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The electron-impact excitation spectra of uranium hexafluoride (UF,) and tungsten hexafluoride (WF)
have been studied experimentally at impact energies of 30, 50, and 75 eV and at scattering angles from
5° to 80°. Eleven features in UF, are observed with maxima at 3.26, 4.2, ~4.7, 5.8, 7.0, 7.86, 9.26,

11.01, 11.75, 12.5, and 13.2 eV. Four features in WF, are observed with maximum intensity at 7.25,
7.9, 8.5, and 9.85, in good agreement with optical work. In addition, three previously unobserved
features in WFq at 11.75, 12.6, and 13.5 eV are reported. Similarity between the spectra of UF, and
WF, suggests that the primary contribution to the absorption intensity in UF above 5.8 eV and in WF
results from charge transfer transitions from fluorine p orbitals to metal d orbitals. Tentative assignments

based in part on recent theoretical studies are made.

. INTRODUCTION

A potential uranium isotope separation scheme in-
volves isotopically specific vibrational excitation of the
vy mode of 235UF5 followed by the electronic excitation
of the vibrationally excited species by one or two ultra-
violet photons to a dissociative or predissociative state.
In order to determine the positions and nature of the
electronically excited states, which might prove impor-
tant to such a scheme, the electron-impact spectrum of
UF, has been studied. As an aid to assignment of the
spectrum of UF;, the electron-impact spectrum of WF,
has also been determined.

In previous studies the technique of low-energy vari-
able-angle electron-impact spectroscopy has been pri-
marily applied to molecules composed of light nuclei
{first- and second-row elements) with principal emphasis
on the detection of spin-forbidden transitions. =4 1n
thegse systems the differential cross section (DCS) as a
function of angle is a sensitive probe of the spin for-
biddenness or allowedness of a transition. Typically,
the DCS for an optically allowed transition decreases by
approximately two orders of magnitude as the scattering
angle is increased from 10° to 80°. In contrast, the
DCS for a spin-forbidden excitation (one in which the
spin quantum number changes by unity) remains rela-
tively constant, within a factor of 2 or 3, over a similar
angular range. Electron impact spectroscopy is also
suitable for studying molecules containing heavy nuclei’™’
such as UF; and WF¢, but in these systems spin—orbit
coupling may be significant. The resultant mixing of
states of different spin multiplicities causes the correla-
tion between the angular behavior of the DCS and the
spin nature of the transition to become less clear. 5

Both UF; and WF; possess O, symmetry. 8 From the
viewpoint of ligand field theory the valence electrons of
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the central metal atom (the 5f, 6d, and Ts electrons of
uranium and the 5d and 6s electrons of tungsten) are as-
sumed to be transferred to the fluorine atoms yielding

a complex of the form M®* F§~. This is a crude approxi-
mation which nevertheless is helpful in explaining the
observed spectra. In this model, transitions correspond
to charge transfer from ligand fluorine atom orbitals to
the 5f, 6d, and Ts orbitals of uranium and the 54 and 6s
orbitals of tungsten.

Previous theoretical studies of UF; have considered
only transitions from ligand orbitals to uranium 5f or-
bitals and therefore assignment of only the low energy
portion of the spectrum was attempted. ®~!! The most
reliable calculation to date is that of Koelling, Ellis,
and Bartlett!! using the relativistic, self-consistent,
Dirac—Slater model. They have obtained one-electron
energy levels, charge distributions, ligand-to-uranium
5f orbital transitions energies, and ionization potentials
which agree well with experiment. Figure 1 shows the
orbital energy diagram obtained for UF; based in part
on their calculations. There have been no theoretical
studies of the electronic structure of WF; to date.

Prior to our investigation numerous optical absorp-
tion studies of UF; in the region below 6 eV have been
performed. 171¢ Agreement between these previous ex-
perimental results and the theoretical calculations is

fair. However, considering the density of predicted
transitions, any apparent agreement may be fortuitous.
McDiarmid has performed the only optical studies of
UF; and WF; above 6 eV.'"® In addition to the optical
work, previous electron-impact studies of UF; have been
performed by Chutjian et al.® and Srivastava ef al.’
from which photoabsorption cross sections were ob-
tained., Attempts at interpreting the observed spectra
were limited.

