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SUPRATHERMAL ELECTRON TRALSPQRT
IN LASER PRODUCED PLASMAS

R. J. Mason
Lo: Alamos National Laboratory
Los Alamos, New Mexico 87545

A self-consistent, ccllisional, particle-in-cell scheme has been develoovad
to nodel the one dim®nsional transport of suprathermal electrons in lasur
produced plasmas. This full Monte Carlo approach waa taken, since earlier,
simpler models have falled to explain an experimentally almost universal
ancomalous inhibition of thermal transport. The Monte Carlo scheme a.lows
for free-streanming, ion scatter, and self thermalization of the electrons,
which are moved in self-consistent E-fields computed with the aid of
implicis tluid moments. PIC hydrohynamics for the ions, vponderomotive
forces, and resonance and inverse-bremsstrahlung absorptinn cf the lignt
are all acccmodated, In application to the anomalous inhibition protlem,
use of the acheme demnnstates that intrinsic differences in the Monte
Carlo, and ccnventional flux-limited diffusion modelling of the transpor:
results in apparent and real inhibition, explaining the need for stronc
flux=)imiting in the simpler diffusion modelling of experiments.

'Thia work was performad under the auspioan of the United States Departmrnt
of Energy.



SUPRATHEKMAL ELECTRON TRANSPCIT
IN LASER PRODUCED FLASHMAS

INTRODUCTION

For laser fusion applizetions a good electron transport scheme is essential
to determine where the energy deposits in targets. From knowledze of the
detalled deposition, we can then go on to determine tne pellet nydrodyna-
mics, and ultimtely its thermonuclear burn performaice.

This paper describes a self-consistent Monte Carlo scheme, developed cver
the past few years, for the transport of electrons is lacer irradiated
targets. The current formulatinn, capabilities and limits of the schem~
are outlined, and demonstated in application to transport i-. :.. . ‘.- .
configurations.

Electron transport is dominated by collisions in the 1ntsr10r 3? a target,
where the density of background electrons exceeds 5 x 10 y for
example, However, even at such high densities an ohm's laa E field is
active, drawing a return current of cold background electrous, in response
to penetrating streams of hot electrons from t1e laser deposition sites,
Neurly everywheare in rellets E-/ields maintain a strong quasi-neutrality,
since, generally, the transport and hydirodynamic phenomena occur on scales
much larger than a Debye length A,. At critical density, where the light
is absorbed by resonance absorption, and beyond in the corora, the
principal electron transport is collisionlass and dominuated by E- and
B=flelds. At the present we avold the B-field effects by confining our
scheme to one-dimensional studies, although, in fact, the R-fie'ds may have
a most significant influence on lateral transport, An advantsea of ~0v
Monte Carlo approach is that ite extcensic. to higher dimersions should Lo
quite sti'aightforward,

In the very earliest electron transport schemes the loser energy was
deposited in a single thermal "group." The electron velocity distributi:
was implicitly assumed to be a skewed Maxwellian. The electron density n
was set equal to the l::.1 {:= charge dencl'y In,, the flow current, Je e
V,, was, therafore, equal to the ion flow J1 s Zn,V,, and heat wa=x
d!f?usod in the single electron group, in accordance with Spitzer1 therual
oonductivity. In long-mean-free path regions, such as the corona, where
the conductivity was unphysically large, it was redueed by a flux-limiter,
which would set the maximum heat flow ut ¢ = fnv_kT,, /RT”7_ with
f = 0.6 from free-molecular flow oonsidentiona.e Elte 1t waa four.y that
a much smaller f(»0.03) was needed to model experiments, a curirsity which
has motivated muoh addi%ional work.

e

For a long time it has been recognized that, in addition to heating the
thermal electrons, lasers lotuto produce a suprathermal ulectrog component,,
from the reaonance absorption’ process, for example. Zimmerman-’ was the
first to acwount for this additional high energy component using multi-
group diffusion. His early scheme had diffizulties establishing quasi-



neutrality in the collisionlessa corona, however. go avoid these, we
developed a two-component, double-diffusion scheme®, which treated b-th tre
hots and colds as flux-limited fluids, coupled by self-consistent E- and
B-fields. This approach gave the first two-dimensional results for supra-
thermal transport, but an adequate means for treating the evolving hot
electron temperature T, was lacking, i.e., T,, was taken as constant, and
the results still depended on somew!.at arbitrary flux-limiters,

