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Time dependent coupled Hartree-Fock (TDCHF) theory is applied to calcu- 
late frequency dependent polarizabilities, transition energies, oscillator 
strengths and effective quantum numbers of several excited states of the open 
shell ions A1, Si § p2+, $3+, C14+, mr5+, C1 and Ar § in the 2p state within and 
beyond the normal dispersion region. The Roothaan formalism has been 
adopted to deal with the open shell problem. The excitation energies are 
extracted from the positions of the poles of an appropriate functional. Analytic 
representations of the singly excited Rydberg states have been found. The 
results obtained compare well with spectroscopic and other elaborate theoreti- 
cal data wherever available. Inner shell excitations have been found for the 
first time within T D C H F  theory. 
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1. Introduction 

Knowledge of highly excited states of many electron systems is limited [1]. 
However recent experiments using beam foil [2-8], tunable lasers [9-11] and 
other methods [12, 13] provide very useful information about the excited states 
of such systems. Such studies are of interest for a number of reasons e.g. in the 
interpretation of the spectra of solar flares [14-18], and in the calculation of 
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radiative and forbidden decay rates and collision strengths for electron impact 
excitation of highly charged ions (such as occur in astrophysical observation or 
laser produced plasmas [19-21] and high temperature tokamak plasma [22-24]). 
They are particularly useful for the estimation of energy loss in controlled 
thermonuclear plasmas, determination of electron temperature and density of 
solar corona, fusion plasma diagnostics, and for the estimation of relative abund- 
ance of elements [25-28]; [29] is a good review on the subject. 

Lines of neutral and ionised atoms of the 3p open shell are quite dominant in 
the emission and absorption spectra of the solar photosphere and chromosphere 
[14, 15, 30, 31]. Many of these lines have been recorded by space shuttle 
experiments [32]. Very recent experiments, using Copernicus and International 
Ultraviolet Explorer [IUE] satellites, on intersteller matter [33, 34], and observa- 
tion on the extreme ultraviolet spectrum of the Jupiter planetary system during 
Voyager 1 and 2 encounters [35,36] reveal the presence of many such ions. 
Laboratory experiments on such systems are also in progress [37-39]. These' 
observations are useful for detecting low density clouds in interstellar medium, 
stellar winds and the absorbing material in front of some quasars and Syefert 
galaxies and also for determining the abundance of elements in it. 

Because of their importance, theoretical studies on such systems are quite interest- 
ing. Most of the few such studies which have been performed have been confined 
to the determination of accurate oscillator strengths by configuration interaction 
(CI) methods [30, 31, 40-48], multiconfiguration Hartree-Fock (MCHF) calcula- 
tions [49-51], relativistic parametic potential methods with CI [52], close coupling 
method [53] etc. All these calculations show explicitly the importance of configur- 
ation mixing for the assignment of spectral terms and calculation of oscillator 
strengths. 

TDCHF theory has been found very successful in the past for estimating frequency 
dependent response properties particularly for closed shell ions and ions having 
an s electron in the open shell [54-58]. Application to p and other open shell 
systems is rather limited [59]. In addition to the dynamic polarizability which is 
very important for estimating several interesting properties of the system [60], 
the method can yield the correct static limit of the polarizability values, transition 
energies and transition properties, such as allowed and forbidden transition 
probabilities, and furnish reasonably accurate quantum defects and analytic 
representations of the singly excited Rydberg states. (By Rydberg orbital we mean 
any orbital outside the valence shell [61].) The excited states may be utilised for 
calculating expectation values of different operators and are useful in perturbation 
theory and for estimating collision cross sections. The theory is successful mainly 
because of its implicit inclusion of certain classes of correlation diagrams [62] 
which are present in the random phase approximation (RPA) method [63]. We 
shall apply TDCHF theory here to estimate the Rydberg states and transition 
properties of few ions of 3p open shell system. The closed shell theory is well 
known. The salient features of the open shell theory is described in Sect. 2 and 
the results are discussed in Sect. 3. 
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2. Method 

