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A B S T R A C T

A Laser Ablation Carbon Cluster Ion source (LACCI) has been developed and commissioned at the FRS Ion
Catcher at GSI. It is the first laser ablation ion source for long-term measurements with a multiple-reflection
time-of-flight mass spectrometer (MR-TOF-MS). This is enabled by two key developments: (i) a two-dimensional
movable target platform that ensures the long-term stable production of ions and (ii) a mass filter for the
isolation of the ions of interest. LACCI is capable of providing closely-spaced reference ions in the mass range
up to ∼300 u for accurate mass measurements of exotic nuclei (relative mass uncertainty ∼ 10−8) and systematic
studies of the mass uncertainties with the multiple-reflection time-of-flight mass spectrometer. Investigations
of the laser energy and repetition rate and long-term measurements have been carried out with carbon targets
(Sigradur®, Fullerene) and metallic targets (silver, gold, copper, tungsten, and erbium). In a test experiment,
LACCI has delivered a stable ion current for more than 20 h at a laser repetition rate of 100 Hz, corresponding
to an operation for one week at 10 Hz. It thus fully satisfies the requirements for long-term accurate mass
measurements of exotic nuclei with an MR-TOF-MS. This enables the access of exotic ions, detected with rates
as low as 0.1 per hour at the FRS Ion Catcher.
1. Introduction

Masses of exotic nuclei [1] are key properties for understanding
the evolution of nuclear structure [2] and stellar nucleosynthesis [3,4].
Multiple-Reflection Time-Of-Flight Mass Spectrometers (MR-TOF-MS)
have been developed to accurately determine masses of short-lived ex-
otic nuclei [5]; they are used at accelerator facilities worldwide [5–9].
At the FRS Ion Catcher (FRS-IC) [10] at the GSI Helmholtz Centre for
Heavy Ion Research in Darmstadt, Germany, high-accuracy experiments
with exotic nuclei can be performed, which have been produced by
projectile fragmentation or fission at relativistic energies and separated
at the fragment separator FRS [11]. The nuclei are stopped and ther-
malized in a Cryogenic Stopping Cell (CSC), extracted and transported
by a Radio-Frequency Quadrupole (RFQ) beamline to the MR-TOF-
MS [5,8], where their masses can be measured at a mass resolving
power up to ∼1,000,000 (FWHM) and a relative mass uncertainty down
to a few 10−8 [12].

For high-precision mass measurements of exotic nuclei across the
chart of the nuclides with an MR-TOF-MS, the best reference ion is an
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isobar to the ion of interest since isobars experience almost the same
conditions, e.g., switching electric fields in the trap and the analyzer
of the MR-TOF-MS, such that systematic errors are minimized. Details
on calculating the uncertainties and their origin are presented in [13].
Therefore, reference ions at every mass number up to a mass of about
300 u are desirable. Carbon clusters, enriched with 13C, are well suited
for this purpose [14]. The atomic mass unit u is 1∕12 of 12C. Therefore,
carbon cluster ions have a negligible mass uncertainty, giving them an
inherent advantage as reference ions. Carbon clusters are well studied
and understood [15–17], including their structure and abundance as
well as their dissociation energies, which are in the order of a few
eV [15] only. This corresponds to a relative mass uncertainty in the
10−10 range, which is still two orders of magnitude beyond the highest
yet achieved relative accuracy of an MR-TOF-MS [12] and can be
neglected for most applications. In addition, carbon clusters can be
easily produced by laser ablation over most of the relevant mass range
for mass measurements in nuclear physics.
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Fig. 1. (a) Schematic view of the FRS Ion Catcher setup. The secondary ion beam produced and separated at the fragment separator FRS is slowed down and thermalized in the
CSC. The thermalized ions are extracted from the CSC and transmitted through the RFQ beamline (DISTRICT1 and DISTRICT2) to the MR-TOF-MS. (b) Detailed schematic view of
LACCI and DISTRICT2, including the laser optics, the ion optics, the RFQ beamline, and a dedicated RFQ mass filter. The ions of interest from the CSC can be merged with the
reference ions produced in LACCI via the RFQ switchyard. The mass region of interest is selected in the mass filter and then transmitted to the MR-TOF-MS. (c) Photograph of
the 2D movable target platform with 29 target holders marked by numbers. The spot marked as 0 is a small hole with a diameter of 0.5 mm, behind which a thermal ion source
providing surface-ionized Cs ions is located.
Laser ablation is a versatile and powerful technique to produce ions
from various solid target materials. Laser ablation carbon cluster ion
sources have been used for calibration purposes in combination with
Penning trap mass spectrometers for over 20 years. The first ion source
of this type, explicitly used for the calibration of mass measurements
of nuclei, was developed and commissioned at ISOLTRAP/CERN [18,
19]. Since then, laser ablation carbon cluster ion sources have been
developed for various Penning trap systems [20–24]. They also enable
systematic studies of the mass measurement uncertainties of the device,
e.g. the quantification of mass-dependent uncertainties.

