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Collisional radiative model for heavy atoms in hot
non-local-thermodynamical-equilibrium plasmas
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A collisional radiative model for calculating non-local-thermodynamical-equilibriaon-LTE) spectra of
heavy atoms in hot plasmas has been developed, taking into account the humerous excited and autoionizing
states. This model uses superconfigurations as effective levels with an iterative procedure which converges to
the detailed configuration spectrum. The non-LTE opacities and emissivities may serve as a reliable benchmark
for simpler on-line models in hydrodynamic code simulations. The model is tested against detailed configu-
ration calculations of selenium and is applied to non-LTE optically thin plasma of lutetium.
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Radiation hydrodynamical simulations of laser producedined by a set of supershell occupation numb@ss. In a
plasmas require knowledge of the level populations of ion€Q-electron ion we haveZ ,Q,=Q. The Q, electrons are
through their average char@é, their ionization energy, and distributed among the subsheBs:= ¢ in all possible ways
their radiative properties. This knowledge is also necessargubject to>;.,0s=Q, . Thus, each partitio®="P(Q) is a
to interpret the emission spectra from hot laboratory and asset ofgs generating an ordinary configurati@= Hsjgs.
trophysical plasmas. A common approximation in these For a given supershell structufiee., a particular grouping
problems has been to assume local thermodynamical equiliwf ordinary shells into supershellshe collection of all pos-
rium (LTE), i.e., Saha-Boltzmann populations. The LTE ap-sible occupationsQ,, for all supershellso, restricted by
proximation was used, for example, to develop the supek,Q,=Q, includes all the superconfigurations of charge
transition array(STA) theory[1,2]. However, non-LTE ef- stateZ-Q. With the less restrictive conditioB ,Q,<Z, this
fects are of dramatic importance to laser produced plasmagpllection includes all the SCs of all ions of elementThe
[3,4], because of the strong laser energy deposition at theodel rate equations are
surface of the target. To go beyond LTE, one needs a collli-
sional radiative modelCRM) [5], which requires transition
rates between all levels. dNz

For medium and heavy ions of interest in laser fusion and qi = N= _2 Rz + 2 NzRez, @
x-ray lasers there are multiple charge states and numerous =
excited and autoionizing manifolds. Although some highly
efficient computational methods have been developed in the ,
last decad6], there still needs to be some type of averagingv‘{r_'ere’\lE are the SC populations aftkg. are the SC tran-
procedure to treat the numerous excited configurations. Iition rates, averaged.ove,r thf, initial conﬂguraﬂdh;:_
this paper we present a model that is based upon the sarﬁ@d summed over all findl’ < =2". A central assumption in

method as the STA theory, using superconfiguratkses our model is that within a superconfiguratigh the configu-

: el ; ration populationd\¢ are distributed according to the Saha-
1,2 ff level h I .
[1,2] as effective levels with a rapidly convergent procedure oltzmann statistics:Ne/Nz==Uc /U=, where Uc and

that provides the detail figurati -LTE spect rﬁ : e .
at provides the detailed configuration non spectrum | =(g)=II,U,(g) are the corresponding partition functions

the limit. This model, called superconfiguration radiative col-
lisional (SCROLL), calculates the effect of the numerous [1], and where §) stands for the set of degeneracigs} of

excited and autoionizing states on ionization balance anHje various shells. Here,
spectra of heavy elements. Furthermore, SCROLL provides
accurate and detailed non-LTE opacities and emissitivities
that can serve as reliable benchmarks in the development of s\ q
simpler and faster on-line models that can be used in numeri- UU(Q)E; [T XS® 2
cal simulations of radiation hydrodynamics.
A superconfiguratiofSC) groups together numerous con-
figurations of similar energiegl,2]. It is constructed from
supershellsr, which are unions of energetically adjacent or- with X;=e ™ (¢s~ /KT ‘whereeg, is the shell energy ang is
dinary atomic subshellse o, s=js=ndlsjs. A SC is de- the chemical potential. The Saha-Boltzmann assumption,
which is strictly valid under LTE conditions only, is relaxed
effectively by a convergence procedure, performed by split-
*Permanent address: NRCN, P.O. Box 9001, Beer-Sheva, Israeling supershells as described below. The SC average rates
"Mailing address: NRL code 6730, Washington, DC 20375. can thus be written as
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«-SCROLL but with the modified shell degeneracies
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and with Z(""¥) having the supershell occupation numbers
Q, reduced byn, and/orn, for o containinga and/ory,

02 g respectively. The calculation of GPFs bypasses the impracti-

718Cs/ %, cal direct summations by a set of recursion form{ilds The
‘/ “orbital rates” B(j) are calculated with thelcCRON code
0.0 :::..|....I....|....“?"‘.‘" m prrrrh u.lu..I....l..ul....‘”.T.".". — [7]
22 24 26 28 30 32 34 36 38 The assumption of LTE within SCs is relaxed by a con-
Charge state vergence procedure where in each stapershellsare split,

giving rise to a new set of SCs of all charge states in(&p.

