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Electron dissociative attachment
Iodine experiments.
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providing about 10° ions produced in less than a minute, which can be stored in the trap and used in further

1. Introduction

The majority of experiments involving trapped ions use positively
charged ions (cations) as the object of interest. Lack of an electron
in their structure makes them relatively stable objects, which may be
applied in numerous experimental studies, including long-time preser-
vation of their quantum states, like in quantum simulations, quantum
information processing, quantum metrology, etc. They are usually well-
described quantum systems allowing to manipulate them optically
using precise laser systems.

On the other hand, negatively charged ions (anions) do not pos-
sess such advantages. Most of them have only one electronic bound
state, making them impossible to be controlled optically. Atoms typi-
cally have relatively low electron affinity, which makes the negatively
charged ions much more vulnerable to destruction than positive ones.
For these reasons, anions have not been widely used in experiments,
however in some experimental studies, they may be necessary to be
advantageously used instead of cations.

An example of such a situation are matter-antimatter interaction
studies, where antiprotons having a negative electric charge are in-
volved. To provide long-time co-trapping them with other objects, such
partners should be negatively charged as well. In further steps, such
ions can be used for production of antiprotonic atoms — systems where
one of the electrons is substituted with an antiproton (Hartmann, 2000;
Andersen, 2004).

There are numerous studies on trapped anions, involving molecules
such as C3, OH7, or more complex ones (Otto et al., 2013; Lakhman-
skaya et al., 2020; Mant et al., 2020; Cerchiari et al., 2019; Deiglmayr
et al., 2012). There are also known sources of atomic anions. They were
broadly discussed in a recent review by Bacal et al. (2021). The most
universal, by the means of variety of species produced, is Middleton’s
source (Middleton, 1983), which uses optical ablation of a solid with
occasional production of anions in the created plasmas. However, such
devices provide a mixed ensemble of anions. Additionally, they can
only serve for a relatively short time due to depletion. Long lasting
hydrogen anion H~ sources are used by particle accelerators, such as
Linac4 at CERN, to provide ions as an intermediate step to produce
intense protonic beams (Vretenar et al., 2020).

The goal of this work was to construct a long-lasting, stable, repeti-
tive, controllable source of low-energy atomic anions. Additionally, the
source should have a compact geometry, so it could be easily attached
to larger experimental apparatuses. In particular, the source is intended
to cooperate with the AEgIS apparatus at CERN https://aegis.web.cern.
chy/.

2. Considerations on production of ions

The controlled process of removing an electron from an atom to
create a cation is a relatively easy task. It can be performed via pho-
toionization (Kjaergaard et al., 2000; Gulde et al., 2001) or ionization
in collisions with particles like electrons (Ktosowski et al., 2018). Such
methods were widely studied and are well-known and commonly used
techniques (Major et al., 2005; Werth et al., 2009).

In contrast, attaching an excessive electron to form an anion may
be significantly more challenging. Attaching of an electron to an atom
in a single two-body collision is not possible since there is no simple
mechanism to dissipate the excess energy of the collision partners.
To overcome this issue, one needs to utilize a three-body collision.
Here, the third partner carries away the excessive energy after the
collision. This would require a dense gas environment, increasing the
probability of such collisions, which is however in contradiction to
vacuum conditions, as usually required in experiments.
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Fig. 1. An illustration of possible dissociation channels of a molecule bom-
barded with an electron, forming a negatively charged ion.