However, these ion sources are unsuitable for calibration of MR-
TOF-MS because an MR-TOF-MS is operated at cycle frequencies that
are two orders of magnitude larger than that of the Penning trap. To
provide carbon cluster ions for calibration purposes in an MR-TOF-
MS, specific requirements have to be fulfilled: (i) The repetition rate
of the ion production cycle, and thus the laser repetition rate, should
match the speed of the MR-TOF-MS (cycle frequency 20 to 100 Hz). (ii)
A long-term stable operation (∼weeks) has to be ensured even at the
highest repetition rate. This is a challenge since the laser creates holes
in the target material, making it harder to extract ions and decreasing
the ion rate over time. This can be avoided by continuously moving
the target relative to the laser so that the laser does not repeatedly hit
the same spot. A one-dimensional movement is employed in existing
laser ablation carbon cluster ion sources. However, the repetition rate
and operation time required for MR-TOF-MS make a two-dimensional
movement necessary to use the full target area. (iii) Space-charge
effects in the ion trap and the analyzer of the MR-TOF-MS are known to
deteriorate the accuracy of mass measurement. For high-accuracy mass
measurements, there should not be more than a few (isobaric) ions per
mass number per cycle and no more than 100 ions simultaneously in
the ion trap [8]. Therefore, only the reference ions of interest should
be transmitted to the MR-TOF-MS, and other highly abundant carbon
2

cluster ions should be removed in a mass filter in front of the MR-TOF-
MS. The Laser Ablation Carbon Cluster Ion source (LACCI) presented
in this paper fully satisfies, for the first time, all these requirements
for high-accuracy mass measurements with an MR-TOF-MS with carbon
cluster ions as reference ions.

2. Setup

LACCI has been installed in a new beamline module DISTRICT2
(Diagnostics, Ion Sources, TRansport, Isolation, Cooling and Trapping
module), which is behind the already existing DISTRICT1 between the
CSC and the MR-TOF-MS at the FRS-IC, as shown in Fig. 1(a). In addi-
tion to LACCI, DISTRICT2 comprises an extension of the RFQ beamline,
an RFQ switchyard [25], and an RFQ mass filter [26]. Integrating
the new ion source requires minimal space and intervention to the
existing setup. LACCI itself consists of a laser, the laser optics unit, a
two-dimensional (2D) movable target platform, an ion extraction unit
including a pair of electrostatic steerers, a recapturing unit, an RFQ,
and an RF trap located at the end of the RFQ, as shown in Fig. 1(b).
They are mounted perpendicular to the already existing beamline. The
extraction unit and the recapturing unit can be separated by a gate
valve.

