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ABSTRACT: We report an anion photoelectron spectroscopic
study of the photodetachment of uranium hexafluoride anion
(UF4™) to neutral UF, the primary species involved in uranium
isotopic enrichment. The adiabatic electron affinity (AEA) of UFg
and the vertical detachment energy (VDE) of UF,”, both predicted
using high-level relativistic coupled-cluster calculations, provided
unequivocal support for the assignment of the observed spectral
features in the anion photoelectron spectrum of UF4~. The
experimental AEA value of UF4 and the VDE value of UF,~ were
determined to be 5.05 & 0.10 eV and 5.66 + 0.10 eV, respectively.
This work provides the first direct, spectroscopic determination of
the electron affinity of UFq.

B INTRODUCTION

Uranium hexafluoride (UF4) has been central to nuclear
technology since the 1940s," especially as a sine qua non of the
uranium enrichment process.””* Due to its volatility, it
garnered fame for being the uranium-containing compound
used for isotopic enrichment in the gaseous diffusion process
of the Manhattan Project.” More recently, UF¢ has become
central to the centrifugal isotope separation process. The
selective excitation of UF, has also been explored as a potential
route for laser-based isotope separation.”'' Beyond its
technological significance, UF4 and its ions have long attracted
attention in the chemical physics community with gas-phase
experiments yielding fundamental molecular insight via
electronic and vibrational spectroscopy.'”~"? Furthermore,
the potential multiple-bonding®® character of UFy is ostensibly
due to the participation of 5f electrons in chemical bonding, a
central focus in heavy element and relativistic quantum
chemistry.”' >

While numerous theoretical studies of the electronic
structure of UFy and its ions have been conducted,
experimental validation has remained incomplete. Key
molecular properties such as the ionization potential>>*® of
UF4 have been measured. However, the electron affinity has
not been directly determined, even though both experimental
and theoretical evidence suggests that its value is relatively
high.””~** The late Robert Compton was one of the first to
study negatively charged UF, ions®® in the gas phase, his
studies including its charge transfer reactions and its ion-to-
molecule equilibrium. These studies estimated the electron
affinity value of UF; to lie between 4.9 eV and >5.1 eV.?” Early
theoretical work attributed the high electron affinity of UF; to
the large formal charge on the uranium center and the
nonbonding nature of the orbital into which the electron is
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captured.”” Nevertheless, attempts to photodetach electrons
from UF,~ and thus to measure the electron affinity of UF,
directly were unsuccessful. It was speculated that this was due
to a low photodetachment cross section.”

In this work, we report the photodetachment of UF,~
through its anion photoelectron spectrum, thereby further
elucidating the electronic structure of UF,. Importantly, this
joint work between experiment and theory provides the first
direct determination of the electron affinity of UF.

B METHODS

Experimental Methods

The details of the anion photoelectron spectrometer used in this work
have been described in detail in previous publications.*® Briefly,
anions were generated in an ion source, after which they were directed
into a Wiley—McLaren extractor/time-of-flight mass spectrometer
(TOFMS) for mass analysis and mass selection. The mass-selected
anions of interest were then momentum decelerated to minimize
Doppler broadening before entering the anion—photon interaction
region, where they intersected perpendicularly with a fixed-frequency
laser beam. There, photodetachment occurred, with the resulting
electrons being energy-analyzed by a magnetic bottle, time-of-flight
electron energy analyzer, these constituting the anion photoelectron
spectrometer. The resultant anion photoelectron spectrum (aPES)
was calibrated against the known electronic transitions of Au™.*" This
spectrometer has a resolution of ~50 meV at 1 eV electron kinetic

energy (EKE).
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The ion source used to generate anions in this study is shown
schematically in Figure 1. This source exploits the photoelectric effect,
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Figure 1. Photoemission anion source. A plume of adiabatically
expanded gas containing a mixture of ~0.5—1% depleted UF4 in He
crossed a “shower” of photoemitted electrons from the surface of the
steel housing normally used for holding rod.

where light with a photon energy exceeding the work function of a
surface is directed onto the surface of the metal, resulting in the
emission of low kinetic energy electrons. These electrons then
interacted with neutral molecules of UF, in an adiabatically expanded
gas plume. Typically, to make photoelectrons, we use a rotating and
translating metal rod having a low work function. However, in the
present work, it was found somewhat serendipitously that high ion
intensities of UFs~ could be generated by focusing light onto the
surface of the stainless-steel housing, where a rod would normally be
mounted. The resultant “shower” of low-energy electrons then
interacted with and attached to the adiabatically expanded plume of
0.5—1% depleted UF4 vapor seeded in He carrier gas.

