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Abstract 

Synchrotron radiation measurements of near-threshold and broad-

range (400-1500 eV) absolute photoabsorption cross sections were 

made for five transition metals with ±10% overall uncertainties. 

Fine structure details of 2p-3d autoionizing resonances are shown 

with better than 1.0 eV resolution for solid metals: Ti, V, Cr, Fe, Ni, 

and Cu. Fine structure similar to what we measured can be produced 

using a multi-configuration Dirac Fock (MCDF) model if a statistical 

distribution is assumed for the initial atomic states. Calculations 

were performed in intermediate coupling with configuration 

interactions by Mau H. Chen. The results are compared with other 

experimental work and theoretical methodologies. 

Work performed under the auspices of the U.S. Department of Energy 
by the Lawrence Livermore National Laboratory under contract 
number W-7405-ENG-48. 
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1. Introduction 

A perusal of current photoabsorption cross sections which bracket 

the 2p thresholds of 3d transition metals Ca-Cu requires more and 

better measurements to refine theoretical methodologies [1-4]. 

Over the energy range 400-1500 eV half of these metals have been 

measured at only two or less photon energies [2], Where there is 

overlapping data, disagreements exist. For example, discrepancies 

are nearly 50% for Ti below the L3 absorption edge energy and a 

factor of two for Cu above the M absorption edge energy. Also, at 

the higher energies above the 2p thresholds the published data for 

Ti, Cr and Ni are consistently about 60% lower than predictions of 

theory which is based on a relativistic version of the Hartree-Slater 

model [2,5]. 

This paper is part of a systematic effort to improve this situation. 

It follows our previous work on the measurements of cross sections 

for Fe and Ni between 1 and 2 keV and at higher energies with 

overall uncertainties of ±3% obtained using conventional laboratory 

x-ray sources [6]. Here we report measurements of absolute 

photoabsorption cross sections for the 3d transition metals Ti, Cr, 

Fe, Ni and Cu at 400-1500 eV with overall uncertainties of £10% by 

using synchrotron radiation (SR). The results are compared with 

various theoretical calculations. 
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2. Experimental Procedure 

We have already reported the details of synchrotron radiation 

measurement procedures for determining near-threshold and broad-

range absolute photoabsorption cross sections at (20 eV to 3 keV) 

[7-11] including preliminary results for carbon and uranium with 

10% overall uncertainties and better than 0.2% energy resolution [7]. 

Special techniques were developed to obtain reliable SR sub-keV 

cross section measurements in transmission [8,9]. They will be 

summarized in this paper. Examples were given showing the near-

threshold resonance behavior for beryllium, carbon, nickel and 

uranium [8,9]. 

The special techniques used to obtain reliable cross section data 

include: (1) filtration to remove SR source contaminants from high 

order radiation and specularly reflected light; (2) characterization 

of the effective energy range and response of optical elements 

associated with detection of SR; (3) fabrication of free-standing 

carbon-metal multi-layered 100-4000 nra thick targets with 

improved strength, stability and protection from exposure to the 

atmosphere [10]; and (4) determination with 5 or 10 percent 

accuracy of the composition and separate areal densities of carbon 

and metal layers for the carbon-metal multilayer targets using a 

combination of MeV ion-beam backscattering techniques, ion-

induced x-ray emission and direct measurements of target and 
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simultaneously prepared carbon-only component weights and areas 

[11]. 

Samples for the present measurements were prepared onto carbon 

films in a magnetron sputter deposition system with a base 

pressure of 2 x 10" 7Torr and a shutter arrangement for 

simultaneous depositions of carbon-only and carbon-metal foils. 

These samples were floated onto preweighed aluminum foil washers 

which were subsequently reweighed and mounted on target holders. 

The metal areal densities were determined from the average weight 

per unit area values derived from direct measurements and 

Rutherford backscattering measurements which differed at most by 

5 or 10 percent. 

Our data reported herein include absolute cross section 

measurements for Ti, Cr, Fe, Ni and Cu and the relative near-

threshold behavior for V in addition to that of Ti, Cr, Fe, Ni and Cu. 

These data were taken using a spherical grating monochromator, 

various prefilters and a gold photo diode detector at the Stanford 

Synchrotron Radiation Laboratory (SSRL) Beam Line VIII-2 (BL-8 

SSRL). It was necessary to normalize these data to earlier 

measurements taken at overlapping energy intervals with several 

well-characterized targets where the determination of the target 

areal density (mass per unit area) was known to better than £10%. 

For Ti and Cr these earlier measurements were taken at Brookhaven 

using Beam Line U14A (BL-U14 NSLS) at the National Synchrotron 

Light Source [7]. For Ni and Cu these earlier measurements were 
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taken at the SSRL Beam Line 111-4 (BL-3 SSRL) using two layered 

synthetic microstructure (LSM) "crystals" which extended the 

measurement range to 2 keV [12]. For Fe these earlier 

measurements were taken at energies between 1 and 2 keV using 

conventional laboratory sources. Comparisons of these Fe 

measurements above 1 keV with two theoretical methodologies 

[5,13] were made and reported [6]. Agreement between calculation 

and measurement was better than ± 5%. 

