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The negative ion of cerium is investigated using tunable laser photodetachment threshold spectroscopy. The
relative cross section for photodetachment from Ce− is measured over the photon energy range 0.61–0.75 eV
using a crossed laser-beam–ion-beam technique. The spectrum of neutral atom production reveals a photode-
tachment threshold at 0.65 eV, which is interpreted as the threshold for the Ce− �4f5d26s2 4H7/2� to Ce
�4f5d6s2 1G4� ground-state to ground-state transition yielding the electron affinity of Ce to be 0.65�3� eV. At
least five narrow peaks are observed in the cross section over the range 0.62–0.70 eV due to negative ion
resonances, and their energies and widths are measured. The results are compared to other recent experimental
and theoretical studies of Ce−.
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I. INTRODUCTION

Investigations of the dynamics of negative ions provide
valuable insight into the fundamental problem of many-body
motion, which is critical for a detailed understanding of the
electronic structure of atoms and molecules. Negative ions
provide challenging problems and critical test cases for
atomic theory because the added electron is bound to a neu-
tral core; thus, there is no long-range Coulomb binding force.
Therefore, the influences of such effects as electron-electron
correlation and core polarization are greatly enhanced in
negative ions relative to neutral atoms and positive ions. Im-
pressive progress has been made over the past two decades in
understanding negative ions through both theoretical and ex-
perimental advances; the properties of most atomic negative
ions, including their binding energies and electronic struc-
tures, are now well established �1–3�. In addition to the prop-
erties of ground-state negative ions, there is considerable in-
terest in the excited states of negative ions, including both
bound and unbound resonance states �4,5�.

Perhaps the most glaring exception to the high-precision
information available for the negative ions of most elements
remains in the lanthanide atoms �1,2�. The lanthanides are
particularly interesting and challenging because the large
number of electrons and the presence of several open shells
lead to strong valence-valence and core-valence correlation
effects. From an experimental standpoint, studies of lan-
thanide negative ions are challenging because of the diffi-
culty in producing substantial stable beams of the ions �6,7�,
the need to use less common infrared light sources for
threshold investigation due to the small binding energies �
�1 eV� of the ions, and the possibility of overlapping sig-
nals due to multiple bound excited states. These challenges
have led to substantial discrepancies between experimental
and theoretical determinations of the electron affinities for

several of these atoms �2�. Furthermore, even the ground-
state configurations of their negative ions have not been
firmly established, as the additional electron may enter the
open 4f , 5d, or 6p valence shells.

Of the lanthanides, the negative ion of cerium has re-
ceived the most theoretical and experimental attention. The
ground-state configuration of neutral Ce �Z=58� has primary
LS character ��Xe� 4f5d6s2 1G4

o� �8�. Early relativistic con-
figuration interaction �RCI� calculations �9� predicted that
the ground state of the negative ion would be formed by 6p
attachment to the neutral ground state. However, more recent
larger-scale calculations using the techniques of RCI �10,11�
and pseudopotential multireference configuration interaction
�MRCI� �12� concluded that the Ce− ground state is formed
by 5d attachment, giving a ground-state configuration for the
negative ion of primary character ��Xe� 4f5d26s2 4H7/2

o �. The
binding energy of the ground state of Ce−, corresponding to
the electron affinity of Ce, was calculated to be 0.428 eV by
O’Malley and Beck �10� and 0.58�10� eV by Cao and Dolg
�12�. A later calculation by O’Malley and Beck �11� with a
larger basis set yielded an electron affinity of 0.511 eV, but
the authors note that test calculations suggested that more
binding would be obtained through inclusion of opening of
the 5p subshell.

