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Implicit Multi-Fluid Simulation of 
Interpenetrating Plasmas 

P. W. Rambo and J. Denavit (LLNL) 

A one dimensional simulation code for interpenetrating multi-component plasmas is 
presented. Separate fluid equations for multiple species and ilie Poisson equation for the electric 
field are solved implicitly 10 allow stable accurate solutions over a wide range of the time scale 
parameters 0)pAr and vcAr (<0p is the plasma frequency, v c a typical collision frequency and A; the 
time step). In regions where (OpAK< 1 and v c Ar«l , electron dynamics and space-charge effects 
are resolved, while in regions where copAr»1 and/or v c Ar» 1, the ambipolar and/or diffusion 
models are recovered. In regions of low collisionality, particles may be created and deleted which 
are followed using particle and cell techniques combined with scatter and drag due to collisions 
with the fluids. Applications of this code to interpenetrating laser generated plasmas are presented. 

Introduction 
There is growing interest in fluid-particle hybrid simulations of plasmas, in which the 

dense-cold plasma components are treated using fluid models, while the sparse-energetic 
components are represented as particles''2. This interest is motivated by the need to model surface 
interactions between an energetic plasma or beam and electrodes or sheaths, with density ratios of 
several orders of magnitude. Such interactions play a role, for example, in electron and ion 
sources, diode closure, probe theory and plasma processing of surfaces. The fluid algorithms used 
in such simulations must satisfy the following requirements: 

• They must represent multiple interpenetrating fluids, consisting of electrons, ions and 
neutral fluids, interacting with each other via the electric field and collision forces. 

• Since a given fluid component generally does not occupy the entire system, fluid-
vacuum boundaries occur for each component. Such fluid-vacuum boundaries are found in 
interface regions between two fluid species, or between fluid and particle components. The fluid 
transport algorithm must give physically acceptable behavior at such boundaries. 

• Electron inertia effects occuring at the time scale of the simulations must be included. 
This requires a time-implicit evaluation of the electric field giving stable and accurate numerical 
solutions for electron densities corresponding to a wide range of the time scale parameter (OpA(. 
Here, a)p=(4ne^n£/mc)'/2 is the plasma frequency, ne is the electron density, c is the magnitude 
of the electron charge, me is the electron mass and At is the time step. In low-density regions, 
where (OpAr « 1 , electron dynamics and space-charge effects must be resolved, while in high-
density regions, where 0)pAr» 1, the numerical solution must give quasi-neutrality with an 
ambipolar electric field. 

• The collisional coupling between fluid components must be represented over a wide 
range of the time scale parameter VjjAr, where v c denotes any of the collision frequencies between 
fluid components. For v c A ; « 1, the effect of friction on the dynamics of interpenetrating fluids 
must be modeled accurately, and for v c A r » 1, the solution must remain stable and reduce to the 
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diffusion model. This requires simultaneous lime-implicit solution of the collision forces between 
all fluid components present at a point. 

A one-dimensional algorithm which meets these requirements for multiple collisional fluids 
has been dcvelopcd3••,. Each physical component (electrons and various ion species) may be 
represented by multiple numerical fluids as appropriate for the physical situation being modeled. 
Each fluid is advanced with its own set of continuity, momentum and energy equations. The entire 
set of fluids is coupled through the electric field and collisional forces. The electric field may be 
solved for from the Poisson equation or assuming quasincutrality. This code has been tested on 
problems involving interaction between several fluids, including ohmic healing, shocks with an 
interface between separate fluids, and plasma shocks in which electrons and ions are represented 
by separate fluids. This code also allows for creation and deletion of particles in regions of low 
collisionality. These particles are followed using particle-in-cell techniques, which include scatter 
and drag due to collisions with the fluids. 

We first review the multi-fluid formulation, and then describe the numerical 
implementation. Some representative results from simulations of laser created interpenetrating 
plasmas are presented. Finally, in the concluding section, hybrid panicle-fluid simulation is 
discussed. 

