N
N

N

HAL

open science

L-band x-ray absorption of radiatively heated nickel
C. Chenais-Popovics, M. Fajardo, F. Gilleron, U. Teubner, J. C. Gauthier, C.
Bauche-Arnoult, A. Bachelier, J. Bauche, T. Blenski, F. Thais, et al.

» To cite this version:

C. Chenais-Popovics, M. Fajardo, F. Gilleron, U. Teubner, J. C. Gauthier, et al.. L-band x-ray absorp-
tion of radiatively heated nickel. Physical Review E , 2002, 65 (1), 10.1103/PhysRevE.65.016413 .

hal-01561916

HAL Id: hal-01561916
https://hal.science/hal-01561916
Submitted on 21 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01561916
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW E, VOLUME 65, 016413
L-band x-ray absorption of radiatively heated nickel
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Absorption ofL-M andL-N transitions of nickel has been measured using point projection spectroscopy. The
x-ray radiation from laser-irradiated gold cavities was used to heat volumetrically nickel foils “tamped with
carbon” up to 20 eV. Experimental spectra have been analyzed with calculations based on the spin-orbit split
arrays statistical approach and performed for each ionic spectesttNNi***. Using a least-squares fit, this
method provides an ion distribution broader than at local thermodynamic equilibrium, which is explained by
spatial and temporal temperature gradients. A major improvement in the simulation of the absolute value of
transmission is obtained with a resolved transition array statistical calculation that reproduces the experimental
spectrum with the nominal areal mass density by taking into account the saturation of narrow lines.
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[. INTRODUCTION pointed out the importance of the quality of the sample foils
for a reliable measurement of the absolute transmission of
Radiative properties of stars and inertial confinement futhe foil [6,8,9], in particular, for the agreement of theories
sion plasmas are governed by the absorption coefficients afith the absolute value of the measured transmission. This
matter heated in hot plasma conditions. Even if the compoled us to carry a systematic study of the absorptioh.-df
sition of stars is dominated by hydrogen and helium, a smalandL-N transitions(n=2 to n=3 and 4 of nickel samples,
percentage of mediurd-elements, e.g., iron and elements of as this element has a number of bound electrons close to iron
near atomic numbers, is ruling the radiative transfer becausend may be obtained in homogeneous thin foils. In the
their absorption coefficients are lar§g]. Earlier measure- present experiment, we investigate a regime of low tempera-
ments of the ®-3d iron transitions[2], and their analysis tures, in which the opacity codes have not been much tested
with the opacity codepaL [3] including An=0 transitions  versus experimental data. Our goal here is to compare ex-
have been a real improvement for the cepheid pulsation dgperimental data to codes based on the unresolved transition
scription[4,5]. More recently, the measurement of the-2d array (UTA) formalism[10] in which the different level-to-
iron structure around Fe VI[I6] has been used to identify a level transitions are not treated individually, and to discuss
similar iron absorption structure in the quasar IRAS 1334%heir possibilities and limits. The UTA method has proven to
+ 2438 spectrum recorded by the XMM Newton satellitg¢ reproduce very accurately absorption spectra, in comparison
Several measurements of absorption coefficients haveith a number of experiments, especially at high density,
when the lines are broad and overlgii,12. Calculations
were performed here for individual ions with the spin-orbit-
*Also with Grupo de Lasers e Plasmas, Instituto SuperimhTe split arrays(SOSA approach that is a UTA description in
nico, 1 Avenida Rovisco Pais, Lishoa, Portugal. which arrays are divided in separate subarrays due to large
TPermanent address: Institutrf©ptik und Quantenelektronik, spin-orbit interactiond13,14. This model permits one to
Friedrich-Schiller-Universita  Jena, Max-Wien-Platz 1, determine the ionic fractions by a fine adjustment of the
D-07743 Jena, Germany. experimental spectra, without the assumption that the ionic
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approximately 10% of the XUV energy emitted at the rear of
deliaged i one of the laser-irradiated gold foils. The radiation field in
laser beamgy ¥ the cavity is very close to a 40 eV blackbody radiation field.
on Csl The nickel sample was a 20 or 4@/cn? (225 or 450 A
> to film self-standing foil tamped by two coatings ofu/cn? thick
carbon(350 A). Nickel was chosen because good thickness
uniformity may be achieved with this element. The thickness
of the absorber foil was measured with a quartz balance dur-
ing deposition and optimized to provide a uniform volumet-
FIG. 1. Schematic experimental mounting. The heating cavity igfic heating. The foils were controlled with electronic micro-
a 1 mm long cylinder of 1 mm diameter. Two 3 mm diameter goldscope imaging that showed no holes or defects. Samples
flanges protect the line of sight from the emission at the front of thewere fabricated in two different laboratories to check that the
gold foil. uncertainty on thickness had no influence on the transmis-
sion measurements. The absorption spectra were recorded
distribution is in local thermodynamic equilibriubTE). A with a thallium-hydrogen-phthalatéTIAP) flat crystal re-
number of experiments analyzed with methods based on theyrding the 2-3 and 2-4 transitions of nickel in the range
UTA formalism show a discrepancy in the absolute_: value ofj5_14 A (approximately 0.9—1.1 ke A x-ray backlighter
the meas_ured absorption versus theory: the expe_nmental aEBL) was obtained by tightly focusing a third laser beam
sorption is weaker than the calculated value obtained for thf’)\zo.SS,um) on a cesium iodin€Cs)) flat target in order to

