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4.11 Introductio n 

Thee obvervation of core-excited states in Li I dates from 1923 when Mohler (1923) reported a 
linee at 2934 A which much later was identified as the (ls2s3S )3s 4Se - (ls2s3S )2p 4P° transition 
(Feldmann and Novick 1963, Hol0ien and Geltman 1967) but it was mainly the development of 
beam-foill  spectroscopy in the late sixties that gave the impetus to a large number of experimental 
andd theoretical investigations. The early history has been nicely summarized by Mannervik 
(1989).. These studies mainly concern singly core-excited states which are characterized by a 
singly-occupiedd Is shell. 

Forr Li I, the study of doubly and triply core-excited states, in which the Is shell is empty, 
iss of more recent origin even if the pioneering works of Bruch et al (1975b) and Rodbro et 
alal (1979), who identified the 2s22p 2P° term, date from the late seventies. The very recent 
improvementss in experimental techniques for measuring highly-excited few-body systems (see 
forr example Kiernan et al 1994 and Azuma et al 1995) have led to a revival of experimental 
andd theoretical studies not only for doubly-excited two-electron systems (Rost et al 1997) but 
alsoo for multiply-excited three-electron systems. In 1994, multiply core-excited states, also called 
"hollow""hollow" states, of Li I were observed in a plasma device by Kiernan et al (1994), while later 
severall  experimental studies using synchrotron radiation have been published, especially by 
Azumaa et al (1995, 1997) and Wuilleumier and coworkers (Diehl et al 1996, 1997a, 1997b, 
2000a,, 2000b) where the latter showed, in particular, the improvement in resolution that can 
bee obtained from the third generation storage rings such as the Advanced Light Source (ALS) 
inn Berkeley. Since these states have large non-radiative decay rates, detection have relied on 
photoabsorptionn (Kiernan et al 1994, 1995) and detection of photoions (Azuma et al 1995, 1997) 
orr electrons (Diehl et al 1996, 1997a, 1997b, 2000a, 2000b). 

Onn the theoretical side, highly accurate calculations have been reported by Chung and Gou 
(1995,, 1996) who applied a combination of the saddle-point and the complex-rotation method 
(thee abbreviation SP will be used to refer to this approach) to lithium. At the same time, Bachau 
(1996),, who was particularly interested in determining non-radiative decay probabilities, pub-
lishedd results for triply-excited states in N V using a B-spline based approach. This approach 
hadd already been shown to give a very accurate description of level energies as well as autoion-
izationn widths of doubly-excited He-like systems (van der Hart and Hansen 1992a, 1992b) and 
firstfirst applications to three-electron systems had been published by the same authors (van der 
Hartt et al 1993). 

Inn this work, we present the first extended study of the 2121'nl" series with n > 2 and of 
3/3/'nl""  states (with n > 3) for all LS symmetries with L < 2 using a B-spline based approach. We 
reportt energies together with total Auger widths while partial widths are reported for 2121'nl" 
statess only. The existence of accurate experimental and theoretical results offers an excellent 
opportunityy for studying the accuracy of the B-spline approach for highly-excited three-electron 
systems.. For the 2121'nl" spectrum, we have extended the calculations reported by Chung and 
Gouu (1995, 1996) who studied the lowest (or two lowest) state(s) of the 2Se, 2Pe, 2De and 2D° 
seriess in addition to a more detailed study of the 2P° series, this symmetry being the only one 
thatt can be reached directly from the ground state with photon excitation. Nevertheless, since 
statess of other symmetries have been observed, for example the identification of the 2s(2p2 lD) 
2Dee state in Li I was reported by Cubaynes et al (1996), it seems useful to extend the calculations 
too other symmetries. 

Thee study of 3/3/'n/" levels has been motivated by the recent experiments performed by 
Azumaa et al (1997) and Diehl et al (1997a). 
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4.22 Theoretical background 

4.2.11 Description of hollow states 

S-splinee basis sets have, as already mentioned, been used very successfully for describing (pseudo) 
two-electronn and (pseudo) three-electron systems (van der Hart and Hansen 1992a, 1992b, van 
derr Hart et al 1993, Bachau 1996, Hansen et al 1999). The approach is based on the use of a 
B-splinee basis to determine a set of atomic orbitals which are then used in subsequent CI calcula-
tions.. Since many of the core-excited states are instable resonances (quasi-bound states), when 
diagonalizingg the non-relativistic hamiltonian matrix, the truncated diagonalization method, 
TDM,, is used. In this approach, described in more detail in section 1.3.3.3 (page 28), open-
channelss (i.e. series of csf's associated with ionization limits located below the hollow states) are 
neglectedd in the hamiltonian and therefore the energies and wavefunctions of the hollow states 
correspondd to the lowest eigenpairs of the matrix. This means that the iterative Davidson scheme 
(Davidsonn 1975) can be used to diagonalize the hamiltonian matrix and therefore large matrices 
cann be treated. The energy shift due to the neglect of the open-channels in the hamiltonian 
matrixx (equation 1.86, page 33) is computed in a later step, using perturbation theory. 

I tt is mentioned in section 1.2.2 (page 15) that the accuracy of the S-spline method is depen-
dentt on the choice of the parameters involved in the mathematical definition of the Ö-spline basis 
sett (equations 1.2 and 1.3, page 12). Among these parameters, the knot point sequence (distri-
butionn pattern of the basis functions) is the most important. In the present chapter, 22 splines 
off  order 7, distributed exponentially over a 80 au box, are used for describing the quasi-bound 
states.. The restriction to a rather low number of basis functions for describing core-excited states 
iss connected with the very large number of csf's involved in the CI expansions which can easily 
increasee to more than 100000 (cf. table 1.2, page 29) when the coupling schemes listed in table 
1.33 (page 30) are included in the calculations. 

Thee distribution of the basis functions, determined by the knot sequence, can be tailored 
too the problem by increasing the B-spline density in those regions of the box where the orbitals 
varyy fast. Therefore, because low n orbitals are the most important for quasi-bound states, an 
exponentiall  distribution has been chosen and the large number of splines close to the nucleus 
ensuress the effective completeness of the basis in this particular region of the box (Landtman 
andd Hansen 1993). 

Previously,, it was shown that the use of a HF basis instead of a hydrogenic basis has compu-
tationall  advantages in calculations for more than two electrons (cf. section 1.4.2, page 36), most 
importantlyy a better stability of the total energies. In the present work, the atomic orbitals used 
forr describing the multiply-excited states are set up outside a frozen HF core (respectively 2s2 

andd 3s2 for 2121'nl" and 3131'nl" states) for which the orbitals have been optimized on the 2s2 or 
thee 3s2 xSe level in Li II . Then, for each / value, a set of orbitals, the number being determined 
byy the number of splines, is built outside the two-electron core, using a version of the frozen core 
HFF code developed by Landtman et al (1993) and improved by Kessler (1996). This choice of 
thee frozen core is of course somewhat arbitrary because, for example, the 3p orbital belonging 
too the 3s2 3p 2P° state is better described using a 3s2 core than the 3p in the 3s3p2 2Pe state but 
thee former 3p is still considerably closer to the physical (spectroscopic) 3p for the latter term 
thann a hydrogenic 3p is. It has also been checked that, for 2121'nl" states, the use of a common 
basiss to describe all symmetries has littl e influence on the position of the energy levels which 
aree shifted by 0.02 eV or less when different basis sets (HF and hydrogenic) are used, thereby 
givingg an estimate of the error in the present calculations. 
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4.2.22 Descr ipt ion of cont inuum states 

Thee description of Auger processes requires the computation of the interaction between hollow 
andd continuum states. Because, in this case, we are interested in a particular continuum state 
(inn principle the state degenerate in energy with the hollow state), the effective completeness of 
thee basis is not the pertinent property. Instead, since the continuum states in the exponential 
basiss represent averages over a particularly large region of energy, a basis giving a more direct 
relationn between the energy of the continuum electron and its wavefunction has been defined. 
Thiss is done, in the present work, by increasing the number of splines from 22 to 141 and by 
changingg their distribution pattern, keeping the size of the box fixed. This larger basis must be 
ablee to describe both bound and continuum electrons and, for this purpose, the box is divided 
intoo two parts. 21 splines are exponentially distributed in the inner part, the first 2 au, while 
thee remaining 120 5-spIinesare linearly distributed over the rest of the box. This ensures a good 
descriptionn of the low n orbitals of the target state (also called ionization limit ) and, in the 
samee time, of the discretized continuum state. The other parameters, such as the order of the 
S-splinesandd the choice of coupling schemes included in the calculation, have been kept identical 
too those chosen for the smaller basis. 

Because,, in the present work, each target state is described by a single configuration wave-
function,, the choice of the orbital basis must be made with care. For computing the decay rate 
off  2121'nl" states, the choice of a frozen Is core, taken from a calculation for Is2, to build the HF 
basiss is found to give accurate results because most target states are of the type lsnl which, due 
too the small spatial overlap between the two electrons, means that correlation effects are small 
andd a monoconfigurational approximation consequently quite accurate. This argument applies 
too all open-channels except Is2 for which correlation effects have been reduced by chosing this 
statee as basis for the optimization of the Is orbital. However, for the 3131'nl" states the situation 
iss more complex. These states are decaying to lsnl, 2snl and 2jml ionization limits and pref-
erentiallyy to the latter two limits which are less easy to describe accurately than the first one 
forr low n values in so far as the two electrons are much closer to each other and therefore more 
sensitivee to correlation effects. In addition, the presence of limits close to each other leads to 
neww possibilities for correlation such as the well known strong interaction between the 1Se terms 
inn 2s2 and 2p2. Therefore, two types of basis sets, A and B, have been tried. In A, a common 
basiss built on the 2s2 configuration is set up while in B five different basis sets, corresponding 
too different types of target states, are used. Basis A is similar to that used for 2121'nl" states 
whilee in basis B, the five different basis sets are built respectively on 2sns, 2snp, 2snd, 2pnp 
andd 2pnd, where the 2s and the 2p orbitals are obtained by a HF calculation on the lowest 2/3/' 
configurationn (i.e. minimizing the average energy for 2s3p in the case of the 2snp basis) while 
forr the 2/nf ionization limits, the 2s and the 2p orbitals have been chosen to be identical to 
thosee used to set up the 2snd and 2pnd basis. Basis B gives a better description, particularly 
forr the 2/3/' limits which are important for the decay of 3/3Z'3/" states. However, the remaining 
errorss are still expected to be larger than for the lsnl limits and therefore the accuracy of the 
totall  autoionization widths is expected to be worse for 3Z3Z'nZ" states and for the same reason 
wee do not report partial widths here. Nevertheless, because the errors in the partial widths are 
expectedd to, at least partially, cancel each other, the total widths reported here for the ZlZl'nl" 
statess should be quite accurate. 

Thee single configuration description of the ionization limits implies that, for computing 
continuumm states, only the correlation connected with the third electron is taken into account. 
Thiss means that if, for example, the angular momentum of the continuum electron is different 
fromm those associated with the core electrons, a hamiltonian matrix of size 141 x 141 is computed 
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andd fully diagonalized. This allows to define different continuum wavefunctions for each target 
statess using the same basis functions. 

Thee use of different basis sets for describing the quasi-bound and continuum states necessi-
tatess the inclusion of non-orthogonalities in the calculation of Auger rates. In the present work, 
thee restriction to three-electron systems allows the use of a straightforward method in which each 
integrall  is multiplied by an overlap factor between the spectator electrons (Hibbert et al 1988). 
Thiss approach is conceptually simple but quite time consuming because the number of Slater 
andd single electron integrals that needs to be calculated is much larger than in the orthogonal 
case. . 

4.2.33 Interaction wit h the continuum 

Thee interaction of quasi-bound states with degenerate continua is responsible for autoionization 
(Augerr processes). In this process, which, is responsible for the decay of core-excited states in 
lightt elements, an outer electron fills an inner-hole while another, the Auger electron, leaves the 
atomm (or ion) carrying an energy equal to the energy difference between the hollow state and 
thee ionization limit . The speed of the process is reflected in the width of the energy distribution 
forr the Auger electron. The method used in the present work to calculate Auger rates, called 
thee space partition approach, is based on a extension of the Feshbach formalism (Feshbach 1958, 
1962)) which has been used successfully for doubly-excited two-electron systems (van der Hart 
andd Hansen 1992b). However, we note that approximations cannot be avoided for three-electron 
systems.. The approach, similar to that used by van der Hart and Hansen (1992b), is based on 
leavingg out open-channels of the hamiltonian when computing the quasi-bound wavefunctions. 
Thee influence of the open-channels on both the energy (cf. section 1.3.5.1, page 33) and the 
decayy process (cf. section 1.5.2, page 39) are computed afterwards using perturbation theory. 
Maciass and Riera (1988) have derived Fermi's golden rule (see for example Merzbacher 1961) 
forr a discretized continuum approach such as ours, 

rr  = 2np(E) |< <j> r | H | ME) > |2 (4.1) 

wheree p(E), which denotes the density of continuum states {ipc) at a energy E, is given by 

p(E)p(E) =  2 . (4.2) 

Ass the use of a discretized continuum does not automatically ensure a continuum state 
withh the proper energy, an interpolation procedure is used to estimate the bound-continuum 
interactionn at resonance (cf. equation 1.98, page 39). 

Whenn the excited state is lying above several ionization limits, the width is assumed to 
bee equal to the sum of decays to each channel independently, neglecting continuum-continuum 
interactions.. For Li I, Chung and Gou (1995, 1996) have found that this approximation is very 
accuratee for 2121'nl" states which lie above an infinity of limits, as mentioned later. 

4.33 Energies 

Energyy level values and total autoionization widths of doubly and triply core-excited terms are 
listedd in tables 4.1 and 4.4 for, respectively, 2121'nl" and 3131'nl" states. The energy values, 
givenn in eV, are computed by diagonalizing the non-relativistic hamiltonian matrix and adding 
thee relativistic corrections (Darwin and mass correction terms, cf. equations 1.88, 1.89 and 1.90, 
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Tablee 4.1: Relativistic energies and total Auger rates for the lowest 2121'nl" states obtained 
inn this work. No Auger rate has been reported for the 2S° and 4S° states because, in the LS 
approximation,, these two series are not allowed to decay to the IsnZ limits. The energies (in eV) 
aree computed with respect to the ls22s state. The Auger widths are in meV. 

