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DEVELOPMENT OF A NON-LTE SPECTRAL POST-PROCESSOR
FOR DENSE PLASNIA SIMULATIONS WITH APPLICATION

TO SPECTROSCOPIC DIAGNOSTICS IN
SPHERICAL IMPLOSIONS AT NOVA

by

G. D. Pollak, N. D. Delamater
Los Alamos National Laboratory

J. K. h’ash, B. A. Hammel
Lawrence Livermore National Laboratory

ABSTRACT

A new non-LTE spectroscopy post-processing package
is described. Tl]e package processes dump files from 1
or 2-din~ensionnl radiation-hydrodynamics code simulations.
Given the grid Inotion, temperatures, and ion densities con-
tained in tl~e dump files, M well as data from an arbitrarily
detailed atomic model, the nest-processor calculates inter-
nally consistent det ailed frequency dependent opacities and
radiation fields. Tile radiation transport equation is solved
in the S,, nppmximation using lambda iteration. Sub-cycling
is used to acllicve n more accurate solution to both the ki-
netics and radiation field calculations. Line broadening is
included usln: Voigt widths based on the atomic rate coef-
ficients, nl]d St:irk widths me included for K-shell spectra.
The Sobolcv escnpe fnctor approximation is available as an
option.

This post - processing pnckngc hns been used to analyze
spectrn obtnil~rd rcccntly nt Nova with Ar doped deuterium
filled cnpsulcs. ‘1’In’ dopnnt wm designed to be primarily a
density dingllmtic (vin Stnrk broadening) but can also be
uswl for ten~pcriiti]ro dinglwsis as well. We have run this
post-processor wit IIn wi(lc nrrny of ntomic models for Argon,
rangii~g frolll OIIV contniilil]g oi~ly singly excited levels for the
(import.n,,( ) 1ly(lrog(~l)ic, 1Ir-like, and Li-like sequences, to
nnc rolltnil]illg n Iargr IIUIIIIWI=of doubly- and tripiy-excited
lcvcl~ in tllosr w(lllrllccs. wc Elww n strong dcpcndcnce of
tl]c drgrm: of ngrl’f’111(’~lt 1)(’twmll Rinltllntion end experiment
on thr IIMNIV1 mlllqll~’xity .~il Ii WIY tlw nwt complex model
in cI(H: ngrrt~liwll( .

—.. ,.. ..— . ...— ,.—.,.__—
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L INTRODUCTION

Over the last two decades, x-ray dirqy-mstics have become an increasingly important

part of moderate-to-high density plasma physics experiments. These diagnostics generally

fall into two categories: 2-D imaging instnnnents, and high-resolution spectrometers. For

the imaging experiments, there can be gatcd time-resolution, but the spcctml resolution

is achieved by filtering and is, therefore, quite broad. For the spectrometers, the time

dependence is achieved by either gating or streaking; and if by gating, then 1-E spatially

resolved spectra can also be obt .aincd. Modern spectrometers typically have on the order

of l-eV energy resolution whrn olmrating in the l-5-keV range.

When a simulation of the pli~n~ii expm-iment is carried out using a Rad.iation-

Hydrodynarnics (R.ad-Hydro) code, the charac.tcristics of the experimental diagnostics ~xe

not usually pm-t of the silnulation. Thr sprctral resolution for radiation transport in such

Simulati(ms is usually quite c.oarsc - ty])ically 20 to 200 bins spread out from *1() (!V to

10 or morr lirV (t yl)ically logarithmically ). This spectral resolution is usually, though not

alwnys, ~d(~(lllittt~for modeling thr hydro(lynamics and matter tempmaturm. Oft.en the

simulation will uw ii diffusi(m tdgoritlun for the radiation transport (especially in 2-D) and

it will f)c.cassionally do so in l)liis]l]ilrrgi]lws where diffusicm is not a good rtpproximatiml, at

kn.st for tiw hlgll cmrgy pl~(jt(ms. Finally, in non-LTE regions, the opacities must be cdcu-

llltc’d in-lilir ill tllc SiIIIUliltioll, illl(l tllr COIlll)llt.iltiOllid Imrdm fwsmiatcd with Lhis Ilsudly

limi!s thr kind.i(ms ~d~~]liltioll~ h) ]Iy(!r(qqmic(l)rincl~d q~mntuxll nunlbrr w]ly ) xno(l(~ls,

To snvr fidditi(mu] tilne, the!w l~y(ir(~grnic dg(with:]w am often of Ml tivrrugc-ut(m] t.y]w,’

wllicl] r(dln]wtis tl](’ vnri(nls i(~llixntioli s(vlIImlcIw nlq}rt’riti}dy prcsmt, to a singlr. avcrqqr,

sr(llm~r(’ ((~lw f(m rw]] slwcirs), Virtllidly ml] of tl]r n}xwr nlgoritlmls mI(l rrw~lllti(uls nr(I

CII(HWIIM u trn(h*-OK lI(It.W(YIIlI’(’idislll ul](l ~oxl]])~lt~lt,i(~l~i~llmxlm.

Ill (mlrr to (J)tnill x- rny (Iingll(wtir sin]ldntml ()~lt])llt, it is tlwn convmlirldl to lxwt-

])nmv+s tllf. rntllly[lu) Sillllll;ltit)l]s, TIIr LngrnJIgiIm l]ytirt) gri(l, qwcirs co])(.(’llt,I.~lt,io]ls,”

(q)ncitim, f*l(*rtrful tcll]])(’r:lt Ilrf’s, mI(l rhlctr(rll ntl~l HIIH (Ic]lsitivs hrr writt.fm to n (111111])

