
alal present results for several states of different symmetries and is, in that sense, more comparable 
too the present results. Furthermore, since the goal of the present study is to perform accurate 
calculationss on N II I terms, we use the results for NIV primarily to study the differences between 
thee two potentials. The comparison with the R-Matrix calculations (Ramsbottom et al 1994) is 
usedd as an indication of the accuracy of the potentials. 

Forr states without 2p character, the two B-splinedata sets give nearly identical results, as for 
examplee for the ls22s3d 1De state. Of the other states, the terms belonging to ls22p2 show the 
largestt changes. For all three terms (*Se, 3Pe and 1De), the error is reduced by 0.12 eV which 
representss a reduction in the error by respectively 70, 55 and 50 %. Also the energies of the 
ls22s2pp 3P°, ls22p3s 1P° and 3P° states are improved by the introduction of the ap coefficient 
whilee the energy of the ls22s2p 1P° term is slightly worse. 

Tablee 6.7: Energies of the lowest N IV levels for several symmetries. The experimental energies 
aree reported with respect to the Is2 2s2 state while, for the theoretical values, the difference 
withh the experiment measured relative to Is2 is reported. The ls2-ls22s2 energy difference is 
measuredd as 175.36 eV. All values are in eV. 

LS LS 
lge e 

l p o o 

l D e e 

State e 

ls22s2 2 

ls22p2 2 

ls22s3s s 

ls22s2p p 
ls22s3p p 
ls22p3s s 
ls22s4p p 

ls22p2 2 

ls22s3d d 

Exp.° ° 

0.00 0 
29.18 8 
48.21 1 

16.20 0 
50.15 5 
58.65 5 
62.86 6 

23.42 2 
53.21 1 

Spl." " 

0.00 0 
0.05 5 
0.02 2 

-0.04 4 
0.04 4 
0.08 8 
0.02 2 

0.10 0 
-0.02 2 

Spl.c c 

0.01 1 
0.17 7 
0.01 1 

0.02 2 
0.05 5 
0.14 4 
0.03 3 

0.23 3 
-0.03 3 

R-M" " 

0.27 7 
0.01 1 

0.16 6 
-0.04 4 

0.12 2 
0.11 1 

LS LS 
3Se e 

3po o 

3pe e 

State e 

ls22s3s s 
ls22p3p p 

ls22s2p p 
ls22s3p p 
ls22p3s s 
ls22s4p p 

ls22p2 2 

ls22p3p p 

Exp." " 

46.78 8 
60.46 6 

8.35 5 
50.34 4 
57.71 1 
62.45 5 

21.77 7 
61.29 9 

Spl.ft t 

0.04 4 
0.10 0 

0.08 8 
0.04 4 
0.11 1 
0.03 3 

0.10 0 
0.09 9 

Spl.e e 

0.04 4 
0.16 6 

0.14 4 
0.05 5 
0.18 8 
0.06 6 

0.22 2 
0.18 8 

R-Md d 

-0.05 5 

0.02 2 
-0.07 7 

0.11 1 

aa Experimental values, NIST compilation ( http://www.nist.gov). 
66 Present work, the a parameter is set to 4.40 for s, d and f electrons and to 4.45 for p electrons. 
cc Present work, the a parameter is set to 4.40 for s, p, d and f electrons. 
dd R-Matrix calculations (Ramsbottom et al 1994). 

Tablee 6.7 shows that the inclusion of the ap parameter reduces the largest errors in the 
energiess of the lowest states by a factor up to three. The errors reported in table 6.7 are of the 
samee order of magnitude as the ones obtained in the recent R-matrix calculations of Ramsbottom 
etet al (1994) for the triplet states but are smaller for the singlet states in general. The present 
errorss are, however, considerable compared to direct calculations of specific terms. For example 
Zhuu and Chung (1994) reported energies (not shown here) for the ls22snp 1,3P terms with n = 
22 and 3 in better agreement with experiment by at least an order of magnitude. 

http://www.nist.gov
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6.66 B-lik e nitrogen, N II I 

Thee use of two a parameters in the potential describing the Is2 core leads to a better description 
off  the lowest part of the N IV spectrum. In the present section, a comparison between experi-
mentall  and theoretical energies is made for the lowest N II I  states. Since most of these states are 
known,, it is possible to obtain information about the accuracy of the model-potential approach 
forr the five-electron systems. It is important to know the accuracy when the method is applied 
too the multiply-excited states for which littl e is known experimentally. 

