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Storage-ring experiments with 10-100-keV Ca ~ beams: Role of blackbody radiation
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The lifetime of 10-100-keV Ca~ beams in a heavy-ion storage ring was measured to be ~490 us.
A combination of experimental and theoretical evidence strongly suggests that the observed decay is
associated with blackbody-radiation-induced photodetachment of Ca ™ (4s24p ?P) ground-state ions at
room temperature. Blackbody-radiation effects may also explain the previously reported existence of a
long-lived (290 % 100 us) metastable Ca ~(4s4p2%P) ion [D. Hanstorp et al., Phys. Rev. Lett. 63, 368

(1989)].

PACS number(s): 32.70.Fw, 32.80.Dz

Studies of the structure and dynamics of negative ions
are of fundamental relevance for atomic physics (for re-
cent reviews, see Ref. [1]). A system which has turned
out to be particularly interesting is the negative calcium
ion (Fig. 1), which has provided a significant challenge to
both experimentalists and theorists. The history of Ca ™
studies is complicated. Because of the firm belief that
closed-subshell alkaline-earth atoms would not bind an
extra electron, all Ca~ beams were originally assumed to
be composed of metastable ions. Thus, the photodetach-
ment work of Heinicke et al. [2] using an arc-based con-
tinuum light source almost two decades ago, reported on
relative cross sections for a metastable species. Some
years later, the view that Ca~ beams are composed of
metastable species was further supported when Bunge
etal. [3] calculated that Ca  (4s4p2%P) was quite
strongly bound with respect to Ca(4s4p3P), by ~550
meV. Our understanding changed abruptly in 1987 with
the prediction [4] and observation [5] of a stable
Ca ~(45%4p *P) ion. Since then, a significant number of
calculations dealing with the electron affinity [6~14], fine
structure [15], and photodetachment cross sections
[11,16] of Ca ~(?P) have appeared. The discovery of the
stable Ca ™ ion naturally led to a renewed interest in the
properties of the metastable species. By utilizing a pro-
duction technique which was believed to produce almost
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entirely metastable species, Hanstorp ef al. [17] measured
a decay rate for a Ca ~ beam which led to a lifetime for a
long-lived component of 290+ 100 us. They attributed
this lifetime to Ca ~ (4s4p?*Ps5)

More recently two difficulties have arisen: the first con-
cerning the electron affinity of the Ca ™ ground state and
the second related to the lifetime of a long-lived Ca™
metastable state. Several theoretical calculations on the
ground-state ion indicated that the electron affinity was in
the range of 45-82 [6-8,10,11,13,14] meV, while in two
other theoretical works values of 0 meV [12] and 22 meV
[9] were obtained. Thus the observations of Pegg et al.
[5], who had utilized electron spectroscopy and fast-ion
beam techniques to obtain an electron affinity of 43+ 7
meV, were in good agreement with the majority of
theoretical works. However, the very recent tunable-laser
photodetachment work of Walter and Peterson [18] re-
ported that the Ca ™ ground state was much more weakly
bound, with an electron affinity of 18.4 £ 2.5 meV. More-
over, this latter result is now strongly supported by in-
dependent electric-field dissociation measurements [19].
With regard to the metastable state, calculations of the
autodetachment rates for Ca ~ (4s4p?*Ps;, and *P3j)
yielded values exceeding 10° s !, invalidating the original
assignment of Hanstorp et al. [17], but leaving *Py/; as a
possible long-lived state [20]. However, very recent calcu-
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FIG. 1. Simplified energy-level diagram of the calcium atom
and the corresponding negative ion. The ground-state
Ca~(45%4p ?P) ion is bound with respect to Ca(4s2'S), while
the Ca ~(454p2*P) ion is bound with respect to Ca(4s4p *P),
and is predicted (theoretically) to autodetach on a submi-
crosecond time sale. The binding energies of the ions have been
taken from the most recent accepted values, as described in the
text.

lations by Brage, Miecznin, and Fischer [21] on the /=%
component have led to a lifetime of only ~0.1 us, and
considerable doubt as to the precise value of the lifetime
remains. The large discrepancy between theoretical cal-
culations and experiment on the Ca ~ (4s4p?*P) lifetime
prompted us to initiate a series of measurements aimed at
the observation of the metastable ion lifetime utilizing a
heavy-ion storage ring.

