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Abstract 

The objective of this paper is to present a simple 

time-dependent calculation of the light absorption cross section for a 

strongly coupled partially degenerate plasma so as to transcend the 

usual single-particle picture. This Is achieved within the density 

functional theory (DFT) of plasmas by generalizing the method given by 

Zangwill and Soven for atomic calculations at zero temperature. The 

essential feature of the time dependent DFT is the correct treatment of 

the relaxation of the system under the external field. Exploratory 

calculations for an Fe-plasma at 100 eV show new features in the 

absorption cross section which are absent in the usual single particle 

theory. These arise from inter-shell correlations, channel mixing and 

self-energy effects. These many-body effects introduce significant 

modifications to the radiative properties of plasmas and are shown to 

be efficiently calculable by time dependent density functional theory 

(TD-DFT). 

PACS No. 52.25Lp; 52.25Ps; 03.65.-w; 61.21.-p 

Short title: Light absorption in dense plasmas 
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I. Introduction 

One of the theoretical approaches which has proved to be very 

fruitful in recent years is the application of density functional 
1-4 theory (DFT) to the study of properties of dense plasmas. Density 

functional theory provides a rigorous approach to the properties which 

can be related to the one-electron density (or one-electron green 

function ). DFT proceeds by providing an effective single-particle 

description of the many-body system. This DFT approach can also be 

adapted to the calculation of many transport properties since the 

single-particle description can be coupled to a response function 

method or a Boltzmann equation approach, without directly going through 

Kubo-type formulations which demand an accurate knowledge of the 

two-particle green functions. 

The objective of this paper is to present a detailed 

time-dependent density functional calculation of the absorption of 

light by a plasma of arbitrary densities and degeneracies. The method 

we follow is a generalization of the work of Zangwill and Soven (ZS) 

where the photo-absorption by an atom at zero temperature has been 

treated. ZS (ref. 6) use DFT together with a time-dependent response 

function formulation to obtain results which are at least as good as 

the more laborious calculations available for these well studied atomic 

systems. The essential feature of the time dependent-DFT used in 

ref. 6 is the inclusion of the relaxation of the system under the 

radiation field, so that tht oscillator strength for the transition 

i •* j is calculated from matrix elements of the form 
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<ilr(x,w)lj> 

7 8 9 where the dipole operator £ of the usual treatment * * is replaced by 

a self-consistently calculated space and frequency dependent potential 

r(x,u). Unlike at zero temperature, in a plasma we have "free" 

electrons and partially occupied energy levels. Hence all radiative 

processes are possible. Thus if i and j are both continuum states we 

have "free-free" contributions to o(u)* If i is a bound state while j 

is a "free" state, then we have photo-emission (and photo-absorption) 

contributions. If both i and j are bound states then we have line 

absorption (and emission) with profiles determined by lifetime effects. 

Thus in adapting the method of ref. 6 to the plasma problem it becomes 

necessary to take account of (a) finite temperature effects in the 

response functions (b) inclusion of continuum electrons (c) plasma 

level-broadening effects absent in the zero temperature problem and 
9 

self-energy effects (d) configuration fluctuation effects and related 

self-energy and vertex corrections. In this exploratory study we shall 

treat (a) and (b), examine (c) in a limited sense and neglect (d) 

altogether. Both (c) and (d) will be treated more completely in a 

subsequent paper. Subject to these limitations we calculate the light 

absorption cross-section a(w), at the frequency u, due to all radiative 

processes other than the free-free processes, for a typical high 

temperature Fe-plasraa. 

