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Abstract

TRIUMF’s Ion Trap for Atomic and Nuclear science (TITAN) has specialized in fast Penning Trap mass spectrometry of very
short-lived radioactive isotopes. The facility has been upgraded with a Multiple-Reflection Time-of-Flight Mass Spectrometer
(MR-TOF-MS) to continue its quest towards more exotic nuclides, which are critical for our understanding of nuclear structure
effects far from the valley of beta stability and for the nucleosynthesis of heavy elements in explosive astrophysical environments.
In this publication, we discuss the implementation, operation and performance of TITAN’s MR-TOF-MS as a stand-alone high-
precision mass spectrometer and as an isobar separator. By using the novel mass-selective re-trapping technique for the isobar
separation, the MR-TOF-MS can consecutively perform separation and mass measurement of the same ion population, acting as its
own isobar separator. The device boosts the dynamic range and reach of the TITAN facility by several orders of magnitude. The
MR-TOF-MS reaches a high mass resolving power (m/Am ~ 400 000), high precision and mass accuracy (6m/m < 1077), is fast
(common cycle time 20 ms), shows high sensitivity and very large dynamic range (ion of interest to contaminant ratios of up to 1

to 10°).

1. Introduction

Mass spectrometry has been closely entangled with nuclear
physics research since the early days of the field [1]. The high-
est precisions and resolving powers are typically reached with
Penning Traps, which have matured into a standard of the field
[2 3]]. One of these is TRIUMF’s Ion Trap for Atomic and
Nuclear science (TITAN) [4], which has specialized in mea-
surements of very short-lived radioactive isotopes [} 6]. Mass
measurements of the most exotic nuclides at the outskirts of the
nuclear chart play an important role in shaping our understand-
ing of the nucleus [7], a complex quantum system of protons
and neutrons, and give vital inputs for understanding the nu-
cleosynthesis in explosive astrophysical environments [8]. De-
spite their success, many Penning Trap mass spectrometers at
radioactive ion beam (RIB) facilities suffer from strong isobaric
background, produced simultaneously with the minute amounts
of the isotope of interest [9].
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In the last decade a new type of spectrometer, so-called
Multiple-Reflection Time-of-Flight Mass Spectrometer (MR-
TOF-MS), has been brought into routine operation. In these
time-of-flight mass spectrometers [[10,[11] long flight paths and
therefore high resolving powers can be achieved by storing ions
between two electrostatic ion mirrors [[12]. Due to their unique
combination of performance parameters, being (i) high mass re-
solving power (m/Am ~ 10°), (ii) high precision and mass ac-
curacy (6m/m ~ 1077), (iii) fast measurement cycle (~ tens of
ms), (iv) single ion sensitivity and (v) strong background han-
dling capabilities (common ion of interest to contaminant ratios
of upto 1 to 10%), these devices are well suited for mass mea-
surements of the most exotic isotopes [[13]]. In addition, they can
provide isobar separation for Penning Traps and are today em-
ployed at many RIB facilities [[14} |15} |16} [17, [18]. They have
led to breakthroughs in nuclear astrophysics [19} 20, [21] and
many aspects of nuclear structure research: (i) the evolution of
the exotic N = 32 neutron shell [22] 23] 24} 25| 26], (ii) helped
towards a better understanding of actinides [27, [28]], (iii) super-
heavy elements [29] and (iv) the study of isomers [30} 311 32],
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to name a few.

The TITAN Multiple-Reflection Time-of-Flight Mass Spec-
trometer (MR-TOF-MS) and Isobar Separator has been devel-
oped at the Justus Liebig University Giessen [33] and its design
and initial offline performance have been described in [34]. In
this paper we discuss the implementation, commissioning and
online operation of the device. Further we showcase its current
performance, including recent upgrades to the system described
in [35], in terms of efficiency, mass resolving power, mass ac-
curacy and precision as well as its unique isobar separation ca-
pabilities.

2. Experimental Facilities

2.1. The TITAN Facility

TRIUMF’s Ion Trap for Atomic and Nuclear science [4]] is
located at the Isotope Separator and Accelerator (ISAC) facility
[361137], TRIUMEF, Vancouver, Canada. It is a multiple ion trap
system specialized in performing high-precision mass measure-
ments and in-trap decay spectroscopy of short-lived radioactive
isotopes. At ISAC radioactive isotopes are produced via the
ISOL method by impinging an intense 10 — 100 A 480 MeV
proton beam onto a variety of production targets [38]]. Iso-
topes are produced via nuclear reactions inside the target, dif-
fuse towards an ion source and are formed into a low-energy
radioactive ion beam (RIB) with 20 — 40 keV energy. The con-
tinuous cocktail beam is mass separated by ISAC’s magnetic
dipole separator with a mass resolving power of about 2000
[39] and transported to TITAN. Here the ions are first captured,
cooled and bunched in a helium gas-filled Radio Frequency
Quadrupole (RFQ) Cooler & Buncher [40], shown in Fig.

Following the RFQ Cooler & Buncher the kinetic energy of
emerging ion bunches can be adjusted using a pulsed drift tube
and typical beam transport energies across the TITAN platform
are between 1.4 and 2 keV. Along the TITAN beam line sev-
eral Faraday Cups and microchannel plate (MCP) detectors are
positioned to monitor the beam transport. The trapping and
ejection voltages of the TITAN RFQ Cooler & Buncher are op-
timized to ensure minimal energy spread (roughly 5 — 8 eV)
suitable for direct injection into a Penning Trap mass spectrom-
eter using Lorentz steerers [41]. As a consequence of the shal-
low ejection field strength at the trapping segment, the temporal
spread of the ion bunch is dominated by the turn-around time
and bunches with a width of about < 1 us are sent to the in-
dividual ion traps at TITAN, see Fig. [Th for a typical bunch
profile at MCP 0. The precision Measurement Penning Trap
system (MPET) is used for mass measurements requiring rela-
tive precisions om/m < 108 [42]]. An Electron Beam Ion Trap
(EBIT) [43]] can be used for charge breeding producing highly-
charged ions (HCI), for in-trap decay spectroscopy of HCI [44]]
or for the capture of daughter nuclei following nuclear decays
[45]. The use of HCI boosts the precision and resolving power
of MPET and is particular suitable for heavy and short-lived
species [46]. As MPET has been designed to fully leverage
HCI it is not equipped with a gas-filled preparation trap.

