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SUPRATHERMALELECTRONTRAhSP/RT
IN LASERP!IODUCEDPLASMAS

R. J. Mason
Lo: Alamos National Laboratory

Los Alamos, New Mexico 87545

A self-consistent, ccllisional I particle-in-cell scheme has been develoD,2fl
to model the one dimensional transport of suprathermal electrons in lns,:r
produced plasmas. This full Monte Carlo approach was taken, since earlier,
simpler ❑odels have failed to explain an experimentally almost universal
anmrnalous in+ibltiotl of thermal transport. The Monte Carlo scheme a.lows
for free-streaming, ion scatter, ●nd nelf thermalization of’ the electrons,
which are ❑oved in self-consistent E-fields computed with the aid o!’
Impliei!. fluid ❑oments. PIC hydrodynamics for the ions, ponderomotive
forces, and r’eaormnce and inverse-bremsstrahlung abrorptinn cf the 11F2:
are all acccmodmted. In applioatiol~ to the anomalous inhibition problem,
use of the scheme dm~nstqtes that intrinsic differ~nees in the Monte
Cat’lo, and ccnvenLlonal flux-limited diffusion modelling of the transp~r:
resultis in apparent and real inhibition, explainin~ the Imcd for stron~
rlux-limitin~ in the simpler diffusion modelling o? ●xperiments.

------

9
This work was performnd under tho muspio~m of the United Statea l)ep~rtm~n!

of Energy.



SUPRATHEhMALELECTRONTRANSPC~,T
IN LASER PRODUCEDFLAS14AS

INTRODUCTION

For laser fusion appli~etlons a good electron transport scheme is essential
to determine where the energy deposits In targets. From knowledge of the
detailed deposition, we can then go on to determine tile pellet nydrodygti-
❑ics, and ultimtely its thermonuclear burn performance.

This paper describes a self-consistent Monte Carlo scheme, developed ever
the past few years, for the transport of electrons is la?er irradiated
targets, The current formulatjm, capabilities and limits of’ the sche??~
are outlined, and demonstrated in application to transport i-, L. ., : ‘..; -
configurations.

Electron transport is dominated by collisions in the int rior f a tarpet,
% !where the density of background electrons exoeeds 5 x 10 L cm- , for

example. However, even at such high densities an ohrt!~s law E-field is
active, drawing a retu~n current of cold background electrons, tn response
to penetrating streams of hot electrons from the Ias?r deposition sites.
Ne&rly everywhere in pellets E-;ields ❑aintain a strong quasi-neutrality,
since, generally, the transport and hydl’odynamic phenomena occur on scales
❑uch larger than a Debye iength AD, At critical density, where the light
is absorbed by resonance absorption, ~nd beyond in the corora, th(~
principal electron transport Is collisionlms8 and dominuted by E- anti
B-fields, At the present we avoid the B-field effects by vonfinin~ our
scheme to one-dimensional studies, although, in fact,, the P-fie:cis may have
a most significant influence on lateral t,ranspert. h? adv33t5Pfi Pf 7:8
Monte Carlo approach is that its ●xtcnsi(,) to higher dimefisions shoul.1 1)11
quite stb’alghtforward.

In the very earliest eleatron trnnsport schemes the lcser ●nerdy was
deposited in ● single thermal “group, “ The electron velocity distribution
was implicitly assumed to be a skewed Plaxwellian, The ●lectron density ne
was set equal to th( l:;.: 1:’-, c}lar~- denclb.y hi , the flow current, .je ~’
n V , waa, therefore, equal to the ion flow ji s ZniVi, and hetit ~as
d!f!uaed in the single electron gro’~p, in accordance with Spitzer ther~al
oonduotivity. In long-mean-free path regions, ouch as the ceronn, wherp
the conductivity was unphysically large, it was reduc!ed by ● flux-limiLer,
which would set the maximum heat flow ut. q z !%v kT , Ve s fi~e~, with
f’ x 0,6 from free-molecular flow considerations .2 ~at~ it was fou~.d that

5a muoh smaller f(gO,O?) was nm?ded to model experiments , a ourirsity which
has motivated ❑uoh ●dditional work.