Fortunately, there is another possibility An alternative to involve
effectively a third partner to a collision is provided by the use of
molecular targets instead of atomic ones. In a well-known process of
electron dissociative attachment (Fabrikant et al., 2017), a molecule
bombarded with electrons can split into two or more fragments, some of
which may be negatively charged. In some cases, such dissociation can
be enhanced by resonant effects (Bardsley and Mandl, 1968). It happens
when in the intermediate state, an electron is temporarily attached to a
molecule, forming a short-lived (femtoseconds) anion. Such an ion can
dissociate into fragments of various charges. In general, such formation
of anions can be realized in one of the following schemes (illustrated
in Fig. 1):

AB+e— A+B~ (€8]

AB+e— AT +B +e 2)

Since a molecule can dissociate in various channels (also with more
than two fragments), the resulting ensemble of ions may contain differ-
ent species. The number of possible channels depends on the molecule’s
structure. To obtain a pure ensemble of anions of one species, one
should use a diatomic, homonuclear molecule.

The best choice are diatomic molecules of halogens. Their atoms
have the highest values of electron affinity, leading to high stability of
the resulting anions. In our work iodine was chosen as a test target.
It is solid at room temperature, which makes it relatively easy to
handle. Also the natural isotope composition of iodine contains only
one nuclide, '?7I, providing an expected pure set of just one type of
anions.

The iodine, when bombarded with electrons, may dissociate in
several channels, two of them providing atomic anions:

L+e—T +1 3

L+e— 1 +I"+e 4

The energy threshold for the process (3) is 0, while for the process
(4) it is 8.93 eV. These numbers can be determined as follows: the
electron affinity of iodine is 3.06 eV (Pelaez et al., 2009), the first
ionization energy of iodine atom is 10.45 eV (Esteves et al., 2023), and
the dissociation energy of an iodine molecule is 1.54 eV (Barrow et al.,
1973). Since the affinity has a larger value than the dissociation energy,
any electron can cause the dissociation. The threshold for the process
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(4) is the ionization energy plus dissociation energy minus the electron
affinity.

In the first case, the output energy will be almost equally shared
by both fragments, which is a consequence of the linear momentum
conservation principle. In the second case, the energy and the linear
momentum are shared by three particles, so some of the ions in the
obtained ensemble may be colder than the ones produced in the first
process.

Unfortunately, up to now, only few experiments on electron colli-
sions with iodine have been performed, and the available data sets on
cross sections for both processes are very limited (Frost and McDowell,
1960). This may be due to the fact that iodine is a very strong oxi-
dizer, causing corrosion even to stainless steel elements, which makes
the experimental work with the element very challenging. Available
theoretical datasets are also very limited (Zatsarinny et al., 2011; Yadav
et al., 2020).

2.1. Iodine-induced corrosion risk and use of iodoform as a safe target

To check the corrosive properties of iodine, we performed a series
of tests with iodine and 316 stainless steel. In the first test, we put a
piece of steel in a tight glass container together with a piece of iodine.
Since the iodine evaporates very efficiently, the contact of the steel
with iodine was well established. We left the pieces in the container
for five days, at room temperature and with the air inside. The surface
of the material became strongly corroded, therefore any steel element
of a vacuum apparatus would be damaged after several days of contact
with the iodine vapor.

The second attempt was putting the steel fragments in a small, steel
vacuum tube. The tube was pumped down the to the vacuum level well
below the iodine’s vapor pressure (about 0.2 mbar at room temper-
ature (Stull, 1947)) and left for five days. In this test, we examined
the steel surface very carefully and no visible trace of corrosion was
observed. Any possible contamination was too small to be noticed by
eye and may be considered negligible. This leads to the conclusion that
for oxidation of the steel the presence of air is necessary. Possibly,
the air humidity may play a role in the process. These tests show
that working with molecular iodine may be safe, if sufficient vacuum
conditions are maintained. Moreover, the predicted use of iodine in the
experiment is of the order of micrograms per day, which, combined
with low steel oxidation rate, should provide good operation conditions
for the apparatus for a long time.

At the testing stage of the proposed method, we decided to use
temporarily another molecule — iodoform CHIj;. Its physical properties
are similar to that of iodine, but it is much less active chemically. It
may dissociate in more channels, some of them providing negatively
charged elemental ions:

CHI; + e —> CHI, + 17 (5)
CHIL; +e —> CHI+1+1" (6)
CHI; +e — CH+1, + 17 (7)
CHI; +e — CH+2I+1” (8

It should be noted that in the case of iodoform, the resulting ensemble
of anions would not be pure but would contain I-, CI”, CHI™, etc.

