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Contribution of the E2 transitions to the opacity of hot and dense plasmas
of heavy elements by an average-atom approach
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The contribution of electric quadrupol&®) transitions to the opacity of hot and dense plasmas is taken into
account by using an average-atom model. As an example, the increase of the opacity of Au dugE2o the
transition is shown to range from less than 1% to more than 10% depending on density and temperature. It
reaches 15% when the density and temperature are, respectively, 1G0agttB000 eV. The most significant
influence comes from thE2 photoionization processes.
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Generally the magnitudes of the so-called higher order dP,(r) « 1 )
transitions, such as the magnetic dipoM ) and the elec- —ar 7 PN = clenct "= VN 1Qnk(r),
tric quadrupole E2), are five to eight orders less than the
electric dipole E1) transitions among the valence states of dQnd1) fQ (r=-— E[e —c2—=V(1)]P,(1).
atoms or iong1]. However, in a very hot and dense plasma, dr o c ™ e
the inner-shell radiative transitions play an important role for @

the radiative transfer. For these kinds of inner-shell pro- . . . .
. ) . . In the self-consistent potenti&(r), the static part is calcu-
cesses, transitions due to the higher order interactions th

the E1 t b lected. A detailed stud tha}gted from the charge distributions in the atom, and the ex-
€L term cannot be neglected. etailed study on hange and correlation parts are approximated by Dharma-
multipole effects in photoionization cross sections of isolate

> > ; ardana and Taylor'$9] forms. For bound states, we have
atoms was carried out by Raet al. [2] within the indepen- e houndary conditions satisfied by the radial wave func-
dent particle model. For photoionization processes caused Ry

higher energy photons above keV, the cross sections due to
the E2 transition are comparable to, or even larger than those
of the E1 transitions. For many cases, the contributions of
the bound-free processes to the total opacity of hot and dense P..(Ry)=0, 2
matters are considerabJ8]. In the present study, average-

atom model is used to display the changes of the opacitywhereR, is the radius of the atom sphere. The bound elec-
caused byE2 transitions. As the average-atom model is atron density is obtained according to

r—0
Por) ~ ar'*1,

one-electron approximation, there is 1 transition be- 1
tween different energy orbitals, though th1 transitions po(1)=— 2 b[PH(r)+Q¥(1r)] 3)
between the states of an actual atom within one electronic 4mre ]

configuration can give comparable cross sections and inter- . . _
ference effects with thE2 processes. However, the neglect WNe€re; is the occupation number of the statén average-
of the M1 transitions would not induce loss in the radiative atom_quel, t_he occupation numigris determined by the
absorptions for high photon energies. Fermi-Dirac distribution

A widely used scheme of the average-atom calculation is
to use a full self-consistent Dirac-Slater model to obtain the
electron orbital§4-7]. The same approach is used in the
present study to include tHe2 transitions in the calculation The free electron is considered much more simply with an
of the frequency dependent as well as the Rosseland meassumption of the Thomas-Fermi treatment, and the local
and Planck mean opaciti¢§8]. The results will show that free electron density is calculated with a Fermi-Dirac distri-
when the temperature is as high as a few thousands eV tHaition of the local free electrons in the plane wave momen-
changes of the opacity of heavy elements causeflbyran-  tum k space, which can be written as

b= 2|k
I~ exl(g—p)/TI+1°

4

sitions cannot be neglected. 1 (o K2dk
The influence of the environment on the atom is assumed pe(r)=— , (5
to have spherical symmetry in average. The movement of an w2 Jko(r) glVKPe?+c—c2= V() —ul/ T

electron under the interactions of nucleus and other electrons

is approximated by a central field, which is determined withwherekqy(r) =[2V(r)c®+V(r)?]¥%c and u is the so-called
the standard self-consistent calculation. In the central fieldchemical potential. The total electron density is the sum of
the radial part of the Dirac equation has the form pp(r) andps(r),
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pi(r)=pp(r)+pi(r). (6) 10 . .

The chemical potentighk is determined so that the electrical
neutrality is satisfied

Ri
> nif “4r2pi(r)dr=2 nz;, (7
i 0 i
wheren; is the number of théth kind of atom andz; the
nuclear charge. The summation runs over all kinds of atoms.
In hot and dense plasmas, the size effects on the electronic
structures of atoms and ions are considerable. For pure mat-