Ce− has been investigated in several experiments over the
past 14 years. In 1993, Garwan et al. �13� estimated the
electron affinity to be �0.6 eV based on the relative yield of
Ce− from a sputtering source in accelerator mass spectrom-
etry experiments. They also suggested the possibility that
Ce− may have multiple bound excited states. Subsequently,
in 1997, Berkovits et al. �14� observed two sharp increases in
a coarsely stepped Ce− photodetachment cross-section spec-
trum at photon energies of 2.130 eV and 2.165 eV, which
were interpreted as opening thresholds for detachment to ex-
cited states of Ce. Their interpretation of the spectrum led to
an electron affinity of 0.700�10� eV. However, that value is
questionable because it was based on the assumption of 6p
attachment for the ground state of the negative ion, which is
not consistent with more recent theoretical results that indi-
cate 5d attachment �10–12�.
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The first detailed photodetachment study of Ce− was done
by Davis and Thompson in 2002 �15�. They used laser pho-
toelectron spectroscopy �LPES� to measure the kinetic
energies of electrons detached from Ce− at two fixed laser
wavelengths �1064 nm and 514.5 nm�. The photoelectron
spectrum at 514.5 nm showed three prominent peaks, the
largest of which, also at the highest electron energy, was
interpreted as due to the ground-state negative ion to ground-
state neutral atom transition. Based on this interpretation, the
electron affinity of Ce was determined to be 0.955�26� eV
and at least two bound excited states of Ce− were identified
with binding energies of 0.921�25� eV and 0.819�27� eV
relative to the Ce ground state.

Very recently, O’Malley and Beck �11� have reinterpreted
the LPES data of Davis and Thompson �15� based on calcu-
lations of the partial photodetachment cross sections from
the collection of Ce− bound states to various Ce states. Their
calculations indicated that the cross section for photodetach-
ment from ground-state Ce− to ground-state Ce is very weak
compared to the cross sections for transitions to several ex-
cited states of the neutral atom due to the differing electronic
configurations. Therefore, the strongest peaks in the LPES
data were reinterpreted as due to detachment to excited states
of Ce, thus reducing the inferred binding energy of the nega-
tive ion. This reinterpretation leads to an electron affinity of
0.660 eV �11�, which is substantially lower than the original
LPES value �15�, but consistent with previous ab initio the-
oretical values �10,12�.

In the present study, we have performed a detailed tunable
laser photodetachment threshold spectroscopy investigation
of Ce−. The relative photodetachment cross section was mea-
sured over the photon energy range 0.61–0.75 eV, revealing
a characteristic p-wave threshold near 0.65 eV. This thresh-
old is interpreted as the ground-state Ce− to ground-state Ce
transition, yielding the electron affinity of Ce to be 0.65�3�
eV, consistent with the semiempirical results of O’Malley
and Beck �11� and the ab initio calculations of Cao and Dolg
�12�. In addition to the threshold behavior, the cross section
shows at least five narrow peaks over this energy range that
are associated with excitation from the Ce− target ion to ex-
cited states of the negative ion followed by autodetachment
or photodetachment by absorption of a second photon.

II. EXPERIMENTAL METHOD

In the present study, the relative cross section for photo-
detachment from negative ions was measured as a function
of photon energy using a crossed ion-beam–laser-beam sys-
tem. Negative ions produced by a cesium sputtering source
�NEC SNICS II� were accelerated to 13 keV and mass se-
lected using a 90° focusing sector magnet. Sets of electro-
static lenses and vertical and horizontal deflection plates be-
fore and after the magnet were used to collimate and steer
the beam into a UHV interaction chamber. Beam profile
monitors �NEC model BPM80� situated before and after the
magnet provided real-time information on the beam shape
and position. In the interaction region, the ion beam was
intersected perpendicularly by a pulsed laser beam. Follow-
ing the interaction region, residual negative ions in the beam
were electrostatically deflected into a Faraday cup to monitor

the ion current. Neutral atoms continued undeflected to strike
a multidynode electron multiplier detector �ETP model
14150H�. The production of neutral atoms by stripping col-
lisions with background gas was small due to the low pres-
sure in the interaction chamber ��8�10−10 torr� and was
accounted for in the analysis, as described below.

The detector was operated in analog mode, and the volt-
age output was recorded as a function of time after each laser
pulse using a digital storage oscilloscope �LeCroy model
LT364�. The oscilloscope functioned effectively as a gated
integrator and boxcar averager. At each wavelength setting,
the signal from 400–800 laser shots was averaged and the
voltage was integrated over the arrival window correspond-
ing to the flight time of Ce atoms from the interaction region
to the detector. The average background voltage was sub-
tracted from this integrated voltage to obtain a signal propor-
tional to the number of neutral atoms produced by each laser
pulse. This signal was then normalized to the ion beam cur-
rent and the average laser photon flux at each wavelength to
obtain the relative cross section for photodetachment. A La-
bVIEW computer program was used to control the laser
wavelength, monitor the beam current and laser power, and
interface with the oscilloscope. The spectra were built up by
repeatedly scanning over the photon energy range of interest
and averaging the resulting individual scans.