Multi-fluid Formulation 

The multi-fluid formulation of Braginskii5 is used, with a set of fluid equations for each 
species, including electrons and ions. The continuity and momentum equations for species s are 

S d 

and 
-\ -\ 

r(Vj) + tH'V't) = "i"t ( 2 ) 
dl dx 

Here ns, and us, are the number density, and velocity of fluid species s. For these simulations the 
density source term,«, is zero, but could include density changes due to ionization or a 
repanitioning between numerical species. (The concluding section briefly discusses hybrid particle-
fluid simulations wheie fluid can be changed to particles and back again). The velocity source term 
is given by, 

iis = — j - k 7 i ) + - ^ £ - TvsA"s -<V> (3) 
ms"s °x ms s' 

with £ the electric field, and Ts , qs, and ms the temperature, charge and mass of species s 
respectively. 

The third term in Eq. (3) expresses the frictional slowing down between species s and s'. 
For Coulomb interactions5'6 the collision frequencies are defined by, 
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:c .„. c . - ^ I H M V (4) 

ss ss 
where \ s s ' is the Coulomb logarithm, mss-= mjm i'/(»i i+m i') is the reduced mass, and Gaussian 
cgs units are used. (Note that this definition for the collision frequencies differs from Ref. 4). The 
symmetric quantities a.w' are correction factors5 typically set to unity. The "equivalent" 
temperature, T w ' , is defined 10 take into account the relative flow velocity of the fluids, 

^- + ^ + r{us-us-)2\ (5) 

where r = (2/9n)'/3 = 0.4136 . In the "fast" limit, I us - us' I » v,;, v, v^- , the collision 
frequency v s s ' reduces to the slow down rate. Here, v,;,̂  = (Tslmsfi/*- denotes the thermal 
velocity of fluid s. In the "slow" limit, | us - us' \ « vtits , v ^ ' , the collision frequency vss' 
reduces to the expressions derived by Braginskiis and Chapman and Cowling6. The Coulomb 
logarithm is defined by the ratio of maximum and minimum impact parameters, 

V - 4r-^\ (6) 
V rtnin J 

The maximum impact parameter, rlrlax, is given by the Debye length, and the minimum impact 
parameter, rlnjn, is taken to be the larger of the deBroglie wavelength or the distance of closest 
approach, 

W-^jz^r" 2 . ta.mJ^,;rT==> (7) 
Ts J I Tss- 2~imss,T: 

In addition, a minimum is set for the Coulomb logarithms, \a>Knin w ' t n typically Xnun=2. 

The energy equation for species, s, is 

d d 
til ax 

where the temperature source, Ts, is given by 

2 s 5 dx nsdx sdx s 

+Zmss-vss-(us - , V ) 2 - I V / O i - V (9) 
•i' s' 

The coefficient 3/2 in Eq. (9) is appropriate for a monoatomic ideal gas with a ratio of specific 
heats 5/3. The third term in Eq. (9) is the factional dissipation, while the last term, with 
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B.ts'=3">xs'Css'/(ms+ms')- ' s I n e temperature equilibration which reduces to the usual result in the 
limit of small relative velocity. The flux limited heat conductivity, KS, is defined by, 

ic"1 - K ^ + V K - ' IC-' - '"* / 2 | P 7 *l ,;-' - "'ss-cs.x-»s' ( m 
Ks - K J 0 + 2 - K M ' • Ks0~- Z7m • Kss r r̂— ("») 

with f.i the flux limiter. The Braginskii correction factors vJS- are typically set as follows: for ion-
ion interactions yw='i.9, for electron-ion interactions yei is set to the values defined for a simple 
two component plasma5. 