We used two or more target thicknesses to obtain less than 2% 

statistical fluctuations for all of our cross section measurements. 

It was necessary to determine broad-range cross sections with 

thicker targets which had photon penetration depths one-third to 

three mean free paths thick at energies away from edges. It was 

also necessary to have thinner targets (by a factor of three or four) 

to resolve the close-in structure. Clearly it would be difficult to 

make absolute cross section measurements using only one target 

thickness at an edge where the resonance represents a factor of ten 

or more change in the mean free path thickness value. 

3. Experimental Results 

For the convenience of the readers and also for comparison with 

other data, in Figure 1a we show the 1989 update, extension and 

revision of the widely-used semi-empirical tables [3,4]. This 

revision includes some of our preliminary broad range data for Ti, 
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Cr, Ni and Cu which we show here respectively in Figure 1b, 1c, 1e 

and 1f. 

The effect of oxide impurities in Figure 1c for chromium and Figure 

1d for iron is apparent. Synchrotron radiation sources allow 

continuous coverage above and below the oxygen K absorption edge 

to correct for such effects. Such corrections were possible after 

we obtained broad band coverage above and below the oxygen K 

absorption edge at 543 eV. They were not available for our 

preliminary (uncorrected) chromium data shown in Figure 1a. 

4. Discussion 

The Figure 1 comparisons of theory with experiment show good 

agreement for most of the 3d transition metals below and at twice 

the energy of the ionization threshold. Calculations shown as 

dashed lines in 1a were made using the relativistic time dependent 

local density approximation (RTDLDA) model [13]. Calculations 

shown as long dashed lines in 1 b-f were based on the single 

particle Hartree Slater (HS) model. The HS model was used to 

extend the Lawrence Livermore Laboratory semi-empirical data base 

photoabsorption cross-sections to sub-keV energies [14]. 

Near threshold resonance structure is not apparent in Figure 1a 

since the energy spacings are not fine enough. Also, high resolution 

SR 3d transition metal photoabsorption measurements were not 
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available until now. The prominent 2p-3d autoionizing resonances 

shown in Figure 1b-e completely mask the often used 

L3 and L2 absorption edge "saw tooth" structure. This "saw tooth" 

structure is merely an approximation used for convenience in 

representing the photoabsorption data broad range behavior [14]. 

The 2p-3d autoionizing resonances probe directly the angular 

momentum content of unoccupied 3d electronic states. They are 

associated with bound-bound transitions which lead to non-

radiative Auger rearrangement of inner shell electrons. Such 

processes are not included in the HS model calculations represented 

by long dashed lines in Figure 1. Thus, the factor of two to four 

differences between our measurements and HS theory are not 

surprising at energies within 25 eV to 40 eV above the respective L3 

absorption edges of solid metals Ti, Cr, Fe and Ni. 

We note that extended x-ray absorption fine structure (EXAFS) is 

apparent between the L2 and Li absorption edges and has a 

significant broadening effect at the Li edge energy for Ti, Cr, Fe, Ni 

and Cu. EXAFS is determined mostly by the local geometry to and 

number of atoms in adjacent shells. 
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5. Theoretical Methodologies 

Discrepancies result when we compare the linearized augmented 

plane wave (APW) solid state calculations in Figure 2 [15] with our 

high resolution SR measurements of 2p-3d autoionizing resonances 

in Figure 3. There is a build up in the relative intensity of the 

2p 3/2 resonance compared to the 2p 1/2 resonance at their 

respective L3 and L2 absorption edges. This build up occurs as the 

3d shell becomes filled. There are eight, six, four, two and zero 3d 

vacancies respectively for Ti, Cr, Fe, Ni and Cu. The lighter, low 

atomic number metals with more 3d vacancies have relative L3 to L2 

resonance intensities significantly less than the apparent two to 

one ratios shown in Figure 2. Copper which has no 3d vacancies has 

no 2p-3d autoionizing resonances. However, some (much smaller) 

2p-4d autoionizing resonance structure is evident. Since the 

measured total cross sections have two major components 

(associated with bound-bound a^id bound-free transitions) 

calculations must be refined to determine the relative contributions 

of these two components before true comparisons can be made with 

the measured photoabsorption cross sections. Our observations 

were that within the experimental uncertainties, the oscillator 

strengths for the Ti relative to the Ni bound-bound transitions are 

about four to one. This is expected since Ti has eight vacancies, or 

four times as many vacancies as Ni, in its respective unfilled 3d 

subshells. 
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In i-igure 4 we show the unpublished results of theoretical 

calculations of atoms for bound-bound transitions using the Multi-

Configuration Dirac Fock (MCDF) Model by Mau H. Chen [16]. This ab_ 

initio calculation was performed in intermediate coupling assuming 

a statistical distribution of initial states. The calculations were 

folded with a resolution function to simulate an experimental 

resolution of 0.3%. For the moment it is not clear why the 

assumption of a statistical distribution of initial states gives 

results in relative agreement with, the line shape of our 

measurements for solid Ti and Ni metals shown in Figure 5, whereas 

the common assumption of the ground state for atomic Ti and Ni 

does not agree with our measurements. This would imply that where 

comparisons can be made in Figures 3, 4 and 5 for Ti, V, Fe, and Ni, 

the near edge fine structure is basically atomic in nature. The 

assumption of a statistical distribution of initial states must 

account for some important property of the solid. Fusion of atomic 

and condensed matter theoretical methodologies appears to be 

warranted. 