For a long time it has been recognized that, in ndditiol, to heating the
thermal ●leotronn, laaere ●otuto produoe a suprat,h-rmal ulectro compon~nt,

!from the reaonanoe absorption process, for example. zi~~rman was the
first to ●o~ount for this additional high en!~rgy component using multi.
group diffusion, His early scheme had di!’fi~;ulties establishing quasi-



neutrality In the colliaionlesa corona, however.
z

o avoid these, we
developed a two-component, double-dif’fusion scheme , which treated b?!? t’n

hots and colds as flux-limited fluids, coupled by self-conslatent E. and
B-fields. This approach ~~ave the first two-dimensional results for supra-
thermal transport, but an edoquate means for treating the evolving hot
electron temperature Th was lacking, i.e. , Th was taken aa constant, and
the results still depended on somewkat arbitrary flux-limiters.

To ●void these dlfficultieg a Monte Carlo hybrid appraach was developed,’
The suprathermal electr.ms were created at the critical surface and trans.
ported by PIC-oolliaional Monte Carlo. The cold electrons were ❑oved as a
donor-cell fluid. However, to cloee the fluid equztlcn hierarchy, we cti:!
found it necessary to emplcy a flux-limiter in the thermal heat conduction
equation. Self-consistent E-fields were obtained by either a “plasma
period dilation technique or a Hmoment method”, precursory to the field
pretsoription used in the present paper. In response to ircide~f ~>nte
Carlo suprathermal currents, this model gave return th~rmal currentse cr,z:
could severly limit net heat conduction in the thermals. While th~
implications of thla result are still of interest, there rczzizc; tnc
problem that experimentally ii

?qf i
= O 03 limiter was required even at low

laSer intensities (I c 3 x 10 w/cm at 1.o6 urn), where l.he suprathermally
i~duced return currents should be weak.

Thus we have been lead to the scheme of the present paper, in which both
the suprathermals nnd the thermals ere treated via Monte Carlo. This has
been ●pplied to the transition regime thermal heat flow, in which the back-
ground thermals are collision dominated, and the coronal thermals are
nearly collisionleas, i.e. effectively supratherrnal. Indeed, we find tnat
the Monte Carlo heat flow thru pellet-like densi’y prafilas d!fr~rs s::?-
Stantially from the classically flux-limited diffusive flow, and that thr
use of f = 0.03 can serve to bring the two descriptions int~ some azcord.

THE FULL-HONTECARLOAPPROACH

A Honte Carlo approach has been followed, principally to prgovide :]s witn
the detailed elaetron distribution function at each position and eac!l
required instant of time, The electron ❑otion Is highly non-lineer, sp
that the establishment of ●ven a small charge imbalance uf numerical origin
(from approximations in the advancement ~ehome, say) can result 1- ~nqrrfi ;,
E-fields ieading to computational instah-lity, andtohq ~roas errors in ~,t,~~
subsequent evolution of the ayatem. Consequently, hw cannot, l’ur exampl~,
follaw each electron singly aboue the mesh for many time steps, only
oooasiohally reoaloulating the fields, as ❑ight b~ our privilege, in the
ease o!’ photon or neutron transport, Instead, ali the electrons ❑ust br
advanoed together each time step, so ma to establiah the new distribution)
funotion, 1?.s ❑oments, ●nd the new fields. We have found tile interact~on
between the electron ●nd ion motions lo have significant be~ring on thp
eleatron transport; consequel,lly, the ions are also ❑oved as Monte Carlo
partiolea, ●lthough a oonventi~nal hydrodynamic treatment for the ions
would, undoubtedly, muffice for most applications,

At the oritioal aurfaca laser light 18 ●bsorbed and suprathermal electrons
are emit’ed. Charge oonnervation la ncoornplinhd by using weighted
partioles, and reducing the weights of’ bafikground partiolea, ●s the nw
emiaaion prooeeda, From the vaouum up to critioal the light absorbs by
i.}verse-bremsatrahlung. To model this, we “kick~~ tho sub-critical
rnleotrnns appropriately. Arrays for “hot” ●nd “oold’~ slectrona nrp



preserved in the code, although with the present full-Monte C:mlo scheme,
all the electrons are treated basically the same. Thus, as a heuristic
aid, we can, for example, switch the label of an elect?on from hot to oold,
once it has been heat?d.