To avoid these difficulties a Monte Carlo hybrid approach was developed.7
The suprathermal electrons were created at the critical surface and trans-
ported by PIC-collisional Monte Carlo. The cold electrons were moved as a
donor-cell fluid. However, to close the fluid equaticn hierarchy, we ctil}
found it necessary to emplcy a flux-limiter in the thermal heat conduction
equation, Self-consistent E-flelds were obtained by either a "plasma
period dilation technique" or a "moment method", precursory to the field
prescription used in the present paper. In response to ircident Mante
Carlo suprathermal currents, this model gave return thermal currents® that
could severly limit net heat conduction in the thermals, While the
implications of this result are still of interest, there rerainel tre
problem that experimentally aquf = 0203 limiter was required even at low
laser intensities (I € 3 x 10'" w/em® at 1,06 um), where Lhe suprathermally
irduced return currents should be weak.

Thus we have been lead to the scheme of the present paper, in which both
the suprathermals and the thermals are treated via Monte Carlo. This has
been applied to the transition regime thermal heat flow, in which the hack-
ground thermals are collision dominated, and the coronal thermals are
nearly collisionless, i.,e. effoctively suprathermal. Indeed, we find tnat
the Monte Carlo heat flow thru pellet-like densi*y profiles diffeprs esuba
stantially from the classically flux-limited diffusive flow, and that the
use of f = 0,03 can serve to bring the two doszcriptions int> some accord.

THE FULL=-MONTE CARL) APPROACH

A Monte Carlo approach has been followed, principally to provide us with
the detailed electron distribution function at each position and each
required instant of time. The electron motion 1s highly non-linear, =sc
that the establishment of sven a small charge imbalance of numerical origin
(from approximations in the advancement scheme, say) can result i~ emarm~.-
E-flelds ieading to computational instatr._lity, and’/oi groas errors in the
subsequent evolution of the system. Consequently, we cannot, tor example,
follow each elactron singly about the mesh for many time stops, only
ocoasionally renaloulating the fields, as might be our privilege, in the
oase of photon or neutron transport., Instead, all the electrons must be
advanoced together each time step, 30 as to eatablish the new distribution
function, its moments, and the new flelds. We have found tue interaction
between the electron and ion motions 1.0 have signifioant bearing on the
e¢lectron transport; consequer'ly, the iona sre also moved as Monte Carlo
partioles, although a oonventiunal hydrodynamic treatment for the ilons
would, undoubtedly, suffice for most applicationas,

At the oritical surface laser light is absorbed and suprsthermal electrons
are enit'ed., Charge oconservation is acoomplished by using weighted
partiocles, and reducing the weights of bankground partiolea, as the new
emission proceeds, From the vaouum up to critioal the light absorba by
iaverase-bremsstrahlung. To model this, wa "kick" the sub-criticsl
sleotrnns sppropriately. Arrays for "Iot" and "oold" slectrons are



preserved in the code, although with the present full-Monte Cirlo scheme,
all the electrons are treated basically the same., Thus, as a heuristic
ald, we can, for example, switch the label of an electron from hot to «~old,
once 1t has been heatad.

The electronsa scatter off ions and other electrons,7 and undergo Coulomb
drag against themselves, s0 every cycle operators are used to modify the
electron velocities accordingly. Following the velocity update from akb-
sorption asd collisions, the E-fields are calculated by the implicit momen:
technique. Then the electrons and ions are advanced according to

u(m+1) - u(m)

L) (T, L (me172) 4.

= X

where (o y m,) are (-e, m) for th ectrons and (Ze, M) for the ions,
i.e., o = 1, %¢ and i. Here, <5/ 5} z [u?m*?) ?ﬁ)]/Z. To simplify tne
storage requirements, and facilitate the centering of the collision
operators, all the particle and moment data are stoured at full time

levels - (m)., Fluid moments, n Jh 4 andp , for example, are
then attr*Buted to an Eulerian mésﬁ via standard padrficle-in-cel! area
welghting procedures,