Computational Methods

We carried out high-level relativistic coupled-cluster calculations for
UF4~ and UF, using the CFOUR program package*”*' to facilitate
the experimental analysis. The equilibrium structures, harmonic
vibrational frequencies, and electronic energies of UF4~ and UF¢ were
calculated at the CCSD(T)** level using the spin-free exact two-
component theory in its one-electron variant (the SFX2C-le
scheme)* ™ to treat scalar-relativistic effects. To account for the
diffuse electron density in the anion, we augmented the SFX2C-1le
recontracted Dyall’s correlation-consistent polarized valence triple-
and quadruple-¢ (dy-pVTZ and dy-pVQZ) basis sets of U,*® with an
additional set of diffuse functions. The exponents of the additional
diffuse functions were obtained by multiplying the smallest exponents
in each angular momentum by a factor of 0.4. These uranium basis
sets are denoted as the dy-apVTZ-X2C and dy-apVQZ-X2C sets. The
combination of the dy-apVXZ-X2C sets of U with the aug-cc-pVXZ-
X2C sets of F* is hereafter referred to as the “AXZ” basis sets.

The equilibrium structures and harmonic vibrational frequencies of
UF4~ and UF4 were calculated with the ATZ basis sets, usin% the
implementations of analytic gradients for the SFX2C-1e scheme™ and
the CCSD(T)* method to expedite the computations. The vertical
detachment energy (VDE) of UF,~ was obtained as the difference
between the electronic energies of neutral UFg and that of UF,™ at the
equilibrium structure of UF, . The adiabatic electron affinity (AEA)
of UF4 was calculated as the difference between the energies of UF4~
and UFy including zero-point energy (ZPE) corrections obtained
within the harmonic approximation. The calculations of VDE and
AEA used the ATZ and AQZ basis sets. We then combined the HF/
AQZ values with the basis-set-limit electron-correlation contributions
obtained from basis-set extrapolation using a two-point formula.*’
The spin—orbit (SO) corrections to the VDE and AEA were obtained

as the differences between the equation-of-motion electron attach-
ment coupled-cluster singles and doubles (EOMEA-CCSD)***!
calculations using the X2C Hamiltonian®>>* with _atomic mean-
field spin—orbit integrals (the X2CAMF scheme)™ ™’ and the
corresponding SFX2C-1e-EOMEA-CCSD calculations. These
X2CAMF calculations used the aug-cc-pVTZ-X2C basis set of F
and the X2C spin—orbit contraction® for the dy-apVTZ basis set of
U.

B RESULTS AND DISCUSSION

The mass spectrum obtained under these conditions (Figure
2) shows not only UF;~, but also dissociative electron
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Figure 2. Mass spectrum obtained from a ~0.5% mixture of depleted
UF¢ in He from the photoemission ion source shown in Figure 1.

attachment products, with UFs~ and weak intensities of
UF,” being observed. A critical factor in generating high
intensities of anions from this source was the distance between
the axis of the UF4/He gas plume and the point where the laser
beam struck the steel housing, with short distances being
optimal.

The measured anion photoelectron spectrum (aPES) of
UF,~ is shown in Figure 3. It was collected with 193 nm (6.42
eV) photons, generated by an excimer laser. The main
challenge encountered in acquiring it was the need for the
intensity of the photodetached electrons from UF~ to be
greater than the background electrons (noise) also being
generated. The primary source of that background noise was
the photoemission of low kinetic energy (EKE) electrons,
generated by 193 nm photons striking the walls of the anion—
photon interaction region.

The threshold electron binding energy (EBE), correspond-
ing to the onset region of the spectral band in Figure 3, can
provide an estimate of the adiabatic electron affinity (AEA) of
UF4. This approximation is valid when the vibrational
temperature of the nascent anions is very low, and when the
anion and neutral ground state structures are similar enough to
afford adequate Franck—Condon overlap. However, since the
anions generated in many ion sources are not necessarily cold,
the resulting anions may exhibit vibrational hot bands, i.e.,
photodetachment from vibrationally excited negative ions.
These hot bands can contribute to low-EBE features in the
spectrum, complicating the assignment of the true spectral
origin. Still, one can estimate the location of the spectral origin
of the spectrum, which corresponds to the AEA value, by
locating a significant change in the slope of the photoelectron
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Figure 3. Anion photoelectron spectrum of UF¢~ measured with 193
nm (6.42 eV) photons. The red star and the red stick mark the
experimentally determined VDE value (5.66 eV) and the calculated
relativistic coupled-cluster VDE value (5.73 eV) for UF,,
respectively. The blue star and the blue stick mark to the experimental
(5.05 eV) and computational (5.09 eV) AEA values of UF,,
respectively. Note the small peak at EBE = 3.40 eV. It is due to a
two-photon process, i.e., the photodissociation of UFs~ — UF; + F~,
followed by the photodetachment of F~. The EA of F is 3.40 eV.

intensity “tail” and/or by extrapolating the low EBE side of the
main spectral band.

