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. Debye length

J
The Debye radius is the distance at which the potential of an ion
charge is decreased by 0.37 of its value Iin free space.
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® Inideal plasma the number of charges Ap in the Debye 2
S sphere must be large. }
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. Debye length

In a plasma with electron temperature 7, = 10000eV and
electron density g, = 1014cm 3 , the number of particles in
Debye sphereis 4 x 10"

® In Hot Dense Plasma: the number of particles in Debye sphere
is4whenT — 100eV andn, = 10**cm ™.

® In Warm Dense plasma, the number of charges in Debye
sphere might be less than 1.

® Note: WDM does not obey the plasma state theories.




-SQ Collision frequency
- In a simple model where ions are assumed to be immobile, the

electron ion collision frequency is given as

8w 7%e’n;
Vei = 7 In A,
33/2,me (KBTe)3/2
® Coulomb logarithm
B (KBTe)3/2
© 2Ze2\/4mwe2n;

® For WDM the collision frequency is negative value.




. Conductivity |

From the generalized Ohm’s law

1 - -
I:EV J =0k

® The current density in an ideal plasma is proportional to the
applied electric field.

B e’n, B 31/2 (KpT,)3/?
DT meve 8rZe2me’?  In(Ac)

® At constant density:




Conductivity |
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3 The plasma conductivity
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&)Free electron gas theory
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: Conductivity Il

J
The conductivity of a metal decreases by increasing the
temperature.
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. - Warm Dense Matter

® ® WDM:

- Temperature of few
electronvolts
brown Ehﬁ;arfs/l\f,/' o - Solid state density and
& 4 2 beyond
MBI .Sy P {  ® ICF, shock experiments, giant
‘ planets, and brown dwarfs

® Theories of solid, condensed
matter, or ideal plasma are
ideal not valid

classical 4

28 T T
ideal quantum
26 Hplasma

-3
logg [ne /cm 7]
IS

' plasmas ® No single theoretical model
1_'_ 1 1 1 1 . .
| 5 ; . 5 . - < describes the behavior of
log;o [T /K] WDM
« Partial ionization
K. Wiinsch - Arbitrary degeneracy
. Strong ionic correlations | <&
> g {

Glenzer et al PRL 98 065002(2007)




WDM In Laboratory
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-!.Q) Metallic Hydrogen in Jupiter

Molecular hydrogen

Metallic hydrogen

Core (rock, ice)




. Transparent Aluminum

0.8 T

o o o
n o =l
I L I L

o
Cad
rTjirrrrrrrprrrrprrror oot

Transmission (%)
(=]
=

=
o

0.1

1x10°
Energy Flux (J/m2)

Nagler et al, nature physics 5, 693(2009)




&) WDM parameters |

® The coupling factor: r P.E. e? (47T’n,e)1/3
N B N 47T€0KBTe 3
I'=0.1 I'=1 I' =50 ['=175




@ WDM parameters ||

® The degeneracy factor:

KBTe QmeKBTe 2 _92/3
96 — Ef — 7_12 (37T ne) /

® When . < 1, most electrons populate states in Fermi see.
Quantum effects are important.

® The screening length or Debye length must be calculated from
Fermi distribution not form Maxwell-Boltzmann distribution like In

ideal plasma.
e2m3/?
—2 e —1/2
Ap” = \/§7r260h3 /dEE / f(E) .
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~~Dispersion relation of EM In
: WDM

35} | | | |
3 15t ;
10F ]
reflection
0 2x10% 4x10° 6x 109 8x10° 1x10%
ne[l:m":]]
® At the natural plasma oscillation: wpe =w — k =0
® Atthe cut off, the wave is reflected:  wpe > w — k =ik
® WDM is transparent in x-ray regime: -
J ”v - 24 -3 { 4-'1.‘5’:':"'
Smnf Ne = 10"cm™° — A < 33nm !‘1
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g. Plasma creation over solid targets

= The first seed of electrons are generated via MPI, Tunnel
lonization, or , BSI.