Finally, the electric field E may be obtained from the Poisson equation , or defined as the 
ambipolar field assuming charge quasineutrality. Simulations which include electron dynamics 
require solution of the Poisson equation, 

f^ = 4TCI<7S«S (11) 
dx , 

which is done implicitly for stability with large CDpAr. Simulations which include the electron 
dynamics are computationally intensive, however, because the time step remains limited by the 
electron Courant condition, V//wAr < Ax, where v,i/c is the electron thermal velocity and Ax is the 
mesh size. This limitation may be removed by assuming quasineutrality and neglecting the electron 
dynamics. Then the electric field is calculated from the electron momentum equation neglecting 
inertia and collisions, 

£ = — ~(neTe) (12a) 
ene ox 

and only ion species are followed with a complete set of continuity, momentum and energy 
equations. The election continuity and momentum equations are replaced by the quasineutrality and 
current free conditions, 

£ qsns = -cne + c £ Zsns =0 (126) 
s s=i 

£ Qsnsus = -eneuc + e £ Zs

nsus = 0 (I2c) 
s s=i 

where e is the magnitude of the electron charge, and the charge of ion species, s=i, is qs=Z;fi. The 
electron energetics are still followed, allowing electron heat flow and equilibration with all the ion 
species. 

Numerical Implementation 

These multi-fluid equations are implemented on a one dimensional, uniform Eulerian grid 
with mesh size Ax. The numerical solution of the continuity and momentum equations, Eqs. (1-3), 
coupled with the time-implicit solution of the Poisson equation, Eq. (11), was studied in Ref. 3 
for the collisionless case. Scheme #3 of Ref. 3 was extended to include collisional forces in 



Ref. 4. In this algorithm, density, momentum and temperature are defined at cell centers, while 
velocity and electric field are defined at cell boundaries, 'fliis algorithm yields a diagonal field 
solver, with good convergence properties, and gives good results at fluid-vacuum boundaries. A 
code implementing these algorithms with an arbitrary number of species has been wriien and lesied 
on problems involving interaction between several fluids, as well as used to investigate 
interpenetrating plasmas. Here we describe some aspects of the algorithm, paying particular 
attention to the collisional coupling; further details may be found in Rcfs. 3 and 4. 

Density, and momentum are transported using a flux corrected method, iypically a TVD 
scheme. A single transport step, such as advancing the cell-centered densities from their old 
values, n fl , to their new values, nf , according to Eq. (I), is represented by the operator *¥, 

n'j = 4 « ° , K } + I / 2 (13) 

Here, "'/+//2 . denotes the velocities at cell boundaries used to compute the fluxes in the transport 
algorithm. The superscript, r, implies using velocities at the new time level, bul arbitrary time 
centering of the transport step may be achieved using a weighted average of velocities al the old 
and new lime levels 

Momentum and velocity are advanced by first transporting the momentum according to 
Eq. (2), excluding the source term, 

(mOy = f[(/iH)y,«/+i/2] 

from which intermediary velocities at cell boundaries are calculaied, 

(14) 

V / 2 
("")/ (n")J+i 

" , + 1 
(15) 

These velocities are then advanced by the source term contributions from Eq. (3). Including only 
the pressure and electric field coniributions gives the collisionless velocity, 

, / . ' ) . = +1/2 - "y+1/2 + Ai n*\ 
\ /y+1/2 

&X 
•Jl+s.e 7+1/2 (16) 

where { n' )j+]Q = ("'/+/ +'i';)/2 , and P=nT+Q denotes the pressure including the artificial 
viscosity term Q. 

Collisional Momentum Coupling 

The continuity equation (without sources) and momentum equation withoui fractional 
slowing down can be applied separately to each species. The contribution of the collision forces, 
which depend on the collision frequencies vss- involve coupling between species. The algorithm 
representing this coupling and allowing large values of vss-At, maybe underslood in terms of the 
following simple example. Consider a single moving fluid, coupled by friction to a stationary 
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background, For die spatially uniform case, where the density is constant, and no pressure 
gradient or electric forces occur, the momentum equation reduces to 

rtu 
— = -V. ,H <1i 

(17) 

where v c is the collision frequency between the moving fluid and the stationary background. For 
constant collision frequency, the analytic solution is an exponential decay from the initial velocity, 
«' = ifi exp (- v c / ) . In finite difference form, Eq. (17) may be written as 

-v rAt 1- ) ) H ' - A ' + ( (18) 

l + ( 6 - l ) v c A ; ,_ 
—- —-— u 

l + 9v cA; 
(19) 

where 6 is a tune centering parameter, 0<8<1, which controls the stability of the numerical 
solution for vcA/ » 1 . For 9=0, which corresponds to an explicit algorithm, the solution is 
unstable for vcA; >2. Stability is achieved for 6=1/2, which corresponds to a time-centered 
algorithm, but for v c A(»l , the solution is stable but oscillatory. Such oscillations would cause 
unphysical heating of the fluid. For 6=1, which corresponds to a fully implicit algorithm, the 
solution has a stable decay for vcA/ » 1 , although at a slower rate than the analytic solution. 