LSLS State 

2s(2p21S) ) 
(2s21S)3s s 
(2s2lS)4s s 
(2s2p3P)3p p 
(2s21S)5s s 
(2s21S)6s s 
(2s21S)7s s 

2pe e 

2s(2p2 3P) ) 
(2s2p3P)3p p 
(2s2p3P)4p p 
(2s2p3P)5p p 
(2s2p3P)6p p 
(2s2p3P)7p p 
(2p2 3P)3s s 

2De e 

2s(2p2 1D) ) 
(2s21S)3d d 
(2s2p3P)3p p 
(2s21S)4d d 
(2s21S)5d d 
(2s21S)6d d 
(2s2p3P)4p p 

4ge e 

(2s2p3P)3p p 
(2s2P

3P)4p p 
(2s2p3P)5p p 
(2s2p3P)6p p 
(2s2p3P)7p p 
(2s2p3P)8p p 
(2s2p3P)9p p 

4pe e 

2s(2p22 3P) 
(2s2p3P)3p p 
(2s2p3P)4p p 
(2s2p3P)5p p 
(2s2p3P)6p p 
(2s2p3P)7p p 
(2s2p3P)8p p 

4De e 

(2s2p3P)3p p 
(2s2p3P)4p p 
(2s2p3P)4f f 
(2s2p3P)5p p 
(2s2p3P)5f f 
(2s2p3P)6p p 
(2s2p3P)6f f 

Energy y 

146.509 9 
148.793 3 
150.256 6 
150.496 6 
150.854 4 
151.094 4 
151.261 1 

146.968 8 
149.713 3 
151.112 2 
151.635 5 
151.874 4 
152.034 4 
152.171 1 

144.787 7 
150.010 0 
150.218 8 
150.740 0 
151.064 4 
151.215 5 
151.277 7 

150.105 5 
151.241 1 
151.692 2 
151.905 5 
152.067 7 
152.267 7 
152.524 4 

142.549 9 
150.100 0 
151.248 8 
151.696 6 
151.891 1 
151.931 1 
152.074 4 

149.873 3 
151.172 2 
151.526 6 
151.665 5 
151.830 0 
151.890 0 
151.985 5 

Width h 

77.66 6 
131.62 2 
130.59 9 
35.88 8 

136.38 8 
135.86 6 
134.29 9 

53.18 8 
13.30 0 
11.79 9 
11.61 1 
11.55 5 
11.61 1 
12.48 8 

97.10 0 
138.18 8 
35.60 0 

148.40 0 
148.64 4 
137.57 7 
33.90 0 

13.13 3 
12.26 6 
12.04 4 
11.94 4 
11.86 6 
9.67 7 
3.96 6 

15.46 6 
10.44 4 
9.93 3 
9.70 0 
5.73 3 
5.58 8 
9.50 0 

10.67 7 
10.12 2 
12.04 4 
9.93 3 

10.86 6 
9.84 4 

10.18 8 

LSLS State 
' 'S0 0 

(2p2 3P)3p p 
(2p2 3P)4p p 
(2p2 3P)5p p 
(2p2 3P)6p p 
(2p2 3P)7p p 
(2P

2 3P)8p p 
(2p2 3P)9p p 

2po o 

(2s21S)2p p 
2P3 3 

(2s21S)3p p 
(2s2p3P)3s s 
(2s21S)4p p 
(2s2p3P)3d d 
(2s2 IS)5p p 

2Do o 

2p3 3 

(2s2p3P)3d d 
(2s2p3P)4d d 
(2s2p3P)5d d 
(2s2p3P)6d d 
(2s2p3P)7d d 
(2s2p3P)8d d 

4So o 

2P
3 3 

(2p2 1P)3p p 
(2p2 1P)4p p 
(2p2 1P)5p p 
(2p2 1P)6p p 
(2p2 1P)7p p 
(2p2 1P)8p p 

4po o 

(2s2p3P)3s s 
(2s2p3P)3d d 
(2s2p3P)4s s 
(2s2p3P)4d d 
(2s2p3P)5s s 
(2s2p3P)5d d 
(2s2p3P)6s s 

4Do o 

(2s2p3P)3d d 
(2s2p3P)4d d 
(2s2p3P)5d d 
(2s2p3P)6d d 
(2s2p3P)7d d 
(2s2p3P)8d d 
(2s2p3P)9d d 

Energy y 

152.061 1 
153.395 5 
153.891 1 
154.135 5 
154.298 8 
154.494 4 
154.746 6 

142.274 4 
148.762 2 
149.252 2 
149.847 7 
150.483 3 
150.917 7 
150.941 1 

146.915 5 
150.729 9 
151.472 2 
151.813 3 
151.982 2 
152.139 9 
152.339 9 

146.256 6 
152.509 9 
153.541 1 
153.958 8 
154.172 2 
154.336 6 
154.544 4 

149.373 3 
150.802 2 
151.020 0 
151.490 0 
151.594 4 
151.809 9 
151.855 5 

150.620 0 
151.424 4 
151.777 7 
151.952 2 
152.104 4 
152.269 9 
152.386 6 

Width h 

115.34 4 
63.90 0 

127.81 1 
38.05 5 

146.31 1 
68.84 4 
92.42 2 

87.28 8 
15.77 7 
13.51 1 
12.67 12.67 
12.36 6 
12.66 6 
12.09 9 

9.95 5 
9.58 8 
9.62 2 
9.44 4 
9.44 4 
9.45 9.45 
9.44 4 

9.14 4 
9.27 7 
9.22 2 
9.16 6 
8.69 9 
5.00 0 
2.90 0 
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pagee 34) and the energy shift (cf. equation 1.86, page 33), using perturbation theory. The energies 
listedd in the tables are given relative to the relativistic ground state, located at -7.478678 au 
(Chungg 1991), which is the value used by Chung and Gou (1995). The factor used for converting 
thee energies from au to eV, 27.20927, has also been taken from Chung and Gou to allow easy 
comparisonn with their work. 

4.3.11 2121'nl" s ta tes 

Thee analysis of the experimental 2121'nl" spectra rely to a large extent on theoretical predictions 
whichh have been performed with various degrees of accuracy. However, the only purely ab initio 
results,, in addition to the present ones, are the SP calculations reported by Chung and coworkers 
(Chungg and Gou 1995, 1996, Zhang and Chung 1998) and the MCDF calculations reported by 
Azumaa et al (1997), where the latter include only a limited amount of correlation. Other results 
alll  include semi-empirical corrections. For example, Berrington and Nakazaki (1998), who used a 
modifiedd R-Matrix approach, have shifted all energies by 0.20 eV in order to compensate for the 
lackk of correlation of the Is2 state. However, tables 4.2 and 4.3, in which the B-spline energies 
aree compared with experimental and theoretical data, show that although this shift brings the 
2s22pp 2P° term into very good agreement with experiment, the 2p3 2P° term energy reported by 
Berringtonn and Nakazaki, when corrected by the same amount, is lying outside the experimental 
errorr limits defined by Diehl et al (2000b) while the (2s2 lS )3p 2P° term is lying below the B-
splineandd SP predictions. A difference of the same size is also found for the R-Matrix calculations 
off  Zhou et al (1999) who computed inner-shell photoionization of the ls22p and ls23p 2P° states 
inn Li I with essentially the same basis set as Berrington and Nakazaki. They report a large 
numberr of energies for 2Se, 2P* and 2De doubly core-excited states and most energies are lying 
aboutt 0.20 eV lower than the ö-spline values. In the work of Zhou et al (1999), the difficulties 
involvedd in shifting all values by the same amount can be exemplified by the 2s2p2 2Se and 2Pe 

statess which "unshifted" are found to be in agreement with the B-splineor the SP result. 

Mostt other calculations include only a limited amount of correlation and we will only com-
mentt briefly on these results. In the following, the discussion of table 4.2 which contains the 
mostt accurate experimental measurements reported so far is combined with the comparison of 
thee theoretical results listed in table 4.3. 

Mostt studies reported a value for the energy of the lowest 2P° term, 2s22p, for which more 
thann ten results are known from theory and experiment. It is obvious, from table 4.2, that 
thee agreement between the experimental data, for which the largest difference is 0.10 eV, is 
betterr than the agreement between the theoretical energies that have a maximum difference of 
0.655 eV, which clearly illustrates the difficulties involved in performing accurate calculations 
forr such highly-excited states. Considering the theoretical results, the MCDF and the CIHF 
calculationss performed by Azuma et al (1995) and Kiernan et al (1994) who reported energies 
off  141.66 and 141.90 eV, respectively (the latter is not listed in table 4.3), are found to be in 
disagreementt with other data by about 0.6 and 0.4 eV. This is attributed to a lack of correlation. 
Inn a later work, Kiernan et al (1995) used the CIHF method again (cf. table 4.3) but, this 
time,, each series member was shifted in order to fit  the lowest energy observed by Kiernan et 
alal (1994), making use of the fact that it is easier to calculate relative than absolute energies. 
Consideringg the experimental results, 142.30 eV is the only energy value which agrees with all 
observations.. However, both the SP and the B-spline results show some preference for the two 
latestt measurements performed by Journel et al (1996), 142.25  0.05 eV, and Diehl et al (1996), 
142.288  0.03 eV, indicating that the true value probably is slightly lower. 

Thee second lowest 2P° term, 2p3, is the lowest perturber of the ssp series. Table 4.3 illustrates 
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thee difficulty in localizing a perturber theoretically when it, as in this case, is spread over several 
states.. The theoretical energies vary from 148.44 eV for the MCDF calculation of Azuma et 
alal (1995) to 148.93 eV using the CIHF method (Kiernan 1995) but the 5-splineand the SP 
energiess are the only theoretical predictions in agreement with the latest experimental data, 
reportedd by Diehl et al (2000b) who reported the smallest error limits so far. We note that for 
thee 2p3 state, for which a large mixing is found (56 % p3 and 39% ssp), the discrepancy in energy 
betweenn the two approaches has its maximum for the 2P° symmetry. Morishita et al (1998) have 
usedd the hyperspherical approach to try to visualize the correlation in the n = 2 intrashell terms 
off  which the 2p3 2P° is one. However, this state is only 65 % pure in n = 2 components in our 
calculation.. The influence of other states is thus very substantial and we note that Morishita et 
alal mention that the internal structure of the states depends sensitively on the approximations 
madee in the calculation of the wavefunctions. 

Forr the third lowest state of the series, 2s23p 2P°, no experimental energy is known. According 
too Chung and Gou (1996), Kiernan et al (1995) and the present work, the state is expected to 
bee located close to 149.25 eV. 

Forr the (2s2p3P )3s 2P° state, the experimental results obtained by Kiernan et al (1995) and 

Tablee 4.2: Energy level values obtained in recent experiments for the lowest 2121'nl" and 3/3/'n/" 
levels.. All values are given in eV. 

LS LS 
2po o 

2 D e e 

4go o 
2pe e 
2po o 

State e 
(2s21S)2p p 
2p3 3 

(2s2p3P)3s s 
(2s2p3P)4s s 
2s(2p21D) ) 
2p3 3 

2s(2p22 3P) 
(3s21S)3p p 

B-spline e 
142.274 4 
148.762 2 
149.847 7 
151.116 6 
144.787 7 
146.256 6 
146.968 8 
175.136 6 

Experimentall  values 
142.32(5)° ° 

144.77(5)* * 
146.25(3)' ' 
146.93(5)' ' 

142.25(5)* * 

149.83(5)" " 
151.12(5)" " 

146.253(3)* * 

142.33(3)c c 

148.77(5)c c 

149.91(3)c c 

142.35(10)° ° 
148.70(10)° ° 
149.79(10)° ° 

175.25(10)e e 

142.28(3)' ' 
148.75(4)' ' 
149.98(4)' ' 
151.25(4)' ' 

175.16(5)9 9 

aa Kiernan et al (1994), dual plasma technique. 
66 Journel et al (1996), EUV synchrotron radiation. 
cc Kiernan et al (1995), dual plasma technique. 
dd Azuma et al (1995), EUV synchrotron radiation. 
ee Azuma et al (1997), EUV synchrotron radiation. 
'' Diehl et al (1996), EUV synchrotron radiation. 
99 Diehl et al (1997a), EUV synchrotron radiation. 
hh Azuma (1998), EUV synchrotron radiation. 
**  Cubaynes et al (1996), EUV synchrotron radiation. Energies reported relative to ls22p. The 
energiess given here are obtained by adding the ls22s - ls22p energy difference from the NIST 
compilationn (http://www.nist.org). 
JJ Agentoft et al (1984), beam-foil spectroscopy. 
**  Mannervik et al (1989), beam-foil spectroscopy. 
Thee energies measured by Agentoft et al (1984) and Mannervik et al (1989) are obtained 
byy adding the theoretical ls22s 2Se - ls2p2 4Pe energy difference. The SP value reported by 
Agentoftt et al (1984) has been used for the latter. 
'' Diehl et al (2000b), EUV synchrotron radiation. 

http://www.nist.org
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Tablee 4.3: Energy level values obtained in recent calculations for the lowest 2121'nl" and ZlZl'nl" 
levels.. All values are given in eV. 

