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Towards	
  ab	
  ini/o	
  simula/on	
  of	
  materials	
  

§  Goal:	
  Solu/on	
  of	
  governing	
  equa/ons	
  without	
  approxima/on	
  
§  Equa/ons	
  are	
  the	
  same	
  for	
  carbon	
  at	
  50	
  Mbar	
  and	
  dilute	
  xenon	
  gas	
  
§  Results	
  would	
  be	
  predic/ve	
  for	
  all	
  materials	
  and	
  environments!	
  

3	
  

“The	
  underlying	
  physical	
  laws	
  necessary	
  for	
  a	
  
large	
  part	
  of	
  physics	
  and	
  the	
  whole	
  of	
  chemistry	
  
are	
  thus	
  completely	
  known,	
  and	
  the	
  difficulty	
  is	
  
only	
  that	
  the	
  exact	
  applica/ons	
  of	
  these	
  laws	
  
lead	
  to	
  equa/ons	
  much	
  too	
  complicated	
  to	
  be	
  
soluble.”	
  

-- Paul Dirac 1929 



Are	
  we	
  there	
  yet?	
  

§  Density	
  func/onal	
  theory	
  (DFT)	
  calcula/ons	
  have	
  become	
  
ubiquitous	
  in	
  HED	
  science	
  
§  Fundamental	
  insight:	
  density,	
  not	
  the	
  wavefunc/on	
  can	
  be	
  used	
  as	
  the	
  

basic	
  variable	
  
§  Kohn-­‐Sham	
  ansatz:	
  solve	
  an	
  independent	
  par/cle	
  problem	
  in	
  the	
  

presence	
  of	
  an	
  effec/ve	
  poten/al	
  (exchange-­‐correla/on)	
  
§  Calcula/ons	
  provide	
  precise	
  detail	
  on	
  microstructure	
  of	
  material	
  
§  Response	
  func/ons	
  are	
  rou/nely	
  calculated	
  with	
  high	
  precision	
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Are	
  we	
  there	
  yet?	
  -­‐-­‐	
  No	
  

§  Simple	
  forms	
  for	
  the	
  effec/ve	
  
poten/al	
  have	
  proven	
  quite	
  useful,	
  
but	
  they	
  are	
  difficult	
  to	
  judge	
  and	
  
improve	
  

§  Scaling	
  with	
  par/cle	
  number	
  is	
  not	
  
favorable	
  for	
  anything	
  beyond	
  the	
  
nanoscale	
  –	
  O(N3)	
  

§  Proper/es	
  other	
  than	
  the	
  
energe/cs	
  are	
  not	
  easily	
  available	
  
without	
  relying	
  on	
  Kohn-­‐Sham	
  
wavefunc/on	
  
§  Even	
  rela/ve	
  energe/cs	
  may	
  be	
  a	
  

problem	
  –	
  see	
  the	
  band	
  gap	
  problem	
  

§  Lack	
  of	
  /me	
  dependence	
  for	
  
electrons	
  	
  

5	
  

“J
ac

ob
’s

 L
ad

de
r”

 o
f F

un
ct

io
na

ls
 



0 50 100 150 200 250 300 350 400
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Pressure (GPa)

T
e
m

p
e
ra

tu
re

 (
K

)

Tamblyn, PBE (2010) 
Theory 

Lorenzen, PBE (2010) 
Morales, PBE (2013) 
Morales, PBE + PIMD (2013) 
Morales, vdW + PIMD (2013) 
Rostock, HSE (2013) 

Recent	
  predic/ons	
  for	
  LL-­‐IMT	
  in	
  H	
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See talk on Tuesday by 
M. Knudson 



The	
  path	
  forward	
  

§  More	
  accurate	
  treatment	
  of	
  interac/on	
  	
  
§  	
  Quantum	
  Monte	
  Carlo	
  

§  Realis/c	
  energy	
  transfer	
  between	
  electrons	
  and	
  ions	
  
§  Time	
  dependent	
  density	
  func/onal	
  theory	
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§  Solve	
  Schrodinger	
  equa/on	
  directly?	
  