areal density given by the manufactui€;8,9,15,1% The j’let an intense continuum emission in the spectral range of
i

laser beam TIAP crystal

homogeneity .of the foils and spatial expansion are importan: terest. This beam was delayed by 500 ps with respect to the
factors for this effect but are not the only cause. We use . L
peak of the main beams, late enough to minimize the tem-

here a nickel sample irradiated on a 50® diameter area, in rature variation and earlv enouah o avoid th llision of
order to minimize these sources of error. We demonstratﬁ_? ature variation and early enough to avo € collision o

that the calculations based on the UTA concept can give a e thin gold fqils near the center of the cavit_y. The_ BL_target
absolute transmission different from what would be obtainedV@S Set at a distance of 4 mm from the cavity. This distance
for a collection of individual Doppler and Stark broadenedas large enough to neglect the heating of the sample by the
lines, depending on the width of the lines and on their overBL source. The backlighter source was characterized on
lapping. A lowering of absorption due to the saturation of theseparate shots from the absorption measurement. Spectra
strongest thin lines has been previously pointed out for fow- Were filtered by a 3um aluminum foil and recorded on
elementgd17,18. This point is addressed here by calculatingKodak DEF film. An additional 1.5um thick mylar filter and
the spectra with statistically distributed individual lines in an aperture were set between the cavity and the spectrograph
the “resolved transition array{RTA) method[19,20. in order to limit the damage done to the TIAP crystal by the
The experimental arrangement is described in Sec. llidebris of the exploding gold cavity. The wavelength calibra-
Section Il explains the ion-by-ion SOSA description basedtion was obtained by superimposing on the film an aluminum
on the UTA formalism. Given in Sec. IV, are the least- emission spectrum in second order and a Csl spectrum re-
squares fits of the spectra obtained with the detailed SOSgorded with two successive laser shots without moving the
calculation and comparison with the analysis done with thespectrograph. An absolute wavelength error of 10 mA results
LTE superconfiguratiofSCO code[21] coupled with the from this method, and the instrumental broadening was mea-
radiative hydrodynamic cod@uLT! [22]. The very good fit sured on a thin aluminum line\( AN =700). In this experi-
obtained for the absolute value of the transmission with thénent, self-emission originating from the cavity was negli-

RTA method is described in Sec. V. gible. All the spectra have been corrected from film fog.
Transmission was obtained by dividing the transmitted spec-
Il. EXPERIMENTAL SETUP AND DATA ACQUISITION trum by the backlighter source spectrum, after subtracting

the background from both spectra.