= The free electrons gain energy from the laser electric field, then
make further ionization by collision with neutral particles in the

target.
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- Nano-second optical laser
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. Shock waves and compression
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. Shock waves and compression
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. Shock waves and compression
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- Surface waves

nefnC @ 55 fs
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., X-ray Thomson scattering

o ® Thomson scattering has two distinct
features:
A T - Inelastic scattering (frequency
[ 0.03F T omperatare T 1] shifted) from free electrons and
08 o mé”‘m"" e : 1 bound free transitions
S osf oot M;tm& ol fpsmgy ] . Unshifted Rayleigh peak
! xﬁ.skl il ]| S, 1 1] (elastic) due to electrons co-
B 04F  Ou ] moving with the ions
L plasmon . . ..
02} resonance 1 ® The electrons in partially ioized
b S T ] system can be split into bound and
0 . I || I o SO
2, o t, free electrons

Pe = Pb T Pf

A. Holletal., HEDP 3, 120(2007) ¢ |ntermediate scattering function

— —

NeFe?t — <pb(]z> t)pb(_lgv t)> + 2<pf(k7t)pb(_E7 t)) + (pf(ka t)pf(—E, t))
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., Born-Mermin approximation

® Fluctuation-dissipation theorem :

2 ~1
SO (kw) = — eohk Ime™ (k,w)

me’ne 1 — exp(—hw/kgTe)

® RPA gien by Lindhard:
B 1 e _ 6_
FPAE w) =1 — Zez ptk/2  Ip—k/2
p

e0$20k? AE? . — h(iw +in)
® Mermin ansatz : _
(1 + %) RPA (L w4 iv(w)) — 1]

v(w) eRPA(k wtiv(w))—1
L+ w eRPA (k.0)—1

EM(k,w) =1+

o v(w) isthe dynamic collision frequency via Born approximation.
Glenzer and Redmer, RMP 81, 1625(2009) | B




-~ Back and forward scattering

° ® Dimensionless scattering
parameter 1 !

 kdee 27 e
« | is the electron density
fluctuation
. Ascis the screening length
® Collective scattering: ( @ > 1)

- the scattering reflects the
electron density fluctuations

- Plasmon features
® Non-collective scattering:( < 1)
- the scattering reflects the

d d h : | velocity distribution of
epends on the s;lcatterlng angle electrons
T

k= ke — k| = Tsz’n(@/Q) - Compton features

® The momentum transfer

I Glenzer and Redmer, RMP 81, 1625(2009) 26




—

- Set up of an experiment

zgl? d“t:‘rgee‘t Ta shield with
400 um
11 Heater Beams pinhole
[smoothed with phase 500 um
plates] \ " 12 Probe
Beams

X ’

L ——

Mn foil

Target

Crystal spectrometer

The target is heated and
compressed via laser beams

Laser beams launch shock
waves

Pressure inside the target in the

range of 920 « P <« 35 Mbar
A backlighters (probe laser
pulse) irradiate a Mn target to
produce a Mn-He- « line

x-ray (6.2 KeV) penetrates the
target and scattered off the
target

H.J. Lee etal., PRL 102, 115001 (2009)




&7 Experimental results and

lon feature :
Best fit of Plasmon
3 [elastic scattering] .

2+ n, =3 x 10%* cmr?

Best fit

n, =3 x 10 car?
T, =12V

with collisions

2L Plasmaon
scattering

I nternsity

Dt ailed
balance

= 23 A
n, : 1.5 xI*IEI n:lrn Pa—

. £.90 282 £.54 £.96
Energy (keV) Energy (keV)

® Forward scattering: collective
behavior

® Dispersion relation determines
the electron density

® Detailed balance gives the
electron temperature

Glenzer et al., PRL 98, 065002(2007)
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. Experimental results and
‘!g) synthetic spectra Il

E T |
Best fit:

_ Best NH
— . m | )
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5 I 5 | \ |
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S 25 & \\ -
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\ \\ '
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® Back scattering:
- Compton scattering

Glenzer et al., PRL 90, 175002(2003)

» Non-collective behav

« Line width  Fermi energy -
Sy X




: XRFEL experiment
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o Free electron laser

s+ The free electron laser (FEL) is a device that transforms the kinetic energy of a
relativistic electron beam into electromagnetic (EM) radiation.