§  Ignore	
  scaling	
  problem	
  
§  Green’s	
  func/on	
  approach	
  changes	
  differen/al	
  equa/on	
  to	
  integral	
  

§  Integral	
  is	
  s/ll	
  evaluated	
  in	
  3N	
  dimensions!	
  
§  Stochas/c	
  sampling	
  vs	
  determinis/c	
  

Improving	
  electronic	
  approxima/ons:	
  
Quantum	
  Monte	
  Carlo	
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Quantum	
  Monte	
  Carlo	
  uses	
  sta/s/cal	
  
sampling	
  to	
  solve	
  the	
  Schrödinger	
  equa/on	
  

§  Electron	
  configura/ons	
  are	
  sampled	
  
randomly	
  	
  
§  Natural	
  parallelism	
  over	
  walkers	
  

§  Wavefunc/on	
  we	
  would	
  like	
  to	
  
sample	
  from	
  is	
  not	
  posi/ve	
  
everywhere	
  (Pauli	
  exclusion	
  principle	
  
applies)	
  

§  Assume	
  we	
  know	
  where	
  wavefunc/on	
  
changes	
  sign	
  and	
  force	
  walkers	
  to	
  
never	
  cross	
  this	
  boundary	
  
§  Fermion	
  sign	
  problem	
  
§  Most	
  fundamental	
  research	
  ques/on	
  

in	
  QMC	
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J. Needs, M. D. Towler, N. D. Drummond, and P. 
Lopez-Rios,  
Casino Version 2.2 User Manual, University of 
Cambridge , Cambridge (2008) 



DMC	
  has	
  been	
  extensively	
  	
  benchmarked	
  
for	
  molecular	
  systems	
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• from Nemec et al, JCP. 132, 034111 (2010) 
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QMCPACK	
  –	
  Massively	
  Parallel	
  QMC	
  

§  Quantum	
  Monte	
  Carlo	
  code	
  designed	
  for	
  massive	
  parallelism	
  
§  Developed	
  by	
  J.	
  Kim	
  et	
  al.	
  
§  Hybrid	
  MPI	
  /	
  OpenMP	
  parallelism	
  

§  Shared	
  Memory	
  on	
  Nodes,	
  Distributed	
  between	
  

§  Can	
  efficiently	
  scale	
  to	
  more	
  than	
  1,000,000	
  CPU	
  cores	
  
§  CUDA	
  port	
  to	
  GPUs	
  with	
  15X	
  speedup	
  

Scaling on Jaguar_pf Scaling on Sequoia 



We	
  conducted	
  the	
  first	
  extensive	
  
benchmarks	
  of	
  DMC	
  on	
  condensed	
  maler	
  
§  Test	
  compares	
  to	
  easily	
  measured	
  experimental	
  data	
  

§  high	
  pressure	
  calcula/ons	
  to	
  derive	
  proper/es	
  of	
  ambient	
  phase	
  

§  Previous	
  calcula/ons	
  have	
  required	
  1	
  year	
  of	
  /me	
  on	
  NSF	
  
machines	
  for	
  a	
  single	
  solid	
  

§  Choice	
  of	
  systema/c	
  approxima/ons	
  can	
  greatly	
  affect	
  results	
  
§  Calcula/ons	
  performed	
  on	
  Cielo	
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§ Fit	
  Vinet	
  form	
  to	
  E(V)	
  and	
  compare	
  equilibrium	
  volume	
  (density)	
  and	
  bulk	
  
modulus	
  (compressibility)	
  to	
  experiment	
  

Mean error: -0.38 +/- 0.15 
Mean absolute error: 2.28 +/- 0.15    
RMS error:  -0.697 +/- 0.066% 
Mean absolute relative error: 1.79 +/- 0.07% 

§  Materials	
  span	
  a	
  factor	
  of	
  10	
  in	
  
equilibrium	
  volume	
  

§  Four	
  types	
  of	
  bonding	
  are	
  included	
  
§  Ionic	
  
§  Covalent	
  
§  Metallic	
  
§  Van	
  der	
  Waals	
  

§  Laoce	
  Constants	
  within	
  ~0.9%	
  	
  
§  This	
  provides	
  a	
  new	
  baseline	
  procedure	
  

for	
  a	
  QMC	
  calcula/ons	
  
§  PRB	
  88,	
  245117	
  (2013)	
  