6.6.11 Valence s t a tes 

Inn table 6.8, the energy of the ls22s22p 2P° ground state relative to Is2 is reported (in au) while 
forr higher doublet states, the energy difference with respect to the ls22s22p state (in eV) is 
listed. . 

Fromm table 6.8, it is seen that the inclusion of the ap parameter in the model-potential leads 
too a much better description of the ground state. With ap equal to 4.45 instead of 4.40, the error 
inn the ls22s22p 2P° term energy is reduced from 65 to 2 meV, which corresponds to a reduction 
off  the error by a factor of 30. The good agreement with the experimental measurement is to some 
degreee fortuitous when it is recalled that relativistic corrections for the three valence electrons 
weree not explicitly included in the calculations although these are expected to be small. Also 
thee (lower) energy of the ground state computed using a single a parameter is a reminder that 
thee use of a model-potential breaks the variational principle. 

Becausee the second a parameter affects only p electrons, we will next consider states with a 
pronouncedd p character. For ls22p3 2P° and 2D°, the inclusion of the ap parameter reduces the 
errorr by a factor of 2 for the 2D° term (a decrease from 0.19 to 0.09 eV) and by a factor of 3 
forr the 2P° term (a decrease from 0.15 to 0.05 eV). In both cases, the two B-spline descriptions 
aree found to be more accurate than the R-Matrix calculations by Luo and Pradhan (1990) who 
reportedd energies for the 2P° and 2D° states which are too large by, respectively, 1.1 and 0.4 eV. 
Thee energies reported by Bell et al (1995) are discussed later. 

Thee changes for the ls22s2p2 2Se, 2Pe and 2De terms are less substantial. In the three cases, 
thee introduction of a different a parameter for p electrons increases the relative energies by 
0.055 eV, bringing the 2Se and 2De states in better agreement with the experimental data (the 
errorss are reduced from 0.07 to 0.02 and from 0.08 to 0.03 eV) while the opposite behaviour 
iss found for the 2Pe state for which the error increases from less than 0.01 to 0.05 eV. Since 
tablee 6.7 shows that the three ls22p2 terms in N IV (lSe, 3Pe and 1De) are improved by more 
thann 0.1 eV when the ap parameter is introduced, the differences in behaviour for the three 
ls22s2p22 terms must be due to differences in the 2s-2p interaction. This can be understood in 
aa simplified picture by considering the mean radius of the 2s and 2p orbitals for different single 
configurationn calculations. When HF calculations are performed on the ls22s2 and ls22p2 1Se 

levels,, the 2s-2p distance is close to those found for the ls22s2p2 2Se and 2De states while the 
distancee is considerably larger for 2Pe for which the distance is close to those computed in the 
presentt work using a single parameter potential. When ap is introduced, the 2s-2p distance is 
reducedd and is closer to the distance found for ls22s2 1Se, ls22p2 xSe, ls22s2p2 2Se and 2De. 
However,, the two B-sphne results for the ls22s2p2 2Pe term are nevertheless more accurate than 
thee R-matrix results due to Luo and Pradhan (1990). 

Thee energies of the ls2(2p2 3P )np 2S° states are also strongly influenced by the ap parameter. 
Inn this case, the relative energies of the single parameter calculation are all about 75 meV lower 
whichh is similar to the difference between the two B-splinecalculations for the ls2(2p2 3P )3p 2D° 
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Tablee 6.8: Non-relativistic energies for the lowest members of the 2P°, 2Pe, 2Se, 2S°, 2De and 
2D°° series of N III . Energies (in eV) are reported relative to the ground state except for the 
groundd state for which the energy (in au) relative to Is2 is reported. 

LSLS State 

2P°° lsz(2s2 lS)2p 
ls22p3 3 

ls2(2s2 1S)3p p 
ls2(2s2p3P)3s s 
ls2(2s2 1S)4p p 
ls2(2s2 lS)5p p 
ls2(2s2p3P)3d d 

2Pee ls22s(2p2 3P) 
ls2(2s2p3P)3p p 
ls2(2s2p3P)4p p 
ls2(2s2p1P)3p p 
ls2(2s2p3P)5p p 
ls2(2p2 3P)3s s 
ls2(2s2p3P)5p p 

2See ls22s(2p21S) 
ls2(2s21S)3s s 
ls2(2s21S)4s s 
ls2(2s2p3P)3p p 
ls2(2s21S)5s s 
ls2(2s21S)6s s 
ls2(2s21S)7s s 