{ih’ ht. w~hv.tlfvl tilmt l~oillts. ‘1’llf’])(~st-])ro(h(’sst)t tilt’1] r(w.(l:; its mVII ill])llt fil(’, wllicll giv(’

s]}(v. ifirnt if~lls rt}tl(x”rllilj}l, t.11(’(I(l(v.t{m(s) (Iulglf’ w.r, tl. tll(’ tnrg(t, (Iis!lnllu. to tnrg{”t., ~)ix(’1

sixr rLIItl lllIIIIIIf*r(s]JII1ilil lIllfl tf’l]l])f)i ml rr,wdllti[}}]), frv(lllrllry n]l(l t,illw r{v+])(~lls(’,grit. il]g,

filtfv”illg, vtc. ). ‘1’11(’]N):.t ])1’(1(’(’ss()1”Il]t’11cl]cll][ltrs t,]lt’ nlx+f)r])~,lf)ll[11][1(Jllljssitj]l of X r:Iys

nh)llg II lilw t}f si~l!l tllllt. ]mss(’s 111Ir(UIglI t.lw ]~l:LSIIIIIh) n ])ix(.! (MItlw dhv.hw sllrfac~’, ftw

n vnrif.t.y (}f fmllwllri(’h, for (I;I~‘II tilll(l l~(]il]t {MItlw (111111])fib’, Ily silllldlltillg tlli’ (h4.t~rtiw

t)l]t.]~llt ill t.llis l)(wt ]~r~](”(v:silljl,III~)[lt*,it is l)(wsil~l~mttI rlImI~(I s~wcificnt i~ll]s ~xjll[x!rtlill~~t’lf’

tli’tfv”t.(mwitlltjllt r(vl~)illy, 111(’11111lIy(lrfI rIIII. P.lfw(’ illl]~twlulltly tlIIjIIy,lI, it is I)(w>illl(’ to



relax certain modeling assumptions (the diffusion approximation, the opacity modeling) or

the course resolution in frequency where such approximations do not appreciably Meet the

rad-hydro simulation hut do tiect the detector simulation. This is an especially important

issue for spectrometer simulations, and it is the driving reason for developing the post-

processing capabilities discussm] in the next -sections.

II. TDG/DCA-A DETAILED CONFIGURATION ACCOUNTING X-RAY

DIAGNOSTIC POST-PROCESSOR

A. Original Capabilities of TDG

TDG is a time-dependent post-processor that was originally written approximately 20

years ago, and lms since kn enhanced in viirifms ways, It was four primary approxinla-

tions.

Thr first is that tlw radi;~tion that inll~ingcs on ii giww pixel is sokly due to radiution

traveling along a line-of-sight (LOS) pm-]mldicular to tlw detector surface. This is equiv-

akntj to tile St[itclllcllt that each I)ixcl llilS 0. acccptnnco Eulgl(’. The second is that (rely

rnys which intvrscrt tlw ri~fl-llydro gri(l are processml. Thus, mys cmni]lg directly from

a bacldightrr (wit.ho~lt I]itting t.lw ])lnsmn) m’ ignored. Finally, the third is related to

the first two. VVhm coml)llting sptitjial]y intrgratml x-ray fluenws, tllc intensity must hc

multiplied by tin arm illl(l H solid mqj(’. ‘~lIr solid allRle used is the ratio of the siul~(~ M(W

fw-tor divi(hxl I)y tlw s(llmrr t}f tlw distnllce lx~twm~ll tw-grt and drtrct.or. TIN~ use of the

Eamc area filCtoI in IJ()[I] ]J;lccs (givrll I)y t hr nrru of all individlml I)ixrl ) follows” from the

first two lwslmll)ti(ms, ‘1’11[*(Ilm]ltitntivr ilSS(’SSlll(’lltof tllww ~tl)])roxix]l[~tions”is difhult to

Comlid(’r wit]l(ult }lCtllilllJ’ collslrllctillg II (-()(1(” whicl~ d~m Id 11A” thsr tl])])roxil[llktliolls.”

1(.4,1’) -“ l!.JL(l~)r”‘A”-t
/:

S,,( :,’)
. 1)

, (’ “)A’(l#:’

Willl



u=

2=

2“ =

s“ =

B. ==

f“ =

BL(l/j =

Frc(lutmcy

I)ist i~l]c~frmn backside of t~arget to detector surface

.41jSfHlJti(m OI)ilCit)”

&
k,,

PlilllCk function

I?missiml O])iiCity

Ilil(’ldigllt(!r function

This stzu]tlw-d rrslllt is tlw std~lt itm to t lW tin-w independent radiation transport equation

along a cl];i]il~t(:rist ir (lir(x.[ ilul (LOS ). It automatically gets the free streaming and the

diffusion limits. TllIls. fI~-(111ill t II(’01igilml TDG, w--m-wimprovement in radiation transport

hws been acllicvul.

The. fnct thiit H til]l(’-il]ll[’] ~t]l(l(llt. formul;i. is used even for problems where k~ and S~

are time dclml(l’’llt is t II(I ff)lut 11I):lsir i]]~]~ro~illl~tiol]. The validity of this approxirnution

is p~tly k!i(’(1 011 :11(’fil(”ttll:lt (llllll])!iarc sqmmtecl ill time by an amount appreciably

greatertlml tlw tr:lllsil tinl(’ of a ~il~ t I]r(nlgh the plain-m, as well as the fact that detectors

have finite t~w]])(mll r(w )1111i(ul (if st 1(’iikt’(1) or i]lt,cgrntiml times (if gated) tlmt a..e typically

greater tll:ul (W (Y]ll:il t () tll(’ illt (’l’\’illl)t’t.\v(’(’11(I(llll])s. However, if the plasma dynamics