The electronn scatter off ions and other electrons,7 and undergo Coulomb
drag againat themselves, so every cycle operators are used to modify the
electron velocities accordingly. Following the velocity update from ah-
sorption a d collisions, the E-fields are calculated by the Implici: momn?.
technique. ~ Then the electrons and ions are advanced according to

qaE(4)
“(m+l) . “(~) .— At ,

m

where (qa, ma) are (-e, m) for th ) for the ions,
~& TO simplify tn~i.e. , a : r,, c and i. Here , u(m+f/~~e~t~~?~+~~d+(~ .

storage requirements, and facilitate the centering of tht? collision
operators , all the particle and ❑oment data are stored at full time
levels - (m). Fluid moments, ‘h C i’ jh c I andph c ~, for ●xample, are
then attr uted to an EulerIan rn~s~, via’standard p~r~lcle-in-cell area
weighting lb procedures,

INJTIALIZATIC)NANP HEATING

For a typical calculation we use 100 cells of equal size, with two externa!
~host ceLls to handle bcundary conditions. Particle: are loaded from left
to right, with, typically, 8(! electrons and 80 ions piaced at ●a?h fiI=ll

cent!?r in Maxuellian velocity distribut~ons, establish~’d with the aid of a
Gaussian random number generator. The particles are giv~n weights which
are normalized so that the sum of the particle densities in each cell is
equal to the density p~ofile prescribed for the prOblQ!7 o? lntere~t. Onp
must be ceutious in establishing density grac!ients 1 “ger than, say, 5-:0-1
across a cell bour,dary, since subsequent mixin~,, of larg~ and small weis!.,ta!
particles can lead to noisy results ●nd erroneous interperttitions. Z~ro
density cells can b~ established by excluding particl(s from such cells or
by asc~’ibing th~m zero weights. Care is taken throughout the code to d,
the physically plaugible t~lng, should one be required to divldc by zerc
de:~stty.

Wer-Br amanLu0hhJi16

Light is ●asumcd to enter the mesh from the right. :’ .,:in~ can be acromP-
liaheil by sjmply “kicking” and returning any partlcq’j creasing the right
boundary ●nd ent~ring its ghost 0*11, More gewrally, a critical surface
is declared and body heatinf kicking Is oarried out to thp right of this
surface. The kicking deposit.a energy ●t the detsired rate by adding
valocity Increments to the partioles, Oonsietent with a Kaxwrllian at the
kicker temper?twe kATk = ~/2E, where E in the absbrbed ●nergy/c@ll-cycle,
ThR kicker can be turned off w!len the plaema temperature cxcpcds scm pn-



tabliahed maximum, ●8 might be @xpected with inverse-bremsetrahlun~.

For etrjoter modeling the oode scans from the right, locating the bour,dary
to the right of the first over-den~e cell. Then light is tracked i~,
●bsorbing via the inverse-bremsstrahl’in~ coefficient, 1,?, , as exp (-k.
dx), with

A

clneniZ2gfS

‘I ‘ 11~ ‘

(kTe)l’2v3 (1 -~)
‘o

(2%1

in which c1 : 4/3 (2m/3m)1’2 e6h-lc-1, v S cI1, with 1 the laser tiave:eRF!?
and c the speed of light, 1? E I?”;/kTel SP = 1 - exp (-5), and L::L. ;“,:”,’
factor

“__&_#2.! :@E ‘;’: zax ;, -0.57721 , r ! ?(/:
n I:! ‘ t

1’2/w ~s obtalwd from the Bornwhere the minimum gm ■ 2(3)
Here, S corrects for epor~taneous emission,

E
and (1 - n/n )fps%~;;l;~r’~r

the gro p velocity reductin’l ●a n ● no, the critical len~lty.
epecif’ied f’ractim of’ the ‘. .,rgy gas been dumped in the cell bey%e[?:
critical boundary, the remaining light la reflected and again dep.~sice.i .:
kl until it leaves the system. Ttie deposited mwrgy in each c~ll is, CT

course, then distributed over the particles with the kicker.

The dumped energy at cr.tioal cian be ueed to heat the backgroun? sum-??-:,,.
with the kicker, or, ●lt~rnatively it c n be used to emit eaona ce al}sorp-

9 ‘emperatY5eJg#ev) ‘ 30”’6 ‘1’ ‘0’7 ‘“59M%p% ‘YM”3, I B 10 in consistency with experimer,t
and theory. 11 cThese electrons are usu~liy ●mitted in n ?~” con~ toward:l
the laa~r, ●lthough ●ny emission angle can be mpesified, At moderat?
intensities for #laB8 Laears only ● small fraction of the baok~round
oleotrona at oriticfil ●re needed to narry off tlm dumped ●nergy ●t the hi:?~,
resonanoe mbeorption temperature. Thus, UP f’aund it impractical to try to
draw off @nough baokgruund ●leetrone for reu~e se ● reawmnom ●miaei:n dis.. .
tribution, and ohoBe instead to emit totnlly new partiel?s, while reduuinfi
the weights of’ nll the bafikground partiolee in the emieeion cell. This
oomplio~tod the bookkeeping m bit, but provides much more latitude in
deaoribing the euprathermal tremport.