Despite the success, many measurements at TITAN suf-
fer from a strong isobaric background, distinct to the ISOL
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Figure 1: Schematic layout of the beam transport from the TITAN RFQ Cooler
& Buncher into the MR-TOF-MS and towards the Measurement Penning Trap
(MPET) and Electron Beam Ion Trap (EBIT). Typical ion bunch profiles are
shown at several locations (MCP 0, MCP 2, MR-TOF-MS detector).

method of beam production. This background often prevents
high precision measurement of the most exotic species of in-
terest [47, 48]]. To overcome this limitation an isobar separator
based on the MR-TOF-MS technique was developed at the Jus-
tus Liebig University Giessen [33}34] and has been installed at
TITAN. The device is based on the design of the MR-TOF-MS
devices in operation at the FRS Ton Catcher [16, |49] at GSI,
Germany and for analytical mass spectrometry [50] at the Uni-
versity of Giessen.

2.2. The TITAN MR-TOF-MS

In general, the time-of-flight technique relies on the non-
relativistic relation between the mass m and charge g of an ion
and its time-of-flight #,,s needed to travel a certain flight path /



through the effective electric potential Ueg(I):

m 2Uea(l)
- 2l

The real time of flight # is shifted from the measured time of
flight 7., due to signal propagation times and electronic delays,
which are constant for a given experiment and data acquisition
system, resulting in the calibration function of

z = a(texp - t0)2 )
q

with parameter a being a device-specific calibration parameter.
The latter depends on the kinetic energy of the ions and the
effective path length given by the geometrical path and the volt-
ages applied to the electrode system. The time offset 7y can be
determined offline from a dedicated measurement of the time-
of-flight and known mass-to-charge ratio of stable calibration
ion species. The calibration parameter a is determined online
using a well-known reference ion species present in the radioac-
tive beam.

The mass resolving power can be linked to the total time-
of-flight f,,s and the full width half maximum (FWHM) of the
time-of-flight distribution Ats as

m tiof
R=—= .
Am  2Atf

3

An elegant way to increase the resolving and separation
power of the time-of-flight mass analyzer is by extending the
flight paths by reflecting the ions multiple times between two
electrostatic ion mirrors [12]. The total time of flight can thus
be written in terms of the time to complete a single turn ty,,, the
number of turns N and the time of flight from the starting posi-
tion to the detector without any turns #,¢. The mass resolving
power of such a multiple turn spectrometer can in general be
described by

— Turn * N + Toffset
2 \/(Atturn : N)2 + (Atoﬁsel)z

R “

with Aty being the initial peak width and Aty the increase
in peak width per turn due to ion optical aberrations. At long
flight path, a large number of turns, the achievable resolving
power becomes independent of the initial peak width Azygse
and resolving powers on the order of m/Am of ~ 10° can be
achieved.

However, at broad initial mass distribution and high num-
ber of turns it can occur that lighter ions overtake heavier ones.
Thus, the mass spectrum can become ambiguous, because ions
undergo a different number of turns inside the mass analyzer.
In this case eq.|l| needs to be modified in order to account for
the different flight path an ion has undergone. Assuming Soset
being the length of the flight path from the start to the final de-
tector without any turns and sy, the length of one turn, the total
flight path / of an ion can than be written as [ = Sofset + NV * Sturns
yielding a calibration function [28] of
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Thich can be simplified to
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with b = sum/Soffser and ¢ = 2Ue()/s2,- Thus a turn inde-
pendent calibration, requiring three known calibration species
with at least two different numbers of turns N to determine b, ¢
and #y, can be performed [51].

The TITAN MR-TOF-MS operates in three distinct operation

modes, being:

e Mass measurement mode — After a certain number of re-
flections ions are guided onto a fast time-of-flight detec-
tor. There the time-of-flight and thus the mass of all ion
species is measured. The mass can typically be determined
to a relative precision of ém/m ~ 1077. Since the MR-
TOF-MS is a non-scanning mass measurement technique,
it allows a fast determination of the composition of the
ISAC beam and individual yields of all species at the same
time, including stable nuclides. Therefore unwanted iso-
baric contaminations can be detected, identified and quan-
tified prior to the isobar separation. This procedure allows
for real-time optimization of the ISAC mass separator and
has been shown to improve the beam purity by about an
order of magnitude compared to the initial tuning [52].

e Isobar separation mode — Compared to other MR-TOF-
MS, which rely on either Bradbury-Nielsen gates [53) 154}
55,1301, selective switching of the ion mirrors [[56]] or drift
tube [57]], the TITAN MR-TOF-MS uses mass-selective
re-trapping [58]. Here, the ions are directed back to-
wards the initial RF injection trap and the ions-of-interest
are selectively re-trapped by switching the injection trap
quickly from a retarding potential to a trapping potential
[S8]]. By choosing a correct moment in time, the so-called
re-trapping time fgry, only the ions-of-interests are at rest,
while ions with a different mass-to-charge ratios arrive
at the trap at different times and thus retain a significant
amount of kinetic energy and therefore are not re-trapped.
Making use of this operation mode, the MR-TOF-MS can
provide isobarically purified beams for all downstream ex-
periments. In addition, as the re-captured ion bunches are
automatically re-cooled in the gas-filled RFQ beam line of
the MR-TOF-MS there is no need for additional cooling
trap right before MPET.