A frequency-doubled Nd:YAG laser with a wavelength of 532 nm
and a pulse length of 5–10 ns is used. The repetition rate is adjustable
or pulse on demand from 1 to 100 Hz, which is ideally suited for
the requirements of the MR-TOF-MS. The laser energy can be adjusted
from 0 to 500 μJ by rotating a half-wave plate and a polarizing
cube beam splitter (Thorlabs: CCM1-PBS25-532). The laser beam is
separated in the s- and p-polarized components by reflecting the s-
polarized component at the dielectric beam splitter to a laser energy
sensor (Coherent Inc.: J-25MB-LE) while allowing the p-polarized com-
ponent to pass further towards the target of LACCI. The sensor monitors
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Fig. 2. Mass spectrum of carbon cluster ions produced by LACCI on the Sigradur® target and measured by the MR-TOF-MS. Carbon clusters up to 12C24
+ with a mass of 288 u

were detected and identified. The spectrum is dominated by the carbon cluster ions produced by laser ablation. Unidentified background peaks on the one percent level exist in
the spectrum and can come from other means of ionization, such as vacuum gauges. These background ions do not pose a problem in high-precision mass measurements, as they
can readily be resolved in the mass spectrum.
Fig. 3. Mass spectrum of carbon cluster ions produced on the 13C enriched fullerene target. The carbon clusters produced from the enriched target material cover a large mass
range, where a reference ion with a well-known mass can be found at quasi-every mass number. The spectrum is dominated by the carbon cluster ions produced by laser ablation.
Unidentified background peaks on the one percent level exist in the spectrum and can come from other means of ionization, such as vacuum gauges. These background ions do
not pose a problem in high-precision mass measurements, as they can readily be resolved in the mass spectrum.
the energy, and the actual energy reaching the target plate can be
calculated accordingly. The laser beam is focused on the target through
a series of optical components. The size of the laser beam spot on
the target is a few tens of micrometers, which is used to improve
the ionization efficiency of different samples. Fig. 1(c) shows a target
holder with a 75 mm diameter placed on the 2D movable platform; it
includes 29 target sample slots with a diameter of 6.5 mm each. The
whole target surface is available for ablation and can be scanned in
an automated way with a 2D movement using a scan speed of up to
120 mm/min and step size down to 80 μm. In addition, fast switching
(∼1 s) between different targets is possible. In addition, a thermal ion
source is mounted on the target platform to provide cesium ions for
beamline tuning independent from the laser.

During laser operation, the target is moved continuously, such that
the laser spot moves across the target, covering the whole surface in
a 2D scan as depicted schematically in the inset of Fig. 8. In this
way, the laser spot is prevented from constantly hitting the same spot
and thus creating deep holes in the target, out of which ions can be
extracted only with reduced efficiency. Hence, the operation time of
the ion source without target change can be increased tremendously.
An in-house software solution allows one to choose the form of the
movement between a horizontal movement (black arrows in the inset
3

of Fig. 8), a vertical movement (gray arrows in the inset of Fig. 8),
or a combination with adjustable raster size and speed. In addition, a
user-defined sequence of different targets can be chosen. The position
of the target platform, the laser spot on the target, and laser energy
can be monitored by a camera (Mindvision MV-U38130M) equipped
with a filter, which is installed facing the target from the opposite side
compared to the incoming laser. The filter is installed in front of the
zoom lenses to prevent laser damage to the camera. In addition, the
movable target platform is equipped with two pairs of end switches,
which allow a reliable initialization of the position.

