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OPRCITY CALCULATIONS FOR L9SER PLQSI”M REPLICATIONS

Norman H. ?Iaga@, Jr,

Los Qla-s National Laboratory

Group T-4 H’S B212

Los ~lamos, N-w -XiGO 07s4s

l%- Los nlamos LTE light ● le-nt d~tailod configuration opaoity ood-

fLEDCOP) has bcmi rm?isod to provid- =r@ ●oouratc ●bsorption ooeffioionts and

group -ares for -dorn radiation-hydrodynamic ood~s. ‘IW new group means wiAl

b. aspooially useful for oo~ating tho transport of thomml radiation from

lasm d~position.

l%. prinoipal imprwowmt As tho inolusion of ● oomplato sot of aeouratm

●nd Antornally oonsistont LS twm ●nargla?s and oscillator strengths in both

th~ EOS ●nd absorption eomffiolmts, S@laot*d ●mrgies and osotllator

strtngths wra oalcmlatod from ● Hmtroe-Fook oodot then fitted by ● quantum

defoot mthod. This ●no-d trmm4tlons ●t ●ll =velengths to b. trmtsd

oaloulationso

Q s-oond Amprovawmnt is the us- of mm- aoouratc photoionlaation oross

seotions ●r. now morm oonsistant with the bound-bound osoillmtor strengths?

leading to ● smoth transition soross th~ oontinuum limit.

Results will b. prmsontod show~ng th- agroonmnt of the LS tgrm ●nergims

●d osoil~ator str~ngths with obsmvcd values, The new ●bsorption

-——D.*-,—— . . . . .
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Introduction

Our group ●t Los 41ams National Labortory has b-an involved in

caleulatinq tha interaction of radiation with mattm for many years, I

● m hm8 today to report on t- i~rovwmnts w have made in our light

● l@mat opaoity oodo (LEDCOP)j *ioh ealculatos absorption coefficients

●nd opaoitios of LTE plasmas fnr us- in th. thermal transport of

radiation ●nd othsr plasm ●pplications.

b, I I 0 I l—.~

‘a‘T-Aluminum

J........!.0, ,:

- ‘1O.O20.0 30$0 46.0 Soso 00.0 70.0 So. o 00.0 100.
Phcton Energy (N)

FICMIRE i. Th@orotiaaily oaloulatod ●bsorption

ooQffAoimts for aluwinuma Tlw solid ourv~ is

tho ●otuai oalottlatAon ●nd tho dash-d limo rsprosonts

‘I’ho solid ourw in Flquro 1 showm ● roprosontatiuo sa~lo of tho

●bsorption oo@tfAoAont output tram tho oodm, I’?m ●bsorption eooffiol-nt
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:ontains contributions from bound-bound transitions, bound-free photc-

ionization~ fres-free absorption ●nd scatterlngt The initial use of the

1:odeJ which dates back over 20 ysarsj was to produce Rosseland mean opacitias

For ●strophysical mdeling codes. Thus, ●n integration was prefornwd over

ill fr@quenei8s to produce ● single number (the opaoity) for tP~Gh

!cqmratum ●id density. hs soquters have beeome larger ●nd modeling codes

ROrt sophistioatmd$ the naw genmation of radiation hydrodynamics sodes hav~

[@rnnd*d wrc detailed, frequ-noy depmdmt information, as might be

‘.pr.somtod by the dashed line in Figure 1. This eurwe MS produoed by taking

,*o dJ -id@ ●nergy bins ●nd integrating over tho solid ourve to prodtme ●n

~vmmga valtm. On- should note thmt th~ saqle bin struotam ms not 8 good

thoicm to reprosant tho solid ourw~ thorefom om r~aliy n-ods to know tha

mJor d.tails of th. oross saotions fstrly ●oo-atoly. Ue have improuod

ho oaloulation in tw areas. TM first arma is th~ bound-bound transitions,

harm w goiug to ● full L!l treatmnt of thm ●norgy lWOIS and tha oscillator

trmgths. The seoond ●rea is ● ●xpansion of the non-hydregmio bound-free

bsorption oross saotioas to ●xeit@d ●dgas.