e Combined isobar separation and mass measurement mode
— Combing both previous operation modes the TITAN
MR-TOF-MS can uniquely act as its own high-resolution,
high-throughput isobar separator prior to performing a
mass measurement of a purified ion sample. This allows
additional background suppression and increases the dy-
namic range of the measurement within the same device
by several orders of magnitude. In addition, this mode al-
lows for fast and reliable tuning of the isobar separation
and optimization of the beam composition for the down-
stream ion traps.
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Figure 2: Schematic layout of the vacuum system of the TITAN MR-TOF-MS.
The gas handling system as well as the location of the two gas inlets, one close
to the RFQ switchyard and one close to the injection trap, are shown. Typical
pressures during operation are indicated in the individual vacuum chambers.

The TITAN MR-TOF-MS has been designed to ensure min-
imal impact on the existing facility and to fit the limited floor
space available on the TITAN platform [34]]. It was installed
on top of the vertical RFQ Cooler & Buncher between two 45
degree spherical bender sections. As such, it can be bypassed
without affecting the beam transport to the MPET and EBIT ion
traps. Ions can be sent to the MR-TOF-MS through a 8 mm hole
introduced in the outer electrode of the lower spherical bender,
as shown in Fig. [T} To further ensure efficient beam transport
into the MR-TOF-MS a new fourfold segmented einzel lens was
installed before the bender. The new steering and lensing capa-
bilities also improved the transmission to the MPET and EBIT
ion traps. In order to monitor the beam transport into the MR-
TOF-MS a new MCP detector, referred to as MCP 0 in Fig.
was installed between the RFQ Cooler & Buncher and the lower
spherical bender.

The TITAN MR-TOF-MS consists of an helium gas-filled
low-energy RFQ based beam transport system and a vacuum

time-of-flight analyzer. The gas-filled RFQs are encapsulated
for differential pumping. The ion optical elements are housed
in one DN250CF and three DN160CF vacuum crosses, pumped
by one 1000 1/s and three 550 1/s turbomolecular pumps (Varian
Turbo-V 1001 & 551 Navigator). A schematic layout of the
vacuum system is shown in Fig. 2| The device can be separated
from the preexisting TITAN beam line by two isolation valves.
Each vacuum chamber is equipped with a cold cathode vacuum
gauge (Agilent UHV-24). A base pressure of < 2 x 1078 mbar
is achieved in all chambers prior to applying helium gas to the
system.

During operation the encapsulated RFQ system is kept at a
gas pressure of about ~ 2 X 1072 mbar He. Two gas inlets,
one at the RFQ switchyard chamber and one at the injection
trap chamber supply the system with getter (CHROMSPEC™
750cc Trap) purified He gas (Praxair 6.0RS). The pressure
inside the encapsulation is directly monitored using vacuum-
compatible pressure gauges mounted within the system (MKS
MIG and MKS MicroPirani), whereas the gas flow is con-
trolled by motorized regulation valves (Pfeiffer EVR 116) [33]].
The encapsulation has been equipped with in-vacuum venting
doors, which allow reduced evacuation times and improved
cleanliness after pumping of the device [59]]. Opening the in-
vacuum venting doors, the encapsulation can be evacuated to
~ 2 x 1077 mbar before allowing helium gas into the system.

2.2.1. The Transport RFQ System

The RFQ transport system is based on the design of the RFQs
of the MR-TOF-MS at the FRS Ion catcher at GSI, Germany
[60,l61]). It relies on encapsulated round RFQs (inner / field di-
ameter of 10 mm, rod diameter of 13 mm) made out of resistive
plastic rods (resistance of ~ 5 Q/cm) to create axial drag fields
in addition to radial confinement [[16]]. Apertures between indi-
vidual resistive RFQ segments can be used to store ions, which
enables versatile ion manipulation options. An RFQ switchyard
[49] is located at the heart of the transport system. It allows
transport of ions towards and from all directions of the switch-
yard as well as merging of the radioactive ions-of-interest with
stable calibration species from a thermal ion source (Heatwave
#101139). In addition, a Channeltron detector (PHOTONIS
MAGNUM™) is mounted on one side of the switchyard and
can be used to monitor the total beam intensity. At the top of
the transport system a dedicated injection trap system is posi-
tioned. It consists of a preparation trap segment and a separate
injection trap. The former allows accumulation and pre-cooling
of ion populations while the latter provides optimal ion bunch
properties for the time-of-flight analyzer. The complete low en-
ergy transport system is biased to slightly above 1.3 kV, as the
injection trap is fixed at 1.3 kV. All high voltages are supplied
from ISEG EHS standard modules directly, whereas the voltage
drop along the restive RFQ segments are produced by Wiener
low voltage power supplies, housed and biased to 1.3 kV in a
dedicated high voltage cage. Sinusoidal radio frequency sig-
nals for the RF structures are provided by in-house built reso-
nant drivers [51] operating at 1.1 MHz, 1.5 MHz and 1.6 MHz
supplying the RFQ beam line, the RFQ switchyard and the in-
jection trap separately.
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dashed line. Movement of ions during one MR-TOF-MS cycle is indicated. a)
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injection trap. d) Injection into the time-of-flight analyzer for isobar separation
or mass measurement. e) Mass-selective re-trapping of the ions-of-interest in
the injection trap. f1) Second injection of a purified ion bunch into the analyzer
for consecutive mass measurement. f2) Transport backwards to the preparation
trap. g) Transport to an accumulation trap segment at the end of the output
RFQ. Step a) to f2) are in relation to the top ion optics schematic, whereas step
) relates to the bottom schematic. (For details see text.)