We show in Figure 6 and Figure 7 other experimental methods and 

density of state (DOS) calculations which address this general area 

of research [17,18]. The electron energy loss spectroscopy results 

in Figure 6 show structures quite similar to what we have measured 

using high resolution protoabsorption spectroscopy in Figure 3. 

Calculational methods are described which treat the atomic Coulomb 
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and exchange interactions as well as the solid-state band-structure 

effects [18]. 

6. Summary and Conclusion 

We have shown the potential of new and better absolute 

photoabsorption cross sections to prompt refinement and testing of 

theoretical methodologies. More and better photoabsorption data, a 

critical review of existing data and refinement of theoretical 

methodologies should go hand in hand with progress toward 

providing quantitative results for a better understanding of 

photoabsorption over the sub-keV energy region. 
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Figure Captions 

Figure 1. Photoabsorption cross-section in cm 2 /g showing in (a) 
the 1989 LBL (Henke) revision of 1982 semi-empirical 
tables [3,4] where the solid line is a data fit and the 
dashed line is based on RTDLDA theory [13]. Measurement 
with 10% overall uncertainties are compared with the 
1981 LLNL sub-keV theoretical data base [14] for Ti in 
(b), Cr in (c), Fe in (d), Ni in (e) and Cu in (f). 

Figure 2. Absorption spectra calculation using linearized 
augmented plane wave (APW) method (Miiller et al. 1982) 
[15]. 

Figure 3. Measured L edge autoionizing resonances for transition 
metals Ti, V, Cr, Fe, Ni and Cu. 

Figure 4. L edge autoionizing resonances from multi-configuration 
Dirac Fock calculation assuming a statistical 
distribution of initial states in intermediate coupling 
(Chen, 1984) [16]. Private communication (1989). 

Figure 5. L edge autoionizing resonances: a comparison of 
experiment with calculations (Chen, 1989 [16] and Miil ler 
et al., 1982 [15]). The experiment measures the effect of 
the bound-bound plus bound-free transitions whereas the 
MCDF theory calculates the bound-bound component. 

Figure 6. I_2,3 edges of the 3d metals Ca-Ni based on electron 
energy-loss spectroscopy (Fink et al., 1985) [17,18]. 

Figure 7 Comparison of electron energy-loss spectroscopy with 
bremsstrahlung isochromat spectra (BIS, and density of 
state (DOS) calculations (Fink et al., 1985) [17,18]. The 
solid and dotted lines show the respective total and 
partial density of states. 
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Figure '.. Pnotoabsorption cross-section in cnA'g showing in (a) the 1989 LBL 
(Henke) revision o1 1982 semi-empirical tables (3,4) where the solid line is 
a data fit and the dashed line is based on BTDLDA theory (13). 
Measurement with 10% overall uncertainties are compared with the 1981 
LLNL sub-keV theoretical data base [14] for Ti in (b), Cr in (c). Fe in (d), Ni 
in (e) and Cu in (f). 



Figure 2. Absorption spectra calculation using linearized augmented 
plane wave (APW) method (MUller et al. 1982) [15]. 
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Figure 3. Measured L edge autoionizing resonances for transition 
metals Ti, V, Cr, Fe, Ni and Cu. 
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Figure 4. L edge autoionizing resonances from multi-configuration 
Dirac Fock calculation assuming a statistical distribution of 
initial states in intermediate coupling (Chen, 1984) [16]. 
Private communication (1989). 



L 

TI(22) 
MCDF 
calc. 

(grd. si. 
distrlb.) 

lh Ni(28) 
' /1 MCDF 
V 1 calc. 
{ \ (grd.st. 
1 I distrlb.) 

P. V , sr^ 

20 0 
Energy above Lj edge (eV) 

Figure 5. L edge autoionizing resonances: a comparison of 
experiment with calculations (Chen, 1989 [16] and MUller 
et al., 1982 [15]). The experiment measures the effect of 
the bound-bound plus bound-free transitions whereas the 
MCDF theory calculates the bound-bound component. 
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Figure 6. 1-2,3 edges of the 3d metals Ca-Ni based on electron energy-
loss spectroscopy (Fink et al., 1985) [17,18]. 



Figure 7. Comparison of electron energy-loss spectroscopy with 
bremsstrahlung isochromat spectra (BIS) and density of 
state (DOS) calculations (Fink et al., 1985) [17,18], The 
solid and dotted lines show the respective total and partial 
density of states. 


