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An extensive configuration interactidl) scheme and thB-matrix method are combined to calculate the
radiative opacity for laser-produced aluminum plasma in local thermodynamic equilibrium using the detailed-
term-accountindDTA) approximation. The Cl scheme is used to obtain the absorption oscillator strengths of
the electric dipole allowed transitions for evaluating the bound-bound absorption cross sections, and the
R-matrix method is used to obtain the bound-free absorgpbntoionization cross sections. For an aluminum
plasma at a temperature of 20 eV and the density of 0.01 Y/ttra Rosseland and Planck mean opacities are
calculated to be 4184 and 24891 % respectively, by integrating the spectrally resolved opacities with
Rosseland and Planck weighting functions. The two mean opacities are also obtained by using the average
atom model, and they are 22520 and 30402%/gnrespectively. The optical transmission from the photon
energy of 70—250 eV, which was experimentally measured by Wirtat [G. Winhartet al. Phys. Rev. E
53, R1332(1996], is also calculated. Generally good agreement is found between our DTA and experimental
transmission. Our theoretical result reproduces all structures shown in the experiment, whereas some of the
structures near the higher energy edge did not show up in some other opacity models. These structures are
attributed to the detailed treatment of the photoionization process.
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[. INTRODUCTION included the major broadening mechanism and treated the
line absorption and photoionization in a consistent way, our
Experimental and theoretical determinations of the radiaresults converged faster and agreed better with experiments
tive opacities of high temperature plasmas have long been dhan did other detailed calculations.
interest. This interest is mainly due to the urgent need for Compared with the spectral range=1 keV, researches
radiative opacities for practical applications, fusion researchon Al plasmas covering the randev<1 keV were much
and plasma diagnostics. In the past two decades, aluminufewer. On the other hand, it is this spectral range that deter-
plasmas have been of particular concern. Most of these remines the Rosseland and Planck mean opacities under typi-
searches on Al plasmas were done in the x-ray region whereal plasma conditionémost experiments were carried out at
the spectral range is &tv=1 keV. Experimentally, many temperatures of a few tens of @WTo our knowledge, only a
investigations|1—6] were conducted in the x-ray opacities few experimental studiefl4,15 were carried out in this
through the measurements of x-ray transmission. All thesepectral range for Al plasmas, although there were indeed
experiments have been carried out near the energy region ebme studies with iron plasm$6—18. Winhart and co-
the inner-shell excitations of oneslelectron to the p or-  workers[14,15 measured the spectrally resolved opacities
bital. Theoretically, a lot of studig’—11] were carried out through transmissignof aluminum in the energy range of
to simulate these x-ray transmission spectra. Most of thesé0—280 eV at a typical temperature and density of about 20
theoretical studies approximated tkeshell-excited states as eV and 0.01 g/crh respectively. Local thermodynamic
discrete and only took account of Doppler broadening inequilibrium (LTE) was obtained in their experiment. They
calculating the line absorption cross sections. Recently, walso compared the experimental data with some theoretical
[12] (hereafter referred to as paperdimulated the x-ray opacity model§8,19-23.
transmission through laser-produced Al plasmas using The purpose of the present work is to calculate the spec-
detailed-term-accountin@®TA) approximation. As we have trally resolved radiative opacities of the Al plasma in the
pointed out in paper I, th&-shell-excited states are well rangehv=<1 keV under the experimental condition of Win-
above the ionization threshold and, therefore, the photoexchart and coworkergl4,15 using the same DTA approxima-
tation of a Is electron to the P orbital should be treated as tion as in paper I. It can be considered an extension of our
a photoionization process rather than discrete bound-bourgrevious work presented in paper |, which dealt with the
line absorption. All photoabsorption cross sections were obspectral rangdiv=1 keV. The Rosseland and Planck mean
tained by using the close-coupling scheme implemented bgpacities are then obtained by integrating the spectrally re-
R-matrix method 13]. We also concluded that the autoioniz- solved opacities with Rosseland and Planck weighting func-
ation resonance widths exceed the Doppler widths for modions. The calculations have considered bound-bound,
K-shell transitions from the low-lying states of Al ions in the bound-free(photoionization, and free-free absorptions and
plasma. Therefore, the former type of broadening will have acattering. The required energy levels and absorption oscil-
large effect on the radiative opacity and transmission. Thidator strengths for line absorption cross sections are obtained
effect has been demonstrated clearly in paper |. Since wby the multiconfiguration Hartree-FockMCHF) atomic-
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structure packagg23]. The photoionization cross sections  TABLE I. Calculated IPDs(in eV) and partition functions of
are obtained by using the close-coupling scheme impledifferent ionization stages of Al ions under the plasma condition of
mented byR-matrix method 13]. In this way, the autoioniz- 20 eV temperature and 0.01 g/Emensity.