Il. EXPERIMENTAL

The electron-impact spectrometer used in this study
was that reported by Kuppermann ef al.! with the sur-
faces of all electron optical elements having been gold-
plated. With unplated surfaces (oxygen-free, high-puri-
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FIG. 1. Valence orbital energy ordering tor UF;. Symmetry
designations listed under O, are those appropriate for the
octahedral point group, while those beneath O, are appropriate
for the octahedral double point group. The 574 is about 13.2
eV above the 17&‘. The location of the others is approximate.
The levels 3vg, and below represent fully occupied valence or-
bitals involved in the U~F bonding.

ty copper lenses and hemispherical analyzers and mo-
lybdenum apertures) operation of the instrument was
limited to periods of 1 to 2 h before complete disas-
sembly and cleaning of the electron optics was required,
due to the reactivity of the hexafluorides. After gold-
plating, continuous operation for periods up to one week
was possible. ‘

Spectra of UF; and WF; in the energy-loss region
0-18 eV were taken at impact energies of 30, 50, and
75 eV at scattering angles from 5° to 80°. The sample
chamber pressure was typically 2 mTorr as indicated
by an uncalibrated Schulz-Phelps ionization gauge,
while the incident electron beam current was approxi-
mately 40 nA. Instrumental resolution was electron-
optically set at approximately 0,18 eV. Accumulation
times for typical spectra ranged from 3 h for a 10° spec-
~ trum to about 12 h for an 80° spectrum. This corre-
sponds to a 10 meV channel width accumulation time of
between 10 sec and 40 sec. Spectra presented in Figs.
2-5 were digitally smoothed using an 11 to 19 channel
least-squares cubic polynomial convolution. Before
smoothing, typical signal-to-noise ranged from about
3:1 on weak features in high-angle spectra to approxi-
mately 100:1 for strong features in low-angle spectra.

The UF; was supplied by Varlacoid Chemical Co.!?
with a stated purity of 99.9%. The WF; was obtained
from PCR Inc.?® with a stated purity of 99%. Both sam-
ples were used without further purification.
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1Il. RESULTS

Figures 2 and 3 show the electron-impact spectrum
of UF; and WF; at an impact energy of 50 eV and scat-
tering angles of 10° and 70°. The higher energy-loss
regions of both UF; and WF; are shown in greater de-
tail at 75 eV empact energy in Figs. 4 and 5. The ratios
of DCS’s of several features in the spectrum of UFg at
50 eV to the DCS of the 5.8 eV feature are shown in
Fig. 6. Similarly, for WF;, DCS ratios with respect
to the 8.5 eV feature are shown in Fig, 7.

The most significant changes with angle in the spec-
tra of UF; occur in the 3-5 eV region and at the 11.01
eV feature. At an impact energy of 50 eV the integrated
intensity under the 3.26 eV feature increases by about
an order of magnitude relative to that under the feature
at 5.8 eV as the scattering angle is increased from
10° to 80°. The major portion of this change occurs be-
tween scattering angles of 10° and 20°. Chutjian et al.®
found a change in this ratio by a factor of about 3.5 in
going from 20° to 135°, at an impact energy of 20 eV.
There is no inconsistency between these two observa-
tions. For molecules with light nuclei, such behavior
would be consistent with three possible interpretations:
(a) this feature is due to a spin-forbidden transition;
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FIG. 2. Electron energy loss spectrum of UF; at (a) 10° and
(b) 70°; 50 eV incident electron energy; 4x 1078 A incident beam
current; 2 mTorr sample pressure reading from an uncalibrat-
ed Schulz—Phelps gauge; resolution approximately 0,18 eV
(fwhm).
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FIG. 3. Electron energy loss spectrum of WF; at (a) 10° and
(b) 70°; 50 eV incident electron energy; 7x10°8 A incident beam
current; 1 mTorr sample pressure reading from an uncalibrat-
ed Schulz—Phelps gauge; resolution approximately 0.18 eV
(fwhm). No absorption is observed for AE below 5.5 eV.

(b) it is due to a spin-allowed but symmetry-forbidden
transition; and (¢) it results from a spin-allowed transi-
tion with an underlying spin-forbidden transition, a
possibility that would have been considered to be the
most likely.