(Tc, kV, S“v) :Irc cll~illgill.q ~lllit’lily r{ull]);lrr(l !() tr;lllsitl t;mcs or temporal resolution, then

this ~l)l)r(~xillliltio]l (.il]l still i])tro(lll(v” (*IH)IW,

B. NCW Ca]ml)iliti(ts for ‘1’1)(~

As tmi~i]lally collstrlli”((,,l, ‘[’11(+ Iwt’(I k,, ;II1(I f” tllmtl were calculated by tlw ra[l-llydro

rodr (using i(lt’]llil-:d frfvIIII’IIi’j’~ri(ls :IS wI*1Ij, Tlw Il]njor advnncc whic]l this article dis-

cllssrs llUS IN’(’11tllf’ :I[lflit i()11of ii st)l~lli:<lir;llr(l 1101]LTE kill(*tics/()])llcitly ]mckngt’ in-linr

into TD{;. ‘1’11(’lxlf-liilj’.(~is il I )( ‘.4 ( I h’t ;Iil(vl ( ‘(lllfig~ll.ilt,ioll Acc(lluhing) nlgoritllm which

Ilw.s ml [lll~itll”ill’il~(1(’l;lil(vl :Illlllli(’ I]i{l[l{’110 sll]~l~ly illf(w]untlion to tlll(’kilwtirs Iill(l olmcit.y

pnckqg’s. Il\il ill (lvlfr ~(11 t II(, lI(w ~)]):lf.iti(’s h) II(I c(wmmt tlwy tnust Iwr n ]dlotl(m fi(’1(1

wi~irh is s(’lf r(}llsi:~t(llt \villl III(s (q~ll(-ili(’s. ‘1’ll~ls,ill fwrry z(mc for which nmv o]mcitirs nw

(h’sir(wl, II 1)]1111011 I!(’11] i:i c:I](”II!:I(II(I lwili~ I)(’A (Jlmril.hs rdclihdml (m thv lILst “cych’”.

Sillr(’ tll(’ Imsi(- IIll:llltilii’s (:111 ,11:1111’:sil]l])l”t’(-iill)lmvl)l’t W! ’(’11 (I II II1])S, tllf ’ (-(}( 1(’ (“IUI S!ll I(”~(”l(’
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the photon fic’]d/kill(’tics/~ ]]~ficity com~dcx of ca]culat i:ms arbitrarily firmly at th(. user’s

request. In addition, thr usm can specify an arbitrarily fiur frequency grid. Typir.iilly, tlw

binning used mimics tllc frequtmc.y resolution of thr spectrometer (about 1 eV at. mwrgics

of 1 + 5 heV). The user also c.ontr[ds which zones are to have their opacities calcula.tcd in

TDG and which arc to hm~c thvirs taken from the dump file (typically LTE zones).

In general, thr temIwrat mm and electron densit.ics that would bc calculated via the

new DCA populations and olmcitius arc lilwly to IN diffmcnt from thow m.lculatrd by the

Average Atm-n Rad-Hydro cqmcity pilckii~(~. Tlmrcforc, it is theoretically desirable that new

tempcraturm and densities I-wcom]xltt’d and used within TDG/DCA. Howeverl there is a

fundanwnta] issue which curtails tlw utility of this, and that, is the lack of heat coml~wtifm

within TDG/D~A. This physical ~mm’ss is generally quite important. The code llM the

necessary coding to usc illtf’rllillly calculatwl Tr and ~f, but because of this isslw, this

option is w+scntially never llsc[l.

‘The next folw pil~tS discuss tll(: kill(’ti(”s/()]);tcity [III(1 photon fi(kl dgoritlhllls ill m(m

Wail.

C. Kinetics and Opacity Calculntioi~s

TIw nt.omit 10T:~Il])()]~llliltiolls w(’ ~olll])lltf’(1 lq’ solving w s(~t of c()~llJl(vl ratr t~(llliit io]w:

!)



The DCA pnckage is highly modular so that other, exotic, processes such as double

Auger, can be addwleasily in thcfutuxc.

The atomic model from which the rates are calculated is generally created externally

prior to the TDG/DCA by a suite of atomic physics codes. For any given set of se-

quences (of bound electrons), these cocks typically generate a fully relativistic, fully multi-

configurational set of states and energies up through some speafkd maximum principal

quantum number ( PQN’ ), together with all the associated state- t~state rates. The user

tail then collapse this full set of states and rates to a smaller set by various procedures.

The photoicmization frequctxlry dcpcndenm is fit a standard formula witl, four parameters.

The collisional 13B and BF cross sections are numcrica.lly integrated against Maxwellian

mmr~y dist ril.mt ions at a wide nrrily of tempcrat.urcs, and the results are then fit to a

4-para&etcr f(mn[da. Thmr vario~ls fitting cocfficit=nts am then what ccmst itutc much of

the rate section of thr nmd(l.

VVhcn calculating photo B13 ad BF rates, the frequency drpeudcmce of the photon field

across any given photon biu (or groul) ) is not considm cd coust.ant. Ilat.hcr it is fit to a

dilute bl~~kl)od~ ])lIIS ii rol]stitllt. This is important when the binning is coarse as it allows

the LTE (I%l~ckia.n) limit to lli]tllr;~ll~ }N~achirvrd, ‘he intcgrnls ovrr a IJin for varimls

upwn.rd, downwar(l, al~d Stiln~d:lt c(i ratws ciil] t lwn Im donr srll~i-at~alyti cally. This frnt,uw

is genmtilly nt~t ilu]xmtmlt for sl){’rtr(wr(q)y cnlculntions I)(wtius(” of th(’ vrry fine billllillg

that is mwd.

A usm mny rcq~wst t]mt a siml)lr mo(h~l Iw Imilt at t~w ]mginning of a mu, rnthw than

usc an alrca[ly built UMAI1. This Ilm(lc] will usc scrccur(l hydrog(’nic forlmllar (with only

PQN dt~~wrdm]rc) for tlw rlwrgy lmvls, nl](l c(wrrs]mnding sim])lc hydrogrnic fo~ll~l!ii(~for

thr vmiolls rnfw (r, gl, I<ri\ll)(’r’S f(mmlifi for ])llot(>iol~iz:~tioll, rtr.). T~])irilllY, tilis siln])lr

model w(mld tml!- Iw usml for rl(vnrllts whicl] do not. cxl)il)it 1313fwitllrrs (lilws) in Lll(’

s])(’~trid Will(h)w’ of tlI(’ (h’t(m(’l()!’ (s Ilr]I iL\ lIy(!I.og(UI, CWI’~)olI, OXJ’g(’11, (’h’. ).

