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Abstract: To precisely measure atomic masses and select neutron-deficient isotopes produced by
fusion evaporation reactions, an MRTOF-MS (multi-reflection time-of-flight mass spectrometer) at
the SHANS (Spectrometer for Heavy Atom and Nuclear Structure) is being developed. One of the
key parts, an RF ion trap system with the aim to provide brilliant ion pulses with a low energy
spread and narrow pulse width for ion preparation prior to injection into the MRTOF mass analyzer,
has been constructed and commissioned offline successfully. The principle, construction details
and test results are reported. Pulsed beams of 39K1+, 85,87Rb1+ and 133Cs1+ ions have been tested
and the amplitudes and frequencies of the RF signals, DC voltages, helium gas pressure and time
parameters have been scanned. The corresponding time spreads have reached 0.252 µs, 0.394 µs and
0.450 µs, respectively.

Keywords: multi-reflection time-of-flight mass spectrometer; mass measurement; ion trap; radio
frequency

1. Introduction

With the advantages of single-ion sensitivity, a non-scanning nature, a large mass
range, a short measurement time and less expensive construction cost compared to storage
rings and/or Penning traps, multi-reflection time-of-flight (MRTOF) devices [1–14] used
in nuclear physics applications have been developing very quickly in recent years. Many
gratifying results have been achieved [15–23]. To precisely measure atomic masses and se-
lect neutron-deficient isotopes produced by fusion evaporation reactions, a multi-reflection
time-of-flight mass spectrometer (MRTOF-MS) at the Spectrometer for Heavy Atom and
Nuclear Structure (SHANS) [24] is being developed at the Institute of Modern Physics,
Chinese Academy of Sciences (IMP/CAS). The SHANS is a gas-filled recoil separator with a
QDQQ magnetic configuration, where D and Q denote the dipole and quadrupole magnets,
respectively, and the maximum magnetic rigidity of the dipole magnet is 2.9 Tm. New
isotopes in the actinide region, 204,205Ac, 207Th, 214−216U and 219,220,222−224Np, have been
synthesized and their decay properties studied experimentally at the SHANS. The study of
heavy and super-heavy nuclei and elements at the IMP/CAS has been reviewed in ref. [25].

Figure 1 shows a sketch of the MRTOF-MS at the SHANS. For the reason of space
limitations behind the SHANS, we adopt a concomitant referencing mode [26] instead
of the linear configuration we previously described in ref. [27]. The MRTOF-MS can be
divided into three parts according to their tasks: the cryogenic gas catcher (CGC), the radio-
frequency (RF) ion trap system and the MRTOF mass analyzer. The separated evaporation

Atoms 2023, 11, 139. https://doi.org/10.3390/atoms11110139 https://www.mdpi.com/journal/atoms

https://doi.org/10.3390/atoms11110139
https://doi.org/10.3390/atoms11110139
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atoms
https://www.mdpi.com
https://orcid.org/0000-0002-3134-5509
https://orcid.org/0000-0001-6596-9144
https://orcid.org/0000-0002-2927-1475
https://doi.org/10.3390/atoms11110139
https://www.mdpi.com/journal/atoms
https://www.mdpi.com/article/10.3390/atoms11110139?type=check_update&version=1


Atoms 2023, 11, 139 2 of 10

residues (ERs) from the SHANS with kinetic energies at a few tens of MeV are decelerated
using a degrader, stopped in the CGC filled with helium gas and transported by the
electrostatic field of the DC cage (see Figure 1) together with the “ion surfing” method
with a radio frequency carpet [28–32]. The ions are extracted out of the gas catcher and
transported through a large acceptance quadrupole ion beam guide (QPIG) into the RF
ion trap system, where the ions are accumulated, cooled and pulsed. The bunched ions
are accelerated to 1500 eV using an acceleration pulsed drift tube (Acc-PDT) and shot into
the mass analyzer. After flying hundreds of revolutions in the analyzer, the ions with
different mass-to-charge ratios are separated and released, and they hit the detector where
the times of flight of the ions are measured, and thus the masses of the ions are analyzed.
The Acc-PDT is use to match the energy requirement of the mass analyzer.

The mass analyzer has been constructed and commissioned offline successfully, and
the details of the offline commissioning and the achieved performances have been reported
in ref. [14]. The mass resolving power has reached 90,000 with a time of flight of ∼20 ms
with a chopped 133Cs1+ beam using a Bradbury–Nielsen gate [33] with the optimized
opening time of 0.15 µs. For a higher mass resolving power, a pulsed beam with a narrower
width is needed at least. Generally speaking, an optimal time-of-flight measurement by
the MRTOF mass analyzer needs ions to be injected as brilliant pulses, with a low energy
spread, narrow width and well alignment to the optical axis of the analyzer. To achieve
these requirements, the RF ion trap system has been constructed. In addition, for collecting
recoils separated by the SHANS and transporting them to the RF ion trap system, a CGC,
including a DC cage and an RF carpet, is being constructed.