A Pierce electrode [27] extracts the ions generated by laser ioniza-
tion and the ions are accelerated by a potential difference of 3 kV.
The ion optical design allows the ions produced by LACCI with a
large space and velocity distribution to be focused on the recapturing
unit. The phase space after the ion production in a laser ablation ion
source was characterized in similar systems, e.g., in [28,29]. The ion
optical design is also optimized to tolerate the vast amount of neutral
particles produced in the laser ablation. Subsequently, the ions are
focused and steered into the entrance of the recapturing unit, where
they are decelerated, cooled in a buffer-gas-filled RFQ, and stored in
a dedicated RF trap. Next, they are guided into the RFQ beamline
between the CSC and the MR-TOF-MS via the RFQ switchyard. Here,
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the ion beam from LACCI can be merged with the ions from the CSC.
After the switchyard, the ions pass through a dedicated RFQ mass
filter, where the mass range can be restricted. This combination of
LACCI with a mass filter is one of the key developments to provide
carbon clusters with the necessary rate of the reference ions in the
mass range of interest and simultaneously transmit only the ions of
interest to avoid space-charge effects in the MR-TOF-MS. Then, the
ions are transported to the MR-TOF-MS, where high-accuracy mass
measurements are performed. A gate valve is mounted between the
extraction unit and the recapturing unit. This allows quick replacement
of samples and maintenance without breaking the vacuum of the RFQ
beamline.

3. Results and discussion

3.1. Mass range

An investigation of the mass range of ions delivered by LACCI was
carried out using a Sigradur® Glassy Carbon target to prove that the
entire mass range of the chart of the nuclides can be covered. Sigradur®
Glassy Carbon is an ultra-pure form of carbon, nearly without any con-
taminants inside, that combines properties from ceramic and graphite.
The transport in the trap system of MR-TOF-MS is mass-dependent.
Therefore, the RF frequency and the timing of the transport between
the traps of the trap system were changed during the test to adjust the
transmitted mass range. Thus, the entire mass range provided by LACCI
could be investigated. Fig. 2 shows the accumulated mass spectrum
of carbon cluster ions collected for 1000 s at a laser repetition rate
of 20 Hz. The investigated distribution of carbon cluster ions ranges
from 12C7

+ at a mass of 84 u to 12C24
+ at a mass of 288 u. Moreover

12C13
𝑛−1C

+
1 and 12C13

𝑛−2C
+
2 containing one or two 13C atoms are also

observed. The abundance pattern of the clusters agrees with earlier
publications [30,31]. By adjusting the low mass cut-off (LMCO) of the
RFQs in the FRS-IC beamline, low-mass ions could also be transported.
In previous commissioning measurements, it was shown that cluster
ions as small as 12C3

+ can be produced as well [32]. The other ion
sources of the MR-TOF-MS can also produce reference ions of lower
masses, e.g., by electron impact ionization. Therefore, the mass region
below 70 u was not the focus in the development of LACCI. Only singly
charged carbon cluster ions were investigated in the measurement.
The literature shows that multiply-charged carbon cluster ions can also
be produced [33], but the dominant ion production channel is the
singly-charged channel. In the MR-TOF-MS, multiply-charged cluster
ions could also be used for calibration. The results show that LACCI
can provide reference ions for the full mass range of the MR-TOF-MS
for mass measurements of nuclides.

Another aspect of the mass range covered by LACCI is the density
of available mass lines. This was investigated using a fullerene target
enriched with 13C (∼5%). The mass range of the MR-TOF-MS remained
the same, with the center at 133 u. Fig. 3 shows the accumulated mass
spectrum of carbon cluster ions acquired for 263 s at a laser repetition
rate of 20 Hz. At each mass line, ions in the range from 12C10

+ at a
mass of 120 u to 12C13

10C3
+ at a mass of 159 u were identified.

In the discussed spectra (Figs. 2 and 3), it can be seen that in the
laser ablation process, a large number of ions over a broad mass range
are produced. For the work with exotic ions, avoiding space-charge
effects in the MR-TOF-MS and a deterioration of the mass measure-
ment accuracy is important. Due to this, one of the requirements for
the system was to provide a tool to select only the mass region of
interest for the carbon cluster ions. The mass filter [26] located at the
end of DISTRICT2 fulfills this task. Using the mass filter to restrict
the mass range has been tested with carbon cluster ions of 12C10

+–
12C16

+ generated using a Sigradur® target. Only the ions of interest are
allowed to pass through the mass filter and enter the trap system of the
MR-TOF-MS. Fig. 4(a) shows a broadband spectrum of carbon clusters
transmitted to the MR-TOF-MS when the mass filter was set to the full
4