A gold cavity has been designed to heat sample foils with Different spectra have been recorded for 20 and 40
the neodymium laser energy available at theboratoire  ug/cn? nickel foils. The hydrocode simulations that were
pour I'Utilisation des Lasers Intensg&ULI) facility. Two  run with the codevuLTi [22] show that 20 or 4Qug/cnt foils
frequency-doubled beams\ £0.53um) were focused on are fairly homogeneously heated but that the temperature
thin gold foils (100 nm thick glued on 500um diameter variations are not negligible during the measurement time.
holes, with an energy around 20 J each and a 600 ps pulskhis is clearly seen in the calculations reported in Fig. 2. In
duration. The laser intensity wasBL0¥W/cn? in a 160um  this simulation, the sample is heated by 10% of the x-ray
full width at half maximum(FWHM) focal spot size ob- emission of the rear of a 100 nm gold foil, irradiated with
tained by using random-phase plates. The rear x-ray emi&x 10-3W/cn? laser intensity at 0.53:m wavelength, and
sion of the foils was thermalized in a cylindrical cavity of 1 the areal density of the sample is 4@/cnf. The tempera-
mm diameter and length as shown in Fig. 1. A nickel samplaure of the foil is not very sensitive to its thickness, but is
foil was glued on a 50Qum diameter hold23]. Character- linked to the x-ray emission of the cavity, i.e., to the laser
ization of the cavity heating has been performed in previougnergy and alignment conditions. The spectra are very de-
experiment$24] and shows that the sample foil is heated bypendent on the ionization of the foil, which is governed by
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' ' ' ' ' (1s)%(2s2p)8(3s3p3d)*%5s5p5d5f5g)L.
25 [~ laser ma (@ | ; . .

Y Among these configurations, those whose average ener-
gies are less than 100 eV above the ground configuration are
selected. Indeed, LTE is assumed inside a superconfiguration
at a temperature around 20 eV, identical for all the ions. In
this approximation, forT.=20eV, a Boltzmann factor
smaller than exp{ 100/20)= 0.007 would yield a negligible
population. The upper configurations are selected among the
396 configurations belonging to

20 - .‘"..
lprobe beam |

5 L do1

T, (eV), <Z>
(; wo/B) Ausuap

(1s)?(2s2p)’(3s3p3d)*?,

(15)%(2s2p)”(3s3p3d)(4s4p4adaf )2,

(1s)?(2s2p)7(3s3p3d)(5s5p5d5f5g) .

They are introduced into the calculations if they give tran-
sition arrays with an average wavelength between 12 and
14.5 A. Corresponding excitations are

T, (eV), <Z>
(; wo/B) Aysuap

2s-3p,4p,5p,

2p-4s,5s,

2p-3d,4d,5d.

Lagrangian mass (g)

The levels belonging to configurations with a hole in the
shell gather into relativistic subconfigurations corre-

sponding to D4, and 205, holes, due to the large value of

the foil, as a function of time; the x-ray probe duration is sho(h; the Spm'orb',t m_tegratzp " The arrays corresponding to the

parameters at time 1000 ps as a function of Lagrangian mass, prgp'nd excitation  exhibit three peal_<s (S_ubarrr_;ly}s

portional to the original position of the cells. The uncertainty due to2P1/2N0s/2, 2P32-Nds, and Ps-ndg,, which intensities,

time averaging is indicated on the temperature, the area between tHéthout configuration interaction, are proportional to 5, 9,

curves traced at 1086300 ps is dashed. X-rays come from the and 1, respectively. The third peak may be neglected. The

right. splitting between the main two peaks is about 3/¢. In the

example of Ni VIII, wherel,,=91 840 cm?, this splitting

is equal to 137 760 cit, i.e., 17 eV. In the P-ns cases,
here are only two peaks. On the contrary, tteerth arrays

are not separated in subarrays. Consequently, except for the

case 3-np, the spin-orbit-split arraySOSA approacH 13]

has been used, taking into account the interaction between

the relativistic subconfigurations with the method described

The number of lines in the spectra is so large that, in dn Ref.[14].
first attempt, the interpretation of the spectrum can be made Presented in Fig. 3 are the transmission values calculated
using the UTA formalisn{10]. Separate calculations of the for each ionic species, without any scaling between the dif-
Ni VI (Ni°") through Ni XII (Ni***) spectra lead to the ferentions. Populations inside superconfigurations are calcu-
identification of the different features of the experimentallated assuming LTE af.=16 eV. Transitions are identified
spectra. as shown in the plot of Ni VIl to Ni IX. The g-3d double-
First, the configurations of each ionic species involved inpeaked structure due to the spin-orbit splitting shifts towards
the transitions are selected. In the example of Ni VAL  higher energy when the screening of the nucleus decreases. It
electrong, the average energies of the 209 configurationdas to be noted that, unlike the ionic balance, which is very
belonging to the following complexes are computed, bysensitive to the temperature, the excitation balance and the
means of theReLAC code[25]: transmissions calculated for each ion do not vary rapidly
with the electron temperature. The changes in individual
transmissions induced by a few eV temperature difference
(15)%(2s2p)8(3s3p3d) LY, affect only slightly the transmission calculated for each ion.
In consequence, an uncertainty of a few eV in the tempera-
ture used in the SOSA calculation does not change dramati-
(1s)%(2s2p)8(3s3p3d) 1% 4s4p4daf ), cally the ionic balance and the simulated x-ray spectra.