3. Anion production rates at given conditions

The idea of the experiment is to produce a set of anions by bom-
barding iodine/iodoform molecules with electrons at energies of several
tens of eV. The resulting ions are collected in a linear Paul trap. Finally,
sufficiently large ensembles of ions can be ejected from the trap in a sin-
gle pulse towards the main part of the experiment, where antiprotonic
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Fig. 2. An illustration of neutralization of an anion via electron collision.

atoms will be later formed. Thus, it is important to estimate the anion
production rates.

Assuming that we can estimate the electron beam current / and
energy E, the anion formation cross section ¢ (which depends on
the energy), the number density of iodine n and the effective size of
electron-molecule interaction region /, the production rate of anions is
given by the expression:

N = énlo-(E) ©

where e denotes the elementary charge. Assuming: I = 10™° A (typical
for the electron gun used in the experiment), n = 10'* m~3 (density at
10-8 mbar and room temperature), / = 107> m, ¢ = 1072! m? (typical
order of magnitude for electron collision processes), one may expect
N = 1000 s~!. Such rates can allow to prepare a set of a million ions in
a few minutes of loading of the trapping system.

3.1. Anion loss rates

The anions are lost from the trapping system in several possible
processes:

1. Evaporation: the trapping potential always has a finite depth,
and the ions in the ensemble may have various kinetic energies,
given with some distribution. The hottest ions may be lost
from the trap as they may cross the trapping potential barriers.
This effect provides additional evaporative cooling of the ion
ensemble.

2. Electron-ion collisions, leading to ionization (neutralization) ac-
cording to the equation (illustrated in Fig. 2):

I"+e—1+2e (10)

The energy threshold for this process is equal to the electron
affinity of iodine atom (3.06 eV). Since the electron energy used
to load the trap is usually well above this value, such processes
will be observed whenever the electron beam is present in the
system.

3. Charge-transfer collisions of iodine anions with molecules of
background gas, according to the equation:

IT+X—1+X7, an

where X denotes any molecule present in the background gas.
Depending on the molecule, the energy threshold will be of the
order of few eV. Similar to the first process, this one may also
lead to cooling of the ion ensemble by removing the hottest ions.

The mentioned processes lead to modification of Eq. (9) to form:
. 1 N
N = = (nlo(E) = Zo(E)) = BN, 12

where ¢ is the cross section for electron impact neutralization of the
anion, S is the effective cross section of the cloud of trapped ions,
and p is the loss rate resulting from evaporation and charge-transfer
collisions.
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Leak Valve

beam forming
5-stage skimmer

Fig. 3. Schematic of the experimental setup. The electronic and molecular beams are produced by an electron gun and a leak valve with a 5-stage skimmer.
They are cross-fired in one of the segments of the linear Paul trap, where the iodine anions are created in electron-molecule collisions. The ions can be ejected

towards the detector placed at the end of the trap.

The ion loss has two consequences: saturation of the ion number
while loading the trap, and loss of the ions after loading is completed.
Saturation is expected for N ions where:

N = % (13)
s T
which is reached with a characteristic time of:
po_ 14
Ry "
Assuming the same conditions as at loading, and S = 10™* m?, ¢ =
1072' m?, p=10"2 5", one may reach the number: N = 10° in a

characteristic time of 100 s.

For ion loss after loading, one must only substitute I = 0 to the
Egs. (13) and (14), leading to an empty trap (N = 0) at the final
equilibrium and a slightly longer characteristic time.

It will be subsequently shown that the dynamics of production and
loss of the ions determined experimentally are consistent with the
above equations.

