Section 2
ADVANCED TECHNOLOGY
DEVELOPMENTS

2.A

Fokker-Planck Modeling of Electron Transport

Justover a decade ago Bell et al.! produced one of the first Fokker-Planck (FP)
simulations of electron-energy transport in an idealized laser-produced plasma.
As aresult of improvements in numerical techniques and computational speeds
available from modern computers, it is now possible to routinely run FP codes
under conditions directly relevant to inertial confinement fusion (ICF).25 The
relevance of such simulations is that ICF plasmas can exhibit conditions where
classical fluid transport theory® is inadequate.

Well-known manifestations of the breakdown of fluid theory occur in the
presence of strong temperature gradients, where the Spitzer-Hiarm (SH) heat
flow qgg = —kgy VT (kg beingthe SH thermal conductivity and T'the electron
temperature) overestimates the magnitude of the maximum heat flux and fails to
predict the preheat caused by long-mean-free-path electrons ahead of the main
heat front.! Although the first inadequacy can be overcome to some extent by
limiting the heat flow to some fraction f of its “free-streaming” limit qf,g ie.,
q=9qsy /(1 +|qSH]/ fq f), the second one can only be properly corrected by
means of a nonlocal heat-transport model such as the FP equation.

A more subtle heat-flow reduction effect has also been shown to arise®

for arbitrarily small levels of heat flow (i.e.,|qSH|<< fay), provided that
the characteristic wavelength of the temperature modulation is less than about
200 A,, where 2, is the delocalization length or mean free path of a thermal
electron.>1%11 This phenomenon has been shown to have important conse-
quences forlaser filamentation instabilities, ¥ as confirmed by recent simulations
of experiments,12 and to stimulated Brillouin scattering.,!3-13

cven
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This article addresses some of the computational issues involved in solving
the FP equation. Particular emphasis will be given to the development of codes
applicable to laser-fusion problems of the type previously mentioned. The FP
equationisfirstintroduced; the two-dimensional (2-D) electron FP code (SPARK)
isdescribed; this is followed by numerical simulations and a discussion of future
directions.

The Fokker-Planck Equation
The Fokker-Planck equation for Coulomb collisions between species a and b

with respective distribution functions f; (r, v, 1) and f;, (r, v, 1) can be written as 16
Yoy yovy, + 2850y g,
Jt my,
1
= Yab[—vv '(faVvHab)"—EVvVv :(faVvVvGab):I’ ()
1
+ Yaa[—vv '(faVvHaa)+ Evvvv :(faVvVvGaa ):I’
where
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ma
Hap(v)= a0 [ O gy Ga)
my, fv—v{
and
GV =] H(W)lv=-vidv, (3b)

where V is the configuration space gradient operator, V, is the velocity space
gradient operator, In A is the Coulomb logarithm (for simplicity assumed to be
the same for both particles), ¢ is magnitude of the electronic charge, Z, and Z,
are the respective charge numbers of particles a and b, and m, and m,, are their
respective masses. The left-hand side of Eq. (1) (usually known as the Vlasov
part) represents the collisionless transport of particle @ in the presence of an
accelerating field Z,eE/m,, but in the absence of magnetic field effects. The
collisional term on the right-hand side of Eq. (1) assumes the dominance of
small-angle scattering, which implies that In A >> 1.

The SPARK Code

The basic philosophy behind the SPARK code has been to provide an efficient
and robust way of solving the FP equation.!”-!8 Its main purpose has been to
study nonlocal heat-transport problems of interest to ICF.
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SPARK is not unlike a standard hydrodynamic code, in that it solves the fluid
equation for the ions (mass and momentum conservation) and the energy
equation for the electrons (neglecting ion-thermal effects). However, the latter
is modeled by the FP equation instead of a fluid equation with SH heat flow.

Current versions of the code neglect the effects of magnetic fields and allow
for one-dimensional (1-D) Lagrangian transport in planar, cylindrical, or spherical
geometry, and 2-D Eulerian transport in either planar or cylindrical geometry.
The 2-D version incorporates a paraxial wave-equation approach for laser light
transport.12 In all versions, the fluid-transport equations (with SH electron heat
flow) are solved in parallel so as to assess the importance of kinetic effects and
provide for an accuracy check of the FP code in the collisional limit.

