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Abstract: The design and performances of a newly built electrostatic charge state analyzer constructed
to act as a spectrometer for keV/u ions are reported. It consists of two 90◦ curved electrodes enclosed
by Matsuda electrodes. This setup was recently tested using Ar9+ and Ar12+ ion beams at an energy
of 10 keV per charge unit. This spectrometer achieves a good separation of different charge states
formed by electron capture processes during collisions between primary ions and the residual gas.
Thanks to these first tests, we have identified up to three different background contributions on the
detector that need to be reduced or suppressed.

Keywords: ion spectrometer; ion-atom collisions; MCP detectors; electron capture

1. Introduction

When studying ion-matter interaction, analyzing the ion charge state after the inter-
action is often one of the key parameters. It gives information about electronic processes
at play. For that purpose, specific instruments are developed. They must be able to both
separate the charge states after the interaction, count the number of ions whose charge
state changed and reach performances allowing coincidence detection. Here, we present
a multipurpose home-made ion spectrometer mainly developed for the FISIC (Fast Ion-
Slow Ion Collision) project [1], but that can be used in any setups involving ion charge
exchanges. The FISIC program aims to perform ion-ion collisions in an energy regime
where cross-sections are barely known. The first collision systems will be studied using
slow (keV/u) ion beams coming from the FISIC platform and fast (MeV/u) ion beams
delivered by CRYRING@ESR (Heavy Ion Storage Ring Facility) [2]. The spectrometer will
be placed downstream the collision zone to analyze the charge state of the slow ion beam.
To measure absolute cross-sections of elementary electronic processes, coincidence mea-
surements between slow and fast ion charge states after the collision zone are mandatory.
The ion spectrometer must be charge dispersive for multicharged ions with keV/u energies,
and must be able to count several charge states at once. We have chosen a full electrostatic
system for which we present here the first tests performed at the ARIBE (French acronym
for Accelerator for Research with Low Energy Ions) facility [3] in Caen, France. In this
paper, we first discuss the design of the spectrometer with its associated detection system.
Second, we present selected experimental results and their comparison with simulations
made using the SIMION software [4]. To conclude, we present the limitations of the set-up
as well as future upgrades considered to reduce the different background contributions.
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2. Experiment and results
2.1. Design of the Ion Spectrometer

The ion spectrometer is an electrostatic charge state analyzer (Figure 1)—see Ref. [5]
for functioning principles. It is made of two 90◦ curved electrodes to separate the charge
states and two vertical electrodes called Matsuda electrodes [6] on the sides for the focusing
and steering of the ion beams. A Faraday cup measures the primary beam intensity with
a given q0+ charge state, and a position sensitive detector (two MicroChannel Plates
(MCPs) with a delay-line resistive anode) images the position of the other charge states
(q0 − 1)+, (q0 − 2)+, ... [7]. A repeller ring placed in front of the Faraday Cup is polarized to
avoid losing electrons when the primary ion beam hits the Faraday Cup. This allows one
to correctly measure the beam current. As shown on Figure 1, the 2D position sensitive
detector is placed to record ions that have lower charge states than the ions entering the
Faraday Cup. In order to guide the charge state q0 in the Faraday cup, the voltages U on
the curved outer and inner electrodes have to be as follows:

Uouter = −Uinner =
2dq0V

Rq

where q0 is the primary charge state, V the extraction voltage of the ion source, R the
curvature radius of the spectrometer, and 2d the distance between the outer and inner
electrodes. The values of R and 2d are reported in Figure 1.

Figure 1. (Left) Front view of the spectrometer showing the entrance square with side e = 35 mm.
(Right) Schematic cut through the ion spectrometer (side view). The expected ion trajectories for
V = 10 kV and q = q0 corresponding to U = 3333 V, and with U = 0 V (for beam alignment purposes)
are shown.

2.2. The ARIBE Facility

The ARIBE facility at GANIL (Caen, France) is composed of an ion source, a 60◦

magnetic dipole to select ions with a given charge state, a beamline equipped with magnetic
quadrupoles and steerers to monitor the beam shape, and a 90◦ magnetic dipole to remove
ions of other charge states from the primary beam leading to a secondary beamline, with its
own set of quadrupoles and steerers, at the end of which our spectrometer was installed.
All along the beamlines several slits, profilers and Faraday cups allow to monitor the beam
shape and intensity. The experimental arrangement for the tests of the ion spectrometer
is the same as the one for the charge state purification system (see details in Ref. [8]).
The emittance of the beam is estimated to be lower than 5π mm mrad, achieved by closing
the slits located upstream the last dipole. This was also meant to reduce the beam intensity,
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in an effort to avoid any damage on the MCPs. The beam intensities were comprised
between 1 and 5 pA of 10 keV per charge unit argon beams, resulting in between 200 to
5000 hits per second on the MCPs.

2.3. Methodology

The tests presented here were carried out in November 2021 using both Ar9+ and Ar12+

beams. The pressure inside the ARIBE beamline and the spectometer was ≈10−8 mbar.
The primary charge state ions are driven through the ARIBE beamlines up to the entrance
of the ion spectrometer. Starting from the last dipole, all along the last straight part of the
beamline (corresponding to a 4 m length), primary ions may collide with the residual gas.
As a consequence, electron capture processes may occur, thus leading to the production of
secondary beams of lower charge states. Therefore, the in-going ion beam that enters the
ion spectrometer consists of ions with the same kinetic energy but different charge states.
There, depending on the voltages used, spacial dispersion of the different charge states
takes place, allowing the separation between the primary beam recorded by a Faraday
Cup and the secondary beams imaged by the MCP detector. Results are presented in the
following section.

