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Introduction: X-Ray diagnostics of WDM

Many-body theory of light-matter interaction

@ The Dynamical Structure Factor

Semi-analytic calculations of structure factors in WDM

Applications: X-ray scattering from warm dense plasmas
@ Ab-initio calculations for the dynamical structure factor

@ Summary and Conclusions
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Studying matter under extreme conditions is relevant to

understand astrophysical and laboratory plasmas
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Probing the bulk properties of solid density plasmas

requires intense x-ray sources

Critical wavelength vs. electron density
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The QED Lagrangian governs the particle and field

dynamics

c2

- Zq/jc(x) (ihcy"8,, — mcc?) ¢C(X)_6L

+ZZ%C )AH(x)

Fuu (X)FH (x)

o Free fermions, Dirac equation, particle current j,c = ¥c(x)y,te(x)
@ Free gauge fields, Maxwell equations, fields F,, = 0*A”(x) — 0" A*(x)

@ minimal particle-field coupling
= emission /absorption, collisions, radiative damping
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The current-current correlation gives the linear response to
external fields (EM, pressure, particles)

4-current dynamical structure factor S, (k)

Suw(k) = /d4x' exp(ikAx’A)(j;E(x +x)j,(x))x k = (w/c, k), x = (ct,X)

v
Correlation functions are expressed via Green functions

4 1
UZJV)k = ;Im Gji(k)

Green functions are systematically evaluated using MB Feynman

ij(k)=< I >

diagrams
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Dyson-Schwinger Equations

Fermion propagator G =_G" + GO/ : \ G
Self-energy: @ = gi\i QP shift+damping (lifetime)

I1
Field propagator: w..oo=__V + __Y__OV\VKN
G
Polarization: @ = Dynamical screening
G
Vertex: = + K eff. coupling

Dyson, Phys. Rev. 75 (1949), Schwinger, PNAS 37 (1951)
Hedin, Phys. Rev. 139 (1965)
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The spectral function describes damped quasiparticles in a

dense medium

6 d o) = T .7 T
asiparticle
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A(p,w) = —2Im G(p,w + i0™")

o A(p,w): probability for particle with
momentum p at energy fiw.

o Free particle:
AFP(B,w) = 21 §(hw — p®/2m)
@ Dense medium:

= . —2r(p,w)
AP W) = B AGWP TP

2(p,w) = A(B,w) + T (B, w)
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Example: GW, spectral function

Spectral function for dense
plasma (ne = 10%/cc, T = 1keV)

Spectral function for dilute

plasma (ne = 10%2/cc, T = 1keV)

A(p.w) [URy]

@ Strongly damped & shifted

@ Narrow width, ideal dispersion

@ No quasiparticle satellites
v
Fortmann, J.Phys.A (2008) & PRE (2009)

@ Plasmaron satellites )
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The spectral function yields important observables

Equation of state

i T) = [ 52 [ Gomshile)As(B)

—00

Vorberger et al. PRE 69, 046407 (2004)

v

Band structure

E, = h?p*/2m + Re X (B, E,)

Optical properties

B} T dwde . AP+ K) Ad(B,w)
Mo(R, w,) = e
(ks wp) Z 2T 21 w—2z, —wy W — 2,

r(le, +ZV7ZV;5+ E7 5)

—

Zv,P—oo

Fortmann et al., Contrib. Plasma Phys. 94 (2007)
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Applications to X-ray processes in WDM

Bremsstrahlung Inelastic x-ray scattering

Ub,emS(E,w) o Im ﬂee(E,w)

@ Important energy loss/heating
process in dense plasmas

@ Spectrum typically oc e "w/ksT

=- Temperature diagnostic for

hot electrons

@ Direct measure of collisionality
in the plasma

@ Electron distribution function
can be calculated by
deconvolution of spectrum
from elementary cross-section

o oixs(k,w) o< SE&(k,w)

e Important ne, T, Z¢, p/po
diagnostic

@ Sensitive to many-body

correlations (collisons, local
field effects)

@ Spectrum gives information
about free-free, bound-free,
and bound-bound correlations |

V.
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X-ray scattering is a versatile dense matter diagnostic tool

A diagnostic for complex systems

@ scattering from free and
bound electrons

@ sensitive to static and dynamic
correlations

@ e-e and e-i interaction

@ strongly non-ideal system

C. Fortmann (LLNL & UCLA)

$

$

Key advantages of x-ray
scattering

@ undercritical for solids and
compressed matter

deep penetration
probe bulk properties

@ measures both dynamic and
static plasma properties

@ direct ne, T measurement via
first principle relations (plasma
frequency, detailled balance)

