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The photoionization cross-sections of ground and excited atomic states of actinide atoms
were calculated by the Dirac-Fock-Slater method for two excitation energies of X-ray radia-
tion (1253.6 ¢V and 1486.6 eV). These data are required for calculations of intensities of
X-ray photoelectron spectra of actinide compound valence bands and interpretation of experi-

mental spectra.
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INTRODUCTION

The high resolution X-ray photoelectron spec-
troscopy makes it possible to investigate the outer va-
lence orbitals with binding energies 0-~13 eV and
the inner valence orbitals with binding energies
~13-~50 eV of actinide compounds (An) [1]. The the-
oretical electronic structure of compounds and
photoionization cross-sections are required for identi-
fication of the fine structure of these spectra. The
structure of these spectra is very complicated and their
identification requires theoretical calculations of the
electronic structure and photoionization cross-sec-
tions. The electronic structure of actinide compounds
has been calculated with the non-relativistic X -scat-
tering wave method (X,-SWM) and the X ,-discrete
variation method (X -DVM) [2-5]. Results of the cal-
culations are only in qualitative agreement with the ex-
perimental data [1]. The same approximations have
been used for the calculation of the electronic structure
of actinide compounds [3, 5]. The X -DVM method
enables the calculations for a large number of atoms in
a cluster [5]. Modification of these methods by taking
the relativistic correction into account improved the
agreement with the experimental data [6].

Nowadays the relativistic self-consistent field
discrete variation method (SCF RDVM) is used for
these calculations [2, 4, 6-9]. The calculations use the
MO LCAO (molecular orbitals as linear combinations
of atomic orbitals) approximation and yield the AO
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contributions in cluster MO. It should be noted that
these calculations showed that the occupied
Anbs,6p,51,6d,7s and the vacant 7p orbitals contribute
to the ground molecular state. The contribution of the
vacant AO to the actinide compounds MO may be
quite significant. In order to compare the theoretical
results with experimental intensities of photoelectron
spectra, the atomic photoionization cross-sections of
ground and excited states are required.

For example, Th does not have the Th5f elec-
trons, but according to the calculations, the Th5f elec-
trons are present in the valence band of Th compounds
and since the Th5f photoionization cross-section is
quite large, these electrons should be taken into ac-
count in calculating the photoelectron spectrum [10].
Thus, the existing atomic ground state photoionization
cross-sections [11, 12] should be supplemented by
photoionization cross-sections for excited states.

CALCULATION METHODS

For high photon energies in the approximation
of independent atomic centers, a photoionization
cross-section of molecular orbital y may be written as
[13]

o, ()=Xp, 0, () (1)
J

The electron densities in eq. (1) may be approxi-

mated as

Py =0, @)
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where the values o, ; are coefficients of decomposition
of MO ¥, in the LCAO form

v, =2a, 9, (€))
J

where ¢; is the atomic orbital.

In some cases one can attribute a part of the over-
lap population to the values p,, ; [14]. To describe the
shape of the whole spectrum, the experimental line po-
sitions should be also used.

In the present work, the Dirac-Fock-Slater
method was used to calculate the electron wave func-
tions of ground (excited) and continuum states, and all
multipoles in the decomposition of the electron-pho-
ton interaction were taken into account. The contin-
uum wave function was calculated in the same field as
the wave function of the initial bonded state. It has
been shown in [15] that photoionization cross-sec-
tions obtained with different techniques for the va-
cancy after photoionization differ no more than by
10%. The results of calculations are presented in the
table. Photoionization cross-sections are normalized
to a completely filled j-shell. For example, in order to
obtain the photoionization cross-section of the Pa 5f
25, shell, one must divide the value in the table by 6
(the value of 2j + 1) and multiply by 2 (actual number
of electrons). The ground atomic configurations are
also presented in the table. When photoionization
cross-sections of excited states were calculated, one
electron from the occupied shell was moved to the ex-
cited state and this configuration was calculated
self-consistently. In particular, the AnS5Sf electrons
were interchanged with the An6d electrons and also
the An7s electrons were interchanged with the An7p
electrons. It should be noted that a photoionization
cross-section depends on the actual configuration, but
since the cross-sections of excited states for X-ray
lines MgK,, (hv =1253.6 eV) and AIK,, (hv =1486.6
eV) are relatively small, the contributions of these
orbitals to MO are also small. The above-mentioned
uncertainty of the cross-sections', calculations is not
significant for the calculations of total spectral distri-
bution.