+* Electrons in an FEL are not

bound to atoms or molecules.
s The “free” electrons traverse
a series of alternating magnets,
called a “wiggler,” and radiate
light at wavelengths depending
on electrons’ energy, wiggler
period and magnetic field.




Tremendous XFEL intensity
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Time Delay experiment

GeV electron HiTRaX XUV
bunch . : spectrometer
At =-1ps ... +5ps

beamline =300 fs
focusing scattering
mirror angle 90°
ionization detector =~ - ' —
split-and-delay unit
N liquid hydrogen jet

U. Zastrau 2014: FLASH(Hamburg)
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-~ Density Functional Theory

1920: Introduction of the Thomas-Fermi model.

1964: Hohenberg-Kohn paper proving existence of exact DF.

1965: Kohn-Sham scheme introduced.

1970 and early 80s: LDA. DFT becomes useful.

1985: Incorporation of DFT into molecular dynamics (Car-Parrinello)
(Now one of PRL’s top 10 cited papers).

1988: Becke and LYP functionals. DFT useful for some chemistry.

1998: Nobel prize awarded to Walter Kohn in chemistry for
development of DFT.




NI
!-g) Motivation

® Have you solved Schrodinger equation for Hydrogen Atom?

Hip(r,0,0) = Ep(r,0,0)

_p2 o
(G V2V 0,6) = Bo(r0.0) [ g
® K.E. P.E.

_e?
Vir) = dmeqr

® |[s there an exact solution for complex systems?
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Hamiltonian of a molecule

®
® In a molecule we have many electrons and many nuclei. "
® According to Born-Openheimer approximations: nuclei are very slow
their kinetic motion are negligible.
® The Hamiltonian should contain
® The kinetic energy of electrons
® Potential energy due to electron-electron interactions.
® Potential energy due to electron-nucleus interactions.
N 2 N NO
h” o
H=2 5V +ZZ4 224 j o Ve
K.E. e-e e-n n-n ®

® |[s there an exact solution for complex systems? [ .‘755




Hohenberg Kohn Theory

® We cannot have two different systems with the same Ground
State density.

® The ground state density is a unique function of the nuclel
distribution. It is one-to-one relationship.

N Ny

Z; Zke
Vear = ZZ Ameg(r; — 1)

® The electrons will be distributed according to the nuclei
distribution.

® The ground state density is related to the minimum energy of
the system.




!.Q Kohn-Sham Scheme

® The potential energy

‘/s — V:e:ct + Vee

Vo= Viuln)) + [ 522D 4 Vicln(r)

® Schrodinger equation
2

h 2
_ — B
(5= V2 + Vo)u(r) = Ey(r)
® The ground state density
n(r) = [¢]*

The ground state is related to minimum energy

¢, ® Functional: function of a function




Kohn-Sham Scheme

£

® Guess an initial density n(r) = n""(r)

Vo= Viln)) + [ 522D 4 Vicln(r)

® Solve Schrodinger equation for ¢y and [

2

(92 L V() = Eu(r)

2m

® Calculate the density state  Is it ground state?

n(r) = [¥[°

The ground state is related to minimum energy

¢, ® Functional: function of a function




Wien2K software

TiC in the sodium chloride structure

In

The electron density of TiC

(110)




. Wien2K software

Energy (eV)
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-12.0 —
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y DFT-MD

MD-step

start =——» thermodynami

DFT-step l ¢« 9




WDM

Melting Phase

DFT-MD

Solid Aluminum




Thanks!
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Time Delay experiment

GeV electron HiTRaX XUV
bunch . : spectrometer
At =-1ps ... +5ps

beamline =300 fs
focusing scattering
mirror angle 90°
ionization detector =~ - ' —
split-and-delay unit
N liquid hydrogen jet

U. Zastrau 2014: FLASH(Hamburg)
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Time Delay experiment

GeV electron HiTRaX XUV
bunch . : spectrometer
At =-1ps ... +5ps

beamline =300 fs
focusing scattering
mirror angle 90°
ionization detector =~ - ' —
split-and-delay unit
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