1. Basic Equations

Theelectron FPequation solved in SPARK includes an inverse-bremsstrahlung
heating source.!? By defining the distribution function in the reference frame of
the fluid ions (of velocity u;), and using the expansion f = f, +v-f; /v,Eq.(1)
becomes

[%+ui 'V]f0 —(V'u,-)g% =V'[X(Vfo +30U€>)]

3 ov
(a) (b)
1ol ( . . a %]
+ ,02 Jv [X[a a v +Z)B afo]"'Yee[Cofo"'Do Jv
(c) (d)
0 2
‘ n,Z Y,,05 %+ Hys %_} ’ 4)
6v ov v du
(e) fH

where v, is the electron oscillatory velocity in the laser field,
a=eE/m,,a=—(d,Inf,)/v, B=-VInf,, and x=0v?/3v,". Here, we
have introduced an eszective e-i collision frequency defined by
Vei© = 04nn,Z"(e? Im,) InA /v, where Z" = <Zz>/(Z) (with ( ) denoting
an average of the ion species), and ¢ = (Z* + 4,2) /(Z* + 0.24) is a factor that
gives rise to the “‘exact” SH heat flow (forarbitrary Z) when f, is a Maxwellian.3-20
The terms in Eq. (4) can be identified as (a) hydrodynamic advection and
compression, (b)electrontransport in configuration space, (c) chmic heating, (d)
e-ethermalization, (e) laser heating, and (f) heating caused by ion viscosity. The
computational strategy for dealing with these various terms will be discussed.

Twoimportant moments of Eq. (4) are the particle density moment (4n [ dvv?
y

[—aa—t+ui'V)ne+neV'u,~=0, (5)
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and the energy-density moment (2nme.[dvv4)

[%+“i'VJ%P+§PV'“i:_V°q+sib+hvis~ (6)
where n, = 41t.[ dvv? f, is the electron number density, p = (41 / 3).[ doo* Jo i8
the electron pressure, and s;;, and h,;, are the respective inverse-bremsstrahlung
and viscous heating. In deriving Egs. (5) and (6) we have enforced quasi-
neutrality by imposing zero current in the plasma. This condition allows us to
calculate the electric field as follows:

A Jdvvszfo _ Jdvvsz]{,
J dvvzxajg J dovy, %o
dv

(N

An alternative approach for calculating the electric field would be to adopt the
implicit-moment method,?! where one would use charge conservation and the
Poisson equation to solve for E = —V® . Although this method has been found
to improve charge neutrality in FP calculations, it has only a negligible effect on
the thermal transport results.!”

Conservation of ion density and total momentum (assuming cold ions) is
given by

(%+ui -V]n,- +nVeu; =0 (8)
and
]
mi”i[g'*‘“i 'V]“i =-V(p+Qys)+Pr . 9)

respectively, where P is the ponderomotive force and Q. is the artificial
viscosity.22

2. The Alternating-Direction-Implicit (ADI) Method of Solution

The aim of the ADI method is to provide a time-implicit solution of a
multidimensional differential equation by splitting it into 1-D equations,23-24
which can then be efficiently solved. For a differential equation of the type

Yo _

Y (Fe+F+ RSy s (10)

where F,, F v and F, are operators in x, y, and v, the scheme becomes

(1 —GAtFx)(f: -fo”) = M(F, +F, + F)) 1, (11a)
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Hk

(1-0aF, ) (5" - 1) =(£5 - ). (11b)

and

%

(1-8aF)(fo+ = )= (1" - 1] (1lc)
Here we have differenced in time as df / dr = ( frHl— ) / At and introduced
the implicitness parameter 0, such that Eqs. (11a)—(11c) combined become
accurate to O(A7)%, when 8 = 1/2 (like the Cranck-Nicolson scheme).

To put the FP Eq. (4) into the form of Eq. (10), we first assume (without loss
of generality) that the distribution £, is a function of x, y, and v and neglect the
hydrodynamic contribution [term (a) in Eq. (4)]. Since the hydrodynamics
usually evolves on a much longer time scale than the electron thermal transport,
its contribution can be treated separately.

Next, we assume that operators Fx( £ Fy( fo), and Fv( f,) are weak
functions of f,. To deal with the nonlinearities we may choose to (a) iterate at
each time step by starting with F" = F ( fo") ; (b) use a predictor step

F=F[fo"+9(fo”— 0"*1)], (12)
followed by iteration:!” or (c) linearize the operator as follows:25
n
n+l _ pn a_F n+l _ cn 2
Fl = F +[8foj (71 - 1)+ 00 . 13)

The choice between these various options becomes particularly important when
dealing with the e-e thermalization [term (d), Eq. (4)], as will be discussed.

