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ABSTRACT
The results of a combined experimental and computational study of the uranium atom are presented with the aim of determining its
electron affinity. Experimentally, the electron affinity of uranium was measured via negative ion photoelectron spectroscopy of the ura-
nium atomic anion, U−. Computationally, the electron affinities of both thorium and uranium were calculated by conducting relativistic
coupled-cluster and multi-reference configuration interaction calculations. The experimentally determined value of the electron affinity of
the uranium atom was determined to be 0.309 ± 0.025 eV. The computationally predicted electron affinity of uranium based on composite
coupled cluster calculations and full four-component spin–orbit coupling was found to be 0.232 eV. Predominately due to a better conver-
gence of the coupled cluster sequence for Th and Th−, the final calculated electron affinity of Th, 0.565 eV, was in much better agreement
with the accurate experimental value of 0.608 eV. In both cases, the ground state of the anion corresponds to electron attachment to the 6d
orbital.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0046315

INTRODUCTION

The actinides comprise the elements from actinium through
lawrencium in the Periodic Table. In broad terms, the chemical
bonding behaviors of actinium and thorium resemble those of the
transition metals; the 5f valence electrons of protactinium, uranium,
neptunium, and plutonium play important roles in their bonding;
and among the still heavier elements, their bonding tends to mimic
the lanthanide elements in terms of electron shielding and their f
electron contributions.1–13

This work focuses on uranium and, in particular, on the elec-
tron affinity (EA) of its atom. There have been many studies of ura-
nium, often focusing on its radioactivity, its natural decay products,
the ability of certain of its isotopes to undergo nuclear fission, and
their resulting fission products. Some of these aspects lead to long-
term health and environmental concerns, regarding the storage and
disposition of nuclear waste, which is generated by power reactors
and production facilities, as well as the handling of natural uranium
in mines and isotopically depleted uranium projectiles on battle-
fields.14–17 Important physical properties that have been measured
include uranium’s melting point, boiling point, ionization potential,
and half-life, the latter being approximately the age of the Earth in
the case of uranium’s 238 isotope.18–21

Because uranium exhibits metallic bonding character under
most conditions, its chemical reactions can proceed without 6d
electron promotion, leading to its facile reactivity.11 The chemistry
of uranium is thus the chemistry of its oxidation products. With
a ground state electron configuration of [Xe]5f36d17s2, uranium
exhibits oxidation states ranging from +3 to +6, and given the itin-
erant nature of uranium’s 5f electrons, its chemical bonds often
involve their significant contribution.22

Surprisingly, despite widespread interest in uranium, its elec-
tron affinity (EA) has not been measured experimentally. Computa-
tionally, however, there have been several predictions of the uranium
atom’s electron affinity, all of which have had to contend with strong
spin–orbit and relativistic effects. These calculated electron affinities
of uranium (in meV) are 175,25 290,23 300,24 373,26 531,23 and 702,23

with publication dates ranging from 1984 to 2009. All of these stud-
ies predict electron attachment to either the 7p or 6d orbitals of the
U atom.

The work herein presents the results of a combined experi-
mental and computational study aimed at determining the electron
affinity of the uranium atom. This involved experimentally mea-
suring the electron affinity of the uranium atom by using anion
photoelectron spectroscopy and computationally predicting the EA
value of uranium by conducting coupled cluster and multi-reference
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configuration interaction calculations. Since an accurate experimen-
tal measurement of the electron affinity of the thorium atom has
recently become available,27 we also carried out benchmark calcu-
lations of the EA value of thorium in order to help validate our
computational methods.