In this paper, we will concentrate on the RF ion trap system and its offline commis-
sioning and report the achieved performances.

Figure 1. Sketch of the MRTOF-MS at SHANS and the cross-section drawing of mechanic design of
the RF ion trap system, in which a TOF detector has been attached temporarily for the experiments
reported in this paper. The red arrows show the direction of beam transportation. CGC: cryogenic
gas catcher; QPIG: quadrupole ion beam guide; APT: analyte Paul trap; RPT: reference Paul trap; FT:
flat trap; Acc-PDT: acceleration pulsed drift tube. See text for details.
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2. Experimental Setup

As shown in Figures 1 and 2a, the RF ion trap system consists of an analyte Paul
trap (APT), a reference Paul trap (RPT) and a flat trap (FT). The structures of both the
APT and RPT are the same, and they are assembled symmetrically. The radio frequency
quadrupole (RFQ) technique is used to confine ions in the transverse directions, and buffer
gas is used to cool ions [34]. Configurable DC potentials on the segmented RFQ are
employed to manipulate ions in the longitudinal direction. The analytes and references
are accumulated and pre-cooled in the APT and RPT, respectively, and they are ejected
orthogonally from the FT after further cooling.

The ion motion in the RF ion trap system in one measurement cycle is illustrated in
Figure 2b–e. The references are transferred to the FT by lowering the potentials of the RPT’s
last segments and FT’s axial outermost electrode, while the analytes are being accumulated
in the APT. The references are cooled down and extracted out orthogonally from the FT
through a hole in the center of its board by changing the potentials of two central plate
electrodes after a certain cooling time, then the pulsed reference bunch will be sent to the
MRTOF mass analyzer for TOF measurement. During this period, analytes and subsequent
references are accumulated in their Paul traps simultaneously. Afterwards, the analytes
accumulated in the APT are transferred, cooled, extracted and measured in the same way.
In this RF ion trap system, ions can be cooled rapidly and effectively so that short-lived
isotopes with a half-life of a few milliseconds can be measured.

Figure 2. (a) Sketch of the RF ion trap system. The red arrows show the direction of beam transporta-
tion. (b–e) Diagram of ion motion in the RF ion trap system. See text for details.

The traps are realized using the printed circuit board (PCB) technique [26]. The
APT/RPT is formed using four PCB strips, and each strip has a length of 133.7 mm and
a width of 8 mm with 15 segments, as shown in Figure 3b. Electrodes are connected by
thin film surface-mounted resistors of 100 kΩ and capacitors of 1 nF on the back side. The
adjacent strips are supplied with RF voltages of an equal amplitude but opposite phases.
The DC voltages are applied at the two outermost electrodes (DC1 and DC3 in Figure 3)
as well as the twelfth one (DC2) along the direction of beam transportation. The three DC
voltages can be switched rapidly and simultaneously to generate either a DC potential
well to axially confine ions or an axial gradient to transfer ions to the FT. The typical
DC potentials are listed in Figure 3a and the corresponding axial potential distribution
calculated with SIMION [35] is shown in Figure 3c.
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Figure 3. (a) Typical DC potentials of the accumulation and transfer period applied on the APT/RPT.
(b) Photographs of the front and back sides of one segmented strip of APT/RPT and the cross-section
of APT/RPT. (c) DC potential of the APT/RPT along the axis calculated with SIMION [35].

The FT uses a “flat” geometry, which is conducive to form a well-defined dipole field
at the trap center to extract ions. The basic components of the FT are two PCBs mounted
in a square chamber, and there is a 4 mm face-to-face spacing between them. Each PCB
consists of three strips, as shown in Figure 4b. The middle one has a dimension of 52.7 mm
by 5 mm and is divided into 7 segments. Both electrodes labeled with DC4 in the middle
of the strip have a hole with a diameter of 0.8 mm at its center. DC potentials are applied
on the middle strips to generate a well along the axis, while an RF signal is applied to the
four outer strips to provide a radial confining pseudo-potential.

Figure 4. (a) Typical DC potentials of the FT. (b) Illustration of one PCB of FT and the whole FT.