At this point it is useful to remark upon the usual plasma 

line broadening theories (which also calculate an absorption 
o 

cross-section) with those based on DFT models. In the usual line 
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broadening theories it is tacitly assumed that the plasma can be 

separated into a radiating atom and perturbing particles, and the 

energy level structure and configuration of the atom is assumed to be 

known. In dense plasmas this distinction is impossible and the 

self-consistent calculation of the atomic structure inclusive of plasma 

effects as furnished by DFT is essential to all stages of the 

calculation. In addition, all the usual effects present in the 

absorption of light by atoms, Cooper minima, giant Fano resonances, 

window resonances etc., which are essentially consequences of channel 

mixing, self-energy and vertex correction effects should be present in 

plasma atomic spectroscopy. In fact, in a plasma most atomic levels 

have an occupation probability f which is not zero or unity (as at 0 

Kelvin) and this makes it more favourable for the onset of channel 

mixing and intershell interactions. These effects will not be greatly 

influenced by the free plasma electrons since electron densities inside 

the atomic region tend to be much larger than the average free electron 

density n. 

In section II of this paper we present an outline of the 

theory. Numerical results are presented and discussed in section III. 

The concluding section IV is followed by a short appendix where some 

details of the calculation are given. 

II. Density functional formulation of the light absorption 

cross-section 

We consider a charge neutral plasma having an average free 

electron density n at a temperature T » 1/p" (in energy units). The 

nuclear charge of the ions is Z and each ion will support a number ot 



bound states, giving rise to an effective ionic charge Z. In DFf we 

consider the plasma f»nvironment around a central nucleus, within a 

sufficiently large sphere of radius R larger than any of the 

characteristic lengths of the plasma. The potentials for r > R are 

taken to be zero and all particle densities take on their mean values. 
2 The DFT equations for the electrons and ions are obtained 

from the variational property that the thermodynamic potential Q[n,p] 

is minimized for the exact electron distribution n(r) and the exact ion 

distribution p(r), while being subject to the constraints of charge 

neutrality and the Friedel sum rule. The equation ÔQ/ôn leads to a 

Schrodinger equation with an effective one-electron potential, viz., 

the Kohn-Sham potential V . The solution of this Kohn-Sham equation 

provides a set of eigenvalues e., and eigenfunctions $,, corresponding 

to bound and free electron states. Although there is no strict 

justification for identifying them as the single-electron states of the 

system they can be used with complete rigor to calculate single 

particle properties of the system since the exact electron density 

distribution n(r) is correctly given by the set $ . Thus 

n(r) = I f 10 (r)l2 

i 

where f is the Ferrai factor defining the occupation probability of the 

level i = n,JL,m,s for bound states, and i - k,A,m,s for continuum 

states with the energy c. » k 2/2 in Hartree atomic units. It should of 

course be emphasized that DFT is used in an approximation where the 

correlation and exchange effects which enter into the effective 

one-electron potential are calculated using the local density 
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approximation (LDA). That is, results from the finite temperature 

electron gas problem are invoked to define V (r), viz., the 

exchange-correlation potential, as being that corresponding to the 

local electron density n(r). 

The ion density distribution p(r) around a given ion (taken 

to b2 the origin) is defined by the variationAe£ equation 6Q[n,p]/6p »=• O . 

and leads to an equation which has to be solved self-consistently, 

coupled to the Kohn-Sham Schrodinger equation. The details of these 

procedures are given in ref. 2. As far as this study is concerned, the 

ion profile may be considered as providing an external potential due to 

the most probable configuration of ions around the central ion whose 

photo-absorption is to be evaluated. Thus we neglect the coupling of 

the ion distribution with the radiation field and study how the 

electrons (as described by the Kohn-Sham LDA) polarize to generate a 

frequency dependent induced dipole moment. 

If the electrons in the system were assumed to be 

independent, the induced density in the presence of the external 

radiation field à (r,u>) can be written as 
ext 

6n(r,w> - J x (*.*')• „(r,,o))dr' (2.1) 
~ ' 0 ~ ~ ext ~ "" 

where x (r»r') is the single particle response function. This is 
o *" ~ 

essentially the Fourier transform of the retarded density-density 

correlation function for non-interacting particles moving in the 

potential V„ „(r). Using the complete set of functions $.(r) obtained 

K-3 i ~ 
from the LDA-DFT calculation we have 



(f - f )p (r)p* (r') 
*o<^'> * 2 I. , 1 c • to'1 ( 2 - 2 > 

i,J ij 

where 

e = e ~ e 
ij i J 

f ± = [1 + e x p f p ^ - u)}]" 1 

and 6 is a positive infinitisimal. u is the chemical potential which 

appears in the DFT equations. Note that if <fr.(r) be replaced by plane 

waves, viz. $ k(r) * e , with e. » k2/2m, equation (2.2) reduces to 

the form of the Lindhard function. 

