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Context: we are interested in matter at extreme conditions
relevant to fusion and astrophysical plasmas
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When we say “high-energy-density”, we don’t mean gasoline




Context: How do we produce extreme conditions in the
laboratory?

Magnetization Laser Compression

heating
SNL’s Z machine: LLNL’s NIF: LCLS/ European XFEL:
10 MJ > 10-%s, 100-1000 um 2 MJ - 101%, 10-100 um 2mJd > 103s, 1um
0.3 -3 keV, 0.01 -1g/cc 0.3 -3 keV, 0.01 -1g/cc 10eV, 1g/cc
Fusion, Opacity, Rad. effects Fusion, Opacity, Rad. effects Fundamental material

We compress energy in space and time using pulsed power, lasers, or undulators




What’s so difficult about modeling extreme conditions? rh) fetem

« HED plasmas are (usually) not well described by classical plasma models

« Partial ionization complicates simple ion + electron pictures a

» Degeneracy effects invalidate classical statistics °®
» Density effects distort quantum orbitals e
* lons can be strongly coupled
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« HED plasmas are (usually) not well described by classical plasma models
« Partial ionization complicates simple ion + electron pictures
» Degeneracy effects invalidate classical statistics
* Density effects distort quantum orbitals
* lons can be strongly coupled

 HED plasmas are (almost) never well described by solid-state models
 Even modest temperatures can open enormous state space %
« Simplifications of ionic and electronic behavior are suspect

* Rigorous and reliable models exist, but...
« Quantum Molecular Dynamics (QMD)
« Time-dependent Density Functional Theory (TD-DFT)
« Computationally expensive and difficult to extend

to high temperatures, low densities, and complex ions




Central question: What happens to material when you () g,

Laboratories
squish it very hard and/or heat it quite a lot?
Experiments/Observables Simulations
Measurements from small, short-lived “Magneto-radiation-hydrodynamic”
lab plasmas and large, distant simulations are used to design
astrophysical objects are inherently experiments and help interpret data from
challenging laboratory and astrophysical plasmas
Observables (yields, images, spectra) Reliable simulations themselves require
can be difficult to interpret and may extensive input from adequate material
require both adequate material models models (EOS, transport, opacity)

and complex simulations

Additional questions:
How can we tell if our models are right?
How important is model consistency?




Our central goal: Develop a unified, tractable, and consistent )
model for matter in extreme conditions

Core model:
quantum
average atom +
jon correlations

EOS, viscosity,
diffusion

Multi-configuration
atomic structure

Line broadening, S(f:;), o(),
) opacities K", OE/OX
Taisuke Nagayama o \| TE HED/ICF of. TD-DFT Altla Sang
s Simulations Ul
X-ray X-ray —
spectra scattering
i HED/ICF
Thomas Goméz EXpe”mentS Ar;jdrew Baczewski
01684 01425




History: Thomas-Fermi fluid models developed in the 1920s
still inform some present-day simulations

i) Mot

Fluid “Self-consistent field” models capture a lot of essential HED physics on the cheap!

g - T r——— T T * T T
Example: Thomas-Fermi SCF model |

An 1nitial guess 1s made for the
electrostatic potential V() in the ion
| sphere. This potential 1s used to
determine an electron density

| distribution p(), which 1s 1 turn
used to generate a new potential.

Solid Cuat 7=100eV

20

_~| The procedure 1s iterated until self-
| consistent V(r) and p(r) are
obtained, giving also Z; and .

10

o

'l 1 P s o N
0 0.5 1 1.5 2 25

§R0 =267
But they neglect electronic shell structure and treat other ions as a uniform “jellium”




Our model builds on that history:

. . i) s
Fully quantum, semi-relativistic electrons for both the atom...
Core model:
quantum Bound and free atomic

average atom + Wavefunctions are calculated in
ion correlations @ self-consistent potential

Solid-density iron, 10 eV

6.0 40
20 Converging potential: %¢2t  Electron densities:
V(I") ~f Pe(r) +V 30 |
2.0 '] e s
Ry > 25 I} bound
H 1 .