METHODS
Experimental

Anion photoelectron spectroscopy is conducted by crossing
a beam of mass-selected negative ions with a fixed-frequency
photon beam and energy analyzing the resultant photodetached
electrons. The photodetachment process is governed by the energy-
conserving relationship hν = EBE + EKE, where hν is the pho-
ton energy, EBE is the electron binding (photodetachment tran-
sition) energy, and EKE is the electron kinetic energy. Our
apparatus consists of a laser vaporization anion source, a time-
of-flight mass spectrometer, an Nd:YAG photodetachment laser, a
magnetic bottle (MB) electron energy analyzer, and a velocity-map
imaging (VMI) electron energy analyzing spectrometer.28 The mag-
netic bottle photoelectron spectrometer’s resolution is ∼35 meV at
EKE = 1 eV, and the VMI spectrometer resolution is ΔE/E ∼ 0.03.28

The first (1064 nm, 1.16 eV) and third (355 nm, 3.49 eV) harmonic
outputs of an Nd:YAG laser were both used to photodetach elec-
trons from mass-selected atomic uranium anions, U−, with the
first harmonic photoelectron spectrum being energy-analyzed by
the VMI spectrometer and with the third harmonic photoelec-
tron spectrum being energy-analyzed by the MB spectrometer. The
well-known atomic transitions of Cu− and the molecular transi-
tions of NO− were used to calibrate the MB-measured and VMI-
measured photoelectron spectra, respectively.29,30 The atomic ura-
nium anions were generated by a laser vaporization ion source.
This device consisted of a rotating, translating depleted, i.e., pure
U-238, uranium rod, which was being ablated by second harmonic
(532 nm, 2.33 eV) photon pulses from an Nd:YAG laser while being
bathed by synchronous high pressure pulses of high purity helium
gas.

Computational

Initial studies were carried out to calculate the electron affinities
of both the thorium and uranium atoms by using the full internally
contracted multi-reference configuration interaction (CMRCI) level
of theory31 in order to facilitate the study of both 7p and 6d elec-
tron attachments. These calculations employed orbitals from com-
plete active-space, self-consistent field (CASSCF) calculations using
the same active-space for Th and U, i.e., the 6d, 7s, 7p, and 5f
orbitals. The lower-lying orbitals were optimized but constrained
to be doubly occupied. These same CAS configurations were used
as the reference functions in the subsequent CMRCI calculations,
where all the valence electrons were correlated (6s, 6p, 6d, 7s, 5f).
The multi-reference Davidson correction was used throughout,32

i.e., CMRCI+Q. The basis sets employed corresponded to the all-
electron cc-pVXZ-DK3 sets (X = D, T, Q)16,33 extended with an
even-tempered set of diffuse functions in each angular momentum
(denoted VXZ-DK+ below) in order to provide more accurate elec-
tron affinities. The third order Douglas–Kroll–Hess (DKH3) scalar
relativistic Hamiltonian34,35 was used throughout. The CASSCF

energies were extrapolated to the complete basis set (CBS) limit
using36

EHF
n = EHF

CBS + A(n + 1)e−6.57
√

n (1)

with VTZ-DK+ and VQZ-DK+ basis sets (n = 3, 4), and the anal-
ogous correlation energies were extrapolated to their CBS limits
using37

Ecorr
n = Ecorr

CBS + B
(n + 1/2)4 . (2)

The results of these two extrapolations were combined to yield
the total CMRCI+Q/CBS limit energies. The lowest-lying electronic
terms for Th− were found to be 4F and 4Go, corresponding to the
electron configurations [Rn]6d37s2 and [Rn]6d27s27p1, respectively.
For the U− atomic anion, the analogous terms were 6Mo and 6M
for the electron configurations [Rn]5f36d27s2 and [Rn]5f36d17s27p1,
respectively. The neutral atom ground states correspond to
3F ([Rn]6d27s2) and 5Lo ([Rn]5f36d17s2) for Th and U, respectively.

In the context of these multi-reference calculations, spin–orbit
(SO) effects were included using the state-interacting approach at
the CASSCF level of theory using the full Breit–Pauli operator.38

The neutral atoms and anions were treated separately, and for the
anion calculations, both the d- and p-attached electronic states were
treated simultaneously. State-averaged orbitals were used through-
out these calculations. In addition, for the Th− case, the quartet G,
F, D, and P states associated with the 7p1 configuration were all
included.