FIG. 2. Electron temperature, density, and average charge can—
culated by the hydrocodeuLT!. Full line, temperature; dotted line, P
density; dashed line, average char@®;parameters at the center of

the heating of the foil and is more influenced by temperatur
variations than by density.

Ill. UTA FORMALISM FOR INDIVIDUAL IONS

016413-3
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FIG. 3. Detailed SOSA formalism calcula-
tions showing the transmission calculated for
each ionic species Ni VI to Ni XII for LTE at 16
eV assumed inside superconfigurations. The tran-
sitions are identified in the plot of the Ni VII to
Ni IX absorption. The dashed curve is the experi-
mental spectrum of Fig. 4 shown for comparison.

Transmission

20 125 13.0 135 1.0 145

wavelength (A)

IV. ANALYSIS WITH SOSA CALCULATIONS perconfigurationsT,=20eV). The transmission®¥c is ob-

Comparisons between two experimental spectra and thiined from the mass absorption coefficiets calculated
calculations performed with the detailed SOSA method prefor €ach ion at a given temperature and reads
sented in Sec. Il are shown for different parameters in Fig. 4
(pl =40ug/cn?, temperature inside superconfiguratioRs
=16eV,) and Fig. 5(pl =20 ug/cnt, temperature inside su-

p

te9N ) = exp— ijZ'l (FiKi(ND) | (1)

016413-4
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TABLE 1. lonic fractions and average charge determined by
comparison of different experimental data with the detailed SOSA
calculations. The 2Qug/cn? case has been fitted with the detailed
SOSA method with LTE at 20 eV assumed inside superconfigura-
tions. For the 4Qug/cn? case, the detailed SOSA were calculated

§ with LTE at 16 eV assumed inside superconfigurations. In both
% case, the wavelength correctidi. was —36 mA.
£
g SOSA SOSA
= 20 (ug/cm?) 40 (ugl/cnt)
Ni VI (%) 7 14.8
0.2+ Ni VIl (%) 10.8 225
] Ni VIl (%) 15.2 25.4
9830 125 13.0 13.5 14.0 14.5 Ni 1X" (%) 18.6 13.7
Ni XI (%) 12.2 2.2
FIG. 4. Comparison of the experimental spectrum obtained for Ni XIl (%) 4.65 1.0
40 ,ug/cm2 of Ni (full line), with the detailed SOSA calculations 2 7.9 6.8

