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Abstract. The 2p — nd absorption structures in medium Z elements present a valuable benchmark for
atomic models since they exhibit a complex dependence on temperature and density. For these transitions
lying in the X-ray range, one observes a competition between the spin-orbit splitting and the broadening
associated to the excitation of complex structures. Detailed opacity codes based on the HULLAC or FAC
suites agree with the statistical code SCO; but in iron computations predict higher peak absorption than
measured. An addition procedure on opacities calculated with detailed codes is proposed and successfully
tested.

1. INTRODUCTION

The determination of accurate absorption spectra of warm dense matter in X-ray and extreme-UV
(EUV) domains is essential for the radiative transfer properties of plasmas, the knowledge of which
is required in various fields such as astrophysics, source development, or inertial fusion sciences [1, 2].
The study of the dependence of such structures with ion temperature 7 and mass density p provides
useful information about the atomic stucture of the involved ions. In this sense, Back er al [3] have
demonstrated that in a germanium plasma, when the temperature 7 increases from 20eV to 50eV, the
2p — 3d array evolves from a spin-orbit split structure to a single structure. The recent experiment
performed on the LULI2000 facility [4] aimed at checking a similar effect at fixed 7" but varying the
atomic number Z: at T ~ 20eV, the 2p — 3d splitting is expected to vanish when Z decreases from
29 (Cu) to 26 (Fe). To describe this experiment, several models have been used and compared [5]:
a statistical analysis with the superconfiguration code SCO [6], detailed-level accounting approaches
using either HULLAC [7] or FAC [8] packages, the mixed approach SCO-RCG [9] combining the SCO
approach with a detailed line analysis based on Cowan’s code, and the collisional-radiative code SCRIC
[10] suited to characterize the non-local-thermodynamic-equilibrium effects. It turned out that HULLAC
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and FAC codes, while agreeing with other codes in the 2p — 3d region, were unable to deal with the
description in the full analyzed range (8—18 A) encompassing the 2p — nd transitions with n > 3. We
propose here a method to deal with such higher terms using detailed codes. This will allow us to check
in X-ray spectra the influence of configuration interaction (CI), keeping in mind that CI was shown to
be essential in EUV xenon emission analysis [11].

2. COMPARISON OF EXPERIMENTAL RESULTS TO STATISTICAL AND DETAILED
CODES

A presentation of the LULI campaign on X-ray opacities of iron, nickel, copper, and germanium, as well
as details about the theoretical models used have been published elsewhere [4, 5].

In the iron case, it has been shown [5] that, ignoring the configurations with a 3 p open subshell,
the 2p — 3d structure at a temperature 7 ~ 20eV as calculated by HULLAC is composed of well-
separated components, in contradiction with the prediction from the SCO code and with the experiment.
The list of configurations is given in Table 1. Only subsets (a) and (b) are included, with i =0, 1,2
for each charge state, which means that 2 p — 4d transitions are not included; the number of electrons
N varies from 21 to 16 (Fe’* to Fe't). Though this set looks limited, accounting for these 6
nonrelativistic configurations in these 6 ions leads to a HULLAC spectrum consisting of not less than
1.96 x 10° lines. Indeed, detailed codes can hardly deal with a set of configurations like {(a), (b),
(c)} accounting simultaneously for 2p — 3d and 2 p — 4d transitions if full configuration interaction is
accounted for.

Figure 1 summarizes conclusions about the X-ray absorption in iron. Calculations are done for
plasma temperature 7 = 22eV and mass density p = 4mg/cm®. FAC and HULLAC spectra are
convoluted with a Gaussian of FWHM 04 such as 4/64 = 400, in order to account for the experimental
uncertainties. One must first notice that SCO code, accounting for a huge number of configurations and
billions of lines, reasonably agrees with the detailed codes HULLAC and FAC as far as the 2p — 3d
(around 16.6 A) transmission level is involved. Some discrepancies are noticeable on the line shape
and can be attributed to the presence of side components such as the 2 p — 4s on the blue wing of the
2 p — 3d structure, and to the approximate account for spin-orbit interaction in SCO. The parametric-
potential codes HULLAC and FAC turn out to give similar absorption profiles. Besides, one must notice
that in detailed codes such as FAC the line-broadening effects are essential: without accounting for
autoionization, the transmission level on the center of the 2p — 3d structure would be significantly
higher. Compared to experimental data, the computed transmission seems underestimated. The too
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important absorption cannot be attributed to an insufficient complexity in the models: with more lines or
more broadening effects included, the computed transmission would be even lower. A previous analysis
[5] identified the most probable cause for this as being inhomogeneities in the sample temperature,
density, or thickness.