@ high spatial and temporal

resolution thanks to modern
x-ray sources (backlighters,
fel's)
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Scattering spectrum reflects the correlation of density

fluctuations

Non-collective Thomson Scattering (x* <Ap) Boltzmann ;d'Stnbuuon
Optical Laser Scattering :
1 1
2 on free i
No electrons % E
B \/\/\/ g i
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@ © ‘
© o © © 9 A
> :
A=2p[1 £ (vic)sin(0/2)] Ap Wavelength
" Compton Rayleigh
X-ray ‘Compton’ scattering peak peak
Es ‘
X-ray source Solid Scattering Fermi or
— d:nlsity onfreeand Boltzmann
p=hvic Plasma ‘lglsj:(ljy z distribution
WV"@ ) electrons '2
p=hvic p=mv
A =2 [1 + 2(hvimc?)sin?(6/2) £ (v/c)sind/2] +— Wavelength
Energy ——>
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XRTS resolves collective and single particle dynamics

Scattering Parameter: o Plasma Screening Length: )LS
a- 1 - s Fermi-degenerate Classical Plasma:
k}» A Plasma: iz -
’ P (x e AT,
4z lrr o sl BVl ;I'D = 7
k= —Sln(ﬂ 12) 4m e*\ 3n, ne
Non-Collective Scattering Collective Scattering
Probing: h < A (@t < 1) Probing: & > A, (a > 1)
Backward @‘ %‘ § Forward
scattering 5 & scattering
.ar:ae@* SN 50 o‘} 6
Voeear  © —- 87‘-5 - O 0 6y 6 }‘s e Detector
k A~1/k A~ 1/k K, v
ks - ". -
% k,
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Dynamical Structure Factor S(k,w)

Scattered power Ps per frequency interval dw per solid angle d2

Ps(R,w)dQdw

S: density-density correlation function < coherent superposition of
density fluctuations
@ S determined via
e scattering experiments
o theoretical calculations
e computer simulations (MD, QMD, WPMD, ...)
o rg = e?/4megmec?: classical electron radius
@ N: number of scatterlng centers; A: area of illuminated plasma

° kf X (kf X Eo,) . laser polarization
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Chihara formalism for the dynamical structure factor in dense plasmas

S(k,w) = |fi(k) + q(k)[* Sii(k,w) + Z¢ SO (k, w) + ZeScore(k, w)

@2 1T @

@ f(k): ionic form factor, elastic

scattering from bound states
lon feature “ . "
[tightly boundiscreening e] @ g(k): “screening cloud”: free
2 Electron feature electrons following ions
'g [free or delocalized e] ad ia batica I Iy
£ |Bound-free X .
[weakly bound] @ S;i(k,w): ion-ion structure factor
@ S%(k,w): Electron OCP
Energy ~ comwon Fonma Eo structure factor (e.g. plasmons)
Schematic Scattering spectrum Py Score(ks W) o <5|eik<r ‘ n/m>:

bound-free scattering
Chihara, J. Phys.: Cond. Mat. 12 (2000)
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Extended Born-Mermin theory and local field effects

Electronic subsystem lonic subsystem
@ e — e correlations important at @ static structure factor S;;(k)
finite k e e.g. HNC, DFT-MD
@ treat e correlations(oyia LFC Wiinsch et al. PRE (2009)
N XSeCP - Xe Schwarz et al., HEDP (2010)

1—V(1—Gee)xV

Coupling of e and i subsystems

@ e — i collision frequency

Vo) oc 2F / " da® Va(9)Si(a) [xO(g,) - x(q,0)]
w Jo

@ Mermin ansatz with correlated electrons and e — i collision frequency
—jz XOCP(k,Z)XOCP(k,O)

V(w) XOCP(k, Z) _ u’&) XOCP(k, O) )
Fortmann et al, PRE 81 (2010)

XXM(IGW) = z=w+ iv(w)

v
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Mermin response function is derived from Linear Response Theory

relevant statistical operator for multi-component plasma

Zubarev et al. Statistical Mechanics of Nonequilibrium Processes (1996)

Prel = exp{ —®(t) - BH + »BZHCNC I ﬁz 5uc(k,w)niei“t e c.c.}

Lagrange multipliers 3, p, pc(k,w) from self-consistency relations

Mermin response function

Mermin, PRB (1970) Ropke et al., Phys. Lett. A (1999)

M, iz X2k 2 (k,0)
xe (k@) =) i (0)
VXC (k7z)_7XC (k,O)

,Z=w+ iv(w) .