ation resonances and couplings between the channels can Be

taken into account and the autoionization resonance widths 0ns IPD Zi

are naturally included in the calculations. As we will demon-

L . All 1.324 30.8
strate later, the autoionization resonances at higher photon
. . ) Alll 2.649 67.8
energiegsuch as larger than 190 ¢ important to interpret Al 3973 411
the transmission spectrum. A better agreement with the ex- ' .

. . . . . Al v 5.298 5.33
periment can be obtained with the inclusion of them than Al v 6.622 8.94
those calculations without them. The free-free absorption and I 7'947 1;3 c
scattering are obtained by using Kramers and Thomson cross Vi : :
sections, respectively. Alvi 9.271 1r.4

Al viii 10.596 20.67
Il. METHOD OF CALCULATION

The method of calculation has been partly introduced in NzE N 5)
paper |, but it is incomplete for the present calculations. In T
order to have a complete understanding, we will give a thor-
ough description in the following. This section consists ofand charge conservation
three parts(A) populations,(B) radiative opacity, andC)
transmission.

Ne=2 qiNi (6)

A. Populations

. ] whereN is the specified total particle density andis the
For an LTE plasma of particle densily and temperature  charge of ioni.

T, the population distributions of different ionization stages |n solving the Saha equatidd), a calculation of the ion-
are given by Saha equati¢h2,29 ization potential depressiofiPD) is needed to give a finite

N .N. Z.7. limit to the partition functions. As we did in paper |, we
I+N1 e_ ez'_+1exp[— (i— A ) IKT], (1)  chose the Debye-Huckel modéH] to calculate the IPD. For
i i the Debye-Huckel model, the IPD is given by
whereN; is the total population density of ion N, is the 76 e®N,
number of free electrons per unit volumg, is the ionization Ad)i:m kT (7)
0 0

potential of ioni, A¢; is the depression of ionization limit

caused by plasma environment restricting the number Afyherez is the charge of the species of interest=(L for
bound states availabl&; andZ. are the partition functions peytra). The calculated IPDs for different relevant ionization
forion i and free electron, respectively. They are given by stages under the experimental conditions of Winhart and co-
workers[14,15 are listed in Table I. The maximum principal
Z,= 2 gie Ei/kT, 2) quantum number is approxima_ltely equal to 7._ I_n the cal_cula-
T tions of the energy levels required for the partition functions,
the orbitals included in the present calculation and the
27mkT 32 method of choosing the configurations are the same as those
— ] (3 in paper |. The partition functions for ions of different ion-
h ization stages calculated according to this prescription are
_ . ) also given in Table I. The calculated partition functions and
where g;; = (2L;; +1)(2S:+1) is the statistical weight for |ppsare used to solve Saha equatibnand the final calcu-
termt of ion i in LS coupling conditionL;; andS;; are the  |ted population fractions for various charge states are shown
total orbital angular momentum and spin quantum numbers, Fig. 1. One can see from Fig. 1 that the Al V ion is the
Eii is the energy of term of ion i above the ground statk, st abundant, accounting for 50% of the total, next is Al VI
is the Boltzmann constant, is the temperaturem. is the  jon accounting for 32%. The average ionization degree is