111 mhlitii)ll to {111(1mmll)inwl ])I1OIOIJ”fi(*l(l/kilwt im/(qmrity sllhrycling prrvi(~llsly mml

ti(mrd, tlw kill(’lirs is llslliilly s1lI) sIIlq-chwl Id(iIIr. This slllwycling is bmwd ml chwlg(’s ill

Z frt)lll (n](t r:rl(’ to tl)(’ l]cxl nn~l is l)(~t lwI (O{)litrt)lllll)lt’.

(!(mtillllll]ll hnwv”ill~ is ilwlllfltl(l ill tll(’ rldclll:lti(m only I)y lilllitillg tlit. lilnxillllml 1’QIN

]mwvltl ill till’ ]lNNI(’1((’itll(’r (1(’tllil(’(1[w llytlro~f’llic), ‘1’lwrr is cllrr(’lit Iy II(J (1~.lnil~’(1rolltill

llllltl I(nv{’rill}(ll]~~fliiltll:ll WIHIIIIsIIN)otlIly (’xtill~:llisll II ifw<”lm N fll[lrl.ifw of (Ii’llsity n]]~l

t.(’lll])t’l”iltllrt’, 1)1110111”is lll:lllllt’~1 fol tll(’ flltlll”(’.



D. Line Broadening

During the computation of the opacities, it is possible to ~ive BB transitions a line

prc$k. For large models there are t.ypiciilly tens of thousands of BB photo transitions

and it is not comput at ionally feasible or necessary to have a profile for each of these.

For that reason, profiles are computed only for those transitions that the user requests.

Typically this is done only for lines within tile spectrometer window, and only for those

that have appreciable Einstein A values. There is a utility program available which can

scan the atomic model and extract out the needed information for important lines. For

large models, this procedure generates cm the order of 500-1000 profiled transitions.

In the current structure for the code, the default profile is a Voigt profile. If the user

requests that an esca~~e factor analysis bc performed for a given line, then the profile will

be determined by this analysis (see Part F below). In future versions of the code, the

Stark broadening (see below) for the lines will not necessarily be included as a component

of the Lorent z width of a l~oigt profi.k (as is now clone). Rather, au option will be available

that computes the total Stark profilr for a complex of line (including satellite lines) using

algorithms of vw-ing levels of sophistication.

The Voigt paranwtcr is essentially the ratio of the Lorentz width to the Doppler width.

The Lorentz widtl~ is mm~inally the sum of thv Lorcntz widths for the upper and lower

levels. The Lorrntz width for a level is the sunl of all inverse lifetimes (rates) for all

processes that d(q~lvtr tlw lrvel. These include all of thr following:

1, natural invcrsv lifetime

2. stimdatxd mnissifm invm-sc lifctinw

3. collisional excitation invrrsc lifctinw



with

DE1 =

DE2 =

F1 =

z =

ZR =

RV =

RZ =

a. =

T=

nu(q =

Q.(t) =

I’s = DE1 if ion is hydrogenic

I’S = max (D~l, DE2) otherwise

Wz[(:-+),llz+ ($-*),M’]

FW[;Z(*-*),RZ4+ (~-~)w]

Ry

[l+;z. zR. &]

average ionic charge of

average ionic charge of

plasma

radiator

Rydberg energy = 27.2 eV

average ionic separation/aO

Bohr radius

ion tmnpcrature

pQN of upper (lower) level

scrccnml charge of upper (lower) level

These formulas npp(~iu to br accuriite to considerably better than a factor of 2, but

probably not accurate to I-wttm than 10%.

‘The application of thrsr f(m:mhw lms bwm limitml to the main lines gemcratecl hy singly

cxcitml states - n(A to dirlrctmmic satellite lines. This is due to two issmw: the fact thnt

thr ch!rivtitiml (M SIICII) wn.s ]m}(lici~t,(’(lotl a Singly -cxcitrd iull; and thllt thr !wreencd

clmrgw (Q) arr ckrivcd froll~ MI dktiw dmrgc Bohr formula:

n“Q:
E,l ==-—

71L
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where & is taken from the rnodrl and is the energy of the state relative to the ground

state of the next (mom iouiztd ) scqucnc(’. For most multiply-excited states, En will then

be negative and Q,, ulldt+in~d. If the reference e]lergy in the next sequence is taken to be

the energy of the stiite wit 11t 11(’clrctron undergoing (de- )excitat ion rcmmml (rathm than

the ground state), t hcn t ]~is prohh!m c(ndd be avoidrd. However, this requires a sc,a.mh

and state identification proctdurc that has not lx~cn implemented yet. An altcrl~ative

approach is to use r-thlayrr screening constant algorithm to compute Q 3. This procedure

will, however, result in Qs sommvhat inconsistent with the state energies.

Because of the import ,ance of Stark broadening to much of the spectroscopy being arla-

Iyzecl with TDG/DC.4, it is hig]dy dcsiralde to implement more sophisticated procedures

than the abcn~e. A .sccoml lcv(*l of sophistication is that used in the R.ATIOTN code.415 The

algorithm used there r~il~~lli~t.esa Stark profilr for indi~’idual lines, but still does not deal

with dielectronic. sarellitc lines, either singl}’ or as a complex with the main line..
6 y They simultaneously treat all linesState-of-the-art a.lgorit hms arc usrd by two groulJs. I

in a complex. These codes could col~cci~wbly be installed as subroutines in TDG/DCA.

Computational time c(N1lcI1)(Ia mtijt)r lmoldeml but since the radiation transport is tinw-

independcnt, th~’y could IW t Imwd (m ouly for select cd time-slices of int ermt..