(dashed ling The deduced ion distribution is given in Table I. The
spectrum is simulated with an areal density of 2fcn? and with
LTE at 16 eV assumed inside superconfigurations. case and 16 eV in the 4Qg/cn? case due to different ex-
perimental conditions. These temperatures were estimated
wherepl is the areal mass density of the absorbing samplefrom a comparison of the experimental data with LTE calcu-
f; are the unknown ionic fractional populations of théons  lations performed with the superconfiguration code SCO,
introduced in the calculation, and, are the wavelengths of and from aluminum spectra measured in multilayered
thek=1,N points of the experimental spectrum. The follow- aluminum/nickel sample$21,26. The Ni VIIl ion was
ing root-mean-square error has to be minimized: dominant for the two shots. The balance is changing between
the highest and lowest ions when the heating conditions vary,
1 N five or six different species being significantly populated.
\/_ D {(texpt()\k) —ealq \ + A)\)}2, (2)  The ion distribution is not much broader for 4@/cn¥ than
N =1 for 20 ug/cnt, showing that the spatial gradients do not in-
crease with the foil thickness. In the different spectra, the
wheret®P'andt®¥ are the experimental and computed trans-contributions of Ni XI and Ni XII are very small, but, as the
missions, calculated at each experimental p&inA\ is a  corresponding transition arrays appear on the side of the
small wavelength variation parameter introduced to take int@p-3d feature, they can be identified as shown in Fig. 4. It
account the systematic mismatch of wavelength calculateghay be noted that they fit very well the experiment. These
by RELAC and the uncertainty on the experimental wave-identified Ni XI and Ni XII structures permit to check that
length determination. The areal densitly, which rules the the wavelengths used in the theoretical spectra and the ex-
absolute value of the transmission has to be adjusted for gerimental calibration agree. The fit of Fig. 4 is remarkably
best fit, and not fixed at the nominal value as will be dis-good, not only for the -3d structure around 14 A, but also
cussed later. The following two-steps procedure has beefor the 2 to 4 transitions that are much weaker. It has to be
used to determine the set of variablds,pl,AN). noted that the experimental spectrum of Fig. 4 is better re-
For fixedpl and A\, (t¥P4%49) is minimized, inducing a produced by the SOSA calculations done for an areal mass of
linear least-squares system Mfequations withp unknowns 28 ug/cn? lower than the nominal values of 4@y/cn?. This
f; (p<N). The solution is saved and the root-mean-squareliscrepancy is also present in the case of the thinner foil for
error given by Eq(2) is calculated if all the ionic fractionfy ~ which a value of 14ug/cn? was used instead of 20g/cn?
are positive and their sulf;<1 is compatible with the (Fig. 5).
determined ionic composition. For example, in the 16 eV We have found that the charge distribution obtained by
case, the ion distribution is such that the ion Ni V, which isfitting the spectra with the detailed SOSA method is broader
not included in the calculation, is not negligible and couldthan the LTE distribution given by SCO, where only three
represent more than 5% of the total population. So, the surion species are populated for a given set of density and tem-
2 f; is assumed to be less than unity to take into account thperature. This could be attributed to non-LTE effects or to
fractions of neglected ions. the presence of gradients in the plasma. The hypothesis that
This process is performed for a grid of physically accept-the plasma is close to LTE was checked on data measured on
able values of gl,AN). The best fit is the setf(,pl,AN) aluminum and on mixtures of aluminum and nickel, in the
which gives the minimum value of all the saved root-mean-same experimental conditions as in the present paper: the
square errors. Table | gives the ionic balance obtained for thaluminum distribution follows well the LTE distribution
two experimental cases. The temperature used to calculaf23,26. We have also estimated the rajioof radiative to
the configuration distribution was 20 eV for the 2@/cn?  collisional rates that is of the order of 19) i.e., consistent
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been lowered to 2@g/cn? as in the analysis with the SOSA
method. The width and wavelength position of thp-2d
structure are qualitatively well reproduced for the experi-
mental measuring time=t,+ 500 ps. A better agreement is
obtained with slightly steeper gradients as obtained earlier in
time (see Fig. 6. We conclude that the ion distribution is
broadened by temperature gradients, in accordance with the
ion distribution, broader than an LTE one, obtained with the
SOSA method.

Transmission

0.4
| V. ANALYSIS WITH THE RTA FORMALISM

The Gaussian curves used in the UTA and SOSA models
have proved to be adequate for the simulation of emission
spectra, but this description of spectra by continuous func-

FIG. 5. Comparison of the experimental spectrum obtained for dions may not be sufficient for the calculation of the plasma
20 pg/ent Ni foil (full line), with the detailed SOSA calculations absorption. Indeed, the Rosseland opacity is very sensitive to
(dashed ling The spectrum is simulated with an areal density of 14the occurrence of gaps, i.e., separated lines, in the absorption
pgle? and with LTE at 20 eV assumed inside superconfigurations coefficientK (). For this reason, the RTA statistical model

[19] that introduces individual lines in the SOSA model has

with the LTE assumption. Temporal and spatial variations obeen used here in its improved vers{@®]. In that method,

the temperature could explain this broader distribution. Wethe energie€, andE, of the upper and lower levels of the
have calculated this gradient effect by coupling the SCO retines obey Gaussian statistical distributions. Their variances
sults to the hydrodynamic data given by the ceteTi. The  are given by compact formulas in terms of the energy radial
code SCO is run for different sets of density and temperamtegrals. The line amplitudes obey a Poissonian distribution.
tures given byuLTi, and the obtained profiles are integrated \oreover, the energy and the amplitude distributions are cor-
in space and time, during 600 ps around a fixed measurings|ated. This can be observed noticing that, on the average,
delay. Figure 6 shows the comparison of the experimentahe sronger lines lie closer to the average energy of the array
profile obtained for 4Qug/cnt (the same as in Fig.)awith 1 the weaker lines. After having obtained the parameters
integrated profiles calculated with the SCO code for two de-Of the different distributions, the energiEs andE, are first

lays of measuremen.00 and 500 Ps The areal mass has picked at random for each line in the relevant Gaussian dis-

tributions. Then, the amplitude is picked at random in a Pois-
son distribution that depends on the valuestgfand E,.
The Boltzmann factor is then introduced for the population
of the level. As a result, the millions of lines of the recorded
spectra are simulated statistically in a simple way. Let us
recall that, in spite of the fact that each line is not calculated
exactly, the model yields the following correct values:

(i) for the moments of the distribution of the unweighted
and weighted line energies, and of the line strengths;

(i) for the numbers of lines and their total strengths, in
energy domains narrower than the width of a transition array.

