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Abstract

®

CrossMark

We have built and operated a cryogenic Penning trap arrangement that allows for the efficient
production, selection, and long-term storage of highly charged atomic ions. In close similarity to
an electron-beam ion trap it works by electron-impact ionisation of atoms inside a dedicated
confinement region. The electrons are produced by field emission at liquid-helium temperature
and are subsequently accelerated to the keV energy range. The electron beam is reflected
through the trap multiple times to increase the ionisation efficiency. We show a characterisation
of the system and measurements with argon and tungsten ions up to Ar'®* and W2+,

respectively.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Highly charged atomic ions are sought-after study objects
in several contexts [1], particularly with regard to preci-
sion measurements of x-ray, optical and microwave trans-
itions in few-electron systems that are bound by the extreme
electromagnetic fields of the atomic nucleus [2]. This area
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of research comprises measurements of fine- and hyperfine-
structure energies and lifetimes [3], of the Lamb shift [4, 5]
and the bound-electron magnetic moments [6—8] as bench-
marks of bound-state quantum electrodynamics [2, 9, 10], as
well as spectroscopy in the framework of metrology [11] and
the determination of fundamental constants [12, 13]. Much
of this effort involves charged-particle traps such as Penning
traps [14] for long-term confinement and preparation of the
desired species under well-defined conditions, usually in cryo-
genic surroundings and at extreme vacua.

Depending on the charge state under consideration, the
highly charged ions may be produced by various methods,
most of which rely on an external source, combined with sub-
sequent transport and capture into a Penning trap [15-18]. In
contrast to singly charged ions, medium and high charge states

© 2023 The Author(s). Published by IOP Publishing Ltd
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cannot be efficiently produced by photo-ionisation inside the
trap, as the required intensities are far beyond readily avail-
able lasers. However, for charge states up to ionisation poten-
tials of a few keV, it is possible to create the ions inside a
separate potential well of a Penning trap that is operated in
similarity to an electron-beam ion trap (EBIT): electrons from
a field-emission point or -array [19] are accelerated such that
they traverse a dedicated trap well and ionise atoms that are
present there [20]. In similarity to an EBIT operated in reflex
mode [21], the electron beam in the present setup is reflected
through the trap multiple times, thereby increasing the produc-
tion efficiency. The ion content of this trap can be monitored
non-destructively until the targeted charge-state distribution
is reached. Tons can then be selected by their charge-to-mass
ratio and the resulting pure ensemble can be moved to an adja-
cent trap for the intended measurements.

In the present case, this is laser-microwave double-
resonance spectroscopy of a large and cooled single-species
ensemble of highly charged ions that aims to measure the mag-
netic moments (g-factors) of bound electrons and atomic nuc-
lei with high precision [8, 22]. Such measurements represent
valuable benchmarks of calculations in the framework of the
quantum electrodynamics of bound states, i.e. in the presence
of extreme electromagnetic fields [6, 7]. This work is part
of the ARTEMIS experiment [8, 22] located at the HITRAP
facility [23, 24] at GSI, Germany. The present measurements
use the existing ARTEMIS Penning trap equipped with the
internal ion source under discussion [25] as it has been used
previously for measurements of highly-charged-ion cooling
[26]. In the present article, we show the setup and procedures
of in-trap ion production, and present characterising measure-
ments with ions up to Ar'®* and W?’* . Together with electron-
impact ionisation simulations, these are used to make quantit-
ative statements about the electron beam and the performance
of the device, particularly with regard to the operation in reflex
mode.

2. Background: theory and methods

2.1. Field emission of electrons from a cryogenic
field-emission point (FEP)

In a small cryogenic environment, a favourable source of elec-
trons for ionisation of atomic particles is a field-emission point
or -array [19], since it is compact and not connected with
a thermal load on the environment. A voltage of typically a
few kV is applied to a metallic needle (usually made of tung-
sten) with a tip of size of the order of 100 nm or less. The
corresponding electric field from the tip to the earthed sur-
roundings enhances quantum tunneling of electrons into the
vacuum which are hence emitted from the tip surface [27].
This is commonly called a ‘Miiller-type’ field emitter [28]. For
a given needle, the achieved electron current can in principle
be determined from the tip geometry and the applied voltage
by Fowler—-Nordheim-type equations [27], but for real emitters
it is more reliable to obtain this number from a measurement

as will be discussed below. Typically achievable electron cur-
rents from a single cryogenic FEP are of the order of ©A and
below.