However, the relationship of the variation of the DCS
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FIG. 4. Electron energy loss spectrum of UFg at 5°; 75 eV
incident electron energy; other experimental parameters are
similar to those in Fig. 2.
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FIG. 5. Electron energy loss spectrum of WFg at 5°; 75 eV
incident electron energy; other experimental parameters are
similar to those in Fig. 3.

with scattering angle and the spin allowedness of a tran-
sition is ambiguous for molecules such as UF; and WF
which contain heavy nuclei. In these systems the “good-
ness” of the orbital and spin angular momentum quantum
numbers L and S is questionable. Both theoretical and
experimental information regarding the spin—orbit in-
teraction as applied to the spin nature of the wavefunc-
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FIG. 6. Integrated intensities of several electronic transitions
in UF; divided by the integrated intensity of the 5.8 eV feature
as a function of scattering angle 6 at an incident electron energy
of 50 eV; the transition energies for each of the curves are in-
dicated. The intensity ratio for the 11,01 eV transition was
multiplied by 0.01 before plotting.
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FIG. 7. Integrated intensities of several electronic {ransitions
in WF; divided by the integrated intensity of the 8.5 eV feature
as a function of @ at an incident electron energy of 50 eV; the
transition energies for each of the curves are indicated. The
scale factors in parentheses indicate the coefficients by which
the intensity ratios were multiplied before being plotted.

tion is lacking. Similarly, attempts at correlating the
electron impact DCS with the magnitude of the spin—or-
bit interaction have been limited to a study of Xe by
Williams, Trajmar, and Kuppermann,® The results of
this study indicate that for atoms with significant spin-
orbit interactions, DCS variations with angle may no
longer be used with reliability to assign the spin nature
of a transition. In molecular systems containing a heavy
central atom in a strong ligand field provided by sur-
rounding atoms, the influence of that field on the cen-
tral atom orbitals may predominate over the spin—orbit
interaction. ™% However, the implication of this ef -
fect on DCS variations is unknown.

In the 4-5 eV region the low-angle spectrum shows
an unresolved feature with an apparent (deconvoluted)
intensity maximum at approximately 4.7 eV, while the
high-angle spectrum shows a feature with a distinct
maximum at 4.2 eV. This observed shift in position in-
dicates the overlap of at least two electronic transitions.
In the previous electron-impact study of UF,, § these
features were also observed at 4.2 and 4.8 eV. The
former was attributed to an optically forbidden transition
and the latter to a weak dipole-allowed transition., How-
ever, Koelling et al.,!! on the basis of the relativistic
SCF Xa calculations, assign both as dipole-allowed
transitions. Optically, a feature is observed at 4. 77 eV
as well as two much weaker transitions at 4.13 and 3. 87
eV.!5 The intensity under the 11.01 eV feature in-
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creases by a factor of 5 relative to that under the 5.8
eV one as the scattering angle is increased from 10° to
80°, This increase is significant and will be used in
discussing the assignment of the 11, 01 eV transition in
Sec. IV. ‘

In the spectrum of WF; there is no detectable absorp-
tion below 5.5 eV. The only significant change with
angle in the spectrum of this molecule occurs at 11,75
eV. The integrated intensity under this feature in-
creases by a factor of about 7 relative to that under the
8.5 eV one as the scattering angle is increased from
10° to 80°.

The similarities between the spectra of UF; and WF,
are quite apparent from comparison of Figs. 2-5. In
addition to the absence of the low-lying absorptions in
WF,, the principal difference is that the WF; spectrum
is shifted to higher energy by about 1 eV with respect
to the UF; spectrum. Table I summarizes our results
for UF; and WF,, respectively.

V. DISCUSSION

In order to assign the bands in the UF; spectrum it is
worthwhile to make use of the similarities between it
and the WF; spectrum. Since WF; does not possess low-
lying unoccupied f valence orbitals, we believe all tran-
sitions observed below 14 eV in this molecule corre-
spond to a valence charge transfer from fluorine ligand
o and 7 orbitals to tungsten 5d orbitals. The possibility
exists that features observed in the region of the spec-
trum above approximately 10 eV are due to Rydberg ex-
citations. We do not think this to be a correct assign-
ment for the features at 12.6 and 13.5 eV for the follow-
ing reason. The intensities of these transitions are