This has been demonstrated by comparing, for different
types of transition arrays, the theoretical spectra obtained by
the Slater-Condon methddiagonalization of large matrices
and by the RTA simulation.

In the Ni spectrum, all the arrays introduced in the SOSA
120 125 130 135 140 ws  simulation (Sec. IV) have been simulated using the RTA

wavelength(A) method, except the six arrays corresponding to the excita-

FIG. 6. Comparison of the experimental spectrum obtained follONS 2p—.ns, which are very weak and con.tgln more than
40 pglcn? of Ni (full line), with the spectra obtained by integrating 400 000 lines. As an example, the 20 transition arrays con-
the profiles calculated with the code SCO for sets of densities angidered in the case of Ni VI are listed in Table II. For each
temperatures, which follow the hydrodynamics of the plasma adransition array, which is separated in relativistic subarrays,
given by the codewuLti. The profile integrated during 600 ps all the lines have been simulatéthe number of lines of an
around the measuring tinte=t,+ 500 ps is represented as a thick- array is calculated by means of a formula given in R27],
dashed line. The better agreement obtained for steeper gradients\ith a 2% uncertainty For Ni VI, the total number of lines
time t=t,+ 100 ps is plotted as a dotted line. is about 2687 000. For the other ions, this number is lower

0.2 : : : ‘
12.5 13.0 13.5 14.0 14.5

wavelength(A)

Transmission

0.0
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TABLE IlI. Transition arrays in Ni VI that have been simulated line-by-line in the RTA formalism.

Lower configuration Upper configuration Transition Number of lines
25?2p®3s23p®3d°® 25?2p®3s23p®3d°® 2p-3d 2140
25?2p®3s23p®3d® 25?2p®3s23p®3d°4s 2p-4s 7500
25?2p®3s23p®3d® 25?2p®3s23p®3d°4d 2p-4d 20200
25?2p®3s23p®3d® 25?2p®3523p®3d°5s 2p-5s 7500
25°2p%3s23p®3d°® 25°2p°3s?3p®3d°5d 2p-5d 20200
25?2p®3s23p®3d*4s 25?2p®3s23p®3d°4s 2p-3d 8200
25?2p®3s23p®3d*4p 25%2p®3s23p®3d°4p 2p-3d 65 200
25?2p®3s23p®3d*4d 25?2p®3s23p®3d°4d 2p-3d 144 300
25?2p®3s23p®3d*5s 25?2p®3s23p®3d°5s 2p-3d 8200
2522p®3s23p°3d°® 25?2p®3s23p°3d’ 2p-3d 34200
25?2p®3s23p°>3d°® 25?2p®3s23p°3d®4s 2p-4s 167 500
25?2p®3s23p°3d® 25?2p®3s23p°®3d®4d 2p-4d 457 600
25?2p®3523p°®3d® 25?2p®3s23p®3d®5s 2p-5s 167 500
25%2p®3s23p°3d°® 25%2p°3s23p°®3d°®5d 2p-5d 457 600
25?2p®3s23p®3d*5p 25%2p®3s23p®3d°5p 2p-3d 65 200
25%2p®3s23p®3d*4f 25%2p®3s23p®3d°4f 2p-3d 208100
25?2p®3s23p®3d*5d 25?2p®3s23p®3d°5d 2p-3d 144 300
2522p®3s23p®3d*5f 25?2p®3s23p®3d°5f 2p-3d 208100
25?2p®3s23p®3d?5g 25?2p®3s23p®3d°5g 2p-3d 242800
25?2p®3s23p®3d®4s 25?2p®3s23p°3d®4s 2p-3d 250 400