Error in Calculated Equilibrium Volume
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Applying	
  QMC	
  to	
  HED	
  science	
  

14	
  

§  Solid	
  Be	
  used	
  in	
  ICF	
  	
  
§  High	
  strength,	
  low	
  Z	
  material,	
  Low	
  x-­‐ray	
  

absorp/on	
  
§  HCP	
  at	
  ambient	
  temperature	
  and	
  pressure	
  
§  Phase	
  transi/on	
  to	
  BCC	
  at	
  high	
  pressure	
  
§  Simple	
  but	
  demanding	
  computa/onally	
  

Benedict et al. PRB 79, 064106 (2009) 
Rober and Sollier. J. Phys. IV France 134, 257 (2006) 
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Be	
  Phase	
  transi/on	
  is	
  exquisitely	
  sensi/ve	
  to	
  errors!	
  

§  Calculate	
  Be	
  HCP-­‐>	
  BCC	
  
phase	
  transi/on	
  pressure	
  
with	
  LDA+QHA	
  

§  What	
  is	
  sensi/vity	
  of	
  
transi/on?	
  
§  Make	
  constant	
  shiw	
  of	
  EHCP(V)	
  

•  Transi/on	
  pressure	
  changes	
  from	
  
350	
  GPa	
  to	
  525	
  GPa	
  with	
  a	
  1	
  kcal/
mol	
  shiw	
  

•  Zero	
  point	
  energies	
  were	
  an	
  order	
  
of	
  magnitude	
  larger	
  

§  “Chemical	
  Accuracy”	
  is	
  not	
  
good	
  enough!	
  



Early	
  DMC	
  calcula/ons	
  yielded	
  
disappoin/ng	
  results	
  
§ Equa<on	
  of	
  state	
  is	
  fit	
  using	
  Vinet	
  form	
  

§ More	
  crucial	
  because	
  values	
  have	
  sta<s<cal	
  errors	
  

§ Phase	
  transi<on	
  occurs	
  at	
  >	
  700	
  GPa	
  	
  
§  Significantly	
  higher	
  than	
  DFT	
  result	
  ~	
  390	
  GPa	
  

HCP Equilibrium Parameters 
QMC Exp 

c/a 1.569 +/- 
0.004 1.568 

V0  (angstrom^3) 7.746 +/- 
0.078 8.117 

Bulk Modulus 
(Gpa) 124 +/- 2 116.8 



Pseudopoten/al	
  approxima/on	
  is	
  single	
  
largest	
  uncertainty,	
  can	
  we	
  do	
  beler?	
  

§  Cost	
  of	
  DMC	
  scales	
  as	
  Z5.5	
  without	
  pseudopoten/als	
  
§  For	
  light	
  elements,	
  modest	
  supercell	
  sizes	
  are	
  possible	
  
§  DFT	
  trial	
  wavefunc/ons	
  must	
  not	
  be	
  pathological	
  near	
  

nucleus	
  
§  Use	
  pseudopoten/al	
  with	
  all	
  electrons	
  in	
  valence	
  in	
  DFT	
  

§  replace	
  with	
  -­‐4/r	
  poten/al	
  in	
  DMC	
  
§  use	
  one	
  body	
  jastrow	
  to	
  handle	
  cusp	
  at	
  ion	
  

§  Must	
  carefully	
  check	
  technical	
  parameters	
  to	
  avoid	
  bias	
  due	
  
to	
  issues	
  near	
  core	
  



All	
  electron	
  method	
  significantly	
  
improves	
  HCP	
  phase	
  descrip/on	
  

HCP Equilibrium Parameters 
QMC All Electron QMC Exp 

c/a 1.569 +/- 0.004 1.569 +/- 0.004 1.568 

V0  (angstrom^3) 7.746 +/- 0.078 8.129 +/- 0.012 8.117 

Bulk Modulus 
(Gpa) 124 +/- 2 115.7 +/- 1.5 116.8 
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Phase	
  transi/on	
  pressure	
  is	
  brought	
  more	
  in	
  to	
  line	
  with	
  