= o continuum
— O O P
}.l_ : E 20
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Our model builds on that history:

) M
Fully guantum, semi-relativistic electrons for both the atom
and the external system Core model: ~ The external system defines a
quantum neutral pseudo-atom (NPA)

average atom + that extends beyond the
ion correlations  Wigner-Seitz cell

6.0 40
40 Converging potentials 3 Electron densities: ~ pNPA = patomic . nexternal
30
2.0 > o5 bound pscreening — pNPA _ pion
— H 1
T 0.0 g Em— e rnee ' 20 screening
= e i external
- = 15
-2.0 ) e =
\__ " external 10
4.0
5 a3
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...Which extends the model’s self-consistency to ions: i) o
Core model: The screening electron density
quantum determines the ion-ion
average atom + interaction potential:
Solid-density iron, 10 eV ion correlations

V) = T2 nr () Gl

This potential constrains the
ion distribution through the
quantum Ornstein-Zernicke
equations

glr)

0 2 4 6 8 10 12
radius (atomicunits)




This is our fully self-consistent core model, ) i,
which is sensitive to a limited number of constraints

Vye Core model: Self-consistent
quantum Veilr), ¥(r), p(r),
Pser average atom + Vext(r)- Pexi(r),
ion correlations Vii(r), pion(r)
40
33 Electrons

30 Observable and

> 25 bound constitutive
= T 20 el properties
= = external
= A5 #
= P .
10 - Spherical
5 - - semi-relativistic
: - - . 0 , + orthonormal ‘P'(r)
I
S T o 1o 2 4 +runtime ~ 3 minutes
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These constraints impact Equations of State and all other

"1 Laboratories
model-derived properties while preserving self-consistency
= N . .-
Core model: I _E_O_S,_}\/iscosity,
quantum diffusion
_ _ average atom +
Beryllium Hugoniot . .
1.E+04 jon correlations
WxKS i_t*_ :S:\Eu’:e “:\
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Screening from the core model drives PAMD simulations, ) e
which inform EOS & provide ionic transport coefficients

Core model: I EOS, viscosity, !
20 quantutm : diffusion 1
avera e a Om + -
Fe 22.5 glcc, 10 eV AVerage alo
ion correlations oy 2
E"_' 15 .
§ 1.0 E o gn
H Starrett PAMD FoRe gl 1"k
é 0.5 Nagayama PAMD 59 117 178 234 203 35 410 ﬁﬂ 528 586
= QOz PHYSICAL REVIEW E 91. 013104 (2015)
QOZ + bridge (core model)
0.0 Pseudoatom molecular dynamics
0 1 2 3 4 5
r/R
T. Nag/ayama C. E. Starrett,” J. Daligault, and D. Saumon




The core-model wave functions produce optical properties: ) i

[ [ [ [ L] [ [ L] lm
conductivities, dielectric functions, & opacities
Core model:
quantum
average atom +
jon correlations T 1
Line broadening, _‘l(%)lé_é}g).}’_.!
» el X
opacities ou(w) X-ray X-ray
spectra scattering ew)=1- fa’:(m],
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Thermal conductivities are derived from electrical ) e
conductivities o(0) with additional electron-electron scattering

Core model;
quantum
10 g/cc hydrogen average atom + i"?) ;
ion correlations ! G(th l’aé(/(a”)
1013 / L_K :! X
g QLMD '/ g 1.E+12 ‘__,f _:._Ene:;:_zf
& * Core model / £ / S
= 4N /| = LE+11 --x--ofmd_c
(@) / (@) aamd
o) o —a—kmd
_C\/ //' ; 1.E+10 - :-chsjmg
k> 9 ¢ >t —o—tfr:.d_s
10 )/’//’ LE+09 LA _._pagnd
T eff
1.E+08 o pimd
1 10 100 1000 qge
1 10 100 1000 T(ev)
T (eV) P. Grabowski, A. Baczewski et al.