The Feller–Peterson–Dixon (FPD)39–44 composite method was
also used to determine the electron affinities for both the Th and
U atoms. This approach has previously been successfully applied
to the first few ionization potentials of lanthanide65 and actinide33

atoms, as well as the electron affinities of the heavy p-block ele-
ments.66 The present calculations only focused on the lowest energy
states of the negative ions, which involved electron attachment to
the 6d orbitals; the numerous contributions to the electron affini-
ties are described in detail below. The majority of these calcula-
tions were carried out at the coupled-cluster singles and doubles
with perturbative triples [CCSD(T)] level of theory with the DKH3
Hamiltonian, also utilizing the diffuse-augmented VXZ-DK3+ basis
sets (X = D, T, Q).16,33 Core-valence correlation, i.e., 5s5p5d on
Th and U, was also considered, and in these cases, wCVXZ-DK+
basis sets were used, i.e., cc-pwCVXZ-DK3 sets16,33 with a series of
even-tempered diffuse functions. The coupled cluster calculations
employed restricted open-shell HF (ROHF) orbitals, although the
spin restriction was relaxed in the CCSD(T) calculations, i.e., the
R/UCCSD(T) method.45–47 All of the CCSD(T) calculations, as well
as the CMRCI calculations described above, were carried out using
the MOLPRO quantum chemistry package.48

The final FPD electron affinities were constructed based on the
following contributions to the energies:

EFPD = EwCVQZ−DK+ + ΔECBS + ΔECV + ΔESO + ΔEGaunt

+ ΔELamb + ΔET + ΔEQ, (3)

where EwCVQZ-DK+ is the total energy at the frozen-core (FC)
CCSD(T)/wCVQZ-DK+ level of theory. The HF energies were then
extrapolated to the CBS limit using Eq. (1) with wCVTZ-DK+ and
wCVQZ-DK+ basis sets, and the analogous correlation energies
were extrapolated to their CBS limits using Eq. (2). The results
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of these two extrapolations were combined to yield the total FC-
CCSD(T)/CBS energies, with the difference between the latter values
and EwCVQZ-DK+ yielding ΔECBS. ΔECV is the core correlation con-
tribution, ECV − Evalence, both in the same wCVXZ-DK+ basis sets
(X = T and Q), extrapolated to the CBS limit using Eq. (2).

Spin orbit (SO) contributions, ΔESO, were calculated using full
four-component Dirac–Hartree–Fock (DHF) Kramers-restricted
configuration interaction (KRCI)49 with the Dirac–Coulomb Hamil-
tonian and uncontracted VTZ-DK3+ basis sets. The spin-free
Hamiltonian of Dyall50 in an analogous multireference CI (MRCI)51

was used for comparison. The contributions from the two-
electron Gaunt term, ΔEGaunt, were obtained at the four-component
DHF/VTZ-DK3+ level with the Dirac–Coulomb–Gaunt Hamilto-
nian. The DHF calculations utilized average-of-configuration DHF
orbitals involving 2–3 electrons in the 10 spinors arising from the 6d
orbitals for Th/Th− and 4–5 electrons in the 24 spinors arising from
the 5f and 6d orbitals for U/U−. The KRCI/MRCI calculations for Th
and Th− utilized three GASs (generalized active-spaces) involving
single excitations from the 6p orbital and singles and doubles from
the 7s and 6d orbitals. In the cases of U and U−, an additional GAS
was added that included singles and doubles from the 5f orbitals. A
virtual orbital cutoff of 10.0 a.u. was used throughout. All SO and
Gaunt calculations for Eq. (3) were carried out using the DIRAC
program.52

ΔELamb is a contribution for the Lamb shift or quantum elec-
trodynamic (QED) effects. In this work, the local potential approach
of Pyykkö has been used for both the vacuum polarization and self-
energy contributions.33,53 These calculations were carried out with
the MOLPRO program at the FC-CCSD(T) level of theory with the
wCVDZ-DK+ basis sets and DKH3 Hamiltonian.