(for example, there are 506 000 lines in the Ni IX spectrum has been obtained for the 2@/cn? shot, for the same width
and the total number is larger than 7124 000 lines for theof the individual lines §/AN=25000). Additionally, we
whole spectrum. have performed the same calculation with different areal
The next step is the introduction of the individual line massespl =30 and 50ug/cn?), and with different Gaussian
width. As the evaluation of this width is not trivial, and as widths (\/AX=10000 and 50 000 In these four cases, the
the number of lines is large, the same width was introducedonvolved transmission profiles were noticeably different
for all the lines. Doppler broadening, for a 20 eV tempera-from the experimental one.
ture, gives a Gaussian profile with a FWHM such that This is due to the well-known effect of saturation of indi-
N AN=25000. The Lorentzian width of the line is due to the vidual lines[17,1§]; if an individual narrow line is absorbing
natural and the autoionization widths and Stark broadening. .
The natural and autoionization widths have been estimate:
for different lines of the Ni VIII ion that is dominant in our ‘m m il le f “ {7
AL
| m | ”‘1
W
05 |

experiment. The majority of the lines have rates of the order
of magnitude of 1&s*, which gives a negligible width
compared to the Doppler width. The Stark width has been
evaluated taking into account the eladt&8] and inelastic
[29] electron collisions, and the ion contributi¢pB0]. The
width of the 2p-3d line of Ni VIII has been calculated for
T.=20eV and different electron densities. Stark broadening
starts to play a role for electron densities larger than
10%tcm 3, i.e., for densities much larger than the experimen-
tal ones. Following these evaluations, the RTA calculation |
has been performed using the ion distribution obtained by the ‘
SOSA method with a Gaussian widkHAX =25 000, corre- 0 . ‘ . \“
sponding to a dominant Doppler width. The obtained trans- 12 125 13 13.5 14 145
mission profile has been convolved with théA\ =700 in- vt )

strumental broadening. _ FIG. 7. Comparison of the experimental spectrum of Fi¢fult

In Fig. 7, shown is the result of the RTA calculation per- thick line), obtained for 40ug/cn? of Ni, with the RTA calcula-
formed with the ion distribution given by the SOSA calcula- tions. Full gray thin line, individual linéRTA) calculation done for
tion. A remarkable agreement is obtained for the nominahn areal density of 4@g/cn?, with the ionic distribution given by
areal density of 4Qug/cn?. This was never obtained when the detailed SOSA calculatioisee Table I, column)2 dotted line,
the spectra were reproduced with the SOSA formaligm-  RTA profile convolved with the instrumental profil§AE
by-ion SOSA or the SCO cod€l4,21. The same agreement =1.26eV, i.e. \/AN=700).

Transmission

016413-7
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so much that its transmission is saturated, its total absorptiobroader than an LTE distribution due to temporal and spatial

integrated on the line profile is lowered, i.e., its transmissionvariations of the temperature, as demonstrated by calcula-

is higher. This effect is obvious when the individual line tions performed with the code SCO coupled with the hydro-

transmission falls to zero. However, it starts to play a roledynamic codeviuLTi.

even if the individual line transmission does not reach zero. An important point raised in this paper is the use of the

The nonconvolved profile calculated with the RTA formalism RTA formalism to overcome the discrepancy between experi-

plotted in Fig. 7 exhibit a number of very low transmission ments and simulations concerning the areal density found in

and saturated individual lines. This explains why the profilea number of studies. When the line profiles are narrow and

convolved by the instrumental broadening gives a highethe instrumental broadening is large, the absorption coeffi-

transmission than in a nonsaturated case. This result showsents calculations based on the UTA formalism average the

that the transmission calculated with the UTA or the SOSAiIndividual lines, and their saturation is artificially masked.

approaches is too low, when the individual lines are narrowlThe line-by-line calculations likeoPaL [3,4] and HULLAC

and their absorption is saturated. Indeed, these lines contrip31], and the RTA formalisni20] are the only methods that

ute too much to the absorption if they are part of a transitiormay reproduce the experimental spectra with the nominal

array, because the saturation effect cannot be taken into aareal mass, when saturation of the individual lines plays a

count. role. The evaluation of the line widths remains a crucial
We have compared the Planck and Rosseland opacitiggoblem for reliable calculations of the absolute value of the

calculated with the SOSA and the RTA methods, in the entransmission.

ergy range of the experime(860 to 1085 eV. As expected,

the Planck opacities are identical due to the conservation of

the area limited by the opacity profile. The Rosseland opac- ACKNOWLEDGMENTS
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