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Non-relativistic and relativistic self-consistent Hartree—Fock-Slater and Dirac—Slater models have been used to cal-
culate one-electron energy levels and ionization energies for UF 5. The calculations were performed in an assumed structure
of C4y symmetry with the uranium atom at the center of mass of the molecule. The spacing and level ordering are com-
pared with earlier results obtained with the MS X« method using the muffin-tin approximation. Connections with the multi-

photon isotope separation scheme of UF¢ are discussed.

1. Introduction

The increased demand for enriched uranium as a fuel
source has directed a large amount of research in re-
cent years towards the development of more effi-
cient and economic isotope separation methods. In
conventional diffusion and gas centrifugation proce-
dures the isotopes are separated utilizing the mass
dependence of the diffusion rate constants. However,
anumber of laser separation schemes [1] have been
proposed in which the isotopes are separated by ex-
ploiting excitation schemes where selectivity is
achieved due to the different atomic and molecular
isotope shifts. A tunable and sufficiently monochrom-
atic laser is matched to the absorption line of an atom
or compound containing the desired isotope while
those atoms and compounds with other isotopes are
unaffected. The excited atom or compound is then
ionized or brought to dissociation by additional ex-
citations with another light-source such as, for example,
a laser. In another method known as the multiphoton
dissociation technique [2] an intense laser beam from,
for example, a CO, laser acts upon molecules, which
are dissociated by absorption of more than thirty infra-
red quanta. In particular considerable work has been

performed on SF¢. In a molecular beam study of the
multiphoton dissociation of SF¢ the dissociation
products have been analyzed with a quadrupole mass
filter and found to be SF5 and F [3]. Another means
of detection would be to monitor the change in optical
or infrared absorption spectra.

Of all currently known uranium compounds the
molecule UF ¢ exhibits the highest vapor pressure and
is a strong candidate for laser isotope separation [4].
Recently, multiphoton absorption in UF¢ with 16
um wavelength has been reported for the first time
[51. In view of the recent molecular beam study of
multiphoton dissociation of SF¢ into the products of
SFs and F it would therefore be of great interest to
study the electronic structure of UF5 which would ap-
pear as the corresponding product in the separation of
UFg.

The electronic structure of UF has been the sub-
ject of experimental and theoretical investigations for
a long period [6]. Recently, non-relativistic [7,8] as
well as relativistic calculations [9] within the Hartree—
Fock—Slater (HFS) and Dirac—Slater (DS) models
have been performed. Also non-relativistic MS Xa
calculations have appeared [10,11]. The theoretical
relativistic transitions [9] were found to be in good
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agreement with the experimental data obtained by
Lewis et al. [6].

2. Computational method

The calculations can briefly be described as fol-
lows [12]. The relativistic one-electron hamiltonian
is given by

h=ca*p+ Bmc2 + V),

where ca-p + 6m62 are the kinetic and rest energy
operators. V(r) is the potential energy operator

which can be divided as usual into the Coulomb and
exchange terms. This last part is obtained from the
molecular charge density using the Slater Xa method
with the exchange parameter o = 0.70. A variational
method is used to find the molecular wavefunctions,
which are approximated by a linear combination of
symmetry orbitals constructed from atomic numerical
basis functions. The basis set for uranium have been
generated in the 5£36d7s% atomic configuration. The
Hartree—Fock—Slater, Dirac—Slater and overlap
matrix elements were evaluated by using the discrete
variational method as described in earlier calculations
[13]. The molecular potential was determined in the
successive iterations, from Mulliken gross orbital popu-
lations for the basis functions. These populations were
spherically averaged and the molecular potential was
constructed from the spherical charges on the constitu-
ent atoms. Self-consistency was obtained when the input
and output orbital charges were equal. This procedure
does not imply spherical symmetry of the molecular poten-
tial as for example in the “muffin-tin” form used in the
multiple scattering method (MS Xa) [14]. A rather
good agreement has generally been obtained between
experimental and theoretical ionization energies
[7-9,12].

3. Results

The calculations were performed in the proposed
geometry of Cy, [15] with the uranium atom at the
center of mass of the molecule. All the U-F bond
lengths have been assumed to be the same and equal
to the experimental bond length R(U~F) = 3.768 au
of UF¢ [16]. A structure of a square pyramid with
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the uranium atom above the F atom equatorial plane
has also been predicted by Krohn et al. [17] in the
analysis of the infrared spectrum obtained by Paine et
al. [18].

Different theoretical eigenvalues in the valence
region are presented in fig. 1. To the left in the figure
are the MS Xa results of Maylotte et al. [11] which
were calculated using the same bond length. These
values may be compared with the non-relativistic HFS
eigenvalues in the middle of the figure and the cor-
responding relativistic ones to the right obtained with-
in this work. The splitting of the non-relativistic
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Fig. 1. Comparison of molecular eigenvalues for UF g calculated
with the multiple scattering Xo (MS Xq), discrete variational
Hartree—Fock—Slater (HFS) and relativistic Dirac—Slater (DS)
methods. h
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levels into the relativistic ones have been indicated

by using the compatibility relations between the

single and double groups. The MS Xa and HFS methods
give the same level ordering for most levels while the
valence band in the HFS and DS methods is broader
compared with what is the result of the MS Xa method.
It may be noticed further how the deeper valence
levels in the DS method are more strongly bound com-
pared with the HFS result while the reverse holds for
the last occupied b, level and the optical levels. These
differences are due to the mixing of the more tightly
bound molecular levels originating from the atomic

6s, 0P1/2, 6P3/2 levels and due to the expanded

55/, and 5f;/5 atomic levels in the relativistic states
compared with the non-relativistic one, which give

rise to less bound molecular levels. Calculations have
also been performed changing the position of the
uranium atom within the Cy4, symmetry retaining the
same bond length as before i.e. R(U—F) = 3.768 au.
Calculation with the uranium in the plane and at a
distance of 1.500 au above the plane compared with
the position of 0.942 au for the earlier calculation
changed the eigenvalues in the valence region in the
order of 0.1-0.4 eV.