To ensure efficient and fast transport through the internal
RFQ beam line axial drag fields of about 0.5 — 0.7 V/cm are
applied along the resistive RFQ rods. Estimated pseudopoten-
tials between 5 — 20 eV have been shown to provide sufficient

radial confinement to capture and transport ion bunches from
the TITAN RFQ Cooler & Buncher.

The transport inside the MR-TOF-MS is performed stepwise
and a schematic of the ion transport scheme is shown in Fig.
B} Ions enter the gas-filled region through a matching section,
which focusses and steers the ion beam through a 2 mm differ-
ential pumping aperture. The aperture is additionally used as
an ion gate, switched between 1500 V (blocking) and 1350 V
(open), to only allow ions of a certain mass-over-charge range
to enter the system. lons are captured with a minimal amount of
kinetic energy (Fig. 3: step a) by matching the kinetic energy
of the ions from the RFQ Cooler & Buncher to the entrance
potential of the Input RFQ (1340 V). Ions are cooled and ac-
cumulated for about ~ 1 ms in front of the RFQ switchyard,
before being transported to the preparation trap, see Fig. [3] top
schematic for a detailed layout of the ion optical elements. In
addition, calibration ion species from the internal surface ion
source can be merged with the radioactive beam (Fig. 3: step b).
At the preparation trap ions are pre-cooled for ~ 2 ms and then,
by lowering the potential of the aperture between the prepara-
tion trap and the injection trap for a short period of time (8 us for
133Cs+), transferred between the two traps with minimal heat-
ing (step ¢). The injection trap segment has been designed to
ensure symmetric radial and axial confinement, typically about
15 V trapping depth, as well as strong and homogeneous ejec-
tion fields, typically in the order of 80 V/mm [50]. The ejec-
tion field is generated by the apertures surrounding the injection
trap being switched in a push-pull configuration. As a result of
the high extraction field strength a reduced turn-around time is
achieved and ion bunches with narrow time-of-flight spread of
around 6 ns for 3°K*, as shown in Fig. , are formed and injec-
tion into the time-of-flight analyzer (step d). The ion bunches
have a mean kinetic energy of 1300 eV. The energy spread was
estimated to be about 17 eV (1.3%) based on simulations.

In isobar separation mode, following a re-trapping operation,
the purified sample is re-cooled for 3 to 5 ms and then either
injected into the mass analyzer for a second time-of-flight anal-
ysis (step f1) or transported backwards to the preparation trap
(step f2). Raising the potential of the preparation trap and in-
verting the gradient along the transfer RFQ and RFQ switch-
yard elements guides the pure sample towards the output RFQ
(step ), see Fig. [B]bottom schematic for a detailed layout of the
ion optical elements. Here, in an additional trapping segment
several purified ion bunches can be accumulated before being
sent to the downstream experimental stations, effectively de-
coupling the MR-TOF-MS cycle time from the typically longer
cycle of the Measurement Penning Trap MPET or EBIT. In Fig.
a typical ion bunch of purified *°K* from the output accu-
mulation trap is shown.

2.2.2. The Time-of-Flight Analyzer

The ion bunches ejected from the injection trap fly through
a double aperture, which serves as a differential pumping bar-
rier, and an x-y-steerer - einzel lens combination towards the
time-of-flight analyzer. The ion optical design and properties
of the analyzer are based on [16} 62] and have been described
in detail in [62]. However, to follow height restrictions in the
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ISAC T experimental hall, the TITAN MR-TOF-MS analyzer
has been scaled to a length of about 500 mm, resulting in an
ion mirror as in [50]. It consists of two sets of four cylindrical
electrodes, forming two opposing ion mirrors, separated by a
grounded drift tube. At the center of the drift tube a four fold
deflector is mounted. It can be used for beam alignment dur-
ing the injection and first passing of ion bunches or as a mass
range selector (MRS) to remove out unwanted ions with a dif-
ferent mass number compared to the ions of interest. At the
top of the analyzer structure an isochronous single ion detec-
tor (ETP MagneTOF™) is mounted and the ion’s time-of-flight
is measured using a time-to-digital converter (FAST ComTec
MCS6A-5TS) [35].

The time-of-flight focus is aligned using the dynamic time-
focus shift (TFS) method [63]]. The ion optical properties of the
electrostatic mirrors have been optimized such that every turn,
following the initial TFS turn, is isochronous. In the following
these are referred to as isochronous turns (IT). This creates an
intermediate (virtual) time-of-flight focus after every full IT in
front of the injection trap and at the detector, for additional de-
tails of the scheme see [[63]]. Thus, in eq. 4| fym and Zygser can
be replaced with #p and frgs (the time from the injection trap
through the TFS turn to the detector), respectively, resulting in

_ tir - N + t1ps
2/(Atrr - N)? + (Atrps)?

with Atrps representing the achievable peak width after only
one TFS turn and A#y the peak broadening per number of IT.
To perform the dynamic time focus shift different electric
potentials are applied to the ion mirrors during the first turn.
The potential on axis is schematically shown in Fig. @ As

(N

such, three level switching of the mirror potentials (Injec-
tion/Ejection, TFS and IT) are required.

Switching of the ion mirrors for injection and ejection [13]] in
combination with the TFS method enables a time focus simul-
taneously at the detector during mass measurement mode and
at the correct place in front of the injection trap during isobar
separation mode. The TFS method enables the high extraction
field strength at the injection trap and, as such, the formation of
very narrow time-of-flight ion bunches. As such, the scheme al-
lows simultaneously high mass resolving powers and indepen-
dent turn numbers in both operation modes, thereby making the
operation of the device highly flexible and allowing for a fast
change of settings. In addition the resolving power at a given
number of IT is automatically maximized and no re-tuning for
different numbers of turns is needed [13]].