o xM conserves local density

@ v(w): dynamical collision frequency, describes e-i collisions

v
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Calculation of the collision frequency

Force-force correlation function

v(w)=— <jg’jtz>>w+in o

N
>

Born ap- Dynamical T-matrix
proximation screening
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Collision frequency in Born approximation

Redmer et al., IEEE Trans. Plasma Sci (2005)

Fortmann et al., Laser Particle Beams (2009)
Born Zf > 61/2 RPA RPA
v o | dadPVe(a)si(a) [ee (g, w) — e (g, 0)]

Be, Zr =2, T = 13eV . .
o @ Collisions most important
d T T

e ke T

n_=3x10** cm™®, 6=0.15 | near = EF ~1

ne:3><1023 cm”®, 0=0.73
n=3x10% cm, 6=3.4

@ At high & low degeneracy
Landau damping dominates.

o

=

o
T

@ Inclusion of dynamical
screening and strong
collisions is straightforward.
Thiele et al., J. Phys. A (2006)

collision frequency v(w) [Ry]
= -
al =

10

S 0
frequency [‘*’pl. J
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Treatment of e-e correlations via local field corrections (LFC)

xM(k,w) = , z=w+ iv(w)

The LFC is calculated using Padé interpolation
between low and high w limits

‘
‘
— —Faa
= - mceosoan| 4
251 STLS s b -
— Pathak, Vashisital — ReG(ka), k=2k;
— Ichimaru, Utsumi — - IMG(ke), k=2k,
L= Eees ] ]
O Moroni et al.
ol J ]
o
i i ]
o ————
osf- - <
: ‘ ‘
; . 5 + 5 ; : ; 0
wiboti T E—
static LFC dynamic LFC

V.
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1) XRTS in isochorically heated Be

Glenzer et al., PRL 98, 065002 (2007)

25 ym Au cone,
4 mm long
1um Ag
| graphite (HOPG) Ener
Be cylinder spectrometer in ay
(1 mm x 600 um) mosaic focusing )
R k, \:( mode Cl calibration
06mm 4 0, )>
_/; t ks Scatter. ' | |
/ Yo%) [}

12.5 pm
Saran plasmon Ly'ﬂ.
7 backlighter A q
beams "9 = * collective scattering spectra recorded at

20 distributed R .
t=0.5ns; 3w, pump beams 06=40° with a=1.4
E=35kJ(1nS) {=0ns; 3w, * conditions well understood from previous
f;T'i;Tif to E=10kJ (1ns), backscatter experiments
E=2.96 keV 2;:\5,1;::1 t ¢ Cl Ly-a probe temporally coherent;

Ag L-shell radiation spatially coherence achieved by focussing

at E=3-4 keV the backlighter beams onto one spot
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Collisions are crucial to fit the scattering spectrum

a) lon feature i
3t [elastic scattering] . [ . ﬂ'IIVI el’:‘:‘!ll‘_\ ]
[ WIth collisions||

\ Best fit .
{ ne=3x102cm*
ol Plasmon T.=12eV .
scattering with collisions

Intensity

Detailed
balance |

—_
T

3.0

Energy (keV)
Glenzer et al., PRL 98 (2007)

e BMA: T, = 12¢V (consistent w/ independent measurement)
o RPA-fit: T, ~30eV.
o First experimental evidence for the importance of collisions in X-ray

plasma scattering.
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Two component fully ionized plasma model

Fluctuation-dissipation theorem

)

v

Dyson equations for pair correlation function and screened potential

ch/(an) = X?—(an)écc’ + Z XQ(E?W) fj(E,w)de/(E,w)

d=e,i
cc’(k w) cc’ Z VCd Xd k w) dc’(k w)
d=e,i
- /
VCC/ (k) qC q; (fully ionized, replace by eff. potential in partially ionized plasma)
eok
— i
o<:>o Z P+k/2 p—k/2
Qo EC —ES . —hw
v ,3 k)2

v
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RPA: Self-consistent mean field approximation

Terminate Dyson series after 1st iteration

X (k,w) = Xk, w)deer + X2k, w) Ve (K, w)x 2 (k, w)

| \

Solution to linearized Dyson equations

RPA(E o) — X2 — xAVix? RPA(T .\ _ 2x2Veix?
Xee ( 7"‘)) - 0 0 Xei ( 7"‘1) - 0 0
1 — VeeXe — VHX,' 1 — Veexe — VMX,‘
RPA (T RPA( T RPA(T XY — xP Veexe
Xie (kvw) = Xei (k7w) Xii (kvw) =

S 1- Veexg - ViiX?