All results were obtained using a Fast Acquisition System for nuclEar Research
(FASTER) acquisition card [9]. FASTER is a digital modular acquisition system that is
able to perform charge and time of flight measurements. The experimental results were
compared with simulations performed using the SIMION 3D suite [4,10].

3. Results

We carried out several tests for each primary charge state, where we changed the volt-
ages on the outer and inner curved electrodes, and on the Matsuda electrodes. The results
selected in this section were obtained with Uouter = −Uinner = 3380 V. We chose to present
the most visually representative of our results.

3.1. Results with Ar9+

The result presented here (see Figure 2) was obtained with a 4.7 pA Ar9+ beam,
with voltages on the left and right Matsuda electrodes of 1000 V and 1500 V respectively
and the acquisition time was 250 s. On the MCPs and the repeller, we used respectively
−500 V and −200 V. According to the simulations, we expect to have only one spot on the
MCP detector, corresponding to the secondary Ar8+ beam that originates from stabilized
electron capture on residual gas in the beamline. The voltages are tuned in order to obtain
the primary beam inside the Faraday cup. If it exists, the Ar7+ beam is expected to hit the
outer electrode a few centimeters above the exit aperture of the spectrometer. We measure
one main spot corresponding to the expected position of Ar8+ ions. A tail above this spot
is extending towards the position of the Faraday cup (Figure 2). The tail represents 9% of
the main Ar8+ peak. This tail results from electron capture occurring all along the Ar9+

trajectory inside the spectrometer: the ions are thus partially deflected as Ar9+ ions and
Ar8+ ions. This hypothesis has been confirmed by simulations (see Figure 2) where the
electron capture process is modeled by a single charge change from Ar9+ to Ar8+ with
no kinetic energy loss. The position of the capture process is chosen randomly along the
trajectory of the primary Ar9+ ions.

The uniform background present on Figure 2 is due to very low-energy (a few tens
of eV) ions produced by ionization of the residual gas near the detector and which are
attracted by the negative voltage applied on the front face of the detector. This uniform
background corresponds to 2% of the hits on the detector.
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Figure 2. A recorded MCP image with the use of Ar9+ as the primary beam exhibits the Ar8+

peak and its tail (a). Results of SIMION simulations carried out with the same voltages and beam
parameters (b). The horizontal line where no detection occur has been found to be an electronic
artefact of the MCP.

3.2. Results with Ar12+

The result presented here (see Figure 3) was obtained with a 1.5 pA Ar12+ beam,
with voltages on the left and right Matsuda electrodes of 1000 V and 2000 V, respectively,
and for an acquisition time of 604 s. On the MCPs and the repeller, we used, respectively,
−500 V and −200 V. Simulations carried out for the Ar12+ case demonstrate that two spots
are expected to hit the MCP detector, corresponding to Ar11+ and Ar10+ ions resulting
from single and/or double electron capture all along the beamline.

One can also notice a third peak between the Ar11+ and Ar10+ peaks. Moreover on
the x-axis projection, we notice an asymmetry of the peak originating from additional
“parasitic” peaks. With SIMION, we simulate the possibility that the Ar9+ beam that hits
the outer curved electrode undergoes an elastic-type collision [11,12] and that during this
phenomenon Ar9+, Ar8+ and Ar7+ ions could be produced. Those parasitic beams are then
driven towards the detector. Simulations are carried out with the hypothesis of a mirror
reflection on the outer electrode surface with no kinetic energy loss. The results (Figure 3)
demonstrate that the Ar11+ peak could be composed of both Ar11+ and Ar9+ ions, and that
the third peak could be parasitic Ar8+ ions. We note that, among the different charge states
formed by electron capture from the residual gas, this measurement only aims at detecting
the 11+ and 10+ charge states.

Figure 3. A comparison of SIMION simulations (a–c) and experiment (d) for the case of Ar12+

recorded by the Faraday Cup (a) with the trajectories of Ar11+ and Ar10+ ions alone; (b) with the
trajectory of the Ar9+ beam suffering an elastic collision; (c) peaks expected on the 2D detector.
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4. Discussion and Conclusions

We present here a home-made ion spectrometer that has been tested at ARIBE. Its
design produced satisfactory results in terms of charge state separation in agreement with
the ion trajectory simulations carried out. These first tests allow us to evaluate different
background contributions. To lower or even remove their contribution, we propose to
slightly evolve the design of our spectrometer. In this second version, a grid polarized to
about 100 V will be placed in front of the MCP detector to reduce the uniform background.
In order to avoid as much as possible the background from the potential elastic scattering
of ions, a large rectangular opening has been machined in the outer electrode of the
spectrometer. This opening could be covered by a stainless steel grid with 90% transmission
as shown in Figure 4. In addition, we plan to improve the pressure inside the spectrometer
with a direct pumping of the spectrometer itself. This will reduce the tail (see Figure 2) and
the uniform background. This configuration will be tested at ARIBE in the forthcoming
months, using the same conditions as the tests reported in this paper.

Figure 4. The rectangular hole and grid on the outer curved electrodes of the second version of
the spectrometer.
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