RESULTS AND DISCUSSION

The photoionization cross-sections obtained in
the present work (see table) are necessary for calcula-
tions of peak intensities of X-ray photoelectron spec-
tra for the actinide compound valence levels in the
binding energy range from 0 ¢V to 50 eV. The data are
needed for the processing of X-ray photoelectron
spectra of the valence electrons of UF, [7], y-UO; [8],
UO,F, [9], UO, [16], and ThF, [17].

In the MO LCAO approximation the contribution
of each orbital to the MO is equal to the squared decom-
position coefficient. As a result the theoretical density
of the filled and vacant electronic states of an actinide
compound can be determined. However, comparison of

theoretical populations with the experimental intensi-
ties of XPS spectrum requires photoionization
cross-sections. This comparison provides a conclusion
on the correctness of the theoretical calculations. How-
ever, for the most part of actinides e. g. An5f;/, and
An7p photoionization cross-sections of 5f and 7p
orbitals were absent, and photoionization cross-sec-
tions for Md, No, and Lr did not exist et all. As aresulta
complete comparison of the theory with the experiment
was not possible. The results of the present work elimi-
nate this gap.

We consider as an example the calculations of
the electronic structure for ThF, in cluster approxima-
tion (ThF¢* of symmetry group C,). The calculations
of electronic structure were carried out with the SCF
RDVM [17, 18]. According to the calculations of the
19v; 4, the molecular orbital consists mainly of the
atomic F2p (95%), and of a small part of the Th5f (5%)
orbitals [17]. Theoretical photoionization cross-sec-
tions of the F2p, , and the F2p5, per one electron for
AIK,, radiation are practically the same and are equal
to 0.13 kilobarns [12]. Making use of the Th 5f
photoionization cross-section (19y; 4 MO consists of
1% of the Th5f5),, o; (Th5f5,,) = 256.4 kilobarns and
4% of the Th5f; ), o; (Th5f;,) = 326.3 kilobarns (see
table), we determined that the contribution of the Th5f
orbitals to the intensity of this line is 51%. Also the
SCF RDVM calculations yield the total contribution
of'the Th7p electrons to the valence band to be equal to
0.27 electrons. It is significant that the photoionization
cross-sections of the Th5f,7p electrons which do not
belong to the pure atomic ground state are unavailable
in the literature.

We will also note that according to the calculation
data in the Dirac-Fock-Slater approximation, the total
ground state energies E,, = —875764.9845 eV for
Bk5{°7s? and E,, = —875765.2248 eV for Bk5f® 6d'7s?
are close, what makes possible the existence of the Bk5£®
6d'7s? electronic configuration also, see the table.

CONCLUSIONS

Photoionization cross-sections of ground and
exited states of actinide atoms were calculated for pho-
ton energies 1253.6 eV and 1486.6 eV. The calcula-
tions were carried out on the basis of relativistic
self-consistent field wave functions by the
Dirac-Fock-Slater method. These data are required for
calculations of intensities of X-ray photoelectron
spectra of actinide compound valence bands and inter-
pretation of experimental spectra.
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Table 1. Photoionization cross-sectiono; (in kilobarns) per completely filled (2j + 1)-shells of actinides (An) for the X-ray
excitation energy (#v) of MgKoa (1253.6 eV) and AIK, (1486.6 eV)

nl; Ac 6d'7s’ Th 6d°7s” Pa 5f°6d'7s U 5f%6d'7s” Np 5f'6d'7s>
hv Mg Al Mg Al Mg Al Mg Al Mg Al
eV 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 14866 | 1253.6 | 1486.6 | 1253.6 | 1486.6