electron mass, anld is the Planck constant. The upper limit 4.2, which is in excellent agreement with thatasaL [19]
to the sum(2) is given by the same ionization depression aS(which equals to 48

for the Saha equation. The population dendity for termt
of ion stage is given by the Boltzmann distribution function

e

B. Radiative opacity

Nit=0it(N;/Z;,)e Eit/kT, (4 The total absorption coefficient for a plasma of particle

densityN and temperatur& is constructed as the sum of the
Equation(1) is solved with the constraint of particle conser- bound-bound, bound-free, free-free, and scattering combina-
vation tions. The contribution of bound-bound absorption is made
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0.6 T T T T T T T wherel" 3 andI’| are the Doppler and Stark half-width at half
maximum (HWHM), respectively. The Doppler HWHM is
related to the temperatur€ of the plasma and transition
energyhv, [25]

. I'4=3.858< 10 5(kT/A)Y4 hvy), (11)

0.5

o
'S

whereA is atomic weight of the ion in gram and the units of
KT, hyg andI" are eV. The Stark HWHMin eV) can be
obtained by semiempirical meth¢@6,27|

Population Fraction
o
W

o
S}

RN 87 #% [ 2m\¥2 09 1.1
01 - 6 e\ kT 3Tz
. 3n;\?
0 -] 2_12_y _
s Xj;f(zz)(nj 12—1,-1), (12)

Charge State

FIG. 1. Population fraction versus the charge state for Al plasmavhere n; (I;) and n; (I;) are the effective principalthe

at a temperature of 20 eV and a density of 0.01 g/cm orbital angular momentupnquantum numbers of the lower
and upper energy levels of the transition, respectively.

up of the transitions whose lower and upper states belong to The contribution of bound-free absorption can be ob-
the true bound states, i.e., their energies relative to théained from the photoionization cross sections per ion
ground state are less than the depressed ionization potential.
The bound-bound absorption coefficient for radiation of en-
ergy hv can be obtainepd from the cross sections of the ’ubf(hv)_Z Niai(hw), 13

bound-bound lines
whereo(hv) is the photoionization cross section per ion

®) and it can be calculated from the photoionization cross sec-
' tions oy (hv) from termt in ion i

Mbb(hV):Z

2 Nit iy (hv)
tt’

—E;ji IKT
. e it
whereojy;(hv) is the cross section for photoexcitation from ai(hv)=2, g'tToit(hv). (14
termttot’ and can be expressed in terms of the absorption t '

oscillator strengttfiy+ as For the present work, all the photoionization cross sections
are obtained using the close-coupliRgmatrix method 13].

As the R-matrix method can account for correlation effects
between the free and bound electrons and the couplings be-
tween different ionization channels, it can give accurate
whereSis the line shape function with» in eV ando;;;» in ~ photoionization cross sections, as demonstrated in our previ-
Mb. If only the Stark broadening is considered, the lineous work[28,29.

shape function has a Lorentzian profile. If only Doppler The bound-bound and bound-free contributions to the
broadening is considered, the line shape function has apacity are generally dominant and so only simple approxi-
Gaussian profile. In general, the observed spectral profile igiations are used to describe the free-free and scattering con-
neither simply Gaussian nor Lorentzian, but a convolution oftribution to the opacity. The free-free absorption coefficient

whe?
(Tm,(hv)=m—CfmrS(hv)=109.7]fmrS(hv), 9
e

these two profiles, i.e., the Voigt profile is given by
Sthiy =212 | a), 10 uir(h) =3 Niogi(hw), (15
Valy

_ _ _ whereos(hv) is the Kramers cross section
whereH(a,v) is the Voigt function
_ 167T282h2 ZSNigff
3\/§C(27Tm)3/2 (kT)l/Z(hV)g !