4. Cooling, manipulating and detection of the anions

Compared to cations, experiments with anions may present several
serious challenges. Almost all atomic anions have only one bound state,
making any optical manipulation very difficult, if not impossible. This
leads to issues with cooling, manipulating, and detection of the ions.

The detection may be feasible using electronic methods (Major
et al., 2005), which however has never been performed in a linear Paul
trap. In the proposed experiment, we decided to use a destructive detec-
tion with a channel electron multiplier to count the ions extracted from
the trap. The method may be used only as a way to test the efficiency
and stability of the anion source before the actual experiment. For the
proper part of the experiment, an assumption will be necessary: that
the source’s performance is stable and repeatable.

Cooling of the anions cannot be performed in any known optical
schemes. In a very limited range, one can perform an evaporative
cooling, or adiabatic cooling, or try to develop other schemes of ma-
nipulating the trapping potentials leading to energy dissipation. Some
role in the cooling process may be played by collision of the anions
with background gas. If the collision energy is higher than the electron
affinity of the anion (about 3 eV), neutralization of the ion by electron
detachment is possible. This may lead to removal of the ions with
higher energies from the ensemble.

Also, if the ion was formed in the process described with Eq. (4),
we may expect it to be relatively cold, so further cooling may be
unnecessary.

The required final temperature of the anion ensemble is determined
by the required time performance of the ion pulse. In further analysis,
we found that the accelerating pulse of the potential, forming the ionic
pulse, causes an energy spread of several tens of eV. This means that
cooling the ions below 3 eV is pointless, so we decided not to introduce
any further cooling mechanisms.

Manipulation of the ions may be achieved only via driving the
trapping potentials of the trap. By appropriate choice of the potentials,
one can provide different shapes, densities, and total numbers of ions
in the ensemble.

5. Design of the apparatus

The experimental system is based on a linear, segmented Paul trap.
It is divided into 5 segments, allowing to form two separate trapping
regions. It was intended to allow storage of iodine in both the centers
and performing experimental studies with just a fraction of the ion
ensemble in the future. Such a design may also provide a relatively
high level of flexibility in preparing various trapping potentials. The
scheme of the trap is presented in Fig. 3.

The trap contains five segments, numbered as in the scheme in Fig.
3. The trapping centers may be formed inside the segments 2 and 4
(however it is not the only possible configuration). Inside the segment
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Fig. 4. Photograph of the ion trap used in the experiment, before it was installed in the vacuum chamber and wired for the voltage supplies. The electrodes are
made of molybdenum, and the support frame is mostly made of stainless steel. The white supporting element is made of macor.

Fig. 5. A cross section of the trap (compare to the photograph presented in Fig. 4). Note that the insulating macor elements (white in the picture) that separate

the electrode segments are hidden to avoid being exposed to stray electrons.

2, an electron beam and a molecular beam are cross-fired, allowing to
create anions in this trapping segment.

Each segment contains 4 electrodes arranged in a quadrupole geom-
etry, making 20 electrodes in total. One diagonal of the trap is AC+DC
voltage-supplied, while the other is DC only. The electrodes are made of
molybdenum, which is known for its good performance when working
with electron beams (good electric and heat conduction, high stiffness).
The photograph of the trap before installation in the vacuum chamber
is presented in Fig. 4. The insulating elements are made of macor and
designed to be hidden inside electrodes, to avoid charge patches from
electrons settling on dielectric surfaces. The details are presented in
Fig. 5. The diameter of a single electrode is 10 mm, with a gap of
4 mm between the electrodes. The segment lengths are 20 mm, 20 mm,
100 mm, 20 mm, and 60 mm respectively.

The voltage supply of the trap is presented in Fig. 6. It consist of
an AC part, a DC part and an AC-DC mixer. The AC part consists of
a function generator (Rigol DG 1022Z 25 MHz), a 50-times amplifier
(Falco Systems WMA-300), and a custom-made helical resonator. The
resonance frequency is about 1.2 MHz, allowing to achieve amplitudes
from 0 to 800 Vpp. The DC voltages are provided by a set of computer-
controlled power supplies, allowing to drive the potentials during the
experiments in designed time sequences. The available voltages are in
the range of +200 V. The AC and DC voltages are mixed using a set of
5 simple RC mixers, connected in parallel, one for each segment of the
trap.