The open shell system is described by the usual non relativistic Hamiltonian Ho. 
An external perturbation of the form 

H'(r, t)= G(r) e-i'~ + c.c. (1) 

is imposed on the system. We are interested in dipolar excitations from the ground 
state and we take 

N 
G(r) = A  E riPa(cos Oi) (2) 

i=1 

where A is an appropriate perturbation strength parameter. We adopt the 
Roothaan scheme [64] to describe the ground state of open shell system. This 
scheme reduces " s "  or "p"  type open shell energies to that of an effective closed 
shell energy with certain parameters in the energy expression which take care of 
the open shell structure. The external perturbation of Eq. (1) admixes first order 
corrections 6~b~ to the ground orbital 0r- These oscillate with the two components 
given by Eq. (1). Frequency dependent response properties are obtained by taking 
the Fourier transform of the time dependent problem as follows: 

J = 1 dt (dglH-i O/dtldP ) 
T (3) 

where qb is the total wavefunction and H is the total Hamiltonian. Atomic units 
are used here. The details of the theory was discussed earlier [59]. Variation of 
the functional J of Eq. (3) with respect to parameters introduced in 6~:  yields 
the perturbed admixtures of [59]. In terms of orbitals the dynamic polarizability 
is given by 

au(~o) = E  [(a0kl r COS 010k)+(a~,~lr cos 010k>]. (4) 
k 

ad(tO) passes through poles at certain frequencies which correspond to natural 
excitations of the system. From the pole positions one can extract transition 
energies, singly excited wavefunction and other properties connected with 
transitions. 

3. Results 

In the present communication we confine our analysis to ions having 2p ground 
states e.g. AI, Si +, p2+ $3+, C14+, ArS+, C1 and Ar +. Although all these ions are 
all described by the 2p ground configuration, their excitation properties are 
different. For the isoelectric series of aluminium the excitation of the valence 3p 
orbital leaves a closed shell core 3s2:1S, but that of C1 sequence leaves an open 
shell c o r e  3p  4 which has different valence excited LS coupled states resulting in 
a very complex final spectrum. For the A1 sequence we studied excitations 3p ~ ns 
(n = 4, 5 , . . . ,  7) and 3p ~ nd (n = 3, 4 , . . . ,  7) while for C1 and Ar § we obtained 
a smaller number of transitions as will be apparent from subsequent tables. The 
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ground state wavefunctions are taken from Clementi and Roetti [65]. The radial 
parts of  the first order admixtures to the ground state are represented as linear 
combinations of  Slater bases viz. 

8Ok(r )  = ~, Cikr  ' exp (--s (5) 
i 

Where the Cik are linear variation parameters. The exponents nik and ~'~k are 
preassigned. The choice of  n~k depends upon the angular symmetry of the orbital 
8~k. Once a starting n~k is fixed one can include higher powers depending on the 
number of  nodes. The choice of maximum and minimum ~'ik depends roughly 
on the short and long range behaviour of  the wavefunction. There are in general 
no strict guidelines for an appropriate choice but the optimised ground exponents 
of  Clementi and Roetti [65] together with experience give a guideline. Once the 
maximum and minimum value of the exponents are chosen intermediate ones 
can be appropriately chosen. Further it is observed from a large number of  
calculations [54-59] that given a sufficiently flexible exponent set the choice of 
the maximum value of  the exponent is not very critical. The innermost core ls 
is assumed frozen. To test the method we calculated the static limit of  the dynamic 
polarizability ad(oo),o_,o for all the ions and compared them in Table 1 with 
existing C HF  static results of Roy et al. [66]. Roy et al. used 8 parameters for 
the representation of  perturbed valence admixtures, we used a similar basis set 
to compare with their values. As observed form Table 1, the static limit is in 
excellent agreement with the static values for all ions whose data exists. To test 
the basis set convergence we performed two sets of  calculations for A1 and C1. 

