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What!s the problem with PIC simulations for high-densities?

  

PIC model real life



Sharp 10/19/06

Can you be more speciÞc?

collisions and non-ideal equation-of-state effects become important at high density
internal energy due to rotations, vibrations, and chemical bonds can be 
comparable with kinetic energy

collisions introduce scattering, thermalization, and ionization

ionization state is affected by chemical potential and quantum effects

PIC codes with Monte Carlo collisions can capture some high-density effects
these models conveniently handle scattering, thermalization, and ionization

     but

Monte Carlo methods ignore internal degrees of freedom and phase changes

short collision lengths at solid densities make Monte Carlo models unwieldy

collisional ionization and recombination give incorrect average ion charge

electromagnetic particle-in-cell (PIC) codes have time-step and grid-size limitations
numerical heating if 

numerical heating if

both constraints are more severe at high electron density

ßuid codes can include detailed equation-of-state models but miss kinetic effects
runaway electrons and certain instabilities require particle simulation 
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What code is used for laser-target simulations?

LSP (Large Scale Plasma) is a widely used 1D / 2D / 3D PIC code

pertinent features 
implicit Þeld and particle advance for long time step

energy-conserving electromagnetic and electrostatic algorithms

multi-species and multi-region capability for ßexibility

Monte Carlo particle interactions including collisional ionization, 
photoionization, scattering, energy transfer , and charge exchange

parallelized C coding using standard MPI message passing

hybrid ßuid/particle electron model for high plasma densities

liabilities

code models are best suited for low to medium collisionality

Spitzer conductivity

Spitzer collision frequency

ideal-gas EOS in hybrid-electron model

assorted bugs are found in less-tested routines

minimal comments 

Lmpf > ! z,ve! t
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What!s in the LSP  hybrid-electron model?

LSP hybrid-electron model relaxes the      constraint
kinetic electrons become ßuid-like when 

an internal-energy equation give s local temperature       for ßuid-like electrons

local pressure is calculated from ideal-gas equation of state

scattering-dependent terms are added to motion

electron-electron collisions are modeled by pressure-gradient force

elastic scattering events are replaced by frictional force
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What!s the LSP  electron-temperature equation?

electron-temperature equation models collisional contributions to internal energy

 

terms
        work

energy exchange between species with thermalization time 

ßux-limited thermal conduction with thermal conductivity

ohmic heating with Braginskii model 

inelastic losses (ignored in LSP)

assumptions

ideal-gas equation of state  

non-relativistic ßuid electrons        < 10 keV

simple thermal-conductivity model

evaluation
calculate required moments and derivatives

sum terms to get change in temperatures      and

interpolate onto particles and adjust random velocity  
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Original LSP  time step

   

LSP fluid module

advance particles 
without collisions

interpolate Þelds 
to particles

advance Þelds
interpolate 

sources to grid

collisions?
no yes

advance particle 
"temperatures"

apply collisional 
forces to particles

scatter particles

ßuid?
no yes

scattering?
no yes
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What needs to be changed for laser-target simulations?

a realistic equation of state (EOS) must be used for ions and ßuid-like electrons
model should capture effects of phase changes and internal-energy changes

ions should have correct average ionization state 
value is needed for realistic dynamics and for      estimates 

best simple model is Thomas-Fermi with quantum corrections

transition between ßuid-like and kinetic should be probabilistic
abrupt transition in LSP  model gives threshold-sensitive results

collisional effects vanish gradually as electron temperature increases

Zs

Kα
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Which EOS package should we use?

LEOS is a table look-up package
advantages

real EOS data
well-documented APIs
fast

main shortcoming
only one ion species

QEOS uses generic analytic expressions to approximate EOS
advantages

multiple ion species
differentiable thermodynamic quantities

main shortcoming
export-controlled source

MPQeos is an open-source package with table look-up of QEOS data
advantages

simple, fast, and transparent

main shortcoming

only one ion species

Þrst trials are using MPQeos 
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What are the main features of QEOS?