2.2. Electron-impact ionisation in EBITs

An EBIT uses electrons to create highly charged ions by sub-
sequent electron-impact ionisation (‘charge breeding’) of a
given atomic system, either an atom or an ion of a lower
charge state, that is confined by suitable electromagnetic fields
[29]. The electron kinetic energy must exceed the ionisation
potential (IP) of the system for its next charge state to be
produced. For optimum production, it is commonly chosen
around the maximum of the electron-impact ionisation cross
section which is usually between two and three times the IP
[30]. During production, for any present charge state there is
gain by ionisation from the lower charge states, loss by ion-
isation to higher charge states, and loss due to several pro-
cesses that result in electron capture. Overall, the situation
can be quantified by a set of coupled rate equations, one for
each charge state present [31]. Each equation has gain and
loss terms, a detailed description requires knowledge (for each
individual charge state) about the ionisation cross section at
the given electron energy and about the cross sections for
the loss mechanisms: radiative recombination [32], charge
exchange [33], and the loss of confinement. With these quantit-
ies known, the temporal evolution of a given charge state dis-
tribution under the influence of an electron beam at a given
kinetic energy E and current density j can be obtained from
corresponding computer codes [34, 35].

2.3. lon confinement in a Penning trap

A cryogenic Penning trap like the one presently discussed can
simultaneously confine atomic ions of any charge state of a
given element by a combination of a homogeneous static mag-
netic field and a static electric quadrupole field for periods of
days and longer [14]. In general, a Penning trap is similar to
an electron-beam ion trap when the electron beam is absent. In
turn, a Penning trap can act as an EBIT when an electron beam
is added to it, particularly at low electron currents that neither
disturb the confining fields nor require an electron collector or
electron beam compression by magnetic field gradients.

In a Penning trap, the confining fields force each individual
ion on a bounded trajectory that consists of an oscillation par-
allel to the magnetic field (the ‘axial’ direction), and of a radial
motion perpendicular to it [14]. The frequency w, of the axial
oscillation is given by

U
* md?

where ¢ is the charge of the ion, m is its mass, U is the
electrostatic potential of the trap, and d its size parameter
[14]. Hence, for a given element, each charge state can be
uniquely identified by its axial oscillation frequency. The dis-
tribution of axial oscillation frequencies can be measured

ey
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non-destructively, such that the charge-state distribution can
be determined during confinement. The relation (1) between
charge state and axial oscillation frequency also allows for a
selection of a desired charge state by resonant removal of all
other charge states by a frequency-selective method called *
SWIFT” [36, 37].

2.4. lon selection by SWIFT

Any combination of charge-to-mass ratios can be selected to
remain confined in the trap by resonant dipole excitation of
all other species to the point where they are lost from confine-
ment. In the SWIFT method (Stored Waveform Inverse Fourier
Transform), a voltage transient signal is applied to the trap,
the Fourier transform of which contains the oscillation fre-
quencies of all undesired species [36, 37]. This leads to sim-
ultaneous resonant dipole excitation of those unwanted ions.
Additionally, the trap depth U may be lowered upon excit-
ation such that the excited ions leave the trap more easily.
SWIFT can be applied to either the radial or axial motion of
the ions, usually to single out one species of interest to remain
in the trap. After each SWIFT cycle, a mass-to-charge spec-
trum can be taken by non-destructive ion detection to optim-
ise the routine. Presently, SWIFT is performed such that the
unwanted ions leave the trap axially along the magnetic field
lines and are lost from confinement.

2.5. Non-destructive ion detection

The ion content of the trap can be analysed by the signals that
the ions’ axial motions induce in a dedicated pick-up electrode
and a connected resonant circuit (RLC circuit) fixed to a spe-
cific frequency

1

W= 7o )
by the given inductance L and capacitance C of the circuit.
The axial ion motions induce image currents in the pick-up
electrode [38] and thus a voltage across the detection circuit
that has a sharp maximum when the actual ion oscillation fre-
quency equals the circuit’s resonance frequency, i.e. when we
have w, = wg. When the trap potential U is ramped across a
certain voltage range, the axial oscillation frequencies of all
confined ion species are subsequently brought into resonance,
hence creating a spectrum of charge-to-mass ratios present
inside the trap [14].