For the excitations P~'d types we used 12 or 15 parameter representations while 

for the excitations s ~ p  type we used only 8 or 10 parameter representations. 
The variations of  the core admixtures usually does not affect the polarizability 
values. From the results in Table 1, we notice that fairly good convergence of 
polarizability values is achieved for A1 with 15 parameters while for the ions 

Tab le  1. S ta t i c  l imi t  o f  d y n a m i c  po l a r i zab i l i t y  % ( ~ o ) ~ o  

I o n  P resen t  s ta t ic  l imi t  O t h e r  s ta t ic  resul ts  

(A 3) (A 3) 

AI 8.68 ~, 9.09 b, 9.11 ~ 8.71 d 

Si + 2.90 a, 2.92 c 2.93 a 
p2+ 1.42 a, 1.42 c 1.43 d 

S 3+ 0.82% 0.82 c 
C14+ 0.53 a, 0.53 c 

A r  5+ 0.36 a, 0.36 c 

C1 1.98% 2.08 b, 2.08 c 1.97 a 

A r  + 0.99% 1.00 c 

a 8 p a r a m e t e r  c a l c u l a t i o n  
b 12 p a r a m e t e r  c a l c u l a t i o n  

c 15 p a r a m e t e r  c a l c u l a t i o n  

a [66]  
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variation of parameters from 8 to 15 does not affect the results much. Hence in 
our subsequent calculations we have used 12 and 15 parameter representations 
for A1 and C1 and for all other ions we used the 15 parameter representation for 
the valence perturbed admixture. In Table 2 we have listed the dynamic polariza- 
bility values for all the ions with respect to incident frequency in the normal 
dispersion region. The positions of the first poles are clearly indicated by a change 
in sign of the polarizability values. It is further observed that only very near to 
poles does the functional representation by 12 or 15 parameters affect the polariza- 
bility values, although the pole position is practically unaffected. In Table 3 we 
list for the A1 isoelectronic series up to Ar 5+ the transition energies obtained from 
the position of the poles in dynamic polarizability calculation, the oscillator 
strengths in length form and effective quantum numbers n* for the Rydberg 
orbitals. The transition energies are compared with available [67, 68] spectro- 
scopic data. Agreement is obtained for all the cases to within 5%. The deviation 
usually decreases as we proceed along the higher Z isoelectronic members. We 
missed a few resonances, e.g., for A17d, for Si + 7s and for p2+ 6d and 7d. This 
is probably due to existence of other transitions in that region which effectively 
mask these transitions. The oscillator strengths are evaluated using the dynamic 
polarizability values [69] 

: ~ ' p  4 0 
aa(o~) ~ w2,,o_tO2. (6) 

The method of extracting oscillator strengths from Eq. (6) is detailed in earlier 
calculations [59]. The oscillator strengths compare reasonably with the existing 
data using elaborate CI calculations, experiments and other sophisticated results 
except for 3p ~ 3d transitions. Here we get somewhat larger values. The reason 
is well known in CI studies. It was shown by Weiss [40] and subsequently by 
other workers [30, 31, 41-53] that a very strong perturbation is caused by 3s3p 2 
terms. One must include such configurations explicitly to obtain better results 
for oscillator strengths. The effect is most prominent for A1 3s ~ nd series. The 
TDC HF  theory, which is equivalent to the RPA method [63], does not take care 
of such correlations explicitly resulting in errors in the oscillator strengths. The 
oscillator strengths are consistently better for the 3p ~ ns transitions. The effect 
of 3s ~ 3p mixing is very apparent in our numerical results. We notice in most 
cases a strong mixing of dipolar matrix elements from the 3s shell contributing 
to total polarizability values near the poles corresponding to different excitations. 

