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Electron affinity of uranium and bound states of opposite parity in its anion
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The electronic structures of actinide systems are extremely complicated because of strong electron correlations
and relativistic effects. The atomic actinide anion poses even more challenges for experimental and theoretical
investigations due to the extra loosely bound electron. In this work, we report the electronic structure of U~
using the slow-electron velocity-map imaging method. The electron affinity of U was measured to be 314.97(9)
meV. Two excited states of U~ were observed and their energies were determined to be 84(11) and 160(12) meV
above its ground state, respectively. The present study provides convincing evidence that the transition between
the first excited state and the ground state of U™ is electric dipole (E1) allowed.
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Studies of simple actinide compounds’ physical and chem-
ical properties are of interest from both practical and scientific
perspectives. From the practical view, the knowledge of ac-
tinides is of great importance for the nuclear industry and
environmental science. The radioactive waste and spent nu-
clear materials pose significant technological problems for
their safe treatment and long-term storage. Since experiments
of radioactive actinide species are expensive and hazardous,
the development of theoretical models that can make re-
liable predictions for the properties of actinide species is
keenly required [1-5]. This task is very challenging because
of the strong electron correlation and relativistic effects of
the partially occupied 5f subshell and 64 subshell. From
the perspective of fundamental scientific significance, the
benchmarked data of a simple actinide system can help us
to develop relativistic quantum computational models. For
actinides, the inner electrons move at significant fractions of
the speed of light. The strong relativistic effects profoundly
modified energetics and the spatial extent of the atomic or-
bitals. As a result, sophisticated relativistic computational
methods with QED corrections are required [6-9]. Simple
diatomic molecules containing a heavy atom are also useful
for experiments designed to test the standard model of parti-
cle physics. For example, ThO and ThF" are candidates for
investigations of the electron electric dipole moment (eEDM)
[10]. High-precision optical experiments have demonstrated
parity violation in heavy atoms [11]. The studies of actinides
are also a crucial step towards the chemistry and physics of
superheavy elements (Z > 104) [9,12-14].

In the present work, we report the high-resolution pho-
toelectron spectra of atomic uranium anion U~ using the
slow-electron velocity-map imaging (SEVI) method [15-17].
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The SEVI method features high energy resolution, typically
a few cm™! near the photodetachment threshold [18]. Using
this method, we have successfully measured electron affinity
(EA) values of several transitional and lanthanide elements
with accuracy ~1cm™! [19-25]. Electron affinity measures
the capability of an atom to form the corresponding negative
ion. It is defined as the energy difference between the ground
state of the neutral atom and the ground state of the corre-
sponding anion. Like the ionization potential (IP), EA is a
fundamental parameter for understanding chemical reactions
[7,26,27]. In this work, we report the measurement of the EA
value of the uranium atom. In 1997, Nadeau et al. established
a lower limit of EA(U) > 0.05eV based on accelerator mass
spectrometry (AMS) [28]. There is no spectroscopic measure-
ment of EA(U) so far due to the experimental challenges.
Uranium is the heaviest stable element (Z = 92). It plays a
key role in the nuclear industry and nuclear weapons [29].
A uranium atom has three 5f, one 6d, and two 7s valance
electrons, making U one of the most challenging elements
for theoretical calculations. The high-level calculations us-
ing the relativistic configuration-interaction (RCI) method by
Beck’s group predicted that the extra electron could be put
into its 6d subshell or 7p subshell to form bound states
of U™ [30]. The two different configurations have opposite
parity, making the electric dipole (E1) transition possible. A
fast E1 transition is a prerequisite for laser cooling of neg-
ative ions. Over the past few decades, many attempts have
been made to find a negative atomic ion with opposite-parity
bound states. So far, E1 transitions between bound states
have been previously observed for only four atomic ions: Os™
[31-35], La™ [35-38], Ce™ [39,40], and Th™ [21,30,41]. Our
recent work has shown that Th™ is an excellent candidate
for laser cooling of negative ions [21,41]. Using the RCI
method, Beck and co-workers predicted the EA value of U
to be 175 meV in 1995 [42] and updated it to 373 meV in
2009 [30]. Their work suggested two bound excited states,