E. Photon Field Calculations

The kinetics rc(luires a plmton field at essentially all frequencies for photo-BF processes,
—

and a J (integral of t.lw photon field with the line profile) for photo-BB p. ocesscs. The

algorithm used is a till~t~-ill[lrl>rll[lcllt Sn (ray basrd) proce.durt! (Lrm :,. iteration ). This

maims it self-consistent with tllc clctcctwr LOS integrations.

A set of rays is ddinrd l)y (usrr) s~wcifyillg illl S,, ordm and a type of quadrature set. Th(!

usual set is a Cll(It)yslI(’v- L(:gtIIl(lrc l~ro(luct set which has a total of hr2ray< 011 a splwrr,

wilt-m N is an cvml nullllm-, FO1 (Iiidl Z(MN t!iitt a detailed opacity hns lmrn rrqln*sted,

each ray k propagatt’d olltwar(l fr(ml the zone center until it exits thr probh!m mrsh. TIIPU

it is initialized to iixly Cxh’rior l~~nlntl;q c~mditions, am! l)ro]mgatle(l buck towmxls the zour

crntrr-, (Icpositillg rll(’rKy I’i:i Hlw(q)t.if)l), nll(l gilixlillg rnrrg]’ vi~ mllissioll Rcc(mlil]g to tll(’

S:UIW til[l(’-ill(li~l)(’ll(l(’llt, illt(’gr:i] forl~l~ll:l ~ls(I(l l~y TDC; in :.drtlliiti]~g detwt,or signals:

with



These ray-dependent intensities are summed over rays (angles) with appropriate weighis

to give ~tti(J ). This calculation is repeated for each T’DG frequency, including frequencies

cent aining only continuum radi;it ion.

~. Escape Factor Formalism

When a given BB photo-transition experiences an optical depth appreciably gre”.t~r

than 1. at any frequency in the line profile, the Lambda iteration procedure discussed

in the previous section fails to adequately couple the kint-tics (and opacities) with the

photon field within a single pass or iteration. There are several techniques to correct this

deficiency. The simplest is simply to iterate the Lambda calculation approximately once

for each increment of 1. in maximlun optical depth from the preceding dump.

There are several techniques of varying sophistication that are cornputationally less

intensive than the iteration procedure. The simplest of all of these line transfer techniques

is a so-called Escape Factor Formalism. TIN+ TDG/DCA package has such an algorithm:

the specific one usecl here is due Sobolev8 and incorporates the effects of a doppler shift

gradient that reduces the o])tical dtq)th.

The kinetics is altered to pmvi(h~ fredhack of the photon field onto the BB rates and

thus populations. Spccifical]y, tlw 131.1]]llotc~cxcit;ltior~ rates use a photon field given by:

7=(1–acsp). s ,

with

s=
11~

(ll[fJu/fg[ – 71”) =
sollrce function ,

and

lo
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The effectsof escapefactorson the opacities(as opposed to the kinetics)can be incor-

poratedby using

x(z)
JX(4

instead of ~(z) for the line profile. .

The escape factor approach is in.,dernented on a line-by-line basis by user request. For

any lines so requested, the escape factor ~ and X(Z) are used in place of the Lambda-

iteration-calculated ~ and ~(z), respective] y.

III. SPECTROSCOPIC MODELING APPLIED TO NOVA EXPERIMENTS

A. Overview of Experiments

In the Inertial Confinement Fusion (ICF) programs in the U.S. and abroad, a standard

technique f(Jr invcstignting various nspects of the implosion dynamics is to dope the fuel

(DD or DT) or pusher with smnll amounts of mid-Z elements that strip down to the 1{-shell

at some point in the im])lnsion. A tilnr rcsolvml, spatially integrating crystal spectrometer

is then used to view the plnsm+ nt freqlwncirs whcrr the H-like n.nd He-like lines, together

with their satcllittw, will occur.g” 0

The primary pur]msm of these spm-troscopy ex]mriments are to detm-mine DD and pusher

density (from Sttu-k Imm(lmling) id tcmpm-nturr (from line intensities) time histories nm.r

thr tinw of milxim~ml r(nlllnwsiou. Ii-sllf!ll spectroscopy is used I-MC.MMCthe major jump

in ioniztition r;lrrgirs IwI.w(Iv1lIi ttnd L s!N41chwtr(ms prmhwcs high cnmgy photons thnt

press thrmqqh tll(’ ]msl]~~r. MI(1 IWCWISV[~f tllr co:lll)iw}ltiv(~ silxlI)licit y of tll(: slwctrjl, TIw

hd rst rx]wri]wllls [II tllv IClr futility (~ OVA) nt LmvrvIlw Livcrnmrv Nnthmnl Lnlmrnt(my

(LLNL) lmvr ust~(l ;, ~l,qN~IItt,f Ar prwmt nt {imdm mnwntrntio]l of ,1% in tlw DD rnlmdr

rwcti~nl.

TD(J/~CA I]us IJM’11 IIsml h) IINNIV]t]w olwrwvl Ar filwtru]n. A vnrirtyof diffmw]t

Iltt)lllir Ill(}(lcls of illrrt’ilsill~ r[)lll]jlvxitmv II:lt’(’ lmvl trit~(l ill nttclllld,i:lg to Ilmtrll tlw (int;~

hs rhwr fix ]mssil h’.