Returning to the original problem, the velocity at the new time level is obtained by adding 
the collisional contribution from Eq. (3) to «/'), the collisionless update of the velocities due to 
transport, pressure, gradient and electric field terms, 

< j + l / 2 = « $ + l / 2 - A ' Sv«'("i-"^ (20) 
j+l/2 

Note that die collision forces in the right member of Eq. (20) are computed using the velocities at 
the new time level, H/, corresponding to 6=1. This requires that the set of equations represented 
by Eq. (20) be solved simultaneously for all species present at the cell boundary j+112, to obtain 
the updated velocities from their collisionless values usW\ 

"j.y+l/2 : !-'[„« 
VJ+1/2J (21) 

where 

A„' = 

l + 1 ^ V U' 
-A! V2,l 

-Ar V) 2 

1+ ZArv 2 v ' 
s"*2 

(22) 
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is the collisional momentum coupling matrix at cell boundary J+//2. The time step may now be 
completed by adding the source term contributions to the momenta, 

<"«)i,y =("")*M +l'4,;(A".!.;+l/2 + A «jj- i /2) <23> 

where AMJJ+//2=»'.!J'+//2-»*JJ'+//2- F° r ' n e collisionless case Ausj+n2 reduces to the pressure and 
electric field contributions. 

When the electric field is obtained from an implicit solution to the Poisson equation, the 
effect of collisions must.be included in the field equation. This is done through the collisions] 
momenium coupling matrix, Eq. (22), as detailed in Ref. 4. The set of Eqs. (13)-(16), (21)-(23), 
are iterated with the field equation; this iteration loop includes the energy equations described 
below. In the quasi-neotrai approximation the set of friction equations is solved implicitly as 
described above, excef i that the current-free condition Eq. (12c) takes the place of each electron 
friction equaiion. 

Energy Equations 

To ensure a stable solution for large values of v s s ' At, the temperature source terms are 
applied in three substeps, corresponding to (i) the work of pressure forces and dissipation, (ii) 
temperature equilibration and (iii) heat conduction. 

Starting from the old temperatures, T^j®), for each species s, partially updated 
temperatures, Ts ; ( ' ' , are computed using the first and third terms of Eq. (6), 

^= r S } - ̂  Jr h«« - uM+* 1 5 7 > " 2 + 5 7 " - ' 4 (24) 

"Sj 

where 

8^j+l/2 = f ^ 5 > J S < v r a . (« s - us<f\ (25) 
$' l J 7+l/2 

are temperature increments at cell boundaries, which are averaged and added to the cell-centered 
temperatures. Note that Eq. (24) can yield only positive values of the temperatures TsJ.l), as long 
as the old temperatures, Tsj(®>, are themselves positive and the velocities satisfy the Courant 
condition, u All Ax < 1. The same values of the collision frequencies at cell boundaries are used in 
Eq. (25) as in the momentum coupling matrix, Eq. (22). The velocities used to compute dissipation 
in Eq. (25) must be the velocities most recently updated from Eq. (21) to guarantee that dissipation 
scales as (VJJ-)"1. This prevents unphysical heating at the interface between adjacent fluids. 

