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Abstract. The former Berlin electron-beam ion-trap was moved to Greifswald. One of the first
aims after the reinstallation was the continuation of experiments using mixed ensembles of low-
and high-Z ions for further studies of the previously reported sawtooth-like oscillations of the trap
plasma. First results of these studies for xenon/argon mixtures are presented.
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INTRODUCTION

Electron-beam ion-traps (EBITs) (Fig. 1) allow the production and storage of highly
charged ions (HCIs) [1, 2, 3], with charge states up toq= 92+ in the case of uranium
[4]. To this end, a mono-energetic electron beam launched from a indirectly heated
cathode is compressed by the magnetic field of two Helmholtz coils, thus producing
an electron density of several thousands of A/cm2. After passing three drift tubes the
electron beam is caught by a collector. The center drift tubehas a larger diameter than
the outer electrodes (Fig. 1). By this choice of geometry the image charge of the electron
beam provides an axial trapping potential for the confined ions. This potential can be
further increase by applying bias voltage to the end drift tubes. The radial trapping
potential is created by the space charge of the electron beam.

Neutral atoms or low-charged ions are injected into the EBIT and ionized by electron
impact. The ions’ charge-state distribution is given by theenergy of the electron beam
across the ionization potentials of subsequent ionizationstages. In order to avoid charge-
exchange processes by interaction with neutral residual-gas particles, which would shift
the charge distribution to lower states, ultrahigh-vacuumconditions are required.

In addition, the HCIs can be extracted from the EBIT. This will allow us to investigate
collisions between HCIs and atomic clusters. It is planned tostudy charge exchange and
fragmentation processes [5]. For reactions between neutral fullerenes and, e.g. singly
charged ions low charge fullerenes up to C5+

60 , smaller Cq+
60−2m fullerenes and small

singly charged fragments between C+
1 and C+29 were reported [6]. In contrast, the use

of highly charged ions led to charged fullerenes of up to C9+
60 [7]. We propose to extend

these measurements by varying the kinetic energy and the charge state of the ions. After
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FIGURE 1. Vertical cross section of the Greifswald EBIT.

initial tests with fullerenes, the experiments in Greifswald are planned to be continued
with cooled metal clusters.

Our first measurements at the EBIT’s new location, however, were performed with
mixed gas ensembles in a shallow trap with an axial potentialvarying from a few volts
to several tens of volts. Under these conditions sawtooth-like oscillations of the emitted
x-rays from argon and barium ions were observed for the first time in 2003 at the Berlin
EBIT [8]. In addition, experiments with xenon and argon or krypton ions were performed
[9]. Furthermore, oscillations of the x-ray emission of xenon and krypton ions were also
observed for a deep trapping potential of 300 V at the Shanghai EBIT [10]. However
these Xe and Kr oscillations appeared synchronously, in contrast to the oscillations
observed at the Berlin EBIT, where the oscillations of the heavier and the lighter ion
species had opposite phases.

In the following, the experimental setup is described and a short introduction into the
sawtooth mechanism is given. First results from the Greifswald EBIT and the simulation
of the sawtooth oscillation are presented.

EXPERIMENTAL SETUP

Compared to its former location at Berlin no modification of theEBIT (Fig. 1) itself was
introduced during its reassembling at Greifswald. The detailed parameters are given in
Tab.1 for the former Berlin EBIT [1, 11] - now Greifswald EBIT.

The two superconducting Helmholtz coils produce a magnetic-flux density of 3 T.
Liquid helium is necessary for operation of the coils and also provides the cooling of the
vacuum vessel to guarantee the required vacuum conditions.

The center drift tube has eight slots allowing, e.g., neutral-gas injection and x-ray
spectroscopic measurements of HCIs using a windowless germanium detector [11]
sensitive in the energy range above 500 eV. A cross section ofthe EBIT’s center with the
solid-state detector and the gas-injection system is shownin Fig. 2.



TABLE 1. Physical parameters of the Greifswald EBIT [11, 1].

number of drift tubes 3
center-drift tube: length 4 cm
center-drift tube: diameter 1 cm
end-drift tubes: length 9 cm
end-drift tubes: diameter 0.3 cm (next to the center drift tube)

1.4 cm (outer end)
magnet-flux density 3 T
electron gun: tungsten; 3 mm diam.
max. electron-beam current 150 mA
max. electron density 5 x 1012 cm2

diameter of electron beam 70 µm
max. electron-beam energy 30 keV
highest ion charge state He-like W72+
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FIGURE 2. Horizontal cross section of the EBIT with layout of the solid-state detector and the gas-
injection system.

