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Abstract

Laser photodetachment electron spectroscopy (LPES) experiments have been performed at the Negative Ion
Research Facility at the University of Nevada, Reno, using a crossed ion-laser beams apparatus to investigate the
structure and dynamics of heavy atomic anions. A small ion accelerator is used to produce monoenergetic beams of
negatively-charged atomic ions. Ejected electrons (photoelectrons), produced by the collision of the ions with
linearly-polarized photons, are collected and their kinetic energy is measured with a hemispherical-sector electrostatic
analyzer. The resultant photoelectron spectrum is used to determine the electron affinity (EA) of several of the lantha-
nides, while limits on the electron affinities for others are inferred. In addition, the angular asymmetry parameters and
angular distribution patterns of photoelectrons created by laser photodetachment of several heavy atomic anions, as
well as the spectral dependence of those angular distributions, have been determined. Electron affinities and photoelec-
tron angular distribution asymmetry parameters can offer crucial information regarding the electronic structures of
these heavy atomic anions, and represent key information for models of these complex systems.
� 2005 Elsevier B.V. All rights reserved.
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Negative ions continue to be the subject of
intense theoretical and experimental interest, as
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the structure of a negative ion is fundamentally
different from that of a neutral atom or positive
ion due to an increased screening of the nuclear
charge [1]. The masking of the nuclear-electron
interaction in negative ions increases the relative
significance of short-range electron–electron forces
that allow for only a limited number of bound
ed.
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states, and the resultant short-range potential is
responsible for the relatively small binding ener-
gies of stable atomic negative ions.

The formation of negative ions depends on the
subtleties of the dynamics of the electron–electron
interactions to provide a potential sufficient to
bind an extra electron to a neutral system. Sophis-
ticated calculations, which account in detail for
electron correlation, are employed for investiga-
ting even simple atomic negative ions. Approxima-
tion schemes are typically used to reduce the
number of terms included in the calculations so
that numerical techniques may be successfully
employed. Several reviews of negative ion research
[2–5] have pointed out the computational com-
plexity encountered by theoretical investigations
of lanthanide and other heavy atomic anions and
the limited number of experimentally measured
results for these ions. Experimental verification
of the existence of predicted negative ion struc-
tures and binding energies is therefore important
for validating approaches used in theoretical
calculations.

Semi-empirical estimates of the electron affini-
ties of certain lanthanides and hafnium have been
reported [6–8]. Recent calculations, reported by a
number of authors using several different compu-
tational techniques, predict the formation of stable
negative lanthanide ions by the attachment of a 6p
electron [9–17], (although this is disputed for Tm
[18]) rather than a 4f electron. Also, a recent article
investigates the attachment of 5d and 6p electrons
to cerium [19]. Previous experimental investigators
have reported production of stable lanthanide
negative ions and hafnium using accelerator mass
spectrometry techniques [20,21]. All of the lantha-
nide negative ions were observed except Pm�, Ho�

and Er� [20]. The reported negative ion produc-
tion yields for La� and Ce� were much higher than
those of the other atomic lanthanides, indicating
that either the electron affinities of lanthanum
and cerium are greater than the EAs of other
rare-earth atoms, or La� and Ce� have more than
one bound state [20,21]. Subsequent LPES studies
of these two species indicate that La� and Ce� do
have multiple bound states, but their EAs are actu-
ally lower than those of some other lanthanides
(see Table 1). The relative yields of sputtered
negative ions were used by Nadeau et al. to com-
pare binding energies, but only as an indication
of relative values. Using this technique, Nadeau
et al. have reported lower limits on the EAs for
the lanthanides and hafnium [21].

LPES techniques can also be used to measure
the distributions of ejected photoelectrons. Photo-
electron angular distribution asymmetry parame-
ters can offer crucial information about the
electronic structures of heavy atomic anions, since,
if the results of such measurements confirm to
certain models, predominant contributions to
valence-electron structure can be inferred.

The most general form of the angular distribu-
tion of a collision process for an unpolarized target
was summarized by Yang [22]. Cooper and Zare
[23,24] developed a formof the differential cross sec-
tion for the production of photoelectrons detached
from a randomly polarized target by linearly polar-
ized incident light. The differential cross section can
be written in the dipole approximation as

dr
dX

¼ r
4p

1þ b
2
ð3cos2 h � 1Þ

� �
; ð1Þ

where r is the total photodetachment cross section
at a given photon energy, h is the angle between
the polarization vector of the photon and the
momentum vector of the photodetached electron,
and b is the asymmetry parameter, which com-
pletely characterizes the shape of the photoelec-
tron emission pattern. The differential cross
section must be nonnegative, which restricts the
range of the asymmetry parameter to �1 6

b 6 2. Within the independent-particle approxima-
tion, the asymmetry parameter for the photo-ejec-
tion of an electron from an unpolarized initial
state with angular momentum l, is given by

b¼
lðl�1ÞR2

l�1þðlþ1Þðlþ2ÞR2
lþ1�6lðlþ1ÞRlþ1Rl�1 cosðdlþ1�dl�1Þ
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The asymmetry parameter is found to be most sen-
sitive to the phase-shift differences dl+1 � dl�1,
though it also depends on the relative magnitudes
of the radial matrix elements Rl+1 and Rl�1. Coo-
per and Zare [23] also showed that Eq. (2) is valid
for LS coupling.