3. Setup and procedure

3.1. Overview

The ARTEMIS trap setup, as depicted in figure 1, consists of
a Penning trap for spectroscopy of highly charged ions, and
of an adjacent triple-well creation trap in which the highly
charged ions are created in close similarity to an EBIT. It is
located in the homogeneous field region of a 7 T supercon-
ducting magnet and is cooled to liquid-helium temperature by
a commercial cryo-cooler. The trap electrode stack consists
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Figure 1. Sectional view of the Penning trap arrangement:
spectroscopy trap on the top, creation trap on the bottom. The
central path of the electron beam (light blue) has been added for
illustration, so has the triple-well potential for storage of the highly
charged ions on the right hand side.

of 21 electrodes overall, and has an indium-tin-oxide coated
conducting window at its upper end (‘E1’). This window rep-
resents an electrically compensated yet optically open endcap,
thus forming a half-open trap structure with both a highly har-
monic trap potential and favourable light collection proper-
ties for spectroscopy [39, 40]. The mechanically compensated
triple-well creation trap features three consecutive harmonic
traps for the ions during creation. The ambient temperature
of about 4 K ensures efficient cryo-pumping of residual gases
in the trap arrangement. From a non-destructive measurement
of the ion signal as a function of time, a charge-state life-
time (half-life) for Ar'3* of 22 days has been extracted, which
indicates a residual gas pressure on the scale of a few times
10~ hPa [26].
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3.2. Electron source and EBIT operation

The EBIT functionality of the creation trap is constituted by
the five electrodes indicated in red (figure 1), namely the FEP
support ‘E19° and the accelerator ‘E20° which together define
the electron beam current and -energy, and the reflector elec-
trodes at either end (‘E8/9’ and ‘E21°) that are used to reflect
the electron beam up and down, such that it traverses the three
trap wells located at E12, E14 and E16 multiple times.

Field emission and electron acceleration are achieved by
setting electrode E19 with the FEP to a high negative poten-
tial with respect to ground (of the order of —1kV to —2kV),
and the acceleration electrode E20 to a high positive potential.
The resulting electron beam is axially contained in the cre-
ation trap by setting the reflection electrodes E8/9 and E21 to
a potential that is typically about 0.4kV more negative than
the FEP voltage. The voltages of electrodes E11 to E17 are
chosen such that the wells at E12, E14 and E16 have a depth
of around 0.25kV to contain the ions during charge breed-
ing. The difference of the applied voltages to the trap elec-
trodes is about twice the well depth due to their cylindrical
geometry [14]. The FEP voltage supply is able to measure
the electron current emitted from the tip to within a few
percent.

The FEP is located at the sharp end of a needle that radially
penetrates the support electrode E19 such that the tip ends on
the central trap axis which is also the central magnetic field
axis. Figure 2 shows the needle supported by electrode E19
and the accelerator electrode E20 that surrounds the FEP and
is insulated from it by a ceramic spacer [25]. The electrons
emitted from the tip are guided along the central axis by the
magnetic field and are axially confined by the voltages applied
to the reflector electrodes. Figure 3 gives a closer look at the
FEP through a light microscope directly from above along the
central trap axis [25]. In the background, the accelerator elec-
trode and its central opening for injection of gas or ions from
below the trap is visible. The needle with the FEP is produced
from a tungsten wire in a specific etching process that results
in tips with radii of curvature of 100 nm and less [25]. Figure 4
shows two images at different magnifications of the tip under
a scanning electron microscope (SEM), with radii of curvature
of significant emission points indicated, as measured with the
SEM [25].

Figure 5 illustrates the part of the trap setup relevant for
handling of the electron beam, and gives an impression of the
electron beam being emitted from the FEP and then reflected
up and down multiple times before being lost radially. We will
discuss this situation in more detail below.

Note that the existing system can be used to charge-breed
gas, other atoms that are present in the trap arrangement (such
as atoms dissociated from the tip or sputtered from electrodes
hit by the electron beam), and also to further charge-breed ions
that have been produced externally and have been dynamically
captured into the creation trap. This may not be an immedi-
ate advantage when looking at powerful external sources such
as the offline ion sources located at HITRAP, or the HITRAP
facility itself [41], but makes the use of dedicated external ion

INSULATING ACCELERATOR
SPACERS

SUPPORT  TUNGS
TIP

Figure 2. Image of the field-emission electron source: support
electrode E19 with the needle radially pointing to the central trap
axis, and accelerator electrode E20 insulated by a ceramic spacer.
Reproduced with permission from [25]. CC BY-NC-SA 3.0.

Figure 3. Image of the FEP through a light microscope directly
from above along the central trap axis. In the background, the
accelerator electrode and its central opening for injection of gas or
ions from below the trap is visible. Reproduced with permission
from [25]. CC BY-NC-SA 3.0.

sources for rare species possible that are otherwise not readily
available.