Fig. 4. Mass spectra illustrating the operation of the RFQ mass filter to transmit only
the mass region of interest. The top panel (a) shows a broadband spectrum of carbon
clusters, which were transmitted to the MR-TOF-MS when the mass filter was set to
the full transmission of all ions. For the mass spectrum which is shown in the bottom
panel (b), the mass filter was set to transmit only the mass range 151–162 u. Therefore,
only the ions 12C13

+ and 12C13
12C1

+ were transmitted and detected by the MR-TOF-MS.

Fig. 5. Mass spectrum of ions, which have been produced by two different ion sources,
viz. carbon cluster ions (12C11

+, 12C13
10C1

+ and 12C13
9 C2

+) produced by LACCI on a
Sigradur® target and 133Cs+ ions from a thermal ion source that was moved into the
beamline close to the CSC in DISTRICT1. The ions have been merged in the switchyard
and measured simultaneously by the MR-TOF-MS.

transmission of all ions. For the mass spectrum shown in Fig. 4(b), the
mass filter was set to transmit only the mass range 151–162 u. It can be
seen that as the range selected by the mass filter narrows, the intensity
of the reference ion 12C13

+ remains unchanged. This selection of the
mass range of interest is one of the key steps to fulfill the requirements
of an MR-TOF-MS for a carbon cluster calibration ion source.

An alternative pre-selection of the carbon clusters is possible in
the ion extraction unit of LACCI by operating the pair of electrostatic
steerers in a pulsed mode. The ion extraction unit of LACCI acts as a
short linear time-of-flight mass spectrometer, in which the laser pulse
starts the ions’ flight and carbon clusters ions of different mass-to-
charge ratios pass the electrostatic steer at different times. Thus, the
steerers can deflect unwanted carbon cluster ions, and only the cluster
ions in the mass region of interest can be transmitted. This concept
was successfully used in the system’s initial commissioning. The method
offers only a reduced mass resolving power compared to the RF mass
filter but can be easily applied to other existing laser ablation sources.

A critical feature of DISTRICT2 is to merge ions of interest from
the CSC and LACCI in the RF switchyard. This was demonstrated, see
Fig. 5, by merging the ions of interest and reference ions in the same
spectrum. Here, 133Cs+ ions were produced via surface-ionization by a
thermal ion source located in DISTRICT1 close to the CSC and served
as ions of interest, while carbon cluster ions produced by LACCI with
a Sigradur® target were used as the reference ions.
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Fig. 6. Ion counts per second (total ion counts per second and ion counts gated on
the mass lines of 12C11

+ and 12C13
+, respectively) produced by LACCI and measured in

the MR-TOF-MS, as a function of the laser energy and peak power density. Please note
the different color-coded abundance scales corresponding to the respective clusters. The
laser energy impacts the total ion counts, but the ratio of the abundances is not affected
by laser energy. The ion rate of the different cluster ions can be adjusted using the
laser energy by up to two orders of magnitude, depending on the required reference
ion rate of the experiment. The ion counts per second are average values covering
200 s; the error bars reflect the standard deviation.

3.2. Dynamic range

The laser energy is an important parameter of the laser ionization
process, directly affecting the ionization efficiency. To investigate the
dynamic range of LACCI, the dependence of the ion rate on the laser
energy was investigated for ions produced on a Sigradur® target at
a laser repetition rate of 20 Hz. The mass spectrum, similar to the
spectrum shown in Fig. 2, shows peaks for ions of 12C9

+, 12C10
+, 12C11

+,
12C12

+, 12C13
+, 12C14

+, 12C15
+ and the corresponding ions of 12C13

𝑛−1C1
+

and 12C13
𝑛−2C2

+. Fig. 6 shows the total ion counts accumulated for one
second and averaged over 200 s, the rate of 12C11