The buffer gas distribution and the corresponding vacuum system are very important
and subtle to the RF ion trap system. The helium buffer gas pressure in the APT, RPT
and FT should be at the level of ∼10−3–10−2 mbar for effective cooling to trap and store
ions, while the residual gas pressure in the MRTOF mass analyzer must be better than
1 × 10−7 mbar for a high mass resolving power. Thus, the buffer gas volume must be well
sealed and differential pumping must be carefully taken into consideration.

Helium buffer gas is fed into the system by two feeding lines connected to the CGC and
the FT region, and it diffuses into the chambers housing the APT, RPT and FT. These three
chambers are mounted at the place between the so-called APT and RPT primary vacuum
chambers (see Figures 1 and 5). In order to ensure a stable gas pressure and flow, only
two holes with a diameter of 0.8 mm in the center of the FT mentioned above and another
two ports at the entrance end of the APT and RPT with dimensions of 10 mm by 10 mm
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are remained for ion transportation. The primary vacuum chambers and the Acc-PDT
region are pumped by turbo molecular pumps (TMPs). Due to the limited space to monitor
the pressure directly, the pressure in each trap can only be estimated from indications
of the vacuum gauges mounted on the primary vacuum chambers as well as the gas
feeding system.

To prove whether this configuration can meet the requirements of vacuum and pres-
sure in each chamber, we simulated it with Molflow [36]. Figure 5 shows the equivalent
model. Each chamber is denoted by a cylinder and gas can only flow to other chambers
through small holes. The APT, RPT and FT chambers are regarded as one chamber because
we thought their pressures should be in the same order of magnitude due to their structures.
The pressure in the CGC was set to 100 mbar at room temperature. Under this configuration
and the speeds of TMPs shown in Figure 5, the pressures in the APT primary chamber and
in the APT/RPT/FT chambers are 7 × 10−2 mbar, and that in the RPT primary chamber is
7 × 10−3 mbar. The vacuum in the Acc-PDT region after the FT is better than 1 × 10−5 mbar.

Based on the results of the simulation, two HiPace 700 TMPs from Pfeiffer Vacuum [37]
were employed for the APT primary chamber and the Acc-PDT region, and a TURBOVAC
90 i TMP from Leybold [38] was used for the RPT primary chamber. The pressures in these
regions were measured using PTR 90 N PENNINGVAC vacuum gauges from Leybold [38].
The background pressures in the APT and RPT primary chambers were measured to
be 2.0 × 10−7 and 5.9 × 10−6 mbar, respectively, while that in the Acc-PDT region was
2.4 × 10−7 mbar. The speed of the TMP at the APT primary chamber was changed between
20 and 100% of its maximum to keep an optimal gas pressure in the regions of the APT and
FT. When filling helium gas into the CGC with a pressure of 1.44 mbar and into the FT with
0.11 mbar measured by a gauge at the outlet of the gas feeding line, pressures of 2.6 × 10−3

and 8.7 × 10−4 mbar were obtained at the APT and RPT primary chambers, respectively.
Similarly, with a pressure of 13.0 mbar into the CGC and the same 0.11 mbar into the FT,
pressures of 2.9 × 10−3 and 9.1 × 10−4 mbar were obtained after increasing the speed of
the TMP at the APT primary chamber. The pressure in the Acc-PDT region was better
than 9 × 10−7 mbar with gas filling. A much higher gas pressure in the CGC has not yet
been tested.

Figure 5. Model in Molflow [36] and typical speeds of TMPs. See text for details.

3. Offline Commissioning

The RF ion trap system has been tested independently without the CGC or the MRTOF
mass analyzer. As shown in Figure 6, a continuous 133Cs1+, 85,87Rb1+ or 39K1+ beam
is produced by a heated alkali ion source emitter from HeatWave Labs [39] followed
by a skimmer, an extraction electrode and an einzel lens. The emitter is connected to a
supporting electrode floating at a potential of 28 V above the ground, thereby defining
the initial kinetic energy of the ions. The ions are accumulated and pre-cooled in the RPT
and cooled further in the FT and pulsed by changing the potentials of two central plate
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electrodes of the FT. The typical frequency and amplitude of the RF signal for 133Cs1+ at
the RPT are 2.350 MHz and 300 Vpp, respectively, and those at the FT are 2.130 MHz and
850 Vpp. The RF signals are fed to the electrodes using homemade matching circuits. After
extraction from the FT, ions are accelerated by three plate electrodes, pass through the
Acc-PDT and the deflector, and impact on the detector at last, which is a MagneTOF mini
from ETP [40]. Ion bunches should be accelerated in the Acc-PDT to appropriate kinetic
energy to match the requirement of the MRTOF mass analyzer, and the misalignment of the
axes between the FT and mass analyzer could be corrected by applying different voltages
on the deflector. But during the offline test we only applied −400 V on the Acc-PDT and
−600 V on the deflector because neither energy matching nor misalignment correction is
needed during this period. A blind flange is used to seal the chamber on the APT side. The
electrodes of the APT are set on high potentials, the same as that in the accumulation period
of analytes shown in Figure 3a. The typical operating parameters are shown in Figure 6.