LS LS 
2S° ° 

2Se e 

2po o 

2pe e 

2 D o o 

2 D e e 

4go o 

4po o 

4pe e 

2po o 

State e 

(2p2 3P)3p p 

2s(2p21S) ) 

(2s21S)3s s 
(2s21S)4s s 
(2s2p3P)3p p 
(2s21S)5s s 
(2s21S)6s s 
(2s21S)7s s 

(2s21S)2p p 
2P

3 3 

(2s21S)3p p 
(2s2p3P)3s s 
(2s21S)4p p 
(2s2p3P)3d d 
(2s21S)5p p 
(2s2p3P)4s s 
(2s21S)6p p 
(2s21S)7p p 

2s(2p2 3P) ) 

(2s2p3P)3p p 
(2s2p3P)4p p 
(2s2p3P)5p p 
(2s2p3P)6p p 
(2s2p3P)7p p 
(2p22 3P )3s 

2p3 3 

2s(2p21D) ) 

(2s21S)3d d 
(2s2p3P)3p p 
(2s21S)4d d 
(2s21S)5d d 
(2s21S)6d d 

2p3 3 

(2p2 3P)3p p 
(2p2 3P)4p p 

(2s2p3P)3s s 

2s(2p2 3P) ) 
(2s2p3P)3p p 

(3s21S)3p p 
3p3 3 

(3s3p3P)3d d 

B-spline e 

152.064 4 

146.509 9 

148.793 3 
150.256 6 
150.496 6 
150.854 4 
151.094 4 
151.261 1 

142.274 4 
148.762 2 
149.252 2 
149.847 7 
150.483 3 
150.917 7 
150.941 1 
151.116 6 
151.183 3 
151.346 6 

146.968 8 

149.713 3 
151.112 2 
151.635 5 
151.874 4 
152.034 4 
152.171 1 

146.915 5 

144.787 7 

150.010 0 
150.218 8 
150.740 0 
151.064 4 
151.215 5 

146.256 6 
152.509 9 
152.541 1 

149.373 3 

142.549 9 
150.100 0 

175.136 6 
176.733 3 
178.017 7 

SP P 

146.480" " 

148.788m m 

150.258m m 

150.494m m 

142.255° ° 
148.729° ° 
149.241° ° 
149.846° ° 
150.480° ° 
150.917° ° 
150.947° ° 
151.119° ° 
151.203° ° 
151.349° ° 

146.923° ° 

149.713° ° 

152.126™ ™ 

146.917° ° 

144.762° ° 

149.992"1 1 

150.207™ ™ 

146.257* * 

142.553° ° 
150.106° ° 

175.12e e 

176.74e e 

177.88e e 

CI* * 

152.060 0 

146.251 1 
152.513 3 
153.545 5 

R-Matrixf t t 

146.48J J 
146.61 1 
148.82 2 

142.30 0 
148.81 1 
149.22 2 
149.86 6 

146.85' ' 
147.01 1 

151.23 3 

146.99 9 

144.6P P 
144.82 2 
151.10 0 

146.30 0 

149.41 1 

142.59 9 

174.900 ' 

R-Matrix' ' 

146.534 4 

148.632 2 
150.064 4 
150.337 7 
150.600 0 
150.855 5 
151.001 1 

142.20* * 
148.68* * 
149.01* * 
149.70* * 

150.97* * 

146.910 0 

149.548 8 
150.943 3 
151.454 4 
151.705 5 
151.845 5 

144.661 1 

149.826 6 
150.045 5 
150.484 4 
150.798 8 
150.968 8 

CIHFC C 

142.32 2 
148.93 3 
149.25 5 
149.83 3 

MCDF' ' 

141.66 6 
148.44 4 
148.92 2 
149.19 9 
150.01 1 

174.14° ° 
176.07° ° 
177.39° ° 
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Tablee 4.3 continued 

°° Chung and Gou (1995, 1996) using the SP method including some relativistic corrections. 
66 Journel et al (1996) using the R-Matrix approach. 
cc Kiernan et al (1995) using a CIHF method. Energy are reported relative to the 2s22p 2P° 
statee normalized to the experimental value reported by Kiernan et al (1994). 
dd Azuma et al (1995) using a MCDF approach. 
cc Diehl et al (1997a) using the SP method including relativistic corrections. The second and 
thirdd states are expected to be less accurate than the lowest 2P° term. 
'' Diehl et al (1997a) using the R-Matrix approach. 
»» Azuma et al (1997) using a MCDF method. 
hh Berrington and Nakazaki (1998) using a R-Matrix approach. All energies were shifted by 0.20 
eVV as explained in the text. 
'' Agentoft et al (1984) using the SP method including some relativistic corrections. 
ii  Cubaynes et al (1996). R-Matrix calculations relative to the ls22p 2P° term. The energies 
reportedd here are obtained by adding the ls22s 2Se - ls22p 2P° term energy difference, 1.848 
eV,, reported in the NIST compilation. 
kk Davis and Chung (1990) using the Rayleigh-Ritz variational method combined with a 
multiconfigurationall  expansion. Some relativistic corrections are included. 
'' Zhou et al (1999) using the R-Matrix approach. 
mm Zhang and Chung (1998) using the SP method including some relativistic corrections. 
Energiess are reported relative to the ls22p 2P° term and the values given here are obtained by 
addingg the observed ls22s 2Se - ls22p 2P° term energy difference, 1.848 eV, reported in the 
NISTT compilation. 

Diehll  et al (1996) agree on an energy of 149.94 eV, which disagrees with the works of Azuma and 
coworkerss (1995, 1998) who located the level at, respectively, 149.79  0.10 eV and 149.83  0.05 
eV,, in much better agreement with the theoretical predictions. It can be seen that, for this state 
ass well as for the previous one, the energy computed by Kiernan et al (1995), using the CIHF 
approachh is in very good agreement with both the SP and the B-spline methods, confirming the 
accuracyy of the CIHF method for relative energies. 

Beginningg with the (2s2p3P)3s term, the agreement between the S-splineand the SP ap-
proachh for the rest of the 2P° series is very good, despite the fact that the wavefunctions for 
thesee high 2P° states show strong mixings between different coupling schemes. Of the higher 
memberss of the series, only the (2s2p3P)4s 2P° term has been observed by Diehl et al (1996) 
andd Azuma (1998) at, respectively, 151.25  0.04 and 151.12  0.05 eV. The latter is in per-
fectt agreement with the energies obtained using the S-splineand the SP method, respectively 
151.1166 and 151.119 eV. 

Concerningg the labeling, the only difference between the i^splineand SP methods is found 
forr the two 2P° terms located at 150.92 and 150.94 eV for which the labels are reversed. With 
thee B-spline approach, the wavefunction of the lower of the two terms is found to be a mixture 
off  (ss lS )p (37 %) and (sp3P)d (47 %) while for the higher state, the contributions from both 
couplingg schemes are close to 40 %. The label chosen for the latter corresponds to the largest 
mixingg coefficient which belong to the (2s2 lS )5p configuration, in agreement with the trend in 
thee Rydberg series. However, the large mixing and the low percentages of the leading eigenvector 
componentss mean that not much significance should be attached to the differences in labeling 
betweenn the two sets of results. Nevertheless, it is encouraging that the two methods give the 
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samee energy for such strongly mixed states. 
Severall  states belonging to other symmetries have been observed. The 2p3 4S° term was one of 

thee first triply core-excited states to be observed in Li I (Agentoft et al 1984). The reason is that, 
sincee Auger decay is forbidden for this state in the LS approximation, observation of the photon 
decay,, which is technically easier, becomes possible. For this level, the two experimental results 
availablee agree well with each other and with the energy computed here. In both publications 
(Agentoftt et al 1984, Mannervik et al 1989), the actual observation concerns the wavelength for 
thee ls2p2 4Pe - 2p3 4S° transition and the reported energies were obtained by adding the ls22s 
2See -ls2p2 4Pe energy difference, computed using the SP method (Agentoft et al 1984), to the 
measuredd energy. For this state, the accuracy of the B-spline method is improved to about 0.005 
eVV which is a factor of 4 lower than the error estimated for other symmetries. The better accuracy 
iss due, in the first place, to the absence of interaction, in a non-relativistic approach, between 
thee 2p3 4S° state and any open-channel which means that the energy shift, and consequently 
ann important source of error, is absent here. Secondly, this series is found to be very pure (at 
leastt 99 %) in ppp configurations, reducing thereby the error due to second order correlation 
effectss and the near completeness of the p orbital basis then assures the accuracy of the result. 
Mannervikk et al (1989) observed two additional weak lines at 143.5 A and 142.4 A, the latter was 
proposedd as a candidate for the ls(2p3p3P) 4P° - (2p2 3P )3p 4S° transition but the calculations 
performedd by Davis and Chung (1990), which are confirmed here, found a wavelength of 141.35 
AA for this transition while no transition has been predicted at the wavelengths observed by 
Mannervikk et al. 

Thee two other 2121'nl" states that have been observed are 2s2p2 2Pe and 2De. For those two 
states,, the ö-spline results are lying within the experimental error limits reported by Cubaynes 
etet al (1996) while for the three 2s2p2 terms (2Se, 2Pe and 2De), the energy differences between B-
splineandd SP results are larger than for other states. For the 2Se and 2De states, the disagreement 
iss close to 30 meV while for 2s(2p2 3P) 2Pe, the difference between the two theoretical predictions 
iss close to the difference found for the (2p2 3P )3s 2Pe term (45 meV) which could mean that the 
descriptionn of the 2p2 core is less accurate in one of the two approaches. For other states, the 
B-splinee and SP methods are in good agreement. 

4.3.22 3/3/'nZ" s ta tes 

Thee computation of energies and wavefunctions for the ZlZl'nl" states is more complicated 
thann for 2121'nl". The strong interaction between different 3131'nl" series leads to very mixed 
wavefunctions.. This is illustrated by the third state in the 2P° series, (3s3p 3P )3d, for which the 
threee largest contributions to the wavefunction are very similar in size: 23.6 % (3s3p3P)3d, 19.2 
%% 3p(3d2 *D) and 17.5 % (3s2 xS)3p. From table 4.4, it is seen that the second of these basis 
statess does not give its name to any state in the 2P° series because the 3p(3d2 l D) basis state 
iss spread over the second and the third lowest states of the series but as a minority component. 
Anotherr example is the "spread" of the 3p3 2P° term over the three lowest terms of the series 
forr which the wavefunctions are found to contain, respectively, 20, 35 and 15 % 3p3 character. 

Thee extensive mixing between different configurations is also responsible for the difficulty 
inn chosing an appropriate single configuration label for many of these states. For example, the 
largestt contributions, in the HF basis, to the seventh lowest state of the 4D° symmetry, labeled 
(3s3p3P)6d,, are 29 % (3s3p3P)5d, 28 % (3p3d3D)4s and only 7 % (3s3p3P)6d. Because the 
sixthh state is about 40 % pure in (3s3p 3P )5d, the label for the next higher state could be either 
(3p3d3D)4ss or (3s3p3P)6d. Although the former has the largest eigenvector component, the 
latterr has been chosen because of the total contributions from the (3p3d3D )nd and (3s3p3P )ns 
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Tablee 4.4: Relativistic energies and total Auger rates for the lowest ZlZl'nl" states obtained in 
thiss work. The energies (in eV) are computed with respect to the ls22s state. The Auger widths 
aree in meV. 

LSLS State 
SSe e 

3s(3p21S) ) 
(3s2lS)4s s 
(3p22S)3d d 
(3s3p3P)4p p 
(3s21S)5s s 
(3p21S)5s s 
(3s3p3P)5p p 

2pe e 

3s{3p23P) ) 
(3p23P)3d d 
3s(3d23P) ) 
(3s3p3P)4p p 
(3p23P)4s s 
(3s3pxP)4p p 
(3s3p3P)5p p 

2De e 

3s(3p21D) ) 
(3s21S)3d d 
(3p22 XD )3d 
(3p21S)3d d 
(3s3p3P)4p p 
(3p23P)3d d 
(3s3pxP)4p p 

4ce e 

(3s3p3P)4p p 
(3s3p3P)5p p 
(3s3p3P)6p p 
(3s3p3P)7p p 
(3s3d3D)4d d 
(3s3p3P)8p p 
(3s3p3P)9p p 

4pe e 

3s(3p23P) ) 
(3p23P)3d d 
3s(3d22 3P) 
(3s3p3P)4p p 
(3p23P)4s s 
(3s3p3P)5p p 
(3p23P)4d d 

4jj e e 

(3p23P)3d d 
(3s3p3P)4p p 
(3s3p3P)5p p 
(3s3p3P)6p p 
(3s3p3P)4f f 
(3s3p3P)7p p 
(3s3p3P)5f f 

Energy y 

176.430 0 
178.064 4 
178.205 5 
178.899 9 
179.055 5 
179.269 9 
179.421 1 

176.339 9 
177.013 3 
178.146 6 
178.323 3 
179.055 5 
179.103 3 
179.214 4 

175.498 8 
176.673 3 
177.460 0 
177.995 5 
178.486 6 
178.544 4 
178.658 8 

178.737 7 
179.373 3 
179.662 2 
179.822 2 
179.934 4 
180.066 6 
180.266 6 

175.109 9 
177.633 3 
178.272 2 
178.538 8 
179.023 3 
179.295 5 
179.455 5 

177.175 5 
178.424 4 
179.214 4 
179.301 1 
179.380 0 
179.605 5 
179.635 5 

Width h 

157.24 4 
177.24 4 
198.40 0 
118.03 3 
74.58 8 
92.16 6 
97.54 4 

129.44 4 
122.52 2 
119.35 5 
158.38 8 
85.14 4 

145.40 0 
98.26 6 

194.37 7 
212.55 5 
214.30 0 
273.41 1 
128.65 5 
161.10 0 
147.31 1 

65.60 0 
51.23 3 
45.38 8 
41.86 6 
40.75 5 
38.88 8 
13.29 9 

183.33 3 
161.73 3 
40.33 3 
58.76 6 
31.53 3 
49.47 7 
35.50 0 

105.66 6 
68.56 6 
47.46 6 
59.27 7 
65.23 3 
54.43 3 
48.16 6 

LSLS State 

*s° ° 
3p(3d23P) ) 
(3p23P)4p p 
(3p23P)5p p 
(3p3d3D)4d d 
(3p23P)6p p 
(3p3d1D)4d d 
(3p23P)7p p 

2po o 

(3s21S)3p p 
3p3 3 

(3s3p3P)3d d 
(3s3pxP)3d d 
(3s21S)4p p 
(3s3p3P)4s s 
(3s3p3P)4d d 

2D o o 

(3s3p3P)3d d 
(3s3pp XP )3d 
3p(3d23F) ) 
3p(3d23P) ) 
(3s3p3P)4d d 
(3p21D)4p p 
(3p23D)4p p 

4go o 

3p3 3 

(3p23P)4p p 
3p(3d23P) ) 
(3p23P)5p p 
(3p23P)6p p 
{3P3d3P)4d d 
(3p23P)7p p 

4po o 

(3s3p3P)3d d 
(3s3p3P)4s s 
3p(3d23P) ) 
(3s3p3P)4d d 
(3s3p3P)5s s 
(3p23P)4p p 
(3s3p3P)5d d 

4D o o 

(3s3p3P)3d d 
3p(3d23P) ) 
(3s3p3P)4d d 
3p(3d23F) ) 
(3p23P)4p p 
(3s3p3P)5d d 
(3s3p3P)6d d 