In a real plasma the electrons interact and hence the induced 

density 6n(r,to) creates an Induced Coulomb potential 

ÔV.(r,U) . /° n< r ,»"> dr' (2.3) 
C ~ lr-r'l 

and also an exchange-correlation contribution 

5V (n) 
6n(r, u) . (2.4) 

n-n(r) 

Equation (2.4) is the linear correction to the LDA exchange-correlation 

potential produced by the density change 6n(r,u>). Hence we define the 



induced potential V (r,(o) and the self-consistently determined total 
driving potential * S Cp(£» i d) b v 

V. n d(r, ; J) = 5V c(r,u) + 5V X (,(r, U) 

5n(r,ui) = Jx 0<£,r')[* e x t<r'u) + V i n d(r',u)]dr • 

3 /x 0(£.£ ,)* S C F(r ,^)dr' • (2-5) 

In effect the response of the interacting system converts the 
external potential 4> (r,t) to an effective driving potential 

ext 
determined self-consistently from the equation 

t Q r p(r,u) - <> .(r,u) + jK(r,r') X (r',r" f W)*_ r_(r , ,,a)dr ,dr" (2.6) oOr ext ~ o ~ ~ oOr ~ ~ ~ 

where the kernel K(r,r') is defined by 

V, .(r,u>) = /K(r,r')5n(r',u)dr' . (2.7) 
ind -* ~ -- ~ -~ 

As in ZS, ref. 6, K(r,r') is assumed to be independent of the 
frequency and 5n(r',;j) carries all the time dependent effects of the 
induced field. 

We take the external electric field to be of magnitude e 
ext 

directed along the z axis, with 

<J) .(r,u>) » e Z . (2.8) 
ext ~* exf" 

Then we use the Golden rule formula 



o(w) = 4it(cj/c)Ima(u>) . (2.9) 

where a(a>) is the polarizability defined to be the ratio of the induced 

dipole moment to the external field, viz. 

o(u) = /Z6n(r,u)dr . 
e _ 
ext 

Then it can be established that (see ref. 6) 

4 iiùj f 

0 ( u ) _ l m ^ e x t ( r , a , ) x o ( r , r ' , w ) < | . S C F ( r ' , a , ) d r d r ' 
^ e x t 

4TO° / W ^ ^ ^ ^ ^ W l ^ ) ^ ' <2'10> 
ext 

Equation (2.10) is the essential equation for the calculation 

of light absorption by the system at frequency u> inclusive of 

relaxation effects. If x (r,r',w) is replaced by (2.2) we have, 

instead of (2.10), the equation 

r(u>) = 4it2(co/c) I (£t - fj)KilZSCF(r,o))lj>l
26(u) + c± - e ) 

(2.11) 

where it should be noted that Z (r,u) has the same symmetry as the 
SCr 

external field (directed along z) and is defined by 

W £ ' w > • - e e x t Z S C F ( £ ' u ) ( 2 ' 1 2 ) 

Since the Fermi-factor difference (f -f ) appearing in 
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equation (2.11) be wr i t ten as 

V V V'-V " V'-V 

we immediately see that (2.10)—(2-11) gives the net absorption from the 

processes i • j and j * i. If the plasma is in local thermodynamic 

equilibrium (LTE) thess two processes are coupled by the conditions of 

detailed balance. Hence, for LTE plasmas, if only the process i •*• j is 

to be calculated, then the (f -f ) factors appearing in (2.10) and 

(2.11) should be replaced by f (l-f ). However, we note that the form 

(2.10) may be applied to non-LTE situations if the response functions 

reflect the non-LTE aspects of the system. In this paper we restrict 

ourselves to LTE plasmas only. 

