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The photoionization cross-sec tions of ground and ex cited atomic states of ac ti nide at oms
were cal cu lated by the Dirac-Fock-Slat er method for two ex ci ta tion en er gies of X-ray ra di a -
tion (1253.6 eV and 1486.6 eV). These data are re quired for cal cu la tions of in ten si ties of
X-ray pho to elec tron spec tra of ac ti nide com pound va lence bands and interpretation of ex per i -
men tal spec tra.
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IN TRO DUC TION

The high res o lu tion X-ray pho to elec tron spec -
tros copy makes it pos si ble to in ves ti gate the outer va -
lence  orbitals  with  bind ing  en er gies  0-~13 eV and
the in ner va lence orbitals with bind ing en er gies
~13-~50 eV of ac ti nide compounds (An) [1]. The the -
o ret i cal elec tronic struc ture of com pounds and
photoionization cross-sec tions are re quired for iden ti -
fi ca tion of the fine structure of these spec tra. The
struc ture of these spec tra is very com pli cated and their
iden ti fi ca tion re quires the o ret i cal cal cu la tions of the
elec tronic struc ture and photoionization cross-sec -
tions. The electronic struc ture of ac ti nide com pounds
has been cal cu lated with the non-rel a tiv is tic Xa-scat -
ter ing wave method (Xa-SWM) and the Xa-dis crete
vari a tion method (Xa-DVM) [2-5]. Re sults of the cal -
cu la tions are only in qualitative agree ment with the ex -
per i men tal data [1]. The same ap prox i ma tions have
been used for the cal cu la tion of the elec tronic struc ture 
of ac ti nide compounds [3, 5]. The Xa-DVM method
en ables the cal cu la tions for a large num ber of at oms in
a clus ter [5]. Mod i fi ca tion of these meth ods by tak ing
the rel a tiv is tic cor rec tion into ac count im proved the
agree ment with the ex per i men tal data [6].

Now a days the rel a tiv is tic self-con sis tent field
dis crete vari a tion method (SCF RDVM) is used for
these cal cu la tions [2, 4, 6-9]. The cal cu la tions use the
MO LCAO (mo lec u lar orbitals as lin ear com bi na tions
of atomic orbitals) approximation and yield the AO

con tri bu tions in cluster MO. It should be noted that
these cal cu la tions showed that the oc cu pied
An6s,6p,5f,6d,7s and the va cant 7p orbitals con trib ute
to the ground mo lec u lar state. The contribution of the
va cant AO to the ac ti nide com pounds MO may be
quite sig nif i cant. In or der to com pare the the o ret i cal
re sults with ex per i men tal in ten si ties of pho to elec tron
spec tra, the atomic photoionization cross-sec tions of
ground and excited states are required.

For ex am ple, Th does not have the Th5f elec -
trons, but ac cord ing to the cal cu la tions, the Th5f elec -
trons are pres ent in the va lence band of Th com pounds
and since the Th5f photoionization cross-sec tion is
quite large, these elec trons should be taken into ac -
count in cal cu lat ing the photoelectron spec trum [10].
Thus, the ex ist ing atomic ground state photoionization 
cross-sec tions [11, 12] should be sup ple mented by
photoionization cross-sec tions for excited states. 

CAL CU LA TION METH ODS

For high pho ton en er gies in the ap prox i ma tion
of in de pend ent atomic cen ters, a photoionization
cross-sec tion of mo lec u lar or bital g may be writ ten as
[13]

s n r s ng g( ) ( ),h h
j

= å j j (1)

The elec tron den si ties in eq. (1) may be ap prox i -
mated as

r ag g, ,j j= 2 (2)
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where the val ues ag, j are co ef fi cients of de com po si tion 
of MO Yg in the LCAO form

y a jg g= å , j j
j

(3)

where jj is the atomic or bital.
In some cases one can at trib ute a part of the over -

lap pop u la tion to the val ues rg, j [14]. To de scribe the
shape of the whole spec trum, the ex per i men tal line po -
si tions should be also used.

