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ABSTRACT: The structure of the Ca" ion has been determined using a
crossed laser-ion beams apparatus. The photoelectron detachment
spectrum shows that, contrary to earlier expectations, the Ca" ion is
stably bound in the (4s24p)2P state. The electron affinity of Ca was
measured to be 0.043 ± 0.007 eV.

1. INTRODUCTION

The formation of a stable negative ion of a Group 11A element involves
the attachment of an electron to the (ns2)*S ground state of the parent
atom. This electron enters a different subshell than the closed subshell
occupied by the atomic valence electrons. Calculations have supported the
general belief that, under such circumstances, the enhanced screening of
the nuclear charge by the atomic electrons would be effective in prohib-
iting stable negative ion formation. No stable ions of Be or Mg, for
example, have ever been experimentally detected.

The existence of a long-lived Ca" ion has been known for some time (Alton
et al. (1986)) but, prior to the present work, its structure had never
been experimentally determined. Earlier calculations failed to predict a
stable Ca" ion and so it was naturally assumed that the observed ion was
metastable, being formed in a spin-aligned state such as the (4s4p2)**P
state. A calculation by Bunge et al. (1982) predicted that this state
should be bound by ~0.55 eV with respect to the metastable (4s4p)3P
excited state of Ca. The analogous (2s2p2)4P state in Be" has been
studied by Kvale et al. (1985) using autodetachment spectroscopy, but the
same technique failed to detect the autodetaching decay of metastable
states associated with Ca". Thus, it became clear that metastable states
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were not responsible for the existence of the observed Ca~ ions. The
mystery was recently solved when photoelectron detachment spectroscopy
measurements by Pegg et al. (1987) and a calculation by Froese Fischer
et al. (1987) showed that the Ca" ion, contrary to earlier expectations,
was stable.

2. EXPERIMENTAL METHOD

The crossed-beams apparatus used to determine the structure of the Ca" ion
is shown schematically in Fig. 1. The source of the negative ions is a
fast-moving and tenous beam produced by passing momentum-analyzed positive
ions from an accelerator through a Li vapor charge-exchange cell. The
beam energy is chosen to optimize the production of negative ions in
sequential two-electron capture collisions in the cell. After a delay of
a few microseconds, the beam leaving the cell is charge-state analyzed.
The negative ion beam component (~1%) is deflected through 10° into a beam
line containing a spherical-sector electron energy spectrometer. About
2 cm in front of the entrance to the spectrometer, the ion beam interacts
perpendicularly with a photon beam from a pulsed dye laser. Photoelectrons
ejected in the direction of motion of the ion beam are collected and
energy analyzed. The pulsed laser has a maximum repetition rate of 10 Hz
and a pulse duration of 2.2 jisec. The linear polarization vector of the
laser beam can be rotated by the use of a \/2 phase retarder. For these
measurements, the polarization vector was aligned parallel to the ion beam
axis in order to optimize the intensity of the photoelectron signal.

The data is stored in a CAMAC-based, multichannel analyzer data acquisi-
tion system. A synchronous detection scheme is used to extract the pho-
toelectron signal from the electron background. Four multichannel sealers
(MCS) are used to record the data. The first MCS is triggered by the
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Fig. 1. Schematic of the crossed laser-ion beams apparatus.



laser pulse via a fast photodiode detector. It is gated on for 4 usec to
count the electron signal associated with the laser being on. The second
MCS, which has the same gate width as the first, is triggered on 2 usec
after the first MCS is turned off. Its purpose is to record, with the
laser off, the background associated with electrons generated by ion
impact with apertures and, to a lesser extent, electrons produced by
collisional detachment of the ions by the residual gas. Subtraction of
the contents of these two MCSs allows one to effectively discriminate
against background contributions. The third and fourth MCSs are used to
monitor the ion and laser beam intensities for normalization purposes.

3. RESULTS

Figure 2 displays an energy spectrum of electrons photodetached from a
beam of Ca" ions. The relative intensities and spacings of the spectral
peaks associated with the observed photodetachment channels can be used
to show unambiguously that the Ca" ion is stably bound in the (4s24p)2P
state. The peak at a laboratory energy of ~5 eV corresponds to the photo-
detachment process in which the Ca atom is left in its (4s2) lS ground
state. The two peaks at ~1 eV both have their origin in the photodetach-
ment process in which the Ca atom is left in the excited (4s4p)3P state
after the interaction. Peak doubling in the laboratory frame is a kinema-
tic effect. If the velocity of the ejected electron in the ion rest frame
is less than the ion beam velocity, electrons ejected in both forward and
backward directions in the ion frame will be collected in the forward
direction in the laboratory frame. This phenomenon has been used to de-
termine the electron affinity of Ca. It can be shown that the separation,
t£^, of the forward- and backward-directed peaks in the laboratory frame
is related to the ion-rest frame energy, Ec, of the ejected photoelectrons
by the equation, AEL = 4(e£c)

1'2>by the equation, AEL 4(e£c
where e is the energy of electrons
moving with the same velocity as the
ions. Thus, E c can be determined by
measuring the separation of the
forward- and backward-directed peaks
and the ion beam energy. In turn,
the electron affinity, Ea, is
related to Ec via the energy balance
equation: Ea = E - E c - E e, where
E Y is the photon energy and E e is
the excitation energy of the final
state of the Ca atom. By measuring
the difference in energies of two
close-lying peaks, as was done in
this work, one can minimize errors
associated with contact and surface
potentials in the electron analyzer.
Measurements were made at different
ion- and photon-beam energies.
Using these procedures, the electron
affinity of the Ca atom was deter-
mined to be Ea = 0.043 ± 0.007 eV.
This result represents the smallest
electron affinity ever measured for
for the ground state of a stable
atomic negative ion. In making the
measurement, the large kinematic
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Fig. 2. Electron spectrum result-
ing from the photodetachment of a
60 keV beam of Ca" ions. The
photon energy was 1.9518 eV.



energy shift associated with a source of fast-moving ions has been
exploited. For example, in the rest frame of the ion, the energy of the
ejected photoelectrons is only 0.16 eV but, in the laboratory frame, their
energy is kinematically shifted by a factor of ten. In Fig. 3, energy
levels of Ca and Ca~ are shown.

4. CONCLUSION

The binding energy of the most loosely bound electron of a negative ion is
difficult to accurately calculate because it is the small energy dif-
ference between the. large total energies of the ground states of the ion
and atom. Correlation, which takes into account the relative motions and
spins of the electrons, must be included in such calculations. Configura-
interaction methods are often used to account for correlation in calcula-
tions on multi-electron systems. This method has been used by Froese
Fischer et al. (1987) to calculate the electron affinity of Ca. Their
result of 0.045 eV is in excellent agreement with the present experimental
value. The calculation showed that the dominant configuration in the
multi-configurational wavefunction representing the ion state was the
4s24p configuration. The presence of the nearby 3d4s4p configuration,
however, significantly affected the correlation energy of the ground state
of Ca", while configurations containing a 3d electron had no effect on the
correlation energy of the ground state of Ca. This differential effect is
apparently the source of stability in the case of the Ca" ion. It is
expected that a similar stabilizing effect will be present in the negative
ions of the Group IIA elements heavier than Ca, but not in the case of the
lighter Group IIA elements. Configurations containing 3d electrons are
highly displaced in energy from the ground state configurations in the
latter cases.
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Fig. 3. Energy level diagram
showing states of Ca and Ca".
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