The electron beam is produced by a custom-made electron gun,
similar to the ones used in our previous experiments on electron impact
ionization (Ktosowski et al., 2018). The scheme of the electron gun is
presented in Fig. 7. It uses a hot tungsten filament as a primary source
of electrons. They are accelerated to energies which can be set between
several eV and several hundreds of eV, forming a beam. Typically, it is
most convenient to work with electrons of energies between 50 eV and
100 eV. At lower energies, the gun efficiency may be insufficient, and
for higher energies, the electrons would heat up the electrodes of the

|sﬁléﬁ
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Fig. 6. Electric scheme of the voltage supply of the Paul trap. The RF
potentials are provided by a system consisting of function generator (RF
GEN), amplifier (RF AMP), and helical resonator (HR). The DC potentials are
provided by a set of standard power supplies (DC PS BOX). Both potentials
are mixed with simple RC mixers.

trap, influencing the vacuum conditions. To avoid detection of stray
electrons in the experiment, the electron source may work in a pulsed
mode (Klosowski et al., 2018) by switching the potential of the Wehnelt
electrode to very low values, blocking transmission of any electrons.
Since the Paul trap produces rapidly changing electric fields, the
electron beam cannot be well focused or precisely directed inside the
trap. This is the reason we decided not to use any directional electrodes
or energy monochromators — they would be useless in this case,
while simplicity of the gun construction is a serious advantage. At
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Fig. 7. Schematic of the electron gun: the electric circuit and the gun’s cross
section. The primary electrons are emitted from tip of a filament heated with
1.9-2.3 A current. The filament is kept on a negative potential provided by
the Ug,,,,, power supply, defining the electron’s energy. The electrons are
extracted using the Wehnelt cylinder (dark gray) and further accelerated to
form a beam exiting the gun via a 2-mm orifice in the external, grounded shield
(orange). The potential of the Wehnelt electrode can be switched between two
values, one blocking the beam formation, and one allowing it.

regular operation of the trap, a portion of electrons would reach the
trapping center anyway, providing sufficient number of collisions to
form ensembles of anions.

The molecular beams are formed by a source consisting of a custom-
made, temperature-controlled reservoir, a leak valve (Leybold
28990V01) and a 5-stage skimmer system. The reservoir of about 10
cubic centimeters is filled with iodine or iodoform powder (depending
on the needs of a particular experiment). Both substances have a vapor
pressure of the order of 1 mbar at room temperature (Stull, 1947),
which is sufficient for the operation of the source without further heat-
ing or cooling. For possible future applications with other molecules,
the reservoir is additionally equipped with a Peltier cooler/heater. The
valve allows to drive the leak of the molecules from 10710 to 10? @
at room temperature and 1 bar input pressure. The skimmers are side-
pumped by a separate turbomolecular pump, so the pressure in the
vacuum chamber is not affected by the iodine/iodoform molecules. The
skimmers have orifices of 1 mm diameter and are separated by 30 mm
gaps. This provides a beam of 1 mm diameter at the exit of the aperture
and 2 mm inside the trap. To avoid scattering of stray molecules after
passing the trapping region, additionally an absorber was introduced
on the opposite side of the apparatus. It consists of a mesh made of
silver, an efficient iodine absorber.

Both electronic and molecular beams are cross-fired in one of the
centers of the trap. This way, anions can be formed according to Egs. (3)
and (4), and further stored in the trap, and later detected.