INITIALIZATION AND HEATING

Particle Loadins

For a typical calculation we use 100 cells of equal size, with twr externa’
ghost cells to handle bcundary conditiona. Particle.. are loaded from left
to right, with, typically, 80 electrons and B0 lons pilaced at each nrel]
center in Maxwellian velocity distributions, estaolishcd with the aid of a
Gaussilan random number generator. The particles are given welghts which
are normalized so that the sum of the particle densities in each cell is
equal to the density profile prescribed for the problem o interest. One
must be ceutious in establishing density gradients 1 -ger than, say, 5-t0-1
across a cell bourdary, since subsequent mixing, of large and small welsehte!
particles can lead to noisy results and erroneocus interpertations. Zero
density cells can be eatablished by excluding particlc¢s from such cells or
Ly ascribing them zero weights., Care is taken throughout the code to do
the physically plausible tring, should one be required to divide by zero
density,

lnyerse-Bremastrahluag

Light is assumed to enter the mesh from the right. ' .ling can be aceomp-
lished by simply "kicking" and returning any partic’: crossing the right
boundary and enturing its ghost osll, More genrrally, a critical surface
is declared and body heating kicking is carried out to the right of this
surface. The kicking depoaits energy at the desired rate by adding
velocity increments to the particles, oconsistent with a Maxwcllian at the
kicker tempersature kAT, 2 3/2F, where £ ia the absorbed energy/cell-cycle.
The kicker oan be turned off when the plasma temperature exceeda some en-



tablished maximum, as might be ~xpected with inverse-bremsstrahluneg.

For striocter modeling the code scans from the right, locating the bourdary
to the right of the first over-dence cell. Then light is tracked in,
absorbing via the inverse-bremsstrahl-im~ coefficient, i.e., as exp (k-
dx), with -

2
e,n N, 23S
1 n 172
(k1,172 V3 (1 - =2)
No

e/, with \ the laser wavelenr'®

in which ¢, = 4/3 (21t/3l|'l)1/2 e6h'1c'1. v
1 - exp (=B), and tue =u:-*

and ¢ the speed of light, P = hu/kTe. Sp
factor

/2
gr-max[(;%) (1 .-1) v Bgl + B>

A} g

1/2

e i \ _1 r

@ max ;‘exp (¢) n

where the minimum By * 2(3)1/2/n is obtained from the Born qasroximaticn.‘

Here, S. correcte for spontaneous emission, and (1 = n /no) acaountes for
the gron velocity reducti~» as n_ » Ngo the critical aensity. After a
specified fraction of the . . .rgy ﬁas been dumped in the cell beyond the
critical boundary, the remaining light is reflected and again depasited .
k, until it leaves the system, Tre deposited energy in each c¢ell i=, cf

courss, then distributed over the particles with the kicker.
Resonance - Absorption

The dumped energy at cr.tinal ocan be used to heat the backgrour? slaatr-y -
with the kicker, or, alternatively it ¢ n be used to em1t15eaona3ce absorp-

tion suprathermals at1, temperat?ge Th<5°V) s 30.16 [I/10°" wW/em
(A/1.06 um)¢ T, (kevV)) 3. I>10'7 W/om“, in consistency with experimert
end theory. These electrons are usu:lly emitted in a 27° cone towards

the lasser, although any eaission angle can be specified, At moderate
intensities for glasa lasers only a small fraction of the baokground
eleotrons at oritical are needed to narry off the Jumped energy at the hir,
resonance absorption termerature. Thus, we found it impractical to try to
draw off enough backgruund electrons for reuse as a resvnance emissicn dis-
tribution, and chose inatead to emit tolally new particlea, while reiucing
the weighta of all the bankground particles in the emission cell. This
complio:ted the bookkeeping a bit, but providea much more latitude in
deaoribing the suprathermal traniport.



Ponderomotive Force

The light pressure pushes ?E the electrons, conceivably altering their
transport characteristics. T0+Todel this, prior to collision, the
electrons are accelerated to u'®'’ in the ponderomotive force F accordinc

tc
-1/2
LYo I C. DR M R ¢ TP P n(x)) st .
2cn m 9x ng

Here I(m)(x) is the sum of the incident ard reflected intensities
determined during the absorption caiculations. Again, the root tera
represents the effects of the slowing of the light group velocity near
critiecal, nge

COLLISIONAL EFFECTS

Scatter

It is assumed that an electron undergoes many small angle deflections on
crossing a firite thickness of tarzat material. Since the succesaive col-
lisions are independent avents, the central limit theorems indicates tna:
for Rutherford s-attering, the distributicn of net deflection angle=, & 5 N
from the rqryard direction of each electron, will be approximately
Gaussian, ‘v ie.,