The effective quantum number n* for the Rydberg orbitals are calculated using 
the formula n* = Zof~/~/-~, where ~ is the ionisation potential of the orbital and 
Ze~ is the effective charge. Ze~ = 1 in the complete screening model for a neutral 
atom. These are compared with similar quantities obtained from spectroscopic 
data [67, 68]. Consistent results are obtained. 

In Table 4 we list similar results for C1 and Ar + in the 2p state. The situation is 
more complex here because of  different multiplets associated with the dipolar 

transitions 3p s ~ 41, ns 3p "~nd" Here the spin of the excited electron is unrestricted 
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and hence the core (2p 4) must be in such a state as to produce the same multiplicity 
for the initial and final states. This left the singlet as the possible multiplicity of  
the (2p 4) configuration. Energetically 1D is more favourable as we observe from 
the table. For C1 ~S the valence excited states are also pretty high in energy. 
Experimental  transition energies are obtained from the compilation of  Bashkin 
and Stoner [68]. The excited states we are interested in are very high and we get 
fewer resonances than in the A1 sequence, but agreement of  transition energies 
is within 5% in all cases where data exist. Our oscillator strengths are poor  here 
because of  the neglect of  the very strong CI  mixing of3s23p 5 --> 3s3p 6 configuration 
which was explicitly shown by other workers [48, 71-75] to be extremely important 
for any such calculation. This is also explicitly apparent  in our calculation and 
we get very strong dipolar 3s--> np mixing resulting in large change of the dipolar 
matrix elements. It appears  that there is significant cancellation among such 
matrix elements. The effective quantum numbers agree well with the results 
obtained by Rusic and Berkowitz [76], calculated using the series limit given by 
Hansen et al. [77]. For Ar + there is practically no data available for the transitions 
with which we are concerned. Most of  the experimental work was restricted to 
the 3pa4p configuration of  Ar + [78]. 

In the present calculation we get resonance in the polarizability values for 
transitions corresponding to 3s--> 3p. This has not been seen in T D C H F  calcula- 
tions reported so far. The transition energies are about 8 to 10% away from 
experimentally observed energies for A1 series, however for Ar + there is much 
more error. The level is autoionising for AI and C1. As we have neglected 
configuration interactions the oscillator strengths are inaccurate and we have not 
quoted them here. We may only point out that the functional representation of 
the 3s excited 3p orbital is very similar to that of  the occupied 3p orbital of  
Clementi and Roetti [65]. For comparison we give in Fig. 1 such a plot for A1 
atom. In this case the 3s-->3p excitation energy lies beyond the 3p ionisation 
limit. A very close similarity is observed. It is further observed that our computed 

0.4 

0.2 

0.0 --c 

-0.2 

-0.4 

-0.6 

// 

10 20 

r [ a .  u. ] 

Fig. 1. Plot of the inner shell (3s) 
excited 3p function and that of 
ground state function 3p of 
Clernenti and Roetti against r. 
The solid line represents our 
function while the dotted one 
corresponds to that of Clementi 
and Roetti 
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orbital is more diffuse than that of Clementi and Roetti [65], as is physically the 
case. We hope to present more detailed results on such transition later on. 

4. Conclusion 

TDCHF theory is shown to yield fairly accurate estimates of transition properties 
of open shell system including transition energies and the effective quantum of 
the Rydberg orbitals. The theory gives good transition properties except in those 
cases where configuration mixing from singly excited configurations is very 
important. The analytic representations of the Rydberg orbitals in terms of Slater 
bases may be obtained from the authors on request. 

Acknowledgments. One of the authors PKM expresses his gratitude to the Japan Society for the 
Promotion of Science (JSPS) for providing him a fellowship to stay and work in Japan. He also 
thanks the Director, Indian Association for the Cultivation of Sciences for providing him with the 
necessary study leave. The computation is done using HITAC M682H Computer at University of 
Hokkaido. We also thank Dr. K. Tanaka for his help with computational aspects of this work. 