(16)

b @ X ot(hv)

a
Han-2[ "
R R Sy p—r o _
wherez is the ionic charge, the free-free Gaunt faajey, is
taken as unity. The scattering contribution to the absorption

a=yn2l}/Ty, coefficientuscait IS @approximated using Thomson scattering
cross section.
v=+vIn2(hv—hwy)/Ty, The total opacity is related to the absorption coefficient by
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pr’ (hv)=[ wpp(hv) + ppe(h) + we(hv)J(1—e ") 0 T y y T ™1
Al VI 2s-2p ‘ AlV 2p-3s ]

+ scar ). 17 107 Av2s2p AlVI2p-3s 1

The prime on the opacity denotes that the stimulated emis- 10° AV 2p-3s e ]

’—‘7 1
Al VI 2p-3d 3

sion has been included in the calculation. .
In practical applications, such as energy transfer through
hot dense matter, Rosseland and Planck mean opacities a<g

4

required. These two mean opacities are defined by < 3
1 [=Wgu)d R ’;
_=f REE (18) . ]
Kr Jo «'(u) 0 1
. bound-bound :
and 10 !

10° i i i [ [

* 100 150 200 250

Ko= | TR0 = Kecal Wewidu, (19 Pron Enery 1
0

FIG. 2. Radiative opacity contributed by bound-bound absorp-
where u=hwv/KT, kscar(U) iS the opacity contributed by tion for Al plasma at a temperature of 20 eV and a density of
scatteringWg and W, are Rosseland and Planck weighting 0.01 g/cni.
functions, respectively, given by

amples, the three strongest lines located at 41, 46, and 52 eV

W (U)ZE u'e " are attributed to the £2p bound-bound transitions from
R 47% [1—e V]2 Al v and Alvi ions. The prominent line absorptions near 77,
97, and 116 eV are from thep23s transitions contributed by
and Al v, Alv, and Alvi ions, respectively. As we will demon-
strate later, these®3s absorption lines constitute the most
15 ude ! striking structures in the experimental transmission spec-
Wp(u)= 2 1_eu trum. The absorptions near 140 and 165 eV are caused by the
i € 2p-3d transitions of Alv and Alvi ions. Above 240 eV, there
are no true bound-bound transitions. The widths of the lines
C. Transmission are large enough to fill the gaps between the discrete spectral
The fraction of radiation transmitteld at energyh» with  lines. In the photon energy range shown in the plot, the Stark
respect to some incident source of arbitrary intensity is giverfVidth is much more larger than the Doppler width, thus the
by Stark broadening is t_he major broadening mechanism. As we
have demonstrated in a recent paf@0d], the Planck mean
F(hy)=g P« (ML (200  opacities are nearly equal with and without considering the

Stark width, but the Rosseland mean opacities differ consid-
where L is the path length traversed by the light sourceerably depending on whether or not the Stark broadening is
through the plasma. The functioR is integrated over a taken into account. The Rosseland mean opacities are sensi-
Gaussian function, with the full width corresponding to thetive to the detailed profile and corresponding width.
spectrometer resolution, to obtain the final transmission Figure 3 shows the opacity contributed by the bound-free
spectrum. absorption, with Fig. @) referring to the result of only tak-

ing account of autoionization resonance width and Fip) 3

IIl. RESULTS AND DISCUSSION to the result of including both the autoionization resonance
width and the Stark width. The opacity shown in Figa)3s
Using the method discussed above, we have calculatesbtained directly from ouR-matrix photoionization cross
the radiative opacity under the experimental condition ofsections. The details of performing tiematrix calculation
Winhart and coworker$l4,15 with the temperature of 20 can be found in paper I. In order to obtain this result, we
eV and density of 0.01 g/cinin their experiment, the alu- include the numbers of the photoionization cross sections of
minum sample layer was 107.5 nmpl(=30 ug/cn?) and 93, 168, 157, and 146 terms belonging tonAIAl v, Al vi,
thus the path length was determined to be 0.003 cm. The and Alvii ions, respectively. From the inspection of Fig.
time resolution was 20 ps and the wavelength resolutior8(a), one can see that the autoionization resonance width is
0.1 nm. not large enough to fill the gaps between the resonances. In
Figure 2 shows the opacity contributed by bound-boundact, under the experimental condition considered, the Stark
absorption. It can easily be seen that the bound-bound alfull width is the largest among all the broadening mecha-
sorption consists of two main distinct structures. The 0—7tisms and, therefore, becomes the major factor to be consid-
eV energy range consists o622p transitions and 70—-215 ered. In order to take account of the Stark broadening, we
eV energy range the®2ns, and 2-nd transitions. For ex- convolute the curve shown in Fig(&8 with a Lorentzian
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FIG. 4. Total radiative opacity for Al plasma at a temperature of
10° E 20 eV and a density of 0.01 g/énthe solid line refers to the DTA