Energy y 

178.164 4 
179.011 1 
179.890 0 
179.966 6 
180.252 2 
180.389 9 
180.465 5 

175.136 6 
176.733 3 
178.017 7 
178.191 1 
178.256 6 
178.550 0 
178.875 5 

175.689 9 
176.716 6 
177.631 1 
178.214 4 
178.602 2 
178.854 4 
179.239 9 

176.142 2 
179.168 8 
179.352 2 
179.991 1 
180.301 1 
180.436 6 
154.336 6 

176.726 6 
178.314 4 
178.554 4 
179.008 8 
179.247 7 
179.404 4 
179.549 9 

176.636 6 
178.144 4 
178.584 4 
178.617 7 
179.202 2 
179.343 3 
179.574 4 

Width h 

50.11 1 
42.20 0 
15.08 8 
22.08 8 
10.85 5 
31.59 9 
7.76 6 

354.50 0 
399.82 2 
250.16 6 
201.37 7 
103.61 1 
70.81 1 
95.83 3 

448.15 5 
355.80 0 
182.16 6 
190.30 0 
75.62 2 
65.75 5 
65.14 4 

3.28 8 
47.21 1 
18.81 1 
26.40 0 
10.59 9 
18.67 7 
6.85 5 

59.19 9 
72.59 9 
42.37 7 
48.41 1 
47.51 1 
38.89 9 
39.64 4 

129.10 0 
53.69 9 
59.59 9 
85.58 8 
42.10 0 
53.99 9 
68.58 8 
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series,, the former is slightly larger (38 vs 31 %). 
Problemss also occur when computing the energy shift for the 3/3/'n/" states." As already 

pointedd out in the introduction of this thesis, the amplitude of the energy shift is strongly basis 
dependentt and, for example, when hydrogenic orbitals are used, the shift of the 3s23p 2P° state 
iss close to 0.06 eV while it is reduced to about 0.01 eV in a HF basis, justifying our choice of 
basis.. However, in several cases, even when a HF basis is used, the shift was found to be very 
large.. The 2P° series is one of the few examples for which the agreement between calculations 
performedd using the two different basis (hydrogenic and HF) is good, as illustrated by the 3s23p 
termm for which the total energy, using an hydrogenic basis, is found to be 175.155 eV which 
differr by only 20 meV from the result listed in table 4.4. This energy difference indicates the 
accuracyy of the present calculations. Agreement between the two sets of results has also been 
foundd for the members of the 4P° and 2S° series. The large energy shifts for other series such 
ass 2Pe, 2Se, 4De and 2D° were found to be associated with only a few states, like (2p2 3P )3p in 
thee case of the 2D° series. 

Thee importance of these states has been studied using a small basis set in which all csf's 
containingg low n orbitals were included. In one approximation, all open-channels have been left 
outt (as required in the TDM) while in a second approximation, one of the quasi-bound states 
responsiblee for the large energy shift is included. The difference in energy between the two 
approximationss gives an indication of the energy shift due to the particular excited state. In 
alll  cases, the latter procedure gives much smaller energy shifts than found in the perturbation 
calculation.. Consequently it has been chosen to neglect the contribution from the particular 
open-channelss in the reported energies and the expected accuracy of the series concerned (2,4Se, 
2,4pee 2,4De,o a nd 4goj jg therefore expected to be lower. 

Veryy littl e is known about the 3/3/'n/" triply core-excited levels and it is only recently that 
Azumaa et al (1997) and Diehl et al (1997a) have identified the lowest member of the 3/3/'n/" 
2P°° series at, respectively, 175.25 db 0.10 and 175.165  0.050 eV. This compares very well 
withh the values obtained using the SP and the B-spline methods, respectively 175.12 and 175.14 
eV,, while the R-Matrix value (174.90 eV) and the MCDF result (174.14 eV) reported by Diehl 
etet al (1997a) and Azuma et al (1997), respectively, appear to be less accurate. For the two 
lowestt states, the agreement between the B-spline and the SP approach is remarkably good (see 
tablee 4.3) while for the third state, labeled 3s3p3d, there is some disagreement probably due to 
thee presence of three states within 0.25 eV (cf. table 4.4). 

4.44 Autoionization width s 

Totall  autoionization widths (in meV) for the 2121'nl" and ZlZl'rd" states are listed in tables 4.1 
andd 4.4. In table 4.5, the largest contributions to the total Auger rates are listed for each term 
reportedd in table 4.1 while table 4.9 compares total and partial widths obtained in the most 
recentt theoretical and experimental publications. Tables 4.6 and 4.7 are more detailed versions 
off  tables 4.1 and 4.5 for the (2s2p3P )nl 4P° symmetry. 

4.4.11 Auto ion izat ion of 2121'nl" Rydbe rg series 

Too understand the behaviour of triply-excited Rydberg series with respect to Auger decay it 
iss instructive first to review briefly the behaviour of doubly-excited series. If we consider for 
examplee the doubly-excited states in He of the form 2lnl' which lie between the n = 1 and n — 2 
limits,, they can only decay to the Is limit in He II with the emission of a continuum electron 
withh energy c and angular momentum £ where the latter is determined by parity and angular 
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Tablee 4.5: Total widths and the largest partial widths obtained in the B-spline approach for 
doublett and quartet terms. All widths are in meV. The label in parenthesis indicates the / value 
off  the continuum electron in the particular decay channel. The partial widths are listed in order 
off  importance. Results for the 2P° and 4P° series. 

LSLS State 
*P°° (2s*'S )2p 

2p3 3 

(2s21S)3p p 

(2s2p3P)3s s 

(2s21S)4p p 

(2s2p3P)3d d 

(2s21S)5p p 

Channel l 
ls2p3P(s) ) 
ltfs'Sfp ) ) 
ls2p1P(s) ) 
ls2p3P(d) ) 
ls2s3S(p) ) 
Totall  widt h 
ls2p3P(d) ) 
ls2p3P(s) ) 
ls3p3P(s) ) 
ls2p1P(d) ) 
ls2p1P(s) ) 
Totall  widt h 
ls3p3P(s) ) 
ls2pp *P (s) 
ls4p3P(s) ) 
ls2p3P(d) ) 
ls4p1P{s) ) 
Totall  widt h 
ls4p3P(s) ) 
lsSp'Pfs) ) 
ls3ss lS (p) 
Totall  widt h 
ls4p3P(s) ) 
ls5p3P(s) ) 
M p ^ s ) ) 
l s ö p ^ s) ) 
ls3p3P(s) ) 
Totall  widt h 
ls6p3P(s) ) 
l s ö p ^ s) ) 
ls5p3P<s) ) 
l s S p ^ s) ) 
ls4p3P(s) ) 
Totall  widt h 
ls6p3P(s) ) 
lsÖp^js) ) 
ls4p3P(s) ) 
ls5p3P(s) ) 
ls7p3P(s) ) 
Totall  widt h 

Widt hh LS 
60.400 4P° 
25.34 4 
17.76 6 
7.59 9 
2.61 1 

115.34 4 
24.54 4 
11.21 1 
8.25 5 
7.48 8 
3.51 1 

63.90 0 
75.82 2 
24.50 0 
12.31 1 
5.60 0 
3.96 6 

127.81 1 
7.55 5 
6.78 8 
4.89 9 

38.05 5 
51.90 0 
50.93 3 
16.69 9 
16.39 9 
5.71 1 

146.31 1 
28.46 6 
9.17 7 
8.81 1 

4.96 6 
68.64 4 
45.53 3 
14.68 8 
7.42 2 
6.73 3 
4.49 9 

92.42 2 

State e 
(2s2p3P)3s s 

(2s2p3P)3d d 

(2s2p3P)4s s 

(2s2p3P)4d d 

(2s2p3P)5s s 

(2s2p3P)5d d 

(2s2p3P)5d d 

Channel l 
ls3s3S(p) ) 
ls2s3S(p) ) 

ls3d3D(p) ) 
ls4d3D(p) ) 

ls4s3S(p) ) 
ls5s3S(p) ) 

ls5d3D(p) ) 
ls3d3D(p) ) 

ls6s3S(p) ) 
ls5s3S(p) ) 

ls6d3D(p) ) 
ls7d3D(p) ) 

ls6d3D(p) ) 
ls8s3P(p) ) 

Width h 
7.98 8 
1.17 7 

9.95 5 
4.64 4 
3.76 6 

9.58 8 
5.33 3 
2.63 3 

9.62 2 
5.73 3 
1.01 1 

9.44 4 
4.98 8 
1.98 8 

9.44 4 
4.55 5 
2.56 6 

9.45 5 
4.55 5 
1.04 4 

9.44 4 

momentumm coupling selection rules. The interaction strength is determined by a Coulomb factor 
I(2lnl',lset)I(2lnl',lset) where I stands for both direct and exchange integrals and usually comprises several 
RR integrals. In addition, I contains an angular factor (in practice one angular factor associated 
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Tablee 4.5 continued. Results for the 2P* and 4Pe series. 

LSLS State 
3P«« 2s(2p: i 3P) 

(2s2p3P)3p p 

(2s2p3P)4p p 

(2s2p3P)5p p 

(2s2p3P)6p p 

(2s2p3P)7p p 

(2p2 3P)3s s 

Channel l 
l s2p3P(p) ) 
ls2p1P(p) ) 
l s S d ^ f d) ) 
Totall  widt h 
l ^ P f p ) ) 
l s3p3P(p) ) 
ls2p3P(p) ) 
Totall  widt h 
l s4p1P(p) ) 
l sSp^tp) ) 
l s4p3P(p) ) 
Totall  w id th 
ls6p*P(p) ) 
l s ö p ^ f p) ) 
ls6p3P(p) ) 
Totall  w id th 
ls7p1P(p) ) 
ls7p3P(p) ) 
l s ö p ^ p) ) 
Totall  w id th 
IsSp'PCp) ) 
ls8p3P(p) ) 
lsQp'PQ}) ) 
Totall  w id th 
ls2p1P(p) ) 
l 52p3P(p) ) 
1 8 3 ?̂ ^ (p) 
ls3p3P(p) ) 
Totall  w id th 

Widthh LS 
26.555 4Pe 

22.95 5 
2.03 3 

53.18 8 
6.40 0 
3.00 0 
2.88 8 

13.30 0 
5.67 7 
2.40 0 
2.16 6 

11.79 9 
4.70 0 
2.52 2 
1.80 0 

11.61 1 
5.66 6 
2.16 6 
1.02 2 

11.55 5 
5.35 5 
2.01 1 
1.04 4 

11.61 1 
2.98 8 
2.21 1 
1.53 3 
1.13 3 

12.48 8 

State e 
2s(2p2 3P) ) 

(2s2p3P)3p p 

(2s2p3P)4p p 

(2s2p3P)5p p 

(2s2p3P)6p p 

(2s2p3P)7p p 

(2s2p3P)8p p 

Channel l 
ls2p3P(p) ) 

ls3p3P(p) ) 
ls4p3P(p) ) 

ls5p3P(p) ) 
ls4p3P(p) ) 

ls6p3P(p) ) 
ls4p1P(p) ) 

ls7p3P(p) ) 
ls8p3P{p) ) 

ls7p3P(p) ) 
ls8p3P(p) ) 

ls8p3P(p) ) 
ls9p3P(p) ) 
ls7p3P(p) ) 

Width h 
15.41 1 

15.46 6 
8.02 2 
1.91 1 

10.44 4 
5.13 3 
3.88 8 

9.93 3 
6.93 3 
1.04 4 

9.70 0 
3.57 7 
0.92 2 

5.73 3 
2.58 8 
1.93 3 

5.58 8 
4.23 3 
2.96 6 
1.36 6 

9.50 0 

withh each Rk integral) determined by the coupling conditions in the Rydberg series but if we 
assumee that the Rydberg series is unperturbed, this factor is the same for all n values and the 
radiall  integrals in the I factor determines the difference in decay rate between different Rydberg 
states.. Since the overlap between 2/ and nl' will decrease with increasing n while e increases so 
thatt also the wavefunction of the continuum electron wil l have a smaller and smaller overlap 
withh the bound electrons, we expect the decay rates to decrease with n (roughly as n- 3 , Cowan 
1981).. In practice, this behaviour can fairly easily be obscured for example if Rydberg series 
perturbb each other which wil l be more and more common when we consider higher excited states 
suchh as Zlnl. Nevertheless, the gradual reduction in the Auger decay rate with increasing n is 
aa well known property of doubly-excited Rydberg series (see for example the tabulations by 
Bachauu et al (1991)). 

Notee that possible non-orthogonalities between initial and final state orbitals automatically 
aree taken into account for these states in the calculation of the I factor and can modify, for 
example,, the expected n - 3 behaviour. Non-orthogonalities are not automatically included when 
wee consider triply-excited states and since orthogonality simplifies the analysis of the decay of 
triply-excitedd states we will first assume that initial and final state orbitals are orthogonal. In 
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Tablee 4.5 continued. Results for the 2De and 4De series. 