Theremaining problem with Eq. (4) lies inthe £-field terms. Not only are they
nonlinear [see Eq. (7)], but they also involve mixed derivatives like
059y fo» 904 fo. .. that cannot easily be incorporated into the ADI scheme. A
way around this difficulty has been found by introducing the coefficients o(f,)
and B(f,) in Eq. (4), which are then treated as time invariant over a time step Az.2
With this transformation the FPequation can be expressed in the form of Eq. (10),
where F, F. Vv and F,, are convection-diffusion operators.

To difference Eq. (4) (in the 2-D Eulerian version of SPARK), the distribution
function is defined on an orthogonal grid fj;; = fo(v s Xk y,), where the
indicesj=1, ...,.J, k=1, ..,K,and [ = 1, ..., L, denote cell centers. The cell
boundaries are defined by Vjr1/2 = (vj + ij)/ 2, ..., and the cell sizes (not
necessarily uniform) by Av; = (vjﬂ/z —?j_172) - . In the 1-D Lagrangian
version, a mesh-centered grid is used in configuration space.?’

3. Hydrodynamic Transport

Since the hydrodynamic evolution of the plasma is normally slow compared
with the thermal-transport processes, we are able to solve the left-hand side of
Eq. (4) separately. In the 2-D Eulerian version of SPARK we adopt a standard
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donor-cell scheme?? for the convective terms in Egs. (4), (8), and (9) and set
Quic = 0. (However, if one wishes to model sharp density gradients and shocks,
a less-diffusive numerical scheme would be desirable.)

Inthe 1-D Lagrangian version, the fluid equations (8) and (9) are solved in the
frame of the ions, by introducing the total derivative d/dt =(3/9t +u; - V).%2
The left-hand side of Eq. (4) is solved in the form®

f0n+l__f0n d(lnni) 2a(lnfon) "
a a3 oo fo=0. (14

where we have made use of the continuity equation V- u; =~d(Inn; )/ dr.

In both Eulerian and Lagrangian versions of the code the transformation
9y fo = fo@u In f, has been used, where {9, In fo]j = [ln(fjﬂ /fj_l)]/2Avj.
This formulation gives rise to zero truncation error for a Maxwellian and has
been found to minimize departures from quasi-neutrality.

4. Electron Transport in Configuration Space
Theelectrontransportinconfigurationspace {term (b)in Eq. (4)] is differenced
in conservative form as follows:

\ -[)((Vf0 +aoyf )]j,k,l

1 Jes1 — S
= Ar | K2 (*‘—*A + Ay k1204172 Sev1/2
k Xe+1/2

S~ S
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I [ fr =S
+1 —J]
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BR ] v *ay %12 fio2 . (15
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Here, the boundary values of f are calculated using an interpolation formula
of type

Fiksv2,1 1'(1 “Ej,k+112,l)fj,k+),l € r12.055 k0 (16)
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(and similarly for f; ; ;,1/2 ), where
€ k+1/2,0 [1 _Sign(ax,k+1/2,lux,k+1/2,1)]/2
ensures up-wind differencing for the convection term V - (a(xfo).

The respective values of a, 3,12 and a, y,1/ are obtained from

J
2
YAV VX a2 (fis —fk)j,, I Axp a2
_ _J=
Ay k+1/2,0 = ~ (17)

7
2
zAVjVij,k+1/2.1aj,k+1/2,1fj,k+1/2,1
Jj=1

[using Eq. (7)] and

1 fj+1
Ojkt1/2,10 = 7 5 1n[f_ } . (18)
J=0 I k120

5. e-e Thermalization
In the absence of thermal transport and external heating, the usual time-
implicit difference version of Eq. (4) is28

n+1 n .

fj _fj Yee C f(t+1 -C f(l+1

At Av 02 Jj+1/27j+172 j-1727j-1/2
A

D; 1/2 D'——I/Z
v IR () ) (- )] a9)

Av;y1/2 Av;_ip

which, with the appropriate boundary conditions, conserves particle numbers
exactly. Following the Chang-Cooper method,?® we use

fi+12 =(1—5j+1/2 )fj+1 +82f (20)

where

5 _ 1 1 an
12 = -
- Wirt2  exp(wjin)—1

and wjy 12 =AV;412C) 112 /Dj+1/2 .This type of weighting has been designed
to preserve positivity and provide the correct equilibrium solution for f,,.

j
Eq. (19) has to vanish. Langdon®® has shown, through integration by parts, that

this can be achieved by calculating the collisional terms as follows:

In order to conserve energy, the Z(Av f4 A ) sum of the right-hand side of
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and