References 

1. Feneuille S, Jacquinot P (1981) Adv At Mol Phys 17:126 
2. Berry HG, Bromander J, Curtis LJ, Buchta R (1971) Phys Scr 3:125 
3. Sorensen G (1973) Phys Rev A 7:85 
4. Lundin L, Engman B, Hilke J, Martinson I (1974) Phys Scr 8:274 
5. Martinson I, Gaupp A (1974) Phys Rep 15:113 
6. Irwin DJG, Livingston AE (1973) Can J Phys 51:848; (1976) ibid 54:805 
7. Martinson I (1982) Nucl Instrum Methods 202:1 
8. Weiss AW (1976) In: Sellin IA, Pegg DJ (eds) Beam foil spectroscopy, vol 1. Plenum Press, New 

York, p 51 
Wiese WL, Younger SM (1976) ibid 2:951 

9. Safinya KA, Gallagher TF (1980) Phys Rev A 22:1588 
10. Higgs C, Smith KA, Dunning FB, Stebbings RF (1981) J Chem Phys 75:745 
11. Kellert FG, Jeys TH, McMillan GB, Smith KA, Dunning FB, Stebbings RF (1981) Phys Rev A 

23:1127 
12. Smith WH, Liszt HS (1971) J Opt Soc Am 61:938 
13. Smith WH (1970) Nucl Instrum Methods 90:115 
14. Gabriel AH, Jordan C (1969) Mon Not Roy Astron Soc 145:241 
15. Gabriel AH, Jordan C (1972) Case studies in atomic collision physics II. North Holland, 

Amsterdam~ p 221 
16. Doschek GA, Meekins JF, Cowan RD (1973) Sol Phys 28:125 
17. Kastner SO, Neupert WM, Swarz M (1974) Astrophys J 191:261 
18. McKenzie DL, Landecker PB, Feldman U, Doschek GA (1985) Astrophys J 289:849 
19. Kononov E Ya, Koshelev KN, Podobedova LI, Chekalin SV, Churilov SS (1976) J Plays B 9:565 
20. Boiko VA, Faenov A Ya, Pikuz SA (1978) J Quant Spectros Radiat Transfer 19:11 
21. Bromage GE, Cowan RD, Fawcett BC, Ridgeley A (1978) J Opt Soc Am 68:48 
22. Hinnov E (1976) Phys Rev A 14:1533 
23. Hinnov E (1979) Astrophys J 230:L179 
24. Suckewer S, Hinnov E (1979) Phys Rev A 20:578 
25. Morton DC, Smith WH (1973) Astrophys J Suppl 26:333 
26. Keenan FP, Tayal SS, Kingston AE (1984) Sol Phys 92:75 
27. Stavrakas TA, Lee WR (1982) J Phys B 15:1939 
28. Dosckek DA, Feldman U, Seely JF (1985) Mon Not Roy Astron Soc 217:317 



444 P.K. Mukherjee et al. 

29. Stebbings RF, Dunning FB (eds) (1982) Rydberg states of atoms and molecules. Cambridge 
University, Cambridge, England 

30. Fawcett BC (1986) At Data Nucl Data Tables 35:186; 204 
31. Dufton PL, Hibbert A, Kingston AE, Tulley JA (1983) Mort Not Roy Astron Soc 202:145 
32. Patchett BE, Norman K, Gabriel AH, Culhane JL (1981) Space Sc Rev. 29:431 
33. Shull JM, Snow TP, York DG (1981) Astrophys J 246:549 
34. Bohlin RC, Hill JK, Jenkins EB, Savage BD, Snow TP, Spitzer L, York DG (1983) Astrophys J 

