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A cooled ring stores high-speed negative ions for more than 1000 seconds and enables new studies of
atomic and molecular ions that are important in interstellar and atmospheric chemistry.
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Negative ions (anions) play an important role in chem-
ical reactions in interstellar space and planetary atmo-
spheres. Molecular anions were, for example, observed
in the ionosphere of Saturn’s moon Titan, and their col-
lisions with neutral atoms and molecules are thought to
affect the production of unsaturated carbon and nitro-
gen chain molecules in the interstellar medium [1]. Lab-
oratory experiments with anions are, however, difficult,
as the ions are easily disturbed by background radiation
or collisions with other particles. These effects can be
mitigated in ion traps that have radiation shielding and
extremely low pressures. But ion trapping is limited to
experiments with ions at rest, while many anion interac-
tions of interest are better studied when the ions move
at high speeds. Using a new cryogenic ion-storage ring,
Erik Bäckström and colleagues at Stockholm University,
Sweden, have successfully stored a 10-kilo-electron-volt
(keV) beam of negative sulfur ions (S−) for, on average,
1000 seconds (s). The long storage time allowed them to
measure a natural decay time of 503 ± 54 s for the only
excited bound state of the S− ion [2], the longest lifetime
measurement of a negative ion in a stored beam. The new
storage machine, and similar facilities planned around
the world, will allow scientists to study negative ions
with lifetimes of minutes or hours—such as the atomic
and molecular ions found in planetary ionospheres and
astrophysical environments.

The formation of an anion (binding of an electron to a
neutral atom) and a cation (removal of an electron) in-
volve different forces. To form an anion, a neutral atom
binds an excess electron because the “intruder” electron
polarizes the atom’s electronic shell. This distortion gen-
erates a dipolar electric field that, in turn, attracts the
electron. In general, the stability of a negative ion de-
pends on the electron cloud’s charge distribution and, in
particular, on electron–electron correlation effects. These
interactions are small compared to the direct electrostatic

forces in most neutral atoms and positive ions (cations).
But they often dominate in negative ions. Because of this
sensitivity, negative ions, and specifically the lifetimes of
their excited states, are excellent tests of the theory of
quantum-mechanical, many-body motion in atomic elec-
tron shells [3].
Measuring these excited states is, however, an exper-

imental challenge. In anions, the long-range attractive
potential acting on an excited electron isn’t Coulomb-
like, and, as a result, these ions have a much smaller
number of bound excited electronic quantum states than
neutral atoms or cations. And, with few exceptions, sym-
metry laws suppress the emission of light as the anion
transitions between states, ruling out the use of conven-
tional spectroscopy. In addition, the ions have to be in
an extremely low-pressure environment to minimize col-
lisions with other particles. Even at 10−12 millibars, ex-
periments have only been able to store negative ions for
tens of seconds [4], limiting studies to the excited states
of heavier ions like selenium and tellurium, which have
relatively short lifetimes. Lighter and more abundant el-
ements, such as sulfur and oxygen, have anionic excited
states that are expected to live much longer, with 437 s
predicted for the S− excited state and up to 2 hours for
that in O−[4].
In their experiments, Bäckström et al. measured the

lifetime of negative sulfur ions using the method of laser
photo detachment [3]. This technique detects the neutral
atom left when the anion absorbs a photon and emits
an electron. The minimum (threshold) photon energy
needed to detach the electron from the anion in its ground
state is the binding energy. Smaller photon energies are
sufficient for detachment when the anion is in an excited
state. Hence, the lifetime of an excited state can be de-
duced by observing the subthreshold photodetachment
signal as a function of time. Photodetachment events
from a fast beam of negative ions generate fast neutral
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atoms, which can be easily separated from the remaining
ions and detected one by one.

The remaining challenge is finding a way to store the
ions for long enough to measure their lifetimes. Mag-
netic storage rings—essentially smaller versions of syn-
chrotrons—can, for example, be used for atomic and
molecular physics [5] and allow storage times of tens of
seconds for most low-ionization state ions. Similar ion-
beam storage devices can be built using electrostatic in-
stead of magnetic deflecting fields [6], and this is the ap-
proach Bäckström et al. follow. Electrostatic rings are
more limited in beam energy. But they are also more
compact than magnetic ones and can handle a wider mass
range of ions, including heavy atoms and molecules.

Figure 1 shows the storage ring (DESIREE for “Dou-
ble Electrostatic Ion Ring Experiment”) used in the ex-
periments by Bäckström et al. The storage ring itself
is 8.6 meters in diameter and is enclosed in a separate
vacuum container that is cooled to 10 K—the essential
step to achieving a long storage time. This container is
housed in a cryostat that is surrounded by an insulat-
ing vacuum and radiation shields. A 10-keV pulse of S−

ions, which were produced by sputtering an FeS target
with ionized cesium atoms, was injected into the ring,
and electrostatic deflectors were switched on to keep the
ions circulating in a closed orbit. The cold, shielded en-
vironment allows the researchers to reach a pressure on
the order of 10−14 millibars and to minimize blackbody
radiation, thus limiting particle collisions and unwanted
photon absorption. A laser intersects the ions’ path and
induces photodetachment, producing neutral atoms that
are counted by an ion detector for up to an hour. The re-
searchers analyzed the decrease of the subthreshold pho-
todetachment signal to determine the ions’ excited-state
lifetime (503 ± 54 s), a value slightly longer than pre-
dicted (437 s) [4]. In comparison, the heavier anions se-
lenium and tellurium had measured lifetimes that were
shorter than predicted [2, 4]. Taken together, the exper-
iments hint that predictions of anion energy levels may
need to be revised.

The DESIREE storage ring is one of several exist-
ing or planned experiments that are allowing scientists
to explore ion collisions at low temperatures, like those
that form complex molecules in the interstellar medium,
where temperatures can approach 10 K[1]. One group de-
signed a cryogenic ion-beam trap at 10 K and, in 2011,
was able to store sulfur hexafluoride negative ions (SF−

6 )
for, on average, 800 ± 100 s[7]. Two cryogenic electro-
static ion storage rings similar to DESIREE [2] are RICE
[8] in Tokyo and CSR [9] in Heidelberg. These devices,
which are starting operation, will allow scientists to study
molecular negative ions [6, 7], and in particular, the in-
fluence of the ion’s vibrational and rotational states on
electron detachment. Because blackbody radiation is es-
sentially absent in these new cryogenically cooled ion-
beam storage devices, scientists have new opportunities
to perform controlled, laboratory experiments with those
anions and cations [10] that influence interstellar chem-

FIG. 1: The figure shows a photodetachment detection mea-
surement in a stored negative ion beam. Electrostatic de-
flecting elements (grey) keep a pulse of anions (red curve)
in a circular orbit in the storage ring. A laser induces pho-
todetachment of electrons from the anions, and the resulting
neutral atoms are counted in a detector. (The count rate of
neutral atoms decreases in time, allowing researchers to de-
termine the lifetime of the anion’s excited state.) The entire
ring is enclosed in a separate vacuum container that is cooled
to 10 K, and this container is housed in a cryostat, which
is surrounded by an insulation vacuum and radiation shields.
The shielding and the extremely high vacuum in the separate
inner container reduce radiation and particle collisions, which
disrupt the fragile negative ions. (APS/Alan Stonebraker)

istry. And measurements of hour-scale lifetimes, such as
the ones obtained in traps for ions at rest, are becoming
a reality for stored ion beams.
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