©2021 American Physical Society


https://orcid.org/0000-0002-4889-5697
https://orcid.org/0000-0002-3158-1253
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.L050801&domain=pdf&date_stamp=2021-05-24
https://doi.org/10.1103/PhysRevA.103.L050801

TANG, LU, LIU, AND NING

PHYSICAL REVIEW A 103, L050801 (2021)

Target

0

lon Beam

Photoelectrons
VMI Lens -
o W

Imaging
Mass Spectrometer
Detachment

Ablation Laser Laser

FIG. 1. Schematic view of our cryo-SEVI apparatus. The mass
gate and the ion detector before the VMI lens are not shown.

5/%6d*7s* *M{s,, and 5f°6d7s*Tp °Lf, ,, above the ground
state 5f°6d7s*7p °My{; ,. The superscripts o and e indicate
the odd and even parity, respectively. Therefore, it is worth-
while to experimentally check whether U™ has bound states
of opposite parity.

This experiment was carried out on our cryo-SEVI appa-
ratus featuring the combination of the SEVI technique and
the cryogenically controlled ion trap [15,16]. Details of the
setup have been described previously [17]. A brief introduc-
tion is given here. Figure 1 shows the schematic diagram of
the experimental apparatus. Negative ions were generated by
focusing a 532-nm Nd: YAG pulsed laser onto a metal target.
The negative ions were then accumulated and confined in an
octupole radio-frequency (rf) ion trap, where they thermally
equilibrated with a burst of cold buffer gas by sufficient col-
lisions in 3—45 ms. The typical buffer gas was a mixture of
20% H, and 80% He [43]. The ion trap was mounted on the
second stage of a liquid helium refrigerator with a variable
temperature 5-300 K. The trapped ions could be ejected out
via pulsed potentials and were analyzed by a Wiley-McLaren
type time-of-flight (TOF) mass spectrometer [44]. Ions of
interest were selected via a mass gate and then photodetached
by a tunable laser in the interaction zone of the velocity-map
imaging (VMI) system [45]. Outgoing electrons formed a
spherical shell and were projected onto a phosphor screen
behind a set of microchannel plates. The electron hitting
positions were recorded in an event-count mode via a charge-
coupled device camera and accumulated for typically 50 000
laser shots. The apparatus ran at a 20-Hz repetition rate. The
photodetachment laser had a linear polarization parallel to the
phosphor screen. Since the distribution of outgoing photo-
electrons had a cylindrical symmetry about the polarization
axis, the photoelectron distribution could be reconstructed
from the projected imaging via the maximum entropy velocity
Legendre reconstruction (MEVELER) method [46]. The bind-
ing energy of the transition was extracted by BE = hv—ar?,
where hv is the photon energy, r is the radius of the photo-
electron shell, and « is a calibration coefficient. A tunable
laser with photon energy tuned slightly above the threshold
was usually used to obtain high-resolution energy spectra. In
the present experiment, a dye laser (Spectra-Physics) and an
OPO laser (Spectra-Physics primoScan) were used. The dye
laser pumped by a 532-nm Nd:YAG laser (Quanta-Ray Lab
190) had a narrow linewidth of 0.06 cm~'. The photon energy
ranged 11 111-18484 cm™'. The wavelength was monitored
by a wavelength meter (HighFinesse WS6-600) with an
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FIG. 2. Photoelectron image and spectrum of ions with m = 238
at photon energy 11590 cm™!. The strong peaks c, g, and j are from
U~. The double-headed arrow indicates the laser polarization.

accuracy of 0.02cm™!. The OPO laser was pumped by a 355-
nm Nd:YAG laser (Quanta-Ray Lab 190). The wavelength
ranged 400—2700 nm. The linewidth was about 5cm™".