The next two terms, ΔET and ΔEQ, account for valence electron
correlation effects beyond the CCSD(T) level of theory. The ΔET
term is defined as the difference between CCSDT and CCSD(T) in
the VTZ-DK3+ basis set with the DKH3 Hamiltonian.54,55 The effect
of quadruple excitations, ΔEQ, was defined as the difference between
CCSDT(Q)56,57 and CCSDT using truncated VTZ-DK+ basis sets,
where the diffuse g and h functions were not included. Calculations
were also carried out on Th/Th− using full iterative CCSDTQ with
the smaller VDZ-DK3+ basis set, and this yielded an EA smaller
by just 0.05 kcal/mol (0.002 eV) compared to CCSDT(Q) with the
same basis. In the case of thorium, it was possible to also include
the approximate effects of pentuple excitations, ΔEP, as the differ-
ence between CCSDTQ(P)58 and CCSDTQ59,60 calculations with
a truncated VDZ-DK3+ basis set (the diffuse g was deleted). The
MRCC program61 as interfaced to MOLPRO was used for all the
higher-order electron correlation calculations.

RESULTS AND DISCUSSION
Experimental

The negative ions observed due to laser ablation of a depleted
uranium target rod are presented in the mass spectrum shown in
Fig. 1. In addition to anions of the various uranium oxides, a weak
intensity of the uranium atomic anion, U−, was also observed.

The photoelectron spectrum of mass-selected uranium atomic
anions was measured at two photon energies of an Nd:YAG laser
and with two different types of electron energy analyzers: at the

FIG. 1. Mass spectrum resulting from laser vaporization of a depleted uranium
target.

third harmonic (355 nm, 3.49 eV) using our magnetic bottle (MB)
spectrometer and at the first harmonic (1064 nm, 1.16 eV) using our
velocity-map imaging (VMI) spectrometer. Figures 2 and 3 present
these spectra, respectively. Neither of these U− spectra exhibit leak-
age from UH− photoelectron spectra nor do they exhibit transitions
from potentially long-lived excited U− anion states. We have sepa-
rately measured the photoelectron spectrum of UH− and have found
that its strongest peaks are concentrated between EBE = 0.5 and
1.0 eV. That is a relatively quiet spectral region in both Figs. 2 and
3, and there is nothing above the noise level in that region, thus
showing that there is no measureable leakage of UH− into the pho-
toelectron spectrum of U−. In addition, our computational results
(see Table I) predict the lowest-lying 7p (excited) state to lie above
the ground state of U− by 84 meV. Based on our measured value of
EA(U), this implies a photoelectron transition at EBE = 225 meV.
This of course is predicated on that particular excited anion state
being populated and being long-lived enough to reach a photode-
tachment interaction region. A second excited anion state is also
expected to exist above this first one, implying a photoelectron tran-
sition at an even lower EBE. Neither putative excited state transitions

FIG. 2. Photoelectron spectrum of the uranium atomic anion (U−) measured with
the third harmonic of an Nd:YAG laser (355 nm, 3.49 eV) and our magnetic bottle
(MB) electron energy analyzer.
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FIG. 3. Photoelectron spectrum of the uranium atomic anion (U−) measured with
the first harmonic of an Nd:YAG laser (1064 nm, 1.16 eV) and our velocity-map
imaging (VMI) electron energy analyzer.

are apparent in our photoelectron spectra. In Fig. 2, which exhibits
lower resolution than the spectrum in Fig. 3, the spectral width of
the main peak would obscure their presence if they were to be there,
whereas in Fig. 3, there is nothing above the noise level in the sub-
ject spectral regions, with these observations implying that excited
anion transitions do not play a significant role in those spectra. For
atomic anions with no electronic hot bands, the electron binding
energy (EBE) at the intensity maximum of the lowest-lying EBE peak
corresponds to the electron affinity (EA) of the atom, where the EA
is defined as the energy difference between the ground state of the
anion and the ground state of its neutral counterpart.

The electron binding energy of the fitted intensity maximum of
the lowest EBE peak in Fig. 2 is located at 0.290 eV, with this cor-
responding to the electron affinity of the uranium atom. Based on
the instrumental resolution of our magnetic bottle analyzer at the
electron kinetic energy of the lowest EBE peak and on its FWHM,
we assign an error of ±0.100 eV to this measurement. Beyond the
lowest EBE peak, the higher EBE peaks in this spectrum are due
to photodetachment transitions from the ground state of the ura-
nium atomic anion to the many electronic excited states of the neu-
tral uranium atom. The previously unknown spectrum of U− in
Fig. 2 is what the U− photoelectron spectrum looks like over the
reported EBE range and at the resolution of our magnetic bottle
analyzer. The transitions observed in this spectrum are also com-
pared with the NIST atomic levels for the uranium atom in Fig. S1
of the supplementary material. While the NIST transitions are from
optical spectra, our photoelectron spectrum recovers dark states as
well.