We have utilized the Aarhus Storage Ring Denmark
(ASTRID) which facilitates ion-lifetime measurements in
the ~10 us-100 ms range [22]. Very recently, this ex-
perimental approach has yielded accurate experimental
lifetimes for the homologous Be ~(25s2p24P,) ion [23]. A
detailed description of the experimental facility can be
found in recent publications [22,23]. Mass- and charge-
state-analyzed “°Ca ~ ions, with an energy in the range of
10-100 keV, were injected into the storage ring. A
tandem-channel-plate detector positioned at one corner
detected fast neutral atoms which were produced along a
10-m straight section of the ring. This approach allowed
monitoring of the decay for several lifetimes of the beam
with a good signal-to-noise ratio. With injection of
nanoampere beams, the detector was often partially
saturated at early times, but to avoid such effects in the
search for a short-lived metastable component, picoam-
pere beams were used. By using different charge-
exchange materials (Na or K) in the vapor cell, one could
attempt to vary the relative fraction of stable and meta-
stable Ca ™ ions. Electron capture from Na vapor favors
the production of the 'S ground state of Ca, and the Ca ™~
ion which is subsequently formed is most likely in the
4s%4p’P ground state. On the other hand, charge ex-
change in K or Cs [17,18] is almost in resonance with the
formation of Ca(4s4p *P) and may favor production of
the metastable Ca ~ (454p2*P) ions, as claimed by Han-
storpetal. [17].

Figure 2 shows a typical neutral-atom signal versus
time for Ca . It was obtained with Na in the charge-
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FIG. 2. Semilogarithmic plot of the detachment yield vs time
following injection of a weak (pA) 100-keV Ca~ beam. The
straight line represents the exponential fit. The rapid fluctuation
of the detachment yield is due to betatron oscillations in the
storage ring, as described in the text.

exchange cell, which should strongly favor production of
ground-state Ca~ ions as pointed out above. The data
can be described by means of a single exponential-decay
process. As discussed in detail elsewhere [22,23], the os-
cillatory behavior (Fig. 2) is due to betatron oscillations in
the ring. Since the beam cannot be stored perfectly on
axis, a varying detection efficiency from one revolution to
the next is observed due to the finite size of the detector.
Nevertheless, the ability to follow the decay out to several
beam lifetimes (~50-100 revolutions) effectively aver-
ages betatron oscillation effects. It is also important to
note that the injected beam decays totally. The few
counts at times greater than 4 ms are consistent with noise
in the tandem-channel-plate detection system. With the
injection of even more intense beams than is the case in
Fig. 2, the ratio of the initial signal to the background was
~10%:1. This should be contrasted with the ratio which
would be expected if approximately equal fractions of the
metastable and stable species were present, and if the
stable ion lifetime were dictated entirely by collisional de-
tachment via rest gas collisions. Assuming a metastable
ion lifetime ~0.5 ms and a stable ion lifetime ~0.5 s, the
ratio would be ~103:1. The studies were also conducted
at three energies (10, 25, and 100 keV) but no energy
dependence of the beam lifetime was observed. Finally, a
search was performed for a short-lived (metastable) com-
ponent by changing to potassium metal in the charge-
exchange cell and by injecting weak beams to avoid detec-
tor saturation, but the data always exhibited a single ex-
ponential decay with a lifetime of 490 =+ 20 pus.

The decay of the entire beam within a few milliseconds
necessitated the investigation of various destruction mech-
anisms for ground-state ions. In light of the new electron
affinity of only ~18 meV [18,19], four mechanisms in
particular were considered: collisional destruction on rest
gas, intrabeam scattering, electric-field stripping, and
blackbody-radiation-induced photodetachment. The rest
gas in the ring is primarily H,. In order to test for an
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unexpectedly high collisional detachment cross section on
a Hj target, the average background pressure was degrad-
ed by a factor of ~100 by introducing hydrogen gas.
However, this led to a change in lifetime of only < 10%.
Intrabeam scattering was eliminated as a relevant de-
struction mechanism, since the results were found to be
independent of the Ca~ beam current. Electric field
(E~vxB) stripping can also be neglected since, for ex-
ample, at a beam energy of 25 keV, |E|~410 V/cm,
which is much too small to induce motional field stripping
[24]. This is also consistent with the lack of an observed
energy-dependent lifetime. Our beam decay rate is, how-
ever, consistent with blackbody-radiation-induced photo-
detachment. Absorption of photons with wavelengths less
than ~67 um will detach Ca ~ (45s24p ?P) ions. By fold-
ing the Planck radiation distribution with theoretical
wavelength-dependent photodetachment cross sections
[11,16] in a computer model, we predict a lifetime for
Ca~ (4s%4p?P) of 520 us (Ref. [11]; “length” formal-
ism) and 960 us (Ref. [16]; accurate initial state and
correlated final state, length formalism) on the basis of
this mechanism alone. The “velocity” formalism of Ref.
[11] leads to a doubling of the predicted lifetime (1150
us), while the same formalism and accurate initial state
and correlated final state from Ref. [16] leads to a slight
reduction in lifetime (870 us). The theories [11,16], how-
ever, utilized binding energies which were a factor of 3-4
too large (58 meV [11] and 69 meV [16]), and thus the
cross sections can only be considered approximate values.
Therefore we consider the agreement between theory and
experiment to be quite acceptable. Furthermore, in our
calculations, only one fine-structure component was as-
sumed, with a binding energy of 18.4 meV. Calculations
of the 2P))s- 2Py fine-structure splitting [15] by Vosko,
Chevary, and Mayer and Dzuba et al. have yielded 5.4
and 6.9 meV, respectively, but no evidence of a two-
component blackbody-radiation-induced decay is evident
from our data.