P
g(5) = 2(2n ¢89)=12 gyp = (s
2¢062)
with, w2y o enplo=2.=3aen 202 4 1) 1~7 )\, HMerg, 2% 3 uw? 4 v2 e 1
particle speerd, v 1s its éransverse velocity v€ = u c «+ u,“, and cit is thr
target distar crossed between each commutative r*!’!ﬂr. T 7« 1 the 7

is for scatter: off lons and the +1 accounts approximately for the sca‘ter
off electrons. In each At random number generators a=~ callad ta pick &
new 6 for each electron and a new uniformly distributed azimutnal angle ..
Thus, if the electron velocity vector is at an anple ¥ relative to the
¥=1x{s such that cos ¥ » u/c, it acquires a new angle {', satisfying co= '
= 8in y 8in 0 cos ¢ + cos ¢ chs O, After a scatter thry ¢ and @ “rom (v~
original trajectory the new velocity components are u' = c coc ' ana v' =
c sin ', Overall in a sca‘tering event the velocity vector of a particle
is simply rotateq and its energy conserved. When the backg!ouni density -
squielnt]y low, or the electrons are sufficiently hot with large ¢ values,
€<0> <C 1 and the electrons are essentially undeflected during the time
atep.

Drag

Coulomd drag slows each eleotrons against all the other electrons. To
model this we first reduce the electron speeds by



un 3 .2 1/2
Ac = 'L_: At G(£) log A , E = (3'“#) ) (3a)
in which
.76 F
G(E) = 0.376 (5t)

(1+ 0.542 £ - 0.504 £2 4+ 2.752 23)

is a polynomiaé fit to Sptizer's error fu.ction combination.’" For £ > 1,
G(E) ~ kT4/(me®) and eq. (5a) goes to eq. (5a) of ref. 7. However, for
lower apeeds G(f{) peaks roughly at 0.2 for £ = 1, and G(F) =+ 0 when 7 » ",
Within each cell the drag process should be momentum and energy Jonserving,
80 the snergy lost to drag is redeposited isotropizly in the ori~irn:l 4rire
frame of the electrons by the usual kicking procedure. The net drarc
operator drives all the electrons to a local Maxwellian, while affectirnr
the slowest and fastest electrons least.

As formulated, theae proced''res treat collisions accurately, only so lor.:
as v(c)At = 1/2 <9¢> < 1. Thus, in practice, for the calculations of '
is either truncated at unity or replaced by 0 + 2 arctan (6/2), which
varies smoothly from 0 to m as 9 + 0 + =, In regions where v(e)at >> 1,
diffuaion should apply, and Monte Carlo rree-streaminr of the eientr:~- ‘r

(1b) results in excessive excursions for the particles that ignore the
browrian character of the motion durinFs the ma=v !-=-w anpie collisions in
the interval at, Similarly, the drift in E from eq. (1a) will be an
overstatement. A guaranteed cure for these difficulties i3 to switen to a
fluid discription for the collisional electrons in such reginrn:-, as accompa-
lis..ed in ref. 7. Alternatively, a form of flux limiting for the Monte
Carlo is under consideration, by which rq, {1b) would be replazed by

. ,(m) TR
METI DR YN u'at - - eﬁ(i) : (ut? 1 :
[1 e (vie)an)]'’s mil e vie)et
This should effer®. brownian diffusionr and ohm's law d.ift when 4% > 1,

and classical =screaming between ¢cnllisions in the more traditional o't ¢ 1
Monte Carlo limit.

THE IMPLICIT E-F1ELD

The E-field 1s obtained by the implicit moment method.? This freen un frorm
the need to calculate on the local “lasma frequency, w_ = Uwe‘n /m, time
soalo. The method uses the fluid moments acoumulated chh cycle from the
parcioles to predict the densities n that will prevall, as a function of E,
at the end of the next time step. These densities are put in Poissun's
equation, which is then aclved lnplie*tlx)ror the new predicted E. The
predioted field is then taken to be t ih' Efr§1CI°’ are
accelerated in the centered field E¢') » (E(P+) mlyse.