The light pressure pushes
tranaport Characteriutioa. ?$

electrons are accelerated to
tc

u (m?) .u(”)=~~
2cnom ax

the elect~on~, conceivably altering their

TY
o+ odel this, prior to oolllaion, the

u “ in the ponderomotive force F accordi~.g

-1/2
n(x)[I(m)(x) (1 -— ) ;At.

‘o

Here I(m)(x) 18 the sum of the incident a~d ref:eoted intensities
determined during the abaorptio~ calculations. Again, the root term
represents the effects of the slowing of the light group ve:ocity near
critical, nom

COLLISIONAL EFFECTS

It is assumed that an ●lectron undergoes ❑any small angle deflections an
crossing a ficite thickness of targzt material. Since tbe successive col-
lisions are independent m?ents, the central limit theorems indicates tna~
for Rutherrorj szatte~inr, th~ di~trlbuticn of n~t deflection angl-q, F > 0
from the ~qr~rd direction of each electron, will be approximately
Gaus9ia:, -J i.e.,

: 2(2W <92>1-1/2 ●xp

.*,:..!, /,.?, : ~Wfi4m-2~-~Atn Z(2 ● ,, ~a: ,,,,.
i

Rcr
par~icle npeedj v 19 its ransver9e velocity v5’:< ; :2u#a:; :;; 1.,.,

target dlsta” x
.-,,

crossed between ●ach cmrnutativp ?- ●?@:h, ?r, 7 + 1 t+~ ?

is for scatter~ off ions and the +1 accounts appr”oximat?ly for the scatter
off ●leCtrO~St IrI each At random nUm!Je~ Frneratorr n-a ealld t? Fjek a
new e for ~aeh electron and a new uniformly distributed azimuthal angle . ,
Thus, if the ●leetron velocity vector is at an anple ‘+’relative t@ the
Y-~x~s such that cos W ● u/c, it ●cquires ● new angle i’, satisfying cos ;’
= sin # sin 8 cos $ + cos $ c.~s 0, After ● scatter thrti “ an~ ! ‘rm !*-
origin~l tra.jactory the new velocity oomponenta are u’ ~ c cos . I d;)~ v’ ■

c sin $’. Overall in a scattering event the velocity vector of a particle
la ~imply rotmtml and its ●nergy cons$rved. When the backglounj density i.-

$
su ficlntly low, or the ●lectrons are aufficlvntly hot with large c values,
<0 > << 1 and the electrons ●r~ essentially unreflected durlnp the time
step,

Coulomb draR S1OWS oaah eleotronn againat nll the other elactrona, TO
❑odel this we first roduoe the electron speeds by



(:a)

in which

G(t) =
0.3?6 [

(St)
(l+n.542E- 0.504 # + 2.752 [?)

is a polynomia fit to Sptizer’s error fln,ction combination.14 For g >> 1,

G(E) -
ikTe/(mc ) and eq. (51s) goes to eq. (5a) of’ ref. 7. However, for

lower speeds G(C) peaks roughly at 0.2 for E = 1, and G(F) + 0 when [ + ‘.
Uithin each cell the drag process should be momentum and energy conserving,
80 the energy lost t~ drag Is redeposited isotropi:ly in the or:-;nJ!: j-i’*
frame of the ●lectrons by the usual kicking procedure. The net drhg
operator drives all the electrons to a local Flaxwellian, whil? affectin~
the slowest and fastest electrons least.

As formulated, the e proced’”res treat collisions accurately, only so lori;-
●s u(c)At s 91/2 <9 > < 1. Thus, in practice, for the calculations of i’, ‘.
is ●ither truncated at unity or replaced by 9 + 2 aretan (S/2), which
varies smoothly f’rom O to II as 9 + O + m. In regions where v(c)ht >> 1,
diffusion should apply, ●nd Monte Carlo free-streamin~ of the eie?:?~”-.-!::
eq. (lb) results in ●XCeSSiVe ●xcursions for the particles that ignore t!ie
brownian character of the motion durinr :+e %?I-:: !-.--C- aryle collisiorIs in
the interval At. Sixilar:y, the drift in E f’rom eq, (16) will be an
overstatement, A ~uaranteed ctire fcr these difficulties is to switcn tz a

fluid description for the collisional electrons in such re~ir,~,;, as accomF-
lia:,ed in ref. 7. Alternatively, a f’orm of flux limiting for the Monte
Carlo Is under consideration, by uhieh fiq. (lb) WVU15be replas~d hy

This should ●f’fer! brownian diffusion ●nd ohm’s law dtilft wh~?n ,.!,:. >> 1,
and classical zcreamlng b~tween collisions in the more tradjtiona: ~!,t ( I

Monte Carlo limit.