3.3. Cryogenic gas source

The gas from which the highly charged argon ions are created
comes from a dedicated cold gas source below the trap, which
can be heated by a current through a resistor to a temperature
typically 30 K above the ambient temperature of about 4 K,
hence releasing some of the gas frozen inside it. A sectional
schematic of this source is depicted in figure 6. The cold gas
source is prepared prior to ion creation by filling it with the
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Figure 4. Images at different magnifications of the tip under a
scanning electron microscope (SEM), with radii of curvature of
significant emission points indicated, as measured with the SEM.
Reproduced with permission from [25]. CC BY-NC-SA 3.0.
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Figure 5. Sketch of the creation part of the setup relevant for
electron beam handling, with the electron beam emitted from the

FEP along the central trap axis being reflected up and down before
radially being lost (not to scale).

desired gas while it is kept at liquid-helium temperature, such
that the gas freezes inside the baffle structure. The baffles form
a chicane that efficiently blocks further gas flow from the sup-
ply and enables a vacuum better than 10~'> hPa in the trap
chamber. When gas is needed, the source is briefly heated by
a current through a resistor to a temperature of around 30 K
to 40 K, such that the gas frozen inside the chicane structure
is released into the trap chamber. The value of the current and
the corresponding heating are negligible in the given system
and neither affect the superconducting magnet nor the cryo-
genic conditions of the trap, particularly at the typical small
duty cycle of the order of a few seconds per day.

TO TRAP

~ COPPER
- HOUSING

B

BAFFLES

1 cm

HEATING
ELEMENT

GAS SUPPLY

Figure 6. Schematic of the cold gas source used to supply small
quantities of gas for ionisation by heating it resistively above the
temperature required for efficient cryo-pumping of the gas, usually
around 30 K to 40 K.

3.4. lon detection, selection, cooling and extraction

Upon ion creation, the ions from the three potential wells
located at electrodes E12, E14 and E16 are combined in the
middle potential well at E14 by slow switching of the voltages
of electrodes E11 to E17 from the configuration shown in
figure 1(right) to a single well located at E14.

Non-destructive ion detection in the creation trap is
achieved via a radio-frequency resonator that uses electrode
E13 as a pick-up for the axial ion motion and produces a
voltage signal that is amplified and read out. At liquid-helium
temperature, the resonator has a resonance frequency of wg =
271 x 705.7kHz and a quality factor of Q =375. All ion spe-
cies are brought into resonance subsequently by scanning the
creation trap potential U, yielding a charge-to-mass spectrum
of the trap content, e.g. the one shown in figure 9.

Selection of a specific ion species by its charge-to-mass
ratio is possible by resonant ejection of all undesired ion spe-
cies via the SWIFT method. The remaining ions are cooled res-
istively by thermalisation with the resonance circuit at liquid-
helium temperature [26]. Upon selection and cooling, by slow
switching of the voltages around the extraction electrode E7,
the ions are transferred to the spectroscopy trap for further
cooling and/or measurements. Depending on the details of
the production, i.e. amount of gas, breeding current and time,
the number density of produced and cooled ions is typically
between 10° cm—2 and 10° cm—3, as has been determined from
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the observed space-charge shift of the axial frequency distri-
bution in a separate set of measurements [26].

4. Measurements

4.1. Electron current from the FEP

To characterise the field emission from the FEP, the emit-
ted electron current has been measured as a function of the
voltage at the accelerator electrode E20 for two different val-
ues of the voltage at the FEP support electrode E19. This is
shown in figure 7. As expected, the emitted current increases
with increasing FEP voltage with respect to ground and with
increasing voltage with respect to the acceleration electrode.
In offline tests, FEP tips have shown signs of rapid degrada-
tion for currents on the 1A scale, hence we operate the electron
source at voltage combinations that restrict the electron current
to a few hundreds of nA.

The duration for which the electron beam is switched on is
defined by the desired breeding time. Longer breeding times
lead to production of higher charge states but causes stronger
heating of the ion cloud. The creation parameters of FEP
voltage, accelerator voltage, breeding time and resulting FEP
current were varied for optimised ion production, keeping the
current low to avoid overly fast degradation of the tip.

Overall, the production performance of the setup is limited
mainly by this restriction of the electron current and by the
breakdown voltages of the electrode arrangement and cabling
which at present give an upper bound of the electron beam
energy at roughly 2 keV. If necessary however, both these lim-
itations could be overcome by use of different kinds of field
emitters and by changing design geometries and materials to
allow higher voltages to be applied.