To ensure minimal impact on the ions inside the analyzer,
switching of the mirror potentials from one state to another
is performed at the moment in time when the ions of inter-
est are in the opposing ion mirror. The mirror potentials are
provided by ISEG EHS high precision modules and are addi-
tionally stabilized using passive RC filters with a cut off fre-
quency of ~ 1.6 Hz [35]. Precise and reproducible switching
is achieved via home-built high voltage switches [S1], which in
addition enable the required three level switching. The timings
of the device are controlled by an in-house written control and
measurement software, described in [335].

The TITAN MR-TOF-MS is operated at a fixed repetition
rate independent of the chosen number of IT and time-of-flight
of a given measurement. Typically a repetition rate of 50 Hz,
20 ms cycle time, is used, but for specific experiments repe-
tition rates between 20 and 100 Hz have been employed. To
account for the two different operation ion optical modes of the
device, the common 20 ms cycle is divided into two alternating
10 ms sub-cycles for isobar separation and mass measurement.
Thus, maximal time-of-flights of about ~ 9 ms are possible in
each mode. In case no isobar separation is needed, ions are
simply stored for the full 10 ms in the injection trap, while the
potentials of the time-of-flight analyzer are switched normally.
This fixed duty cycle improves the stability and reproducibility
of the mirror potentials and ultimately enables the high resolv-
ing power of the device in both modes. Further, it makes the
TITAN MR-TOF-MS very flexible to set up during online ex-
periments as changing the number of IT does not change the
load and duty cycle seen by the individual power supplies.

3. Performance in Mass Measurement Mode

After its installation, the TITAN MR-TOF-MS was commis-
sioned online using stable beams from ISAC’s OLIS ion source
[64]]. Ton beams of stable argon and neon, but also various
molecules, were delivered to TITAN with beam intensities be-
tween 1 pps and 107pps from a plasma ion source. In addition,
a surface ion source provided beams of sodium, potassium, ru-
bidium and cesium for systematic investigations of the perfor-
mance of the MR-TOF-MS.



3.1. Efficiency

A key to performing mass measurements of the most exotic
species produced at ISAC are a high efficiency and sensitivity.
Tons can be lost at various stages during the transport: during
the initial capture and accumulation in the TITAN Cooler &
Buncher, during transport and injection into the MR-TOF-MS,
along the internal RFQ beam line, during the long flight path
inside the time-of-flight mass analyzer or during the final de-
tection. Making use of the different detectors along the beam
line the individual losses were quantified using stable beams.

The transmission efficiency of the TITAN RFQ Cooler &
Buncher has been reported elsewhere [40]. It depends on the
used ISAC ion source and properties of the radioactive beam
tuned to TITAN. The TITAN RFQ Cooler & Buncher is oper-
ated with a square-wave RF, which ensures a high efficiency for
all mass ranges. Typical efficiencies in bunch mode are between
50 - 80%.

The capture and transport efficiency through the TITAN MR-
TOF-MS internal RFQ beam line depends on the kinetic energy
and phase space of the incoming ion bunches as well as on the
achievable Mathieu parameters (q-values) and pseudopotentials
of the RFQ system. The RF system is based on resonance cir-
cuits, which limits the mass-to-charge range of the device at a
given resonance frequency. For light ion species the inductors
of the RLC circuits need to be exchanged manually to increase
the resonance frequency and ensure efficient transport. The cap-
ture and transport efficiency was estimated by comparing the
ion count rate at the MagneTOF™ detector of ions undergo-
ing only one TFS turn compared to the rate at MCP 0, see Fig.
[I for the location of the detectors. To maximise the detection
efficiency of the MCP detector, ion bunches with a kinetic en-
ergy of 20 keV were sent to the MCP. Using ion bunches with
a kinetic energy of 1.36 — 1.45 keV maximised the capture in
the input RFQ of the MR-TOF-MS and the detected rate at the
MagneTOF™ detector. The transport along the internal beam
line was optimized varying the drag fields along the RFQ seg-
ments, the potential of apertures as well as the helium gas pres-
sure and RF voltages. Under standard RF frequencies, capture
and transport efficiencies between 60 — 80% were achieved for
¥K*, 3Rb* and '*3Cs* and around 40% for *Na* by only ad-
justing the RF amplitudes.

Due to the confinement in the RFQ system, ions can be
stored with minimal losses for several seconds at various lo-
cations in the RFQ beam line, allowing, e.g. half-life measure-
ments via ion counting [63} 166, |67] or accumulation of puri-
fied samples [S3]. However, due to trace amounts of impuri-
ties present in the He buffer gas of the system, noble gas ions
may charge exchange whereas chemical reactive species may
from adducts. Storage times have been investigated during the
commissioning, the results are shown in Fig.[5] A storage time
of #1/2 ~ 20 ms was reached for “°Ar* and t;/;, ~ 30 ms for
22Ne*, in comparison to ¢/, ~ 10 s for 2*Na* ions. The dif-
ference in storage time between Ar and Ne ions was not fur-
ther investigated but may be due to temperature changes in the
ISAC experimental hall. In order to minimize possible losses
due to charge-exchange, chemical reactions or decay, the RFQ
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Figure 5: Storage time measurement of Ar, Ne and Na ions at the preparation
trap of the MR-TOF-MS RFQ system. For noble gas species, storage times
t1/2 = 20 — 30 ms can be achieved. Alkali-ions can be stored for up to several
seconds, as shown for Na.
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Figure 6: Transmission efficiency of the time-of-flight mass analyzer for °K*
as a function of the number of isochronous turns measured for different residual
gas pressures, normalized to the count rate of ions undergoing one TFS turn
only. Under typical residual gas conditions of < 1 x 107 mbar about ~ 60%
of the ions can be detected after 350 isochronous turns. The inset shows the
obtained collision cross section for potassium ions in helium gas for different
pressures. The constant behavior suggest losses are dominated by collisions
with residual gas atoms [50].

beam line was optimized such that all ions are transported to
the TOF detector within a single MR-TOF-MS cycle. It can be
concluded, that in the standard cycle time of 20 ms the trans-
mission for noble gasses and very chemical reactive ion species
may be ~ 50% lower compared to alkali ions.