+ ions, and the rate
of 12C13

+ ions as a function of the laser energy. The laser energy was
adjusted by changing the rotation angle of the half-wave plate in front
of the beam splitter, which is explained in Section 2. The laser peak
power density was calculated using a laser spot size (80 μm), a laser
pulse width (10 ns), and laser energy (variable). The laser energy was
increased from 41 μJ to 154 μJ, resulting in a peak power density
to have increased from 8 × 107 W/cm2 to 3 × 108 W/cm2. The ion
count rate increases up to 135 μJ, followed by a decreasing trend
afterward. This decrease is caused by breaking the carbon–carbon bond
at high power densities, causing an increase in fragmentation and a
decrease in medium-mass cluster production efficiency. In addition,
the translational temperature of the ions increases with laser power,
leading to a lower transmission efficiency of the ion into the RFQ.
These results show that the maximal ion rate of all carbon cluster
ions is achieved for a laser energy of about 125 μJ. In addition, the
results show that laser energy does not affect the abundance ratio
of the carbon clusters within the investigated cluster range; only the
laser power affects the total yield. The fragmentation mechanism of
the carbon clusters has not been investigated. The required count rate
for calibration is much lower than the maximum rate reached. Thus,
the laser energy can adjust the ion rate of the carbon cluster of interest
for a specific experiment. The results of the laser energy investigation
show a dynamic range of two orders of magnitude, on the lower end
limited by the ablation threshold and on the upper side by breaking
the carbon–carbon bond at high power densities. This dynamic range
offers the necessary flexibility to suit the experimental requirement.
5

Fig. 7. Mass spectrum of different metal ions produced by LACCI, copper (a), silver
(b), tungsten (c) and gold (d).

The laser used in LACCI has an adjustable repetition rate of 1–
100 Hz. If we compare the total ion counts at 20 Hz and 100 Hz, an
increase in the measured ion rate of a factor of 5 would be expected.
An evaluation of the laser repetition rate dependency was carried out
using a Sigradur® target with laser energy of 124 μJ. Since the speed
of the target is currently limited to 120 mm/min, the laser repetition
rate is set to 20 Hz and 100 Hz with the 2D scan speed of the target of
24 mm/min and 120 mm/min, respectively. This configuration ensures
identical overlapping bombardment points. By increasing the repetition
rate 5 times, the total ion counts of carbon clusters increased from
about 100 cps to about 375 cps, an increase of 3.75. In those points, the
ion production and release efficiency from the target is reduced. Since
the speed of the target changing direction is currently limited by the
control software to 120 mm/min, an update to the software can solve
this problem. Assuming a spot size of 80 μm, a velocity of 480 mm/min
would be needed at a laser repetition rate of 100 Hz to avoid an overlap
in the bombarding points.

3.3. Metal samples

LACCI generates carbon cluster ions as reference ions for MR-TOF-
MS and serves as an offline source in combination with MR-TOF-MS for
measuring other ions from other targets, e.g., metals. Fig. 7 shows the
mass spectra of copper, silver, tungsten, and gold ions produced in laser
ablation with LACCI. The contaminants in the tungsten spectrum can be
correlated with cross-contamination from targets in its neighborhood.
Such metal ions may be suitable reference ions in special cases where
the ion of interest is an isobar to one of the isotopes of the metal
targets. Also, the metal targets may enable further applications in the
future, making LACCI into a universal tool, for example, for cluster
research [34–36].

3.4. Long-term measurements

The main design goal of LACCI was to provide reference ions during
accelerator beam experiments and to ensure high accuracy of the mass
measurements of the exotic nuclei using these reference ions. Typically,
beam time at FRS-IC lasts for several days, which requires a stable
operation of LACCI concerning count rate and reliability over this time
period.

An initial test of the long-term stability of LACCI was performed
before DISTRICT2 and LACCI were integrated into the FRS-IC beamline.