as described below. After each splitting the initial population
of the new SCs is taken as proportional to their partition
functions. All the rates between the new SCs of all charge
states are computed and the steady-state CRM matrix is re-
built and solved with a sparse matrix method. The resulting
populations are then compared to the initial ones. The super-

FIG. 1. (a) The charge distribution of Se at,=700 eV, N,
=5x10?° cm™ 3. Comparison of the SCROLL results with detailed
calculation[10]. (b) The effects of convergence and autoionization
on the charge distribution of Lu af,=400 eV, No=5x10?°
cm 3,

Reo, = 1 2 U~R 3) shells are split in this way repeatedly, until Bl converge.
2T Uz(g) & O Ceer It should be pointed out that in order to achieve rapid and
Cc'er’ systematic convergence we do not split SCs but rather super-

shells. When a supershail, is split into two supershells

09— 0103, €.0., (52p3s3p3d)—(2s2p)(3s3p3d), each
whereRc¢ are the configuration average rates. We first ex-SC possessin@,, electrons on supershet}, gives now rise
press the latter asRccr=Pcci(q)B(j) where Peci(d)  to many “smaller” SCs defined bwll Q,, and Q,, for

is the occupation number polynomial which Q, +Q,,=Q,, (together with theQ, of the other
. supershells Therefore a gradual supershell splitting yields
Pcc(@)=0,%(95—dp) "8, — 8" (4)  jumps in the number of SCs generated. Supershells are split
sequentially according to their energy width and occupation
number.

anda, B, andvy are the active orbitals. The exponents for the
various processes arg,=nz=1 andn,=0 except for ion-
ization wheren;=0, and except for autoionization for which
n,=1. The remainder paR(j) is the “orbital rate” specific
for each process and depends only on the orbital wave fun
tions. After factorization of the continuupé], the only two-
electron contribution is autoionization involving a continuum

orbital ] for which we obtained

This convergence process eliminates gradually the ex-
plicit dependence of the ratg8) on the LTE Boltzmann
factors inU¢. In the configuration limit it disappears com-
letely. Ignoring the first order energy corrections in the

oltzmann factors of E(3) has therefore little effect on the
converged results. During these iterations a great simplifica-

TT T T[T T [T T T[T T T T[T T T T[T T T r[TT 1Ty
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ja JE t I )
+{ R =~ r] }(btt (JaJBJ y] )! (5) ~ 10%
Iy ] t Busquet (T,=162eV)]
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where @' is a product of radial integrals including both
direct and exchange contributiof8].

For any process and transition, thej B¢ are common to
all configurations within a SC array and we haRex=. . et ,
=B(j)Pzz/. Using partition function algebrfl] one ob- 0 00 1000 1500 000 2500 3000 3500

tains Photon energy (eV)
FIG. 2. Absorption spectra of Lu plasma at=400 eV,
—(Nany)(q(Nangny) . -
P__/:Uz (g © Ne= 10° cm 2. Comparison between SCROLL and various LTE

U=(9) ' models.
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FIG. 3. Emission spectrum of Lu plasma B=400 eV, N, FIG. 4. Emissitivity of Lu plasma atT,=400 eV, N,
=10?° cm™2 showing sensitivity to the degree of convergence of =10%° cm 3, Comparison between SCROLL and LTE results at
SC populations in SCROLL. T.=400 eV and afl ,=162 eV.

tion is achieved by using an average atom potential depenqynction under LTE conditions. In the SCROLL model the
ing onZ* which is kept constant. An outer convergence l00psqoyrce function requires special attention. Taking into ac-
on Z* is then performed._ Rapu_j convergence for bdtB  ~ount the non-LTE populationsl$® the LTE behavior
and the average char@® is achieved easily, thanks to the with effective T, within =5¢° and the fact that free elec-
high multiplicity of excited configurations which turns out yong have a Maxwellian distribution at the real temperature

here to be an advantage. In our _calculatlons we keep track qfe, we obtain a source functio®(») =], /«, for each array
all charge states whose population exceeds® 1 the total Zscroll_, = rscroll 5

ion population. We accounted for all the SG¥ all these

charge statgsnvolving principal quantum numbers up to 2hs

=8, or less according to pressure ionization. In generaj., S==/(v)= = foz e MK )
see Fig. 1 about ten ionization stages contribute to the