LSLS State 
*D ee 2s(2p: '1D) 

(2s21S)3d d 

(2s2p3P)3p p 

(2s21S)4d d 

(2s22 XS )5d 

(2s21S)6d d 

(2s2p3P)4p p 

Channel l 
ls2s3S(d) ) 
ls2p3P(p) ) 
ls2s1S(d) ) 
ls3d3D(s) ) 
Totall  widt h 
ls3d3D(s) ) 
ls4d3D(s) ) 

lsSd'DJs) ) 
^ d ' D f s) ) 
ls3p»P(p) ) 
Totall  w id th 
ls4d3D{s) ) 

l ^ PP (P) 
ls2s3S(d) ) 
ls4dl D(s) ) 
ls2ss *S (d) 
Totall  widt h 
ls5d3D(s) ) 
IsSd'Dfs) ) 
ls3d3D(s) ) 
ls6d3D(s) ) 
ls4d3D(s) ) 
Totall  w id th 
ls6d3D(s) ) 
ls7d3D(s) ) 
ls6dd *D <s) 
ls7dd *D (s) 
ls4d3D(s) ) 
Totall  widt h 
ls8d3D(s) ) 
ls7d3D(s) ) 
l s S d ^ j s) ) 
ls6d3D(s) ) 
l s T d ^ f s) ) 
Totall  w id th 
ls8d3D(s) ) 
l s S p ^ f p) ) 
l s S d ^ s) ) 
ls4p>P(p) ) 
ls2s3S(d) ) 
Totall  widt h 

Widthh LS State 
45.177 4D e (2s2p3P)3p 
28.93 3 
19.62 2 
1.15 5 

97.10 0 
57.88 8 
44.52 2 
18.45 5 
14.34 4 
1.11 1 

138.11 1 
7.35 5 
6.24 4 
6.07 7 
2.41 1 
2.15 5 

35.60 0 
78.92 2 
25.40 0 
12.97 7 
11.50 0 
8.48 8 

148.40 0 
62.92 2 
36.00 0 
20.23 3 
11.55 5 
6.04 4 

148.64 4 
52.59 9 
28.96 6 
16.88 8 
12.36 6 
9.31 1 

137.58 8 
9.51 1 
4.06 6 
3.05 5 
2.63 3 
2.14 4 

33.90 0 

(2s2p3P)4p p 

(2s2p3P)4f f 

<2s2p3P)5p p 

(2s2p3P)5f f 

(2s2p3P)6p p 

(2s2p3P)6f f 

Channel l 
ls3p3P(p) ) 
ls2p3P(p) ) 

ls4p3P(p) ) 
ls5p3P(p) ) 

ls5ff  3F (p) 
ls6ff  3F (p) 
ls7f3F(p) ) 

l s6p3P(p) ) 
l s5p3P(p) ) 
l s4p3P(p) ) 

ls7f3F(p) ) 
ls8ff  3F (p) 
ls4ff  3F (p) 

ls7p3P(p) ) 
ls8p3P(p) ) 

ls9f3F(p) ) 
ls7ff  3F (p) 

Width h 
8.03 3 
1.77 7 

10.67 7 
5.69 9 
3.69 3.69 

10.12 2 
5.03 3 
4.88 8 
1.10 0 

12.04 4 
6.38 8 
1.77 7 
1.11 1 

9.93 3 
4.51 1 
4.25 5 
1.38 8 

10.86 6 
6.67 7 
1.69 9 

9.84 4 
6.98 8 
1.34 4 

10.18 8 

practice,, as we wil l see, this will often be a rather bad approximation. However, the assumption 
doess not, it turns out, seriously invalidate the analysis, at least not for 2121'nl" series. 
Lett us start by considering a Rydberg series of the type (2s2p3P )nl 4L in Li I. The quartet series 
aree in general less perturbed than the doublet series and the analysis is therefore more realistic 
withh such a series in mind. This particular series can be thought of as being built on the 2s2p3P 
termm in Li II and it lies above the ionization limi t of Li II . This means that there are an infinity 
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Tablee 4.5 continued. Results for the 2D° and 4D° series. 

LSLS State 
*D°° 2p3 

(2s2p3P)3d d 

(2s2p3P)4d d 

(2s2p3P)5d d 

(2s2p3P)6d d 

(2s2p3P)7d d 

(2s2p3P)8d d 

Channel l 
ls2p3P(d) ) 
l82p*P(d) ) 
ls^Dfp) ) 
Totall  widt h 
ls4dd *D (p) 
l s S d ^ f p) ) 
ls2p3P(d) ) 
ls3d3D(p) ) 
ls4d3D(p) ) 
Totall  widt h 
l s S d ^ f p) ) 
ls5d3D(p) ) 
ls2p3P(d) ) 
Totall  widt h 
lsöd^fp) ) 
ls7d3D{p ) ) 
ls6d3D{p ) ) 
Totall  widt h 
l s S d ^ p) ) 
ls7dd XD (p) 
ls8d3D(p) ) 
Totall  widt h 
lsSdM^p) ) 
ls7d 'D(p) ) 
ls9d3D(p) ) 
ls8dd *D (p) 
Totall  widt h 
l s3p3P(d) ) 
ls9dd JD (p) 
ls2p3P(d) ) 
l s S d ^ j p) ) 
Totall  widt h 

Widthh LS 
64166 4D° 
20.78 8 

1.06 6 
87.28 8 
3.91 1 
3.53 3 
2.83 3 
2.51 1 
1.38 8 

15.77 7 
5.88 8 
2.29 9 
1.19 9 

13.51 1 
4.85 5 
2.29 9 
1.97 7 

12.67 7 
4.00 0 
2.39 9 
1.69 9 

12.36 6 
3.77 7 
1.83 3 
1.60 0 
1.35 5 

12.66 6 
2.11 1 
2.07 7 
1.76 6 
1.55 5 

12.09 9 

State e 
(2s2p3P)3d d 

(2s2p3P)4d d 

(2s2p3P)5d d 

(2s2p3P)6d d 

(2s2p3P)7d d 

(2s2p3P)8d d 

(2s2p3P)9d d 

Channel l 
ls3d3D(p) ) 
ls4d3D(p) ) 

ls5d3D(p) ) 
ls4d3D(p) ) 

ls6d3D(p) ) 
ls7d3D(p) ) 

ls8d3D(p) ) 
ls7d3D(p) ) 

ls9d3D(p) ) 
ls8d3D(p) ) 
ls7d3D(p) ) 

ls8d3D(p) ) 

ls8d3D(p) ) 

Width h 
5.87 7 
3.24 4 

914 4 
6.21 1 
1.76 6 

9.27 7 
6.12 2 
2.00 0 

9.22 2 
3.87 7 
3.79 9 

9.16 6 
3.50 0 
2.61 1 
1.75 5 
8.69 9 
3.11 1 

5.00 0 
0.84 4 

2.90 0 

off  limits of the form Isn't" 3L available for the Auger decay. However, the main conclusions of 
thiss section are based on that most of them are not accessible in the approximation we have 
chosen.. This follows from the explicit expression for the decay rate which has three parts 

I(2s2p,I(2s2p, ls«r£) < nl\n'l' > +1 (2pn/, lsci) < 2s|2s > +I{2snl, lsei) < 2p|2p > (4.3) 

off  which the first contribution, due to the decay to the Isn't" limit , often wil l be the largest 
andd the essential point is that this part of the decay rate is zero unless n = n' and I = /'. 
Thereforee in the orthogonal approximation we are using, the Rydberg electron is a spectator 
electronn and the decay rate is roughly the same for all values of n, being determined by the 
samee /(2s2p,lse£) factor since c is roughly independent of n. The two other contributions to 
equationn 4.3 are decays in which one of the 2/ electrons is the spectator and the only limits that 
cann be reached in these decays are therefore ls2s 3S and ls2p 3P. The I factors associated with 
thesee two decay routes do contain the Rydberg electron, being I(2pnl,lsei) and 7(2sn/,lse£), 
respectively,, in the case of the decay of the (2s2p 3P )nl series. For the same reason as for the 
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Tablee 4.5 continued. Results for the 2Se and 4Se series. 

LSLS State 
*See 2s(2pï l S) 

(2s21S)3s s 

(2s21S)4s s 

(2s2p3P)3p p 

(2s21S)5s s 

(2s21S)6s s 

(2s21S)7s s 

Channel l 
ls2s3S(s) ) 
ls2p3P(p) ) 
ls2ss ! S (s) 
ls3s3S(s) ) 
l s S s ^ t s) ) 
ls3p1P(p) ) 
Totall  widt h 
ls3s3S(s) ) 
ls3sxS(s) ) 
ls4s3S(s) ) 
ls4s1S(s) ) 
Totall  widt h 
ls4s3S(s) ) 
ls5s3S(s) ) 
ls4s1S(s) ) 
ls5ss *S (s) 
ls2s1S(s) ) 
Totall  widt h 
ls5s3S(s) ) 

l&Pl&P 11?? (P) 
ls5ss *S (s) 
ls4p1P(p) ) 
Totall  widt h 
ls2pp XP (p) 
l s S d ^ f d) ) 
ls4d1D(d) ) 
ls3p3P(p) ) 
l s ö d ^ j d) ) 
Totall  widt h 
l s5d! D(d) ) 
ls5p3P(p) ) 
l s ö d ^ f d) ) 
l s S d ^ f d) ) 
ls6p3P(p) ) 
Totall  widt h 
l s G d ^ f d) ) 
ls6p3P(p) ) 
ls7dd XD(d) 
ls3dd *D {d) 
ls7p3P(p) ) 
Totall  widt h 

Widthh LS State 
33.688 4S« (2s2p3P)3p 
22.86 6 
9.88 8 
7.09 9 
2.29 9 
1.32 2 

77.66 6 
80.24 4 
26.69 9 
9.53 3 
4.53 3 

131.62 2 
63.33 3 
27.44 4 
21.01 1 
9.17 7 
4.11 1 

130.59 9 
11.59 9 
5.52 2 
3.86 6 
3.02 2 

35.88 8 
66.28 8 
22.96 6 
22.10 0 
7.63 3 
2.74 4 

136.38 8 
75.04 4 
25.01 1 
13.96 6 
10.71 1 
4.64 4 

135.86 6 
66.05 5 
22.01 1 
18.92 2 
7.13 3 
6.30 0 

134.29 9 

(2s2p3P)4p p 

(2s2p3P)5p p 

(2s2p3P)6p p 

(2s2p3P)7p p 

(2s2p3P)8p p 

(2s2p3P)9p p 

Channel l 
ls3p3P(p) ) 
ls4p3P(p) ) 
ls3p3P(p) ) 

ls5p3P(p) ) 
ls4p3P(p) ) 

ls6p3P(p) ) 
ls4p3P(p) ) 
ls5p3P(p) ) 

ls7p3P(p) ) 
ls8p3P(p) ) 

ls8p3P(p) ) 
ls9p3P(p) ) 
l s7p3P(p) ) 

ls9p3P(p) ) 
ls8p3P(p) ) 

ls9p3P(p) ) 
ls4p3P(p) ) 

Width h 
9.66 6 
1.92 2 
1.50 0 

13.13 3 
5.79 9 
5.29 9 

12.26 6 
8.37 7 
1.36 6 
1.00 0 

12.04 4 
7.40 0 
2.93 3 

11.55 5 
5.76 6 
3.32 2 
1.37 7 

11.86 6 
6.11 1 
1.63 3 

9.67 7 
0.84 4 
0.44 4 

3.96 6 

decayy of doubly-excited 2lnl' states, these two contributions can be expected to be small when 
nn > 2. We note that one of these contributions is the only one present for the more well known 
(doubly-excited)) ls2/n/' AL series, an observation consistent with the analysis of the difference 
betweenn doubly- and triply-excited Rydberg series since these contributions do decrease with 
increasingg n. Thus if n > 2, we assume in the following that the decay rate for triply-excited 
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2s2pnZZ 4L series is determined primarily by the first term in equation 4.3, 

II (2s2p,(2s2p, lsc£) < nl\n'l' > . (4.4) 

Onee practical consequence of this result is that, if the total decay rate of the lowest member 
off  a Rydberg series has been determined, this value can serve as a first estimate for the decay 
ratess of the higher members. A related so-called spectator model is well known (Heimann et 
alal 1987, Aksela et al 1988) for the decay of inner-shell resonances which have similarities to 
thee triply-excited states we are considering here. Alternatively, both models can be considered 
ass an elementary consequence of the Coulomb interaction being a two-electron operator. It has 
beenn found that the spectator model is in good accord with the observations unless the Rydberg 
electronn interacts strongly with the inner electrons (Meyer et al 1991) and the same can be 
expectedd here. Thus, while it usually is possible in an Auger decay to reach final bound states of 
eitherr parity because the parity of the overall state can be fixed by the I value of the continuum 
electron,, in this case only one lsnl final state is possible, in addition to ls2s and ls2p, in which 
bothh n and I are fixed. We recall that there is an infinity of ionization limits available and that 
onlyy one of these limits can be reached is linked to the fact that only one limit , Is, is available 
forr the decay of 2lnl'. Generalizing this result, we see, for example, that for the ZlZl'nl" Rydberg 
seriess more limits wil l be available, the number being determined by the number of final state 
limit ss (Is, 2s and 2p) that can be reached from the doubly-excited 3/3/' series plus the number 
off  final states which are available when either of the 3/ electrons is the spectator. 

Anotherr consequence of equation 4.4 can be exemplified by considering the (2s2p 3P )ns 4P° 
andd (2s2p3P )nd 4P° series assuming, as before, that the nl electron is the spectator. Since the 
radiall  part of the I factor is the same for these two decays, a possible difference in decay rate 
mustt be due to the angular factors involved. Computation shows that the angular factor is the 
samee for the two series so that we predict that the decay rate should be independent of / in this 
case. . 

Thesee predictions are based on a number of approximations which cannot be expected to be 
fulfilledd very often in real atoms. Nevertheless, we have found that, at least for 2121'nl" series, 
somee of the predictions can be expected to be independent of the approximations and some 
exampless which do show fairly constant Auger rates are included in table 4.1. In tables 4.6 and 
4.7,, of which the former is a more detailed version of table 4.5 for the 4P° series, we show total 
andd partial decay rates for (2s2p3P)nZ 4P° series members where / can be s and d. There is 
considerablee mixing between the two series but the total widths of both series are found to be 
nearlyy equal as well as roughly independent of n, in agreement with equation 4.4. Purities as 
welll  as total widths are shown in table 4.7. 

Inn table 4.6 we show decay rates to lsns3S and to lsnd3D limits. In the following, we omit 
thee term labels which are shown in table 4.5. The order of the entries in the tables is determined 
byy the energy of the series members rather than by the size of the contribution. The table shows 
thatt the two series are intermixed. Results are given for the decay to lsnl limits with n up to 7. 
Alsoo results for the decay to the ls2p3P limit are included. This decay is due to one of the two 
contributionss we are neglecting in equation 4.3, namely the contribution corresponding to the 
2pp electron being a spectator. The neglect is seen to be fully justified in this case. The decay 
too the ls2s 3S limit , in which 2s is a spectator, is seen to be somewhat more probable but still 
onlyy about 10 % of the contribution from equation 4.4 in the most favourable case, if we assume 
thatt the decay rate for (2s2p 3P )3s to ls2s is representing this effect. The decay rate decreases 
quicklyy with n as expected (table 4.6). The contribution of the ls2s limi t to the total decay rate 
iss smaller than 10 % judging from table 4.7. 
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Tablee 4.6: Auger decay rates (in meV) for the lowest members of the triply-excited (2s2p3P)nf 
4P°° series in Li I to the limits lsnl with n < 7 and / = s and d as well as to the ls2p limit in 
Lii  II . The terms are given in the order of the calculated energies with the lowest one first. The 
notationn a-b means a x 10b. 