Knowledge about the optical spectra of UF ¢ would
be useful for monitoring the presence of UF in the
multiphoton dissociation process. Some allowed
transitions which have been evaluated from the dif-
ference in orbital energies are given in table 1. It
may be noticed how the relativistically evaluated wave-
lengths are quite different compared with the non-
relativistic ones, mainly due to the broader valence
band. In the earlier analysis of UF¢ [9] good agree-
ment with the experimental data of Lewis et al. [6]

Table 1
Some orbitally allowed transitions between states in the
valence region of UFg

Transition Wavelength (nm)
MS Xa " HFS DS

6b,—17e 2121 2954 1824
1292
6b,~18e 756 697
633
16e—6b, 1037 639 413
388
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was obtained. However, the wavelengths evaluated for
UF s are somewhat uncertain since relaxation effects
have not been included. For UF transition state cal-
culations [9] increased the energy for the optical tran-
sitions by 0.4—0.6 eV compared with those evaluated
from the difference in ground state eigenvalues.

The ionization potential for UF; determined from
electron impact measurements [19] has been found
to be 11.29 eV which should be compared with the
eigenvalue of 5.4 eV and a relativistic transition state
calculation which gave 9.7 eV. About the same dis-
crepancy between the theoretical and experimental
ionization energy was also found for UF¢ in the
earlier calculations [7,9]. This degree of agreement
between the theoretical and experimental ionization
potential support therefore a structure of Cy, for
UF;. There is however some uncertainty about the
actual bond-length in UF 5 which in this work has
been assumed to be the same as in UF . Further
calculations to investigate the effect of changing the
bond-length and to evaluate the total energy for
different geometries are now in progress to give a
more precise answer of the structure of UFs.

Acknowledgement

The authors gratefully acknowledge the support
by Professor I. Lindgren and discussions and comments
on the manuseript by Dr. S. Svanberg. Financial sup-
port from the Swedish Natural Science Research
Council is gratefully recognized. The calculations were
performed at Gothenburg University Computing
Centre and at Gesellschaft fiir Schwerionenforschung
(GSI) Darmstadt.

References

[1} V.S. Lethokov, Ann. Rev. Phys. Chem. 28 (1977) 133;
Phys. Today 30 (1977) 23.

[2] R.V. Ambartzumian, K.L. Kompa, N. Bloembergen,
C.D. Cantrell and D.M. Larsen, Tunable Lasers and
Applications, Proceedings of the Nordfjord Conference
(1976), in: Optical Sciences, Vol. 3, eds. A. Mooradian,
T. Jaeger and P. Stokseth (Springer, Berlin, 1976).

[3] M.J. Coggiola, P.A. Schulz, Y.T. Lee and Y.R. Shen,
Phys. Rev. Letters 38 (1977) 17.

[4] S. Rockwood, Tunable Lasers and Applications, Pro-
ceedings of the Nordfjord Conference (1976), in:
Optical Sciences, Vol. 3, eds. A. Mooradian, T. Jaeger
and P. Stokseth (Springer, Berlin, 1976).

77



Volume 61, number 1

[5] A. Kaldor, Laser Focus, April 1978, p. 4; Conference
on the Physics of Quantum Electronics, Snowbird, Utah,
Jan. 1978; Laser Focus, May 1978, pp. 32-36.

{6] W.B. Lewis, L.B. Asprey, L.H. Jones, R.S. McDowell,
S.W. Rabidcau, A.H. Zeltmann and R.T. Paine, J. Chem.
Phys. 65 (1976) 2707.

[71 A. Rosén, Chem. Phys. Letters 55 (1978) 311.

[8} B. Kim, H. Adachi and S. Imoto, Chem. Letters 2 (1977)
109.

{9] D.D. Koelling, D.E. Ellis and R.J. Bartlett, J. Chem.
Phys. 65 (1976) 3331.

[10] J.M. Boring and J.W. Moskowitz, Chem. Phys. Letters
38 (1976) 185.

[11] D.H. Maylotte, R.L. St. Peters and R.P. Messmer, Chem.
Phys. Letters 38 (1976) 181.

78

CHEMICAL PHYSICS LETTERS

1 February 1979

[12] A. Rosén and D.E. Ellis, Chem. Phys. Letters 27 (1974)
595; J. Chem. Phys. 62 (1975) 3039.

[13] D.E. Ellis and G.S. Painter, Phys. Rev. B2 (1970) 2887.
[14] J.C. Slater and K.H. Johnson, Phys. Rev. BS (1972) 844;
K.H. Johnson and F.C. Smith, Phys. Rev. B5 (1972)

831.

[15] N.P. Galkin, Yu.N. Tumanov and Yu.B. Butylken, Russian
J. Phys. Chem. 44 (1970) 1726; Soviet J. Atomic Energy
30 (1971) 455.

[16] R.A. Penneman, R.R. Ryan and A. Rosensweig, Struc-
ture Bonding 13 (1973) 1.

[17] B.J. Krohn, W.B. Person and J. Overend, J. Chem. Phys.
65 (1976) 969.

[18] R.T. Paine, R.S. McDowell, L.B. Asprey and L.H. Jones,
J. Chem. Phys. 64 (1976) 3081.

[19] D.L. Hildenbrand, J. Chem. Phys. 66 (1977) 4788.