In order to investigate further blackbody-radiation
effects on Ca ™ (4s 24p 2P), the temperature variation of
the lifetime was tested. By heating one half of the storage
ring to 383 K, the lifetime was decreased to 416 £ 15 us.
The temperature rise degrades the vacuum by a factor
~ 15, which would only increase the decay rate by < 1%.
The observed fractional change in decay rate was, howev-
er, much less than we predicted from calculations based
on Refs. [11,16], and the effect of a much lower electron
affinity on the magnitude of the cross sections and their
wavelength dependence needs to be evaluated before
rigorous comparisons with experiment will be possible. It
was, however, feasible to make rigorous comparisons of
theoretical and experimental data for blackbody-ra-
diation effects in the case of the negative helium ion,
which is bound by only 77 meV [25]. For this light ion,
accurate theoretical results are available [26,27]. For
He ~(152s2p *Pss), our calculations indicate that black-
body-radiation-induced photodetachment represents a
~20% effect at room temperature [28]. Moreover, in the
He ™ case, the observed decrease in lifetime upon heating
one-half of the ring to 383 K was in very good agreement
with our calculations [28].

Our lifetime is in good agreement with that of Ref.
[17], when various different aspects of the respective ex-
periments are taken into account. The present data, how-
ever, do not exclude the existence of a metastable com-
ponent, as claimed by Hanstorp etal. In particular, an
observed photodetachment threshold in the tunable laser
work of Peterson and co-workers [17,18] suggests that a
metastable ion with a lifetime on the short microsecond
time scale may indeed exist. Their data appear to be quite
consistent with detachment of the metastable Ca ~(*P)
ion, assuming that the electron affinity is accurately given
by Bunge et al. [3]. Our data indicate that either the life-
time of such a component is shorter than ~30 us or our
production intensity ratio, I[Ca ~(*P)1/I[Ca~ (?P)], is
rather low. It also appears that the very high production
efficiency claimed for the metastable species in Ref. [17]
was an overestimate [18,20]. If their decay [17] could
have been entirely attributed to a metastable species, the
associated lifetime would have to be renormalized to a
shorter value. The obvious role of blackbody radiation,
however, renders the earlier data inconclusive.

Blackbody-radiation effects are well known from exper-
iments with Rydberg atoms, and have even been recently
utilized to calibrate the relative density of highly excited
sodium atoms via the photon-induced ionization rate [29].
Corresponding examples for negative ions are rare. One
recent case comes from experiments on the storage of H ™
at the low-energy antiproton ring (LEAR) at CERN [30],
where a very significant effect from light emission by ion-
ization gauges was observed. Since for H ™ the electron
affinity is 754 meV [1], it is unperturbed by an emitter at
room temperature, but is sensitive to near-infrared and
visible photons from hot filaments. The effect was partic-
ularly noticeable in the LEAR experiments due to the low
collisional detachment rate at megaelectron volt energies.
Finally, it is interesting to note that blackbody-radiation
effects in the storage ring might be used to advantage in
specific cases to discriminate strongly versus weakly
bound ions. This could be realized for ions of the ap-
propriate electron affinities through the introduction of a
“hot pipe” at, say, ~600 K. Midinfrared lasers and non-
linear optical techniques could also be applied in future
storage-ring-based investigations. For example, a laser
pulse of wavelength greater than ~2.3 um (and less than
the 2P threshold detachment wavelength) can saturate the
photodetachment of ground-state Ca ™ (4s%4p *P) ions,
while the metastable Ca ™ (4s4p2*P) species would be
unaffected.

In summary, we conclude that ground state
Ca ~(45%4p *P) ions were effectively photodetached on a
submillisecond time scale by blackbody radiation at room
temperature. The analytical strengths of storage-ring-
based lifetime studies have also been clearly demonstrat-
ed. The total extinction of the injected beam, even un-
der conditions of ion production where ground-state
Ca ~(45%4p *P) should have been formed exclusively, led
convincingly to the blackbody-radiation mechanism.
Nevertheless, a single photodetachment-threshold feature
seen by Peterson and co-workers [17,18], which appears
to be associated with Ca ~ (*P), still suggests the existence
of a metastable ion with a lifetime = 1 us.
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