Equation (2.10) is more general than (?.ll) since (2.10) can 

be used even when the response function \ (£•£') becomes modified to a 

form x(Xfl'ij) where collisions and lifetime effects are taken into 

account. The effect of the collisions etc. can be approximately 

treated by writing 

( , a i-1 i)P t i(r)P iVr') 
X(r,r',u) - I J J-^ J (2.13) 

ij < u + e!j + ^ i j ) * i I m r i j 

where r.. is a complex local field whose imaginary part can be 

identified with the damping of the transition (ij). 

Actually even the density matrix elements p, .(£) and the 

oc-upation probabilities have to be replaced by p..(r,r) etc., as in 

Bardeen , or a more systematic theory based on the two-particle green 
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function i s necessary. However, we shal l use the basic form (2.12) as 

i t already contains the leading correct ions . We shall use the simplest 
3 approximation to T obtained from the level sel f energies and neglect 

the vertex correct ions . The effect of ion-density fluctuations on T i s 

not considered in this study and hence the evaluation of T i s 

res tr ic ted to electron c o l l i s i o n e f f e c t s . The detai led expressions are 

given in the appendix. 

Finally we note that (2 .10) w i l l give the absorption 

corresponding to bound-bound, bound-free and free-free processes 

depending on the value of u chosen and the existence of transi t ions 

corresponding t o u . In this study we have not included trans i t ions 

where both i and j are in the continuum. This amounts to the neglect 

of relaxation ef fects induced in the system by purely free- free 

(Brehmstrahlung l ike) trans i t ions . In general these e f fec ts would 

manifest themselves via plasmon-like processes but their e f f ec t s on 

polarizat ion processes involving atomic electrons i s expected to be 

quite small . These e f fec ts would be examined in greater de ta i l in a 

future publication. 

I l l» Calculations for an iron-plasma 

We study an iron-plasma at a temperature of 3.6751 Hartree 

atomic units (100 eV) and at a free electron density such that the 
24 electron sphere radius r • 1.206 a.u. (n » 1.35 x 10 electrons per 

3 

cm ) . The chemical potential calculated from DFT is - 6.7232 a.u. and 

the bound energy levels are given In table 1 (note that a l l energies 

are in Hartrees). 
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The bound electron energies, wavefunctions and the 

self-consistent one-electron potential V contained in the Kohn-Sham 

equation were used as inputs to the present calculation. The necessary 

free electron (i.e. continuum) wavefunctions were generated in situ 

from a Schrodinger code using the given V . The iterative procedure 

for calculating <frsc„(r,<d) consisted in assuming $ S C F to be $ in the 

first iteration (see eqn. 2.5) and then V. ,(r,w) was calculated. A 
ind 

straightforward iterative procedure is to mix the induced potential, 

V ,(r,w) of two successive iterations to obtain the current value at ind *-' 
any given iteration. This method was quite successful but failed at 

frequencies near the line centres. A modified method, based on 

treating the matrix elements of the line-contribution to <J> (r,cj), 

rather than ^crpte»10) itself, treated separately from the 

photo-contribution was implemented and found to be much more stable and 

efficient. Once a self-consistent <{>e__(r,u)) was obtained, a(co) could 

be calculated from (2.9) or (2.10). Note that all the frequency 

dependent quantities (e.g. <J>(r,u>)) become complex after the first 

iteration. In effect, the driving field becomes out of phase with the 

applied external field. 

In figs. 1A to 4A we show the real part of the effective 

driving potential ^.-.(r,J), together with the external potential 

.b (r) set equal to r, for four different values of j which will be r ext 
relevant to the subsequent discussion. The imaginary parts are 

illustrated in figs. IB to 4B. In fig. 5 the photo absorption cross 

section o . (o>) for 0 < u> < 8 is shown. Similarly o . (u>) for ph pn 
20 < a) < 36 are shown in fig. 6. The net-photo absorption calculated 
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from the usual single particle theory (without relaxation) is denoted 

by 0 h(w). This has been checked against standard calculations for an 

iron-plasma and provided a useful verification of the computer coding. 