The results of the measurements are shown in Fig. 8 for erbium ions
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Fig. 8. Long-term measurement of the count rate for erbium ions produced in laser
ablation by LACCI with a repetition rate of 100 Hz. The count rate versus time with a
2D motion of the movable target is compared to a stationary target and to 1D motion
of the target, respectively. The latter is the established technique for similar laser ion
sources. The data are normalized to the count rate obtained after the target surface
has been conditioned by completing one movement cycle of the laser over the target.

at a laser repetition rate of 100 Hz. The ions were detected with the
channeltron detector at the RFQ switchyard without He gas in the RFQ.
This allowed us to use the beam path for a time-of-flight measurement.
In Fig. 8, the ion count rate for a 2D motion of the movable target is
compared to the count rate with a stationary target and to the count
rate for a 1D motion of the target. The 2D scan cycle shows a much
better stability of the count rate over a long time period compared to
the stationary target and to the 1D motion of the target. The latter
is the established state-of-the-art technique in similar laser ablation
ion sources. During the 2D scan cycle, 4.42 × 106 laser pulses hit
the target. In the measurement, it was seen that the first layer of
the target has different properties compared to the following ones in
terms of abundance pattern, including additional adducts, since the
first layer was exposed to its surroundings for a longer time, leading
to, e.g., oxidation. To compare the deterioration of the measurement’s
main target structure, the first motion cycle was disregarded, and the
count rate in Fig. 8 was normalized to the counts observed in the second
cycle.

A long-term stability measurement of the whole system was per-
formed using the MR-TOF-MS after fully integrated into the FRS-IC.
The laser repetition rate was set to 100 Hz, and the laser energy was set
to 57 μJ. A continuous 21.5-hour measurement was conducted using a
Sigradur® target. The test results, shown in Fig. 9, indicate that after
21.5 h, the count rate of 12C11

+ decreased from about 600 counts per
5 s to about 300 counts per 5 s, corresponding to a decrease of the
count rate by a factor of only two. The equidistant fluctuations seen
in the ion count rate are mainly caused by reversing the movement of
the 2D scan and by starting a new 2D scan cycle. Each 2D scan cycle
takes about 57 min, which comprises a 28.5 min horizontal scan and a
corresponding 28.5 min vertical scan at a scan speed of 20 mm/min and
a step size of 80 μm. The red line indicates the average over 14.25 min,
two of which correspond to the time needed to perform a 2D scan
over the whole target in one direction, either horizontal or vertical.
On the right side of Fig. 9, photographs of the target at different times
during the measurement are shown. It can be seen that after prolonged
scanning, visible lithographic marks appear on the surface, indicating
the high reliability of the 2D movement target and laser focusing at a
level of several tens of micrometers, which is less than the step size of
the 2D movement of the target. During the whole operation of LACCI,
no deteriorating effects of the electrical and mechanical system caused
6

by the deposition of neutral laser ablation products onto electrodes and
other sensitive surfaces were observed.

The measurement time of 21.5 h at a repetition rate of 100 Hz
is equivalent to a measurement time of about 90 days at a repetition
rate of 1 Hz. During this measurement, 7.74 × 106 laser pulses hit the
target. This constitutes a much longer, more effective, and more stable
operation time than possible with existing laser ablation ion sources at
accelerator facilities. For a cycle frequency of the MR-TOF-MS of 10
to 20 Hz, the requirement of one week of beamtime is readily fulfilled
by using only one Sigradur® target. However, higher cycle frequencies
up to 100 Hz can be accommodated by changing between different
targets several times during the experiment, which is possible without
opening the system by simply moving the target platform. The long-
term test of the stability of the laser ablation in combination with the
2D movable target platform was the last missing piece for the long-
term operation of the whole system since the reliability of the other
components, as the electrostatic ion optics or the RFQ beamline was
shown in previous experiments to be stable over month [37]. Thus,
LACCI ensures a stable long-term operation at high repetition rates
for the first time, perfectly matching the requirements for providing
reference ions for an MR-TOF-MS.