The laser system consisted of a tunable optical parametric
oscillator �OPO� �Lambda Physik ScanMate OPPO� pumped
by a pulsed Nd:YAG laser �Coherent Infinity� operating at
50 Hz. The tripled output of the Nd:YAG laser at 355 nm
was used to pump an integrated dye laser and OPO crystal
system. The OPO produced visible “signal” light over the
range 410–710 nm and infrared “idler” light over the range
710–2500 nm. The dye laser output was used to seed the
OPO at the visible signal wavelength in order to narrow its
bandwidth to approximately 0.12–0.15 cm−1. The signal and
idler beams were separated by a combination of optical
alignment and glass absorption filters. The linearly polarized
light entered and exited the interaction chamber through win-
dows �7056 glass� mounted at Brewster’s angle. The energy
per laser pulse measured through the interaction region was
typically in the range 0.03–0.1 mJ with pulse duration
2.5 ns. The wavelength of the visible signal light was mea-
sured with a pulsed wavemeter �Burleigh model WA-4500�.
The photon energy of the infrared idler light was then calcu-
lated based on conservation of energy by subtracting the
measured visible photon energy from the photon energy of
the tripled Nd:YAG fundamental �3.494 33�1� eV �16��.

The production of beams of lanthanide negative ions us-
ing a standard sputtering source is problematic because lan-
thanides coat the ionizer and reduce its efficiency due to their
low work functions. This leads to relatively weak, unstable
ion beams that have a short life of only a few hours before
maintenance of the source is required �6�. To address this
problem, a modified double-layer cathode design, developed
by Saitoh et al. �7�, was used in the present experiments. A
copper cathode was first packed with cerium oxide �CeO2�
powder and then covered by a layer of tungsten powder
2 mm thick. A 1-mm-diam hole was then drilled through the
tungsten, creating a channel for sputtering of the CeO2. This
channel limited the solid angle for the directions of sputtered
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ions leaving the cathode, thus reducing the coverage of the
ionizer by the cerium compounds. In addition, sputtered
tungsten ions continuously coated the ionizer to prevent
buildup of a poisoning cerium layer. Using this cathode de-
sign, the source produced beams that were stable for up to
48 h with typical currents through the interaction region of
30–100 pA.

The ion mass spectrum obtained with a CeO2 cathode is
shown in Fig. 1. The mass scale was calibrated using the
peaks of Cs− �mass 133 amu� and 140CeO− �156 amu� and
the isotopes of W− �182–186 amu�. The mass resolution of
the system was determined to be �m /m�1/240; this high
mass resolution was necessary to reject possible molecular
contaminants in the beam, as discussed below. The dominant
cerium compound in the beam was measured to be CeO−,
which is consistent with previous observations for a cerium
oxide cathode �6,7�. The two primary isotopes of Ce, masses
140 amu and 142 amu, were well separated in the mass spec-
trum. The isotope percentages were measured to be
140Ce: 142Ce=88% :12%, in excellent agreement with the
natural abundances of 89%:11%. The photodetachment stud-
ies reported here were performed on the more abundant mass
140 amu isotope.

Careful tests were performed to rule out possible contri-
butions from the hydride ion CeH− to the measured Ce− pho-
todetachment spectrum. Figure 1�b� shows that the 140Ce−

and 142Ce− mass peaks have slight tails on the high-mass side
that may be due to a very small amount of CeH− in the beam;
these tails are slightly more pronounced for Ce− than for
other mass peaks. The high mass resolution of the system
greatly reduces the overlap of the peaks, separated by 1 amu.
Gaussian fits to the measured mass spectrum determined that
the CeH− contribution was less than 0.1% of the ion current
at the maximum of the 140Ce− peak. However, even such a
small contaminant may produce significant photodetachment
signal if the cross section is large; therefore, further tests
were made to confirm that CeH− does not affect the present
results. The photodetachment signal was measured with the
magnetic field set halfway down the Ce− mass peak on both
the low-mass and high-mass sides, and compared to the sig-
nal at the maximum of the Ce− peak. This test was performed
at photon energies of 0.6981 eV �at the center of peak E; see
below� and 0.6983 eV �in the continuum above peak E�. The
measured signal normalized to ion current was the same
within statistical uncertainties for the three mass settings at
each photon energy. Thus, CeH− is not a significant source of
contamination in the present measurements.