Tlwrc is n fuirly wi(h’ v:lriaiioll III II(NIg (~x])f=l”iill(’tll.111s])(~(.t~ii, MrHt (f tlw vwintif)lls l){.

tlwrrli Cn]wlllijs n])] I(’lIJ. to II(’ (111(’ to tllr(w’ Il)nill issllrs: IIllilltf’111.if)llldlyII(}l)sylllll)(’{rif=(Iriw’

(Ilw to vlwiutifnls ill flll~’rgy ~ill[l I; ISI’I ])rolih’s mIIOIIg t,ll(. t.(’11 NOVA lnstlr INVUIW;vw”illti{tlls

ill told (Irivr t’lItT~I,y; ntI(l v~lli:ll i~~ilsill silt’11Illicklwss nwily froll) Il[nllillnl. lIiw I.IN’lNlr]NM’

(If this Iml)t’r, w’{’Il:lv(’ forlls(’(1 0111”111.t.(’llti(~ll(}1111 “St.: L1l(hll’(!” (“n]) !dlh’ llnvillg II 1“4’1 L\ollllt)l~



spherical drive with a roughly nominal total drive energy and shell thickness. However,

in order to illustrate the kinds of variations in spectra these capsule/drive variations CM-I

induce, some modeling results for a “colder” drive and larager shell thickness are presented

as well. All computer runs reported in this paper are l-D, although 2-D runs have been

made for nonspherical implosions.

B. Description of the Atomic Models

A total of five models have been run in TDG/DCA. In order of increasing model size, the

following descriptions indicate the level structure for all sequences present in the models.

Models 2 through 5 have fully relativistic lc~~el structure for sequences H-like through

Be-1ike. All rnock:ls contain the (single lCVC1)bare sequence.

Model 1 (70 levels): non-relativistic mostly hydrogenic (PQN only) model. Up through

n = 10 for H-like, Hr-lilw, and Li-like singly excited (S E.) levels, Six doubly excited (D.E. )

2t2C’ levels in each of He-like and Li-lilw sequcncm (some angular momentum splitting).

Ground states for Be-like through Ar-like, This model was generated by tlw RATION

code.

Model 2 (183 lCVCIS): U~J tl]r(nlgll n ==4 S,E, For H-1ike through Be-lilw. N(J D.E. He.

like, 2f2t’ and 2(’3(” D. I?, Li-like. 2?2/’ fi])d sorer 2(’3t D.E. Be-like. n = 2, 3, and 4 S.E.

(PQI’J Only) lt’Vt*ls ff~~ 13-likf tllxt,llgll N-lilif*.

Model3 (288 Irwls): S;l~lwS.E. H-li!wtlm)t@ Bvlikr M in xxNdtIl2. 2/2?’ D.E. Hv-like.
2~~~, 2(’3/”,3f3p’ I),E+I,i.lik[,t 2Ut’, wm]v 2(’3t’, a.xl(l 2/4(” D.E, Bc-likr. 2(2 C’, 2f2d21’”

D.E, and tri])ly excitwl (T.E. ) lrvtIls ill II-like (jjnvrrage(i). Sil~]iliir lcvrls in C-like :u1(I

N-like.

Model 4 (6[]!) ](’Vt’h): [Ji) t]ll’(Nlg]lrl z 5 S.E. 11-liketlm}llgll Ilr-liket x’2P, 2CW, 2C4f’,
3/’3/’,3/4/” J..).E. I,i-lik(’. Si]llil:lr 11( lik( strllcturr t<) IIIIKl~Il 3. SWIN Blikr tl~r(nlgl] N-lila’

:;tr{lctlwr a-%ill nMJt!{Il 3.

M()(I(’I 5 ( 13S() llIvt’lb): SIIII){’ S.1:; strl]ct~lr(’ f(~r 11 likr t,l~tollgll IIr likv m ill III(J(l~Il 4.

2/W, 2CW’, 2t4(” , :]{itf’, {II](I df(l(” ~).h;. for l)ot]~ ~~(’ ]ik(’ t~,ll({ I.i Iikf’, 2~jt’ 2/’”, qt~t’:)t”,

21’2(’’4C”tri]~ly (,xiit~vl (’I’,l; ,) 1{’~’(’1:.ill I,i Iikf., S:ill)(’ 11(’like tllr(jllgll N likr strllrtllr(’ M ill

1110(1(’1 4,

1:{



C. Comparison of Experimental and TDG/DCA Spectra

The results presented in this paper represent the first ph~= of a detailed study of the

NOVA Ar spectra. In this phase the emphasis has been on converging the atomic model.

At first this was considered to be possible with a relatively small number of levels, but

experience has indicated otherwise. This can best be illustrated by looking at the ratios of

the 4 main line complexes that the spectrometer usually has in its frequency window. In

order of increasing energy, these line complexes me: Hccu (1S2), Ho (1+2), Hep (1+3)

and HP (1+3), where the prefix Hc refers to He-like, and H to H-like. Each complex con-

~ists of 2 main lines plus a (gencriilly) substantial numhcr of satellite lines, In this paper,

only results for the spectra at maximum Ar emission (near maximum compression) will

be presented. Figures 1 and 2 give examples of experimental spectra. Important, reason-

ably reproducible, aspects of these spectra arc that tlw He/3 complex has the maximum

amplitudcl whilr the Hrn is lVSSthw] tlw Ho !ilw. Thr H$ ccmplcx is very brond. Fig-

ures 3, 4, 5, 6, {nld ‘i pr(wvlt tllr(m-ticill sl)(~(.tri\ frmn TDG/DCA using models 1 through

5, rcspcctivf’lym In nll cn.ws thr absollltc nmulmrs on tlw y-axis iir~ arbitrary, sillcc thr

Bpcctrometcr lNLSnot brcm nl}s(~l{ltcly cdibratcd, It should be noted that these theorrt. ical

curves do Iiot lInv(*ritlwr tjhr r(wliillg cllrvr tlf tlw crystal fm tlw rclntiw: sprctral rrs~muw

~.f] illt () t]lt~ jkl]lhlysis ( tiw ltittrr IIL%oll]y vrry rrcmltly 11(’(’rlmrowi the wimh~w illc(q)or:l ( ,

mrumrrd). H(qwflllly, tlwsr issll(’s will Ilot nplm~citiMy clmngr thr results.