Suppl 51:277 
35. Broadfoot AL et al (1979) Science 204:979 
36. Ho YK, Henry RJW (1984) Astrophys J 282:816 
37. JShnsson G, Lundberg H (1983) Z Phys A 313:151 
38. JShnsson G, Kr611 S, Lundberg H, Svanberg S (1984) Z Phys A 316:259 
39. Burrman EP, DSnzelmann A, Hansen JE, Snoek C (1986) Astron Astrophys 164:179 
40. Weiss AW (1974) Phys Rev A 9:1524 
41. Baluja KL, Hibbert A (1980) J Phys B 13:L327 
42. Glass R (1979) J Phys B 12:2953 
43. Fawcett BC (1983) At Data Nucl Data Tables 28:557 
44. Aasbamar K, Luke TM, Talman JD (1984) Phys Scr 30:121; (1979) J Phys B 12:3455 
45. Nussbaumer H (1977) Astron Astrophys 58~291 
46. Artru MC, Jamar, C, Petrini D, Praderie F (1981) Astron Astrophys Suppl 44:171 
47. Hibbert A (1986) J Phys B 19:L455 
48. McGuire EJ (1986) Phys Rev A 33:1492 
49. Froese Fischer C (1976) Can J Phys 54:740 
50. Froese Fischer C (1978) Can J Phys 56:983 
51. Froese Fischer C (1981) Phys Scr 23:38 
52. Farrag A, Luc Koenig E, Sinzelle J (1982) At Data Nucl Data Tables 27:539; 

(1981) J Phys B 14:3325 
53. Bhadra K, Henry RJW (1980) Astrophys J 240:368 
54. Mukherjee PK, Moitra RK (1978) J Phys B 11:2813 
55. Kundu B, Mukherjee PK (1985) Astrophys J 298:844 
56. Kundu B, Ray D, Mukherjee PK (1986) Phys Rev A 34:62 
57. Kundu B, Mukherjee PK (1986) Theor Chim Acta 69:51 
58. Kundu B, Mukherjee PK (1987) Phys Rev A 35:980 
59. Roy HP, Gupta A, Mukherjee PK (1975) Int J Quantum Chem 9:75 
60. Miller TM, Bederson B (1977) Adv At Mol Phys 13:1 
61. Davidson ER, Feller D (1986) Chem Rev 86:681 
62. Caves TC, Karplus M (1969) J Chem Phys 50:3649 
63. McCurdy CW, Rescigno TN, Yeager DL, McKoy V (1977) In: Schaefer HF III (ed) Methods 

of electronic structure theory. Plenum Press, New York, p 339 
64. Roothaan CCJ (1960) Rev Mod Phys 32:179 
65. Clementi E, Roetti C (1974) At Data Nucl Data Tables 14:177 
66. Roy HP, Gupta, A, Mukherjee PK (1977) Int J Quantum Chem 12:1 
67. Moore CE (1947) Atomic energy levels, NBS Circular vol 1 no 467, Washington DC 
68. Bashkin S, Stoner JO Jr (1975) Atomic energy levels and Grottrain diagrams, vol. 1 

North Holland, Amsterdam; (1978) ibid vol 2 
69. Fano U, Cooper JW (1968) Rev Mod Phys 40:441 
70. Wiese WL, Smith MW, Miles BM (1969) Atomic transition probabilities, vol. 2. NSRDS-NBS 

22, Washington DC 
71. Tatewaki H (1978) Phys Rev A 18:1826 
72. Tatewaki H, Sasaki F (1978) Phys Rev A 18:1837 
73. Cowan RD, Radzeimaski LJ Jr, Kaufman V (1974) J Opt Soc Am 64:1474 
74. Hansen JE (1977) J Opt Soc Am 67:754 
75. Cowan RD, Hansen JE (1981) J Opt Soc Am 71:60 
76. Ruscic B, Berkowitz J (1983) Phys Rev Lett 50:675 
77. Hansen E, Cowan RD, Carter SL, Kelly HP (1984) Phys Rev A 30:1540 
78. Garcia G, Campos J (1985) J Quant Spectros Radiat Transfer 34:85, and references cited therein 