For the TITAN MR-TOF-MS losses in the time-of-flight an-
alyzer mainly occur due to collisions with residual gas. There-
fore, they depend on the residual gas pressure in the analyzer
region, which during operation is dominated by helium gas
from the injection trap. The transmission through the time-
of-flight analyzer has been investigated using >°K* ions at dif-
ferent residual gas pressures, see Fig. [6l The ion intensity
was kept constant, stable within about 10%, and the number
of isochronous turns (IT) was increased while monitoring the



Table 1: Individual transport efficiencies for a high precision mass measurement
with the TITAN MR-TOF-MS as determined during the commissioning of the
device.

Efficiency (%)

TITAN C&B 50 — 80 (bunched)
MR-TOF-MS

Capture & RFQ beam line 60 — 80

Time of flight analyzer ~ 60 (at 350 IT)

Detection (MagneTOF™) 60 — 80
Total MR-TOF-MS ~ 30

TITAN C&B + MR-TOF-MS ~ 15

detected ¥K* intensity. For this measurement the MR-TOF-
MS was set to a 100 Hz repetition rate in order to allow for
reduced overall measurement time. The intensity can be well
described by a single exponential decay. At residual gas pres-
sures of 2.3 X 107 mbar He the intensity decays with a decay
constant of 256 + 25 turns to half the initial intensity. From the
fitted decay constant the collision cross section o for potassium
ions in helium can be calculated via o = (nx 1)~', with n being
the particle number density and A the corresponding mean free
path obtained from the transmission loss. The inset in Fig. [0]
show the cross section at different pressures. Our result is in
agreement with an analytical collision cross section of 54.1 A2,
In addition, the collision cross section is independent of the gas
pressure, which suggest that the transmission losses are dom-
inated by collisions with residual gas atoms, see discussion in
[5Q]. During the recent upgrade of the MR-TOF-MS [335] the
pumping speed at the analyzer section was increased resulting
in improved residual gas pressure below < 1 x 107 mbar. As a
result, losses in the time-of-flight analyzer were decreased to a
decay constant of 954 + 60 turns at 5.7 X 10~% mbar He, which
corresponds to a path length of close to 900 m.

Therefore, at typical operational pressures between 0.5 — 1 X
10~7 mbar about 60 — 80% of the ions are transported through
the time-of-flight analyzer during mass measurements utilizing
high numbers of isochronous turns.

The detection efficiency of the MR-TOF-MS MagneTOF™
detector itself was estimated to lie between 60 — 80%, in line
with manufacturer specifications.

The individual efficiencies are summarised in Tab. [II A re-
sulting efficiency of about ~ 30% is reached with the TITAN
MR-TOF-MS for high resolution mass measurements. The to-
tal efficiency for experiments is estimated with about ~ 15%.
This value is in agreement with total efficiencies determined
during online radioactive beam experiments of short lived iso-
topes ranging between 5 to 20% determined against the ISAC
Yield station [68]] and calibrated Channeltron detectors in the
ISAC beam line.

3.2. Mass Resolving Power

Due to the nature of the ISOL production method many dif-
ferent nuclides / isobars are produced and delivered to TITAN
at the same time. In this case a sufficiently high mass resolving
power is needed to separate the isotope of interest from other
contaminant ion species.
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Figure 7: Mass resolving power (FWHM) measured for 3*K*, $Rb* and
133Cs* jons as a function of the number of isochronous turns. Each turn setting
was accumulated for 1000 individual MR-TOF cycles, corresponding to a 20 s
accumulation time. The measurements were performed within 20 minutes from
each other, no re-tuning of the time-of-flight analyzer was performed. The trap-
ping potentials of the injection trap were adjusted to ensure proper confinement
and performance for the three different species. Mass resolving powers exceed-
ing 250 000 were reached for all species. The solid curves show fits with eq.[7]
(For details see text.)

The TITAN MR-TOF-MS has been shown to reach mass re-
solving powers exceeding 200 000 during the first online exper-
iments [24} 25, 21]]. To optimize the system for highest mass
resolving power first the initial peak width was optimized. Ions
were sent to the MagneTOF™ detector after undergoing only a
TFES turn and the voltages of the injection trap and the TFS turn
were optimized to produce a narrow time focus at the detector.
Narrow peak widths of about 6 ns for *K*, as shown in Fig. [if,
were reached. Then the number of IT was gradually increased
and the voltages applied during the IT turns were fine-tuned to
ensure minimal peak broadening. The voltages applied to the
outer most mirror electrodes show the largest impact on the final
peak width. To quantify the performance after the optimization,
the resolving power was measured for ¥K*, $Rb* and '*3Cs*
as a function of isochronous turns, see Fig

The time-of-flight analyzer was not re-tuned for each species
or number of IT and all scans were performed within 20 min-
utes. However, the parameters of the injection trap were ad-
justed to ensure proper ion confinement by adjusting the RF
amplitude applied to the trap for the different masses. To ac-
count for effects arising from the limited rise time of the ejec-
tion potentials of the injection trap, an asymmetric axial storage
potential was used to fine adjust the kinetic energy of the ions
to match the energy acceptance of the time-of-flight analyzer.
Preparing ion bunches in a slightly asymmetric potential shifts
the position of the potential minimum along the central axis of
the trap, which translates into a slightly different mean kinetic
energy of the bunches once the extraction fields are applied.
Based on simulations an asymmetry of the trapping potential of
1 V results in a change of the mean kinetic energy by 3.6 eV.