THE IMPLICIT E-FZELD

The E-field is obtained by the implicit mom?nt m?thod.g This
$

reefl un fram
tho need to calculat~ on the local alaama f’roquency, w E Une ne/m, time
Dcalo. The method usen the fluid m~menta ●ccumulated ~~ch cycle from the
par~iolos to predict t:w dmaitiea n that will prevail, ●s a function of’ E,
at tho ●nd cl’ the next time stop. Three densities are put An Po~smnls
equation, which is then ●olvod lmpllc :1 for the new predictad ~. The
pradioted field la then taken to be ~1 !)

?nd !h: ~m;;:s areaccelerated in the center~d field E( ) ~ (~ ‘+1

Thus, in the ●baence of oollisiuns, from the momentum enuations WF prt”



3a(m+l/2) ., (m) J [aPa(?)-
a qan(~)E(-)] ~ .

mu ax 2

HePe , ja E naVa, and g = na (kTa + ❑Jla2) IS the second ❑oment over
pnrticles, i.e., ❑ ZU2. This is used with continuity

(7a)

(7b)

and the integrated Poisson equation,

Solving the eq. (7), as~uming E(0) = J(O) = O for ● quescent or symmetie
left ~oundary we obtain

in which,

2 - 4re2 ‘~1 ,n (?) ●E z2n (?)’
P e , (L5t)z ,

m Hi

we hav- found it auf’fic!lent to use n (t) (m) and l’(?) : r(~), as lmr as:n
:hP time ~VDF 17 c-~fi~ed to m Courant condition At < At (Courantl =

In the quasi-neutral limit
lmser fusion, when the ion
give

@’At >> im which 19 of’ primnry interest for
P● a ❑otionl~ss (H ● =), ●q. (8) rearrangeti LJ



When the Xn ‘m) and Ej ‘m) “co
,educes tc_~he f’.mili~ form ETC7c~’~Y~1r~7~ F’: ‘~7~~~~~dB~q~h~F~ ~, .
lack of quasi-neutrality In the present c~cle, the”correction terms give
E-fiel. components ~hat will act to correct this inbalance in the next
cy2:e, 6

Denavlt15 ?Izd ot5ers’6 nave sa~gested an altered centering for the field,
eq. (9), and for the particle eqs. (l), that can act to damp out the
highest frequency plasma waves. We, however, have favored centered formu-
lations of the implicit moment ❑ethod for overall energy conservation,
particularly i:I transport applications. In ~ attic

0 ‘nSure ttYbili’y($=#’l~(l_e)Em,Q:we do introduce a little damping by using E
0.55, for example, ana modifying eqs. (8) and (9), accordingly. Also, for
effective centering, it Is necessary to pro ~qt the particles to their

!positions at half-time, when sampling the E J for ●q. (la).

The effects of sour ~ heating znd collisions on the E-field are Included by
accumulating the ~f,) after these processes, and by the substituticn~

(Id)

Thus ‘$”’7 ❑ /j(m) + j~;sy;;;~t~~c~;~~o~;:’~he
in which aj/3tl~ ~ = [j(m*) - ,j(m) / t nd (m’) IS

the heating and ~ollisions,
oentering employed. Without this’centering the L ja ‘m) At correction t~:
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

:e;o” ,p:w~v:r:j~mJ t ong aoatterin6 Lends to reverse curre ;, luctuations,
● ● B

?{
, so with the eq. (10) centering X ja At tends tc

zero, improving the enerGy conservation.

Eventually, for improved calculations in the strongly collisional regime,
In conjur,ctlon with the use of eq. (6), we anticipate that the ❑ean colli-
sion operator in eq. (7) will be made implicit, so that for

whore v& IS a suitable mean colliLion fre ue q 7 Then the
go properly to their ohm’s law values, 3a ?m+7/3~ , -mm ,m,,

>) 1.
-“U” J



Pending additiona to the ❑ooel are: (a) the inclusion of’ a circuitry
capability tn permit the study of ~harged 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-atrear.in~
coupling, and ion-beam target interactions.