2S°° ls2(2p2 3P)3p 
ls2(2p2 3P)4p p 
ls2(2p2 3P)5p p 
ls2(2p2 3P)6p p 
ls2(2p2 3P)7p p 
ls2(2p2 3P)8p p 
ls2(2p2 3P)9p p 

2D ee ls22s(2p2 1D) 
ls2(2s21S)3d d 
ls2(2s22 ËS)4d 
ls2(2s2p3P)3p p 
ls2(2s21S)5d d 
ls2(2s21S)6d d 
ls2(2s21S)7d d 

2D°° ls22p3 

ls2(2s2p3P)3d d 
ls2(2s2p3P)4d d 
ls2(2s2p1P)3d d 
ls2(2s2p3P)5d d 
ls2(2s2p3P)6d d 
ls2(2p2 3P)3p p 

Experiment" " 

-8.188123 3 
28.57 7 
30.46 6 
36.85 5 
38.65 5 
41.93 3 
42.49 9 
18.09 9 
38.33 3 
46.47 7 
46.82 2 
49.93 3 
50.94 4 
52.09 9 
16.24 4 
27.44 4 
37.33 3 
40.55 5 
41.37 7 
43.37 7 
44.53 3 
54.68 8 

12.53 3 
33.13 3 
39.40 0 
39.80 0 
42.20 0 
43.96 6 
44.89 9 
25.18 8 
41.48 8 
47.75 5 
49.17 7 
50.37 7 
52.21 1 

tf-spline* tf-spline* 
aa = 4.4 
-8.190447 7 
28.42 2 
30.48 8 
36.77 7 
36.66 6 
41.95 5 

18.09 9 
38.21 1 
46.38 8 
46.77 7 

50.87 7 

16.17 16.17 
27.48 8 
37.37 7 
40.45 5 

51.33 3 
59.86 6 
63.41 1 
65.23 3 
66.29 9 
66.97 7 
67.43 3 
12.45 5 
33.21 1 
39.41 1 
39.75 5 
42.45 5 
44.00 0 
44.94 4 
24.99 9 
41.41 1 
47.67 7 
49.19 9 

52.39 9 

app = 4.45 
-8.188043 3 
28.52 2 
30.44 4 
36.77 7 
38.62 2 
41.91 1 
42.45 5 
18.14 4 
38.23 3 
46.40 0 
46.79 9 
49.83 3 
50.92 2 
52.00 0 
16.22 2 
27.42 2 
37.31 1 
40.47 7 
41.36 6 
43.36 6 
44.52 2 
51.41 1 
59.94 4 
63.48 8 
65.30 0 
66.36 6 
67.04 4 
67.50 0 
12.50 0 
33.15 5 
39.37 7 
39.74 4 
42.39 9 
43.95 5 
44.89 9 
25.09 9 
41.41 1 
47.68 8 
49.20 0 
50.69 9 
52.22 2 
52.47 7 

CICC R-Matrixd 

28.555 29.66 
30.45 5 

18.088 18.39 

16.233 16.61 
27.42 2 

12.511 12.63 
33.12 2 

25.166 25.57 

aa NIST compilation ( http://www.nist.gov). 
66 Present work. The energies not listed in the column "a = 4.40" are equal to the corresponding 
valuess reported in the column "ap = 4.45". 
cc CI calculation from Bell et al (1995). 
dd R-Matrix calculation from Luo and Pradhan (1990). 

http://www.nist.gov
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state.. Table 6.8 shows that the B-spline energy for the lowest 2S° state disagrees by about 3.5 eV 
withh the experimental identification. In order to check the present results, we have performed 
MCHFF calculations on the ground state and the lowest 2S° term including all configurations 
resultingg from the excitation of electrons from the n = 2 to the n = 3 shells. Using the MCHF 
approach,, the ls2(2p2 3P)3p 2S° term is found to lie 51.49 eV above the ground state, which 
comparess well with the B-spline result (51.41 eV) and suggests that the experimental value 
reportedd in table 6.8 is erroneous. 

Thee term dependence of the 2s and 2p orbitals was already mentioned by Bell et al (1995) 
whoo reported relativistic CI calculations for the ls22s22p, ls22s2p2, ls22p3 and ls22s23/ states. In 
orderr to reduce the errors introduced by the use of frozen 2s and 2p orbitals, that were optimized 
onn the ground state, six orbitals were defined to improve the description of the three ls22s2p2 

states.. The 4s, 4p and 5d orbitals were optimized on the 2Se state, the 4d and 5p on the 2Pe state 
andd the 4f on the 2De state. A comparison between the two data sets (cf. table 6.8) shows that 
thee energies reported by Bell et al are in better agreement with the experimental values than 
thee B-spline energies (we consider only the QP = 4.45 energies), especially when states with a 
pronouncedd p character are considered. This means that the much larger CI expansions, about a 
factorr of 20, used in the present work does not completely compensate for the term dependence 
off  the 2s and 2p orbitals. 