Table 1
EAs of heavy elements measured in this study are compared to the results of other recent studies

Element Ground state LPES Other studies (method)

La 2D3/2 0.470(20) [32] >0.5 (AMS) [21]
0.27-0.41 (DFT) [10]
0.33 (RCCSD) [31]

Ce 1G0
4 0.955(26) [33] 0.428 (MCDF-RCI) [17]

>0.5 (AMS) [21]
0.7 (AMS) [34]

Pr 4I09=2 0.926(24) [35] 0.128 (MCDF-RCI) [36]
>0.1 (AMS) [21]

Nd 5I4 >1.916 >0.05 (AMS) [21]
Pm 6H0

5=2 Not studied
Sm 7F0 >0.05 (AMS) [21]
Eu 8S07=2 1.053(25) [37] >0.05 (AMS) [21]
Gd 9D0

2 >0.1 (AMS) [21]
Tb 6H0

15=2 >1.165 >0.1 (AMS) [21]
Dy 5I8 >0 0.015(3) (EFD) [21]
Ho 4I015=2 <0.005 (EFD) [21]
Er 3H6 <0.005 (EFD) [21]

Tm 2F0
7=2 1.029(22) [38] 0.027-0.136 (DHF-DFT) [15]

0.032(7) (EFD) [21]

Yb 1S0 Not bound Detected (EFD) [39]
0.054(27) (DFT) [9]
0.0985 (CI) [11]
0.001 (DHF) [40]
<0.003 (LPRI) [41]

Lu 2D3/2 0.346(14) [42] 0.190(110) (DHF-DFT) [12]
0.257 (RCCSD) [16]
>0.1 (AMS) [21]

Hf 3F2 >0 >0.1 (AMS) [21]

LPES = Laser photoelectron spectroscopy; MCDF-RCI = Multiconfigurational Dirac–Fock-relativistic configuration interaction;
EFD = Electric field disassociation; AMS = Accelerator mass spectroscopy; DHF-DFT = Dirac–Hartree–Fock-density functional
theory; DFT = Density functional theory; CI = Configuration interaction; DHF = Dirac–Hartree–Fock theory; LPRI = Laser pho-
todetachment resonant ionization; RCCSD = Relativistic coupled cluster theory with single and double excitation. All EAs are given
in eV.
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Hanstorp et al. [25], using assumptions based
on threshold behavior, developed a straightfor-
ward simplification of the Cooper–Zare model of
the asymmetry parameter for photodetachment
of p-orbital electrons,

bðeÞ ¼ 2A2eðA2e � 2cÞ
1þ 2A2

2e
2

. ð3Þ

In this formula, e is the photoelectron energy and
A2 corresponds to the relative size of the two radial
matrix elements, R2/R0, under the assumption that
there is no residual interaction between the photo-
electron and the residual neutral, and c is substi-
tuted in Eq. (2) for the cosine of the differences
in the phase shifts, cos(d2 � d0). This equation pre-
dicts the correct spectral dependence for the asym-
metry parameter b for photodetaching a p-orbital
electron. The asymmetry parameter is zero at
threshold due to the dominance of s-wave photo-
electrons, decreases to a minimum value when
r2
r0
¼ 0.5, and approaches a value of b = 1 at large

photoelectron energies.
The first detailed experimental study of angu-

lar distributions of photodetached electrons was
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conducted by Hall and Siegel [26]. Subsequent
measurements of angular distributions have been
reported, but relatively few experiments have been
conducted to investigate the energy dependence of
photoelectron angular distributions for negative
ions [25–27, and references contained therein].

A detailed description of the LPES experiment
has been given elsewhere so only a brief descrip-
tion is presented [28]. The experimental apparatus
consists of a commercial cesium-sputter ion
source, ion beam transport system and optics,
and an interaction chamber in which photoelec-
trons were produced in a crossed laser-ion beams
geometry (see Fig. 1). Negative ions produced in
the sputter source, after acceleration and extrac-
tion, were momentum-selected by a 90� bending
magnet. The selected species was then steered
and focused into the interaction chamber, where
photodetachment of the negative ions was accom-
plished by a monochromatic cw laser beam cross-
ing the ion beam at an angle of 90�. The photon
beam was produced by cw lasers operating at sev-
eral different wavelengths and delivering between
0.3 and 10 W to the interaction chamber. Copper
dimer anions ACu�

2 (A = 126,130) produced from
sputtering of copper powder were used as mass
markers to identify the appropriate ion beams.
Typical ion beam currents, as measured in a
shielded Faraday cup in the interaction chamber,
ranged from 70 pA to 1 nA.