The self-consistent results, viz. o* .(u) are seen to be significantly 
ph 

enhanced between 0.5 < ta < 2.2 and new sharp structures are seen near 

u » 1.2 a.u. and u - 2 a.u., the latter appearing just before the onset 

of the 3d -*• el photo-process. (e£ denotes a continuum state). Much 

smaller but still significant modifications are seen near to * 4 and 

to * 5.4 a.u. In fig. 6 we once again find new giant structures near 

o) = 23.5, 26.8 and 29 a.u., and also smaller modifications in other 

parts of the curve. These results can be easily and convincingly 

interpreted in terras of the enhancement of a given photo-process by the 

polarization produced by a suitably situated line process. In table 2 

we give a list of the transitions among the LDA-DFT eigenstates for 

w < 40 a.u. The 4s-photoionization threshold is reached for u> * 0.166. 

As u> increases the 4s-electrons are depleted and the intensity 

initially drops. Then, the cross section a (u>) . given by the 

single particle calculation gradually increases as the 3d-photo 

threshold at u * 2.218 is reached. However, in the TD-DFT calculation 
the photo cross section o(u) . is increased due to the enhancement r photo 
of electron density in the outer levels by promotion of electrons by 

the 2s •*• 3p (1.216 a.u.) and the 3p + 3d (1.98 a.u.) transitions. 

For a) just smaller than 1.98, for example w » 1.8 (see figs. 

1A and IB) the external field is screened by the 3p •* 3d transition. 

This situation changes just after u becomes greater than 1.98, e.g., 

a) - 2.15, figs. 2A and 2B. The external field is "antiscreened", and 
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the imaginary part is large. 

The enhancements for u between 22 a.u. and 30 a.u. are even 

more dramatic. The inner electrons are pumped outwards by the 

processes 2p -> 3s (23.59 a.u.), 2p -»• 3d (26.8 a.u.), 2s -*• 3p 

(28.75 a.u.), 2p •»• 4s (28.84 a.u.) and are photoionized by 

3s •»• eJl, 3d •*• ei, 3p •*• eJt and 4s •*• ei . 

The giant enhancement near w = 27, due to the interaction of 

the 2p •*• 3d and 3d •*• el processes is particularly interesting. As seen 

from figs. 3A and 4A the driving field becomes very large (see fig. 4A) 

just in the region of the atom where the <J>. * $_, overlap is a 
Jp 3d 

maximum. Also, since both these functions are nodeless the product is 

positive throughout and leads to a more intense effect. The imaginary 

pari which is negligible at to = 26.0 becomes large at OJ = 27.1. The 

line transition 2p -*• 3d pumps electrons into the 3d level and these 

photoionize to give an enhancement to o , (<j). The increased 
photo 

absorption due to these new features are associated with a decreased 

absorption in the neighbouring regions of the spectrum. This type of 

spectral redistribution is consistent with the conservation of the 

f-sum rule (see ref. 6). 
In figs. 7 and 8 we compare o*,. (u>) with a., (u). The a line line 

channel interaction processes discussed in relation to a, ire also 
photo 

found to influence the l ine-absorption cross sect ion as well . This i s 

of course to be expected since the modified potential 4> (r,u>) enters 
SCF 

into both cross sec t ions . 
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IV. Concluding discussion 

The calculations of the previous section show that 

inter-shell polarization processes, channel mixing, etc., can lead to 

important modification of photo-absorption cross sections of atoms 

embedded in plasmas, just as with isolated atoms. In fact, light 

absorption by atoms in plasmas is closer to the problem of calculating 
12 o(b>) for excited atoms. The present calculation can be, and has to 

be, improved in several ways. For instance, the LDA-DFT energies e. 

are known to be significantly different from the "true" one-particle 

energies of the system. The DFT energies can be corrected by a static 

configuration interaction approach, or by a dynamic self-energy 
13 approach. Further, the self-interaction error present in 

straightforward LDA-DFT calculations have to be corrected. Although 

the Zangwill-Soven method is best justified for closed shell systems, 

we have here applied the technique to more complicated systems which 

are nevertheless like closed shell systems (with fractional occupancy) 

owing to the plasma environment which provides a reservoir of free 

electrons. 