Becausee the ls22s2 and ls22p2 1Se terms are perturbing each other, the ls22s2nd 2De, 
ls22s2npp 2P° and ls22s2ns 2Se terms are also expected to be influenced by the introduction 
off  QP. For the 2Se series, the result is a reduction in the relative energies by about 0.05 eV and 
therebyy a reduction in the deviation from experiment. The relative energies of the 2P° states are 
alsoo shifted downwards, by 0.04 eV, but the accuracy of the results is unchanged for the n = 3 
andd 5 states while the description of the n = 4 term is slightly worse. For the 2De series, the 
nn = 3, 5, 6, 7 and 8 terms are shifted down, by 0.06 eV, by the introduction of the ap parameter, 
whichh results in a better agreement with the experiment. The energy of ls22s24d is also reduced, 
byy 0.04 eV, but the single parameter potential gives better agreement with the observed energy. 
Thee difference between the ls22s24d and the other members of the Rydberg series is due to the 
factt that the 4d state is more perturbed than 3d, say. In addition, the perturbers are different, 
respectively,, ls2(pp)d and ls2s(pp) and the perturbation of the 2p orbital by an outer d electron, 
especiallyy 3d, is better described when a is set to 4.40 for the p orbitals. 

6.6.22 Core-exc i ted s t a t es 

Itt has been seen in the previous section that, in most cases, the energies are closer to the 
experimentall  values when a different potential is used to set up p orbitals. Therefore, only the 
two-parameterr potential {at,dj = 4.40, ap = 4.45) has been used for the calculations reported 
inn the present section. The energies (in eV) reported in table 6.9 are given relative to the 
ls2(3s22 *S )3p 2P° state which is found, in the present work, to lie 3.5854 au below the Is2 limit . 

Thee error of the B-spline method combined with a model-potential description of the Is2 core 
iss estimated to 0.1 eV or less (cf. tables 6.7 and 6.8). This is large compared to experimental 
energiess for the ground state or for valence-excited terms but it is a factor of five lower than 
thee error reported by Vaeck and Hansen (1992a) who, as mentioned, have reported the only 
previouss calculation for these terms. 

Concerningg the energies, it is seen from table 6.9 that the agreement between the B-spline and 
thee CIHFR approach is fairly good even if the largest energy difference reaches 1.5 eV. By analogy 
too the ZlZl'nl" case in N V, the energy differences between the CIHFR and the present data 
aree expected to increase within a series and this behaviour is found for all symmetries listed in 
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Tablee 6.9: Energies relative to the Is2(3s2 l S )3p 2P° term (in eV) and total autoionization widths 
(inn s_1) for the lowest ls23/3/'n/" doublet states in N III . 

LSLS State 
*P°° l s ' ^ ' S ^ p 

ls2(3s3p3P)3d d 
ls2(3s3pl P)3d d 
ls23p3 3 

ls2(3s2 1S)4p p 
ls23p(3d2 1D) ) 
ls2(3s3p3P)4s s 

2Pee ls23s(3p2 3P) 
ls2(3p2 1D)3d d 
ls2(3p2 3P)3d d 
ls23d3 3 

ls2(3s3p3P)4p p 
ls2(3p2 3P)4s* * 
ls2(3s3p1P)4p p 

2See ls23s(3p2 1S) 
ls2(3p2 ID)3d d 
ls2(3s2 1S)4s s 
ls23s(3d2 1S) ) 
ls2(3s3p3P)4p p 
ls2(3s21S)5s s 
ls2(3s3pI P)4p p 

2S°° ls23p(3d2 3P) 
ls2(3p2 3P)4p p 
ls2(3p3d3D)4d d 
ls2(3p3dxD)4d d 
ls2(3p2 3P)5p p 
ls2(3d2 3P)4p p 
ls2(3p3d3D)5d d 

2D°° ls2(3s3p3P)3d 
ls2(3s3pl P)3d d 
ls23p3 3 

ls23p(3d2 3P) ) 
ls23p(3d22 XD) 
ls2(3s3p3P)3d d 
ls23p(3d22 3F) 