Tp3n 0.3952 0.3019 0.4551 0.3476 0.4028 0.3079 0.4039 0.3088 0.4045 0.3095
Tpin 0.1504 0.1212 0.1743 0.1405 0.1497 0.1211 0.1478 0.1197 0.1452 0.1178

7s 0.3068 | 02345 | 03521 | 02691 | 03179 | 02434 | 03205 | 02457 | 03218 | 0.2470
56 22.32 14.43 31.45 20.45 37.03 24.19 41.94 27.53 46.91 30.88
5f5n 18.23 11.86 25.13 16.43 32.07 21.49 33.47 22.10 37.21 24.69
6ds 3.897 2.957 5.878 4.467 4.263 3.246 4.366 3.332 4.431 3.388
6ds, 2.776 2.136 4.092 3.155 3.057 2.363 3.142 2.435 3.202 2.487
6p3n 5.803 4.439 6.492 4.965 6.406 4.903 6.662 5.102 6.896 5.284
6p12 2.018 1.631 2.193 1.775 2.144 1.739 2.185 1.777 2216 1.806
6s 2.641 2.025 2.849 2.186 2.850 2.190 2.937 2.259 3.014 2.321
5dsp, 52.44 40.03 56.05 42.87 58.36 44.76 61.21 47.05 63.98 4931
5ds 35.45 27.48 37.74 29.33 39.25 30.59 41.05 32.09 42.80 33.56
5psn 34.48 26.64 36.17 27.96 37.54 29.04 39.03 30.23 40.51 31.40
5pin 10.64 8.795 10.81 8.962 10.89 9.061 10.96 9.150 10.99 9.211
5s 11.95 9.335 12.26 9.591 12.50 9.802 12.74 10.01 12.96 10.21
45 484.6 304.0 517.8 326.3 551.6 349.1 586.6 372.9 622.6 397.6
4y 3789 2389 404.7 256.4 431.0 274.3 458.1 293.0 486.0 312.3
nl; Pu 575 Am 57’5 Cm 5f'6d'7s Bk 5£°7s Cf 5975

hv Mg Al Mg Al Mg Al Mg Al Mg Al
eV 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6

Tpan 0.3391 0.2597 0.3380 0.2591 0.4026 0.3087 0.3338 0.2562 0.3310 0.2543
Tpin 0.1170 0.09524 0.1140 0.09302 0.1356 0.1108 0.1073 0.0870 0.1037 0.08527

Ts 0.2772 0.2132 0.2768 0.2130 0.3222 0.2482 0.2744 0.2116 0.2726 0.2105
St 47.79 31.675 52.63 35.05 61.48 41.14 62.73 42.18 67.81 45.82
5fsp 38.27 25.53 42.27 28.33 48.98 33.00 50.315 34.07 54.36 37.00
6ds)» 4.466 3.422 4.477 3.437 4.477 3.446 4.456 3.438 4418 3.417
6dsn 3.241 2.524 3.263 2.548 3.279 2.562 3.281 2.577 3.270 2.576
6ps3n 6.710 5.147 6.906 5.301 7.506 5.765 7.255 5.580 7.409 5.704
6pin 2.139 1.748 2.154 1.765 2.254 1.850 2.161 1.778 2.154 1.776

6s 2.990 2.3074 3.054 2.359 3.201 2.475 3.161 2.449 3.206 2.487
5dsp 66.19 51.14 68.88 53.37 72.00 55.92 74.11 57.73 76.64 59.87

5dspn 44.20 34.77 45.87 36.20 47.76 37.81 49.05 38.98 50.57 40.32
S5pan 41.83 32.46 43.26 33.61 44.80 34.85 46.07 35.89 47.43 37.00