We should a lso consider the question of the ef fec t of ion 

per tu rba t ions on a(u>). By the mere fact of having used the most 

probable ion d i s t r i b u t i o n p ( r ) calculated from DFT, we have already 

included the most important effect of the ion f i e l d s , namely, the 

increase in the number of bound s t a t e s supported by the r a d i a t o r . Most 

probable d i s t r i b u t i o n s correspond to large time dura t ions 6 t which 

correspond to small ou. Hence although l i ne centers s a t i s fy t h i s 

c r i t e r i o n , l i ne wings ( l a rge 6w) wi l l need an ion-microf ie ld type 

approach or a more r igorous analys is based on the Bethe-Salpeter 
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equation. However, we believe that the inclusion of ion-perturber 

effects will not greatly modify the channel-interaction effects 

revealed in this study. Finally, the numerical methods used in this 

exploratory calculation can be (and are being) improved, wherein a more 

complete inclusion of continuum polarization effects and self-energy 

effects will become possible. 
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APPENDIX 

Tn this apperàdix we give details of (a) the parametrized 

exchange-correlation potentials, and (b) the expressions for the 
3 14 level self energies, ' used here. 

Exchange-correlation potential 

V _ * V + V are functions of the electron density parameter 
- 1/3 2 r - (3/(4*n) and the temperature t = T/E_, E_ - 1/(1.0421 r ) S r r S 

Hartrees. Then 

» ^.rl + 2.83431 t 2 - 0.21512 t 3 + 5.27586 t V . . . . . 
Vx = M°H j Z Jtanh(l/t) 

1 + 3.94309 t + 7.91379 t 

where \i (0) = -0.6109/r Hartrees. Also 

V 1/4, " c 3 t . " V e 

c - H c (0 ) [ l + c x t + c 2 t 1 / H ] e J + jxhe 

where 

u (0) » -0.02545 log(l+19/r ) c s 

u h - - 0 . 6 3 8 l 6 8 ( t / r g ) 1 / 2 t a n h ( l / t ) 

and c. - 9.55432/(l+0.06666r ) 
1 s 

1/4 3/4 1/4 
c , = ( 3 . 5 7 9 1 2 - 5 . 9 9 0 6 5 r ' + 1 . 2 9 7 2 2 r / )/(1+1.61126r ' ) 

c 3 - 4.80217/(1+0.423387r* / 2 ) 

c . - 0.29335 + 0.322565/r 4 s 
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Expressions for the l eve l widths 

The level widths were calculated from the electron 

self-energy& for the given level i . The self-energy J was evaluated 

to 2nd order in the screened e lectron-electron interaction as in 

ref. 3, eqn. (3 .21 ) . In doing the numerical calculations i t can be 

eas i ly established that (3 .21) of ref. 3 can be very well approximated 

(for our conditions) by the form 

l ^ ) - I IV l 2 l < i l e i a ' £ | j > l 2 L < 1 ) ( u ) - E ) 
3-1 

2 2 2 2 2 2 2 IV r = <4*r/[(q +\J)(q +\£ftp] • 

Here ̂  is the momentum transferred in the collision whereby the 

electron in the state i is scattered to some intermediate state j over 

which a summation is taken. \ and X, are the electron and 
e i 

ion-screening wave vectors approximated by the Debye values. Also, 

i O ) / i ~f2>l/2 lr -x t y , , n -x i L q (u) = n(^) ^.e j e 7 dy - i j e ] 

with x » (2T)~1/2(^- - |) . 

Hence the level width, T (u>) involves essentially ImL (w) • 
1/9 9 

n — (2T) exp(-x ). Only the widths of bound levels were used. The q 
level shifts, given by the real part of ̂ ( u ) were neglected since the 

level positions themselves require more detailed considerations in view 
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of the fact that average atom models and DFT models already contain 

considerable uncertainties in the one-electron exci tat ion energies . 