In the pres ent work, the Dirac-Fock-Slat er
method was used to cal cu late the elec tron wave func -
tions of ground (excited) and con tin uum states, and all
multipoles in the decomposition of the elec tron-pho -
ton in ter ac tion were taken into ac count. The con tin -
uum wave func tion was cal cu lated in the same field as
the wave func tion of the ini tial bonded state. It has
been shown in [15] that photoionization cross-sec -
tions ob tained with dif fer ent techniques for the va -
cancy af ter photoionization dif fer no more than by
10%. The re sults of cal cu la tions are presented in the
ta ble. Photoionization cross-sec tions are nor mal ized
to a com pletely filled j-shell. For ex am ple, in or der to
ob tain the photoionization cross-sec tion of the Pa 5f
2

5/2 shell, one must di vide the value in the ta ble by 6
(the value of 2j + 1) and mul ti ply by 2 (ac tual num ber
of elec trons). The ground atomic con fig u ra tions are
also pre sented in the ta ble. When photoionization
cross-sec tions of ex cited states were cal cu lated, one
elec tron from the oc cu pied shell was moved to the ex -
cited state and this con fig u ra tion was cal cu lated
self-con sis tently. In par tic u lar, the An5f elec trons
were in ter changed with the An6d elec trons and also
the An7s elec trons were in ter changed with the An7p
electrons. It should be noted that a photoionization
cross-sec tion de pends on the ac tual con fig u ra tion, but
since the cross-sec tions of ex cited states for X-ray
lines MgKa (hn = 1253.6 eV) and AlKa (hn = 1486.6
eV) are rel a tively small, the contributions of these
orbitals to MO are also small. The above-men tioned
un cer tainty of the cross-sec tions', cal cu la tions is not
significant for the cal cu la tions of to tal spec tral dis tri -
bu tion.

RE SULTS AND DIS CUS SION

The photoionization cross-sec tions ob tained in
the pres ent work (see ta ble) are necessary for cal cu la -
tions of peak in ten si ties of X-ray pho to elec tron spec -
tra for the ac ti nide com pound va lence lev els in the
bind ing en ergy range from 0 eV to 50 eV. The data are
needed for the pro cess ing of X-ray pho to elec tron
spec tra of the va lence elec trons of UF4 [7], g-UO3 [8],
UO2F2 [9], UO2 [16], and ThF4 [17].

In the MO LCAO ap prox i ma tion the con tri bu tion 
of each or bital to the MO is equal to the squared de com -
po si tion co ef fi cient. As a re sult the the o ret i cal den sity
of the filled and va cant elec tronic states of an ac ti nide
com pound can be de ter mined. How ever, com par i son of 

the o ret i cal pop u la tions with the ex per i men tal in ten si -
ties of XPS spec trum re quires photoionization
cross-sec tions. This com par i son pro vides a con clu sion
on the cor rect ness of the the o ret i cal cal cu la tions. How -
ever,  for  the  most  part  of actinides e. g. An5f7/2 and
An7p photoionization cross-sec tions of 5f and 7p
orbitals were ab sent, and photoionization cross-sec -
tions for Md, No, and Lr did not ex ist et all. As a re sult a
com plete com par i son of the the ory with the experiment
was not pos si ble. The re sults of the pres ent work elim i -
nate this gap.

We con sider as an ex am ple the cal cu la tions of
the elec tronic struc ture for ThF4 in cluster ap prox i ma -
tion (ThF8