Thus, in the absence of collisions, from the momentum ecruations we got“



ap (1)

(me1/2) _ (@ _ 1 (o (ho(n)y At
-3\! - Ju "‘a [ ax qun E ] 2 L] (7a)
Here, J, = n,V,, and 23 2 ng (kTy + m Uuz) is the second moment over

particles, i.e., m Iu“. This is used with continuity

~ (m+* 3 . :
na( +7) . "Q(M) - (3(m41/2))A_ ' (72)

and the int:grated Poisson equation,

X
E(m+1) - uyr |

i

(o]

qaaa(m¢1) dx + E(m+1)(0) . (72)

e

Solving the eq. (7), asruming E(0) = J(0) = 0 for a quescent or symmetir
left boundary we cbtain

X (1 z 2
" . , . 9, aP a2 wlé(at) fon.
Hﬂ{f L qanukm’dx s qaju(n)At * . = : ) - y E‘”)f
E(m+1) = Q Bq X 2 ‘
NIZ(At)z (.F)
1 « -B_TT_-—;
in which,
2, * .,
w'z = urme ‘ne(l) +5 Zzni('), (At)g ]

we have found it sufficient to use n{') ¢ n(M gng P(T) | p(m)  aa lone ae
the time =vep ir o~nfined to a Courant condit!nn At < At (Courant) = .
ax/ (iUt « /KT 7m). S?gguhaatigrgfr)time step:- are pertmi‘ted with g = n*)
n?d)the(:’so hgrgal‘ pH! ?.g KT'®’ or "adiabatjc" assumptions r(i) .
P\ (pn\"/n'm)y 3 yaing n x Zni(m) - 1/4ne 3E' " )/3x and iterating
eq. (8) to convergence.

In the quasi-neutral limit w!At >> 5, which ia of primary interest for
laser fusjion, when the ion ake motionless (M + =), eq. (8) rearranges to
glve



X 1 (at)?2

-an{f §n ™ ax - 3, ®at 7L 2 £l

£(®) E(m+1) . E(m) 0 "a
3z — 2 =

(4,
ene(h(bb)2

When the In, (m) ang Li, (m) 'eorcsetion ter ;" are n?g§ect?d, eq. (9)
reduces t»o the ramiliar form E = =1/en (1) /39x, If there is a
lack of quasi-neutrality in the present cycle, the correction terms give
E-P1el§ components that will act to correct this imbalance in the next
eyzie,

Denavit15 and o:Hers16 nave sugzested an altered centering for the field,
eq. (9), and for the particle eqs. (1), that can act to damp out the
highest frequency plasma waves. We, however, have favored centered formu-
lations of the implicit moment method for overall energy conservation,
particularly 1: transport applications. ( S‘actic?dl &o insure ? 3bility
we do introduce a little damping by using E = OF - 9)E'T/

0.55, for example, and modifying eqs. (8) and (9), aceordingly. Also, for
effective centering, it is necessary to proe ct the particles to their
positions at half-time, when sampling the E for eq. (1a).

The effects of sour heating znd collisions on the E-f'ield are included by
149

accumulating the a '’ after these processes, and by the substituticns
gim) . glet) g ytmd (A R (10)
at s o 2
]

in which 3j/3tlg , = ry(a®) _ J(m))/?t ?nd ?(m ) 1s 2 gymulated following
the heating and dollisions. Thus, (m) oy )72, because of the
oentering employed. Without this centering the i j, m) At correction te:
in eqs. (8) and (9) can rapidly cool the plasma in strongly collisional
regions, due to an interplay of fluctuational currents created by the col-
lisions process, and the E-fields responding to drive these currents to
.ero. Po'?ver ftsona scattering tends to reverse eurre?n §1uctuations.

» 80 with the eq. (10) centering I j, At tends to
zero, improving the energy conservation.

Eventually, for improved ocalculations in the strongly collisional regime,

in conjurction with the use of eq. (6), we anticipate that the mean colli-
sion operator in eq. (7) will be made implicit, so that for electrons

LRI TS 172) Bt
7 (@e172) | g (m) + o B 7, ™ )? \ (11)

where “& is a suitable mean collision fre?ueqq¥’7 Then the c?‘SQnt’ should
go properly to their ohm's law values, J, y when v At
> 1.

nv\ I-nn



ADDITIONS

Pending additions to the model are: (a) the inclusion of a circuitry
capability tn permit the study of rharged elements in targets, and
specifically, an examination of fast electron bleed-off from target
atmospheres and (b) the implimention of ion-ion self collisions, as
performed for the electron drag, to allow studies of ion counter-streamingz
coupling, and ion-beam target interactions.