4.2. Gas from the cold source

To characterise the cold gas source, a measurement of the res-
ulting gas pressure inside the vacuum chamber as a function
of the heating temperature has been performed prior to install-
ation of the trap. Figure 8 shows the gas pressure in the trap
chamber as a function of time for four different values of the
initial heating temperature in a pulse of 1 s duration [25]. No
gas is detectable for temperatures below 34 K. Above this
temperature, the behaviour is non-linear and the amount of
released gas depends critically on the heating, as one expects
from general thermodynamic theory [42]. Upon the initial
release during the heating pulse, the gas is efficiently cryo-
pumped by the surrounding surfaces at liquid-helium temper-
ature on the time scale of seconds, which is sufficient for ion
creation.

4.3. Production of highly charged ions: low current

Figure 9 shows the measured charge-state distribution of
highly charged argon ions after electron-beam ionisation for
t=1s at an electron beam energy of £ =950¢eV and a meas-
ured electron current from the FEP of / =170 nA. The main
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Figure 7 Measured electron current emitted from the FEP as a
function of the voltage at the accelerator electrode E20 for two
different values of the voltage at the FEP support electrode E19.
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Figure 8. Gas pressure inside the vacuum chamber as a function of
time for four different cold-source heating temperatures.
Reproduced with permission from [25]. CC BY-NC-SA 3.0.

charge states present in this example are Ar®* to Ar'®*, peak-
ing around Ar'?>* and Ar'3*. This is in agreement with the
corresponding ionisation potentials which are all accessible at
the given electron beam energy of E =950eV, namely 143 eV
for Ar®* to 918 eV for Ar'S*, whereas the next-higher charge
state is inaccessible at 4121 eV for Ar!”* [43]. Note, that in
this measurement, a resonator at a slightly different reson-
ance frequency wg = 27 x 737 kHz was used, making the ion
peaks appear at slightly different voltages than in the following
cases.

4.4. Production of highly charged ions: high current

Figure 10 shows a similar charge-to-mass spectrum of argon
ions around Ar’" to Ar'®* that additionally includes tungsten
ions that have been produced from atoms dissociated from
the FEP needle at a higher emission current of / =275nA.
Tungsten ions up to W?’* are present, which again is in
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Figure 9. Measured charge-state spectrum of highly charged argon
after electron-beam ionisation for # =1 s at an electron beam energy
of E=950eV and a measured electron current from the FEP of
I=170nA.
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Figure 10. Charge-to-mass spectrum that includes tungsten ions
that have been produced from atoms dissociated from the FEP
needle.

agreement with the accessible ionisation potentials at the given
electron beam energy of E=950¢V, namely up to 881 eV for
W27+, whereas the next-higher charge state is inaccessible at
1132 eV for W2+ [43].

4.5. Electron beam reflection

The electron beam reflection used in the current setup is a sig-
nificant deviation from standard EBIT operation. Hence, we
want to have a closer look at the situation. A qualitative illus-
tration of the electron beam arrangement has been given in
figure 5.

A simulation by use of the CBSIM software [34, 35] for the
conditions of the production shown in figure 9 has been per-
formed, see figure 11. To roughly reproduce the experiment-
ally observed charge states of argon, i.e. a maximum yield
around Ar!3t at a time of about 7= 1s, an electron current
density j of about 2.5 A cm™? is required. We take this as an
indication that the actual electron beam in our setup, being
reflected up and down multiple times during charge breeding,
leads to the same ion production as a single-pass electron beam
in a conventional EBIT of that current density.

Looking down on the ion creation arrangement along the
central trap axis, the light distribution emitted from its top

0]
o

A |13+

[o2]
(@]

Relative Abundance [%)]

log (Charge-Breeding Time / s)

Figure 11. Distribution of relative ion yields as a function of time
during electron-beam ionisation at an electron beam energy of
E=950eV and a current density of 2.5 A em ™2 according to the
CBSIM software.

has a diameter of about 1 mm and is understood to be mainly
Bremsstrahlung from the electrons being reflected repeatedly
during charge breeding [39]. From the measured electron cur-
rent of /=170 nA and the current density of j =2.5 Acm™2,
one would obtain a cross-sectional area A = I/j of a single-
pass electron beam of roughly 107 cm?. This area is smal-
ler than the measured light distribution by a factor of about
10%, which indicates that our electron beam is reflected up and
down a correspondingly large number of times while being
radially expanded due to space charge effects.