4– of sym me try group C2). The cal cu la tions
of elec tronic struc ture were car ried out with the SCF
RDVM [17, 18]. Ac cord ing to the cal cu la tions of the
19g3,4, the mo lec u lar orbita1 con sists mainly of the
atomic F2p (95%), and of a small part of the Th5f (5%) 
orbitals [17]. The o ret i cal photoionization cross-sec -
tions of the F2p1/2 and the F2p3/2 per one elec tron for
AlKa ra di a tion are prac ti cally the same and are equal
to 0.13 kilobarns [12]. Mak ing use of the Th 5f
photoionization cross-sec tion (19g3,4 MO con sists of
1% of the Th5f5/2, sj (Th5f5/2) = 256.4 kilobarns and
4% of the Th5f7/2, sj (Th5f7/2) = 326.3 kilobarns (see
ta ble), we de ter mined that the con tri bu tion of the Th5f
orbitals to the in ten sity of this line is 51%. Also the
SCF RDVM cal cu la tions yield the to tal con tri bu tion
of the Th7p elec trons to the va lence band to be equal to 
0.27 electrons. It is sig nif i cant that the photoionization 
cross-sec tions of the Th5f,7p elec trons which do not
belong to the pure atomic ground state are un avail able
in the lit er a ture.

We will also note that ac cord ing to the cal cu la tion
data in the Dirac-Fock-Slat er approximation, the to tal
ground state en er gies Etot = –875764.9845 eV for
Bk5f97s2 and Etot = –875765.2248 eV for Bk5f8 6d17s2

are close, what makes pos si ble the ex is tence of the Bk5f8

6d17s2 elec tronic con fig u ra tion also, see the ta ble.

CON CLU SIONS

Photoionization cross-sec tions of ground and
ex ited states of ac ti nide at oms were calculated for pho -
ton en er gies 1253.6 eV and 1486.6 eV. The cal cu la -
tions were car ried out on the basis of rel a tiv is tic
self-con sis tent field wave func tions by the
Dirac-Fock-Slat er method. These data are re quired for 
cal cu la tions of in ten si ties of X-ray pho to elec tron
spec tra of ac ti nide compound va lence bands and in ter -
pre ta tion of ex per i men tal spec tra.
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Ta ble 1. Photoionization cross-sec tion sj (in kilobarns) per com pletely filled (2j + 1)-shells of actinides (An) for the X-ray
ex ci ta tion en ergy (hn) of MgKa (1253.6 eV) and AlKa (1486.6 eV)