L8 Eaorgios ●nd Transitions

Flguw 2 shows th. lino struotum Cor ● transition in oxygen IV, ●ssuming

hmo Ievols of details JJ splAtt4ng, LS spAltting ●nd oonfiguratlon

wraglng. tlany oodas haw only used thm singlt avwagsd lin~ to iwpr~mnt

h. transition in thair oaloulations, Our eodo has uwd ● mlxturs of

ho LU transitions ●nd oonfiquration ●veraged lAnost dopmdlng on what

nformstion ums ●vailabl~ from ●np@rimmnt or theory, Contlguration ●vmag-d

ines really oan not b. used it on. needs dotaA1.d frequenoy dependent

nformation. Ma have dcoid~d to go to ● full LS tr~atment, but



plasmaa There are two reasons for this. If you use

JJ splitting in this simple examle~ YOU ha~.~e 18 lines ~Jersus 6 lines fcr

tlm LS splitting. Even with increased computer capabilities, the JJ splitting

is still too much information to handle for all the configurations of all

ionization 3tages of an element, Smond, the goal of the code is to calculate

group mans for radiative transport and not for spectroscopic anaylsis, and

the incr~ase in detail is not needed for reasonable width gromp nmans.

OIV 2s22pL–2sL2p13p1

II JJ Splitting

t
I

LS Splitting

I

Configuration Averaged

I 1 r I 1 1 I
100.0100!0 190.0 195,0 20010 206*0 210.0 21s.

Wavelength AO

FIWRE 2. N*@r and wavelength

ot lines in s 2s - 3p transition
.

of oxyg@n IV for thr-~ diffwmt

Aevols ot detail

1 1 I 1 1

0 Iv 2s2 2p1 – 2s1 Zp’ 3p1

JJ Splitting I
LS Splitting

2s Zp z~

I 1 I I “~—
JO*O 1000s :81.0 181.5 Iea.o 102.5 10

Wavelmgth A“

FIOURE 3. Tho JJ ●nd LS lines of

oxygen IV ●re shown in mrw detail

for thr~~ of th~ M maltiplets.

Figuro 3, whloh shows three multipl~ts of Flgum 2 in mra d-tail,

illustrates this point, zW.●re using ● Hartr@o-Fook oode of Robert Cowan to

oalsulate the JJ ●nergy levels ●nd oso~llator strengths, then ●veraging to LS



5plittinq, If you are interested in the deposition of ●nergy at a definite

frequency [181.9 il” for ●xample), if YOU are interested in anaylszing the

~pectra, you have to retain the full JJ splitting. If you are calculating

;roup remans, the fact that you have 3 lines instsad of 9 lines will hardly

~ffeot the group mean ealwulation at all, as long as the oscillator strengths

W. corrwt and the grmp wan ●nergy is large compared to the line splitting.

rha LS speotra should only be used to alert the user that there ●re lines in

:he region of his laser frmquency. The user should than go to ● structures

;ode and find out cxaot transition ●nergies, oscillator strengths, ●ta.

Me have deoided to reduoe the aimxnt of stored in~or~tion ●ven mre by

‘Lttinq the Eartraw ?ook LS rssalts ●nd storing anly tlw fit uaeffiaimts.