Temperature equilibration between species is done by solving 

i ^ = - Z * « - ' V ( r , - 7 » (26) 
»' s'*s 
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for eacli cell. Since equilibration between species can cause large temperature changes in a single 
time step, the change in temperature at each cell is solved analytically over the time interval At. This 
is done by the standard diagonalization method. The quantities Bss', are symmetric, but the 
temperature coefficients /ixv'".v' arc not symmetric and the set of equations represented by Eq. (26) 
has to be symmetrized prior to diagonalizalion. Let T's = Ts (ns)1^ , then Eq. (26) yields 

,s'*.i 

(27) 

Diagonalizalion gives real eigenvalues, o s , and orlhonormal eigenvectors (b] s . Using these 
eigenvectors to form the columns of a matrix with elemenls bs's, the equilibrated temperatures are 
computed, 

o>Ai] (28) 

Heat conduction is computed in a third substep by solving the diffusion equation, 
separately for each species. This equation is solved by a simple implicil scheme, which is stable for 
arbitrary time steps and requires only solution of a tridiagonal system of equations. Zero heat flux 
at vacuum boundaries is enforced. After application of the temperature source terms, the energy is 
transported. The compulation of ihe temperatures is included in the same iteration loop a., the 
computations of the density, momentum and electric field. 

Interpenetrating Plasma Examples 

Exploding thin foils or ablating thick discs by laser irradiation has been used in a numbei of 
laser-plasma experiments and in x-ray laser studies. These experiments generally use a single target 
with the plasma simply expanding into vacuum, but the density and velocity profiles generated 
with this configuration are unfavorable for some applications. In particular, the refraction 
associated with the resulting convex density profile limits the interaction or lasirg length and more 
complex configurations using two foil? to generate colliding plasmas have been examined 
theoretically and experimentally.7-8 

There is a fundamental difficulty in the simulation of colliding plasmas with typical codes 
based on single-fluid models, because such codes do not allow interpenetration. When the two 
expanding fluids meet, they are merged into a jingle fluid and stagnate. Their expansion energies 
are converted locally into heat energy, resulting in an unphysical temperature spike and the 
formation of excessively strong shock waves. One-dimensionai multifluid simulations allowing 
interpenetration of the colliding plasmas have recently been done by Bergeret al.9 These 
simulations used two interpenetrating Lagrangian meshes to follow the colliding plasmas until 
collision forces equilibrate their velocities. The dynamics of a single ion species was followed with 
the electrons treated as an equilibrium species, using the Boltzmann law with an assigned uniform 
temperature. These simulations were used to interpret experiments on colliding plasma from 
opposing ablating disks10. We have performed one-dimensional simulations of colliding plasmas, 
but with the more complete model described here, which includes electron dynamics and 
energetics, ion heat flo"', and an arbitrary number of ion species11-'2. 



The first example is men! to represent collision of two plasmas generated by laser ablation 
of opposing thick disc targets, as in the experiment reported in Ref. 10. We do not try to model the 
details of the laser aolation; instead steady plasma flux is injected symmetrically from each 
boundary. In this sinuiH'.tioi., two ion fluids are used, and the electrons are treated in the 
quasincutral approximation. The ion fluid injected from the left will be refered to as "1" and the ion 
fluid injected from the right by "2". The injection is steady in time, beginning at time f=0 when the 
system is initially empty. A typical case for aluminum (/1=27, Z=l 3) plasmas separated by 
D=1Q(X) (im is shown in Figs. 1-3. The plasma injection values are H<,°=4.0X102 1 cm"2,the 
critical density for green light, ifl={2TemMp) "2=3.1 x 107 cm/s, T<P=2 keV, and Tfl=l keV (Mp 

