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Observation of Metastable Autodetaching Ca ~
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The predicted 4s4p?*P metastable state of the negative calcium ion has been observed. Measured au-
todetachment rates yield a lifetime of (2.9 +1.0)x10 ™% s, which is concluded to pertain to the J =%
state. By means of laser photodetachment near the Ca S| threshold, the electron affinity of the Ca

4s4p *P parent state is found to be 0.562 %+ 0.005 eV.

PACS numbers: 32.80.Fb, 31.20.—d, 35.10.Hn

We report here the first confirmed observation of the
predicted metastable autodetaching state of Ca ~. Until
recently it was believed that the alkaline-earth atoms,
with closed ns? valence subshells, like the closed-shell
rare gases, were incapable of attaching bound electrons
to their 'S ground states, but that metastable nsnp?*P
negative-ion states might be bound with respect to the
first excited triplet states."? The 1s2p2“P state of Be ~
was indeed found to be metastable, with J =1 -3 life-
times in the range 1-100 us,® and bound by 0.2 eV.*
Bunge et al.? also predicted a metastable 4s4p? *P state
of Ca~, 0.550 eV below Ca 4s4p *P. The first evidence
of a long-lived Ca ™ ion came more than 15 years ago,’
but its properties were undetermined, except that its life-
time exceeded 10 ~°s. Surprisingly, recent experiments
by Pegg et al.® showed that Ca ™ exists in a stable state,
as confirmed by Froese Fischer, Lagowski, and Vosko’
who calculated that Ca™ 4s24p 2P is bound to the Ca
ground state by 45 meV, in agreement with the 45+ 7
meV found by Pegg et al.® However, the metastability
of the 4s4p? %P state and the energy predicted by Bunge
et al.? were still experimentally untested. Earlier experi-
ments in this laboratory had shown metastable autode-
tachment from Ca ~, with rates < 10%/s, but its energy
was unexamined.® We report here on new experiments
that confirm the existence of the predicted 4P state, and
determine both its autodetaching decay rate and its ener-
gy.
Figure 1 shows the energies (in 10° cm ™) of the
lower states of Ca® and two states of Ca ~. The lowest
Ca "~ state, 2P°, has the energy reported by Pegg et al.,®
and the *Ps;; energy is from the results that we report
here. We have measured relative photodetachment cross
sections to determine the threshold for photodetachment
to the Ca 45553S+ ep channel in order to determine the
electronic energy of the Ca ™ state. To examine the au-
todetachment lifetime(s) we have measured the rate of
Ca ™~ decay to Ca by autodetachment.

The experiments were carried out using a fast beam of
Ca~ produced from a 3.0-keV Ca* beam by two-step
electron capture in Cs vapor.® The first step creates the
parent Ca 4s4p>P atom in the reaction

Cat+Cs— Ca’P+Cst,

which is nearly resonant, being exothermic by only 0.32
eV. Similar capture to the 3d D state is endothermic by
0.30 eV, and it decays to 4p°P by allowed radiation.
Thus, most electron-capture reactions yield *P. In a sub-
sequent collision within the Cs oven Ca ™ is formed by

Ca’P+Cs— Ca~ *P+Cs*.

Figure 2 shows the experimental setup. Ca metal was
placed in a Colutron ion source. A discharge in He gas
heated the ion source and after a few minutes a stable
beam of Ca* ions was obtained with a typical current of
10 77 A. The ion source had to be refilled with Ca after
about 5 h of running. The ions were accelerated to 3.0
keV, focused, mass analyzed in a sector magnet, and
directed into a Cs oven where Ca and Ca~ were formed
by charge exchange. The conversion factor from positive
to negative ions was about 10 ~*, giving 10 ~'' A of neg-
ative ions. An electrostatic quadrupole deflector (Q1)
was used to separate the three different charge com-
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FIG. 1. Energy levels of the lower states in Ca and two
states of Ca~. Energies of resonant electron capture are also
shown.

368 © 1989 The American Physical Society



VOLUME 63, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JULY 1989

To Laser Power Meter

—|— Variable Aperature
+
”,’b Ca

|
Moo A @ :

e - ———————————— - & ~ == - - - ——— -

Ca* Beam | Vapor Ca+0- \ ﬂ FC1

Ca Defining Apertures

1
B‘E‘ Q2
B

Window

Ca 6]
Ca°
o
CEM ~_pnd | Z | Conducting
// Glass
Window |~ Variable Aperture
Laser Beam

FIG. 2. Schematic diagram of the experimental setup.

ponents of calcium. After a 90° deflection, the negative
ions entered a field-free drift region terminated by two
(1x2)-mm? defining apertures. After traversing this re-
gion the Ca ™ ions were deflected 90° in a second quad-
rupole (Q2) and then collected by a Faraday cup (FC).
Fast Ca atoms produced in the drift region either by
photodetachment, autodetachment, or collisional detach-
ment were undeflected by Q2 and traveled to a glass
plate where they created secondary electrons. A posi-
tively biased channel electron multiplier (CEM) collect-
ed the electrons and its output was connected to a com-
puterized photon counting system. The measurement of
these fast neutral products of either autodetachment or
photodetachment from Ca~ formed the basis of this
work.