The target used in this experiment was a depleted ura-
nium metal disk. With the laser ablation ion source, a strong
UH~ (m = 239) signal and a weak U~ (m = 238) signal
were observed in the mass spectra. Figure 2 shows a typi-
cal photoelectron imaging and energy spectrum of ions with
m = 238. It was obtained with the cold ion trap at 15 K
using a mixture of 80% He and 20% H, as the buffer
gas. The ion trap time was 45 ms, and the photon energy
(hv) of the photodetachment laser was 11590 cm™!. Three
strong peaks were observed in Fig. 2. The energy levels
of neutral U atoms are known to high accuracy, giving a
“fingerprint” in support of the state assignment. Peak c is
assigned to the photodetachment channel from the ground
state of U™ (5f36d7s*7p GMf3 1) to the ground state of U

(5/36d7s* 3Lg). The anisotropic parameter 8 of photoelec-
tron angular distributions for peak c is 0.45(0.21). The g value
is 1.78(0.08) for peak g, and 1.46(0.05) for peak j. It deviates
from the expected 2 for photodetachment of a 7s electron,
which might be due to the strong electron correlation effects
[47]. To reliably assign the other weak peaks, we collected
photoelectron energy spectra at a series of photon energies
since SEVI has a higher energy resolution for electrons with
lower kinetic energies. Figure 3(a) shows the results of piecing
together photoelectron spectra at different photon energies for
ions with m = 238 and m = 239. It can be seen that the spec-
tra for m = 238 has a contamination from UH™ (m = 239)
because the intensity of UH™ is much stronger than that of
U~. Peaks that appear only in the spectrum with m = 238
are assigned to U™ and labeled with letters a-q. Peaks c-q
correspond to transitions from the ground state of U™, and
peaks a and b are related to the transitions from excited states
of U™.

To further assign peaks a and b, we adjusted the oper-
ating parameters of the ion trap. Since the mixed gas of
He + H, quenched the excited states of U~ quickly, the
pure He gas was used instead to investigate the dynamics of
peaks a and b. Figure 3(b) compares the photoelectron energy
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FIG. 3. (a) Photoelectron spectra of anions with m = 238 (red)
and 239 (black). The spectrum with m = 238 includes signals of
U~ and UH™ ions due to contaminations from the strong UH™
signals, and the spectrum with m = 239 is contributed only by UH™.
Peaks a-g that appear only in the spectrum with m = 238 belong to
U~. The blue vertical spikes under the spectrum of U~ indicate the
energy levels of the neutral U atom. (b) Comparison of photoelectron
spectra of U™ when trap time is 3 ms (green) and 45 ms (blue). Peak
intensities were normalized using peak c.

spectra when U~ ions were stored in the trap for 3 and
45 ms. The spectra have been normalized to peak c. It can be
seen that peak a decays much faster than peak b. Therefore,
peaks a and b are related to two different excited states.
According to the calculation of Beck and co-workers [30],
we assigned peak a as 5/°6d7s*7p °L§, , — 5f°6d7s* °Ls,
and 5/%6d*7s* *M{s,, — 5/°6d7s* °Lg for peak b. By ac-
quiring extra spectra with trap times equal to 6, 7, 8, 10,
15, 20, and 30 ms, the lifetimes of 5]‘3641'27s2 6M103/2 and
5f36d7s*1p 6Lf1/2 were estimated to be 44 and 12 ms, re-
spectively. According to Beck and co-workers’ calculations
[30], peak c is a result of detaching a p electron, while de-
taching a d electron for peak b. To verify this prediction,
we measured the anisotropic parameter 8 of photoelectron
angular distributions. As shown in Fig. 4, the trends of B
are indeed different for peaks ¢ and b as we tuned the pho-
ton energy from 4000 to 8000 cm~!. To explain the results,
we fitted the experimental data points using the simplified
version of Cooper-Zare formula by Hanstorp et al. [47-50]
for photodetaching a p electron and a d electron, respec-
tively. Unfortunately, the simplified Cooper-Zare calculations
cannot distinguish between photodetaching a p electron and
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FIG. 4. The B values for the photoelectron angular distributions
of peaks ¢ and b. The dots are experimental results, and the solid and
dashed lines were generated using the simplified version of Cooper-
Zare formula by Hanstorp et al. for photodetaching a p electron and
a d electron, respectively [47-50].
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FIG. 5. Energy levels of U™ and U related to the present mea-
surement. The ground state of U is 5f36d7s> °L¢. The ground state
of U™ is 5f%6d7s*7p ®M3),. The labels of each transition are con-

sistent with the observed peaks in Figs. 2 and 3. The transition g is
used for the electron affinity measurement.