For each species the intensity was adjusted to about 1 de-



tected ion per MR-TOF-MS cycle after a single TFS turn. ¥K*,
85Rb* and '*3Cs* ions were then stored for increasing numbers
of IT up to 700, 500 and 380 IT inside the analyzer, respec-
tively, corresponding to total time-of-flights of up to 9 ms. In
these measurements, data was accumulated for 1000 MR-TOF-
MS cycles, corresponding to data accumulation time of 20 s at
50 Hz operation. If accumulated over long times, the peaks ex-
perience some additional broadening, due to drifts. Thus, the
results shown in Fig[7|represent a conservative performance es-
timate.

At low numbers of IT the mass resolving power, which was
determined from a Gaussian fit, increases linearly with the num-
ber of turns. A mass resolving power of 100 000 FWHM, suf-
ficient to resolve most short-lived nuclei, is reached after about
100 IT, corresponding to total time of flights of approximately
1.3, 1.9 and 2.3 ms for ¥K*, Rb* and '33Cs*, respectively.
This further highlights the advantage of the TFS + IT opera-
tional scheme [63]], as it creates a time focus at the detector after
every full turn. The resolving power increases further with in-
creasing number of IT, but the slope starts to flatten due to aber-
rations broadening the peaks. The data in Fig. [/| was fitted with
eq. [/l All parameters, except the peak broadening per IT A,
were measured directly for the individual species and kept fixed
during the fitting. The resolving power can be well described by
eq.[7]with only one free parameter. In all cases a mass resolving
power exceeding 250 000 FWHM can be reached, despite the
rather long data accumulation time of 20 s. Particularly at more
than 300 IT, drifts and instabilities on the time scale of a few
seconds start to limit the resolving power of the device. The
measured resolving power shows much stronger fluctuations at
higher number of IT, which can be seen as an indication that the
performance is limited by instabilities rather than the ion opti-
cal properties of the time-of-flight analyzer. These drifts are
caused by fluctuations and instabilities of the potentials applied
to the mirror electrodes.

To quantify the dependence of the mass resolving power on
the data accumulation time, the resolving power was deter-
mined for Rb* ions at 500 IT for different data accumula-
tion times, shown in Fig. [§] Accumulating for 1000 individ-
ual MR-TOF-MS cycles reproduces the performance shown in
Fig. |/} However, shortening the accumulation time allows for
more than 50% higher mass resolving power to be reached with
the TITAN MR-TOF-MS at same number of IT. In the presence
of a sufficiently abundant calibration species, either isobaric or
non-isobaric, short accumulation times can be used and, thus,
drifts can be corrected for by performing a time-resolved cal-
ibration [28]. This allows the device to reach high mass re-
solving powers (above 400 000 [69]) even during long overall
measurements. In the future we expect additional gains from
operation with longer cycle times, which will extend the max-
imal number of IT for a given ion species beyond the current
limitations.

3.3. Mass Accuracy

To investigate the mass accuracy and precision of the de-
vice isobars at mass 40 u were used. **Ar* was provided by
the OLIS plasma ion source and merged with “°Ca* and “°K*
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Figure 8: Mass resolving power (FWHM) of 3°Rb* ions undergoing 500
isochronous turns as a function of the accumulated MR-TOF-MS cycles (bot-
tom horizontal axis) and corresponding accumulation time (top horizontal axis).
At short accumulation times mass resolving powers up to 400 000 have been
achieved.

ions from the MR-TOF-MS internal calibration ion source. The
ions were stored for 650 IT in the time-of-flight analyzer, cor-
responding to a total time-of-flight of about 8.1 ms. Data was
taken for 3 min with an accumulation time of 2 s. The well-
separated peak of “°K* was used for a time resolved calibra-
tion. In order to allow for sufficient statistics, the calibration
parameter b of eq. [6| was redetermined every 10 s. A mass re-
solving power of about 300 000 FWHM was reached. During
the measurement, the mass range selector was used during the
first 30 IT to remove ion species with a different mass number,
ensuring an unambiguous mass spectrum. An example time-
of-flight spectrum is shown in Fig. Q. The individual peaks
are mostly described by a single Gaussian line shape. However,
below 5 — 10% of the peak height the peak shape starts to differ
from the Gaussian line shape. For the full description of the
line shapes of MR-TOF-MS a so-called Hyper-EMG line shape
[70]] (a convolution of a Gaussian with exponential functions)
can be used. For the TITAN MR-TOF-MS the advantages of
a Hyper-EMG line shape have been discussed in [35] 169 [71]]
and a relative mass accuracies of better than 10~ were demon-
strated even for overlapping peaks.

During mass measurements systematic shifts may occur
when the ion of interest and the calibration ion species expe-
rience different electric fields. This can happen during the ejec-
tion from the injection trap, during switching of the analyzer
potentials or the mass range selector, or it can be caused by
dead-time effects at the detector [S1], ion-ion interaction during
long time-of-flights or due to a large mass difference between
the ion of interest and the calibration species. The later will be
discussed in detail in a forthcoming publication.