APPLICATIONS

The tranpsort of resonance absorption suprathermals, T > 20 keV, ha~ been
?treated extensively with the hybrid Monte Carlo code o ref. 7. the

present fully Honte Carlo model was developed chiefly to explore the trans-
po~t of’ mildly zuprathermal elcctr~ns, 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 applicaticw. to a
numb~r of’ simple test problemz, we can finally construct an explanation for
the anomalous transport inhibition of thermal electrons.

AN END-HEATEDUNIFORMPLASMA

As an initial application we looked at the”transltion regime A f L = 1

transport configuration, rezently investigzte~ by T. $Eell et a~.p at the
Rutherford laboratories. They simulated by Fokker-Planck a uniform plasz~
heated at one end to four times its background temperature, Th/T = 4. In
Bellts study the hot electron ❑ean-fre~.path was ;6 computation f cells,
and the cold A f = Ax. The Rutherford workers found that a flux limit

factor, f = q/Y’mEva3), v ❑ ~, of 0.1 was established In their
simulations, at the poin ~ of ❑aximum temperature gradient. Here Ta is tht
local mean temperature of electrons in the plasma. For example, T = (nk,Tk

:J:::’(nh + ‘c)’
if colds are changed to hots upon entering the ~eatin& “a

Our results for the same p oblem are collected in FIR. 1. All the frames
are for 2.9 ps (=2.9 x 10- 1 shakes) after the heating was initiated in the
6 cells to the right of the vertical fiducial. A total of 100 cells was
employed with Ax = G.24 um. The ions are held motionless. Frame (a) plots

‘e = nh + nc and Zni. lie took Z to be 10 for Si02, the Rutherford wcrkers
used Z = 4. Although the elestron density la allowed to vary, the implicit

;;~~i~~ ~bv~o~~$! ~~~s ‘e
w Zni, and no significant fluctuations from the

is evident, even near the heating region, Ue
allowed t~e kicker to heat the electrons to an average cf 1.7 keV in the
heating region, should the temperature rise above this level for a cycle,
the heater was shut off. Frame (b) sh~wa that a potential O x -~x Edxof
‘2.7 keV has been established in the heating region, capable of trapping
electrons at 2.7/1.’1 = 1.6 times T

k
-. end drawing in the required cold

return ourrent. Frame (d) show~ t e phase space of heated particles.
Their thermal apreed 18 obviously greater in the heating region. particles
striking the left wall were returned to the piaama with positive velocities
In a MaxwellIan distribution ●t the initial background temperature
0.43 keV.

Finally, from framr (c) w extraat the significant results. It gives both
the Uonte Carla r-:,ulta, ●nd results at the aa~e time from a piggy-back,
single-group, flux-limited diffusion oaloulation -- for compc~iaon, That
10, the energy deposited into the M.C. particles recor~od, and the same
energy 1s souroed into the parallel dif!’usion calculation ●ach eyrle,



Thus, at 2.9 ps we get two temperature profiles, the smoother one is fur
flux-limited diffu%’.on for f = 0.3, the wiggly T curve i for the f4~:”t.
Carlo P(We also plot the local effective fe E lq, mnv 3)”7 wh re q ❑ ql~- =

3 “1 ‘3)-?], q ~ ,1Z mnu for the Monte Carlo, and q = qd = qu/[l + lq , fnr.va
aTa/ax, fOr the diffusion. These are essentially t~e normalized he~t
fluxes. Note that the flux-limiter is introtluoed as a harmonic mean; we
have not investigated the case where it is imposed ●s ●n absolute ❑aximum.

With f = 0.3 the Monte Carlo and limited diffusion temperatures agree in
the heating region, so do the normalized heat fluxes fe (s fd and fqC)
neighboring the heater. The effective Fe is lower at the heater, ‘0.2, due
to the smoobh way the limitation la introduced. When stronger limitation
is employed, ●.g. for f s 0.1, the coronal diffusion temperature is
❑ismatched and climbs to 3.0 keV. With f = 0.5 this temperature drops to
1.3 keV. In each of these cases the t,sat~r boundary !’ values fail t.~
match, a~ well. Tt?us, to match aoronal temperature-, f should be 2.3.
However, in the body of the plasma at 2.0 ps the diffusion temperatur~ :“
❑uch too high near the heater. The fundamental problem is that the limi:Ei
diffusien front advances thru the material with the form of a ncn-lin~ar
heat wave, while the Monte Carlo heating penetrates ❑uch like a free-
streaming expanaion. The first profile IS convex, the seoond concave. lit

any time the diffusion profile stores aignif?cant heat behind its front
that the Monte Carlo profxle has sent a head from the distribution tail ac
suprathermals. Thus, one can conclude, the di~fusion profile will heat
ltw ❑atter near the kicker to higher temperatures than will the Monte
Carlo profile. Hence, the diffusion profile ehould lead ta higher
radiation emissions, and incr~aaed ablation. To bring the two temper~tdr?
profiles into accwd in the body of’ the plasma, one could increase f, at
the expense of a temperature ❑ismatoh In the corona. Historically. experi-
ment has manifested too ❑uch emission and ablation with f = 0.6. This
simulation indicates that the problem hRS derived from the inability o!’ the
flux-limited diffusion t.o mock-up the detuiled character of th~ transitim
region thermal flow.