As a final test of the experimental system, the spectrum
for photodetachment from the negative ion of platinum was
measured near the ground-state Pt− to ground-state Pt thresh-
old. The fit of a Wigner p-wave threshold curve �see Eq. �1�
below� to our measured cross-section data yielded a thresh-
old energy of 2.125 12�9� eV, corresponding to the electron
affinity of Pt. Our value is in excellent agreement with the
accepted value for the electron affinity of Pt of
2.125 10�5� eV measured by Bilodeau et al. �17�, confirming
the performance of our experimental system.

III. RESULTS AND DISCUSSION

The measured relative photodetachment cross section
from Ce− over the photon energy range 0.61–0.75 eV is
shown in Fig. 2. This spectrum was taken with the infrared
idler beam from the seeded, narrow-band OPO. Two differ-
ent laser dyes were used to seed the OPO at the visible
complement wavelength over this range; Exalite 428 �Exci-
ton� to produce 0.614–0.653 eV and Coumarin 450 �Exci-
ton� to produce 0.635–0.752 eV. The two scans were nor-
malized over the overlapping range, requiring a 14% change
in the relative magnitudes; this small difference was likely
due to changes in the laser beam spatial profile between the
two dyes.

The spectrum of Fig. 2 consists of a slowly varying con-
tinuum component with at least five prominent peaks super-
imposed. The base-line signal over the range 0.61–0.65 eV
is likely due to photodetachment from bound excited states
of Ce− in the beam, with binding energies less than 0.60 eV.
The gradual increase in the cross section beginning near
0.65 eV may be due to the opening of the ground-state Ce−

to ground-state Ce detachment channel. The five narrow
peaks in the spectrum, labeled A–E, are due to transitions to
excited states of the negative ion prior to detachment, lead-
ing to an increased cross section relative to the direct detach-

FIG. 1. �a� Negative ion mass spectrum obtained with a double-
layer CeO2+W cathode in the sputtering source. The mass scale
was calibrated using the peaks of Cs− �133 amu�, 140CeO−

�156 amu�, and W− isotopes �182, 183, 184, and 186 amu�. �b�
Expanded view of the Ce− region of the mass spectrum, showing
the two isotopes of Ce �140, 142 amu�. Note the slight tails on the
high-mass sides of the peaks due to small amounts of the hydride
ions CeH−.
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ment processes responsible for the smoothly varying con-
tinuum. Two additional peaks may be observed in the less
pronounced structures near 0.68 eV and 0.73 eV. It should
be noted that there may be additional narrow peaks in the
present energy range that were not detected because of the
coarse steps used in the scans of Fig. 2. Higher-resolution
spectra of the five labeled individual peaks are shown in
Figs. 3 and 4. Note that in Fig. 2, these high-resolution spec-
tra for peaks A, B, D, and E have been added to the spectrum
acquired by scanning with coarser steps over the longer
range shown. A shift in the signal scale of�25% for peak E
was required to match the coarse spectrum, but the other
peaks were not shifted.

Interpretation of the photodetachment spectrum is compli-
cated by several factors. First, Ce− is likely to have multiple
bound excited states �9–13,15�, possibly of both odd parity
�5d attachment� and even parity �6p attachment�, so that the
target ions are likely to have a range of initial excitation
energies and electronic configurations. Furthermore, photo-
detachment from these excited ions produces significant
background signal at photon energies below the Ce− ground-
state threshold energy. A second complicating factor is that
neutral Ce has many low-lying excited states, leading to a
potentially large number of opening detachment thresholds.
Finally, interpretation is complicated by the substantial dis-
crepancies in the available values for the electron affinity of
Ce, ranging from 0.58�10� eV to 0.66 eV from theoretical
and semiempirical calculations �11,12� to 0.955�26� eV from
experiment �15�. We will first consider the threshold behav-
ior, followed by analysis and discussion of the resonance
structure.