3h us. ● qumttm defeot method developed in Los nla~s by Clark ●nd ~rts

here the ~orw of the ●nergy fit is shown in ●quation 1:

E- (Z -M+qa Ilyd . (1)

(n - (Oe + ol/n + 02/n2)2

N= Number of bound ●leotrons

n= Prinoipal shmll quantum ntnbmr,

‘he linear lmast square f~tting ooc18 takes tho Hartreo-Fook ●nergies

oaloulat~d without ●ny configuration intwaotion or mixing) ●nd fits

hem to obtain Oo, 01 ●nd Q2 for ● 8ydbsrq series of .n@rgi@s for ●aoh

S term. TM ●nergies ●re rel~tively si~le to fit ●nd tha fit is fast

nd ●asy to use. Unfortunately, tho oscillator strmqth fits, whloh

re bas~d on the same Hartrae-Fook output, ●re meh mra diffloult to obtain.

he osolllator strength ●quation is shaun below:

f= ‘fUf9FftC *AEw lTi (2)



where ANGFAC = fingular mattering factor

AE . Transition energy in Rydbergs

IIT a
iJ

Configuration ●v@rag*d radial dipoi~ matrix @l@ment

gi a statistical might of the initial nmltiplet,

&E is obtained by using ●quation 1 to caloulate the upper and lcumr multiplet

●narg.t@s ●nd taki~g tha ditforenm. ‘l%. ●ngular factors ●m obtain-d from

Y’Comn or Condon and SEortlmy ●nd stormd in ● data base. Splitting tho

●ngular faotor out this -y is very oonvienent since it ●llows onc to use ●

configuration ●voragod radial dipole matrix ●leant ●nd tako full ●dvantagm

of tho ●ngular smntry to stor8 1*SS data. For instanoe, if you havo the

●ngular factors for nmutral oxygenr they ●re tho sam for oxygen-lika iron,

●luminuml ●to. Also, the ●ngular terms ●rm tho sa- for similar

sonfigurationsa A simplo •xa~l~ ~uld bo~ Ii, LA, B and Xa. In transitions

involuing only tho out~r ●l~ctron, ●ll four ●lments oonsist of ● singlm

clootron outside ● elosmd shell and tho angulnr fmtors ●re ths sam for ●ll.

This duplloation is ●lso true for mro eouplioatod configurations ●nd ●llows

ma to ●ssembls+ ● relatively s-11 data base for ●ll light ●lements.

Rm configuration ●v-raged radial dipalo matrix ●lo-nts
II‘i J

from the

liartroo-Fook oodo ●ro then fit using the quantum dafoot formalization. This

tim thins ●r~ 6 oo~ffioimts, 3

rtats, ●nd the f,tt oan be highly

Bix oo~ffioimts to roprosent ●n

f-p.

for the initial stats ●nd 3 for the final

non linear, Howv8r, one ●nds up with only

.ntir@ transition ●rray, suoh ● s s - p or



TABLE 1. Nu~rical comparison for oxygen

~alculation No, Coefficients No, Output Quantities

Energy Lavcls 2349 3441

Angular Factors 1467

Transition Coofficionts 760

Lin@s 6S339

Total 4s04 70900

Tabla I illustrate thm ●dvantag~ in storage r-quir-smnts if th~ fits ara

used instsad of the ●stual n~ers. For all ionization stages of oxygen, ●ll

prinoipal quantum ntiars n up to 10 ●nd ●ll ●ngula? =-ntum values from 0 ta

4, it takes 2349 uoeffieients to produoe 3441 LS ●orgy levels. If

you ●dd in th~ ●ngular fwtors, uhieh will hand18 all configurations through

●rqon-like~ ●nd the eoofficients for the transition -trix ●ie-nts~ you

obtain over 63 thousand lines. T’Mrefor-, less than 5 thousand stored number!

will producm ovtr 7e thousand output nustbws, If you havo a diluto plasm ●ti

tho ●quation of %tat@ has tn be oaloulated to n = 3. or 109, you obtain over

1S0 thousand output n~ers for the same n~or of ooeffioionts,
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Oxygen I
I