n1j Ac 6d17s2 Th 6d27s2 Pa 5f26d17s2 U 5f36d17s2 Np 5f46d17s2

hn 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

7p3/2 0.3952 0.3019 0.4551 0.3476 0.4028 0.3079 0.4039 0.3088 0.4045 0.3095

7p1/2 0.1504 0.1212 0.1743 0.1405 0.1497 0.1211 0.1478 0.1197 0.1452 0.1178

7s 0.3068 0.2345 0.3521 0.2691 0.3179 0.2434 0.3205 0.2457 0.3218 0.2470

5f7/2 22.32 14.43 31.45 20.45 37.03 24.19 41.94 27.53 46.91 30.88

5f5/2 18.23 11.86 25.13 16.43 32.07 21.49 33.47 22.10 37.21 24.69

6d5/2 3.897 2.957 5.878 4.467 4.263 3.246 4.366 3.332 4.431 3.388

6d3/2 2.776 2.136 4.092 3.155 3.057 2.363 3.142 2.435 3.202 2.487

6p3/2 5.803 4.439 6.492 4.965 6.406 4.903 6.662 5.102 6.896 5.284

6p1/2 2.018 1.631 2.193 1.775 2.144 1.739 2.185 1.777 2.216 1.806

6s 2.641 2.025 2.849 2.186 2.850 2.190 2.937 2.259 3.014 2.321

5d5/2 52.44 40.03 56.05 42.87 58.36 44.76 61.21 47.05 63.98 49.31

5d3/2 35.45 27.48 37.74 29.33 39.25 30.59 41.05 32.09 42.80 33.56

5p3/2 34.48 26.64 36.17 27.96 37.54 29.04 39.03 30.23 40.51 31.40

5p1/2 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

4f7/2 484.6 304.0 517.8 326.3 551.6 349.1 586.6 372.9 622.6 397.6

4f5/2 378.9 238.9 404.7 256.4 431.0 274.3 458.1 293.0 486.0 312.3

n1j Pu 5f67s2 Am 5f77s2 Cm 5f76d17s2 Bk 5f97s2 Cf 5f107s2

hn 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

7p3/2 0.3391 0.2597 0.3380 0.2591 0.4026 0.3087 0.3338 0.2562 0.3310 0.2543

7p1/2 0.1170 0.09524 0.1140 0.09302 0.1356 0.1108 0.1073 0.0870 0.1037 0.08527

7s 0.2772 0.2132 0.2768 0.2130 0.3222 0.2482 0.2744 0.2116 0.2726 0.2105

5f7/2 47.79 31.675 52.63 35.05 61.48 41.14 62.73 42.18 67.81 45.82

5f5/2 38.27 25.53 42.27 28.33 48.98 33.00 50.315 34.07 54.36 37.00

6d5/2 4.466 3.422 4.477 3.437 4.477 3.446 4.456 3.438 4.418 3.417

6d3/2 3.241 2.524 3.263 2.548 3.279 2.562 3.281 2.577 3.270 2.576

6p3/2 6.710 5.147 6.906 5.301 7.506 5.765 7.255 5.580 7.409 5.704

6p1/2 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

5d5/2 66.19 51.14 68.88 53.37 72.00 55.92 74.11 57.73 76.64 59.87

5d3/2 44.20 34.77 45.87 36.20 47.76 37.81 49.05 38.98 50.57 40.32

5p3/2 41.83 32.46 43.26 33.61 44.80 34.85 46.07 35.89 47.43 37.00

5p1/2 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

4f7/2 659.3 423.0 697.1 449.3 735.9 476.6 775.2 504.3 815.3 533.0

4f5/2 514.4 332.2 543.6 352.8 573.5 374.0 603.6 395.7 634.3 418.1

n1j Es 5f11 Fm 5f127s2 Md 5f137s2 No 5f147s2 Lr 5f146d17s2

hn 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

7p3/2 0.332 0.256 0.3284 0.2543 0.3208 0.2473 0.3170 0.2448 0.387 0.2988

7p1/2 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 0.2077 0.2661 0.2061 0.2635 0.2045 0.314 0.2438

5f7/2 72.90 49.51 78.01 53.25 83.12 57.03 88.24 60.85 97.53 67.59

5f5/2 58.43 39.98 62.52 43.00 66.61 46.06 70.71 49.15 77.68 54.29

6d5/2 4.362 3.382 4.292 3.335 4.206 3.277 4.109 3.209 4.000 3.132

6d3/2 3.247 2.566 3.214 2.547 3.170 2.520 3.118 2.486 3.057 2.445

6p3/2 7.551 5.820 7.683 5.928 7.802 6.028 7.912 6.120 8.526 6.602

6p1/2 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

5d5/2 79.11 61.89 82.52 64.06 83.87 66.10 86.16 68.11 88.91 70.48

5d3/2 52.02 41.63 53.42 42.91 54.76 44.15 56.03 45.35 57.53 46.73

5p3/2 48.77 38.11 50.07 39.18 51.34 40.24 52.58 41.28 53.93 42.40

5p1/2 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

4f7/2 586.0 562.4 897.3 592.6 939.5 623.4 982.4 654.8 1027. 687.4

4f5/2 665.5 441.0 697.0 464.4 729.2 488.3 761.7 512.6 795.2 537.8
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EFEKTIVNI  PRESECI  FOTOJONIZACIJE  OSNOVNIH  I POBU\ENIH
STAWA  VALENTNIH  NIVOA  AKTINIDA

Efektivni preseci fotojonizacije osnovnih i pobu|enih atomskih stawa izra~unati su
kori{}ewem Dirak-Fok-Slejterove metode za dve energije ekscitacije X-zra~ewa (1253.6 eV i
1486.6 eV). Ovi podaci su potrebni za prora~une intenziteta fotoelektri~nih spektara
valentnih zona X-zra~ewa u jediwewima aktinida i interpretaciju eksperimentalnih spektara.

Kqu~ne re~i: fotojonizacija, jediwewa aktinida, elektronska struktura