Figure 6. Sketch of offline commissioning of the RF ion trap system without the CGC or the MRTOF
mass analyzer. The red arrows show the direction of beam transportation.

The switches used for the DC voltage switching of the APT and RPT are AMX1500
modules from CGC Instruments [41], and those for the FT are GHTS 60 products from
BEHLKE Power Electronics [42]. The TOF starts when the ions are extracted from the FT
and stops when they impact on the detector, where the signal is acquired by a multiple-
event time digitizer MCS8A from FAST ComTec [43]. The whole system is controlled
remotely by a specialized distributed real-time control system based on EPICS [44], which
is extended from the control system described in ref. [14].

Pulsed beams of 39K1+, 85,87Rb1+ and 133Cs1+ ions have been tested, and the am-
plitudes and frequencies of the RF signals, DC voltages, helium gas pressure and time
parameters have been scanned carefully. In our test, a typical accumulation time in the
RPT of 2–3 ms and a cooling time in the FT of 2–4 ms according to various gas pressures
and ion masses are obtained. Figure 7 shows counts per pulse and time spread of the TOF
depending on the cooling time of 133Cs1+ in the FT under different gas pressures measured
by a gauge at the outlet of the gas feeding line near the FT. As the cooling time increases,
the counts per pulse of the ions increase and reach a plateau after 1 ms, while the time
spread of the TOF decreases and reaches the minimum at the same time. According to
the results, most ions can be cooled in 2 ms. As the gas pressure increases from 0.130 to
0.148 mbar, the counts per pulse of the ions increase, reach the maximum at 0.146 mbar and
decrease. This behavior can be explained by the effective cooling of the ions in the FT. With
effective cooling, the ions will stay at the bottom of the pseudo-potential well produced
by RF signals and the well produced by axial DC potentials, and the beam size will be
smaller, and thus the ions can go through the 0.8 mm diameter hole and be extracted more
effectively out from the FT. With a lower pressure than the optimal value, the ions cannot
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be cooled enough. This can be improved by increasing the cooling time, which is confirmed
by Figure 7. With a higher pressure than the optimal one, the ions may be heated by the
collisions with the buffer gas, and the beam size becomes larger. It means that the buffer
gas pressure must be optimized for effective cooling to obtain a high efficiency. Figure 8
shows the TOF spectra of 39K1+, 85,87Rb1+ and 133Cs1+. The time spread for these masses
have been reached at 0.252 µs, 0.394 µs and 0.450 µs, respectively.

Figure 7. Counts per pulse (left) and time spread of TOF (right) depending on the cooling time of
133Cs1+ in the FT under different gas pressures measured by a gauge at the outlet of the gas feeding
line near the FT.

Figure 8. TOF spectra of 39K1+, 85,87Rb1+ and 133Cs1+ and the corresponding time spread of TOF.
The red curves are the fitted results with a Gaussian function.

The results show that this RF ion trap system successfully realizes the accumulation of
ions in the RPT, the storage and cooling in the FT, and the extraction of ions out from the
FT to form a pulsed beam, which satisfies the requirement of the MRTOF mass analyzer
downstream. Due to the same structure of the APT and RPT, it is foreseen that the ions from
the CGC can also be smoothly transported, accumulated, cooled and pulsed. The 39K1+,
85,87Rb1+ and 133Cs1+ ions, which have a relative mass precision of better than 1.5 × 10−10,
will be the references in the studies of heavy and super-heavy nuclei to calibrate the TOF
drift caused by the inaccuracy of potentials applied on the electrodes, the long time drift of
electronics, the variation in temperature and electric power, etc. In order to obtain a better
pulsed beam with a narrower time distribution, fast switches and a matching circuit will be
optimized further in the near future.

4. Summary

An RF ion trap system for the MRTOF-MS at the SHANS has been constructed and
commissioned offline successfully. Specialized systems for the vacuum, power supply,
control and data acquisition have been developed. The 39K1+, 85,87Rb1+ and 133Cs1+ ions
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have been measured in the offline test, and the corresponding time spreads of the TOF have
been measured to be 0.252 µs, 0.394 µs and 0.450 µs, respectively.
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