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Measurement of the Electron Affinity of Cerium
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The electron affinity of cerium has been measured using laser photodetachment electron spectroscopy.
The electron affinity of Ce('Gy) was determined to be 0.955 * 0.026 eV. The data also show that Ce™
has at least two bound excited states with binding energies of 0.921 = 0.025 eV and 0.819 = 0.027 eV
relative to the ('G,) ground state of the cerium atom. The present experimental measurements are
compared to recent calculations of the energy levels of Ce™. Strong disagreement with the most recent
theoretical atomic structure calculations highlights the complicated nature of this particular lanthanide.
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Studies of negative ions have resulted in advances
in the understanding of electron-electron interactions in
many-bodied calculations designed to model the properties
of atoms, molecules, and clusters. For example, accurate
calculations of the binding energy of the extra electron,
for even simple anionic atomic systems, requires sophis-
ticated calculations that include a detailed accounting of
effects that can ignored in many atomic structure calcu-
lations. Several recent reviews of negative ion research
[1-3] have pointed out the computational complexity
encountered by theoretical investigations of lanthanide
negative ions and the paucity of experimentally derived
information for these ions. The importance of experimen-
tally determined parameters, such as electron affinities
(EA), is crucial to the understanding of the electron-
electron interactions which are responsible for the exis-
tence of negative ions.

Negative ion structure calculations are difficult, and
approximations are typically used in the calculations to
reduce the number of terms contributing to the energy
levels, so as to make the calculations tractable. Further-
more, as atomic Z increases, the relative contributions of
electron correlation and relativistic effects become com-
parable, increasing the complexity of the calculation. The
lanthanides are particularly interesting physically because
of their unique properties, which result from the relation-
ship of their 4f, 5d, and 6s electrons to one another.
Although the small radii of the 4f orbitals shield them
from outside influences, their binding energies are nev-
ertheless comparable to their outer neighbors. Since the
spread of energies within a particular configuration is much
larger than the spread in those binding energies, the various
configurations overlap one another to a considerable de-
gree, making theoretical calculations based on the mixing
of configurational basis functions extremely difficult [4].
This is particularly true in the case of cerium, which, ex-
cept for Gd, is the only lanthanide with two partially filled
subshells (4f and 5d). Experimental verification of the ex-
istence of the predicted negative ion structure is therefore
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necessary to judge the validity of theoretical approxima-
tions. In particular, since knowledge of the electron affini-
ties of rare-earth atoms is limited, there is keen interest in
experimental data concerning the electron affinities of the
lanthanides [1].

Semiempirical estimates of the electron affinities of cer-
tain lanthanides have been made in the past [5—7]. A more
recent theoretical calculation by O’Malley and Beck [8]
was based on a relativistic configuration interaction cal-
culation method which begins with a zeroth-order mul-
ticonfigurational Dirac-Fock solution. This calculation
yielded an electron affinity of cerium as 0.428 eV with a
ground-state configuration for Ce™ of [Xe] (4£5d36s) and
a prediction of 14 excited states of Ce™, six of which be-
long to the ground-state configuration, and the other eight
with a configuration [Xe] (4/5d6s>6p) [8]. The difficult
nature of these calculations for Ce is highlighted by the fact
that these calculations are refinements of a previous calcu-
lation by the same method, in which the electron affinity
(EA) of Ce was reported to be 0.259 eV [9]. Improvements
in the calculations were reportedly due to a better treat-
ment of second order effects and a more suitable choice of
a neutral threshold [8].