We first tested our earlier findings that metastable au-
todetachment occurs.® As previously,*® the production
of fast neutral Ca between Q1 and Q2 (the CEM count
rate), normalized to the Ca~ beam current deflected at
Q2, was measured as a function of the ambient pressure
in the chamber, by admitting air into the chamber. The
extrapolated value for zero pressure results from autode-
tachment only. The zero of the pressure-gauge scale was
determined by repeating the measurements using H —,
which is stable, extrapolating the data to zero neutral
yield. This procedure also checked the linearity of the
pressure scale. We obtain an effective decay rate from
the first-order relation ey =1I§v/I ~ L, where v is the ion
speed, L is the Q1-Q2 separation, and I§ and I ~ are the
autodetached neutral (zero pressure) and negative-ion
particle arrival rates at their detectors.'® By moving the
second quadrupole, the drift distance was varied to look

for any systematic change. The rates obtained at 1.9,
4.0, 6.3, and 8.2 cm were 5.0*+2.5, 1.9+1.5, 3.8+1.0,
and 3.8 0.8 (units of 10%/s), respectively, showing no
systematic effects. We evaluate the weighted average
Fer=(3.5%1.2)x10°%/s to obtain an effective lifetime
Ter=(2.9%+1.0)x10 *s.

If there is a mixture of the J=+, 3, and 3 states in
the beam, which is expected to be initially formed with a
statistical distribution, the measured autodetachment
rate is an upper limit to the slowest of them. After some
consideration, however, we attribute it entirely to the
J=13 state, which populates % of the initial Ca *P
beam. The § and 3 substates of quartets can autode-
tach to the doublet continuum by spin-orbit coupling to
doublet resonances, while 3 states require spin-spin in-
teractions which are 30 to 50 times weaker in He .
Since our ions are created about 3.8 us before reaching
Q1, shorter-lived species have already decayed out of the
beam. If the beam contained states with 7=3-30 us,
our measured rates would be much higher. We present
evidence below that the beam contains negligible
amounts of ground-state Ca (considering the estimated
uncertainty in the decay rate), so we conclude that we
observe only the J= 3 state, which thus has a lifetime of
290+ 100 us. We are unaware of any published the-
oretical values. Some preliminary calculations by Beck
indicated considerably shorter lifetimes, but more
rigorous calculations are required before reliable predic-
tions are available. '

For the photodetachment experiments, a dye laser
pumped by a Kr* laser was narrowed in width by a tele-
scope, and directed through the conducting glass plate,
through the apertures defining the Q1-Q2 drift space,
where its photons traveled coaxially (at 180°) with the
Ca ™ beam, and finally, through a window in the vacuum
chamber wall and into a power meter. The wavelength
was measured with a monochromator calibrated against
the lines of an argon-ion laser.

To determine the electron affinity of the metastable
state, we measured the relative photodetachment cross
section in the wavelength region 464 to 513 nm, i.e., pho-
ton energies of 19490-21550 cm ~'. This range in-
cludes the calculated? threshold for the Ca™ 4s4p2*P
— Ca 45553S + ep transition shown in Fig. 1, and is ac-
cessible by our continuous-wave (cw) dye laser (ep rep-
resents the ejected p-wave electron at energy ¢). This
threshold is in the photodetachment continua of the
454p>P+es,d and 4s3d 3D+ ep outgoing channels from
“P. However, it is over 11000 cm ~' above the closest of
their thresholds, so we expected a relatively flat back-
ground from them over our small photon energy range,
which should not interfere with the onset of the opening
channel.

The results are shown in Fig. 3. The laser beam was
chopped and the data shown are the differences between
the on and off cycles. Each datum is normalized against
the laser power and the negative-ion current, and thus is
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FIG. 3. Ca~ photodetachment cross section (squares), and
least-squares fit to the experimental data (solid line). Arrow,
with uncertainties, indicates the 35+ ep threshold.

proportional to the photodetachment cross section. The
dispersion in the data results mostly from an inconsistent
overlap of the beams; the counting statistics alone would
give less scatter. The effective overlap depends on the
alignment and mode structure of the dye-laser beam, and
on the density distribution in the ion beam. The data
shown in Fig. 3 are the sum of five complete runs taken
over a total acquisition time of 20 h. The photon ener-
gies include the Doppler shift. It shows the cross section
to be quite flat up to around 20800 cm ~' where the on-
set of a new channel occurs. We found that this behav-
ior characterized all runs, but there were variations in
the average cross section of the “flat” region from one
run to another, again associated with an inconsistent
average overlap of the two beams between different runs.
To overcome this effect, the data at energies below the
onset at 20800 cm ~' were averaged from each and nor-
malized to unity. This normalization factor was then
used for all data from a given run. The combined nor-
malized data from all runs are given in Fig. 3.