transi/on	
  inferred	
  from	
  shock	
  experiments	
  

§ Percent	
  volume	
  change	
  upon	
  transi<on	
  is	
  ~0.9	
  %	
  
§ Transi<on	
  pressure	
  is	
  422	
  +/-­‐	
  5	
  GPa	
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Accuracy	
  of	
  all	
  electron	
  methodology	
  holds	
  
for	
  another	
  light	
  nuclei	
  phase	
  transi/on	
  
§ Calculate	
  LiH	
  transi<on	
  from	
  B1	
  to	
  B2	
  phase	
  
§ Ambient	
  (B1)	
  phase	
  in	
  excellent	
  
agreement	
  with	
  experiment	
  

§ Phase	
  transi<on	
  pressure	
  337	
  GPa	
  
§ DFT	
  (LDA)	
  calcula<ons	
  308	
  Gpa	
  
§ Complements	
  DAC	
  experiments	
  
which	
  top	
  out	
  near	
  250	
  GPa	
  

B1 Equilibrium Parameters 
QMC Exp 

Lattice Constant  
(angstrom) 4.074 +/- 0.002 4.08 

Bulk Modulus 
(GPa) 32.2 +/- 0.4 33.1 +/- 0.3 

B’ 3.64 +/- 0.05 3.64 +/- 0.05 

B1 B2 

LAZICKI, LOUBEYRE, OCCELLI, HEMLEY, AND MEZOUAR PHYSICAL REVIEW B 85, 054103 (2012)

TABLE I. Equation-of-state fitting parameters and proposed B1-B2 phase transition pressure (probably coincident with metallization)
compared with previous experimental and theoretical results. Abbreviations used are as follows: LDA, local-density approximation;
GGA, generalized gradient approximation; ZP, zero-point motion; Debye, Debye approximation for zero-point motion; QH, quasiharmonic
approximation for zero-point motion.

a0 (Å) K0 (GPa) K ′
0 B1-B2 transition (GPa)

Experiments
This work (300 K) 4.080 (fixed) 33.1(3) 3.64(5) >254 GPa (0.32V0)
This work (10-15 K) 4.07(4) 35(3) 3.6(3)
High-pressure diffractiona (Ref. 1) 4.080 31.9(1) 3.62(2)
Ambient diffraction (Ref. 30) 4.084 33.6 4 (fixed)
Ultrasonic pulse echo method (Ref. 31) 4.084 (fixed) 32.35 3.78
Calculations
LDA + ZP (Debye), 0 K (Refs. 7 and 8) 4.000 36.6 3.40 226 GPa (0.37V0)
LDA + ZP (QH) (Ref. 9) 4.038 31 3.5 450–500 GPa (0.25V0)
LDA + ZP (QH) (0 K) (Ref. 13) 3.992 35.8 3.51 308 GPa (0.33V0)
LDA + ZP (QH) (300 K) (Ref. 13) 4.009 33.2 3.76
GGA + ZP(QH) (0 K) (Ref. 13) 4.094 31.6 3.59
GGA + ZP(QH) (300 K) (Ref. 13) 4.118 28.1 4.18
GGA + ZP (QH from Ref. 10) (Ref. 12) 4.08 33.9 329 GPa (0.29V0)

aPressures corrected for updated ruby scale.20

IV. DISCUSSION

Equation-of-state fitting parameters for LiH are shown in
Table I, compared with published experimental and theoretical
data. Our results are consistent with or slightly softer than
other experimental results. Models most accurately predicting
lattice parameters of LiH are those using the generalized
gradient approximation (GGA) and including the quasihar-
monic approximation for zero-point motion, such as those
of Yu et al.13 Experimental results for the bulk modulus
and its pressure derivative at low and ambient temperatures
seem more consistent with the local-density approximation
(LDA) calculations (shown for comparison in Fig. 3). As
expected, our low-temperate data are shifted relative to the
ambient-temperature data sets, but the error bars on the
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FIG. 4. (Color online) Equation of state of the eight experimental
runs, including diffraction from LiH in hydrogen and previous data
from Ref. 1. For all data sets except run 6, V0 is fixed at the best value
found in Ref. 1 of 16.9827 Å3. The V0 value for run 6 was allowed to
vary in the equation-of-state fitting procedure, resulting in a value of
16.9(5) Å3. Error bars do not exceed the size of the data points.

equation-of-state fitting parameters are sufficiently large due
to sparse data that a strong comparison is not possible.