A. Threshold

A consistent interpretation of the spectrum is that the in-
crease in the continuum cross section over the energy range

0.61–0.75 eV �see Fig. 2� is due to the opening of the
ground-state Ce− to ground-state Ce detachment channel.
The photodetachment cross section above an opening thresh-
old is given by the Wigner threshold law �18�

� = �0 + a�E − E0��+1/2, �1�

where E is the photon energy, E0 is the threshold energy, � is
the angular momentum of the departing electron, a is a scal-
ing constant, and �0 is the background cross section �as-
sumed constant for Ce− here�. The flat base line from 0.61 to
0.65 eV followed by a gradual increase in the continuum
portion of the cross section is consistent with the shape of a
p-wave ��=1� threshold. Attempts to fit the data in this range
with the Wigner law �Eq. �1�� in order to determine the
threshold energy and angular momentum were inconclusive
due both to the superimposed resonance peaks, which ob-
scure the continuum behavior, and to the statistical scatter in
the data. The signal-to-noise ratio is adversely affected both
by experimental factors, including the low ion current char-
acteristic of lanthanides and the instability of the laser oper-
ating near the long-wavelength end of its tuning range and
by the weakness of this opening channel relative to the back-
ground cross section �this aspect is discussed further below�.

FIG. 2. �Color online� Measured normalized neutral production
signal �arbitrary units� for photodetachment from Ce− obtained as
the average of multiple sweeps over the entire threshold region.
Five resonance peaks are labeled A—E. Finely stepped spectra
separately measured over peaks A, B, D, and E are included with
the coarsely stepped spectrum. Error bars are one standard deviation
of the mean of the individual signals for the multiple sweeps at each
photon energy.

FIG. 3. �Color online� Measured normalized neutral production
signal for photodetachment from Ce− in the vicinity of peaks A and
B �see Fig. 2�. Open circles, measured data; solid line, fit of the
Fano function �Eq. �2�� to the data. Note the change in photon
energy scale between the graphs.
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Because of the difficulties in directly fitting the continuum
component of the measured spectrum, a different approach
was followed using a simulated threshold spectrum based on
the recent results of O’Malley and Beck �11�. Those authors
used theoretical calculations of electronic structure and pho-
todetachment partial cross sections to reanalyze the LPES
data of Davis and Thompson �15�, yielding an electron affin-
ity of 0.660 eV and a Ce− ground-state configuration of
�4f5d26s2 4H7/2�. This would lead to a threshold at 0.660 eV
for the Ce− ground-state to Ce �4f5d6s2 1G4� ground-state
detachment channel, through removal of a 5d electron. De-
tachment of a d electron can produce a p- or f-wave free
electron, with the p-wave detachment channel being strongly
dominant near threshold.

To test the interpretation of the observed threshold as
the Ce− �4f5d26s2 4H7/2� to Ce �4f5d6s2 1G4� ground-state to
ground-state transition, a simulated continuum spectrum was
calculated using the Wigner threshold law �Eq. �1�� assuming
a fixed threshold energy and �=1 for p-wave detachment.
The background cross section �0 was fixed at the average of
the measured cross section over the low-energy range
0.614–0.630 eV; the continuum cross section is constant
within the uncertainties of the data points over this range.
The only adjustable parameter was then the amplitude con-
stant a, which was varied to yield the best visual match to the
continuum component of the measured cross section between
the threshold and 0.736 eV. The simulation procedure was
then repeated with different values for the threshold energy
to determine the range of threshold energies that were con-
sistent with the data. This process yielded a value for the
threshold of 0.65�3� eV. The optimal simulated threshold
curve is shown together with the measured cross section in
Fig. 5�a�, and the residual differences between the data and
the simulated curve are shown in Fig. 5�b�. The residuals
show very good agreement for the continuum component of
the spectrum and clearly display the superimposed resonance
peaks, including the prominent peaks B and C, as well as the

FIG. 4. �Color online� Measured normalized neutral production
signal for photodetachment from Ce− in the vicinity of peaks C, D,
and E �see Fig. 2�. Open circles, measured data; solid line, fit of the
Fano function �Eq. �2�� to the data. Note the change in photon
energy scale between the graphs.

FIG. 5. �Color online� �a� Relative cross section �arbitrary units�
for photodetachment from Ce− in the near-threshold region. Open
circles, measured data; heavy solid line �red�, simulated p-wave
Wigner threshold curve �Eq. �1�� with fixed threshold energy of
0.65 eV indicated by the vertical arrow. For the p-wave curve, only
the scaling factor a was adjusted. �b� Residual differences between
the data and the simulated curve. The large peaks at 0.634 eV and
0.648 eV are resonance peaks B and C, respectively. Additional
smaller resonance peaks are at 0.68 eV and 0.73 eV.
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weaker resonance peaks near 0.68 eV and 0.73 eV. Note that
peaks A, D, and E are not visible in the spectrum of Fig. 5,
because those narrow peaks lie between steps of the photon
energy for these coarse scans.