4. Summary and outlook

A long-term stable laser ablation carbon cluster ion source (LACCI)
has been developed and commissioned at the FRS-IC. It is the first
laser ablation ion source for long-term measurements with an MR-
TOF-MS. LACCI provides carbon cluster ions as a reference for mass
measurements of exotic nuclei. The reference ions from LACCI and
the ions from the CSC can be merged into one ion beam in the RFQ
switchyard, guided to the MR-TOF-MS, and measured simultaneously.
A mass filter can isolate the ions to the mass region of interest, thus
avoiding space-charge effects in the MR-TOF-MS. Combining a laser
ablation carbon cluster ion source with a dedicated mass filter is one
of the key steps to make LACCI suitable for operation as a calibration
ion source at an MR-TOF-MS.

To enhance the performance of LACCI, advanced technical solutions
have been implemented: (i) A 2D movable platform with several laser
targets allows using different materials such as carbon targets (glassy
carbon (Sigradur®) and 13C enriched fullerene) and metal targets (sil-
ver, gold, copper, tungsten, and erbium). A continuous 2D motion
during the laser ablation process prevents the laser beam from con-
stantly hitting the same target spot and, therefore, a reduction of the
extraction efficiency of the ions. It also allows a change of targets
without opening the system. (ii) A target monitoring system and a laser
spot and energy monitoring laser optics system facilitate easy tuning of
the laser beam and its position on the target. (iii) An ion source region
in a vacuum, separated by a gate valve from a dedicated re-capture
unit, from which the ions are injected into a gas-filled RFQ for ion
cooling and highly efficient ion transmission. This makes the system
maintenance-friendly and tolerant to the huge amount of neutrals that
the laser ablation process can produce.

Carbon clusters up to C+
24 with a mass of 288 u were produced

by LACCI and identified in the MR-TOF-MS, thus covering almost
the whole chart of the nuclides with reference ions. Using a target
with 13C enriched fullerenes, reference ions at every mass number
can be produced over a large mass range. The dependency of the ion
production on the laser energy and the repetition rate was investigated;
the ion rate can be varied over a large abundance range to match the
specific requirements of the experiment. LACCI was shown to provide
reference ions at a repetition rate of 100 Hz for 21.5 h with a single
Sigradur® target.

LACCI thus offers a large variety of reference ions with well-known
masses at stable rates; reference ions with similar mass numbers to
the ion of interest can be selected during online mass-measurement
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Fig. 9. Measurement of the long-term stability of the count rate of 12C11
+ produced by laser ablation from a Sigradur® target in LACCI with a repetition rate of 100 Hz. The data

were accumulated every 5 s. Fluctuations were mainly caused by reversing the movement of the 2D scan from horizontal to vertical or by starting a new 2D scan cycle from its
original start position. A 2D scan comprises a 28.5 min horizontal scan and a corresponding 28.5 min vertical scan. The average over half of this period of 14.25 min is shown
as a red line. On the right side, photographs of the target at different times during the measurement are shown: (a) new target, (b) after 12.5 h in the center of the target, (c)
after 19.8 h on the edge of the target. The laser spot is the bright point, in the later pictures after starting the go several times over the target grooves get visible.
campaigns to minimize systematic mass-dependent uncertainties. Fur-
thermore, systematic studies of the mass accuracy of the MR-TOF-MS
will be performed by carbon cluster cross-reference measurements in
the near future. The new ion source will, therefore, help achieve
a higher mass measurement accuracy all over the chart of nuclei
and, with this, enable mass measurements of short-lived exotic nuclei,
which are currently not accessible. Those mass measurements will be
conducted at the FRS at the GSI Helmholtz Centre for Heavy Ion
Research in Darmstadt, Germany, and in the future at the Super-FRS
at the Facility for Antiproton and Ion Research (FAIR), in Darmstadt,
Germany. They will be performed at the forefront of nuclear physics
research and help understand the origin of the chemical elements in
the universe and the structure of exotic nuclei.
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