TIN* first thing t llILt. is not ic[~i~l)lrnl)fu]t tlw rcs~llts is tlw lnrgr vnri[ltion ill linr rotios

for (Iiffrrrnt nNNltIlSmhlo(lrl 1 ( t.lw RAT1ON mollvl) givrs vrry lnrgr o to (j rnt,ios. This

im]mnws smlwwlml wit II Ilit)(h’12, I)lltr tlw o ]inrs nrr still uIIICII tof) hwgr. ‘1’11(’intr{)(llwtioll

of 3(3(” I), F,. lrw~ls ill gt)i:lg fr[nll !])()(lt’12 tx) I]Nxhsl 3 clrnrly dccrcnscs tlw IIva tf~ Hfi rnti(b,

It Wn.!!this cllllll~f’ ill sl)t’~”11:1wit]] lllt~~lf’1c(ull])l(’xity t.llnt, W’iLSt,ll(’first S4)li(l ill(lic;ltioll t,l]llt

tlh(’ Illo(h’1 W;ls Iloi (“Oil\’(’r}{l’(1, sill(’r tll(’ S:III1(Intl(~]nir I)hysiw C()(lwi w(w usr(l to g(’lwrlkt.r

I]I(NI(IIs2 nll(l 3 (IIS (qq~osr(l to I]I(JII(’I 1 ), ‘1’11(’ufl(lili(~ll of 11: J !5,K. I!’\ ’f”Isnll(l 2r4f’ nll(l

3~4~ D.E. Li lili{s st.lltvs fliit IN’I (11*(’II~iMI+lM~III (I li]ws rrll~t ivr t(~ Hr/i, witl~ tlw llli~j{w

drm”t m}ltlitlg ili tll(’ IIf’(1 Iilu.. 1“’illlllly, t II(. nfhlit i{~ll of 21’2~, X3(”, W41”, 3(’31”, 3f’lt’, U]](I

4[4~ l). EI lfwr]s for 11(sIikt., 41’4~ 11.};. hwYsls, IIINI 2!2[’2(”, 2W’3P, IUId 21W4f” ‘1’.};.

lwMsltit.{)IJi likr ill IIMMIII1!) ill(.u.lwl’s 11~~r(.llltivr t.f] 11{s(}.

All of III(’ 11111:+ (If l:il:s. :) t)II{)IIl\lI H MV’IX’{]IIIIf’ wit]) 11[}lint’s Ix Ifl IIt Isl,f I(l t,(j ]III\’t* f.sI’l I]Ms

fnrtol’s r(nll])lltml. ‘1’]1(* ()])li(.ill 11(1])1]1:4 of t]l(. (t ]jll~w IIrf ’ (JII Ilw (mlt’r f}f 10, WI it \\Ff)IIl(l

I)ot(vllilllly I)(I Ilsf’fill hl II:.(I (s!.l”:l] 1(’ I’11(.tt)rs f{)r 1111.s(J 2 Iill(’s. SIltOl)rlills linvr lNIrll (hnw, lnll

I)() xi~llitirmll rllJllly,tcs W(VI’olu.(’r!”tvl c(nlilmrr{l ti) l“ig. 7. ‘1’llis is llll(li~lll)trtlly {Ilw If) lll~t

~rntllll)l {msllit~tl (Ilv(*r 1111111~ (IIIII)II:;) tl):lt tll(j Iillc’s itl(’rwst ill (q)til.i~l (I(sIII II,



Figure8 givesthe spectrafor a TIIG/DCA run using the same Model 5 as in Fig. 7 but

usingdumps from a slightlydifferentRad-Hydro run. Specifically,the run had a slightly

thickershell (Pusher); it was run usingdiffusionradiationtransportinsteadof Pn; and its

driveenergywas somewhatlower. The result for the theoretical spectra is quite different

from the nominal run. It is not clear at this point which of these 3 issues is the most

important determinant in the difference–a.n ongoing study is attempting to sort this out.

Clearly, however, this result indicates that the Rad-Hydro code may generate subtle shifts

in temperatures and densities that have decidedly non-subtle effects on spectra.

Comparing Fig. 8 with Fig. 1 indicates that rriodel 5 is generally getti.ag reasonably

good agreement with the particular shot of Fig. 1 and very good agreement with the

particular shot of Fig. 2 The CLlines are somewhat too low relative to Hefi in comparison

to Fig. 1. In addition, tlwrc am clearly grips in the ccntcrs of the Ha and H,fi complexes

that arc U.ndould.rd]y dlw to n h.ck of silt(’llite lines with spectator electrons having PQN

greater than 4. (Estimntcs for the mnximum PQN presrnt in n p]wsmn at 1 keV e]ectron

temperature and 1 x 10Z4 iwl density imlic~tr up to n = 10 (for low 1’values) for H-likr, and

up to n = 8 (for low ( vid~~(’s)for Ho-like, will bc present). The Inck of dark brotuhming

for diclcctronic mtvllitrs will dso nf~rct thr drgrcr of ngrccmcnt.

A flmdmnrlltd issllc rnismi by tlw Vll~illti(JllS in spcwtrti w a function of modf’1 com-

ph?hcss, is n ]m’cis(’ [Lwwssllwllt of whnt ill t]lr tll(~fh’ls is cnusing it. To help drtcmlinc

this, an (?is(’llt,jidl~ roll]]d(’t.(” s(’t. of (S(lit,s IIILS I)(wI ilwtnlh’d in t]w pfL(”kILg(:. T] Aos(* ill(-lll(h’

smq)s]lots WI(I t.i II N”] Jlots t)f ill(liri(lllill trlulsiti(m rntcs, h-vcl popuhd. ifms,lvw*l ])ot.cllt id

rm’rgim, ILll(l ])ol)l]liit io]l f]lls(’s l)(’t\~(’(lll1(’~(11}:,Tlw l[ittt’r 3 qlm.lltitit~s call Iw SIIIMJN*(I

ovm gr{mlJs of l(wx*Is, Altlllf~llgll it wllsll’t l~(wsilh’ to llllidy7A* lull of tlw rlllls wit!] tlwsr

r({its I)y tlli!, till]~’, N ]w(’li]l]illlu.y relit nlllllysis lm-sIMY.11(low ~{)rM(MI{IIG. TIN) Iwillmry