EVAPORATIVE COOLING AND SAWTOOTH OSCILLATIONS

As described above, neutral atoms or low-charge ions injected into the EBIT are ionized
by multiple electron impact and confined by the axial and radial trapping potentials. In
addition, the colliding electrons also heat the ions [12]. As a result of the energy gain,
some ions escape from the trap.

To reduce this outflow and increase the trapping lifetimes for confined ions, the
experiment can be performed with a mixture of different ion species and thus charge
states. When, in addition to a heavy component, a small portion of a light element is
injected into the trap, energy is transferred between the higher charge-state ions and
the light ions due to the ion-ion collisions. Since the lightand thus less highly charged
ions are bound weaker by the trapping potential they are lostby axial escape. In this
way energy is removed from the ion ensemble and, accordingly, this technique is termed



0 5 10 15 20 25

0

500

1000

1500

2000

 

number 

of

photons

Ar IE n=2-1

3

11

25

69

87

135

250

Xe IE n=3-2

 

 

1

2

3

4

5

6

x
-r

a
y
 e

n
e
rg

y
 /

 k
e
V

 

Ar IE n=2-1
 

 

x
-r

a
y
 c

o
u
n
ts

time / s

Xe IE n=3-2

FIGURE 3. (Top) X-ray emission of the trap content versus time at 40 mA electron-beam current, 5 keV
electron-beam energy and a bias voltage of 10 V between center and upper drift tube. The emission bands
from impact excitation (IE) of Ar16+ (n= 2−1 transition) and Xe44+ (n= 3−2 transition) are marked.
(Bottom) Projection of the emission intensity in the bands onto the time axis. The x-ray emissions from
argon and xenon show opposite trends in the sawtooth oscillations.

evaporative cooling. Evaporative cooling is the key to the successful operationof an
EBIT and permits the production and storage of a much higher number of highly charged
ions than would be possible without cooling [13].

Of course, the evolution of ions in an EBIT depends on the operating and device
parameters (electron-beam current and energy, axial potential wall) and the rates at
which neutral atoms are fed to the EBIT. If the commonly applied conditions for
the evaporative-cooling technique are changed and much more light than heavy gas
is injected into the trap, a sawtooth activity is observed. This sawtooth activity of
the trap content was reported for the first time form the BerlinEBIT [8]. Figure 3
shows the results from a recent measurement at the Greifswald EBIT for a system of
highly charged Ar and Xe ions: X-rays from electron-impact excitation are presented.
A prominent feature is the mirror-like behavior of the intensities for Ar and Xe. The
population in the trap does not reach a steady state. Instead, Ar ions are continuously
replaced by Xe ions until a substantial part of ions are lost from the trap by rapid axial



expulsion [9]. The sawtooth activity may be explained alongthe following line: Xe ions
accumulate in the trap; they are cooled by the Ar ions which inturn escape from the trap
more rapidly because of their lower charge. This process continues until a situation is
approached where the cooling is much reduced because of insufficient Ar density. As a
consequence, the Xe ions encounter substantially more heating. As the ion temperatures
rise the particle loss is further enhanced (ion expulsion).The lower charge-state Ar ions
are almost completely lost by axial escape while the higher charge-state Xe ions are
driven out from the trap to a lesser extent. Since the rate at which energy is transferred
to Ar ions is markedly reduced at lower Xe ion density, new Ar ions populate the trap
and stay longer in the electron beam. The ions concentrate inthe trap until their density
becomes sufficiently high that the competition between Ar and Xe recommences.

SAWTOOTH EXPERIMENT IN GREIFSWALD

The EBIT was operated in a static mode, i.e. the trapping potential of the EBIT and the
electron-beam energy were kept fixed during the whole measuring cycle. In adddition,
the bias voltage between center and lower drift tube was fixedat 400 V for all mea-
surements. After a cycle time of 25 s the potential at the upper drift tube was lowered to
empty the trap and then the next cycle was started. During theexperiment argon (nuclear
charge numberZ = 18) and xenon (Z = 54) were injected into the EBIT with a fixed
mixing ratio (absolute gas pressure) of 6 : 1. The highest charge states for both gases
were limited by the electron-beam energy of 5 keV toq(Ar) = 18+ andq(Xe) = 44+.
The evolution of the emitted x-rays of the trap content is shown in the scatter plot (Fig.
3). The detector pulse height, which is correlated to the x-ray energy, is digitized by an
analog-to-digital converter and fed to a multi-channel scaler, with an energy resolution
of 136 eV and a time resolving of 50 ms. To analyze sawtooth oscillations in the cur-
rent experiment, the x-ray emission of then= 2−1 transitions of Ar16+ at 3.1 keV and
n= 3−2 transitions of Xe44+ in the range from 4.1 keV to 4.9 keV is used.