The detection system is based on a channel electron multiplier,
placed on the main axis of the trap, near one of the trap’s ends.
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The model used in the experiment is a Photonis 4230 Megaspiraltron,
working in a standard pulse-counting configuration. It is a relatively
universal detector, allowing to see both anions and cations, as well as
electrons, and even UV photons. For the experiment, the potential of
the detector’s cone was set to block possible cations, allowing detection
of negatively charged particles only.

The entire source is kept in vacuum conditions. The vacuum cham-
ber was made from two 6-way crosses (Kimball Physics MCF450M-
SPHSQ-E2C4), equipped with all necessary feedthroughs, gauges, etc.
The vacuum is provided by a turbolecular pump (Twis Torr 305 Agi-
lent), supported by an ion pump (Vaclon Plus 20 Agilent) (not used dur-
ing the measurements due to stray electrons produced by the device).
The molecular beam skimmers are pumped with a turbomolecular
pump (Twis Torr 74FS Agilent). The vacuum level provided by the
system is of the order of 10~1° mbar.

6. Experimental procedures

The experiments were performed in various configurations, allow-
ing to characterize the source under various aspects, including the
beam’s performance, the trap settings, the time of loading the trap and
storing the ions, etc. In general, each experimental run, after setting the
beams parameters and the trapping potentials, consisted of following
steps:

1. Setting a trapping minimum in the 2nd segment of the trap
(maximum of the potential, since the anions are to be trapped),

2. Bombarding the molecules with electrons for a given period of
time, of the order of seconds to minutes,

3. Switching off the electron beam and waiting for another period
of time, also seconds to minutes,

4. Releasing the anions towards the detector by changing the trap’s
DC potentials to open one side of the trap,

5. Detection and counting the number of pulses, related to the
number of trapped ions.

The typical measurement scheme is presented in Fig. 8. It can be noted
that the kinetic energy of ions leaving the source is determined by the
potential of segment 2 in relation to the ground, usually several tens or
slightly above 100 eV. The ions are accelerated later by the potential
of the ion detector’s cone (Fig. 3) with additional 100-200 V, leading
to anion energies of 100-300 eV when they hit the detector’s surface.
At such energies, the typical detection efficiency is a few percent.

The pulse of anions leaving the trap is slightly divergent. To esti-
mate this divergence, a set of numerical simulations was performed.
The calculations were done using custom-made software, solving the
ion’s equations of motion with 4th order Runge—Kutta method (John
Wiley and Sons, Ltd, 2016). The simulation results suggest that about
50% of the ions would reach the detector (results of the simulations are
being prepared for separate publication). Additionally, the ions reach
the detector in a short pulse, so the counts from particular ions may
overlap in time, as the time resolution of the channeltron system is
about 100 ns. From an analysis of the time of particular pulses, it
was concluded that the pulse overlap reduces the number of counts
by one order of magnitude. Combined with the detector’s efficiency,
one may conclude that only a few percent of the ions are observed
by the detector and the true number of captured ions is two orders
of magnitude higher than the number of counts from the detector.
The exact number is however difficult to determine, since the detector
efficiency is known with large uncertainty only. In the subsequent
analysis of the results, we will assume the true number of ions to be
100 times the number of counts (but could even be 10 times greater).
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Pulse Count System

Pulse Count System

Fig. 8. Schematic of the experimental procedure. The potential axis is in-
verted, as we are using negatively charged particles, and such a way of
presenting is more intuitive. In the first panel, a trapping minimum is formed
and the molecular beam is introduced. In the second panel, the electrons
bombard the molecules to form anions. In the third panel, the electron beam
is turned off and the anions are stored in the trap. In the fourth panel, the
anions are released towards the detector.

7. Source testing results

The tests were performed both for iodine and iodoform, in var-
ious time and voltage configurations. In both cases the results are
qualitatively similar, so we present only selected datasets.

The loading run was performed with iodine molecules I,. The
presence of the molecular beam did not influence the vacuum level
(10~mbar) inside the system, so we estimate the number density of
molecules to be below 10'* m~3. The ion energy was set to be 96 eV,
and the cone of the channeltron was kept at 249 V, resulting in 345 eV
kinetic energy of ions at the detector. The electron energy was set at
150 eV, resulting in 54 eV effective collision energy inside the trap.