We do not observe evidence for the theoretically predicted
B1-B2 phase transition at the volume compression predicted
(0.33V0). The maximum pressure achieved in our study
was within the range of compression at which the transition
has been expected, but it is too low to strictly rule out the
predictions listed in Table I, with the exception of the
Debye-model calculations of Hama et al.8 However, although
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FIG. 5. (Color online) Pressure dependence of two-phonon
modes measured from four different samples of LiH, compared with
previous results. The modes are assigned following the results of Ho
et al.32 Solid lines are from curve fits to pressure as a function of fre-
quency, assuming our Vinet equation of state for pressure as a function
of volume and a constant Gruneisen model for frequency as a function
of volume: ωi = ω0i(V/V0)−γi . This yields the following functional
form: P = 3B0(1 − x)x−2exp[ 3

2 (B ′
0 − 1)(1 − x)]; x = (ω/ω0)−1/3γ .
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Lazicki et al. PRB, 85, 054103 (2012) 



Towards	
  Heavier	
  Elements	
  
§ Actual	
  genera/on	
  techniques	
  are	
  rela/vely	
  stagnant	
  

§  Excep/on	
  is	
  Trail	
  and	
  Needs,	
  JCP	
  139,	
  014101	
  (2013)	
  
§ Tes/ng	
  methodology	
  has	
  improved,	
  allowing	
  for	
  more	
  efficient	
  screening	
  of	
  
candidate	
  pseudopoten/als	
  
§  Calcula/ons	
  of	
  electron	
  affini/es	
  and	
  ioniza/on	
  poten/als	
  as	
  well	
  as	
  small	
  molecules	
  

§ This	
  has	
  allowed	
  for	
  highly	
  accurate	
  calcula/ons	
  of	
  even	
  heavier	
  elements	
  
albeit	
  with	
  significant	
  effort	
  for	
  instance	
  Pt:	
  



QMC	
  Challenges	
  going	
  forward	
  
§ Further	
  construc/on	
  /	
  valida/on	
  of	
  pseudopoten/als	
  for	
  heavier	
  elements	
  
§ Non-­‐parasi/c	
  method	
  

§  Improving	
  nodal	
  surfaces	
  

§ Finite	
  temperatures	
  
§ Reliable	
  and	
  efficient	
  calcula/ons	
  of	
  forces	
  
§ Magne/c	
  proper/es	
  



Beyond	
  the	
  Born-­‐Oppenheimer	
  approxima/on	
  -­‐TDDFT	
  

§ A	
  variety	
  of	
  problems	
  in	
  HED	
  physics	
  require	
  relaxing	
  the	
  Born-­‐
Oppenheimer	
  approxima/on	
  
§  Electron-­‐ion	
  equilibra/on	
  in	
  laser	
  shocks	
  
§  Interpre/ng	
  XRTS	
  spectra	
  
§  Calcula/ng	
  energy	
  transfer	
  with	
  fast	
  ions	
  

§ The	
  most	
  mature	
  way	
  to	
  perform	
  these	
  calcula/ons	
  is	
  using	
  the	
  /me	
  
dependent	
  extension	
  of	
  DFT	
  –	
  TDDFT	
  

§ Consider	
  n	
  electrons	
  that	
  obey:	
  

§ Runge-­‐Gross	
  Theorem	
  and	
  Kohn-­‐Sham	
  ansatz	
  pave	
  way	
  for	
  a	
  /me	
  
dependent	
  DFT	
  whereby	
  single	
  par/cle	
  orbitals	
  obey	
  

	
  
	
  