TABLE I. Energy-loss features in UFg and

WFg, &P
Transition UFy WFg
3Y g~ 2V1y Vg, 371 3.26
3V~ 274, 4.2
3V~ 4% ~4.7
378y~ 444: V1 5.8¢ 7.25
2Ygu ™ 45, 271 7.0° 7.9
2Y8ys Y7y Y¥5e» 271 7.86° 8.5
9.26 9.85
11,01
11.75 11.75
2Ygys 171~ 575, 12,5 12.6
ey 15, 57 13.2 13.5

*The energy losses are in eV and have an ac-
curacy of +0,05 eV,

PThe assignments in this table are based in
part on the calculations of Ref. 11; the energy
losses are those of the present experiments.
°There may also be contribution to these fea-
tures from ligand-to-5f transitions.
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significantly greater than would be expected for Rydberg
excitations. The oscillator strength for the transition
at 13.5 eV in WF,; may be estimated in the following
manner. The generalized electron-impact oscillator
strength, 2! £,,, is given by

W k
= Jllfz()'
fel 2 kn H

where W is the excitation energy, k, and &, are the in-
cident and scattered electron momenta, respectively,

K is the change in momentum suffered by the electron
as a result of the collision, and o is the differential
cross section for the transition being considered. Since
we have not obtained absolute DCS’s we are only able to
estimate ratios of f,;. Lassettre et al.! have shown
that as K? approaches zero, f, approaches the optical
oscillator strength f_,. From the optical data of Mc-
Diarmid'’ we estimate f,,, of the 8.5 eV feature to be
0.3.% Using our 50 eV incident energy spectra, and
extrapolating the f,; vs K2 curve monotonically to K2=0,
we obtained an unnormalized f,,, for the 8.5 eV transi-
tion.?® Since this must correspond to the value of f,,,
(absolute) obtained from the data of Ref. 17, we are
able to calculate the normalization factor which makes
our measurements absolute. This factor is independent
of the transition being considered and is hence the same
for the 13.5 eV feature. The resulting absolute value

of f,,, for this transition (obtained from a similar ex-
trapolation?® to K’ =0 of the corresponding £,,) is about
0.8, which is roughly 3 times greater than the maximum
oscillator strength expected for a Rydberg excitation. a1
The transition at 11.75 eV in WF; is significantly weaker
than that at 13.5 eV, making differentiation between
valence or Rydberg states unclear.

The similarity of the UF; spectrum above 5 eV energy
loss to that of WF; suggests that the primary contribu-
tion to the spectrum in this region is also due to transi-
tions from fluorine ligand o and 7 orbitals to uranium
6d orbitals, although the apparently increased intensity
of the features at 5.8 and 7.86 eV in UF; relative to the
corresponding features in WF; may indicate an additional
contribution in UF; from ligand-to-5f orbital excitations.

Use of the orbital energy ordering for UF; as well as
excitation energies calculated by Koelling et al.! (or-
bital energy diagram shown in Fig. 1) allows a more
specific assignment of some of the transitions. Orbital
designations are those appropriate for the O, double
group28 required by the spin—orbit interactions in these
systems. Since no electronic structure calculations
have been reported for WF;, we assume in our analysis
that the orbital ordering in that molecule is the same as
for the corresponding orbitals in UF;. Transitions be-
low 5.8 eV in UF; have been assigned by Koelling et al.
as ligand to 5f orbital excitations. 11 These assignments
are consistent with our results and are summarized in
Table I. The 5.8 eV feature in UF; has been assigned
as a ligand-to-5f transition for which the calculated ex-
citation energy is 6.31 eV. However, comparison with
our WF; results indicates that a significant fraction of
the intensity of this feature is due to excitation to the
uranium 6d(4yg,, 2vy) orbitals (see Fig. 1). Therefore,

Rianda, Frueholz, and Kuppermann: Electronic spectroscopy of UF¢ and W F,

the most reasonable explanation would be that this UF,
feature results from a superposition of at least the
3yge— Svg, and 3yg, ~ 4yg,, 2vy, one-electron excitations.
Analogously, the 7.25 eV feature in WF, is assigned to
the 3yg,~ 4vg,, 2vq transitions. The next two excita-
tions in UF; at 7.0 and 7.86 and in WF; at 7.9 and 8.5
eV are assigned as the 2yq, ~ 4yg,, 2y, and 2y, lyg,