The remaining significant discrepancy between HULLAC or FAC and SCO or experimental data
concerns the 14—15 A range where the higher transitions 2p — nd, n > 4 are found. This limitation with
detailed codes will be addressed and partially lifted in Sec. 3.

The 2 p — nd X-ray opacity of nickel has been discussed in detail in Ref. [4, 5]. Let us mention here
that the 2p — 3d splitting partially appears in the LULI data though less than expected. The correct
ratio of the transmission on the two structures needs a thorough account for spin-orbit effects. Less
inhomogeneity is inferred since the measured 2 p — 3d absorption level is roughly as expected. A partial
agreement is observed on higher 2 p — nd structures.

Concerning the copper X-ray opacity, a previous SCO analysis [5] has shown that the 3p
subshell opening is in the current conditions negligible (<p3;>= 2, <p3,>=5.93). The 2p — 3d
splitting shows up, but is less visible in LULI data than in computations from SCO or from detailed
codes.

3. COMBINATION OF PARTIAL SPECTRA IN DETAILED CODES

The spectral opacity () is related to the transmission .7 (1) by .7 (1) = exp(—x(4)a), o being the areal
mass. Accounting for 2p — 3d and 2 p — 4d structures simultaneously in an opacity calculation using a
detailed code such as HULLAC may be too demanding in a full configuration interaction framework. We
thus propose the following procedure. We first compute 2 p — 3d opacity, with subsets of configurations
(a) and (b) as listed in Table 1, the value of i being case-dependent. We then compute separately
the 2p — 4d opacity with subsets {(a), (c)}. Next, we add these opacities to get the “combined”
opacity. Finally, when it is possible, we compare this sum to the full “consistent” computation including
simultaneously the subsets {(a), (b), (c)}.

This procedure has been applied to a copper plasma at 7 = 20eV and p = 5mg/cm?. According
to the above-mentioned SCO prediction showing that 3 p opening is negligible, the configurations used
are those labeled (a), (b) and (c) in Table 1 with i = j = 0. The above addition procedure has been
tested: it appears that the full consistent computation including 3d and 4d excitations (and therefore
their possible interaction) is in fair agreement with the combined opacity as defined above, with the
exception of the high wavelength region. There, one notices that the combined opacity is twice as large as
the one from the full calculation. This discrepancy can be explained by a redundancy in the computation
of combined opacity: because both groups used to compute 2p — 3d and 2p — 4d opacities include
configurations in subset (a), the photoionization process 2 p®3 p®3dV =18 — 2p3 p©34V =19 is counted
twice.

This redundancy can be eliminated by a simple screening of the atomic data used to compute, e.g.,
the 2p — 4d opacity: the transitions inside the subset (a) are canceled in this computation. As seen
in Fig. 2, the 2p — 4d opacity does not include anymore the photoionization process 2 p®[3]¥~1? —
2 p®[31¥~13, which explains the absence of the background of ~ 10?> cm?/g. But the combined opacity
(green broken curve, addition of 2p — 3d and screened 2p — 4d) is now in very good agreement with
the full consistent computation. This validates the piecewise opacity-computation procedure proposed
above. Additionally, this demonstrates that the interaction between configurations with a 34 and 4d
excitation — included in the consistent computation, but ignored in the sum — is negligible in this
energy domain.

In a similar way, the addition procedure has been tested for 2 p — nd absorption in iron. A calculation
of the transmission is shown in Fig. 3. This improves the agreement with SCO and experiment in the
2 p — 4d region that was missing in Fig. 1.
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Figure 2. Opacity of a copper plasma at 7 =20eV  Figure 3. Transmission of an iron plasma. The
and p =5mg/cm® computed with HULLAC. The thermodynamic parameters are those of Fig. 1. The
contribution of 2p — 3d and 2p — 4d transitions are  LULI experimental data are compared to the statistical
shown separately. Redundancies have been eliminated code SCO and to the present HULLAC results using the
in the 2 p — 4d opacity computation. See text for details.  addition-of-opacity procedure.

4. CONCLUSION

Experiments on laser-plasma interactions such as those done on the LULI2000 facility provide a
valuable benchmark for opacity codes. It has been shown here that inner subshell opening may give
rise to complex structures which statistical codes can more easily track than detailed codes. When
configurations weakly interact a procedure combining opacities from various transitions has been
proposed and successfully checked. The data obtained from laser-plasma interaction are generally more
complex to analyze than the recently published spectra from Z-pinch facilities [12]: because temperature
is lower in laser experiments, the population in 3p subshell plays then a significant role. Finally
the present analysis provides valuable information about M shell populations in conditions relevant
to astrophysics; these data will be useful in forthcoming experiments on 3-3 transitions in the EUV
domain.

This work has been partly supported by the European Communities under the contract of Association between
EURATOM and CEA within the framework of the European Fusion Program.
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