5pip 10.97 9.228 10.93 9.233 10.88 9.222 10.6E 9.159 10.64 9.080
5s 13.14 10.37 13.32 10.54 13.49 10.69 13.60 10.81 13.72 10.93
4fyp 659.3 423.0 697.1 449.3 735.9 476.6 775.2 504.3 815.3 533.0
45 514.4 332.2 543.6 352.8 573.5 374.0 603.6 395.7 634.3 418.1
nl; Es 5f'! Fm 5275 Md 5£475° No 5475 Lr 5f6d'7s*
hv Mg Al Mg Al Mg Al Mg Al Mg Al
eV 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6 | 1253.6 | 1486.6
TP 0.332 0.256 0.3284 | 0.2543 | 0.3208 | 0.2473 | 03170 | 0.2448 0.387 0.2988
Tpip 0.100 0.0823 | 0.0965 | 0.0796 | 0.0929 | 0.0767 | 0.0893 | 0.0738 0.109 0.0904
7s 0.271 0.209 0.2685 | 02077 | 02661 | 02061 | 02635 | 0.2045 0.314 0.2438
56 72.90 49.51 78.01 53.25 83.12 57.03 88.24 60.85 97.53 67.59
5f5n 58.43 39.98 62.52 43.00 66.61 46.06 70.71 49.15 77.68 54.29
6ds 4.362 3.382 4.292 3.335 4.206 3.277 4.109 3.209 4.000 3.132
6ds, 3.247 2.566 3.214 2.547 3.170 2.520 3.118 2.486 3.057 2.445
6psn 7.551 5.820 7.683 5.928 7.802 6.028 7.912 6.120 8.526 6.602
6p112 2.140 1.769 2.122 1.757 2.099 1.740 2.072 1.720 2.127 1.763
6s 3.246 2.522 3.281 2.553 3.313 2.581 3.342 2.606 3.461 2.701
5dsp 79.11 61.89 82.52 64.06 83.87 66.10 86.16 68.11 88.91 70.48
5dpn 52.02 41.63 53.42 4291 54.76 44.15 56.03 45.35 57.53 46.73
5psn 48.77 38.11 50.07 39.18 51.34 40.24 52.58 41.28 53.93 42.40
5pia 10.48 8.974 10.31 8.845 10.11 8.693 9.914 8.522 9.724 8.347
5s 13.82 11.03 13.90 11.12 13.97 11.20 14.03 11.27 14.12 11.34
45 586.0 562.4 897.3 592.6 939.5 623.4 982.4 654.8 1027. 687.4

4fs), 665.5 441.0 697.0 464.4 729.2 488.3 761.7 512.6 795.2 537.8




V. G. Yarzhemsky, et al.: Photoionization Cross-Sections of Ground and ...

106 Nuclear Technology & Radiation Protection: Year 2012, Vol. 27, No. 2, pp. 103-106
REFERENCES [11] Scofield, J. H., Hartree-Slater Subshell Photoionization

Cross-Sections at 1254 and 1487 eV, J. Electr. Spectr:
[1]  Teterin, Yu. A., Teterin, A. Yu., The Structure of Relat. Phenom., 8 (1976), 2, pp. 129-137

[12] Band, I. M., Kharitonov, Yu. I., Trzhaskovskaya, M.

X-Ray Photoelectron Spectra of Light Actinide Com- Lo .
B., Photoionization Cross-Sections and Photoelec-

pounds, Russian Chemical Reviews, 73 (2004), 6, pp.

541- 580 tron Angular Distributions for X-Ray Line Energies

[2]1 Rosen, A., Ellis, D. E., Relativistic Molecular Calcu- mn the. Range 0.132-4.509 keV, Targets: 1 <Z < 100,
lations in the Dirac-Slater Model, J. Chem. Phys., 62 Atomic Data and Nuclear Data Tables, 23 (1979), 5,
(1975), 8, pp. 3039-3049 pp. 443-505 ‘