The electron binding energy of the fitted intensity maximum
of the lowest EBE peak in Fig. 3 is located at 0.309 eV, with this
corresponding to the photodetachment transition from the ground
electronic state of the uranium atomic anion to the ground electronic

state of the neutral uranium atom and thus to the electron affinity of
the uranium atom. While the signal-to-noise ratio in Fig. 3 is lower
than that in Fig. 2, the resolution of the VMI analyzer is significantly
higher than that of the MB analyzer. Based on the instrumental res-
olution of our VMI electron energy analyzer and the FWHM of the
lowest EBE peak, we assign an error of ±0.025 eV to this measure-
ment. Beyond the lowest EBE peak at EBE = 0.309 eV, there is a
higher EBE peak at EBE = 1.091 eV. This is the photodetachment
transition from the electronic ground state of the uranium atomic
anion to the first electronically excited state of the neutral uranium
atom corresponding to an s electron detachment. While all atomic
photodetachment transitions are inherently narrow, this peak is
sharper than the origin-containing (lowest EBE) peak because the
instrumental resolution is better for transitions at lower electron
kinetic energies. The energy difference between this well-defined
peak and the lowest EBE peak is the energy splitting between the
ground state of the neutral uranium atom (5Lo

6), having the con-
figuration 5f3(4Io)6d7s2 and the 5f3(4Io)6d2(2F)7s (7Mo

6) excited
state of the neutral uranium atom. According to NIST, CNRS, and
NBS energy level tables,62–64 this energy separation is 6249 cm−1 or
0.775 eV. In Fig. 3, this spitting, i.e., 1.091–0.309 eV, is 0.782 eV, well
within the stated error bar. One of our VMI (raw) images is shown
in Fig. S2 of the supplementary material.

The electron affinity of the uranium atom, EA(U), was deter-
mined to be 0.290 ± 0.100 eV using the magnetic bottle electron
energy analyzer and 0.309 ± 0.025 eV using the VMI electron energy
analyzer. While both of these measurements are consistent with
one another, the VMI determination is easily the more accurate of
the two, leading to 0.309 ± 0.025 eV as our reported value for the
electron affinity of the uranium atom.

MRCI calculations of the electron affinities
of Th and U

Table I shows the results of the CMRCI+Q calculations for
the electron affinities of both uranium and thorium. In each case,
the ground state of the anion involves electron attachment to the
6d orbital rather than the 7p orbital in agreement with most pre-
vious studies. Without the inclusion of spin–orbit effects, electron
attachment to the 7p orbital is unstable in both cases. Clearly,
the electron affinity of thorium is much larger than that of ura-
nium, 13.5 kcal/mol (0.585 eV) vs 3.9 kcal/mol (0.169 eV), before
SO effects are accounted for. As expected, SO has the largest effect
on the electron binding to the 7p orbital, which results in the 7p-
attached states being stable with respect to loss of an electron. For
Th−, the 6d27s27p1 (4Go

5/2) state is still higher in energy than the
ground 6d37s2 (4F3/2) state by 5.8 kcal/mol (0.25 eV) at this level of

TABLE I. CMRCI+Q calculations of the electron affinities of Th and U (in kcal/mol with meV in parentheses).

Atom Anion state VTZ-DK+ VQZ-DK+ CBS CBS+SO

Th 4F3/2 (6d37s2) 12.78 13.22 13.47 11.94 (518)
4Go

5/2 (6d27s27p1) −1.23 −1.27 −1.29 6.12 (265)
U 6Mo

13/2 (5f36d27s2) 3.35 3.72 3.93 4.80 (208)
6M13/2 (5f36d17s27p1) −2.82 −2.90 −2.94 2.86 (124)
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theory. The previous calculations of Tang et al.27 using the multi-
configurational Dirac–Hartree–Fock (MCDHF) method predicted a
much smaller energy difference of just 1.1 kcal/mol (0.048 eV). In the
case of U−, the calculations of this work predict that the 5f36d17s27p1