The simulated threshold curve provides a very good rep-
resentation of the measured continuum cross section, with a
flat base line from 0.61 to 0.65 eV followed by a gradually
increasing slope above 0.65 eV characteristic of a p-wave
threshold. The measured cross section returns to the base-
line value ��51� in between peaks B and C and near 0.65 eV
at the end of the tail of peak C, before increasing by a factor
of �40% over the next 90 meV, in good agreement with the
simulated curve. Above the energy range shown in Fig. 5, the
data begin to increase more rapidly than the p-wave curve;
this deviation from Wigner law behavior is to be expected as
the energy is increased out of the near-threshold region
�19,20�. It would be possible to improve the agreement in
this higher-energy region by including an f-wave component
in the simulated curve; however, the important result is that
the simulation works very well with only a single adjustable
parameter, the scaling constant a. The deviation from p-wave
behavior above 0.74 eV may also be due to the opening of a
new channel for detachment from the Ce− to an excited state
of Ce.

Given the signal to noise of the present data and the com-
plications due to overlapping resonance peaks, we recom-
mend a value of 0.65�3� eV for the electron affinity based on
the measured threshold photodetachment spectrum. The very
good agreement between the measured spectrum and the
simulated p-wave threshold behavior gives strong support
for the electron affinity of 0.660 eV determined by O’Malley
and Beck �11� and for their calculated ground-state configu-
ration of Ce− as �4f5d26s2 4H7/2�. The present results also
agree well with the theoretical calculations of Cao and Dolg
�12�, which yielded an electron affinity of 0.58�10� eV with
the same ground-state configuration. However, this electron
affinity is substantially lower than the experimental value of
0.955�26� eV determined by Davis and Thompson using
LPES �15�.

The relative weakness of the ground-state negative ion to
ground-state neutral atom channel observed in the present
measured spectrum can be understood based on the relevant
electronic configurations. As first discussed by O’Malley and
Beck �11�, transition from the Ce− ground state
�4f5d26s2 4H7/2� to the neutral ground state �4f5d6s2 1G4�
+�p, �f is spin forbidden for the dominant LS terms. There-
fore, the ground-state threshold shows a gradual turn-on rela-
tive to the substantial background cross section from photo-
detachment of excited ions in the beam, and
photodetachment to excited states of Ce may be significantly
stronger than to the ground-state. This consideration led to
O’Malley and Beck’s �11� reinterpretation of the Davis-
Thompson LPES data �15�, reducing the inferred electron
affinity by three-tenths of an eV to 0.660 eV.

The possibility must be considered that the observed
threshold near 0.65 eV may be due to photodetachment from
excited states of Ce−, rather than from the ground state.
O’Malley and Beck’s calculations �11� predict the existence
of over 20 bound states of Ce−, with the first excited state

�4f5d26s2 4H9/2� being bound by 0.550 eV, which is
0.110 eV above the 4H7/2 Ce− ground state. Given the high
temperature of the sputtering source, estimated to be
�1500 K �6�, a substantial range of excited states should be
produced in the source. Many of these excited ions, espe-
cially those of odd parity with longer lifetimes, would likely
survive the �33 �s flight time from the source to the inter-
action region and would thus be potential targets for photo-
detachment. However, the photodetachment partial cross-
section calculations �11� indicate no significant structure due
to photodetachment from low-lying excited states �bound by
�0.3 eV� at photon energies over the range in the present
study of 0.61–0.75 eV. Furthermore, the increase in the con-
tinuum cross section by a factor of �40% over the first
90 meV above the threshold at 0.65 eV indicates that the
target ion state must have a substantial population in the
beam; therefore, it is unlikely that this structure is due to
photodetachment from high-lying bound states which would
be expected to comprise only a small fraction of the beam.