M. Desjarlais SNL transport code comparison workshop




The dielectric function and electron density inform stopping x
powers (dE/dx) relevant to self-heating in fusion plasmas

I J dk JW ] ( 1 1-) Core model: N
(p, )_1-.——&,3 T Ja T T quantum =
average atom + m————- O
dE\ 4w [Ze\? (= : - o(op, e(@), 1 <
aB) __am[Ze” Vi rr? jon correlations : =
4542 25 g
----‘
5 1800
Solid-density Beryllium —— PSTAR Core model:
2, = ——ld 4~ ~3 minutes on desktop

=30 eV

—o— TD-DFT === cO[/d TD-DFT
—e-mom (5 x 32 cores, 1 day)

N 32 eV TD-DFT
(3000 x 16 cores, 1 day)

-[dEfdx) {MeV/cm)
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The dielectric function is also related to X-ray scattering,

i o]
which is used as a diagnostic for laboratory plasmas
Core model:
quantum _
average atom + n
ion correlations I <
S()5 &) ]
_________ , k™, OE/ox
1 X-ray I
& 7 ttering |
i L= ——TD-DFT _Ec_a_e_rlﬂg___!
— core model
TB‘: et oy 00000 Form factor + RPA
@ 04
0.2 X-ray Thomson Scattering in Warm Dense Matter without the
' 2--... Chihara Decomposition
0 - A.D. Baczewski, L. Shulenburger, M. P. Desjarlais, S. B. Hansen, and R. J. Magyar
Phys. Rev. Lett. 116, 115004 — Published 18 March 2016
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The optical properties that inform transport and scattering
also provide opacities — but they’

Average-atom opacities are strictly
complete — which is not trivial for
more complex models* — but they
do not capture line splitting due to

multiple configurations

X-ray

re not very good
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The opacities can be significantly improved by
splitting the average atom into detailed configurations

Ei=EC

E config

E s from ion distribution & ¥,z

onfig + Ecorr + Eplas + ESO

from Slater coefficients/ ¥
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Opacities will be further refined using self-consistent line
broadening from core-model PAMD & collision models

opacities

Solid-density Al, T, = 250 eV

Pair-correlation function, g(r)
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Conclusions ) i,

We are working to build a self-consistent model of material at extreme conditions with:

» Constitutive properties adequate for use in simulations
- Enforced consistency can improve sensitivity studies & increase constraints

* Observable predictions adequate for comparison with experiment
- Enforced consistency means that if part of this model is wrong,
the whole thing is wrong — and its wrongness should be detectable

For complex systems, internally consistent models
that can be falsified by comparison to detailed data
have more epistemic value than tunable models
made to fit integrated data
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The core model is sensitive to the choice of exchange potentialf®

IX)S:-: Pecr solid-density Al, T=1eV

1.8

1s bound e ions
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The core model is sensitive to whether the screening density . v
includes the pressure-ionized “scars” of bound states

density of states
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Examining the full dielectric function indicates a missing piece

i) i,
in the standard Chihara decomposition
Chihara decomposition: Core model:
Stk.w) = | f1(k) + q(k)|*Sii (ko) - quantum
elastic average atom +
+ ZS,o(k,@) + Spr(k, @) + Spp (k, ) jon correlations S
| I'rcctfrm: | "bzf-:lf "‘ ) — i ’ G((D)tg@l’l
und-ree bound-bound I- -------- ] Kth, aE/aX
0.20 g i
= ‘\% -'E_ —free-free : Xttray :
gomw | oot Lot
E
* 0.00 The bound-bound features in
L = LLLL 150 200 Im{1/e,(w)} are reminiscent of
s i 3 sharp bound-free features
—— NPA model (k= 0.6) previously noted by Johnson et al.

----- Form factor+ RPA (k= 0.6) gnd Souza ef al.*

6900 6950 7000 7050
*% 5 glcc Fe, 10 eV 8 g/cc Fe, 1 eV
*Johnson et al. PRE 86. 036410 (2012): Souza. Starrett et al.. PRE 89. 023108 (2015)
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Both the core model and TD-DFT capture
bound-bound scattering features in S(®, k)

h

Core model:
quantum
average atom +
jon correlations

While S(®,0) ~ Im{1/e(®,0)}
roughly describes edges and
line, a more general S(w,k)

can be obtained directly

from core-model

2 3 | Xray ore-
| o :
08 o ;;; ——TD-DFT L Scatterlng -! wavertunctions
—— core model