He note that these conclusions are essentially unohanged whe,~ the
simulations are performed in the absenoe of’ scatter and drag. In this ca~e
an f E 0.5 is needed to ❑atoh the coronal temperatures and heater-b~un~nry
heat flux. Again, a ❑uch larger f is required to match the temperatur~?
profiles in the body of the plaams neighboring the heater.

HOTCORONALPREDOMINANCE

As a seoond application we look at trnn~port thru a densitv jump.
previous problem is modified by raising the density to n ■ 3 x 10Jh:rn=?

Efor x < 12.1 urn, turnitlg off the scatter ●nd drag, ●nd t ickening the
keating regions. The ions are still fixed.

Figure 2 shows the resu!.ts after 11.9 pa, Frame (a) ploto Zn , n
i

and nh.
A oold electron is converted to a hot ●leetron upon being kio ed fn the
heating region, A potential riaa develops at the d?naity drop. The
density of heated etleotrons drops ●bout 501 ●croaa the jump, This Is alnn
evident in the phase plot, frame (d), whioh shows only the hots. tierc,
frame (o) displaya :ust the temperature profiles, The diffuoion o~~rve in
for f m 0.6. By 11.9 pa the diffusion profile is nearly flnt thru the
~enaity jump, while tho Monte Carlo tomperatur~ profile sutiiai:t: Ltli”
1,7 keV driving temperature to the right of the jump, and drops essentially
tG tho diffusion tempmature to Ita left,



This simulation lemda us to two important observations. (a) Firs:. Ir,a
two oomponent oellisionlear system of hots utd colds, the hots tend to
dominate the 10WOr density corona, i.a., in tha Oorona Ta ● th. h the
denser interior there will be ● ❑ixture of hots ●nd colds, DO that for a
large density junp ●nd a moderate temperature difference the interior tem-
perature will be Ta ■ (nhTh + neT )/nc ● Tc. Thus, at the interface there
o-n be ● large temperature jump, gut no necessity f’or heat flow. The temp-
erature gradient IS auatained by the small potential required to keep t?,c

oolda in the high density region. In such a configuration q ■ -K 3Tm/ax
a:mply fails to apply ●t such ●n interface, although a desired temperature
gradient oan ba established with the use of an ●ppropriate flux-ltmiter.
(b) It is ❑ore diffioult than has been generally believed to draw a signif-
icant return current down thru ● density gnadient. With body heating,
nearly hmlf the low density elegtrons are kicked into the high densi?y
region. The return current must drift thru a ‘field-filtern which retuv.r
❑oat of th~ high density electrons to the left and accelerates thn
remainin8 few to the right at - half the low number density to the bot
eleatron speed. If’ the filtered incident colds fail to reach the hot
speed, they cannot supply the required return current, snd some hots will
be inhibited, retained and recycled in the heating region. Thus, frame (b)
ahowa a significant ●ccelerating (negetive) E-f’ield at the density
interface, ●nd the development of the 0.8 keV potential, retaining some
hots, to ita right, He note that the restoration of’ scattering ar,d dra~ t?
these caloulationn, ame~ra the temperature ●nd potential curves somewhat,
but leaves these conclusions Inva: iant.

ION MOTIONEFFECTS

An E-field develops to draw a return current: (a) into body heating, e.?.
Inverse-bremsstrahlung, regions, ●nd (b) down thru density gradient
regions. On the icn times scale these fields ●ct to lower the density iI)

body heating regions ●nd ●t the foot @f density ramps. This la ●violent
from the Fig. 3 raaults. Frame (a) bh~ws the Zni profile after 2.9 PSJ

under the conditions for Figs. 1 and 2, but with scattering and drag ‘off”
●nd hhe ions permitted to ❑eve, but with a reuced mass ratios ~uch that
Mn/m ■ 100, with M tht maas of

3 ? 1?2
nucleon, (Ttti:-, In Tact, this motion

WOU1 not occur unt 1 (;836/100) x 2,9 pa = 12.4 ps,) The oritioal
surface has been arbitrarily placed ●t 18.2 urnto separate the body
heating, and density radia t ●ff’ects.