B. Resonances

We turn now from the threshold structure to analysis and
interpretation of the observed narrow peaks A–E �see Figs. 3
and 4�. To determine the resonance characteristics, Fano pro-
files �21� were fit to the peaks. The Fano formula gives the
cross section in the vicinity of the peak as

� = �0 + b
�q + ��2

1 + �2 , �2�

where �0 is the continuum cross section �assumed constant
over the narrow energy range of the peak in the present
case�, q is the line-shape parameter, and b is a scaling con-
stant. The factor � is given by �E−Er� / �	 /2�, where E is the
photon energy, Er is the energy of the resonance, and 	 is the
peak width �dependent on the lifetime of the excited state�.
The resonance energies, widths, and other properties ob-
tained from fitting Eq. �2� to the measured peaks are listed in
Table I. The fitted curves are included with the data in Figs.
3 and 4. Note that two weaker peaks near 0.68 eV and
0.73 eV are also observed in the spectrum of Fig. 2 in addi-
tion to the labeled peaks A–E that have been investigated in
detail. The uncertainties in Table I are given as one standard
deviation �1-SD� of the uncertainties of the fitting param-

TABLE I. Resonance parameters for peaks measured in photo-
detachment from Ce− obtained from fits of the Fano resonance for-
mula �Eq. �2�� to the measured data. Relative amplitude is the am-
plitude of the peak above the baseline divided by the amplitude of
peak D for comparison of relative strengths.

Peak Energy Er �meV� Width 	 �meV� Line shape q Rel. amp.

A 618.5�2� 0.050�4� 58�65� 0.6

B 634.2�3� 2.5�5� 7�3� 0.3

C 647.6�3� 2.8�3� 27�27� 0.5

D 663.6�2� 0.114�7� 53�48� 1

E 698.1�2� 0.017�4� 100�170� 2.3
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eters; for the resonance energies, the fitting uncertainty is
added in quadrature with the 1-SD uncertainty in the abso-
lute photon energy calibration. The large uncertainties in the
fitted line-shape parameters q are due to the high correlation
between q and the scaling constant b when the value of q is
large, as is the case for the present peaks.

The narrowest of the observed peaks, peak E, is signifi-
cantly instrumentally broadened. The measured peak width
of 0.017 meV �0.13 cm−1� is comparable to the bandwidth of
the laser, 0.015–0.019 meV ��0.12–0.15 cm−1�; therefore,
the natural width of peak E may be substantially smaller than
the measured value. Peak A is slightly instrumentally broad-
ened; subtracting in quadrature the laser bandwidth from the
measured peak width reduces the width by about 10%, yield-
ing a natural width of 0.046 meV for peak A. The other
peaks, being substantially wider, are not significantly broad-
ened by the laser bandwidth.

While the Fano function �Eq. �2�� provides a very good
representation for the peaks, the fairly large values for the
line-shape parameters for all of the peaks except peak B
indicate that those peaks are quite symmetric; therefore,
simple Lorentzians provide adequate representations of the
data for those peaks. Indeed, the resonance energies and
widths determined by Lorentzian fits to the data are within
the quoted uncertainties of the values obtained with Fano fits
for all of the peaks except peak B. In contrast, the asymmet-
ric shape of peak B leads to the relatively small value of q
=7 for its line-shape parameter and to noticeable differences
between the Fano and Lorentz fits. The unusual shape of this
peak suggests that it may be composed of at least two unre-
solved peaks, with the lower-energy component being some-
what narrower than the broader higher-energy peak. Also,
note that there is possible additional structure on the high-
energy tail of peak C.

Peaks in photodetachment spectra generally arise from
photoexcitation of unbound excited states of the negative
ion. Traditionally, these autodetaching excited states are clas-
sified as being either Feshbach or shape resonances �3�. Fes-
hbach resonances lie energetically below the parent state of
the neutral atom; therefore, they usually have longer autode-
tachment lifetimes than shape resonances �which lie above
the parent state�, and thus Feshbach resonances are generally
narrower in width than shape resonances.

It is also possible to photoexcite from a low-lying bound
state to a high-lying bound state of a negative ion. Such a
state cannot autodetach because it lies energetically below
the ground state; however, it can subsequently absorb an ad-
ditional photon to provide the energy necessary to detach an
electron. Bound-bound transitions have been studied using
multiphoton techniques for E2 and M1 transitions in a vari-
ety of negative ions; see the reviews in �1,2,22�. In contrast,
only one negative ion, Os−, has been experimentally demon-
strated to have bound states of opposite parity so that an
electric-dipole E1 transition is allowed between bound states
�23�.