 QEOS gives equilibrium thermodynamic state variables without external data
provides Ògood enoughÓ data for wide range of materials and temperatures

outputs include pressure, energy , free energy , entropy , and derivatives

results are smooth functions of     and

structure
Helmholtz free energy is sum of ion, electron, and chemical energies

ion part includes vibration, rotation, phase transitions 

electron part includes bound-electron potential and quantum effects

other state variables are obtained from Maxwell relations, eg

ions affect electron state variables through electrostatic potential

equilibrium ion charge state comes from Thomas-Fermi model

chemical potential comes from neutrality within 

collisions and Þelds introduce time-dependent change in state variables

EOS data must be inverted since PIC codes provide     rather than 

F(! ,Te,Ti ) = Fi (! ,Ti ) + Fe(! ,Te) + Fb(! ,Te)
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What does the energy equation look like in general?

moments of the Boltzmann equation

where

approximations of the collision terms       and       are needed to close set 

continuity

momentum conservation

energy conservation

convective derivative

number density

ßuid velocity

pressure
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How do we close the energy equation?

deÞnitions of      and

                                                                         collisional friction

                                                                         collisional energy change

generalized Braginskii closure
assume a near-Maxwellian collisional plasma

collision length / system size is small parameter

adding a magnetic Þeld give complicated but manageable expressions

 

Ws(

x,t) =

1
2

ms d3v

v !

Vs

2

"
#s

$ %fs

%t
&
'(

)
*+

#s

where

 

!
Fs (

!x,t) = ms d 3v∫
′s
∑ !v

∂fs
∂t

⎛
⎝⎜

⎞
⎠⎟ ′s

 
!
Fs Ws

 

!
Fi = !

!
Fe = nee

!
j

" "

! 0.71nekB

!
# Te

Wi = 3me

mi

nekB

Te ! Ti

$ei

We = ! Wi +

!
j %Fi

nee
! ni

dZi

dt
&ion(Zi )

 


j = ! nee(


Ve !


Vi ) " ! nee


Ve



Sharp 10/19/06

So how do we use these moment equations?

observation

a collisionless particle advance accounts for all terms except      and

12-step program
evaluate     ,    , and     at nodes after normal particle advance 

add back-biased collision terms to      and    

interpolate     and new     onto cell centers

get corresponding                       and                      from inverted EOS tables

interpolate      and      back to grid nodes

interpolate     ,    ,      ,     , and       to the particles in the cell

add       to each particle velocity 

re-scale random velocity              to account for

adjust ion charge to match interpolated

re-scale electron charge in cell to balance change in ion charge

split or coalesce electrons to maintain good statistics and run time 

update current and recalculate Þelds        
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New LSP time step

  advance particles 
without collisions

interpolate Þelds 
to particles

advance Þelds

collisions?

interpolate 
sources to grid

no yes

evaluate collisional 
changes...... &...  ....

add        to particles 
in cell

scatter particles

scattering?

EOS?
no yes

no yes

LSP ßuid module

EOS module
.

invert EOS
.

look up.....  & .....

rescale random 
velocity to match  ...

adjust ion charge
to match......

rescale electron 
charge to balance  

ion change

! ps δ ÷Vs

δ ÷Vs

ps

øZs

TsøZs

f (! , Ts)

÷f (! , ps)



Sharp 10/19/06

The good, the bad, and the ugly

good
much simpler than current LSP  scheme

isolates EOS subroutines from rest of calculation

interpolations smooth cell-to-cell ßuctuations

conserves momentum to accuracy of particle statistics

incorporates LMD conductivity in a transparent manner

bad
advance of      and      is not time centered

ionization-energy contribution to     depends on EOS

poor particle statistics near edge of material may compromise accuracy

promotion of ßuid electrons to kinetic status violates EOS assumption

ion internal energy complicates measurement of energy conservation

coupling       to      through EOS may reintroduce numerical heating    

ugly
new coding is written in C
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What!s been completed so far?

completed work

✓ add subroutines to parse EOS input

!  add coding to interpolate local     onto ions 

!  use ion      in dynamics and in calculation of      and

!  adjust      appropriate ly if EOS ions change charge state 

!  alter charge of ßuid electrons to balance change in     in each cell

!  invoke particle splitting and collapse to adjust ßuid-electron number

!  calculate collisional contributions to      and

!  replace Spitzer conductivity in Ohmic terms with LMD conductivity

!  apply boundary conditions to corrected       and

 ~ debug using ideal-gas EOS

ongoing 
subtract ionization energy from  

link to external EOS model

initial results are expected early in 2007
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