?1 cm-g
Clearly, the density has been

decreased to 0.6 x 10 by the return ourrent :ield~. Frame (b) shows
that a negative E arlues ●t the twc interfaces and that the potential ri~~r
in two atepa to 6 keV. Frame (c) shows the diffusion and Merit@ Carlo tem-
peratures differing in the now familiar sense, and frauw (d; ~iots the coil
(unkioked) electrons uhowing their ter;dency to ●chieve high velocities to
produce the neueesary ourrent ●t low denmitiea, Thus, the field for ●

return cwrrmt ●xorts ● pondoromoti~-~-lik~ ef’f’oct at density gradients,
aoting to nteepon them. Similarly, the body heater produces ● ponderomo.
tivo-like thermal foroe that steepens the density profil~ ●t its boundary,
The latter effeot does not ●rise in single fluid limited diff’uaion traat.
mente, which ●aeumo that the neoeaorry source of thermal Qlootriona for
huating ia dwayb ●vailable. We note that these ion motion rtiductionfi in
the denmity will tend to mmplify the mpparent and real :lhibition ●ffects
observed with Figo. 1 ●nd 2.



DUMPALLHEATING

An important observation oomes from the comparative heating study that
produced Fig. 4. Frames (a) and (b) show the density and temperature con-
fi8urationa at 4.6 pa, when the energy 18 deposited by body hea.ing up to
critioal, which 18 here calculated by the code for 1.o6 urn ll~ht. The
dmnaity hag started to drop below critical where the boundary of the body
heater ❑erges 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 i’lat. Frames (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 oritieal into a MaxwellIan distribution. Aa usual, a cold electron i?
given the hot label 88 it is kicked, and hots can be rekicked. In this
ease the Honte Carlo energy flows freely in both directions -- :.’.Lh the
differences between the Monte Carlo and f - 0.6 diffusion temperatures
being ●ssentially those of Fig. 1. We aee that the body heated (e.g.,
Inverse-bremsstrahlung) energy Is truly inhibited by the fields drawing a
return current, while energy deposited below zritical, as from resonance
absorption, freely penetrates, aided by the relatively larger supply of
return current carriers.

ABLATIVE HYDRODYNAMICSFROMJNVERSE-BREMSSTRAHLUIIG

In order tb study the combined consequenoea of these effects, the Fig. 5
simulations were peflformed, The energy was absorbed by Inverse-bremsstra!”l-
lung IJp to critioal; the classical ponderomotive force was ff. Initially,
;h:O~\aam~3was e~tablished with an upper density of 5 x 1027 cm-3, anu 0,7

cm as the lower shelf density, absorbin~ the energy. As the
associated illumin~cion prooeds, the dense region is gradually heated and
expanda, The fields associated with expansion tend to cancel the fields
working to draw the return Ourrent, Frames (a) and (c) are for Monte Garlo
electrons for frame (b) and (d) we heated a single f = 0.6 diffusion group
of eleatrons, for whioh n ■ Zn ,

1 k
with the Ions ●ccelerated by E : -(one)-’

a(ne’fe)/~x, ag in ronvent onal ydro-codes, The results are for 7.2 ps
after the start or Illumination, with Mn/m = 100. The diffusion results
are from runs with f values betitieen 0.6 and 0,01. The diffuzion fiducial
is for f 8 0.6,

Comparing the two solutions, we see that under Monte Carlo the c~ritical
surfaoe has been pushed back substantially below the ~’ R O.L diffusion
Looation. The Monte C8rlo solution shows much less ❑atter heated t? !.::’,

temperatures, Also, the diffusion coronal temperatur~ best ma+ches the
Monte Carlo temperature for f ■ G,03. These results are, at least, in
qualitative ●greement with the experimental findings that have encouraged
the use of ● severe flux-limter. Thl,s, it appears that these many differ-
ences in the diffusion and !Wte Carlo descriptions oolleotively explain
the anomalous limitation.

CONCLUSIONS

Our full Monte Carlo approaoh has 5een shown to provide ●n effective tool
Tor ●lootron transport ●nalyais. With it w. have at!own that apparant and
real thermal inhibition Posulto from the fundamental dif’f~renoes inherent
in ainglo-group flux-limited diffueion ●nd Monte Curio models, for thermals
heated to long range, auprathormal @nergies.
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