APPLI1CATIONS

The tranpsort of rescnance absorption suprathermals, T, > 20 keV, has been
treated extensively with the hybrid Monte Carlo code of ref. 7. the
present fully Monte Carlo model was developed chiefly to explore the trans-
port of mildly euprathermal elcctrons, produced at from 1 to 4 keV by the
inverse-bremsstrahlung process. It appears that the new model is now
sufficiently complete, so that from the results of its applicatior to a
number of simple test problems, we can finally construct an explanation for
the anomalous transport inhibition of thermal electrons.

AN END-HEATED UNIFORM PLASMA

As an 1aitial application we looked at the “transition regime A 4L
transport configuration, recently investigated by T. Bell et aT.' at the
Rutherford laboratories. They simulated by Fokker=Planck a unirorm plasra
heated at one end to four times its background temperature, T /T 4. 1In
Bell's study the hot electron mean-free .path was 6 computationaﬁ eells.
and the cold A s _Ax. The Rutherford workers found that a flux limit
factor, f = q/ngva ), V /ET’7_ of 0.1 was established in their
simulations, at the poin% of naximum temperature gradient. Here T ies the
local mean temperature of electrones in the plasma. For example, T_ =« (nh
+n Tc)/(nh + n,), if colds are change” to hots upon entering the Eeating
region.,

Our results for the same pnoblem are collected in Fig. 1. All the frames
are for 2.9 ps (=2.9 x 10°" shakes) after the heating was initiated in the
6 cells to the right of the vertical fiducial. A total of 100 cells wa=s
employed with Ax = (.24 um. The ions are held motionless. Frame (a) plots
Neg = N + N, and Zn;. We took Z to be 10 for 5102, the Rutherford wcrkers
used Z = 4. Although the electron density is allowed to vary, the implicit
E-fleld obviouai* 1oe 3 ng = Zn,, and no signifiecant fluctuations from the
initial n_ = 10 is evident, even near the heating region. We
allowed tﬁe kicker to heat the electrons to an average of 1.7 keV in the
heating region, should the temperture rise above this level for a cycle,
the heater was shut off. Frame (b) shows that a potential 8§ = - g* E dx of
~2.7 keV has been established in the heating region, capable of trapping
electrons at 2.7/1.7 = 1.6 times T, -~ and drawing in the required cold
return ourrent. Frame (d) showr tne phase space of heated particles,

Their thermal spreed is obviously greater in the heating region. particles
striking the left wall were returned to the piasma with positive velocities
in a Maxwellian distribution at the initial background temperature

0.43 kev.

Finally, from fram. (c) we extraot the significant results. It gives both
the Monte Carls r-:ults, and results at the sase time from a piggy-back,
single-group, flux-limited diffusion calculation =~ for corpcrison., That
is, the energy deposited into the M.C. particles recorurd, and the same
energy is sourced into the parallel diffusion calculations each cycle,



Thus, at 2.9 ps we get two temperature prcfiles, the smoother one is for
flux-limited diffus‘on for f = 0.3, the wiggly T curvp i? for the Mz:t.
Carlo3 We also plot the local effective r. s .q.(mnv . uh?re q = Qun~ =
I mnu” for the Monte Carlo, and q = qq = qu/L1 + 1q ?fnrv )’z q, = =X
ar./ax, for the diffusion. These are essentially tHe normalized heat
fluxes. Note that the flux-limiter is introduced as a harmonic mean; we
have not inveatigated the case where 1t is imposed as an absolute maximum.