—~ 4yg,, 2yq, one-electron transitions, respectively. In
the ligand field theory approach, using O, symmetry,
among the most intense transitions is expected to be the
transition from the fluorine po(t,,) orbital to the metal
e, orbital (from spatial overlap considerations). There-
fore we assign the intense features at 13.5 eV in WF;
and 13.2 eV in UF; as the lyg,, lyg,— by, transitions.
In UF, the nearly degenerate ly;, and 2y, orbitals are
calculated to lie approximately 0.6 eV higher in energy
than the 1y, and 1y, orbitals. Excitation from these
orbitals is allowed and is expected to be about 0.6 eV
below the lyg,, 1yg, = 5yg, trangition. Therefore we
tentatively assign the 12.5 eV feature in UF; and the
12,6 eV feature in WF; to the lyq,, 2yg,~ 5y, excita-
tions. The angular behavior of the features at 3.26 and
11.01 eV in UF; and at 11,75 eV in WF; is distinctly dif-
ferent from that of the other features in the spectra.
Figure 6 displays the ratios of integrated intensities of
some bands of UF, relative to the 5.8 eV feature. Fig-
ure 7 shows the corresponding ratios for features of
WF, relative to the integrated intensity of the 8.5 eV
band. The ratios demonstrate that the features at 3.26
and 11.01 in UF; and at 11.75 eV in WF; display a sig-
nificant increase in relative intensity as the scattering
angle is increased. While the concept of singlet and
triplet states is not well defined for these molecules
(see Sec. 1), this angular behavior is very similar to
that displayed by transitions which have been definitively
assigned as singlet--triplet in systems containing only
light nuclei, ™! A possible explanation for the angular
behavior of the 11,01 eV feature in UF; and the 11,75
eV feature in WF; is that these transitions contain sig-
nificant singlet - triplet contributions. It is possible
that the ligand-field interaction is sufficiently strong to
predominate over the spin—orbit interaction yielding
states which are either primarily singlet or primarily
triplet in nature. %% In addition to the feature at 11,01
eV in UF; there is also a transition at 11.75 eV which
appears to display similar angular behavior, suggesting
that it too may be due to a singlet — triplet transition.
Unfortunately, this transition is heavily overlapped with
the 12,5 eV feature and reliable integrated intensity
ratios were not obtainable.

The feature at 3.26 eV in UF, has been previously as-
signed to overlapping singlet - singlet and singlet —trip-
let transitions.!® This transition is presumably due ex-
clusively to a ligand-to-uranium 5f orbital excitation,
and consequently care must be taken when attempting to
assign it using an LS coupling scheme. This is due to
the fact that the ligand field interaction for the 5f or-
bitals is significantly weaker than that for the 64 or-
bitals and is expected to be of the same order as the
spin—orbit interaction, weakening the argument in be-
half of an LS coupling scheme, 2723
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Three additional optically allowed excitations, lyg,,
lyg,~ 4vge 2vier 3Vau— 9vse and 2y, — Syg, are predicted
by the ordering scheme of Fig. 1. They may lie in the
8-11 eV region where only one feature is apparent in
our spectra: the 9.26 eV feature in UFg and the 9. 85
feature in WF;., Several higher lying transitions are
also observed in both WF; and UF; above 14 eV which
we tentatively assign as Rydberg excitations.

V1. CONCLUSIONS AND SUMMARY

We have obtained electron-impact spectra of UF; and
WF, at several different impact energies and scattering
angles from 5° to 80°. Our measurements for UF; are
in good agreement with previous ones. For WF the
results of our experiments are also in good agreement
with previous limited optical studies. We have reported
several previously unobserved transitions at higher en-
ergy losses. Assignments of the spectra of both UF;
and WF; are proposed using the theoretical results of
Koelling et al.!! and relying heavily upon similarities
in the UF,; and WF spectra. Below 14 eV we assign all
transitions in WF; as ligand-to-tungsten 5d orbital charge
transfer excitations, with the exception of the feature at
11.75 eV, the possible Rydberg nature of which cannot
be excluded. The spectrum of UF; between 5 and 14 eV
is very similar to that of WFg, and the primary contri-
bution to this region is similarly assigned to ligand-to-
uranium 6d orbital excitations. Correspondingly, tran-
gitions in UFg below 5 eV are assigned exclusively to
ligand-to-5f excitations.
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