2Dee ls2(3p2 1D)3d 
ls2(3s2 ,S)3d d 
ls23s(3d22 lD) 
ls2(3p2 ,S)3d d 
ls2(3p2 1D)3d d 
ls2(3p2 3P)3d d 
ls2(3s2 lS)4d d 

CIHFRR a 

Energy y 
0 0 

632 2 
8.99 9 
9.33 3 

13.01 1 

4.94 4 
7.67 7 

10.13 3 
12.97 7 

4.68 8 
10.79 9 

14.18 8 

3.73 3 
6.30 0 
9.11 1 

11.12 2 
14.44 4 
16.31 1 

2.02 2 
4.74 4 
8.55 5 

10.13 3 
12.02 2 
12.47 7 

Width h 
5.622 xlO14 

8.57xl014 4 

8.422 xlO14 

4.988 xlO14 

3.06x10" " 

8.97xl014 4 

4.53x10" " 
4.799 xlO14 

4.633 xlO14 

9.75xl014 4 

4.87xl014 4 

2.78xl014 4 

5.31xl014 4 

7.03xl014 4 

6.24x10" " 
3.18x10" " 
3.91x10" " 
3.19x10" " 

4.87x10" " 
4.56x10" " 
5.45x10" " 
6.54x10" " 
5.56x10" " 
7.60x10" " 

£-splinee + MP* 
Energy y 

0 0 
6.086 6 
8.811 1 
8.982 2 

12.224 4 
12.777 7 
13.474 4 
4.846 6 
7.725 5 
9.800 0 

12.709 9 
13.726 6 
16.182 2 
16.515 5 
4.432 2 

10.309 9 
11.211 1 
13.334 4 
15.238 8 
16.037 7 
16.927 7 
10.966 6 
17.285 5 
20.330 0 
21.269 9 
22.053 3 
22.934 4 
24.022 2 
3.813 3 
6.273 3 
8.942 2 

10.729 9 
13.775 5 
14.822 2 
15.320 0 
2.148 8 
4.643 3 
8.384 4 

10.010 0 
11.335 5 
11.994 4 
13.250 0 

Width h 
3.72x10" " 
5.96x10" " 
3.04x10" " 
5.90x10" " 
1.88x10" " 
1.72x10" " 
2.04x10" " 
6.24x10" " 
1.59x10" " 
2.56x10" " 
2.38x10" " 
1.77x10" " 
3.19x10" " 
3.48x10" " 
3.59x10" " 
4.42x10" " 
1.74x10" " 
2.14x10" " 
2.24x10" " 
1.43x10" " 
3.18x10" " 
2.14x10" " 
3.01x10" " 
4.13x10" " 
2.06x10" " 
1.80x10" " 
1.39x10" " 
1.66x10" " 
3.56x10" " 
3.52x10" " 
3.18x10" " 
1.76x10" " 
2.74x10" " 
1.18x10" " 
2.41x10" " 
3.69x10" " 
3.24x10" " 
3.51x10" " 
5.62x10" " 
3.86x10" " 
6.74x10" " 
1.59x10" " 

aa Vaeck and Hansen (1992a). 
bb Present work. 
**  The label of this state is discussed in the text and corresponds to the third largest mixing 
coefficientt of the wavefunction. 
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tablee 6.9. 

Forr three terms, ls2(3s3p3P)3d 2D°, ls2(3p21D)3d 2P« and 2De, the energies computed 
usingg the CIHFR method are found to be lower than the 5-spline energies. These states are 
foundd to be strongly mixed with other configurations and, for example, the three largest con-
tributionss to the wavefunction of the second lowest 2Pe term are coming from ls2(3p2 *D )3d 
(322 %), ls2(3p2 3P)3d (31 %) and ls23s(3d23P) (25 %), underlining the difficulty associated 
withh attempting to use a single configuration label for multiply-excited states. However, in the 
B-splinee approach, the labeling is facilitated by the fact that the configuration with the largest 
mixingg coefficient also belongs to the most important coupling scheme. Only for the two highest 
2Pee states, the labeling is ambiguous. For the sixth state, seven different configurations are found 
too have a mixing coefficient larger than 0.2 in absolute value but the two leading configurations 
aree ls23d3 (representing 23 % of the wavefunction) and ls2(3s3p1P)4p (16 %). Because these 
twoo configurations belong to the two largest coupling scheme representing respectively 24 and 
222 % of the wavefunction, the ls23d3/ ls2(3s3p1P)4p (double) label seems to be the most ap-
propriatee especially if the fourth and seventh 2Pe states are considered. For those two states, 
thee label is unambiguous as exemplified by the level at 12.7 eV for which the three largest con-
tributionss to the wavefunction are ls23d3 (38 %), ls2(3p22D)3d (20 %) and ls23s(3p23P) (10 
%),, justifying the choice of label made here. For the highest 2Pe state reported in table 6.9, the 
ls2(3s3pp *P )4p/ls23d3 label would better describe the strong mixing between the configurations 
evenn if the coupling scheme of the former one represents 37 % of the wavefunction while the 
contributionn of the latter is smaller (28 %). Double labels are not used in table 6.9 but they do 
illustratee the composite character of the wavefunctions and exemplify also the strong interaction 
betweenn ls23/3/'3f' and ls23/3/'4/" states found with the present basis set. 