r[nwlllsi(m to IN’ ~iiillf’(1 fr(jlll tllf’ (’flits so fllr f)l)tllill(’fl is tlw illl]~(~rtjnl~cr of I,tw ~u~ll~

n = 2 t~) ?) :: 3 l~lilnl!:~iii)l] 1111x,for ~),Ut~II(I lilu’ nl](l 11-likv R(I(ItWJlrfV+.This flllx (’ss(~l~tinlly

dtmlillntf’s rvvryf.llillg t’ls~’ill tlw Iwf)ld(’111.If it wmv IIt)t ffm tl]is lll~wnrxl Ctdlisi(mnl flux,

tlw ~i lilws wtN]lfl Itct Il:llly INIill ~ll~y.illdi~~l, rnt Iwr tlIIIII t’llliwioll, for IIIILl)y of tlic’ 111) gmi

ZOII(W.Sillcr tll(’ (sII(vI:y {Iill(’rt’llrlw 11(’t\wIt”lI tI :! 1111(1?1 “’ 2 h’vf’ls Iux’ 011 tllr 01”(1(’1of

G()()rV, mIy CIIUIV,IIS ill tlll]~l~t.[~lttll~’s ill this I’IImI:y vicinity m-c Iikr]y h) Htllwtwltinlly shift

tlw slmtru. A III(W(IHHIIldfIt(’ relit nlwly,sis is ul~rrfvttly it] ]myyIIss,

I!)



close agreement, wit 11cxporillltvlt. .4 sertnlcl conclusion is the variabili~y with Rad-Hydro

run cimqys, wlwr(’ tll~w’ {“lli~ll~~snrc st :Il]dnml drsign issues that induce only relatively

minor changes in \\-i(l(l-lJi~lltl X- ~il~ imii~.’s, or ncut roll emission characteristics, This mcrms

that. the q.wctrn rIIII l~(t IIHI(I [Is smwit iv(~ ~iill~~s of plassma dynamics, provided that a

complete atomic nKMl(Il\\”itII i)(.~l:r;~tt?ratrs CaII be assen]blrd. Tiw third conclusion is tlmt

relatively good ngr(~tullt~llt\vit11UI1(:xlwrillwnt ha.. ken obtn.ined, but that there is a fair

amount of vm-iill)ilit y I)(d w(w~ shots t ]lnt makes any firm conclusions concerning dcnsit ies

and tcmpcrntur(’s ~llm:irriillti.(!i.tthis time. Given that the spectra are still ch[mging

between M(AIs 4 ill~(l G, it is inlp(wiljlr t.t} I.w certain that models more complete thnn

#5 will not Ids,) clli,i]g(~ tlit, *ll;ij(w lil](. riiti(w,

There rut’ tlllls iI 11111111) (’I of ilir(’ct i[uls for futurr work. One is to a~semble a more

cornplct.c n][)(l(~l, (lllti t Il:lf li;l> S,E. iill(l D.F.. lcv(Ils with n ~ 5 (up to at least S), rm{l m(m’

triply exf itml ltIv~Ils(f’s]l~~(.i;lllytII(w lN’:utll(’ 11/1Iirw). Tiw studies on drive strcvqgth,

shell thit-kl)(w, :111(1 ].iitliilt ion I l;lllsl~(~rt (~])titn]s \vit Ilill t.lw Rad-Hydro co(h~ m-d to l)c

C(mlp!rt (’(!. TINS illl:l]!-i. of” I]){’(’flits f~ll (!if~(mwt lllo(h’ls hns to bc c(m]l)]rtml, .4 hulgrr

term pr(}jrrt is t i) 1111(1~’rsl;ill(l t II(*t (vlll~t’rnl {lrt~n]l(l ,Imisity spatiwl vcuintion M n flmction

of spcctrnl (nit l)lli. ‘1’llis t ;Isk (’;III I)t’ (tjllsi(lmullly simldifivd if tiw spt.ctrn arc gr]wrtit ml

fr(m) kilwtirs ill (ll];l~i ({~1”i]lsl;l]]l;ll](i(llls) St(’il(lJ’Stilt (’,

Futllrt’ Wol’li ill (“l~(lt’fl(’\I’11~]1111{’lltil)l.lll(l(wl)t’tt(’rStluk Immdming rtlldNolllt”c(~lltinillml
Iowrrillg (q)f i~)ll~. 111;I(lllil itul. ~1’1.+i(~]ls!(~r Ivorlist:ltil)lls (1 D) WN1 Il]n:+siw’ly I)llrilllt’1colll-

putrl?i (21)) \v(llllll11{’ll..( ,1111. l’1”()( ’1 ’(1, 11’(’s f{~rlll~l)l”OXilllittt’1~ im.n(llil~~ D.E. h’vt’ls rrtmtml

1)~ ot]l(’1tllilll illll~l !.!11’11111(11”1’>.+’5..wllI’14’ t II(! IIA”(IISnrr ill (Ilmsi-st.wl(ly : t nt v (i, r., t rm-killg

thr qr(~lll:tl SI;IIII ])(q) lll:itl(lll) \\”l)lll(l I’!lllll’(” tll(’ (“olll:)\iti \tiol)ill” tilll(’:~ tI~’111(’ll(lollSl~,

ll.iF’I’:l{ 1’:N(’l’:s

2.) Il. (;ri(vll, l,liv:tl, ,tlllllllt,l,l,:ili,,,l
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

FIGURE CAPTIONS

Experimental capsule spectra at maximum emission, Shot A.

Experimental capsule spectra at maximum emission, Shot B.

Theoretical spectra, kfodel 1.

Theoretical spectra, Model 2.

Theoretical spectra, Model 3.

Theoretical spectrn, hlodel 4.

Theoretical spectra, Model 5.

Thmreticd s]>ectra, hfo{lc*l 5, variation withhot drive.
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