With £ = 0.3 the Monte Carlo and limited diffusion temperatures agree in
the heating region, so do the normalized heat fluxes fe (s fy and f C)
neighboring the heater. The effective re is lower at the heater, 0 2, dus
to the smooth way the limitation 1s introduced., When stronger limitation
is employed, e.g. for f = 0.1, the coronal diffusion temperature is
mismatched and climbs to 3.0 keV, With f =z 0.5 this temperature drops to
1.3 kaV. In each of these cases the hLeater boundary f_  values fajil tn
match, as well. Thus, to match ocoronal temperaturer, f should be CT.3.
However, in the body of the plasma at 2.0 ps the diffusion temperature i=
much too high near the heater. The fundamental problem is that the limited
diffusion front advances thru the material with the form ol a nen-linenar
heat wave, while the Monte Carlo heating penetrates much like a free-
streaming expanaion. The first profile is convex, the second concave. At
any time the diffusion profile stores significant heat behind its front
that the Monte Carlo profile has sent a head from the distribution tail ar
suprathermals. Thus, one can conclude, the diffusion profile will heat
less matter near the kicker to higher temperatures than will the Monte
Carlo profile. Hence, the diffusion prolile should lead t> higher
radiation emissiona, and increased ablation. To bring the two temperaturs
profiles into accord in the body of the plasma, one could increase [, at
the expense of a temperature mismatoh in the corona. Historically, experi-
ment has manifested too much emiasion and ablation with f = 0.6. This
simulation indicates that the problem hRs derived from the inabllity of the
flux-limited diffusion Lo mock-up the detailed character of the transition
region thermal flow.

We note that these conclusions are essentially unchanged whea the
simulations are performed in the absence of scatter and drag. 1In this cane
an f = 0.5 is needed to matoch the coronal temperatures and heater=bouniary
heat flux. Again, a much larger f is required to match the temperatur:
profiles in the body of the plasma neighboring the heater.

HOT CORONAL PREDOMONANCE

As a seocond application we look at transport thru a densitv jump. The
previous problem is modified by raising the density ton, = 3 x 102
for x < 12.1 ym, turning off the scatter and drag, and tﬁickening the
heating regions. The ions are still fixed.

Figure 2 shows the results after 11.9 pa. Frame (a) plots Zn and Ny
A oold electron is converted to a hot eslectron upon being kiok gn the
heating region. A potential risa develops at the denasity drop. The
denaity of heated eleotrons drops about 50% across the jump. This is alan
evident in the phase plot, frame (d), which shows only the hots. HKerc,
frame (o) displays _'ust the temperuture profiles. The diffusion ourve ia
for f = 0.6. By 11.9 pa the diffusion profile is nearly flat thru the
jensity jump, while the Monte Carlo temperatur. profile sustiain: tne

1.7 keV driving temperature to the right of the jump, and drops essentially
tc the diffusion temperature to its left,



This simulation leads us to two important observations. (a) Firsti, in a
two component collisionles: system of hots and colds, the hots tend to
dominate the lower density corona, i.s., in the oorona T, = T,. 1In the
denser interior there will be a mixture of hots and colds, so that for a
large density jump and a moderate temperature difference the interior tem-
perature will be T, = (nyT, + n,T,)/n, = T,. Thus, at the interface there
can be a large temperature jump, But no necessity for heat flow, The tem-
perature gradient is sustained by the small potential required to keep th:<
ocolds in the high density region. In such a configuration q » =K aT./ax
simply fails to apply at such an interface, although a dJdesired temperature
gradient can bm established with the use of an appropriate flux-limiter.
(b) It is more difficult than has been gensrally believed to draw a signif-
icant return current down thru a density g.-adient. With body heating,
nearly half the low density elestrons are kicked into the high densi:y
region. The return current muat drift thru a "field..filter™ which returrr
most of the high density electrons to the left and accelerates the
remalining few to the right at ~ half the low number density to the hot
electron speed. If the filtered incident colds fail to reach the hot
speed, they cannot supply the required return current, and some hots will
be inhibited, retained and recycled in the heating region. Thus, frame (b)
shows a significant accelerating (negative) E-field at the density
interface, and the development of the 0.8 keV potential, retaining some
hots, to its right. We note that the restoration of scattering ard drag t»-
these caloulations, smears the temperature and potential curves somewhat,
but leaves these oconclusions inva: iant.

