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Motivation for this work: Joseph Nilsen, LLNL

e Average Atom (NR version of “Inferno”)

e Linear Response = Kubo-Greenwood formula for o(w)

e Kramers-Kronig Dispersion Relation = Dielectric Function ¢(w)

e Index of refraction n(w) + ik(w) =

e(w)
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Introduction

Free electron model used in plasma diagnostics:

2 2
w wj e? Nt
Nfree(W) = — —g 1 — —2 <1 where wi=dr—"—"=
w 2w

m vol

Recent experiments on Al plasmas find n > 1 at few eV temperatures

e LLNL COMET laser facility! (14.7 nm Ni-like Pd laser)

e Advanced Photon Research Center JAERI? (13.9 nm Ni-like Ag laser)

Reason: Effect of bound electrons on optical properties.

1J. Filevich et al. Proceedings of the 9th International Conference on X-Ray Lasers, May 23-28 (2004)
2H. Tang et al., Appl. Phys. B78, 975 (2004)

-Np- 11th International Workshop on Radiative Properties of Hot Dense Matter



Average-Atom Maodel

QM version of generalized Thomas-Fermi model®

Inside a neutral (Wigner-Seitz) cell:

[p_2 I V] Ua (1) = €ug(T)

2m r

V' = Viir(r) + Vexe(r) for r < R and V = 0 otherwise.

v2VEiir — _47TIO

Vexc(p) is given in the local density approximation

3R. P. Feynman, N. Metropolis and E. Teller, Phys. Rev. 75 1561 (1949)
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Thermal Average Electron Density

Contributions to the density are

) = 530220+ 1) Y flew) Pulr)’ )
l n
1 > 2
pr) = 532 [ def( Patr @
where 1
fle) =

1+ expl(e — p) /KT

The chemical potential 1 is chosen to insure electric neutrality:

Z = / _pyd'r = /O it p(r) dr (5)

Eqgs. (1-5) are solved self-consistently for p, V', and p.
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Example

Al: density 0.27 gm/cc, T = 5eV, R = 6.44 a.u.,, p = —0.3823 a.u.

Bound States Continuum States
State Energy n(l) [ n(l) no(l)  An(l)
1s -55.189  2.0000 0 0.1090 0.1975 -0.0885
2s -3.980 2.0000 1 0.2149 0.3513 -0.1364
2p -2.610 6.0000 2 0.6031 0.3192 0.2839
3s -0.259 0.6759 3 0.2892 0.2232  0.0660
3p -0.054 0.8300 4 0.1514 0.1313 0.0201
5
6
7
8
9

0.0735 0.0674 0.0061

0.0326 0.0308 0.0018

0.0132 0.0127  0.0005

0.0049 0.0048 0.0001

0.0017 0.0016 0.0001

10 0.0005 0.0005 0.0000

Nbound 11.5059 Nfree 1.4941 1.3404 0.1537
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Linear Response and the Kubo-Greenwood Formula

Consider an applied electric field:

F
E(t) = Fz sinwt A(t) = — 2z coswt
w

The time dependent Schrodinger equation becomes

el 0
%+wmm—;%mwﬁmmw—@¢mw

The current density is

T.(0) = g S S () el (0)
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Kubo-Greenwood

e Linearize ¢;(r,t) in F
e Evaluate the response current: J = Ji, sin(wt) + Jout cos(wt)
e Determine o(w): Jin(t) = o(w) E,(t)

Result:
B e

o(w)=—5 d (fi = f5) 1(Glv:]id]? 0(e; — € — w),

(¥

which is an average-atom version of the Kubo*-Greenwood® formula.

*R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957)
°D. A. Greenwood, Proc. Phys. Soc. London 715, 585 (1958)
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Example: Al T=3eV & density= 0.27gm/cc

0.00S T T ||||||| T T ||||||| T TTTTTT 0.00S T T TTTIT T ||||||| T TTTTTT
B bound-bound B bound-free
0.004 _— 3s-3p —_ 0.004 _— n=3>¢ —_
5 0.003— — 0.003 |~ —
< - - - -
b 0.002 — — 0.002 |~ —
i i i n=2->¢ i
0.001 - P38 3] 0.001 —
| IIIIII| | | | 1IIIII 1 L1l III| | | I|‘|-r"|—|'!‘ . 1 111111
8.01 0.1 1 10 8.01 0.1 1 10
0-030 T T ||||||| T T ||||||| T TTTTTT 0-030 T T ||||||| T ||||||| T TTTTTT
i free-free | i total |
O-OO | 1 1 IIIII| 1 |I| L1 | IIIII_ O-OO ] 1 1 IIIII| 11 || Im
8.01 0.1 1 10 8.01 0.1 1 10
Photon Energy (a.u.) Photon Energy (a.u.)
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Optical Properties

For a conducting medium, the dielectric function is related to the complex

conductivity by
o(w)

=1+ 4m
e(w) + 47i »

We know Ro(w); we must evaluate So(w)

From analytic properties of o(w) one infers the dispersion relation®

o (wg) = @][ SEU—(W) dw.
0

2
T Wi — w

5R. de L. Kronig and H. A. Kramers, Atti Congr. Intern. Fisici, 2, 545 (1927)
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Application of Dispersion Relation
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Index of Refraction

C\,
Re(w) = 1 — 4r>2 @) () = 40 @)
w w
n 4+ 1k = /€

3 g
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ﬁ = T=5eV 3
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Al: Comparison with Free Electron Model

Plasma with ion density n;,, = 10%°/cc

10 Ty T 1 I B B B
~ s5F 2p-4d —
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RPN =N A
= - T=3eV
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Al: Penetration Depth

Plasma with ion density n;,, = 10%°/cc
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Conclusions

e Linear response theory applied to average atom model provides a straightforward
method for obtaining the frequency-dependent conductivity.

e The dielectric function (and index of refraction) can be reconstructed with the
aid of a dispersion relation,

e The model explains observed behavior of low temperature Al plasmas in the
80-90 eV frequency range.

e Even away from bound-bound resonances, the free electron model may be
misleading.
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