Comparingg the autoionization widths obtained using the CIHFR and the B^spline methods in 
NN II I and N V (cf. tables 6.4 and 6.9), it is seen that, for both ions, about 85 % of the values agree 
too a factor of 2 or better. However, if only those cases are considered for which the difference 
betweenn the two approaches is less than 30 %, the two sets of data are in better agreement for 
NN II I than for N V. For the two spectra, respectively 60 and 30 % of the values agree within 
thesee error limits. In addition, for N V, the Auger rates computed using the B-spline approach 
aree lower than the CIHFR results, with exception of the ls23p3 2P° state. 

Forr the calculation of the Auger rates, the ls22sn/ limits with n up to 7 have been included 
but,, with exception of the decay to n = 3 and 4, their contributions are found to be small. The 
reasonss are that, as expected, the wavefunctions show that the main mixings are between the 
ls23Z31'3f""  states although in some cases ls23/3/'4f" states have considerable mixing coefficient 
whilee non-orthogonalities between initial and final bound orbitals are small because the same 
model-potentiall  was used to describe the resonance and the continuum states. 

Iff  quantitatively the CIHFR and B-spline methods differ somewhat concerning the autoion-
izationn widths, the two calculations do roughly show a same trend for the lower states as for 
examplee illustrated by the 2De series. For the 2P° series, table 6.9 shows that, if the Auger 
ratess of the third and fourth terms are reversed, the 5-spline and the CIHFR values follow the 
samee trend. The inversion could be a consequence of the sensitivity of the fourth lowest state 
definedd by Vaeck and Hansen to the additional correlation included in the present work. The 
fourthh state could then be shifted below the third one and this inversion would bring the two 
descriptionss into qualitative agreement. 
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6.77 Conclusions 

Thee present results for core-excited states of Li-lik e and B-like nitrogen confirm the accuracy, 
alreadyy found in the case of Li I (cf. chapters 4 and 5) of the 5-spline approach for computing 
energiess and autoionization widths of core-excited states. In Li-lik e nitrogen, the energy spec-
trumm of singly core-excited states obtained using the S-spline approach represents a considerable 
improvementt over previous theoretical descriptions and provides the only data set which shows 
quantitativee agreement with the measurements of Mack and Niehaus (1987) for the lowest 2De 

states.. The energies reported for the ZlZl'nl" states show that the accuracy of the description 
off  the highest 3/3/'3/" terms is dependent on the amount of correlation included and that a too 
largee truncation of the CI expansion can induce errors up to 1 eV. Results for 2121'nl" and the 
lowestt 3/3/'4/" terms represent the first study of individual states and, especially for the latter, 
itt is hoped that these results wil l stimulate both experimental and further theoretical works. 
AA complete study of 3/3/'4/" and 3lZl'5l" states would be useful for experimentalists (see for 
examplee Moretto-Capelle 1999). 

Apartt from N V, triply core-excited states have also been studied for N II I  in which the Is2 

coree is represented by a model-potential. The calculations have been performed in three steps. 
First,, the parameters of the potential have been optimized on the ls22s2 1Se state and it has been 
shownn that, in order to reproduce the ls22s2 - ls22p2 1Se energy difference, it was important 
too define a different parameter for the p series. Calculations on ls22/2/'nf" states represent the 
secondd step. The energy of the ls22s22p 2P° state is found to be very well described while for 
otherr states, the errors are smaller than those reported by Luo and Pradhan (1990) in R-matrix 
calculations.. The last step is the computation of energy levels and autoionization widths of 
ls23J3/'nr'' states. The present results compare reasonably well with earlier CIHFR calculations 
evenn if disagreements concerning autoionization widths sometimes are close to a factor of 2. 