ION MOTION EFFECTS

An E-field develops to draw a return current: (a) into body heating, e.r.
inverse<bremsstrahlung, regions, and (b) down thru density gradient
regions, On the icn times scale these flelds act to lower the density in
body heating regions and at the foot cof density ramps. This is evident
from the Fig. 3 results. Frame (a) shows the Zn, profile after 2.9 ps,
under the conditions for Figs. 1 and 2, but with scattering and drag "of?"
and the ions permitted to move, but with a reuced mass ratio, such that
Mn/m » 100, with M_ Lh3 mass of , nucleon., (Thiu=, in fact, this motion
woulﬁ not occur unt?l (3836/100)1 2 x 2.9 ps 2 12.4 ps.) The oritiocal
surface has been arbitrarilv placed at 8.2 um to separate the body
heating, and density Eqad;agt effects. Clearly, the density has been
decreased to 0.6 x 10°' em™° by the return ourrent .'ields. Frame (b) shows
that a negative E arises at the two interfaces and that the potential riaer
in two ateps to 6 keVY. Frame (¢) showa the diffusion and Monte Carlo tem-
peratures differing in the now familiar sense, and frawe (3, :lots the coill
(unkicked) electrons showing their terdency to achieve high velocities to
produce the necessary ourrent at low densities., Thus, the field for a
return current exerts a ponderomotive-like effect at density gradionts,
aoting to asteepen them. Similarly, the body heater produces a ponderouo-
tive-like thermal force that steepens the density profile at its boundary.
The latteir effect does not arise in single fluid limited Aiffusion treat-
ments, which agsume that the necessery source of thersal eleatrons for
huating is always available. We note that these ion motion reductiona in
the density will tend to amplify the apparent and real iihibition effecta
observed with Figs. 1 and 2.



DUMPALL HEATING

An important observation comes from the comparative heating study that
produced Fig. 4. Frames (a) and (b) show the density and temperature con-
figurations at 4.6 ps, when the energy is deposited by body hea.ing up to
critioal, which is here calculated by the code for 1.06 um light. The
density has started to drop below critical where the boundary of the body
heater merges with the density gradient. The Monte Carlo temperature is
twice the diffusion value in the corona, while the f = 0.6 diffusion
profile has become flat. Framees (o) and (d) give the result, but for an
earlier time, 1,9 ps, when all the energy is dumped by kicking the thermals
at oritical intc a Maxwellian distribution. As usual, a cold electron ir
given the hot label as it is kicked, and hots can be rekicked. In this
case the Monte Carlo energy flows freely in both directions =-- - Lh the
differences between the Monte Carlo and f = 0.0 diffusion temperatures
being essertially those of Fig. 1. We see that the body heated (e.g.,
inverse-bremsstrahlung) energy is truly inhibited by the fields drawing a
return current, while energy deposited below 2ritical, as from resonance
absorption, freely penetrates, aided by the relatively larger supply of
return current carrlers.

ABLATIVE HYDRODYNAMICS FROM INVERSE-BREMSSTRAHLUHNG

In order t¢ atudy the combined consequences of these effects, the Fig. ©
simulations were performed. The energy was absorbed by inverse-bremsstrs!.-
lung up to critical; the classical ponderomotive force waszqfr. Initially,
the B*lsma was established with an upper density of 5 x 10 cm'3, anu 0.7
x 10 cm'3 as the lower shelf density, absarbing the energy. As the
associated illumination prooceds, the dense region is gradually heated and
expands., The fields assoclated with expansion tend to cancel the flelds
working to draw the return current. Frames (a) and (c) are for Munte Zarlo
electrons for frame (b) and (d) we heated a single f = 0.6 diffusion group
of eleatrons, for which n = In,, with the iona accelerated by E = -(ene)'1
A(n, T )/3x, as in nonvent!onal ydro-codes. The results are for 7.2 ps
after the start of illumination, with Mn/m = 100. The diffusion results
are from runs with f values between 0.6 and 0,01. The diffusion fiducial
is for f = 0.6.

Comparing the two solutions, we see that under Monte Carlo the critical
surface has been pushed Lack substantially below the * = n,{ Jdiffusion
loocation. The Monte Carlo solution shows much less matter heated t=: L:i-Y
temperatures, Also, the dirffusion coronal temperature best ma*ches the
Monte Carlo temperature for [ » (.03. These results are, at least, in
qualitative agreement with the experimental findings that have encouraged
the use of a severe flux-limter, Thus, it appears that these many differ-
ences in the diffusion and Monte Carlo discriptions ocollectively explain
the anomalous limitation.

CONCLUSIONS

Our full Monte Carlo approach has Seen shown to provide an effective tool
for eleotron transport analysis. With it we have ahown that apparant and
real thermal inhibition results frow the fundamental differences inherent
in single=group flux-limited 3iffusion and Monte Curlo models, for thermals
heated to long range, suprathermal erergies.
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