(6M13/2) state lies higher than 5f36d27s2 (6Mo
13/2) by 1.9 kcal/mol

(0.082 eV). From the MCDHF calculations of O’Malley and Beck, an
additional 7p state of U−, 6L11/2, may lie slightly below the detach-
ment threshold, but if their relative energy between the 6M13/2 and
6L11/2 states (182 meV) is applied to the results of this work, it would
lie well above the threshold. At the present FC-MRCI+Q/CBS + SO
level of theory, the EA values for Th and U are both smaller with
respect to experiment by about 2 kcal/mol (∼90 meV).

Composite coupled cluster results for the Th and U
electron affinities

The individual energy contributions to the electron affinities of
both thorium and uranium, within the coupled cluster FPD scheme,
are presented in Table II. These calculations focus only on the
ground states of the atoms, neutral and anion. Overall, the contribu-
tions not involving SO coupling are remarkably similar between the
two atoms. In both cases, the FC-CCSD(T) electron affinities are well
converged with respect to the basis set at the QZ level. Upon com-
parison to Table I, CMRCI+Q and CCSD(T) differ at their FC CBS
limits by 1.1 kcal/mol (48 meV) and 1.4 kcal/mol (61 meV) for Th
and U, respectively, with the CMRCI+Q values being smaller in both
cases. It should be noted that the CCSD(T) calculations on U and
U− were very sensitive to the specific symmetry-broken electronic
states chosen for the ROHF calculations. While the various coupled
cluster diagnostics, e.g., the T1 diagnostic (0.023 for U and 0.042
for U−), did not reflect strong multireference character, the result-
ing energies were very sensitive to these choices, with resulting EAs
differing by many kcal/mol. In the present calculations, the states
chosen and used throughout corresponded to those giving the lowest
CCSD(T) total energies with the VTZ-DK+ basis set. An additional
cautionary indicator in the CCSD calculations for U was the rela-
tively large value of two doubles amplitudes, 0.127, whereas there
were no doubles amplitudes above 0.056 for any of the other atoms.
Correlation of the 5s, 5p, and 5d electrons with CCSD(T) reduces
the electron affinities of both Th and U by just over 1 kcal/mol
(43 meV). Curiously, in the recent MCDHF calculations of Tang
et al.27 for the EA of thorium, where agreement with experiment to
within 0.2 kcal/mol (8 meV) was presented, correlation of these elec-
trons was not included. Hence, this excellent agreement may have
been somewhat fortuitous. In this work, the inclusion of spin–orbit

coupling, including small effects due to the Gaunt interaction,
decreases the electron affinity of thorium by about 1 kcal/mol (43
meV), while in the case of uranium, the inclusion of spin–orbit cou-
pling increases the EA by a little more than 1 kcal/mol. (43 meV).
The effect of the Lamb shift is identical in both cases and raises their
electron affinities by just 0.3 kcal/mol (13 meV). Valence correla-
tion effects beyond CCSD(T) are calculated to be very modest with a
well-behaved convergence for the EA of Th; the values of ΔET , ΔEQ,
and ΔEP for its EA were calculated to be just −0.4, +0.7, and +0.1
kcal/mol (−17, +30, and +4 meV), respectively. In the case of ura-
nium, the values of ΔET and ΔEQ were also calculated to be small,
−0.4 and 0.0 kcal/mol, (−17 meV and 0 meV) respectively, but the
CCSDT calculations suffered from very poor convergence, particu-
larly for the anion calculations. Convergence could not be achieved
for CCSDTQ, which prevented the use of CCSDTQ(P) for this
atom. In addition, while the incremental correlation energy recov-
ery was smoothly converging in Th and Th− as the coupled cluster
sequence increased in order, e.g., in Th−, the values of ΔET , ΔEQ,
and ΔEP were −0.79, +0.50, and −0.19 mEh, respectively, the values
of ΔET and ΔEQ for U− were much larger at −6.05 and −7.03 mEh,
respectively, where the symbol mEh refers to milli-Hartees. This sug-
gests that the coupled cluster sequence for the U EA is clearly not
converged.