[3] Gubanov, V. A., Rosen, A., Ellis D. E., Electronic [13] Huang,J. T.J, Ellison, F. O., ESCA: A Theoretical Inten-
Structure and Chemical Bonding in Actinide Oxides: sity Model Based on the Plane-Wave Approximation, J.
Monoxides and Dioxides of Np, Pu, Am, Cm, and Bk, Electr. Spectr: Relat. Phenom., 4(1974), 3, pp. 233-242
J. Phys. Chem. Sol., 40 (1979), 1, pp. 17-28 [14] Gelius, U., Siegbahn, K., ESCA Studies of Molecular

[4] Gubanov. V. A.. Kurmaev. E. Z.. Ivz;movskiy AL Core and Valence Levels in the Gas Phase, Far. Dis-
Quantum Chemistry of Solid (in Russian), Science, cuss. Chem. Soc., 54 (1972), 0, pp. 257-269
Moscow. 1984 [15] Nefedov, V. L., Yarzhemsky, V. G., Trzhaskovskaya,

[5] Gubano{r V. A., Ivanovskiy, A. L., Ryzhkov, M. V. M. B., The Influence of Relaxation and Nondipolar

Quantum Chemistry is in the Study of Materials (in Effects on _the Intensity ofX—Ray Photoelectror} Spec-
Russian), Science, Moscow, 1987 tra, Bulletin of the Russian Academy of Sciences,

[6] Ryzhkov, M. V., Teterin, A. Yu., Teterin, Yu. A., Fully Phy sz:cs. 72 (2008), 4.’ pp. 423-428
Relativistic Calculations of ThF,, International Journal [16] Teterin, Yu. A., Teterin, A. Yu., Modern X-Ray Spec-

UfQuantum Chemls[’y 110 (2010) 14 Pp. 2697-2704 tral Methods in the Study Of the Electronic Structure
[7] Teterin, A. Yu., et all., Electronic Structure of Solid of Actinide Compounds: U'ramum Oxide UO; as an

Uranium Tetrafluoride UF,, Phys. Rev. B, 74 (2006), Example, Nucl Technol Radiat, 19 (2004), 2, pp. 3-14

4, pp. 045101-9 [17] Teterin, A. Yu., et all., Nature of Chemical Bonding in
[8]  Teterin, Yu. A., et all., The Peculiarities of Chemical ThF“’, Radiochemistry, 51 (2009), 6, pp. 551-559

Bond Nature of Trioxide y-UQs, Nucl Technol Radiat, [18] Teterin, A. Yu., et all., X-Ray Spectroscopy Study of

17 (2002) 1-2 PP 3-12 Th02 and ThF4,NuCl TeChnOlRadiat, 25 (2010), 1, pp.
[9] Utkin, L. O., et all., X-Ray Spectral Studies of the 8-12

Electronic Structure of Uranyl Fluorite UO,F,, Nucl
Technol Radiat, 19 (2004), 2, pp. 15-23

[10] Teterin, Yu. A., et all., Valence Electronic State Den-
sity in Thorium Dioxide, Nucl/ Technol Radiat, 18 Received on January 20, 2012
(2008), 2, pp. 34-42 Accepted on April 26, 2012

Buxrop I'. JAP2KEMCKM, Anron J. TETEPUH,
Jypu A. TETEPUH, Mansuna b. TP2KACKOBCKAJA

E®EKTUBHU INPECEIU ®OTOJOHU3AIINIJIE OCHOBHUX U MNOBYBEHUX
CTAIbA BAJIEHTHUX HUBOA AKTHUHUIA

EdexTuBHn npecenn (poTOjOHM3AIM]€ OCHOBHUX M TOOYHEHNX aTOMCKUX CTamba U3pavyHaTH Cy
kopumhemeM [Tnpak-Pok-CrejrepoBe MeTOjie 3a [BE eHepruje ekciuranuje X-3padewma (1253.6 eV n
1486.6 eV). OBu mopamm cy NMOTPeOHM 3a TPOpAUYyHE HMHTEH3WTETa (POTOCIEKTPUIHUX CIEKTapa
BAJICHTHUX 30Ha X-3paucma y jeAubehuMa aKTHHIAA U MHTEPIPETalljy eKCIepUMEHTATHUX CIIeKTapa.
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