(2s2p3P)nff  4P° limit decay rate limit decay rate 
n/=3ss ls2s3S TÏ7Ö ls2p3P 0.044 

3dd 0.002 0.015 
4ss 0.301 0.013 
4dd 2.9-4 0.008 
5ss 0.125 0.009 
5dd 1.3-4 0.004 
6ss 0.064 0.005 
3ss ls3s3S ÏM ls3d3D 0.180 
3dd 0.074 4.64 
4ss 0.208 0.188 
4dd 0.031 1.01 
5ss 0.037 0.077 
5dd 0.016 0.358 
6ss 0.013 0.042 
3ss ls4s3S Ö549 ls4d3D 0.004 
3dd 0.902 3.76 
4ss 5.33 0.834 
4dd 0.021 0.675 
5ss 0.871 0.009 
5dd 0.002 0.477 
6ss 0.301 2.1-4 
3ss ls5s3S ÖÖTÏ ls5d3D 2T5~ 
3dd 0.098 0.086 
4ss 2.63 0.105 
4dd 0.768 5.73 
5ss 1.98 0.734 
5dd 0.156 0.098 
6ss 0.814 0.148 
3ss ls6s3S ÖÖÖ3 ls6d3D 2.4-5 
3dd 6.6-5 1.7-5 
4ss 2.4-4 7.5-5 
4dd 0.363 0.836 
5ss 4.98 0.415 
5dd 0.352 4.55 
6ss 0.121 0.306 
3ss ls7s3S ÖTÖÖÏ ls7d3D O ^ T 
3dd 3.7-5 8.7-5 
4ss 0.002 3.0-4 
4dd 0.002 2.1-3 
5ss 0.188 3.6-3 
5dd 0.771 2.56 
6ss 5.66 0.844 
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Tablee 4.7 includes also total widths from a recent paper by Berrington and Nakazaki (1998). 
I tt is seen that there is agreement with our results only for the lowest term, (2s2p3P)3s. The 
reasonn is that Berrington and Nakazaki included only lsnl limits up to n — 3 and thus missed 
thee most important decay channels. It could be expected that their result for 3d should be 
thee same as ours but we wil l see shortly why this is not the case. Nevertheless, the results of 
Berringtonn and Nakazaki compare well with the data listed in the fifth column of table 4.7 which 
representss the total widths obtained when the same open-channels are included as in their work. 
Thiss comparison shows that the difference between the two results comes exclusively from the 
neglectt of important decay channels in the Berrington and Nakazaki calculation. 

Thee results confirm that equation 4.4 provides the main contribution to the decay rate in 
thiss case, which means that the nl series should decay preferentially to the lsnl limits and table 
4.66 shows that this is indeed followed quite well. Considering first the decay to the lsns limits, 
tablee 4.6 shows that the decay rates for the nd series members are small except for the decay 
off  (2s2p 3P )3d, which is large to the ls4s limit , while the (2s2p 3P )4d decay is large to the ls5s 
limi tt and the same pattern is observed for (2s2p 3P )5d. This can be explained by mixing between 
(2s2p3PP )nd and (2s2p3P )(n + l)s. In all cases the decay rate for the term called (2s2p3P )nd 
iss smaller than for the (2s2p3P )(n + l)s partner in agreement with the choice of name for the 
seriess member. The opposite behaviour is found for the decay of the (2s2p3P)nd series to the 
lsndd limits. For the decay of the s series we expect, according to equation 4.4, a maximum for 
thee limit with an n value corresponding to the n value for the series member. It can be seen that 
thiss prediction is valid up to n = 4 while (2s2p3P )5s has its largest decay rate to the ls6s limit . 
Largerr deviations are shown by the (2s2p3P )nd series where the n value of the initial state even 
forr 3d does not unambiguously define the main final state. The reason is another effect we have 
neglectedd so far namely the lack of orthogonality between the orbitals in the initial and final 
states. . 

I tt has been known for some time (Meyer et al 1991, Whitfield et al 1991a, 1991b, Felfli and 
Mansonn 1992, Hansen et al 1996) that the existence of an inner hole can have profound influence 
onn the orthogonality between initial and final state orbitals. This is easily understood when it is 

Tablee 4.7: Total Auger decay rates (in meV) for the lowest members of the triply-excited 
(2s2p3PP )nl 4P° series in Li I (/ = s and d). The terms are given in the order of the calculated 
energiess with the lowest one first. Also the sum of the eigenvector components corresponding 
too the (2s2p3P)n/ series giving name to the term is shown (in %) in the column "purity". 
Thee column headed BN refers to values published by Berrington and Nakazaki (1998) obtained 
byy including lsnl limits with n < 3, see text, while the results reported under "Modified" is 
obtainedd by restricting the open-channels to those included in BN. 

(2s2p3P)n/4P°° purity decay rate 
Presentt BN Modified 

nf=3s s 
3d d 
4s s 
4d d 
5s s 
5d d 
6s s 

93.3 3 
85.8 8 
87.0 0 
85.4 4 
86.2 2 
84.2 2 
84.8 8 

9.95 5 
9.58 8 
9.62 2 
9.44 4 
9.44 4 
9.45 5 
9.44 4 

8.6 6 
4.7 7 
1.0 0 
1.1 1 
0.4 4 
0.4 4 
0.3 3 

9.1 1 
4.7 7 
1.1 1 
0.8 8 
0.3 3 
0.3 3 
0.3 3 
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Tablee 4.8: Expansion, in %, of the lowest "quasi-bound" orbitals (n&) in terms of continuum 
orbitalss (nc) for the lowest s, p and d orbitals used in the calculation of 2121'nl" states. For each 
II  value, the square of the overlap between the n& and nc orbitals are listed for contributions 
largerr than 1%. 

11 = 0 

// = 1 

II  = 2 

nt t 
1 1 
2 2 
3 3 
4 4 
5 5 

nb nb 
2 2 
3 3 
4 4 
5 5 
6 6 

nnb b 

3 3 
4 4 
5 5 
6 6 
7 7 

1 1 
100 0 

2 2 
98 8 

3 3 
57 7 
13 3 
5 5 
3 3 
3 3 

2 2 

99 9 

3 3 

87 7 
6 6 
2 2 

4 4 
42 2 
8 8 
6 6 
4 4 
4 4 

3 3 

92 2 
4 4 

4 4 

12 2 
48 8 
12 2 
5 5 

5 5 

68 8 
1 1 
13 3 
4 4 

nnc c 

4 4 

7 7 
61 1 
11 1 

nnc c 
5 5 

45 5 
10 0 
7 7 

nnc c 

6 6 

10 0 
55 5 
25 5 
10 0 

5 5 

35 5 
21 1 

6 6 

69 9 
23 3 

7 7 

32 2 
53 3 
13 3 

6 6 

64 4 

7 7 

7 7 
63 3 

8 8 

2 2 
51 1 

7 7 

3 3 

8 8 

1 1 

9 9 

2 2 

realizedd that the 2s electron in the ls2s limits sees the nuclear charge screened by the Is electron 
whilee the 2s electron in the (2s2p 3P )nl states sees a basically unscreened nuclear charge. In 
thiss case, the screening changes by a factor of two and Felfli and Manson (1992) were the first 
too point out that the effects of non-orthogonality would always be large in such a case. Azuma 
etet al (1995) noticed the phenomenon in MCDF calculations of the excitation probabilities for 
thee triply-excited states in Li I from the ls22s ground state. Since the MCDF program (Dyall 
etet al 1989) requires orthogonal orbitals in the initial and final states, Azuma et al decided to 
usee the s orbitals determined in the final state to calculate the ground state wavefunction and 
foundd a large mixing of excited state orbitals in the ground state. In reality of course the ls22s 
groundd state is very pure and what the MCDF procedure reveals is the lack of orthogonality 
betweenn initial and final states. 

Thee screening depends on the particular case and for the cases shown in table 4.6, the 
orthogonalityy between the initial 2s and the final Is function is rather good. First for the initial 
4ss orbital there is a large mixing in the proportions 4:61:35 (cf. table 4.8) when expanded in terms 
off  the orbitals associated with the limits 3s:4s:5s while the initial 5s has the expansion 11:21:64:3 
inn terms of the final 4s:5s:6s:7s orbitals. The expansion coefficients correspond very closely to 
thee decay rates. For example, (2s2p3P)5s decays to the limits 4s:5s:6s:7s in the proportions 
11:25:63:22 according to table 4.6. For the d series the lack of orthogonality is already important 
forr the initial 3d orbital which can be expressed as 57:42 in final 3d:4d orbitals. Berrington 
andd Nakazaki (1998) included only the ls3d limi t in their calculation for 3d in table 4.7 and 
consequentlyy their calculated width is only half of the expected value. The initial 4d orbital has 



4.44 Autoionizat ion widths 113 3 

thee expansion 13:8:68:10 in terms of 3d:4d:5d:6d. Thus, in this case, the two 4d orbitals are close 
too being orthogonal to each other as found in Ar I (Meyer et al 1991, Hansen et al 1996). These 
non-orthogonalitiess can also be observed in the calculated branching ratios where, in particular, 
thee (2s2p3P)4d decay shows the branching 13:9:74:11 to 3d:4d:5d:6d, confirming the lack of 
orthogonalityy between the 4d orbitals. 

Chungg and Gou (1996) noticed that "for resonances such as 2s2s7p, the ls7p + tl may be 
aa very important decay channel". For this reason Chung and Gou included, in addition to Isnl 
limit ss up to n = 3, also the lsn'l" limit in calculations of the total width for 2121'n'l" terms. 
However,, except for the lowest n values we have shown that the presence of non-orthogonalities 
meanss that this is not enough since the ls(n -I- 1)/ limit , for example, may be more important 
thann the lsnl limit . The non-orthogonalities means that also other limits are possible than the 
oness allowed on the basis of the orthogonal theory. If we consider the (2s2p3P )nd series again we 
seee that the < 2s|ls > non-orthogonality for example wil l allow decays such as (2s2p3P)nd —
(lsn'l)et(lsn'l)et where / can be arbitrary except limited by the coupling and parity requirements in the 
I{2pnd,n'U£)I{2pnd,n'U£) factor. As mentioned already, in the present case the <2sjls> non-orthogonality is 
smalll  (cf. table 4.8) so this particular decay is negligible. Also <2p|np> non-orthogonalities are 
smalll  and therefore the main consequence of non-orthogonality is the behaviour of the Rydberg 
electrons,, ns and nd, which we have discussed above. 

Thee independence of the width on the angular momentum of the Rydberg electron, which 
waswas observed when comparing the decay rates of the (2s2p 3P )ns and (2s2p 3P )nd states in the 
4P°° series, can be generalized to other symmetries. It can be shown that the radial and the 
angularr contributions to equation 4.4 are independent of the total angular momentum L. This 
iss confirmed by considering the widths of high Rydberg states in the 2Pe, 4P°, 4De and 4D° 
seriess for which the contributions from the decays to the ls2s and ls2p limits are negligible. 
Fromm equation 4.4, the decay of the <2s2p3P )8p 4Pe, 6p 4De, 6d 4D°, 5d and 6s 4P° terms all 
involvess the same radial integrals while the angular part is the same to within a phase factor 
whichh does not influence the autoionization widths because the contributions are squared. That 
alll  rates are close to 9.50 meV, with a variation of 0.35 meV, confirms the (near) independence 
off  the width on the n and / values of the Rydberg electron and therefore of the total L value. 
Thee variation can be associated with slight differences in the wavefunction composition that can 
bee minimized by performing calculations including only the (sp 3P)/ coupling scheme. In that 
case,, by computing the decays to Isn't with n' > 2, it is found that nearly all Rydberg states 
withh n > 3 have a width of 9.1 meV within a deviation of 0.1 meV. The states which form an 
exceptionn are discussed later. 

Forr quartet states, the nature of the main perturbers means that interference effects are 
expectedd to be small. This is also illustrated by the 4P° series for which the mixing between 
thee (2s2p3P)ns and (2s2p3P)nd Rydberg series, introduced previously, do not affect the total 
Augerr rate because the two series differ only by the Rydberg electron. On the other hand, for 
doublett states, the two core electrons, if they are not equivalent, can be coupled to either a 
singlett or a triplet. This means that two series, for example (2s2p3P)n/ and (2s2p1P)n/, are 
allowedd and because the two series have different I factors, the value of the total Auger rates 
wil ll  depend on the importance of the interactions between them. Nevertheless, if two Rydberg 
statess have similar wavefunction compositions, the widths can be expected to be similar too. 
Thiss is illustrated by the widths of the (2s2 lS )nl 2L states which are found to be close to 140 
meV.. Because of the strong interaction between the 2s2 and 2p2 1Se states, the series is expected 
too be perturbed by the (2p2 1S)nl terms. Looking at the wavefunction compositions, it is seen 
thatt the (2s2 1S )nl 2L states can be divided in two groups, A and B, which are characterized by 
differentt Auger rates. The states included in group A, such as (2s2 *S )3s 2Se, have a width close 
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too 134 meV with variations of, at most, 4 meV. For this group the (2s2^Jn/ and (2p21S)nl 
configurationss represent, respectively, 65 and 20 % of the wavefunctions while for the states 
belongingg to the B group, the percentages are increased to 72 and 25 %, respectively, and the 
widthss are slightly smaller than 150 meV. The increase of the width can, in this case, be related 
too the purity of the wavefunction. For both groups, A and B, the ratios of the widths divided 
byy the purity in the {2s2 *S )nl configuration composition is slightly larger than 2 (150/72 and 
134/65).. The deviations for the (2s2 *S )2p, 3p and 5p 2P° states are discussed later. Another 
examplee is provided by the widths of the (2s2p3P )np 2Pe and (2s2p3P )nd 2D° series members 
whichh are close while the good agreement with the widths of the (2s2p3P )np 4Se series is more 
surprising.. The latter agreement seems fortuitous and when calculations are performed including 
onlyy the (sp3P)p coupling scheme, the widths of the 4Se states are found to be slightly larger 
thann 9 meV, in agreement with other quartet series. 