charge d_lstr_lbut_lon and spectra._lt was fouE_ﬁj ?hat_ the where for the bound-bound  spectrum fgb:
charge distribution can be described by an ionization tem-""""C. Lo TEC o) ==
peratureT, defined aZX1e(T,) = Z* . e(To). =Nz, Nz /Nz, "Nz and for the bound free spectrum
It is important to emphasize here that the supershell struda'z, =f2%,(T,/Te)%% *KT". Here the LTE populations
ture, which suffices for the SC population convergence, isre taken afT =T, andT*‘lzTgl—Tz’l, ande is the free-
not sufficient for revealing the spectral details. Indeed to obelectron energy. This term enters the above-mentioned inte-
tain the detailed absorption spectrusy we now take the gration overe [2]. The free-free spectrum involves only the
SCROLL converged set of SCE5¢! and their populations LTE free-electron distribution and its source function is the
as the initial set for a modified STA codé&,2] at the con-  Planck function aff.
vergedT, value. Supershells are further split assuming LTE Results for both absorption and emission are presented
populations within= ¢! giving rise to increasing number below. In Fig. 1a) we compare the converged SCROLL re-
of smaller transition array§=5" (STAs) each represented sults for the charge distribution with detailed configurations
by a Gaussian. The splitting of supershells continues untind detailed levels calculatioh%0] for the selenium case, at
the spectrum is converged. The limit, where each supershell,=700 eV andN.=5x10?° cm 3, where such detailed
is a single ordinary shell, gives the detailed configurationcalculations are possible. It is seen that the SCROLL result
spectrum. The non-LTE features enter through scaling eachgrees with the detailed configuration result. The effect of
STA Gaussian by the non-LTE populatidiE™ of its initial ~ averaging over configurations is shown by comparison with
parent=°" as obtained from the SCROLL rate equationthe detailed level result. The higher ionization of the detailed
(1). The absorption spectrum, is then obtained by super- levels results is due to the metastable states of Ne-like
posing all these scaled STAs convolved with the Voigt pro-2p°3s, which are easily ionized; this cannot be reproduced
file of an individual line. The bound-free contributid] in an averaged picture. The convergence is shown in Fig.
includes integration over the Maxwellian distribution of the 1(b) for Lu at T,=400 eV,N.=10?° cm™ 3. The result of 71
free electronslt is important to note here that the first three SCs(for all charge statgsearly reproduce that of 3654 SCs
moment of the STA Gaussians, total intensity, average emwith the respective* 31.81 and 31.71. Similar convergence
ergy, and variance, are calculated [1] using optimized po-is obtained for the absorption spectrum with the respective
tentials (orbital relaxation) and including first-order correc- Rosseland mear(sg) 1077 and 1088 crig.
tion to the Boltzmann factors, configuration widths, and The non-LTE absorption spectrum of this Lu plasma is
configuration interaction. shown in Fig. 2. The strong non-LTE effect, of orders of
It is well known [9] that the source function connecting magnitude, is striking here. The LTkg is only 1.2
the emissitivityj , with the netopacity reduces to the Planck cm?/g and the average charge B*=53.69. Busquet's
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model[8,4], which predicts an effective ionization tempera- SCROLL model provides a quantitative estimate of the con-
ture of T,=162 eV, improves the agreement with %  tribution of the autoionizing levels whose detailed account-
=460 cnt/g, andZ*=38.49. However, it is seen that the ing is impractical for heavy elements. The charge distribu-
SCROLL absorption spectrum can be reproduced more agion plotted in Fig. 1b) shows a significant shift due to
curately by a different effective ionization temperature ofdielectronic recombinatiofDR) and the average chargé
T,=118 eV, which giveskg=1025 cnf/g, Z*=32.09, in  changes from 31.71 to 34.31 when DR is excluded.
remarkable agreement with SCROLL. This result is due to In summary we have presented a non-LTE collisional ra-
the insensitivity of the low levels populations, from which diative model that takes into account the numerous excited
absorption originates, to the various models. These last rdevels of heavy ions in hot plasmas. The model gives the
sults may be of crucial significance since effective temperaeetailed opacity, emissivity, and charge distribution, and is
ture LTE models are easily applied in on-line hydrodynamicapplicable to any atom. We have presented results for steady-
simulations. state thin plasmas of Se and Lu, demonstrating the success of
On the other hand, the emissivity shows greater sensitivthe model in providing rapid convergence to the detailed
ity to the detailed structure of the excited SCs, which haveconfiguration results. The SCROLL model may serve to
relatively small populations. This appears clearly in Fig. 3,check and improve the applicability of the much simpler
showing the emission spectrum of Lu in the same conditionsmodel of Busquet which is used in on-line hydrodynamic
for various convergence stages with 71, 504, and 3654 SGsmulations. The extension of the SCROLL model to include
(all charge statgsThe same effect is seen in Fig. 4 compar-detailed(possibly metastab)devels is in progress.
ing SCROLL with the simpler models mentioned above. For
emission unlike absorption, thig=118 eV spectrunfomit-
ted here for clarity does not reproduce the SCROLL con- We thank Dr. Al Osterheld for allowing us to use his
verged result§3654 SCs This shows that an accurate and detailed calculations of the Se system. We also thank Dr. S.
elaborate model such as SCROLL is necessary for the cont=. Bodner for his comments and encouragement. This re-
putation of radiation of hot plasmas. The SCROLL resultssearch was performed while the authors resided at the Naval
may provide a guide to possible improvements to Busquet'®esearch Laboratory in Washington, D.C. The research was
model. A detailed discussion of this important model in com-funded by NRL, from its contract with the Department of
parison with SCROLL is given in Refl4]. Finally, the Energy.
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