Clearly, the nature of the states responsible for the ob-
served peaks in the present measurements depends crucially
on the positioning of the photoexcited Ce− states relative to
the Ce ground state. The uncertainty range of the ground-
state threshold energy of 0.65�3� eV encompasses the range

of the observed peaks �with the exception of peak E�, so
unique identification is not possible based on the present data
alone. All of the peaks may be due to shape and/or Feshbach
resonances above the Ce ground state that are excited from
the Ce− ground state. A second possible interpretation is that
peaks A, B, and C are below the ground-state threshold,
while peaks D and E are above threshold. In this second
scenario, peak D at 0.6636 eV would likely be a p-wave
shape resonance slightly above threshold; similar resonances
have been observed in a number of ions, including valence-
shell photodetachment from He− �24,25�, Cs− �26�, Ca− �27�,
and Os− �23� and inner-shell photodetachment from C−

�28,29� and B− �30,31�. The measured width of peak D
�0.114�7� meV� is somewhat narrower than the shape reso-
nances observed in other ions, ranging in width from
0.438 meV for Os− �23� to 34.6 meV for Ca− �27�. The peak
width for a shape resonance should be narrower the closer
the resonance is to threshold, so that peak D may lie just
above the ground-state threshold. In contrast, peak E is more
than a factor of 10 narrower than peak D, making it likely
that this peak is due to a Feshbach resonance.

If peaks A, B, and C lie in energy below the ground-state
threshold, then they may be due to excitation of bound states
of Ce−, rather than unbound resonances. The measured signal
on these peaks would then be due to a resonant two-step
detachment process: weakly bound Ce− excited states are
initially excited from the Ce− ground state by absorption of
one photon followed by absorption of a second photon, caus-
ing detachment from the excited ion. A similar process led to
the observation of the bound-bound transition in Os− �23�.
The calculations of O’Malley and Beck �11� predict three
bound states of Ce− with even parity �6p attachment� to lie
within 83 meV of the neutral ground state, while the calcu-
lations of Cao and Dolg �12� show two such states in this
region. The E1 f values are substantial for some of the pos-
sible transitions to these even-parity states from the odd-
parity Ce− ground state �11�, raising the possibility that one
or more of peaks A, B, or C could be the result of electric-
dipole-allowed transitions. Note, for example, that the mea-
sured energy of peak A �0.6185 eV� is very close to the
excitation energy of the Ce− �4f5d6s26p 4I9/2

e � bound state
from the �4f5d26s2 4H7/2

o � ground state, which is calculated
to be 0.615 eV by O’Malley and Beck �11�. However, the
uncertainties in the energies of both the Ce− ground-state and
excited-state energies in the experiments and theoretical cal-
culations preclude a unique identification of the observed
peaks at present.

IV. CONCLUSIONS

The present results provide a detailed threshold photode-
tachment spectrum for a lanthanide negative ion and reveal
rich resonance structure near threshold. The measured pho-
todetachment cross section from Ce− shows a p-wave thresh-
old near 0.65 eV, which is interpreted as the threshold for the
Ce− �4f5d26s2 4H7/2� to Ce �4f5d6s2 1G4� ground-state to
ground-state transition. This threshold energy yields a rec-
ommended value of 0.65�3� eV for the electron affinity of
Ce, which is in very good agreement with the semiempirical
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results of O’Malley and Beck �11� and the theoretical calcu-
lations of Cao and Dolg �12�. Future experiments at lower
photon energies will be useful to search for photodetachment
thresholds from the low-lying excited states of Ce−, in par-
ticular the 4H9/2 state predicted to be bound by 0.550 eV
�11�.

At least five resonance peaks have been observed and the
energies and widths of the peaks measured. One or more of
these peaks may be due to bound-bound E1 transitions in the
negative ion, making Ce− a good candidate for further study
as possibly only the second example of a negative ion with
bound states of opposite parity for which electric-dipole tran-
sitions are allowed. The nature of the excited states of Ce−

will be further investigated in future experiments by measur-
ing the laser pulse energy dependence of the neutral atom
signal to determine whether the peaks are due to one- or
two-photon processes.

The present study of Ce− is the first in a planned series of
experiments to apply threshold photodetachment spectros-
copy to investigate other lanthanide negative ions. Substan-
tial progress has been made in photoelectron spectroscopy of
a number of these ions by Davis, Thompson, and Covington

�32�, but some significant puzzles still remain �33�. Full un-
derstanding of the complexities of Ce− and other lanthanide
negative ions may require the use of additional techniques,
such as state-selective product atom detection �2,34�, tunable
photodetachment combined with photoelectron spectroscopy
�35�, and/or further theoretical calculations of energy-
dependent cross sections for relevant photodetachment chan-
nels and resonance structure.
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