----- Form factor + RPA

-
-
o
-
..
e
-

0 100 200

energy (eV)

300 400

Experimental diagnostics benefit
from consistent and complete
atomic-scale models

A. Baczewski




A persistent puzzle: isolated line broadening for

multi-electron atoms

= Efforts to model simple multi-electron
atoms (low-Z Li-like ions) show a
disturbing disagreement with
experiment

= These are not exotic conditions
(T, = 15eV; n=2x108 e/cm?3)

= This indicates that there might be
some missing physics or something
that the community is doing
incorrectly

= |n order to model more complex
atoms, we must resolve this
discrepancy with simple 3-electron
atoms

s Lol e
R""’-“"',.,."““u,

T & |
;1| ORI P .
-~
S g-'--.' """"""" ’_--_'--""ﬁ-"._i-_
N (S | . SR— "
L6} —{-ﬂ!"-- ) 16
i L
LA} = AEST——— 14
]
12 PP S L N ———— 1
! " ------------------ Fommm e e e
B C F N

() i

Ralchenko et al.
JQSRT 81, 371 (2003)




Interaction Between Radiator and Plasma ) o,

=  We need to use a complete Coulomb ¢ “Preliminary Result for B Il 2s-2p line
interaction (rather than the simpler S g Tousles mhry s

()]
T

dipole approximation)

= We also need to include the effects
of the anti-symmetry between
atomic and plasma electrons

= Approximations about wavefunctions
can neglect some exchange
interactions

= These neglected interactions have

large consequences 2063.5 2060 20645 2065 2065.5
A

[ 4
-
=

e~
T

= 10.6¢V ]
=1.8 x 10'8¢/cm?

(98]
T

Normalized Intensity (arb. uwnits)

»
anr?®

More work is needed to complete this project, but we have identified
some physics that requires careful attention because it has a

significant effect on line shages
S



These calculations (AA-LDA) described Zylstra’s recent ) i,
measurements of 14 MeV proton stopping reasonably well

Cold Warm
| I I | | I | | I I I ¢ ]
[ F (b ] " .
__B1f (@ s1f ® . The downshift of 14 MeV protons is
> 3O0F SO § | determined by integrating
E 29 - 2.9 ;—i oA calculated dE/dx over measured
Cﬁ, 28 F 0 o 28 | : path length
27 _|§ i I ! 2TE I ! I | _
L © s D 0 < W o
S 8 T & S S & o
A QO ¢ O A
~or ~or Cold Warm
. . 70 |- (a) I o I - TU-ib}l I -
FIG. 4 (color online). Downshift (AE) for cold (a) and warm (b) Taz
shots compared to theory. The solid points are data (denoted by 60 F _i_ - 4 60 | .
shot number), and theories are hollow points. The uncertainties in ~__ Theary i Theory
theoretical calculations are due to uncertainties in pL and plasma % i 1 0R E ]
conditions. By 40 k 4 a0k i o
30 | 4 30} Biige -
Mean ionization potential can be o (N, SRttt
72025 72026 72018 72024

calculated simply by averaging Eyging *
EFermi for all electrons in the Average Atom FIG. 5 (color online). Mean ionization potential (7) inferred

i from the stopping-power data in the cold (a) and warm (b) cases
calculation compared to the Andersen-Ziegler empirical fits (7 ,z), the ideal

plasma case (hw),,), and electronic structure theory.




Observables in extreme WDM:
absorption edges and fluorescence lines

KB ——ambient
800 Koy
- 210 warm compressed
2 -
c 12 eV
= 600 180 ©  red shift! DFT
-CEU '= . model
— i 150 a
\ A edges
.43400 | L PP *g lon-sphere
\ iy T ‘y'__\ v, |
§ \I: 120 R Te--sToW Mmlg-:::g l IPD edge
£200 K Ecker-Kroll
L 90
IPD edgel
0 60
6380 6392 6404 7000 7050 7100 7150
energy (eV) energy (eV)

32UadsaJon|}

Calculations (dashed lines) anchored to the
K-edge of ambient data (solid gray) show
good agreement with line and edge shifts
and broadening due from a warm
compressed MagLlIF liner backlit by
stagnation emission (solid blue) with T ~ 10
eV and n, ~ 2x10% e/cc.