Previous experimental investigators have reported
production of stable lanthanide negative ions (to include
cerium) using accelerator mass spectrometry (AMS)
techniques [10,11]. The reported negative ion production
yields for La~ and Ce~ were much higher than for
the other atomic lanthanides, indicating that either the
electron affinities of lanthanum and cerium are greater
than other rare-earth atoms or La~ and Ce™ have more
than one bound state [10,11]. The theoretical predictions
of O’Malley and Beck [8] bear this out. Also, subsequent
experimental studies have confirmed the existence of an
excited bound state for La~ [12]. Nadeau et al. have
reported measurements of the electron affinities of Tm,
Yb, and Dy using an electric field dissociation technique
[13], although some of these results are disputed [14].
The relative yields of sputtered negative ions can be used
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to compare binding energies, but only as an indication of
relative values. Using this technique, Nadeau et al. have
reported a lower limit of 0.5 eV for the binding energy of
Ce™ [11]. Berkovits et al., using a combination of laser
excitation and AMS, reported an EA for Ce of 0.7 eV
[15]. This admittedly tentative result was based, in part,
on the unrefined calculations of Dinov ef al. [9] and the
energy separation of two unidentified photodetachment
threshold channels. Also of importance is a recent laser
photodetachment electron spectroscopy (LPES) experi-
mental determination of the EA of Lu [16].

This experimental study of Ce™ was performed using
the LPES technique. A detailed description of the experi-
mental apparatus has been given elsewhere [17], so only
a brief description is presented. The experimental appara-
tus consisted of a commercial cesium-sputter negative-ion
source, an accelerator, and an interaction chamber in which
photoelectrons were produced and analyzed. The source of
the negative ions was a target pellet consisting of a mix-
ture of copper powder, cerium powder, sodium carbonate,
and cerium iron oxide. The negative ions produced were
accelerated by a 10 kV potential, mass selected by a 90°
bending magnet, then focused and steered into the inter-
action chamber. Once inside the chamber, the ion beam
intersected a photon beam at an intersection angle of 90°.
Two lasers were used to produce photons for this ex-
periment: an argon-ion laser operating in a single-line
mode at a wavelength of 514.5 nm and typically deliver-
ing 1-2 W to the interaction chamber, and a continuous
Nd:YAG laser operating in a single-line mode at 1064 nm
and typically delivering between 6—8 W to the interaction
chamber.

Electrons photodetached in the interaction region were
energy analyzed using a spherical-sector, 160° electro-
static kinetic energy analyzer which operated in a fixed
pass-energy mode. The electron spectrometer was po-
sitioned below the plane which contained the laser and
ion beams. For all the measurements presented in this
Letter, the spectrometer was located at a 45° declination
angle. Electrons with the correct energy for transmission
through the spherical-sector analyzer were detected with
a channel electron multiplier. Analog outputs from the
ion beam current and the laser power meters were con-
verted to frequencies by a voltage-to-frequency converter
and logged with counters for normalization of electron
counts.

A typical photoelectron kinetic energy spectrum for
Ce™ taken with the argon-ion laser is shown in Fig. 1.
Copper dimer anions (“Cu,, A = 126,130) produced
from sputtering of the copper powder were used as mass
markers to identify the '“°Ce™ beam. Thirty-five Ce™
photoelectron spectra were recorded using the argon-ion
laser. The energy scale for all the Ce™ photoelectron
kinetic energy spectra taken with the argon-ion laser was
determined using the photoelectron energy spectra of Cu™
and the known EA of Cu [18]. Electron energy spectra
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FIG. 1. Typical photoelectron kinetic energy spectrum for pho-
todetaching Ce™ using an argon-ion laser (514.5 nm). The laser
output power was 1.4 W. The kinetic energy of the Ce™ ions
in the beam was 10 keV, and the ion current, measured in the
interaction chamber, was 500 pA. The data accumulation time
for each data point was 120 sec and the spectrum took approxi-
mately 4 h to complete.

were taken for the photodetachment of Cu~ before or
after each Ce™ photoelectron spectrum was accumulated.