J~1
(UD)3/2 = (AU’U2)14TE Z(Uf)i+1/2Avi+U2 . (220)

i=1

This method of solution implicitly assumes that C and D are slowly varying
functions of time, so they can be calculated iteratively over one time step.
However, when the plasma is far from equilibrium and one wishes to use time
steps larger than the thermalization time T,,, energy conservation may require
too many iterations. One possible solution to this problem is to use a predictor-
corrector scheme, whereby one starts the iteration by linearly extrapolating the
distribution function from the nand (n— 1) time levels to the (n + )level.'7 An
alternative approach is to linearize the full collision operator [Eg. (13)], so that
Eq. (19) becomes

n+1 n
_& —Ji _ _Yee c" fn+1 _ct fn+1
At - AU-Z)Z j+12Jj+1/2 j-1/2J/j~1/2
A
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Yee [ n n n n
~ Chaafivn - Clanfit
3 a2 S —Cj-2tj-12
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where the right-hand side of the equation is now a full matrix operator [instead
of the tridiagonal matrix in Eq. (19)]. Althougha tridiagonal matrix can be more
efficiently inverted than a full matrix, there are circumstances when, as aresult
of ime-step constraints, the overallcomputational effortcanbe less forEq. (19a)
than Eq. (19).
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6. Ohmic Heating
The ohmic-heating term [term (c) in Eq. (4)] is differenced in conservative
form as follows:

190 (a-a%e 0B
T3 [x(a a— +uB afoﬂj,k’l

1 2 o[ fiv g
= Xjan | @ tay )| o=
Avjvf{ a {( t y)[Avj+1/2

+ (Bxax +Byay)j+1/zvj+l/2fj+l/2 j‘

2, 2 fj 'fj—l
—Xji-2 |G tay )| —————
! {( y)[Avj—m J

* (Bxax * B_vay)j_l,z Vj-1/2 fj—l/z} } , (23)

k.l

where the interpolation formula for f, ; , as well as the coefficients a and §, are
calculated as previously shown.

Although the ohmic-heating term is normally included in FP
simulations,!7-393! Town and Bell32 recently suggested that since its net heating
contribution vanishes for a zero-current plasma, its effect on the thermal
transport might be negligible. For all SPARK simulations considered, this
hypothesis appears to be true.

7. Viscous Heating

The total energy density deposited in the plasma, as a result of the viscous
pressure Q.. [Eq. (9)],isgivenby A,;; = —0,;,V - u;. Since the ions are assumed
cold, this energy is transferred directly to the electrons [Eq. (6)]. In the FP
equation, we achieve this by introducing a collision operation [term (f), Eq. (4)]
with a coefficient of the form

2h,;
Hyis == vis . (24)
2l =t fivfi
J
o1 T\ V28 v,
Simulations

Toillustrate the capabilities of SPARK, we consider two simulations. The first
one is of the 1-D evolution of a laser-driven planar CH foil, and the second
one is of the interaction of a spatially modulated laser beam on a 2-D planar
CH plasma.

71



LLE REVIEW, Volume 54

72

Fig. 54.1
Plotsof (a) temperature ineV and (b) density in g cm™3 as functions of spatial position 7 (um) relative to the initial
target surface. Solid curves correspond to FP simulation, dashed curves to SH simulation (with ideal gas equation
of state, full ionization, and no radiation transport), and dash-dotted curves to LILAC simulation (with real
equation of state, self-consistent ionization, and radiation transport).

1. Laser-Driven CH Foil in 1-D Planar Geometry

The simulation considered here applies to Rayleigh-Taylor instability
experiments performed at LLNL 33 It models a CH foil illuminated by 527-nm
laser light, with 1-ns linear rise followed by a 2-ns flat section.

For our initial conditions we assume an 18-pm, fully ionized CH plasma at a
temperature of 0.5 eV. The peak laser intensity is chosen to be 5x 10'3 W/cm?.
SPARK is run in 1-D planar geometry, on a Lagrangian mesh, with the full
linearized version of the ¢-e collision operator [Eq. (19a)]. The configuration
space mesh uses 150 zones, and the velocity mesh uses 35 feathered zones, with
Av; i/ Av; =111 and v; = 26670, (where v,is the initial thermal velocity of
the electrons).

Figure 54.1 shows the (a) temperature and (b) density profiles (solid curves)
near the ablation front, 2 ns after the start of the laser puise. The laser is incident
from the right, and z = 0 corresponds to the initial position of the target’s rear
surface. Using a fixed Ar=0.5 ps, the run took 15 min in CPU time on a CRAY
Y-MP with an overall energy-conservation error of 1%.