This agreement indicates that self-
consistent DFT models describe electronic
structure in extreme conditions with better

fidelity than ad-hoc models of density
effects.




Scattering calculations are also fully constrained i) N

Laboratories

10 eV, 5 glce, Z,,, = 2.6, Zg.p=2.9 106V, 8glcc, Z,,, = 3.2, Zg.p=8.0  S(k,w) = | f1(k) + (k)8 (k,0) + ZSeek,) + Spy (k,0)

N— —
20° XRTS 20° XRTS elastic free-free bound-free
0'10 & o e - i@ o + S, (k, w) (bound-bound)
008 1 ™ FeRPA L @ B e FEeRA B [} 7
' ®o T o L R : g
S —newaM Z B ° —newaM & gé’ ® Most components of the scattering signal
00 3 . - e i are calculated using fully self-consistent
. 3 e RN quantities'? (free-free uses RPA)
X 3 3 :
%% 0.0 bound-free © < ‘ solid Fe, 20 eV, 130 degree scattering
0.00 B N e e RERE 0.8 - & &
6850 6900 6950 7000 7050 6850 6900 6950 7000 7050 =
energy (eV) energy (eV) % 0.6 —New QM
e I — RPA+FF
‘g 0.4
We find good agreement of the self-consistentaverage- = ,, =~ )
atom model with time-dependent density functional theory >~ 7

— A. Baczewski et al., PRL 116, 115004 (2016). 6600 6700

6800 6900 7000

energy (eV)




Electrons: Quantum mechanical average atom

i) o

All-electron, fully quantum-mechanical* semi-relativistic self-consistent field solver with flexible exchange

10eV,5g/cc: Z¥=2.6,Zc=2.9 10eV,8g/cc: Z¥=3.2,Zc=8.0

N i i : —dos | | =dlos
] ! ' ' _ ! ! ——dos_ideal
‘.CE 1 1 i ——dos_ideal ! !
I i i § ) : :
Y 1 1 1 ! '3
o i35 3p 3d {3 ' 2P
£ | ' : i
[2 : : I | |
c 1 ' 1 1 1
[()] 1 1 1 1 |
o] 1 ' | 1 1

1 1 [ I I

1 1 i 1 1

-100 -50 0 50 -100 -50 0 50
energy (eV) 5 g/CC 8 g/CC energy (eV)
N\ 7\ —2p
p \ —2 3 / \
g / \ P / \ —3p
o / —3p 2 ¥ \\\ —Qd at peak
k) —3d - —Qd averaged
c = 3
= o
() 0
>
®©
=
2 2
0.01 0.1 1 10 0.01 0.1 1 10
radius (au) radius (au)

Near-solid iron at T = 10 eV

Key ansatz:

Quasi-bound states are averaged
over resonance features in the DOS
and treated just like bound states

This ensures smooth variation of
constitutive & observable properties
under pressure ionization — and
collapses multiple definitions of Z*
into a single value [cf. Murillo et al.,
PRE 87, 063113 (2013)]:

Z* = IdSﬂHsS)D~OSideal (Ziree)
= I Pscr dr = Vie(k = O) (Zscr)
=[de flne)(1 Ap.e))e®?  (Zgoy)
= 1/3(R3WS/ Rzmax)p(Rmax) (Zasymp)
=% Rwsp(Rws) (Zws)
#[de flu,e) DOS =2Z,-Z, (Z.0)
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Self-consistent V; & g, obtained by finding electron density with (p'!) and without (p®) central charge*

10eV,5g/cc: Z*=2.6,Zc=2.9 10eV,8g/cc: Z¥=3.2,Zc=8.0 55, tot o
= (0] €
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1s _ pt pscr = pPA — p|on

30 30
— — peext _ '
g 3[s,p,d] — pJen e Like Z*, p'°" is not uniquely defined
§ §

10 10 New ansatz (solid): p°" = pb + pab

Standard (dashed): p°" = pb
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