In the following ion accumulation test, the ions were loaded for a
given period of time. The electron gun was then switched off by turning
off the filament heating. After next 10 s, the ions were released towards
the detector and counted. The experiment was repeated 5 times for each
loading time. The results are presented in Fig. 9.

The number of ions is given in arbitrary units, since exact determi-
nation of the detection efficiency is not possible. One unit corresponds
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Fig. 9. Example results of a loading test of the trap. The data have been
averaged from 5 separate runs. The error bars correspond to one standard
deviation. The number of ions is given in arbitrary units, one unit correspond-
ing to approximately 1000 ions. Additionally, a fitting curve is presented, see
the text for the details.
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Fig. 10. Example results of a storage time test of the trap. The data have
been averaged from 4 separate runs. The error bars correspond to one
standard deviation. The number of ions is given in arbitrary units, one unit
corresponding to approximately 1000 ions. Additionally, a fitting curve is
presented, see the text for the details.

to about 1000 ions. We note that the saturation in this particular test
is reached at about 14 000 ions. In other tests, for example at higher
number densities, we were able to reach up to 300 000 ions, and we
expect to be able to improve this number by at least one order of
magnitude in the future.

The experimental data were fitted with the function corresponding
to the solution of Eq. (12):

N@) = N, (l—exp (-%)) 15)

where N, is the saturation number and r is the characteristic time.
From the fit we find 7 = (40 + 6) s.

The second set of tests was the measurement of the storage time
of the ions inside the trap. It was done under similar conditions, with
modified procedure: for each run, the ion loading time was 60 s, and
the waiting period before releasing the ions was varied. The results are
presented in Fig. 10.
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The data were fitted with the function:
N(t) = Nyexp (—L> (16)
)

where N, is the initial number of ions trapped and 7 is the character-
istic time. From the fit we obtain 7, = (274 £ 19) s.

Both test results are consistent with Eq. (14). They lead to the
conclusion that in this particular case: f = (3.65 +0.26) - 1073 s~!, and
é% = (21 +5)-1073 s, which is consistent with the values assumed
in Section 3.

Other measurement series lead to similar results, with saturation
numbers and characteristic times depending on the conditions of par-
ticular experimental runs (beam intensities, energies, etc.)

8. Summary and future studies

To summarize, we designed, constructed and tested a long-lasting
source of low-energy atomic anions of iodine, based on a Paul trap,
using electron dissociative attachment to create the anions. The source
provides repeatable pulses of anions, consisting of up to one million
particles. The system is flexible with the choice of molecules to be used
for ion production.

The studies will be continued to determine optimum conditions of
use of the source combined with larger devices, such as the AEgIS
apparatus at CERN. Also, cross sections for ion formation may be
deduced from the analysis of subsequent tests of the device, providing
new insight to the understanding of electron dissociative attachment
experimental studies.

The device may be applied to produce other species of anions by
replacing the iodine container with other molecular substances, such
as other halogens or more complex molecules, including organic ones.

An interesting challenge would be the production of anions of
atoms not forming molecules, for example metals. Such anions might
be obtained via charge-transfer collisions of atoms with previously
prepared anions. As an example let us consider the Cs™ anion. It may
be produced in a reaction:

Cs+I" — Cs™ +1 a7

Since the electron affinity of iodine is 3.06 eV (Pelaez et al., 2009) and
0.47 eV (Navarrete et al., 2024) in the case of caesium, the threshold
for the collision energy here is the difference of the affinities, equal to
2.59 eV. Heating the anion ensembles to such energies in the trapping
potential is not a very challenging issue. Similar processes to Eq. (17)
are possible for other species, with energy thresholds of the same order
of few eV, which may finally allow to obtain a broad variety of possible
anions.
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