T̂ + V̂ee + V̂ext (t)( ) Ψ = i d
dt

Ψ

i d
dt
ψm (t) = HKS (t)[n(t)] ψm (t)



Implementa/on	
  of	
  TDDFT	
  
§ We	
  have	
  implemented	
  TDDFT	
  in	
  VASP	
  5.3.x	
  

§  One	
  of	
  the	
  first	
  TDDFT	
  implementa/ons	
  in	
  periodic	
  boundary	
  condi/ons	
  
§  Projector	
  Augmented	
  Waves	
  (PAWs)	
  are	
  used	
  to	
  represent	
  core	
  valence	
  par//oning	
  	
  
§  Simple	
  linear	
  map	
  between	
  ‘real’	
  and	
  ‘pseudo’	
  orbitals	
  

§  Transforms	
  Linear	
  algebra	
  from	
  a	
  standard	
  to	
  a	
  generalized	
  eigenproblem	
  

§ Coding	
  was	
  led	
  by	
  A.	
  Baczewski	
  
§  Part	
  of	
  an	
  LDRD	
  including	
  R.	
  J.	
  Magyar	
  and	
  M.	
  P.	
  Desjarlais	
  

ψn = Τ !ψn + !plj1
j1, j2

∑
l
∑ Ql

j1, j2
!plj2



Added	
  benefit	
  –	
  Reduced	
  Complexity	
  

§ Star/ng	
  from	
  an	
  ini/al	
  wavefunc/on,	
  we	
  use	
  the	
  Crank-­‐Nicholson	
  scheme	
  
to	
  propagate	
  single	
  par/cle	
  states:	
  

§ This	
  is	
  a	
  very	
  accurate	
  unitary	
  integrator	
  
§  States	
  remain	
  orthogonal	
  upon	
  propaga/on	
  
§  Par/cle	
  number	
  is	
  exactly	
  conserved	
  

§ Orthogonaliza/on	
  in	
  DFT	
  has	
  the	
  highest	
  
complexity	
  O(N3)	
  and	
  most	
  expensive	
  	
  
parallel	
  communica/on	
  

§ Now	
  linear	
  algebra	
  is	
  leading	
  bolleneck:	
  O(N2)	
  
§ Also	
  allows	
  a	
  much	
  more	
  efficient	
  route	
  
to	
  finite	
  temperatures	
  

S + iΔt HKS (t +Δt / 2)
2

"

#$
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!ψn (t +Δt) = S − iΔt HKS (t +Δt / 2)
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Stopping	
  a	
  fast	
  moving	
  ion	
  
§ Understanding	
  how	
  fast	
  moving	
  ions	
  are	
  slowed	
  is	
  essen/al	
  to	
  
understanding	
  the	
  energy	
  balance	
  in	
  iner/al	
  confinement	
  fusion	
  

§ As	
  a	
  test	
  problem,	
  we	
  drag	
  a	
  hydrogen	
  ion	
  through	
  aluminum	
  at	
  constant	
  
velocity	
  and	
  measure	
  the	
  force	
  on	
  the	
  ion	
  
§  Genera/on	
  of	
  plasmons	
  necessary	
  to	
  capture	
  the	
  proper	
  behavior	
  

Born-Oppenheimer TDDFT 



Stopping	
  a	
  fast	
  moving	
  ion	
  	
  
§ Stopping	
  in	
  cold	
  aluminum	
  can	
  be	
  compared	
  to	
  an	
  experimental	
  database	
  
(TRIM)	
  
§  Also	
  earlier	
  Ehrenfest	
  TDDFT	
  by	
  Correa	
  et	
  al.	
  PRL	
  108,	
  213201	
  (2012)	
  

§  Good	
  agreement	
  with	
  experiments	
  through	
  peak	
  
§  Lille	
  difference	
  between	
  channeling	
  and	
  off	
  channeling	
  trajectories	
  
§  Core-­‐valence	
  separa/on	
  is	
  rigorously	
  checked	
  with	
  smaller	
  core	
  PAWs	
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Stopping	
  at	
  high	
  pressure	
  and	
  temperature	
  