The energy scale for the Ce™ photoelectron spectra in
the laboratory frame was then transformed into the ion
rest frame using the Cu~ photoelectron spectra as a ref-
erence. The spectra were then interpreted using spec-
troscopic data for the cerium atom [19]. The energy
separation of the photoelectron peaks correspond to the
initial and final states for the process ~iv + Ce™ — Ce +
e, where Ce and Ce™ can be in excited states. Con-
servation of energy requires that the kinetic energy of the
photoelectron, E., is given by

E.=E, — E! — E, + E, )]

where E,, is the photon energy, E{ is the excitation energy
of the final state of the atom, E, is the electron affinity,
and E7 is the excitation energy of the initial negative ion
state.

The photoelectron peaks in Fig. 1 were fit to Gaussian
functions using a weighted least-squares technique to
determine the energy centroid of each peak. The width
of each Gaussian peak was fixed to match the width
of each fine-structure resolved Cu~ reference scan.
Decomposition of peak 2 reveals at least four transi-
tions of energies 1.326 = 0.038 eV, 1.408 = 0.045 eV,
1.477 = 0.048 eV, and 1.572 = 0.054 eV. Peak 1 reveals
at least two, and possibly three additional transitions were
also observed in the 2 eV range (2.020 * 0.042 eV,
2.089 = 0.042 eV, 2.168 * 0.029 eV). The observed
increase in electron counts near 0 eV was due to low
energy electrons created by collisional detachment of
Ce™ ions in the beam by background gas and ion-aperture
scattering.
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An examination of Fig. 1 also shows that the structure
labeled 3 is the most intense feature, and since there are no
discernible higher energy structures, we conclude that the
information about the ground-state to ground-state transi-
tion is contained therein. Therefore, to determine the EA
of cerium, the transitions contained in that feature were
studied in more detail, using a Nd:YAG laser, which was
capable of producing a greater photon flux.

A typical photoelectron kinetic energy spectrum for
Ce™ taken with the Nd:YAG laser is shown in Fig. 2.
Thirteen Ce™ photoelectron spectra were recorded using
the Nd:YAG laser. The energy scale for all the Ce™ pho-
toelectron kinetic energy spectra taken with the Nd:YAG
laser was determined using the photoelectron energy
spectra of Na~ produced by the sputtering of the sodium
carbonate and the known EA of Na [1]. Electron energy
spectra were taken for the photodetachment of Na™ either
before or after each Ce™ photoelectron spectrum was
accumulated. The energy scale for the Ce™ photoelectron
spectra in the laboratory frame was then referenced to the
Na™ photoelectron spectra and fit using the least-squares
technique as described above.

An investigation of the width of the structure shown in
Fig. 2 indicated that it was composed of photoelectrons
from more than one photodetachment channel (the width
of each Gaussian peak was fixed to match the width of each
fine-structure resolved Na™ reference scan). Decomposi-
tion of the peak 3 structure shows at least six transitions,
the strongest of which represents the actual EA of cerium.
Diagram A is an energy level diagram of the experimen-
tally determined weighted averages of the photoelectron
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FIG. 2. Typical photoelectron kinetic energy spectrum for pho-
todetaching Ce™ using a Nd:YAG laser (1064 nm). The laser
output power was 6.70 W. The kinetic energy of the Ce™ ions
in the beam for this spectrum was 10 keV, and the ion cur-
rent, measured in the interaction chamber, was approximately
300 pA. The data accumulation time for each data point was
90 sec and the spectrum took approximately 3.75 h to complete.
The inset in the upper right is a schematic of the energy level
diagrams for Ce and Ce™. The peaks in the spectra are labeled
for further identification in the text. The energy level diagrams
(labeled A, B, C, and D) are discussed in the text.
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energies associated with peaks 3a—3f. The spacing of the
energies in this diagram was crucial to the interpretation
of the data in this experiment. The diagram labeled B in
Fig. 2 is an energy level diagram of the first two states of
neutral Ce: ('Gy) and (°F,) [19]. Overlaying this dia-
gram to the spectrum and diagram A shows that the peaks
in Fig. 2 labeled 3d and 3e represent transitions from the
ground state of the negative ion to the ground state and
first excited state of neutral Ce, respectively. The diagram
labeled C in Fig. 2 is also an energy level diagram of the
first two states of neutral Ce but is shifted from diagram
B by the experimentally measured difference between the
binding energies of the ground state and first excited state
of Ce™. Overlaying this diagram onto the figure shows
that the peak labeled 3c represents a transition from the
first excited state of the negative ion to the ground state
of the neutral. It also indicates that peak 3d, in addition
to containing the information described above, also con-
tains the information from the Ce™ (first excited state) —
Ce(*F,) transition. The diagram labeled D in Fig. 2 is an
energy level diagram of the first five states of neutral Ce
and is shifted from diagram C by the experimentally mea-
sured difference between the binding energies of the first
two excited states of Ce™. Overlaying this diagram onto
the figure shows that the peaks labeled 3a and 3b represent
transitions from the second excited state of the negative
ion to the ground state and first excited state of neutral Ce,
respectively. The peak labeled 3f represents the transition
Ce™ (second excited state) — Ce(*F3). Figure 2 also indi-
cates that peak 3e, in addition to containing the informa-
tion described above, also contains the information from
the transitions Ce ™~ (second excited state) — Ce(*Hy), and
Ce™ (second excited state) — Ce(*G3). The energy level
diagrams (B, C, and D) and the experimentally determined
photoelectron energies (diagram A) are in excellent agree-
ment and support the interpretation of the data presented
above.