Off  course, the predicted trend is not followed within every Rydberg series but the differences 
cann be related either to the angular part of the ƒ factor, to a sudden change in the wave-
functionn composition (via interference effect) or to the approximations included in the present 
calculations. . 

Differencess in the angular coefficients involved in the I factor are found when the widths 
off  doublet and quartet states are compared. Because the members of the (2s2p3P)n/ 2Pe and 
2D°° Rydberg series are rather pure (although much less pure than the quartet states), their 
widthss can be compared to those of the (2s2p3P)n/ 4L series without taking the wavefunction 
compositionn into account. When the angular contributions to the I factor are compared, the 
ratioo between the decays to the lsn7 3L limits for the quartet and doublet states is expected to 
bee equal to four. Computations show that, restricting the decay to triplet limits, the two doublet 
seriess have a width of about 3 meV and the difference with the expected value, about 0.7 meV, 
cann be attributed to the contributions from the perturbers. The agreement for the total decay 
ratess of the (2s2p3P)np 2Pe states with 3 < n < 7 to the lsn'p3P limits is very good, the 
ratess being, respectively, 3.18, 3.11, 3.15, 3.13 and 3.10 meV. Another case for which angular 
coefficientss play an important role is for equivalent electrons. For example, the first and the 
fourthh lowest states of the 2Se symmetry are both members of the 2s(2pnp 1S) series. The sums 
off  the decays of the n = 2 state (with two equivalent electrons) to the lsn'p limits is expected 
too be a factor of two larger than the decay of the n = 3 state because of the Pauli principle. 
Thiss is verified in table 4.1 where it is seen that the ratio between the two widths is close to 
two.. The same behaviour is found for the 2De series in which the 2s(2p2 XD) and (2s2p3P)3p 
terms,, the latter equivalent to 2s(2p3p *D) , have respectively a width of 29 and 13.5 meV when 
thee contributions to the lsn'p (n' > 2) limits are added up. 

Thee presence of a perturber in a Rydberg series can lead to severe interference effects as 
illustratedd for example by the (2s2p3P)6p and 7p states belonging to the 4Pe series for which 
thee width is found to be twice as small as the expected value. This can be explained by the large 
mixingg in the two states with the (2p2 3P )3s level which represents respectively 46 and 42 % 
off  the wavefunction (and has a different decay rate) while the other (2s2p 3P )np 4Pe states 
aree found to be at least 98 % pure in (2s2p 3P )np configurations. Similarly, the interactions 
betweenn the (2s21S )np 2P° states, with n = 2 and 3, and the 2p3 perturber and those between 
thee (2s2p3P )nd 4D° states, with n = 7, 8 and 9, and the (2p2 3P )3p perturber explain the lower 
decayy rates for the two (2s2 1S)np 2P° and the three (2s2p3P)nd 4D° states. Finally, the low 
ratee for the (2s2 lS )5p 2P° term is due to mixing with (2s2p 3P )3d 2P°. However, in some cases, 
thee interactions between two Rydberg series are term dependent and can explain the difference 
inn the autoionization width of two different symmetries. For example, the four (2s2p3P)nZ 2L 
statess which have a width close to 35 meV, (2s2p3P)3p 2Se, 3p 2De, 4p 2De and 3s 2P°, are 
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characterizedd by a wavefunction in which the (2s2p3P)n/ and (2s2p1P)n/ terms are mixed to 
aa large degree, representing respectively, 50 and 35 % of the wavefunction, while for the other 
(2s2pp 3P )nl 2L states, which have a width close to 12 meV, the two configurations represent, 
respectively,, about 65 and 20 % of the wavefunction. The factor three difference between, for 
example,, the widths of the (2s2p3P)nd 2De and the np 2Pe states is probably also a direct 
consequencee of the variation in the wavefunction composition. 

AA final, although artificial, reason for a deviation from the expected trend is the neglect, in 
thee present work, of the decay to lsn/ open-channels with n > 9 which involves that, because the 
non-orthogonalitiess are very large for high n orbitals, some important contributions are missing 
inn the present calculations. This is illustrated, for example, by the highest states of the 4Se 

seriess for which the width of the n = 9 state is lower than expected although the wavefunction 
iss similar to those of the lower Rydberg states. The same effect is also partially responsible for 
thee smaller width of the (2s2p3P )8p 4Se and 9d 4D° state. 

Finally,, we notice that Diehl et al (1997b) have pointed out that above 151.7 eV new path 
wayss become available because of the existence of states of the type 2121' in Li +. Only the lowest 
off  these states is available as exit channel in the case of the 2s2pnZ states we have discussed 
althoughh most of the states calculated here, for example all  2P° states, are below 151.7 eV. 
However,, for higher states these exit channels can be important and modify the picture we have 
paintedd in this section. Diehl et al (1997b) show that 2/2/' final states are important in the region 
betweenn 159 and 164 eV but identify the initial states to be of the type 2lZlrnl". 

4.4.22 Compar ison w i t h other  data 

Inn table 4.9, a comparison is made of partial and total autoionization widths obtained using the 
5-splinee method, the three sets of results obtained using the SP approach (Chung and Gou 1995, 
1996,, Zhang and Chung 1999) and the R-Matrix results reported by Berrington and Nakazaki 
(1998),, which were discussed in the previous section. The few experimental data available are 
alsoo listed in the table which is organized in such a way that only the largest partial widths are 
reportedd together with the total widths. In the present work, the total rates are computed as a 
summ over all calculated partial decays (i.e. not only those included in the table). In the table, 
ann asterisk indicates values for which no distinction is made in the relevant reference between 
differentt angular momenta of the Auger electron and only the total decay rate to a given limit 
iss reported. 

Thee main difference between the results presented here and the other theoretical data sets, 
listedd in table 4.9, lies in the number of open-channels included, which is larger in the present 
work.. Although our work does not include interaction between different continua, this neglect 
doess not appear to be important here. Chung and Gou found, in their work, that the coupling 
betweenn different continua had littl e influence on the total width. When the coupling was in-
cluded,, the largest absolute change was found to be slightly more than 3 meV while, with regard 
too relative change, the largest effect was found for the width of the (2s2p3P )3p 2Pe term which 
wass reduced by about 15 % from 10.5 to 9.0 meV. Although not obvious at first glance, table 4.9 
showss in fact that the agreement between the S-splineand the SP method is very good. In this 
context,, it should be kept in mind that, in the present work, a single configuration wavefunction 
hass been used to describe the limits while Chung and Gou used two different expansions com-
prising,, respectively, 20 and 40 terms for this purpose and, in addition, included the coupling 
betweenn the open-channels as just mentioned. Our approach is considerably simpler but in good 
agreementt with the SP results, as illustrated for example by the 2s22p 2P° term for which the 
totall  width differs by less than 2 %. The (good) agreement for this term with the experimental 
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Tablee 4.9: Total widths and the largest partial widths (ordered according to size) obtained in 
thee B-spline approach compared with earlier theoretical and experimental data. All widths are 
inn meV. The values marked with a * correspond to total partial widths, see text. 

LSLS State 
'P°° (2s"S)2p 

2P3 3 

(2s2IS)3p p 

(2s2p3P)3s s 

(2s2IS)4p p 

(2s2p3P)3d d 

(2s21S)5p p 

2Pee 2s(2p23P) 

(2s2p3P)3p p 

Channel l 
ls2p*P(s) ) 
^ s ' S f p) ) 
ls2pI P(s) ) 
U2p3P(d) ) 
ls2s3S(p) ) 
Totall  width 
ls2p3P(d) ) 
ls2p3P(s) ) 
ls3p3P(s) ) 
ls2p'P(d) ) 
ls2p'P(s) ) 
Totall  width 
ls3p3P(s) ) 
ls2p'P(s) ) 
ls4p3P(s) ) 
ls2p3P(d) ) 
l r tp 'Pfs) ) 
Totall  width 
ls4p3P(s) ) 
ls3p1P(s) ) 
ls3sxS(p) ) 
Totall  width 
ls4p3P(s) ) 
ls5p3P(s) ) 
ls4p'P(s) ) 
IsSp'Pfs) ) 
ls3p3P(s) ) 
Totall  width 
ls6p3P(s) ) 
ls6p'P(s) ) 
ls5p3P(s) ) 
IsSp'Pts) ) 
ls4p3P(s) ) 
Totall  width 
ls6p3P(s) ) 
ls6p! P(s) ) 
ls4p3P(s) ) 
ls5p3P(s) ) 
ls7p3P(s) ) 
Totall  width 
ls2p3P(p) ) 
Is ïp 'P tp) ) 
IsSd'Dtd) ) 
Totall  width 
l ^ p ' P f p) ) 
ls3p3P(p) ) 
ls2p3P(p) ) 
Totall  width 

B-spline e 
60.40 0 
25.34 4 
17.76 6 
7.59 9 
2.61 1 

115.34 4 
24.54 4 
11.21 1 
8.25 5 
7.48 8 
3-51 1 

63.90 0 
75.82 2 
24.50 0 
12.31 1 
5.60 0 
3.96 6 

127.81 1 
7.55 5 
6.78 8 
4.89 9 

38.05 5 
51.90 0 
50.93 3 
16.69 9 
16.39 9 
5.71 1 

146.31 1 
28.46 6 
9.17 7 
8.81 1 

4.96 6 
68.64 4 
45.53 3 
14.68 8 
7.42 2 
6.73 3 
4.49 9 

92.42 2 
26.55 5 
22.95 5 
2.03 3 

53.18 8 
6.40 0 
3.00 0 
2.88 8 

13.30 0 

SP* * 
66.02 2 
22.41 1 
20.52 2 
6.76 6 
3.65 5 

117.47 7 
23.89 9 
7.33 3 
6.07 7 
7.60 0 
2.37 7 

52.14 4 
*78.43 3 
*27.09 9 

*5.85 5 

113.58 8 

*8.17 7 

}38.80 0 
*49.73 3 

*19.31 1 

*7.22 2 
83.24 4 

13.04 4 
6.34 4 

22.94 4 

5.11 1 
27.23 3 
21.62 2 

48.41 1 
5.36 6 
2.60 0 
2.36 6 
9.01 1 

R-Matrix**  Experiment 
47.97 7 
20.91 1 
11.07 7 
9-84 4 

1233 150e 123 
15.40 0 
7.15 5 

3.30 0 
3.30 0 

55 5 

65 5 

199 37(3)c 

6.9 9 

52 2 

118(3)dd 130(20)' 

63(3) ) 60e e 

80' ' 
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Tablee 4.9 continued 

LSLS State 
aPee (2pï 3P )3s 

2Dee 2s(2p2 1D) 

(2s2 IS)3d d 

(2s2p3P)3p p 

2D°° 2p3 

2See 2s(2p21S) 

(2s21S)3s s 

(2s21S)4s s 

(2s2p3P)3p p 

4Pee 2s{2p2 3P) 

(2s2p3P)3p p 

Channel l 
ls2p1P(p) ) 
ls2p3P(p) ) 

ltóp^fo) ) 
ls3p3P(p) ) 
Totall  widt h 
ls2s3S(d) ) 
ls2p3P(p) ) 
l S ^ S f d) ) 
ls3d3D(s) ) 
Totall  widt h 
ls3d3D(s) ) 
ls4d3D(s) ) 
l s S d ^ j s) ) 
ls4d1D(s) ) 
l s3pI P(p) ) 
Totall  widt h 
ls4d3D(s) ) 
IsSp'Pfp) ) 
ls2s3S(d) ) 
ls4d1D(s) ) 
ls2ss *S (d) 
Totall  widt h 
ls2p3P(d) ) 
ls2p1P(d) ) 
l s S d ^ j p) ) 
Totall  widt h 
ls2s3S(s) ) 
ls2p3P(p) ) 
ls2s1S(s) ) 
ls3s3S(s) ) 
l sSs^ j s) ) 
l s3pl P(p) ) 
Totall  widt h 
ls3s3S{s) ) 
ls3ss *S (s) 
ls4s3S(s) ) 
ls4ss *S (s) 
Totall  widt h 
ls4s3S(s) ) 
ls5s3S(s) ) 
ls4sxS(s) ) 
l s S s ^ j s) ) 
ls2ss XS (s) 
Totall  widt h 
ls5s3S(s) ) 
l ^ PP (P) 
ls5ss *S (s) 
ls4pp lP (p) 
Totall  widt h 
l s2p3P(p) ) 
Totall  widt h 
l s3p3P(p) ) 
Totall  widt h 

5-spline e 
2.98 8 
2.21 1 
1.53 3 
1.13 3 

12.48 8 
45.17 7 
28.93 3 
19.62 2 
1.15 5 

97.10 0 
57.88 8 
44.52 2 
18.45 5 
14.34 4 
1.11 1 

138.11 1 
7.35 5 
6.24 4 
6.07 7 
2.41 1 
2.15 5 

35.60 0 
64.16 6 
20.78 8 

1.06 6 
87.28 8 
33.68 8 
22.86 6 
9.88 8 
7.09 9 
2.29 9 
1.32 2 

77.66 6 
80.24 4 
26.69 9 
9.53 3 
4.53 3 

131.62 2 
63.33 3 
27.44 4 
21.01 1 
9.17 7 
4.11 1 

130.59 9 
11.59 9 
5.52 2 
3.86 6 
3.02 2 

35.88 8 
15.41 1 
15.46 6 
8.02 2 

10.44 4 

SP° ° 

44.14 4 
29.94 4 
17.67 7 

89.99 9 

60.83 3 
19.84 4 

81.57 7 
29.73 3 
23.86 6 
9.77 7 

64.14 4 

6.89 9 
7.59 9 

S P' ' 
3.43 3 
4.26 6 

8.37 7 

60.63 3 
44.40 0 
19.94 4 
14.76 6 
0.91 1 

141.57 7 
8.23 3 
5.43 3 

2.75 5 
2.12 2 

22.39 9 

87.77 7 
29.19 9 
11.97 7 
4.10 0 

134.03 3 
68.93 3 
32.47 7 
25.80 0 
7.57 7 
4.50 0 

141.96 6 
13.54 4 
5.00 0 
3.76 6 
2.14 4 

31.11 1 

R-Matrix* * 

49.98 8 
15.68 8 
18.62 2 

89 9 

87 7 

82 2 

141 1 

8.5 5 

29 9 

6.5 5 
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Tablee 4.9 continued 
aa Chung and Gou (1995, 1996), SP method. The total widths reported in the table include the 
couplingg between the different open-channels. 
tt The contribution from the ls4/ limits to the decay rate of the (2s2p 3P )3s 2P° state has been 
includedd in the total width but not given explicitly by Chung and Gou (1996). 
bb Berrington and Nakazaki (1998), R-matrix theory. 
cc Azuma (1999), private communication. 
dd Diehl et al (1996, 2000b), EUV synchrotron radiation. 
ee Kiernan et al (1995), EUV synchrotron radiation. In a previous publication, Kiernan et 
alal (1994) reported a width of 200  40 meV for the lowest 2P° state. 
'' Zhang and Chung (1998), SP method. 
99 Wehlitz et al (1999), EUV synchrotron radiation. 

valuess included in the table is discussed later. 