Opacity (cmz/g)
o

ter the average atomic size is taken to be 10° 3@~\;.q."\‘v'\J( 4
30,| ¥ N
R.=|—— -
il oyl (8
10'1 L L L
where(} is the average atomic volume. For the mixtures, a 0 1000 2000 3000
self-consistent approach was proposed to calculate the size of Photon Energy (a.u.)
the atomic §phere for each k'nd of gleme[rilt@]. FIG. 1. The frequency dependent opacity of Au at 96.405 §/cm
Contributions to the opacity consists of four parts and 5000 eV. The thick solid and dashed lines refer to the total
N opacities with and without th&2 contribution, respectively; the
K,,=—A[crbb(hv)+abf(hv)-i-cr”(hv)] thin solid and dashed lines refer to the bound-free opacities with
A and without theE2 contribution, respectively.
1 p( ik )
X|l=exp — = ' df;_.(hv) 1
kT sc i—elny .
b (hw)* 2, [j 1l

| . o dhw) ~ 302 171,
whereN, is the Avogadro constan# is the atomic weight,

andkg is the Boltzmann constant. The contributions of the
bound-bound,o®®(hv), and bound-freeg®'(hv), transi- li
tions take bothE1l andE2 terms. The free-freay/(hv), -
contribution takes Kramer$11] hydrogen like approxima- Je
tion. The scattering ternkK., is approximated by using Th- Ry 2
ompson scattering cross section. The detailed forms of these x[ f [Pi(r)PE(r)+Qi(r)QE(r)]r2dr]
contributions forE1 terms can be found elsewhdiie2—14. 0

For E2 transitions, we take the forms as (13)

2

Ji 2 1.)?
0O 0 O

le

N NP

bb 272 ) for the bound-free transitions. In the above equatibasd]
oga(hv)=—— 2 (2Ji+1)pi(1=po)fi-s(hv) dis(hv) are, respectively, orbital and total angular momentum quan-
' (10 tum numbers for the initial and final spin orbitals,is the
occupation probability, and; _¢(hv) is the line profile for
and bound-bound transitiong3].
As an example, the influence of tE transitions on the
1 (ei— €)1l ¢] opacity of Au for different densities and temperatures is pre-
30c2 ¢ VB sented via the frequency dependent as well as the Rosseland
mean opacities. In Fig. 1, the frequency dependent opacity of
i (h 2 |f) 2 Au with a temperature of 5000 eV and a density of

fi_¢(hv)=

96.405 g/cm is plotted to show the difference with and

without the E2 terms. In the figure two sets of data are
shown: one is the total opacity and the other one is the
Rp ) 2 bound-free opacity. In Fig. 1, the bound-free processes deter-
X fo [Pi(r)Ps(r)+Qi(r)Q¢(r)]rdr mine the general photon energy dependent background of the
absorptions and affect the Rosseland mean opacity signifi-

(12) cantly. One can find that the difference caused by E2e

terms in both the total and the bound-free part of the opacity
increases monotonously with the increase of the photon en-

. 0 0 O
Jt

for the bound-bound transitions and

bf 2 _ df;_.(hv) ergy. This feature is easy to understand asEfetransition
oga(hv)=—— EI QJfFl)F’iW (12 cross section contains a linear term of the photon energy
while the E2 contains a term of third power of the photon
and energy. The Rosseland mean opacities of with and without
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FIG. 2. The same as in Fig. 1 but for Au at 0.19281 gfemd FIG. 3. The temperature dependence of BZinfluence on the

5000 eV. However, one has to note that the thick solid and dasheRosseland mean opacity of Au with a density of 96.405 d/cm
lines are so close to each other that they cannot be resolved.

ticles (ions, electrons, and photons; the plasma and is
theE2 contribution presented in Fig. 1 are, respectively, 8.5Jenhanced with the increasing of the temperature. The density
and 7.30 g/crh corresponding to a relative difference of dependence of the ionization is much more complex than the
17%. From Fig. 1, one can also find that upE® terms the temperature. Generally with a high density of the material,
photoionization cross sections for high energies are far fronthe free electrons have more opportunity to attach the posi-
converged results, which is beyond the present discussion.tive ions resulting in more electron bound. In most cases, the