The photopeaks 3a, 3c, and 3d in Fig. 2 allowed the
electron affinity of Ce and the binding energies of the
first two excited states of Ce™ to be calculated. The elec-
tron affinity of Ce('G,) was determined to be 0.955 =
0.026 eV. The data also show that Ce™ has at least
two bound excited states with binding energies of
0.921 = 0.025 eV and 0.819 * 0.027 eV relative to the
('G4) ground state of the cerium atom. These bound
excited states of Ce™ must be long-lived since the flight
time to the interaction region for an ion in the beam
was approximately 55 us. The reported uncertainty in
the measurements represents 1 standard deviation of the
mean. The uncertainties include statistical and systematic
contributions due to the photoelectron count rates for
Ce™ and fitting the data to Gaussian functions for the
Ce™, Na™, and Cu~ photoelectron energy spectra, the
uncertainty in the EA of Cu and Na, and the determina-
tion of the ion beam energy. The reported uncertainty
was dominated by the variance in the energy centroids
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resulting from fitting the data to Gaussian function for
peaks in the Ce™ photoelectron spectra. This variance
was due to the relatively low photoelectron count rates
experienced in the Ce™ photoelectron spectra.

In summary, the electron affinity of cerium has been
measured using laser photoelectron energy spectroscopy.
The electron affinity of Ce(!G4) was determined to be
0.955 *= 0.026 eV. These results are in disagreement with
the EA reported by Berkovits et al., although it is interest-
ing to note that the reported energy separation of the two
photodetachment thresholds (2.130 and 2.165 eV) [15] is
the same as the energy separation between the ground and
first excited states of Ce™ reported here. The present mea-
surements indicate that the electron affinity of cerium is
greater than that predicted by O’Malley and Beck [8], who
predicted the electron affinity of Ce to be 0.428 eV. Fif-
teen bound negative ion excited states were also predicted
by O’Malley and Beck [8], of which we find evidence for
at least two. However, the present experimental sensitiv-
ity may be insufficient to determine the existence of more
excited, bound states. Strong disagreement between these
results and the most sophisticated theoretical calculations
available is likely the result of the complexity of Ce™ and
the ensuing difficulty in including sufficient electron cor-
relation and relativistic effects in describing the active (41,
5d, and 6s) electrons for the cerium atomic anion. In
contrast is the LPES experiment mentioned above [16], in
which the experimentally determined EA of Lu (which has
a closed 4f subshell) was found to be in close agreement
with a recent theoretical calculation [20].
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