a d electron in our situation due to two free parameters in
the formula [47-50], hence we cannot unambiguously assign
the ground state of U~ as °Mf;,, or °M{;,, based on the
experimental results. High-level ab initio theories without
adjustable parameters are required to solve this dilemma. We
tentatively assigned the states according to the calculations by
Beck and co-workers [30]. It should be pointed out that the
measured lifetime of the first excited state is 44 ms, which
is a typical value for an electric dipole (E1) transition. The
lifetime for an electric quadrupole (£2) or magnetic dipole
(M1) transition should be several orders of magnitude longer.
As a reference, the lifetime for the first excited state in Th™
(401 cm™" above the ground state) is 51.3 ms due to an E1
transition [21]. Therefore, we believe that the parity between
the first excited state and the ground state in U™ is opposite,
being consistent with the calculations by Beck and co-workers
[30]. All observed transitions are illustrated in Fig. 5 and their
binding energies are listed in Table I.

To determine the EA value of U as accurately as possible,
we have chosen the strong peak g for the EA measurement
since its binding energy lies in the tuning range of our dye
laser. Five spectra were acquired with photon energies ranging
15413-15513cm™~" with a step of 20cm™!, slightly above
the threshold energy of g. We plot hv vs r? in Fig. 6, where
r is the radius of the photoelectron shell of transition g. Since
hv = BE + ar?, the intercept of the fitted line indicates the
binding energy (BE) of transition g, which was determined to
be 15366.7(7) cm~!. According to the NIST atomic database,
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TABLE I. Measured binding energies and assigned binding energies of transitions observed in the present work.

Measured binding Assigned binding
Peak Levels (U < U™) energy (cm™!) energy (cm™!) 2
a 5£36d7s> 3L < 5£36d7s¥Tp0Lé 1) 1249(92) 1249(92)
b 5/36d7s* *Le<5[6d*7s* °MY; 1866(84) 1866(84)
c 5/%6d7s* *Le < 5f°6d7s*Tp *Mfs), 2524(31) 2540.4(7)
d 5/%6d7s> °Ks < 5£°6d7s*Tp MY, 3181(43) 3160.7(7)
e 5/36d7s* *L; < 5f°6d7s*Tp *Mfs), 6337(18) 6341.3(7)
f 5/36d7s* °I, < 5f36d7s*Tp *Mfs), 6991(17) 6993.8(7)
g 5/%6d*7s "Ms < 5f36d7s*Tp *M¢s), 8786(10) 8789.5(7)
h 5/36d7s%] = 6 < 5f°6d7s*p *M3s,, 9550(9) 9546.0(7)
i 5f%6d7s* Ky < 5f°6d7s*1p *Mys), 9866(7) 9866.5(7)
j 5/3%6d*Ts "My < 5f%6d7s*1p M), 10 658(3) 10659.1(7)
k 5/%6d7s* 3Ly < 5f°6d7s*Tp °M¢; ), 12609(3) 12 609.6(7)
1 5/36d*Ts "Ms < 5f%6d7s1p M), 12887(3) 12887.8(7)
m 5f°6d7s* Ky < 5/°6d7s*Tp °M1; 13231(6) 13226.2(7)
n 5/%6d7s) = 6 < 5f%6d7s*1p *M{s), 13526(3) 13528.0(7)
0 5f%6d7s* *Ky < 5f°6d7s*Tp °MY; 14222(9) 14217.5(7)
p 5f%6d7s*) =5 < 5f%6d7s*1p *Mys), 14499(12) 14 509.1(7)
q 5f%6d*7s *M; < 5f°6d7s*Tp *Ms), 15366.7(7) 15366.7(7)

*Deduced value according to the assignment, the measured EA value, the optimized binding energy of transitions measured in the present

work, and the energy levels of neutral U [51].