Continuum suras were treated as a sum over a Gaussian gr id . Convergence 

was verif ied by varying the number of grid points e t c . Integrals of 

the form < i l e lj> were treated in the usual manner by expanding 

exp(-3*£) in spherical harmonics and Bessel functions. The radial 

integrals were evaluated numerically using Simpson-type integrat ions . 

Converged values of <t>qCp were obtained in f ive to thirty i t e r a t i o n s , 

depending on the frequency considered. 
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Table 1. "Energies" and occupation numbers of the Fe- ion , Z = 26, Z = 10.697, 

immersed in the iron-plasma ca lcu la ted from DFT. The l a s t row gives for 

comparison a zero temperature ca lcu la t ion for an Fe-ion immersed in a uniform 

s t a t i c neu t r a l i z ing background. 

Is 2s 2p 3s 3 P 
3d 4s 4p 

e i -258.14 -32.942 -29.008 -5.4112 -4.1947 -2.2184 -0.16614 -

f i 1.0 0.9992 0.9977 0.4117 0.3345 0.2269 0.1438 -

e i 
a t T«0K 

-253.22 -28.58 -24.567 -2.4967 -1.3392 - - -
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Table 2. Transition energies among LDA-DFT states; the continuum 

states are denoted eJt and the threshold energy is given. 

o)(a .u. ) t r a n s i t i o i 

0 .166 4s •»• eA 

1.216 3s -*• 3p 

1.976 3p •»• 3d 

2.218 3d + eJl 

3 .933 2s • 2p 

4.029 3p + 4s 

4.195 3p • eJl 

5.411 3s -• eJt 

23.59 2p + 3s 

26.79 2p * 3d 

28.75 2s + 3p 

28.84 2p • 4s 

29.01 2p •*• eA 

32.94 2s • ti. 
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Figure Captions 
Fig. 1 Panel A shows the real part of the self-consistent potential 

Re$ (r,u) for u = 1.8 a.u. as a solid line. The dashed line 
is Re$ (r,u), which is the unrelaxed dipole factor r. 
Panel B shows the imaginary part Im$_ C F. The dashed horizontal 
line indicates that Im$ k » 0. 

ext 
Fig. 2 Same as fig. 1A and IB but for u « 2.19 a.u. Note that for 

small r, Re$___ > $ , implying an "antiscreening" effect* SCr ext 
Fig. 3 Same as fig. 1A and IB but for u> » 26.0 a.u. In panel B, Im$ 

is very small and the oscillatory behaviour is within the 
numerical error of the computations. 

Fig. 4 Same as fig. 1A and IB but for u • 27.1 a.u. 
Fig. 5 Comparison of a . (u) with relaxation (solid curve) and 

without relaxation, viz., a h(u) given by the dashed curve, for 
0 < u) < 6 a.u. o(d)) is in a.u. x 0.301 x 10 6, i.e. g/cm2. The 
new features in o(u)) correspond to admixture of line processes. 
See fig. 7. 

Fig. 6 Comparison of a . _ (u>) and a . ^ (o>) (dashed line) for 
pnoto photo 

22 < u> < 34 a.u. The new features in a . „ correspond to 
photo 

admixture of line processes. See fig. 8. 
Fig. 7 Same as fig. 5 but for o l t (u>) and a., (u), 0 < w < 6 a.u. 

The peaks correspond to 3s + 3p (1.22), 3p -• 3d (1.98), 2s -*• 2p 
(3.933), 3p + 4s (4.029). The lines are shifted to the blue by 
the relaxation process. The 3s-photolonlzatlon seems to 
influence a at u « 5.411, slightly. 
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8 Comparison of a, . (a>) and a,, (u)) for 22 < u < 34 a.u. The line line 
peaks correspond to 2p -• 3s (23.59), 2p -»• 3d (26.79), 2s -»• 3p 

(28.75) and 2p * As (28.84). The latter is very weak in a°(u>) 

but strongly enhanced in a(o>). 
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