Forr the 2p3 and 2s23p 2P° terms, it can be seen that, although the agreement between the 
partiall  widths still is good, the difference between the total widths increases to respectively 
122 and 14 raeV. However, the differences are reduced to 3 and 2 meV, respectively, when the 
summ over the different channels is restricted to the contributions included in the work of Chung 
andd Gou (1996) and the difference is therefore due to the additional limits included in our 
calculations.. The disagreement between the two sets of data becomes larger for higher 2P° 
states.. The most obvious case concerns the 2s24p term for which the decay to the ls5p 1,3P 
limi tt is as fast as the decay to ls4p 1 3P. That the omission by Chung and Gou of the ls5p 
limit ss explains the factor of 2 difference in the total width is, as mentioned previously, due to 
non-orthogonalities. . 

Somee total autoionization widths have been measured and they are compared in table 4.9 
withh the values obtained by adding together all the calculated partial cross sections of which the 
largestt are included in the table. It should be kept in mind that the calculated total widths are 
lowerr limits since many decay channels have been neglected although it can be expected that 
theyy are weak. For the 2s22p 2P° term, the values reported by Diehl et al (1996) and Wehlitz 
etet al (1999), respectively 118  3 and 123  4 meV, are in very good agreement with the three 
theoreticall  predictions while the value reported by Azuma (1999) slightly disagrees with the 
presentt result for the (2s21S)2p state but is in good agreement for the (2s2p3P)3s 2P° state. 
Forr the 2p3 2P° term the recent measurement by Diehl et al (2000b) have removed the large 
uncertaintyy in the previous measurement by Kiernan et al (1995) and there is perfect agreement 
withh the 5-spline result. It is stated that the observed widths reported by Kiernan et al (1995) 
mightt have errors up to 50 %, so despite the large disagreement, the width of the (2s2 lS )3p 2P° 
termm is still inside the experimental uncertainty. 

Too compare the partial widths in table 4.9 with experiment is difficult. Partial cross sections 
havee been reported in some cases but in photo-excitation, there is interference between direct 
photoionizationn and resonant excitation with subsequent electron decay which makes it difficult 
too extract the partial widths calculated here from the observed cross sections. However, the 
recentt angle-resolved electron spectra makes it possible to make some comparisons. 

Diehll  et al (2000a) have reported an angle-resolved study of the decay of the lowest 2P° 
resonances.. Here the main direct excitation is ls22s 2Se -» (ls2s 1-3S)ep 2P° but this excitation 
hass an angular distribution which means that there is no intensity at a particular angle, in a 
planee perpendicular to the propagation direction of the photoelectrons. This is in fact observed 
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andd at this angle the direct photoionization contribution can therefore be neglected to a good 
approximation.. The ratio between the peaks corresponding to the autoionization limits ls2p 3P 
andd l P, which are not due to direct excitation since they disappear off resonance, can therefore 
bee compared to the partial widths reported in table 4.9. This shows ls2p 3P being 3.8 times 
moree likely than ls2p 1P. The experimental ratio between the observed peak heights is roughly 
3.44 and this value is too low since the two peaks overlap. Thus the relative size of these two 
partiall  widths seems confirmed. 

Diehll  et al (2000b) have reported similar measurement for the 2p3 2P° state. However, pho-
toelectronn spectra were not published and interpretation of the published partial cross sections 
aree difficult, as mentioned, due to the presence of direct photoionization. However, Diehl et 
alal conclude that the cross sections into the ls2p 1,3P continuum channels are the most modified 
byy the resonance. Again the 3P continuum seems to correspond to the largest channel, roughly 
aa factor 3 stronger than the 1P. Both this ratio and the importance of the ls2p channels corre-
spondd to the calculated values. Diehl et al (2000b) have also found a decay to the ls2s *S and 
ls3ss 3S channels which we find to be small while we do find a decay to ls3p 3P which seems 
too be observed although the spectrum does not have sufficient resolution to certain about which 
ls3ZZ channel is observed. Diehl et al find no evidence for decay to ls4J limits in agreement with 
thee calculations. 

Diehll  et al (1996) have reported photoionization sections to the n = 2, 3 and 4 limits summed 
overr 1 ,3£ partial cross sections for the photon energy region 149-154 eV. For the resonance close 
too 150 eV, identified as (2s2p3P)3s 2P° there is contributions to all three channels with the 
nn = 4 strength being similar to the n = 3. This agrees with the partial widths reported in 
tablee 4.9 and also the total width is in good agreement with the observed value (Azuma 1999), 
ass just mentioned. 

Forr other symmetries, no experimental decay rates have been published yet, while calcula-
tionss have been performed only for a few states. For the two lowest 2Pe states, which also were 
studiedd by Chung and Gou (1996), partial widths are found to be in good agreement and, once 
again,, the differences in the total widths are due to the extra limits included in the present 
work.. It should also be mentioned that, for the (2s2p3P)3p 2Pe term, the coupling between 
open-channelss is important, as mentioned already, reducing the width found by Chung and Gou 
fromm 10.5 to 9.0 meV, thereby actually increasing the difference with the present result. For the 
lowestt 2D° state, the agreement with the value computed using the R-Matrix approach (Berring-
tonn and Nakazaki 1998) is perfect while for the lowest 2De term, the S-spline value is found to 
bee about 7 % larger than the widths reported by Chung and Gou (1995) and Berrington and 
Nakazakii  (1998) that agree with each other. For the 2Se series, once again, the lower values found 
byy Chung and Gou for the autoionization widths are due to the omission of several channels 
whilee no explanation has been found for the larger total widths reported by Berrington and 
Nakazakii  (1998) who give no partial widths. 

Inn a recent paper, Zhang and Chung (1998) reported autoionization rates for a few states 
withh even parity. A good agreement between the 5-splineand SP technique is found for the 
(2s21S)3dd 2De, (2s21S)3s 2Se, (2s21S)4s 2Se and (2s2p3P)3p 2Se terms while for (2s2p3P)3p 
2De,, the difference is somewhat larger and, in this case, the disagreement is not entirely coming 
fromm the neglect of open-channels. The contribution from the ls2s3S limit to the total decay 
iss found, in the present work, to be 6 meV for this term while Zhang and Chung found the 
contributionn to be negligible. This contribution represents about 50 % of the difference between 
thee two total widths 
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4.4.33 Auto ionizat ion of Zl3l'nl" s ta tes 

Ass mentioned previously, two different basis sets have been used for computing the Auger decays 
off  SlZl'nl" states. In the calculations performed using basis A, i.e. using a common basis to 
describee the different target states, the width of the (3s2 *S )3p 2P° term, the only level for 
whichh experimental and theoretical values have been published, was found to be close to 0.6 eV. 
However,, Azuma et al (1997) and Diehl et al (1997a) reported an experimental width of 0.32 

 0.01 and 0.25  0.05 eV, respectively, which is about a factor of two smaller. Using basis A, 
thee largest contributions to the total width come from the 2s3s and 2s3p limits and these turn 
outt to be very sensitive to the description of the 2s orbital. This can be explained by noting the 
variationn in the mean radius of the 2s orbitals in different HF calculations. For the 2s2 and the 
2s2pp configurations, the mean radius of 2s is close to 2.20 au while optimizations on 2s3s and 2s3p 
givee a value close to 2 au. This suggest that basis B should give more accurate autoionization 
widths.. In fact, the use of this basis reduces the total width for the (3s2 ^ j Sp 2P° state from 
0.611 to 0.35 eV, which is in good agreement with the measurement by Azuma et al (1997). The 
agreementt with the widths published by Diehl et al (1997a), who reported experimental and 
theoreticall  (using the SP approach) values of, respectively, 0.25  0.05 and 0.282 eV, is slightly 
worse.. However, the better agreement with experimental data gives preference to the use of basis 
BB for computing the Auger rates of the 3131'nl" states. 

Forr 2121'nl" states, the autoionization width was found above to be constant within a Rydberg 
series.. The 3131'nl" states, although in principle similar, in practice show a much less regular 
behaviour.. However, the strong mixing between Rydberg series means that, since in the present 
workk only the two or three lowest series members are reported (cf. table 4.4), the observation 
off  trends is difficult and extrapolation to higher levels hazardous. However, there are several 
importantt differences between 2121'nl" and 3131'nl" states mainly due to the increase in possible 
interferencee effects. The main difference is the increase in the possibilities for perturbations of 
thee 3/3/' core. For the 2121' core, the limitation of the / values in the n = 2 shells to 0 and 1 
restrictss the possibilities for configuration mixing, while for a 3/3/' core, the additional / value, 
2,, is responsible for more interferences. This can be illustrated by comparing a 2s2p3P and a 
3s3pp 3P core for a quartet state. In the former case, the only perturber is 2p2 3P while the 3s3p 
coree can interact with 3p2 3P, 3d2 3P, 3s3d3D and 3p3d3P, 3D and 3F, depending on the 
angularr momentum of the outer electron. 

Thee 4Se series is the only series for which the mixing coefficients of the different wavefunctions 
aree close. For the three lowest (3s3p3P )np 4Se states (n going from 4 to 6), the width, reported 
inn table 4.4, is found to vary with the mixing coefficient of the (3s3p 3P )rap state. The latter is 
respectivelyy 0.89, 0.85 and 0.83 for the three lowest states. A variation of 0.01 in the coefficient 
correspondss to a variation of 3 meV in the width. According to this prediction, the widths of the 
nn = 7, 8 and 9 terms are expected to be, respectively, 20, 41 and 37 meV. The deviation from 
thee predicted width by nearly 20 meV for the n — 7 state is explained by a difference in the 
wavefunctionn since this state is considerably perturbed by the (3s3d3D)4d state closeby. The 
contributionn to the wavefunction from the latter state increases from 5 % (for n = 4, 5, 6, 8 and 
9)) to 15 % for n = 7. The width of the n = 8 level is very close to the expected value, showing 
thatt the influence of open lsn'p channels with n' > 9 are small for this state. This, however, is 
nott the case for the n = 9 term. 

Thee independence of the Auger rate on the angular momentum of the Rydberg electron, 
whichh was found for 2121'nl" states, is also more difficult to observe for 3131'nl" states. If the 
Rydbergg series are unperturbed, (3s3p3P)n/ 4 I states are expected to have a similar width. 
Tablee 4.4 shows that the width associated with these states are oscillating between 40 and 70 
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meVV which can be seen as a consequence of the perturbation of the wavefunctions. In the present 
case,, the mixing found to be so large and so variable that the concept of Rydberg states begins 
too lose its meaning. The observation of Rydberg series of the type 3/3/'n/" is therefore unlikely 
exceptt for possible special cases. 

4.55 Conclusions 

Resultss for multiply core-excited states in Li have been reported. In the case of 2121'nl" states, 
thee ^-spline approach is found to give a very accurate description of the spectrum, especially for 
thee 2P° series which has been studied in some detail experimentally. Theoretically, the excellent 
accordd with the SP method confirms the high accuracy of the S-spline method for describing 
highly-excitedd states. The largest differences are found for the energies of the 2s2p2 levels. 
Autoionizationn widths are also found to be well described despite the use of a rather simple 
descriptionn of the target state. The small amount of correlation for lsnl ionization limits makes 
resultss for partial and total widths quite reliable while the error in the decay to 2snl limits is 
foundd to be larger. The autoionization behaviour of triply-excited Rydberg series has also been 
studied.. Instead of the n~3 behaviour which determines the decay of doubly-excited Rydberg 
series,, the decay rates for triply-excited series have been found to be fairly independent of n. The 
existencee of Rydberg series in triply-excited hollow atoms have in fact been questioned because 
off  the strong correlation between nlnl' states in the He like systems. Experimentally such series 
havee now been identified (Diehl 1997b) and our work can be seen as providing some justification 
forr the existence of such series even in the presence of strong correlation. For the 2121'nl" series, 
wee find that CI has very littl e influence on the total decay rates for a series member. This is 
basicallyy because only one limit lsnl" is important and the possibilities for interference between 
thee different components of the wavefunction is therefore limited. This signature of a Rydberg 
seriess can therefore remain intact even in the presence of strong CI. There are of course other 
signaturess such as a regular quantum defect that is not explained by this argument. 

Forr 3131'nl" series, for example, interferences are important for the determination of the 
decayy rate since several limits are available and it is likely that the "existence" of Rydberg series 
iss limited to 2121'nl" configurations. Our results for ZlZl'nl" states point in this direction. We 
notee also that above 151.7 eV new exit channels becomes available for the 2121'nl" series which 
wil ll  complicate the spectra of these series. 

Thee identification of lsnl" as the main decay channel for a 2121'nl" Rydbergg series has 
consequencess for the design of experiment. Firstly we note that Diehl et al (1997b) already have 
noticedd that the reason that Rydberg series had not been observed before is that the signal in 
thee ls2s exit channel is very weak. Our results suggest that a more sensitive approach would 
bee to look in the lsn/" exit channel. However, since the free electron energy will vary littl e 
withh n, a high energy resolution is required to distinguish between initial states. This would 
nott be so serious if the lsnl" exit channel could be used to identify the initial n value directly 
butt we have found that the lack of orthogonality between initial and final states can destroy 
thee equivalence between initial and final n values so that the exit channel does not give an 
unambiguouss identification of the initial n value. In fact, it appears that often the (n + 1) exit 
channell  wil l correspond to the initial value n. The lack of orthogonality means that methods 
wheree the initial and final states can be optimized separately have advantages compared to 
methodss like MCDF (Azuma 1995, 1997) or R-matrix (Journel 1995) which require that a single 
sett of orbitals are used for both initial and final states. 
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