calculation and the dashed line to the AA model. For DTA model,
Kr=4184 cni/lg, Kp=24891 cm/g; For AA model, Kg
=22520 cm/g, Kp=30402 cni/g.

retical transmission obtained kypPAL [19] with the experi-
mental one. The Rosseland and Planck mean opacities ob-

100 b (b) ] tained according to Eqs(18) and (19) are 4184 and
3 24891 cmi/g, respectively. In order to have a comparison
bound-free 3 with the opacity obtained by the average ato®A) model,
] we have also carried out calculations using the AA model.
10 0 100 200 300 400 The result is shown in Fig. 4 with a dashed line. One can see
Photon Energy (eV) that all the structures are smoothed into a few broad peaks in

o _ _ _ the AAmodel. Above 200 eV, the opacities of the AA models
FIG. 3. Radiative opacity contributed by bound-free absorptiong o nearly equal to the smooth background of the DTA
for Al plasma at a temperature of 20 eV and a density of ,4a| Below 220 eV, however, large difference exists be-
e e ) A o e e e v, e the o models. The opacty obaned by the A
and Stark width(0.4 eV) being considered model is considerably larger than that obtained by the DTA
' ' model for photon energy from 20 eV to 120 eV. This differ-
ence will, of course, cause large difference between the two
profile function, with the full width corresponding to the models for the Rosseland and Planck mean opacities not only
Stark width. From the estimation of the Stark full width, we because the opacities obtained from the two models differ
take it to be 0.4 eV. The final result, after the Stark broadeneonsiderably, but also because the maxima of the Rosseland
ing has been included, is shown in FigbB In this case, the and Planck weighting functions are located in this photon
resonance structures coalesce to fill the gaps between theemergy range(The Rosseland and Planck weighting func-
Many resonance structures are greatly smoothed and sontiens reach their maxima at approximate 77.6 and 56.8 eV,
smaller ones can no longer be seen after the convolution. Thespectively, at the temperature of 20)eMe Rosseland and
values of the resonances in the opacity spectrum have alf®lanck mean opacities are 22520 and 30402/gnrespec-
been greatly reduced. The maximum opacity in Fig) 3 tively, for the AA model. The Rosseland mean opacity by the
more than 2 10° cn¥?/g, whereas in Fig. ®) it is less than ~ AA model is more than four times larger than that by the
4x10° cnf/g. These results show that the autoionizationDTA model. The Planck mean opacity, on the other hand,
widths of the valence-shell excited states are in generally bdoes not have such a large difference between the two mod-

far smaller than the Stark widths. els. The value obtained by the AA model is larger than that
Figure 4 shows a solid line representing the total opacityobtained by the DTA model by only 22%.
with the bound-free absorption shown in FighB One can In order to testify the correctness and accuracy of our

see that below 200 eV, the major absorption structures in thealculations, we have derived the transmission from the cal-
total opacity are caused by bound-bound transitions; aboveulated opacity shown in Fig. 4 to compare with the experi-
200 eV, the opacity consists of a smooth background andhental spectrum. Figure(® shows the transmission calcu-
many structures caused by the autoionization resonances.léted with Eq.(20) in the energy range from 70-250 eV,
seems that some of these autoionization resonances were wahich corresponds to the range measured by the experiments
fully included in the opacity model§8,19-22 mentioned [14,15. In this plot, the instrumental broadening has not
above. This can be illustrated later by comparing the theobeen included. To compare directly with the experiment, in-
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1

TABLE II. Some calculated weighted oscillator strengths for
transitions from the ground state of &lion, the length and velocity
forms are given to show the quality of our calculation.