The final FPD electron affinity value for thorium, 13.04
kcal/mol (565 meV), is smaller than the accurate experimental value
by just under 1 kcal/mol (43 meV). Note that if the CV contribution
is omitted, nearly perfect agreement with experiment is achieved
(616 vs 608 meV), which is consistent with the previous work of
Tang et al.27 Given the extensive correlation treatment and reliability
of coupled cluster for Th/Th−, the likely largest source of error is the
treatment of SO coupling, which was carried out at the KRCI level of
theory. It should be noted that correlation effects on the SO contri-
bution raised the electron affinity of both thorium and uranium. The
final electron affinity of uranium, 5.34 kcal/mol (232 meV), is pre-
sumably also under-estimated due to a similar treatment of SO but
is also expected to suffer larger errors due to a less accurate treat-
ment of electron correlation effects. In fact, the EAFPD value of 5.34
kcal/mol (232 meV) is indeed lower than the electron affinity value
that was determined experimentally in this work (7.13 kcal/mol or
309 meV) by 1.8 kcal/mol (77 meV), and this is nearly twice as large
as the analogous difference for the Th EA. Similar to the Th− case,
if the CV contribution is omitted, the resulting EA (281 meV) is in
much better agreement with experiment. The most accurate previ-
ous calculation of the EA of U, the relativistic MRCI calculations of
O’Malley and Beck,26 yielded a 6d attachment EA of 260 meV (6.00

TABLE II. Calculated contributions to the electron affinities (in kcal/mol) within the coupled cluster FPD scheme. See Eq. (3) for details. Values in meV are given in parentheses.

Atom EwCVQZ-DK+ ΔECBS ΔECV ΔESO
a ΔEGaunt ΔELamb ΔET ΔEQ ΔEP EFPD Expt.

Th 14.26 +0.29 −1.17 −1.30 +0.28 +0.28 −0.37 +0.69 +0.08 13.04 14.01b

(618) (+13) (-51) (-56) (+12) (+12) (-16) (+30) (+3) (565) (608)b

U 5.06 +0.25 −1.13 +1.14 +0.14 +0.28 −0.42 +0.01 . . . 5.34 7.13c

(219) (+11) (-49) (+49) (+6) (+12) (-18) (+0.4) . . . (232) (309)c

aThe corresponding average-of-configuration DHF values were −1.66 and +0.06 kcal/mol (−71 and +3 meV) for Th and U, respectively.
bPhotoelectron imaging value of Ref. 27, 14.0137 ± 0.0014 kcal/mol (607.692 ± 0.061 meV).
cThis work, 7.13 ± 0.58 kcal/mol (309 ± 25 meV).
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kcal/mol), which is in better agreement with the present experimen-
tal value, but as with the Th EA calculations of Tang et al.,27 the work
of O’Malley and Beck did not correlate the 5d electrons; in addition,
they also neglected correlation of the 6p electrons. This could be why
the latter work also incorrectly (according to this work) predicted
the ground state of U− to correspond to a 7p attachment with an
EA of 373 meV (8.60 kcal/mol). Their calculations had similar prob-
lems with the EA of the Th atom, predicting a 7p attachment EA of
368 meV and a 6d attachment EA of 304 meV. The latter is in error
relative to the accurate experiment of Tang et al.27 by a factor of 2.

CONCLUSIONS

The electron affinity of the uranium atom has been determined
as 0.309 eV ± 0.025 eV using anion photoelectron spectroscopy.
Extensive MRCI calculations predict that the electron affinity cor-
responds to the electron attachment to the 6d orbital rather than to
the 7p orbital, which is similar to the Th atom case. Even though the
composite coupled cluster method used in this work was not deemed
as accurate for the EA of U as for Th, the final calculated value of 232
meV was still in better agreement with the new experimental value
compared to calculations based on MRCI. The EA of U represents a
significant challenge for relativistic correlation methods. The analo-
gous coupled-cluster-based result for the EA of Th in this work, 565
meV, differed from experiment by just 43 meV, where most of the
residual error is proposed to arise from incomplete recovery of SO
effects.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1 and S2.
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