L

Principal Quantum Number

FIGURE 4, Per~entage difference bet-en tit energy levels

●nd NBS tables for four Rydberg series of neutral oxygen,

There is, of eours~, ● loss in aeouraQy in using fit~ instead of the

•OtUa~ data. Figure 4 shows tho peroentago differenoo bet-en the aalculat-d

enargi-s ●nd th~ NBS$ tabl~s for four rydborg swios of zmutral oxygm. From

● maximum of 2.S %, th~ dif?srmoe drops off to ,01 %$ the largest ●rrors

oomxring ●t the lomst n values ● s axpested. hnoth~r point of intorcst is the

trend in tha ●rror vmsus oonflguratim, Qspaoially for n = 3. One of tha

underlying ●ssumptions o? thti quantum def~et method is that the mvefunction

of the ●otivs ●lmotron does nut overlap the ooro. Elmotrons with lo-r

1 values will ponotrato th~ oor~ more ●nd thm ourv.s show that the higher

1 valu@ seri@s ●re b~tt~r flt by thm quantum defeot mmthod, For ●ll

ionization stag~s of oxygon, t!m mximm ● rror that w havm found is S X, ●nd

this ooaurmd Wmr8 tw lwvals havo ● strong configuration interaction, Since
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our fits are based on Hartree-Fock calculations without configuratioi~ m!x:ng~

it is not surprising that our largest errors will be where there is strong

mixing.

CIII p–d CII S–P
~-~ + 1

1iO-’! ,
rld

r
ld

%

FIQURE a. plot of OS~ill~tOr

strmgth versus final quantum

numb-r n’ for initial values

of n from 2 to 9 for ths

transition 2s1 np 8 - 2*1 n#dl

in oarbon III. Th@ solid linm

●rm tha fits ●nd thm oirelos

W. tho initial Hwtrmo-Foek

oaloulatod oscillator strmgths,

This plot printad with permission

of Clark ●nd Ilerts.

i

310-’! r
491U

, , I
ld

FIWRE 6. plot of OSUill~tOF

strangth wwsus final quantum

number n- for initial valu~s

gf n from 3 to 9 for tha

transition 2s2 nsi - 2s2 n~pi

in oarbon 11, Tlm solid linss

●re thm fits ●nd thm oimles

arm tho initial HartrowFook

oalcmlatcd o~oillator strmgths.

This plot print-d with permission

of Clark ●nd Herts,



Since it is difficult to obtain a mmple+e series of nbserued osc~ll~tcr

trengths~ we compare the fitt?d oscillator strengths to the input Hartree-

)ck numbers. Figures S and 6, from the papar by Clark and Harts, show a

- d saqusnce and an s - p sequence. The le~st curvQ in figure S is the 2p

) nd series$ the ne~t curve the 3p to nd series~ ●tc. The maximum error

ltuaen the calculated and fit ntiers is about 1 Y.~ hut this is a relatively

isy array to fit. The structure of the ●rray in Figure 6 is much more

l~licated as muld be expeoted for an active ~ eledron. Here, the lomst

irwe is the 3s to np ●nd it has slightly -r@ structure than the p to d

Tvos, but by the ti= you reaeh the 6s to np curvo~ it really bends

w. For this oscillator strength ●rray, w have errors on the order of

X bet-oa tbe input wmbrs ●nd tho fit. Mowver, -n one realizes that

● 3s to 4P hydrogenio oscillator strength is .48 ●nd m ●r- gattinq ● number

the ordsr of .02, errors of 1. Z are relatiwly negligible oompared to the

provm-nt from the hydrogenie value. TM observed osodllator strength for

is transition As .954, but sinue neutral ●nd near neutral ionization stages

LIally have strong ~onfiguration intermtionr uhiah is not inoludad in tha

rtreo-Foek oaleulations~ one should not b. swprised ●t this difference.

is doos reemphasize thm @met that th.se results ●re not for spootroseopio

Blysis~ but for group amam of reasonalbe en~rgy widths, 9s long as one

mmvos oscillator strength ●nd distributes it ●pproximately correctly, the

mp smans ●ro not going to b. smiously affeoted by ●rrors of this ordsr of

}nituda in the weaker oscillator strengths.