0.8 -
Transition af af,
8 06 . (1s225%)2p® 2P°-2p*(1D)3s 2D 0.4215 0.4189
£ 2p®2P°-2p*(*D)3d 2D 1.7325 1.7038
g 2p° 2P°-2p*(®P)3d 2D 0.2449 0.2369
= 04 2p° 2P°-2p*(19)3d 2D 0.4232 0.4140
2p° 2P°-2p*(3P)3s 2P 0.7084 0.7128
0.2 i 2p®2P°-2p*(1D)3d 2P 1.7031 1.6436
} 2p®2P°-2p*(®P)3d 2P 0.5064 0.4892
0 i i ' [ o \ i i [ i i [ i i
70 . 100 130 160 190 220 250

- - v culated oscillator strengths for thggBs and 2p-3d transi-

0.8 calculations. The agreement between the length and velocity

E;?;$nt DTA | forms is rather good, the relative differences being less than

AIV 2p-35 ] tions from the ground state of Alion. The length and ve-
(b) locity forms are given to show the quality of our
Al'VI 2p-3s J

3.5%. From Table Il one can see that the oscillator strengths
of the 2p-3d lines are indeed larger than those of the 2s
lines. At higher photon energigabove 160 eV, however,
many structures shown in Fig(é are greatly smoothed af-
ter taking account of the instrumental effects. The big differ-
ences shown in Figs.(8 and 3b) (the solid ling are, un-
doubtedly, caused by the instrumental broadening. As
reported in the experimefi4,15, the wavelength resolution
was 0.1 nm. According to this wavelength resolution, the
O oo 130 1e0 10 220 =m0  energy resolution varies considerably in the energy range
Photon Energy (eV) from 70 to 250 eV, since the energy resolution is in propor-
tion to the square of the photon energy. For example, the
FIG. 5. Transmission calculated as a function of photon energyanergy resolution is 0.82 eV at 100 eV, while it is increased
in eV using DTA approximation(a) the instrumental broadening 1 1.84, 3.2, and 5.1 eV at 150, 200, and 250 eV, respectively.
having not been considered affy) integrating curve(@ using the  Because of the low energy resolution at the higher photon
reported spectrometer resoluti¢solid line). Note that the spec- onergies in the experiment, the structures are smoothed more
Frometer resplution are varied with photon energies. The dashed lin&reatly near the higher energy edge.
is the experimentally observed spectr{itd]. One of the most accurate opacity model among those
mentioned above is thepaL [19]. It obtained better agree-
strumental effects must be included. Figuréo)5Sshows a ment with the experimenf14,15 than did other models
solid line obtained by convoluting the curve shown in Fig.[8,20—23, therefore, we only compare our DTA transmission
5(a) with the spectrometer resolution, which varies with thespectrum with that of th@paL [19]. The result is shown in
photon energy. The dashed line in Figbbrefers to the Fig. 6(@), where the solid line refers to our DTA transmis-
experimental spectrum. In order to have an optimum coincision, the long dashed line to the transmission obtained by the
dence with the experimental spectrum, our DTA result haspaL, and the dashed line to the experimental spectrum. One
been shifted to lower photon energies by 2.6 eV. From the&an see that at lower photon energitess than about 150
comparisons of the Figs.(® and 3b), one can easily see eV), both theoretical calculations exhibit similar structures to
that the spectrum shown in Fig(a is more highly resolved the experiment. The similarity between the two theoretical
than that in Fig. &). The detailed features shown in Fig. results are understandable, because both of the two theories
5(a) should be observable in high-resolution measurementsised the atomic structure codes to calculate the relevant
Generally good agreement is found between our DTA resulatomic parameters, such as, transition energies and dipole
and the experiment. In Figs(& and 3b), the most striking  oscillator strengths for obtaining the bound-bound absorption
structures near 75, 95, and 114 eV are caused by ph@s2  cross sections. As has been said above, our DTA model have
bound-bound transitions of Al, Al'v, and Alvi ions, re- used the MCHF atomic-structure packd@8] to obtain the
spectively. The structures around 140 eV and 165 eV areelevant atomic parameters. Tl@AL model has chosen to
caused by the 2-3d transitions of Alv and Alvi ions, re-  use prefitted analytic effective potentials as input to the Dirac
spectively. The structures caused bg-2d transitions are equation to obtain configurationally averaged energies. Then
made less striking by the stronger bound-free backgrounthe configurational averages were split into term energies by
absorption. As a matter of fact, thep3d lines are more using standard perturbation methods in eith&ror interme-
stronger than those off23s ones. Table Il gives some cal- diate coupling. In addition, at these lower photon energies,