Several experiments were performed to investigate the effect of the absolute pressure
in the gas-injection system (5.5 · 10−7 Pa up to 9· 10−7 Pa), the electron-beam current
(35 mA up to 80 mA) and the bias voltage between center and upper drift tube (-10 V up
to +25 V). As described above the axial trapping potential isdepending on the bias
voltage between center and outer drift tubes and the image charge of the electron beam.
As a consequence of the changes of the bias voltage between center and upper drift tube
and the electron-beam current the axial trapping potentialis varied between 0.6 V and
45 V. Furthermore, the axially ejected ions were detected with a Faraday cup (Fig. 4).
Measurements of the energies of the ejected ions are in preparation.

MODELING OF SAWTOOTH OSCILLATIONS

The sawtooth phenomenon is very sensitive to the EBIT operating conditions and as such
it is an excellent benchmark to test existing EBIT models. Since the first observation of
the sawtooth oscillations, calculations of the ions time evolution were started as well
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FIGURE 4. Scheme of the detection system of the Greifswald EBIT.

[8, 9, 14]. We will continue these simulations including thefollowing processes

(a) electron-impact ionization,
(b) radiative recombination,
(c) charge exchange with neutral atoms,
(d) axial ion escape,
(e) heating of the ions by the electron beam,
(f) ion-ion energy exchange, and
(g) trap neutralization by ions.



The time evolution of the ion density can be calculated from the following rate equation
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wherenα ,q is the density of the trapped ions (α = Ar,Xe) with charge statei, andτ ion
α ,q,

τ rec
α ,q, τex

α ,q andτesc
α ,q are the characteristic times for creation the charge stateq by electron-

impact ionization, for radiative recombination, for charge exchange with neutral atoms
and for axial escape, respectively.

The cross section for electron-impact ionization, radiative recombination and charge
exchange with neutral atoms where calculated using the expression by Lotz [15], Kim
and Pratt [16], and Müller and Salzborn [17, 18], respectively. To calculate the charac-
teristic time of the axial ion escape the expression from [19] was used. The characteristic
time of the axial ion escape itself is depending on the ion temperature due to the collision
rate between the ions species.

The ion temperature is calculated from the energy-balance equation including axial
ion escape, heating of the ions by the electron beam and ion-ion energy exchange [9]:
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Wesc
α ,i andWbeam

α ,i is the energy loss by axial ion escape and the energy gain by electron-
beam heating, respectively. The sum is over all Ar and Xe charge states populating the
trap (1 to 18 for Ar and 1 to 44 for Xe) and represents the energytransfer by collisions
to one ion species at charge statei from all other species.

Similar trapping conditions as in the experiment were used.In all simulation an
electron-beam energy of 5 keV was used. The bias voltage between center and upper
drift tube and the electron current were varied between 0 V upto 20 V and 40 mA up
to 50 mA, respectively. All simulations were started with neutral argon and xenon at
room temperature. The density of the Ar/Xe gas mixture was varied in the range of
103 . . .107/cm3, and the respective mixing ratio Ar/Xe between 6:1 and 10 000:1. Figure
5 shows the calculated density of the argon and xenon ions. Only a few percent of the
Xe44+ ions escape from the trap compared to an almost complete lossof the Ar16+

population. As described above, the ion escape is correlated with an increase of the ion
temperature.

CONCLUSIONS AND OUTLOOK

After reinstallation of the former Berlin EBIT in Greifswald sawtooth oscillations of
Ar/Xe mixtures were investigated by x-ray measurements. Inaddition, it was possible
to observe the axially ejected ions with a Faraday cup. In a next step, their energies will
be measured using a combination of a grid at variable retarding potential and a multi-
channel plate detector (see Fig. 4). In addition, calculations of the sawtooth oscillations
were performed. We could reproduce the ion escape from the trap. However, the cal-
culated time interval between successive ion expulsions differs from the experiments.
Obviously, it is necessary to improve the present EBIT simulation.
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FIGURE 5. (Top) Simulations of swatooth oscillations at a gas-mixingratio of Xe : Ar= 1 : 1000, an
electron current of 40 mA at an energy of 5 keV and a bias voltage of 10 V. (Bottom) Temperature of the
Xe44+ ions, which is similar to the temperature of the Ar16+ ions.

In parallel, a beamline for collision experiments between HCI and fullerenes was con-
structed. First measurements with gas targets are in preparation. Test experiments with
fullerenes are scheduled, too. These will be followed by metal cluster investigations.
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