Photoelectrons produced in the interaction re-
gion with the correct trajectory fell into the accep-
tance cone of 160� spherical sector spectrometer
located at an angle of 45� beneath the plane de-
fined by the ion and laser beams, and operating
Fig. 1. Schematic of the
at a constant pass energy. Electrons with the cor-
rect kinetic energy passed through the analyzer
and were detected by a channel electron multiplier.
Phototelectron spectra were then generated by lin-
early decreasing the accelerating potential across
the analyzer entrance. Both the laser beam power
and ion beam current were measured to ensure
proper normalization of photoelectron yields.
Photoelectron angular distribution information
was collected by rotating the polarization vector
of the laser photons as they enter the interaction
chamber with a double Fresnel Rhomb polariza-
tion rotator, and recording the total photoelectron
yield at each angle.

The EA for several of the lanthanides and haf-
nium was determined using the LPES method. As
an example, a typical photoelectron kinetic energy
spectrum for Lu� is shown in Fig. 2. The energy
scale and transition width for the Lu� photoelec-
tron kinetic energy spectra were fixed using fine-
structure-resolved reference photoelectron energy
spectra of Na� taken in conjunction with the
Lu� scans, and the known EA of Na [4].

After the Lu� photodetachment spectra were
transformed into the ion rest frame, the spectra
were interpreted using spectroscopic data for the
lutetium atom [29]. The energy separation of the
photoelectron peaks corresponds to the initial
and final states for the process,

hm þ Lu� ! Luþ e�; ð4Þ
where Lu and Lu� can be in excited states. The
diagram labeled A in Fig. 2 is an energy level dia-
gram of the first three states of neutral Lu. Over-
laying this diagram to the spectrum shows that
LPES apparatus.
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Fig. 2. Typical photoelectron kinetic energy spectrum for Photodetaching Lu� Using a Nd:YAG laser [42]. The ion beam energy was
10 keV and the photon wavelength was 1064 nm (1.165 eV) for this spectrum. The inset in the upper left hand corner is a schematic of
the energy level diagrams for Lu and Lu�. The identification of the energy levels for Lu� follows [16]. The peaks in the spectrum are
labeled for further identification in the text. The energy level diagrams (labeled A and B) are discussed in the text.
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the peaks in Fig. 2 labeled with even numbers rep-
resent transitions from the ground state of the neg-
ative ion, [Xe] (4f146s26p5d) (1D2), to the first three
states of neutral Lu. The diagram labeled B in
Fig. 2 is also an energy level diagram of neutral
lutetium, but is shifted from diagram A by the
experimentally measured difference between the
Fig. 3. Typical fine-structure-resolved photoelectron kinetic energy s
The ion-beam energy was 10 keV and the photon wavelength was 514
with error bars representing counting statistics at one standard devia
binding energies of the two states of Lu�. Overlay-
ing this diagram on the spectrum shows that the
peaks in Fig. 2 labeled with odd numbers represent
transitions from the excited state of the negative
ion, [Xe] (4f146s26p2) (3P0), to the first four states
of neutral Lu. Using this data, the electron affinity
of Lu(2D3/2) was determined to be 0.346 ±
pectrum for photodetaching Sn�[hm + Sn� ! Sn(3P2,1,0) + e�].
.5 nm (2.410 eV) for this spectrum. The data points are plotted
tion [27].



Fig. 4. Plot of photoelectron experimental asymmetry parameters versus photoelectron energy for C� (diamonds, inverted triangles),
Si� (squares), Ge� (circles), and Sn� (open triangles) ([27, and references contained therein]). The lines are least-squares fits to a model
of the spectral dependence of the asymmetry parameter ([25]). The short-dashed line is a fit to the asymmetry parameters for
photodetaching C�, the long-dashed line is a fit to the Si� asymmetry parameters, the solid line is a fit to the Ge� asymmetry
parameters, and the dotted line is a fit to the Sn� asymmetry parameters.
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0.014 eV. The data also show that Lu� has at least
one bound excited state with a binding energy of
0.160 ± 0.020 eV relative to the (2D3/2) ground
state of the neutral lutetium atom. EAs for several
other lanthanides and hafnium were measured in a
similar manner. The results are listed in Table 1.

The LPES method has also been used to study
the photoelectron angular distributions of several
heavy atomic anions. A typical photoelectron
energy spectrum of Sn� is shown in Fig. 3. The
energy scale for the spectra was set using the
known electron affinity of tin [30]. Details of
the experiment and subsequent data analysis are gi-
ven in [27]. A graph of the spectral dependence of
the asymmetry parameters for several atomic an-
ions for which a p-electron was detached is shown
in Fig. 4. The quality of the fits using Eq. (3) to the
C�, Si�, Ge� and Sn� asymmetry parameter data
indicate that the assumptions made in the Coo-
per–Zare model and the subsequent simplification
by Hanstorp et al. are valid for these ions over
the photoelectron energy range investigated in this
study, and demonstrate that the description of pho-
toelectron angular distributions based on the inde-
pendent-particle approximation is adequate for
describing photodetachment processes for an ion
as heavy as Sn� [27].
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