In Fig. 1, one can find some weak wiggles in the bound-opacity is dominated by the bound-bound and bound-free
free absorption with th&2 transitions when the photon en- absorption processes and, therefore, increases with the num-
ergy goes higher and higher. These kinds of wiggles ariseer of the bound electron and also with the increasing of the
from the environmental effect on the photoionization crossdensity. However, with the density going higher enough
sections. Due to the screening of the free electrons, the waveme bound orbitals will be moved to above the ionization
functions of the bound states of an ion in hot and densehreshold due to the size effects. This kind of so-called pres-
matter shift slightly away from the nucleus relative to thesure induced ionization will reduce the number of the bound
wave functions of the free ion. Although the very weak longelectrons resulting in the decrease of the opacity. In Figs. 1
tail of the wave functions is cutoff by the applied boundaryand 2, the temperature is so high that the pressure induced
condition for the bound orbitals, the major part of the orbitalsionization effect cannot be identified clearly. The average
extend over a larger space region than the free ion orbitalsiumber of the bound electrons above the 1s orbital is only
The combination of the outward shift of the major part and0.063 for the case in Fig. 2, which is much less than the
the cutoff of the very weak long tail of the orbital makes the corresponding value of 4.949 for the case in Fig. 1. From
photoionization transition matrix element oscillating slightly Fig. 2, one can find that the number of the bound electrons
with the photon energy. As the transition matrix of thé above 1s orbital is so small that the bound-free opacity bel-
photoionization contains a factor of while the transition low the 1s ionization threshold can only take a very insig-
matrix of theE2 photoionization contains a factor of, this  nificant role in the total opacity. For this reason, the
kind of oscillation is more strong for thE2 photoioniza- transitions have little effects on both the total frequency de-
tions. Environmental modifications to the photoionizationpendent opacity and the Rosseland mean opacity, although
cross section were predicted by someone for an atom embethe changes caused by tE® transitions in the bound-free
ded in a clustef15] due to a different mechanism. opacity is apparent.

In Fig. 2, the frequency dependent opacity of Au with a In Fig. 3, changes of the Rosseland mean opacities of Au
temperature of 5000 eV and a much lower density ofwith a density of 96.405 g/ctrare presented along different
0.192810 g/crhis presented to show a quite different situa- temperatures. The Rosseland mean opacity is a weighted in-
tion where theE2 contribution seems not as significant as integration over the inverse of the spectrally resolved opacity
the case we presented in Fig. 1. As we did in Fig. 1, both th@s shown in Fig. 1. The integration is very sensitive to the
total and the bound-free part of the opacity are displayed tpositions and values of the minimum structures in the fre-
find the reason why the influence of tB2 transitions is so quency dependent opacity. As we have seen in Fig. 1, in
weak when the density is low even though the temperature isome cases the2 transitions change the bottom of the mini-
still quite high. The average ionization degree depends omum structure considerably. The weight factor is a function
both temperature and density. The loss of the bound electrored both photon energy and temperature and reaches its maxi-
is mainly caused by the thermal collisions between the parmum value around the photon energy of about 3.83 times of

017401-3



BRIEF REPORTS PHYSICAL REVIEW B9, 017401 (2004

with a density of 96.405 g/ctrare presented along different
10 3 =8 With E2 transitions | | temperatures. The Planck mean opacity is a Iinear weighted

« -+ Without E2 transitions | average of the_ spectrally resolved opacity. The weight factor

] is also a function of both photon energy and temperature and

reaches its maximum value around the photon energy of
about 2.94 times of the temperature. As a linear weighted
average, the Planck mean opacity is dominated by the posi-
tions and magnitudes of the maximum peaks, which are
mainly related to the bound-bound transitions and near
threshold photoionization structures. From the frequency de-
pendent opacity in Figs. 1 and 2, we know that for these
kinds of maximum structures the influences of &2 tran-
sitions are far from significant resulting in much less changes
in the Planck mean opacity compared with the changes in the
1 ] Rosseland mean opacity we have seen in Fig. 3. The largest
0 ‘ ‘ ‘ relative changes in Fig. 4 is 11% observed at 10000 eV
0 2000 4000 6000 8000 10000 much less than the 85% of the corresponding Rosseland
mean data.

In conclusion, a simple self-consistent field average-atom
approach is used to show that for hot and dense plasmas of
heavy elements when the temperature is above a few thou-
sands of eV, the contributions by ti€? transitions to the

the temperature. Therefore, the temperature influence on t acity can reach as large as a few tens of percent depending
Rosseland mean opacity takes place via the frequency depegs the temperature and density. Combining with the so-

dent opacity, which depends strongly on the ionization de¢.|jeq environmental influences, the cross section offte

gree of the matter, as well as the average weight functiony,nsition could be modified considerably. The results also

For lower temperatures, the opacities at lower photon €NChndicate that contributions from the higher orders above the

gies take more significant actions. At the 1000 eV point iNg5 yorm must also be included in order to arrive to con-
Fig. 3, as the number of the bound electrons is larger COMye qaq numerical results. The present treatment for the envi-
pared with other points thE2 transitions should contribute o, nenta| effects takes the screening effect of the free elec-
more significantly to the frequency dependent opacity, howy s intg account, and is however far from satisfactory for

ever, as the weight function has its major part at lower phoy,e poyndary conditions of the electron wave functions.
ton energies the effects of tHe2 transition have not been

reflected in the Rosseland mean value of the opacity for this This work was supported by the National Science Fund
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FIG. 4. The temperature dependence of B&influence on the
Planck mean opacity of Au with a density of 96.405 glcm
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