§  In	
  order	
  to	
  understand	
  the	
  energy	
  balance	
  in	
  iner/al	
  confinement	
  fusion	
  
experiments,	
  a	
  quan/ta/ve	
  knowledge	
  of	
  stopping	
  power	
  at	
  WDM	
  
condi/ons	
  is	
  required	
  

§ For	
  example	
  in	
  magLIF,	
  a	
  beryllium	
  	
  
liner	
  is	
  compressed	
  around	
  DT	
  fuel	
  

§ We	
  are	
  calcula/ng	
  stopping	
  of	
  fast	
  
H	
  ions	
  in	
  highly	
  compressed	
  hot	
  Be	
  
§  This	
  involves	
  propaga/ng	
  a	
  finite	
  
temperature	
  electronic	
  state	
  

§  It	
  is	
  unclear	
  how	
  well	
  a	
  Mermin	
  ini/al	
  
state	
  represents	
  this	
  finite	
  temperature	
  
state	
  or	
  how	
  well	
  adiaba/c	
  func/onals	
  
handle	
  the	
  propaga/on	
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Understanding	
  WDM	
  diagnos/cs	
  
§ X-­‐ray	
  Thomson	
  scalering	
  (XRTS)	
  is	
  a	
  widely	
  used	
  tool	
  for	
  diagnosing	
  the	
  
state	
  of	
  warm	
  dense	
  maler	
  
§  Difficult	
  small-­‐K	
  DSF	
  features	
  -­‐>	
  collec/ve	
  regime,	
  plasmons	
  

Glenzer et al. PRL 98, 065002 (2007) 



Understanding	
  XRTS	
  
§ XRTS	
  spectra	
  are	
  directly	
  related	
  to	
  the	
  dynamic	
  structure	
  factor	
  S(k,ω)	
  	
  

	
  
§ S(k,ω)	
  is	
  related	
  to	
  the	
  dielectric	
  func/on	
  and/or	
  the	
  density-­‐density	
  response	
  

§  To	
  get	
  the	
  dielectric	
  func/on,	
  need	
  to	
  be	
  able	
  to	
  calculate	
  the	
  response	
  to	
  a	
  vector	
  poten/al	
  
§  Need	
  a	
  density	
  func/onal	
  for	
  the	
  density-­‐density	
  correla/on	
  func/on	
  
§  As	
  a	
  start,	
  try	
  	
  
§  Need	
  very	
  long	
  calcula?ons	
  to	
  accumulate	
  sta?s?cs	
  

S(k,ω) =
ε0! k

2

πe2ne
1

1− e!ω /kBTe
Imε−1(k,ω)

S(k,ω) = 1
2πNe

dr dteiωt−ik•r d "r n̂(r + "r , t)n̂( "r , 0)∫∫

n̂(r + !r , t)n̂( !r , 0) ≈ n(r + !r , t)n( !r , 0)



Advanced	
  electronic	
  structure	
  methods	
  are	
  promising	
  for	
  
studies	
  of	
  material	
  at	
  extreme	
  condi/ons	
  

§ Diffusion	
  Monte	
  Carlo	
  
§  Path	
  forward	
  for	
  improved	
  treatment	
  of	
  electron	
  correla<ons	
  -­‐>	
  crucial	
  for	
  heavy	
  
elements	
  and	
  strong	
  correla<ons	
  

§  Not	
  as	
  technically	
  mature	
  as	
  DFT	
  
§ Work	
  will	
  con<nue	
  in	
  becoming	
  less	
  dependent	
  on	
  DFT	
  

§ Time	
  Dependent	
  Density	
  Func<onal	
  Theory	
  
§  Promising	
  approach	
  for	
  next	
  genera<on	
  of	
  supercomputers	
  
§  Capable	
  of	
  trea<ng	
  some	
  electron	
  -­‐>	
  ion	
  energy	
  transfer	
  
§ May	
  greatly	
  aid	
  in	
  interpreta<on	
  of	
  XRTS	
  
§  Ques<ons	
  remain	
  about	
  usage	
  of	
  adiaba<c	
  func<onals	
  
§  Can	
  temperature	
  be	
  accurately	
  handled?	
  