.
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Calculation of the DSF

Apply fluctuation dissipation theorem

Im Xee = Im Xge + Ve21{ |:(Re X(e)e)2 - (Im X(e)e)2:| Im Xii+

X0

0 0 0o _
+ 2Re Xee Im Xee Re Xii} Xee = T2 0

Compare to “Chihara formula” (fully ionized case)

See(kaw) = ZfSSe(kM) + |q(k)|2 Sii(k’w)

o Identified high frequency component Z¢S2 and screening cloud q(k)
in TCP-RPA model

@ TCP-RPA contains additional dynamic terms

v
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TCP-RPA model largely agrees with Chihara formula

DSF calculations for fully ionized H, no = 102 cm=3, T = 1eV

100 T T T 0.3 - - -
10| —s,’ i 2 el * TCP-RPA i
— TCP-RPA % Chihara
s ——Chihara g L o2} 8
— S ’
S o E
X  01r 1 > 0415f .
@ 2
(5]
0.01 . ag; 01} §
0.001 - \r 1 5 oo0sf .
0.0001 L L L 0 L L
0.001 0.01 0.1 1 0 05 1 1.5 2
® (mpl) k (17a,)
Dynamical structure factor for H, Integrated low frequency signal
Zr=1,a=3
@ Chihara DSF evaluated in RPA, q(k) = /ZrSei(k)/Sii(k)
o Additional dynamical features not important for integrated signal
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Application 2: Angle and energy resolved XRTS on shock

compressed boron

5 and 8 keV photons are used to probe § HELIOS simulations of the
shock-compressed B at various k drive-beam target interaction

X-ray probe beam
(2501, 10 ps)

target

to van Hamos
spectrometer

Probe foil
(v, Cu) / \

Drive beam
(527 nm, 400 J, 10 ns)

Experiments performed at the
Titan Laser, LLNL

v

, p [g/cc]

time [ns]

I
————
i

1

Neumayer, Fortmann et al., PRL (2010)
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We completely characterize the plasma via XRTS

Plasmon position gives electron density § Non-collective spectrum sensitive to
solid: w/ collisions, dashed: w/o coll. ionization

121 —— ' N 0 =63’
— (@)
2x10% em™® 15
1 |—4x10®cm?® 1 - E, =8:05 keV
s < R
osl 6x10 cm ] S 35 gicc i
0=31° = 9 / |
osl 5132 goo
o 25 glcc
04} 7]
0% 4 0.5 k=4.3/A
’ uncompressed :“/"" kN a=0.56

h TP >
L o b

——BNA+LFC
141 —-rea

o\lwuw

12| a0 A" 7800 7900 8000 8100

et energy [eV]

0.8 f 62°

0.6 | .

ou Best fit parameters:

ne =4 x 108 cm™3, Zpee = 2.3,

o = p/po=13..

4850 4875 4900 4925 4950 497! v

photon energy E [eV]
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Plasmon dispersion and width reveal influence of

many-particle correlations

Plasmon dispersion data support § Collisional plasmon width mainly due
static LFC model to e-i collisions

90 T T T
40 |
80 |- /
--RPA /, ~~RPA
> 70} |—BMA+LFC , ——BMA+LFC
) 30| ...
je 3

w” ®
P [<}
= 0r £ 20
= 3
< 40 s
o
&
& 3ol 10
[=%

20 [ s

10 L L L 0 L L L

wavenumber k [1/A]

wavenumber k [1/A]

C. Fortmann (LLNL & UCLA)

IPAM 2012

31/ 32



Plasmon dispersion and width reveal influence of

many-particle correlations

Plasmon dispersion data support § Collisional plasmon width mainly due
static LFC model to e-i collisions

90 T T T
40|
80 | /']
--RPA /, ~~RPA
> 70} |—BMA+LFC , ——BMA+LFC
g 30| ... E
jo 3

w® ®
2 [<}
e %0 £ 20 .
£ 5
2 40 s
o
&
o 30 10 i
[=% e

20 [ L7

10 L L L ol” L L L

wavenumber k [1/A] wavenumber k [1/A]
. v

@ Still unresolved discrepancies between experiment and theory.
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@ Many-body field theory is applied to calculate radiation effects in
strongly coupled, non-ideal plasmas.

@ Dyson-Schwinger Equations are solved self-consistently yielding the
quasi-particle shift and damping

@ We developed a reliable Thomson scattering code as a basis for
XRTS plasma diagnostics

@ Collisional plasmon width and dispersion are succesfully described via
the externded Born-Mermin approximation.

o First attempts to apply ab-initio methods for DSF calculations are
promising
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