0.6

Transmission

04 F
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TABLE lll. Some calculated excitation energiaE (eV) and
oscillator strengths for som&P-3D° transitions whose excitation
energies are larger than 210 eV from the ground state of Adn.
For oscillator strengths, the length and velocity f, forms are

given.

Transition

AE (eV)

2s?2p* 3P-25(2S) 2p*(3P) (?P)4p °D°
2s?2p* ®P-2p>(*P°)3d °D°

2s?2p* 3P-25(2S) 2p*(3P) (?P)5p °D°
2s?2p* 3P-25(2S) 2p*(°P) (?P)6p °D°

212172
224.321
226.167
233.305

0.098
0.023
0.032
0.015

0.102
0.025
0.030
0.017

photon energies, while these structures are indeed verified in
the experimen{14,15. We attribute the structures at the
higher photon energies to the more detailed treatment of the
photoionization process in our calculations. As indicated
above, all the photoionization cross sections required are ob-
tained by close-couplinfR-matrix method[13] that is very
effective to take account of the autoionization resonances.
On the other handyrAL [19] obtained their photoionization
cross sections using parametric potential approach, which
was described by the authors as in R&flL]: the parametric
potential approach produces photoionization cross sections
comparable in accuracy to single configuration, self-
consistent-field calculations. The different treatment of the
photoionization process may be the reason that whether there
are structures or not above 210 eV. On the other hand, both
the two models deviate from the experimental spectrum at
higher photon energies. The deviation becomes larger and
larger as the photon energy becomes higher and higher until

FIG. 6. Comparisons between our DTA simulation and other250 eV. The deviation of the both models from the experi-
theoretical models(a) orPaL [19] and (b) AA.

ment may be caused by the noise, but, in general, the noise
can not cause the structures. In order to demonstrate the ex-

