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Motivation

Free electron formula for index of refraction is used to determine electron densities.
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Motivation

Free electron formula for index of refraction is used to determine electron densities.

p 2 o2

W W N
= g~1-—2<1 where w0—47r b
w 2w m ()

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

Reason: Effect of bound electrons on optical properties.




TANG et al. Diagnostics of laser-induced plasma with soft X-ray (13.9 nm) bi-mirror interference microscopy 977
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FIGURE 2  a Interference fringes after removing self-emission of the Al plasma. The fringes evolve with the increasing of diagnosing delay (0 ~ 5 ns). Only
the fringes very close to the target surface cannot be resolved due to the over intense self-emission. b Interference fringe pattern ¢ Electron density map for

the 1 ns-delay and for an irradiance of 1.4 x 10'! Wem =2



Average-Atom Model

QM version of a model proposed by Feynman, Metropolis, and Teller

Inside a neutral Wigner-Seitz cell: Q2 = A/(Avagadro No.x density)
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Average-Atom Model

QM version of a model proposed by Feynman, Metropolis, and Teller

Inside a neutral Wigner-Seitz cell: Q2 = A/(Avagadro No.x density)

[p— — =4 V] hi(r) = €eihi(r) (1)

V' = Viir(1) + Vexe(r) for r < R and V = 0 otherwise.




Thermal Average Electron Density

Contributions to the density are
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Example
Al: density 0.27 gm/cc, T'=5¢€eV, 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 0.1090 0.1975 -0.0885
2s -3.980 2.0000 0.2149 0.3513 -0.1364
2p -2.610 6.0000 0.6031 0.3192 0.2839
3s -0.259 0.6759 0.2892 0.2232  0.0660
3p -0.054 0.8300 0.1514 0.1313 0.0201
0.0735 0.0674 0.0061

l
0
1
2
3
4
5




— 47tr2pb(r)

— 4n’p (1)
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Pressure
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where I.(x) is a “Fermi-Dirac”’ integral




Kinetic and Potential Energies
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Entropy

The entropy S of a collection of fermions is given by the expression

15 = _kTZ {f(e:)In f(e;) +[1 — f(e)]In[1 — f(ei)]}

where f(e;) =1/[1 +exp (e; — p)/kT]
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Entropy

The entropy S of a collection of fermions is given by the expression

15 = _kTZ {f(e:)In f(e;) +[1 — f(e)]In[1 — f(ei)]}

where f(e;) = 1/[1 + exp (¢; — ) /kT] This can be manipulated to give
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Other Thermodynamic Quantities

The internal energy U and the Helmholtz free energy F' are given by

3 1 1
U = Ekin Epot = =P 2 —Fe_y p I
kin + pot 9 + 9 + 9
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Application: Plasma Conductivity

The Ziman formula for the static conductivity of a many-particle system is

_ 2e? d’p ()8f
=73 o’ "W ar

where 7(p) is the mean collision time and where f(E) is the Fermi function.

Alp) Ap) = —

T(p) =

atr(p)
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Phase Shifts
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Linear Response and the Kubo-Greenwood Formula

Apply an electric field to the average atom:

F
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Solution Ansatz

Ui, ) = wi(r)e " wf (e (@ (e i)
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Eigenvalue Expansion

w; (r) = ZXz-juj("“) w; (r) = ZYq;juj("“)

P (jlusli) i _ eF_ (iluli)

X! =
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Eigenvalue Expansion

w; (r) = ZXz-juj("“) w; (r) = Zquj(r)

P (jlusli) i _ eF_ (iluli)

1

J _
Xi_z i — € —
WE; — 1) — € — W

» 2wej —in — €+ w

The response current may be written
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Kubo-Greenwood

Linearize ¢;(r,t) in F
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Free-Free Contribution to Conductivity

T=5eV
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Free-Free Contribution to Conductivity

T=5eV
p=0.27 gm/cc

0.01 0.1
Photon Energy (a.u.)

Michael Kuchiev has prepared an elegant note on the low-frequency conductivity
explaining the origin of the infrared divergence and proposing a remedy.

Seminar: UNSW Mar. 30, 2005
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Bound-Bound Contribution to Conductivity

T=3eV
p=0.27 gm/cc
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Optical Properties

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

conductivity by

e(w) =1+ 4mi o)

w

We know Ro(w); we must evaluate So(w)
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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) + 4mi "

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

From analytic properties of o(w) one infers the dispersion relation
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Application of Dispersion Relation

T=5eV
p=0.27 gm/cc

Conductivity (a.u.)
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Index of Refraction

C\,
Re(w) = 1 — 4r>2)  ge(y) = 42
w w
N+ 1k = /€

T=5eV
p=0.27gm/cc |
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Al: Comparison with Free Electron Model

Plasma with ion density n;,, = 10%°/cc
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Al: Penetration Depth

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

Average atom model is a simple way to understand the electronic structure of a
plasma. (next step - look at neighbors)
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