is the proton mass). Figure 1 shows snapshots of the aluminum density at two different times, 
r--800 ps and t= 1.2 ns; the dashed lines show the two separate ton fluids from the left and right 
while the solid line shows the total aluminum density g:ven by the sum of the two fluids. At early 
lime, r=800 ps, the two plasma expansions are roughly superposed, making a smooth density 
profile; this should be contrasted with the results of a single fluid simulation which predicts sudden 
stagnation and resultant shock-like structure. Only at later lime, a>. shown in Fig. lb, do shocks 
form from stagnated plama in the center. The velocity and temperature behavior is shown for these 
two times in Figs. 2 and 3: again, dashed lines show individual fluid quantities while the solid 
lines show density weighted average quantities. At r=80() ps, there is still significant relative 
velocity between left and right going ion fluids in the center of the system, but it can be seen that 
the stream heads, which have completely crossed the system, have slowed down and come to the 
same velocity as the opposing stream. Similarly, the heads of the two streams have been heated 
significantly, and the two fluid temperatures are very different frorr: one another. At i=\.2 ns, the 
streams have siagns'.ed as can be seen in the nearly idcnlical velocity profiles. Fig. 3a, and identical 
temperature profiles. Fig. 3b. At this time, the relative velocity at the midplane is less than the ion 
thermal velocity, I nri'21 <Q'JAMp)W indicating that the plasma is no longer composed of two 
distinct fluids. 

*(Hm) r(um) 
Figure 1. 'on density profiles for the steady aluminum injection problem at times (a) t=S00 
ps, and (b) t=1.2 ns. Dashed line* show individual fluid;:- "1" injected from the left and M2" 
injected from the right; solid Mne is total ion density. 

9 



ji(Hm) x(Um) 

Figure 2. Steady aluminum injection problem at time (=800 ps, corresponding to Fig. la. 
Shown are (a) ion fluid velocities, and (b) ion fluid temperatures. Dashed lines are left and 
rignf injected fluids while solid line is density weighted average. 

-r (iim) j:(jim) 

Figure. 3. Steady aluminum injection problem at time 1=1.2 ns, corresponding to Fig. lb. 
Shown are (a) ion fluid velocities, and (b) ion fluid temperatures. Dashed lines are left and 
right injected fluids while solid line is density weighted average. 

We have also investigated interpenetrating plasmas generated by exploding CH foils using 
separate fluids for protons and carbon ions. Unlike a standard single fluid code which constrains 
the relative atomic species concentrations to be fixed, we follow the dynamics of each constituent 
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.r(Hm) x(\im) 

Figure 4. Results from a four ion fluid simulation of a double exploding CH foil system. 
Ion densities are shown in (a), dashed lines for individual ion fluids and solid lines for total 
proton and carbon densities. Concentration ratio R=nQlnn shown in (b). 

separately. Separation of atomic species is driven by the electric field through different charge to 
mass ratios, Zs/As, and through differences in the ion thermal velocities, (Ts/ms)^2; separation is 
impeded by the collisiona! friction. We have performed simulations of colliding plasmas from 
double exploding CH foils with carbon and protons in each foil represented by separate fluids, 
four ion fluids total. We show results from a simulation of two identical 3.2 p.m foils, seperated by 
D=1000 urn. Each foil is initialized as an isothermsl Gaussian self-similar expansion with scale 
length Z.0=15O (lm, velocity profile u(x-xo)=Uox/Lo and Uo=3.9xl07 cm/s, Te°=\.0 keV, and 
Tfi=300 eV. Initially each foil expands nearly as a single fluid, interpenetrating and heating. As 
stagnation occurs, however, the extremely high ion temperatures lead to very different carbon and 
hydrogen thermal velocities, which coupled with the lowered collisionality allows the hydrogen to 
expand much faster than the. carbon from the center. Figure 4a shows densities for all four ion 
fluids (dashed lines) as well as total carbon and hydrogen densities (solid lines) at 2.0 ns after the 
start of the simulation. In the center of the system, the carbon density is approximately 50% higher 
than the hydrogen density; Fig. 4b shows the concentration ratio R=nc/n// at this time. This large 
change in concentration could affect laser plasma instability thresholds and growth rates through 
changes in wave damping. 