the autoionization resonances do not have large effects on tlistence of the structures at the higher photon energy range,
opacity or transmission. This is because the opacities causage have traced out their origins. As has been pointed out
by the autoionization resonances are by far smaller thaabove, under the plasma condition of 20 eV temperature and
those caused by bound-bound absorption. This conclusiod.01 g/cni density, Alv ions account for 50% and Ad
can easily be seen from the comparison of the opacities cor82 %. Take Alvi as an example. Table Ill gives the calcu-
tributed by the bound-bound and bound-free absorptiondated excitation energies and oscillator strengths of some
which are shown in Figs. 2 andl8. The maximal opacity 3P-3D° transitions whose excitation energies are larger than
caused by bound-bound absorption is more thah @®°/g, 210 eV from the ground state of &l ion. These dipole
while that by bound free is about410* cnm?/g. Moreover, transitions correspond to some structures at the higher pho-
the background of the bound-free absorption is relativelyton energies. In addition to the transitions listed in Table I,
large because this photon energy range is very close to thteere are many other such transitions from the excited states
ionization threshold. All these features are different from theof Al vi. Moreover, Alv ions also contribute a lot to such
situation presented in paper |. Paper | dealt with the phototransitions. Due to the poorer resolution power at the higher
energy range 1480-1610 eV, which is far above the ionizaphoton energies, these structures are merged together into a
tion threshold. Therefore, the background of the bound-fredew observable ones. From these analyses, we maintain that
absorption is very weak compared with the absorptiorthe structures observed by the experimgi4,15 at the
caused by the inner-shell transitions of orgeelectron being  higher photon energies should be real, not just noise.
excited into the p orbital. Furthermore, there is no true  The transmission obtained by the AA model is also com-
bound-bound absorption in the range 1480-1610 eV. As aared with our DTA and the experimental spectra, which is
result, the autoionization resonances at the lower photon ershown in Fig. €b). At lower energies, the transmission ob-
ergies do not have such large effects on the opacity or transained by the AA model differs greatly from that of the DTA
mission as in paper |. and of the experiment. Above 200 eV, on the other hand, the
At the higher photon energies, however, our DTA trans-transmission obtained by the AA model is very similar to that
mission exhibits more structures than that of tmaL [19]. of the oPAL model shown in Fig. @ and both of them do
OPAL [19] did not reproduce some structures at the highemnot reproduce the resonance structures above the threshold.
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In Fig. 4, we have seen that above 200 eV the AA modekesses cross sections in the plasmas where the density has
generates the structureless bound-free opacities that aeensiderable effects. Nevertheless, the treatment to the influ-
nearly equal to the background of the present DTA modelences of the environment on the atomic wave functions is
Therefore, the differences between the present DTA and AAtill far from complete.
models above 200 eV shown in Figl are mainly caused In summary, we have calculated the spectrally resolved
by the autoionization resonance structures taken into accoufdiative opacity of Al plasma under a typical experimental
by the present DTA model. This also gives an indirect supcondition at a temperature of 20 eV and a density of
port to our conclusion that the differences between thd-01 Q/C,’ﬁ using the detailed-term-accountin®TA) ap-
present DTA model and theraL model above 200 eV are proximation. Complex structures, mcIudmg those cgused by
mainly attributed to the autoionization resonances. bound-bound and_bound-free absorptions, dominate the
In the present model, the density effects were taken int@Pacity spectrum. The Rosse_land and Planc_k mean opacities
account very simply by just excluding the electron stateé)bta'”ed by our DTA calculation are determined to be 4184

aboven=7, while free atomic wave functions are used in the@nd 24891 crffg, respectively. The DTA result differs con-

calculations of all the atomic energy levels and atomic proSiderably from that of the AA model for the Rosseland mean

cesses cross sections. In a more reasonable treatment of tcp,%acity (2%520_ ciffg), although the Planck mean opacity
density effects, the influences of the environment on thé30402 cm/g) is roughly close to that of the DTA calcula-
atomic wave functions should be considered. As an exampldion- From the spectrally resolved opacity, we have obtained
due to the environment effects some of the electron statd® transmission. Generally good agreement is found be-
become shape resonance of&®, which are quasistationary tWeen our DTA transmission and the experimental spectrum.
states in the contimuum and are formed by the combining\ll the structures caused by th@2s bound-bound lines are
potential barrier of the attractive atomic potential and the'€Produced in our DTA calculation. At the higher photon
centrifugal repulsion ofl(I+1)/r2. The R-matrix method energies, our DTA tran§m|SS|on exh|b|ts more structures,
can be used to treat this kind of states very effectijag]. ~ Which also showed up in the experiment, than that of the
The basic idea of th&matrix method is to divide the con- OPAL. We attribute the good agreement with the experiment
figuration space into two regions. In the inner regioss 10 at the higher energies to the detailed treatment of the photo-

<r,, the correlation effect is treated by the conventionall©MiZation process.
configuration interaction scheme, while in the outer region,
ro=r=ow, a close-coupling equation is solved. The final so-
lution is obtained by matching the wave function at the This work was supported by the National Science Fund

R-matrix boundaryr,. If the influences of the environment for distinguished Young scholars under Grant No. 10025416,

on the atomic wave functions inside and outsideRhmatrix ~ by the National Natural Science Foundation of China under

boundary have been considered reasonably, Rimeatrix ~ Grant No. 19974075, and also by the China Research Asso-
method can be used effectively to generate the atomic prceiation of Atomic and Molecular DateCRAAMD).
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