For comparison, Fig. 54.1 also plots (dashed curves) the results based on the
fluid-electron equation with SH heat flow [Eq. (6)]. From the temperature curves
we note that the fluid model predicts excessive penetration of the main heat front,
yet fails to predict the preheat at the rear of the target. This preheat, which is
caused by long-mean-free-path electrons coming fromthe i.5-keV corona, then
has the effect of decompressing the target, as seen by the broader density profile
in Fig. 54.1(b).




Fig.54.2
Plot of ablation velocity V, in cm s as a
function of time (ns). Curves are identified asin
Fig. 54.1.
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Since the target’s acceleration is found to be unaffected by the nonlocal
transport, the main implication of these results to hydrodynamic stability is a
reductionin peak density and a corresponding increase in ablation velocity (V,),
which is plotted in Fig. 54.2 as a function of time. The reduction in the Rayleigh-
Taylor growth arising from the increased V, is of obvious benefit to ICF.

However, the comparison previously made may be somewhat exaggerated
because SPARK neglectsradiation transport and ionization physics. To assess the
relative importance of these effects, the LILAC hydrocode (at LLE) has been run
under the same conditions (with no flux limit), but including a Thomas-Fermi
equation of state, ionization from astrophysical tables, and radiation transport.
The corresponding ablation-region profiles are plotted in Fig. 54.1, and V,,is
plotted in Fig. 54.2 (dash-dotted curves). As observed, there is a significant
impact from the additional physical effects included in LILAC. From this we may
deduce that an accurate mbdeling of the experiments should include not only
nonlocal heat transport, but also radiation and ionization effects.

2. Laser Filamentation in a 2-D Planar Plasma

Laser-filamentation experiments have been reported by Young,3* where a
1.06-im laser beam with a 100-ps pulse length was intentionally modulated in
space and made to interact with a preformed underdense CH plasma. These
experiments have been successfully simulated using SPARK.* Recently, however,
Rose and DuBois*’ claimed that Young’s experiments should have been linearly
stable to filamentation growth, by virtue of the finite f-number effects of the
interaction beam. The motivation for the present simulations is, partly, to address
this problem.

The simulation conditions have been describedin detail by Epperlein and Short*
The plasma has an initial temperature of 0.8 keV, a uniform density in the x-y plane,
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Fig.54.3

Surface plots of normalized laser intensity /I,
with (a) FP transport and ffeo, (b) SH transport
and ffeo, (c) FP transport and f/2, and (d) SH
transport and /2.

and a parabolic density profile in the z direction, with a peak of one-quarter critical
density at z=0. The interaction beam is spatially modulated in the x direction, with
a wavelength of 40 pm, a peak intensity /, of 5 x 10!3 W/cm?, and pulse width of
100 ps. Its propagation is calculated via the paraxial wave equation, and the
convergence effect caused by the finite fnumber is modeled by using a spherical
phase front with focus at x = 0.3 SPARK is run in 2-D planar geometry on a
Eulerian mesh with Ax = | um, Az = 20 pm, Av = 0.7v,, and Ar = 0.01 ps.

Figure 54.3 shows the surface plot of the normalized laser intensity /1, at the
peak of the pulse with f/ec and f/2 optics and FP and SH thermal transport. The
SPARK simulation took 80 min in CPU time on a CRAY Y-MP with an overall
energy conservation error of 0.1%.

Comparison between FP and SH simulations confirms previous results that
nonlocal heat transport enhances the laser filamentation rate.!%12 More
importantly, we find that the convergence effect caused by the f72 lens actually
enhances the level of self-focusing, with the filaments following the ray
trajectories, as observed experimentally .3’
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Discussion and Conclusions

This article has shown that it is possible to write an efficient electron-FP, ion-
fluid code to investigate 1-D and 2-D transport problems of interest to ICF.
Briefly, to achieve this aim the FP equation is first simplified by means of a two-
term angular expansion of the electron-distribution function, and the resultant
equationis then solved viaan ADIscheme.The SPARK code, whichincorporates
this approach, has been described in detail.

There are currently two main approximations in SPARK: it assumes a full
ionization and it neglects radiation effects. Although these approximations may
hold well in the hot, underdense corona of a laser-driven ICF pellet, the effects
of ionization and radiation could be significant in the cold matter ahead of the
main heat front. The implications of ionization effects, real equation of state, and
radiation have already been demonstrated in Fig. 54.1, for the case of SH thermal
transport. Within the FP formalism, the atomic physics would be incorporated in
the form of additional collision operators that would model such processes as
excitation, ionization, and recombination.

Another possible improvement to SPARK would be to introduce spatial mesh
rezoning in 2-D transport simulations. This capability would allow for
investigations of thermal smoothing and Rayleigh-Taylor instabilities.
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