Non-Hydrogenic Bound-Free Photo ionization

The expansion in use of th- non-hydroqenie bound-free oross sections

turns out to ba Just ● s important ● s thm n-w bourn-bound line treatment.

the past, we have us-d single mnfiguration, fully ralaviscic potentials

calculate bound-frso cross soetions for tho Aovels ooeupiod in tho ground

state of ●n ●tom. For ●xample, nautral ●luminum had non-hydrogenio cross

sootions for the ls~ 2s$ 2pP 3s and 3p ●dges,

Aluminum I

lU l(f
Photon Energy (eV)

FIGURE 7. Hydrogenio and non-hydrogenio

s~otions of nautral ●luminum ●rs

stat~ ●d tha 4s ●xoited state,

plott~d

id

bound-free oross

for tha 3P ground

In

to

hydrogenlo ●nd non hydrogenio 3p

order of rignitudal

IS -11 ● s having ● oo~lmtely different struatur~, Ue have now Anolud@d

non-hydroqonio oross seotAons for some of the ●xaited ●dgast suoh ●s the 4S



shown in figure ?, These cross sections -re not included previously because

it -S not realized until recently how large the differences wcre~ and it was

f~lt than th~ oecupancims of the ●xeit~d lcvals were low ●nough to ignor- the

c?rass saetion differences. This has turned out net tc b- tha case ●nd in some

tmap~raturm-density rwgims, this oross section ohanqe IS tha dominant ●ffect.

Rasults

Figaro 8 illustrate tho ●ffmot those ehanggs ma havo on tho ●bsorption

Oooffioimsts. This taqmraturo-density point for ●ltminum is not typioal, but

has b-on ~iokad to show how larg~ th~ diffmrono~s oan bwt Nbov- 10. ●V photon

●norgy, tho ●bsorption eooffioionts mro dominatod by tho ●xoitod boand-trem

●dges ●nd tho hydrogonio &a \ ● boaad-bound transitions, ‘l’ho lo-r non-

hydrogmio bound-frm oross s~otloas oms8d tlm continuous baokgrmnd to drop

by ●lmost ● srdmr of ~gnitudo in plaoos. ‘I’M shAft in lAna strangth from

●bovo 1.. ●V to bolew 1*. ●V mroso from the switoh to non-hydrogonio

oscillator strmigths. Oscillator strmgth 1s ooasorwd in both oaloulations,

but tho distribution is quit. difforont. Instead of strong & = l,2,0to.

lines ●nd no f!n = ● Iinos, w nou haw mst of tho oscillator strwigth An the

@ ● ● llncs, resalting in tha strong iin~s ●t 7.S ●V ●nd tho disappormoa

of many lAno8 ●bow 1.. ●V. Putting both oorrootions An si~ltanoously ●lso

insuro~ ● smoth transition ●oross tho oontlnuum limit.
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F19URE 8. lllum~num ●bsorption
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FICMJM 9, Four group man plots,

t- for ●aoh of tha ourvos An

Flguro 0, showing thm difforoaoo

la tho r~sults, not wily for tha

two data sots but ●lso for tho

group mm struoturo.

4s has boon stat-d tbroaqhoat thAs papw, m ●ra intmost~d An produoing

ttor group mans for radiation transport oaloulations, Figaro 9 show, t-

ts ef group mans For ●aoh oarvo An tAgara 0, TM t- groap mans ov~r ths

11 2.. ●V photon rang- differ by a faotor of 2 to ~, oortainly ● signifiomt

mgo, bat not ●s signifloont as tho ohangos for tho smaller group moms from

to 1.. W ●nd 10. to 20. QV. Hwo w havQ ● faotor of 2 inoroaso for tho

‘st graup ●nd an ordor of magniiudo daaromso for tho sooond group, This

lustratos what w ●ro strAvAng for with this sot ot ohangost mro ●oouratm
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md detailed group means, where the group mean boundaries are chos=n carefully

to take into aocount prominant spectral features, but are not so narrow as to

involv- on- in sp~ctral anaylsis.
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