Conc lus ions 

We have presented a multi-fluid formulation applicable to interpenetrating plasmas. 
Separate fluid equations for multiple species are solved with coupling between the different species 
due to the electric field and Coulomb collisions. Time-implicit computations of the electric field and 
of collision forces have been incorporated in the algorithms, allowing simulations over a wide 
range of the time-scale parameters (OpAr and v cAr. ForojpAr» 1 (o rv c A/» l ) the algorithms 
reduce to the quasi-static (or diffusion) approximations, but space-charge (and dynamical effects) 
are accurately represented in fluid regions where WpAr« 1 (and v c A t « 1). Representative 
simulation results applicable to laser generated colliding plasmas were presented showing initial 
interpenetration followed by stagnation. Simulations characteristic of opposing laser ablated thick 
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discs have been performed with this code to determine the scaling of stagnation time and plasma 
parameters at stagnation12. These results may provide a guide for the design and interpretation of 
colliding plasma experiments. Aiomic separation in multi-component plasmas has been investigated 
and applied to exploding CH foils. Simulations of double foil systems show appreciable 
concentration changes, as much as 50% enhancement of the carbon density in the center region 
between foils. These concentration changes could affect plasma instabilities through changes in 
wave damping, as well as affect diagnostic interpretation. 

Currently, comparisons of this code with other multi-fluid codes and kinetic codes are 
underway. Preliminary comparisons'3 with a particle-in-ccll (PIC) model with binary collisions14 

are encouraging. Multi-fluid simulation is numerically efficient compared to full kinetic treatments, 
but depends on the problem of interest being describable as separate fluids. For these planar 
problems, a counter streaming fluid description is obvious, although late in time after the fluids 
have heated a fluid description may not be adequate. For more complicated geometeries, the 
necessary number and initial location of separate fluids is not so obvious. Kinetic treatments can 
naturally handle symmetry axes in convergent geometries. But a full kinetic treatment may not be 
practical, particularly in multiple dimensions. The optimum solution would be to mix fluid and 
kinetic treatments as necessary in the problem. We have implemented such hybrid simulations'5 by 
treating kinetic components with particles, in addition to multiple fluids. The panicles are advanced 
using standard PIC techniques with panicle charge accumulated to the grid and electric field 
interpolated from the grid back to the particles. Fluids may be changed to panicles based on several 
criteria, such as minimum density, physical location, or minimum collision frequency. The fluid 
within a computational cell may be partially or entirely changed to particles. The panicles are 
created as a drifting Maxwellian with the fluid drift velocity and temperature. Particles interact with 
fluids through collisional scattering and energy loss as well as through the electric field. Panicles 
are reincorporated into fluids when their collision rate becomes too large. Currently, panicles do 
not interact with each other, although collisional PIC techniques could allow this. 

x (Jim) x (urn) 
Figure 5. Hybrid particle-fluid simulation of colliding aluminum plasmas at lime /=800 ps; 
fluid injected from the boundary is changed into particles upon crosing the midplane. 
(a) Particle phase space, vx vs. x. (b) Comparison of fluid ion temperatures for multi-fluid 
simulation (solid line) and hybrid particle-fluid simulation (dashed line) at /=800 ps; only the 
left half of the problem is shown. 
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As an illustrative example, we show preliminary results from a hybrid simulation of two 
interpenetrating aluminum plasmas. The physical situation is the same as the case described above, 
and illustrated in Figs. 1-3. Fluid crossing the midplane is changed to particles which can then 
interpenetrate the fluids. In this case, the ion fluids do not overlap and the interpenetraa'on is 
entirely mediated by the particles. Figure 5a shows the particle phase space, Vx versus x, at time 
r=800 ps just before stagnation. At this time, the directed velocity is only a few times the thermal 
velocity at the midplane where particles are created; the slowing down of particles is apparent. 
Shortly after this time, particle creation could be halted, and the simulation continued as a single 
fluid calculation. Figure 5b shows a comparison of ion temperatures between this hybrid 
simulation (dashed line) and a multi-fluid simulation (solid line). To simplify comparison with the 
multi-fluid treatment, all the Coulomb logarithms are fixed in both runs, \ss'=6.5, for all species. 
Only the left half of the system is shown; jr=500 u.m is the system midplane. For each simulation, 
the temperature of fluid " I" is shown, but note that for the hybrid run this fluid also includes 
particles which were originally fluid "2" but have been reincorpoiated. It can be seen that the 
agreement is quite good. Further work is necessary on criteria for creation and deletion of panicles, 
but these results are encouraging. 
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