the final state 5f36d%7s M7 is 12826.316cm™! above the
ground state [S1]. The EA value of U was given by subtracting
12826.316cm™! from 15366.7(7)cm™~!. As a result, EA(U)
was determined to be 2540.4(7) cm~! or 314.97(9) meV. Note
that 1eV = 8065.543937cm™!, as recommended by 2018
CODATA [52].
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FIG. 6. (a) The photon energy hv versus the squared radius r? of
the photoelectron spherical shell for transition g (5£36d>7s M7 <
5f36d7s*Tp ®Mi3)2). The solid line is the linear least-squares fitting.
The intercept 15366.7cm™! gives the binding energy of the pho-
todetachment channel g. (b) The binding energy of transition g as
a function of the kinetic energy of photoelectrons. The dashed lines

indicate the uncertainty of 0.7 cm™".

The energy levels of the two excited states
5/36d%7s* 6M1”3/2 and 5f%6d7s*7p 6Lf1/2 were extracted
from the binding energy differences among transitions a, b,
and ¢ as they were from different initial states to the same
final state. The binding energy of transition c is the EA value,
while binding energies of transitions a and b were deduced
by BE = hv—ar?, where the coefficient & was determined
using the well-known transitions ¢, d, e, and g. Finally,
the two excited 5f°6d*7s* °M{,,, and 5f°6d7s*Tp °Lf,
were determined to be 674(84)cm™' or 84(11) meV, and
1291(92)cm™" or 160(12) meV above the ground state
5£26d7s*Tp ‘M, /2> Tespectively. Our experimental results
are in good agreement with the predictions by Beck’s group in
2009 [30]. Experimental and calculated results are compared
in Table II.

It should be pointed out that the transi-
tions  5f°6d*7s* “M{s,, < 5°6d7s1p *M{s ), and
5f36d7s*Tp 6Lf1/2 < 5f36d*7s? 6Mf3/2 are El allowed
transitions. The transition 6Mi’3 n < 6Mf3 ;o 1s perfectly
closed because it is between the first excited state and the
ground state and the nuclear spin of U is zero. However,

TABLE II. The energy levels of bound states in U™ and the
electron affinity of U (meV).

O’Malley et al. This work
State (calculated) [30] (measured)
5£36d7s*Tp 6Mf3/2 0 0
5f36d7s 6M;’3/2 113 84(11)
5£%6d7s*Tp °Lf1/2 182 160(12)
Electron affinity of U 373 314.97(9)
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the transition energy is only 84(11) meV, which makes the
cycling very slow because the transition rate is proportional
to v3, and v = 20(2) THz. The measured lifetime 44 ms of
oMy, /> has verified this point. The advantage of this transition
is that there is no photodetachment loss during laser cooling
because the excitation energy to ®p 13/2 1s less than EA(U)/2.

The excited state *M{, s» cannot be photodetached by the
second photon. The wavelength of the cooling transition
6Mf3/2 < 6Mf3/2 is 15 pum, which is in the range covered by
the commercial quantum cascade laser. So far, no negative
ions have been directly laser cooled because a cycling E1
transition is very rare in atomic anions. The present work
provided convincing evidence that U™ has a perfectly closed
E1 transition between bound states. It should be pointed
out that laser cooling of U~ will be very challenging due to
the slow cooling rate and the inevitable collision heating. It
needs to scatter 2 x 10° photons to cool U~ from 5 K to the
temperature of Doppler limit. This will take 1.8 x 10* s if in
saturation.

In conclusion, we have obtained the high-resolution pho-
toelectron energy spectra of U™ using the SEVI method. The
electron affinity of U was measured to be 2540.4(7)cm~" or
314.97(9) meV. Two excited states of U~ were determined
to be 674(84)cm™! or 84(11) meV, and 1291(92)cm™! or
160(12) meV above the ground state, respectively. The tran-
sition between the first excited state and the ground state of
U~ is an E1 allowed transition. Our experiments represent
a different level of studying heavy atomic anions and can
serve as a benchmark for developing different theoretical
models.
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