By studying the energy-level diagram it will be clear
that only two photodetachment thresholds could corre-
spond to the observed onset. There are only two spin-
allowed photodetachment transitions between states in
the negative ion and the atom that have thresholds near
20800 cm "

4s%p P+hv— 4s3d°D+es,ed , ®

which would come from any ground-state 2P components
in the beam, and

4s4p>*P+hv— 455s3S+ep . )

These two channels can be distinguished since the s-
and p-wave thresholds have different energy depen-
dences. In the absence of interferences from other chan-
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nels or nearby resonances,'? the Wigner-threshold law '’
describes the energy dependence of the photodetachment
cross section just above a threshold Eg as

s(E) =constx(E —Eo)! T2,

where E is the photon energy and / is the angular mo-
mentum of the outgoing electron. The s-wave (/=0)
cross section varies as (E—Eg) /2 with a sudden
(infinite-slope) onset at Eo, while the p wave varies as
(E —E()*?, rising gradually from a zero slope at E,.
The d-wave products from reaction (1) would be strong-
ly suppressed at threshold by their (E — E) >/ behavior.

Our experimental data clearly show the slow onset
corresponding to a p wave, reaction (2), indicating pho-
todetachment from the metastable state. Even though
the new threshold is near the 2P— 3D threshold of
20704 +56 cm ~! obtained from the results of Pegg et
al.,® it clearly does not have a vertical s-wave threshold
behavior. The cross section was therefore fitted by the
function

s(E)=ay—a\E+a,(E—E()*?,

where the continuous background has a very small slope
—a,, and a; corresponds to the strength of the onset at
the threshold Eq. The fit gives Eq=20755%+40 cm .
Subtracting E, from the known energy, 31540 cm !, of
Ca 4555 °P gives the energy of Ca ™ “P to be 10785+ 40
cm ~' above the Ca 'S ground state. From our autode-
tachment results, we associate this energy with the J = 3
level of Ca~ “P. To obtain an electron affinity for the
parent Ca 3P state, we use the energy difference between
the J=2 level of P, 15316 cm ~!, and our value of
10875+ 40 cm ~! for the J = 3 level of Ca~ “P. Bunge
et al.? calculated a value of 550 meV for the electron
affinity of 3s4p>P. However, they did not include fine-
structure effects, so their calculations are for some aver-
age of fine-structure levels for P and *P states. The
agreement is surprisingly good, considering that the cal-
culations were considered to be preliminary to more ac-
curate work.?

Since no abrupt s-wave onset at the 2P— 3P threshold
is observable within the statistical distribution of our
data, it is evident that no substantial amount of
Ca~ (?P) is in our beam. We estimate the upper limit
of its population to be about 5%, which is the “noise lev-
el” in the photodetachment background. Its only effect
would be to increase the apparent lifetime of the 3 state
by < 5%, which is well within our estimated uncertain-
ties. An obvious question raised by these results is why
we find the metastable “P while Pegg et al. ® observed
only the stable ion. The difference probably results pri-
marily from the different charge-exchange vapors and
beam energies used. We used Cs vapor and a low-energy
Ca™' beam, which favors near-resonant capture. As
mentioned above, the first electron capture is only 0.32
eV exothermic for capture into the *P parent of metasta-
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ble Ca~. The “resonant” energy for this reaction is
shown by the dotted line labeled Ca*-Cs™ in Fig. 1.
Capture to the *D state (0.32 eV endothermic) will also
occur, but it radiates to 3P in an estimated'* 0.7 us, the
transit time in the oven, so all near-resonant final Ca
products end in *P. Small yields of 3d'D, will occur,
but it is metastable; 4p 'P can radiate to produce 'S
products, but it is 0.7 eV above the resonant level. On
the other hand, Pegg er al. ® used Li as the charge-
transfer vapor, whose resonant capture energy is 0.72 eV
above the 'S ground state, but is 1.18 eV below the 3P
state. The resonant level is shown by the dotted line in
Fig. 1 labeled Ca™-Li*. Even if their beam Ca~ con-
tained some *P states, it is possible that the + and 3
components decayed before observation, and that the
slow autodetachment rate of the 3 state prevented its
detection.

We have also examined the Ca~ photodetachment
spectrum of Heinicke et al.® and found it consistent with
detachment entirely from the stable 2P ions. Their ions
were extracted directly from a Penning ion source, which
should not yield #P ions as efficiently.

In conclusion, we have shown the existence of the
metastable state in Ca ~ predicted by Bunge et al. > The
4s54p?4Ps;, state is found to have an energy of
10785+ 40 cm ~! above Ca 'S and its autodetachment
lifetime is 290+ 100 us. The electron affinity of the
4s4p 3P state is 562+ 5 meV, compared to the 550 meV
calculated by Bunge et al.?
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