We can obtain a rough number of electron beam reflections
also from assuming that the reflected electron beam fills up the
trap to the point where radial loss occurs at the rate of electron
production, i.e. the trap is filled to the Brillouin limit at which
space charge overcomes the magnetic confinement of the trap
[14]. This electron number density is given by

B2
n="2 3)

2m

where ¢ is the permittivity of free space and m is the electron
mass. At the present field of B= 7T, we have n ~ 10° cm 3.
The total charge in the trap is then given by Q =enV which
for our trap with V ~ 10cm? is about Q ~ 10~° C. The FEP
current of roughly 100 nA takes about 10 ms to fill the trap to
that limit, during which time electrons at 1 keV energy travel
10° m. At the length of our trap of about 10 cm this means a
number of reflections of about 10° which agrees with the above
assumption.

During charge-breeding, the currents on the FEP and accel-
erator electrodes are observed to be equivalent. This is expec-
ted as the accelerator has the smallest inner diameter and an
attractive potential, and thus acts similarly to the collector
electrode in a typical EBIT operating in reflex mode. The aver-
age lifetime at the Brillouin limit of an electron in the trap can
be considered from emission at the FEP until impact with the
accelerator electrode. From the current and the total number of
trapped electrons, it is determined to be about 10 ms. During
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Figure 12. Charge-to-mass spectrum of argon ions before and after
selection of Ar'®* (blue) by SWIFT removal of all other species
(red) from the trap.

this time, many mutual Coulomb scatterings lead to a random
walk of electrons from the center radial position, such that
longer-lived electrons occupy larger radial positions on aver-
age. After reaching a steady state, the outermost radial elec-
trons may be ejected by the space charge of the inner electrons.
In this way, newly emitted electrons are vastly more likely to
replace an older electron in the plasma than to be directly ejec-
ted. We assume the initial acceleration after emission to dom-
inate the electron kinetic energy, yet due to electron-electron
interaction occurring in the reflex mode, the beam may not be
fully mono-energetic.

4.6. Charge-state selection

Selection of a single charge state is performed by resonant
ejection of all other species upon creation. The correspond-
ing SWIFT excitation signal to eject the unwanted ions axi-
ally is irradiated via electrode E13 which is the axial neigh-
bour of E14 where the ions are located. Since in the present
setup the SWIFT excitation voltage is limited to 10 V, the
excitation signal is applied repeatedly until the unwanted ions
are removed. During the irradiation, electrode E14 is kept at
—250 V and the adjacent electrodes are at +10 V, giving a
trap depth of 260 V. This method of selection can be com-
bined with a short-term lowering of the trap depth, thus allow-
ing excited ions to leave the trap more easily while maintaining
the desired ions. Figure 12 shows a charge-to-mass spectrum
of argon ions before and after selection of Ar'®t by SWIFT
removal of all other species from the trap. While the undesired
charge states (red) are removed completely, about 95 % of the
selected Ar'%T (blue) are still present, proving that spurious
excitation of the selected species is small, and that SWIFT is
efficient for charge-state selection in a cooled cloud of ions.

5. Summary and conclusion

We have described the setup, applied methods, and operation
of a device for the production, selection and storage of highly
charged ions inside a cryogenic Penning trap. Ion production
takes place by charge-breeding of atoms via impact ionisation

with electrons from a cryogenic field emitter. We have shown
the efficient production of highly charged ions up to ionisa-
tion potentials of the order of one keV on the time scale of
seconds from gas injected by a dedicated cold gas source. The
efficiency mainly goes back to the reflex mode of operation,
in which the electron beam is re-used a large number of times.
Upon creation, the charge-state distribution is analysed non-
destructively, and desired charge states are selected for further
study by resonant removal of unwanted ions and by adiabatic
transport of the ions of interest to an adjacent Penning trap for
spectroscopic studies.

The methods and device described here may be used bey-
ond the specific application above since it allows to create
and select highly charged ions across a wide range of spe-
cies, charge states and total ion numbers, and to create them at
low kinetic energy when compared to typical situations with
dynamic (in-flight) capture [44]. Also, it allows for operation
in cryogenic environments that are typically required for pre-
cision trap experiments as they allow the use of supercon-
ducting equipment, low-noise electronics for detection and
manipulation of ions, and particularly extreme vacua that
allow for long ion storage times of days and more as they
are required for many precision studies with highly charged
ions [6, 16, 45-47].
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