In contrast, the vertical detachment energy (VDE) of an
anion is more definitively determined since it corresponds to
the maximum overlap of the vibronic wave functions of the
anion’s ground state to that of its corresponding neutral at the
anion’s equilibrium geometry. It is a vertical transition. As
such, the VDE appears as the most intense low EBE peak in
the anion photoelectron spectrum. Thus, the VDE of UF4~ is
5.66 + 0.10 eV. Accordingly, the EBE that corresponds to the
AEA value lies between the threshold of the spectrum at EBE
~ 4.6 eV and the VDE of UF; at 5.66 eV. Based on the
spectrum, the AEA value is estimated to be 5.05 + 0.10 eV,
consistent with the calculated AEA value of 5.09 eV.

Neutral UFg is a closed-shell molecule, whereas the
additional electron in the radical anion UF, is situated on a
uranium Sf orbital (Figure 4). The repulsion between this
open-shell, nonbonding electron and the electron density in
the U—F bonds significantly increases the U—F bond lengths.
The U—F bond length in UF," is about 0.08 A longer than that
in UF (Table 1). Accordingly, the vibrational frequencies of
the U—F stretching modes in UF,~ are substantially lower than
those in UF,. For example, the harmonic frequency for the ¢,
mode is reduced by 85 cm™ in the presence of this additional
electron in UF,~ (Table 1). The large difference in the U-F
bond lengths in UF~ and UFy is consistent with the significant
(unresolved) vibrational progression in the anion photo-
electron spectrum of UF,".

As summarized in Table 2, the basis-set contributions
beyond the triple-{ ATZ basis amount to 0.13 eV for VDE and
0.04 eV for AEA. The SO correction is around 0.1 eV for both
VDE and AEA. With the inclusion of basis-set contributions,
the SO corrections, and zero-point energy corrections, the
computed VDE of 5.73 eV and AEA of 5.09 eV are in good
agreement with the measured spectral features; they seem to

Figure 4. A,, molecular orbital of the unpaired electron in the
electronic ground state of the UF,~ anion. It mainly consists of
contributions from a uranium S5f orbital.

Table 1. SEX2C-1e-CCSD(T)/ATZ U—F Bond Lengths (A)
and Harmonic Vibrational Frequencies (cm™') for the U-F
Stretching Modes in UF;~ and UFq

UF¢~ UF¢
R [U-F] (A) 2.079 2.000
o, [U-F, a;] (em™) 655 686
w, [U-F, t;,] (cm™) 546 631
o, [U=-F, ¢ (em™) 466 539

Table 2. SFX2C-1e-CCSD(T) Vertical Detachment Energy
Values for UFs~ and Adiabatic Electron Affinity Values for
UF¢ Augmented with Spin—Orbit Corrections and Zero-
Point Energy Corrections

unit: eV VDE AEA
ATZ 5.47 4.93
AQZ 5.54 4.95
00Z 5.60 4.97
+Ago 573 5.07
+Ay -- 5.09
measured 5.66 5.0

slightly overestimate the measured values. The computed VDE
is around 0.6 eV higher than the computed AEA value, which
is consistent with the width of the observed spectral band (due
to the unresolved vibrational progression) in the anion
photoelectron spectrum. These high-level ab initio calculations
provide definitive support for the assignment of the measured
spectral features in the anion photoelectron spectrum of UF4".
The measurement provides benchmark results that confirm
that the DFT results in ref 35 substantially underestimate the
electron affinity of UF6™. The CCSD(T) results for VDE and
AEA in ref 35 qualitatively agree with the measurement and
our calculations, but exhibits larger errors mainly due to the
small basis sets.

B CONCLUSION

We report a joint anion photoelectron spectroscopic and ab
initio computational study of the photodetachment of the
uranjum hexafluoride anion (UF¢~). High-level relativistic
coupled-cluster calculations, incorporating rigorous treatments
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of scalar-relativistic, spin—orbit, and basis-set effects, predict
the vertical detachment energy (VDE) of UF,~ and the
adiabatic electron affinity (AEA) of UF, to be in excellent
agreement with the measured anion photoelectron spectrum.
The synergy between experiment and computation provides
definitive support for assigning the observed spectral features
to the photodetachment of UF4~ to neutral UF, a molecule of
importance in nuclear energy science. The photodetachment
process involves removal of an electron from a uranium Sf
orbital, with the AEA of UF, and VDE of UF,~ determined to
be 5.05 and 5.66 eV, respectively.
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