The single largest contribution to the systematic uncertainty,
for mass measurements with an isobaric calibration ion species,
is the switching of the second ion mirror to release the ions to-
wards the detector. Assuming a non-ideal switching, the cal-
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Figure 9: (Top panel) Time-of-flight spectrum of isobars at mass 40 u after
650 isochronous turns, corresponding to about 8 ms total time of flight. Data
was taken for 3 minutes. (Middle panel) Variation of the mass values of “°Ar
and *°Ca as a function of the time of switching of the 2nd mirror prior to the
detection of the ion species. The horizontal axis has been converted from time
into units of turns at mass 40 u, indicating a +35% fraction of the time-of-fight
analyzer in which species are not effected by switching of the mirror potentials.
(Bottom panel) Scatter of the measured mass of *°Ar determined from the scan
shown in the middle panel.

ibration ions may probe different fields compared to the ion
of interest, which may alter the time of flight of one of the
ion species. Under normal conditions, the second mirror is
switched while the ion of interest is turning around in the first
mirror, ensuring a maximal distance to the time-varying fields.
To quantify this effect, the isobaric triplet at mass 40 u was
stored for slightly different times inside the analyzer, effectively
probing different distances to the second ion mirror at the mo-
ment of switching. The result is shown in Fig. 0] (middle panel),
where the time of switching of the second mirror has been con-
verted into fractions of a full IT. Under ideal switching condi-
tions the respective time of flight of the different ion species and
therefore the resulting mass values do not change. This can be
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seen for the region +35% of the full turn setting. At the edges
of the scan, either the “°K* or the “°Ar* and *°Ca* ions probe
time-varying electric fields.

The scatter of the resulting “° Ar mass values obtained from
the +£35% region is shown in Fig. [9] (bottom panel). The results
reproduce the literature mass value with an average deviation
of only +1.2 + 0.7 keV, corresponding to relative deviation of
Am/m ~ 32 x 1078, and scatter of ¢ = 3 keV, correspond-
ing to 6m/m ~ 8 x 1078, A similar result is obtained for *°Ca,
whose literature mass can be reproduced within —0.5 = 0.6 keV
and scatter of o = 2.6 keV. The mass results for “°Ar and *’Ca
deviate by about 1.7 o and 0.8 o from their respective litera-
ture mass values, which indicates a remaining systematic un-
certainty of the TITAN MR-TOF-MS on the order of ~ 1 keV
or ém/m ~ 3 x 1078 for isobaric calibration species.

In summary, the TITAN MR-TOF-MS demonstrates excel-
lent mass accuracy and precision and is capable of performing
mass measurements for nuclear structure and astrophysics im-
plications with relative mass accuracies below 6m/m < 1x107".

~
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3.4. Long-Term Stability

To take full advantage of the capabilities of the TITAN MR-
TOF-MS during mass measurements of radioactive isotopes,
produced at minute quantities, the device has to be capable of
operating stably over many hours.

To estimate the stability and the detection limit of the device
a long-term measurement with stable potassium ions was per-
formed. All three naturally occurring isotopes, 3*K*, “°K* and
41K+, were injected into the time-of-flight analyzer and stored
for 400, 395 and 390 IT, respectively. This resulted in total
times of flight of about ~ 4.9 ms. The intensity of *°K* was
adjusted to a rate of about 2 detected ions per second. Data was
accumulated for 87 hours in total, while for individual spectra
data was collected for 240 s each. In Fig. [T0](bottom panel) the
time of flight of ¥K* is shown throughout the measurement.
The overall fluctuations are smooth, but a clear day-and-night
drift with a maximal shift of about 120 ns can be seen. The drift
corresponds to a temperature change in the ISAC I experimen-
tal hall of about 5 K from night to day. A temperature coeffi-
cient of ~ 10 ppm/K for mass measurements with the TITAN
MR-TOF-MS can be deduced. However, the comparable slow
temperature drifts, with a maximal slope of 27 ns/h, roughly
~ 11 ppm/h, can effectively be corrected with the time-resolved
calibration procedure.

3.5. Sensitivity

The capability to detect minute quantities of an ion species
of interest can be estimated based on the above data. In Fig.
(top panel) the time-resolved calibrated time-of-flight spectrum
is shown. In the spectrum, two small peaks emerge at about
6.8 us after switching of the second ion mirror. Based on a cali-
bration via eq.[6]they are identified as “°K* and **Ca*, detected
with rates of 0.7 + 0.09 and 0.3 = 0.06 ions per hour, respec-
tively. The measured intensity of “°K* matches the expected
rate of 0.8 ions per hour based on the natural abundance of “°K
of only 0.0117(1)% and the detected 3°K* intensity. Further-
more, the detection of minute traces of “°Ca* from the thermal
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Figure 10: (Top panel) Time-of-flight spectra of natural potassium 3°K, 4K and
41K jons undergoing 400, 395 and 390 isochronous turns, respectively. In the
measurement 3K was detected at a rate of ~ 2 ions per second. Spectra were
accumulated over 87 hours, each spectra was accumulated for 240 s. In total 61
counts of “°K were detected, in line with the natural abundance of 0.0117%. A
mass resolving power of 140 000 was reached after a time-resolved calibration.
(bottom panel) Time of flight of 3’K* through out the measurement. A 24 hour
/ day-night period is indicated by the marker.

ion source in relation to the huge **K* peak indicates a dynamic
range of at least 1 to 1.8 x 10*. Being able to detect ion species
at such low intensities illustrates the excellent sensitivity and
dynamic range of the TITAN MR-TOF-MS.

Taking a total efficiency of about ~ 15% into account, it be-
comes evident that the TITAN MR-TOF-MS is well capable of
performing mass measurements of extremely low count rates.
Isotopes produced at rates as low as 10 particles per hour are in
reach. To date, the lowest-yield species successfully measured
with the TITAN MR-TOF-MS has been '%Sr [72]], which was
extracted from the ISAC target at a rate of only about ~ 140 par-
ticles per hour (ISAC yield 0.04 particles per second [73]]).

4. Performance in Isobar Separation Mode

Many radioactive beam experiments at ISAC are not limited
by the available amount of the isotope of interest, but rather
by the overwhelming presence of unwanted contaminants and
the dynamic range of the mass spectrometer. To suppress un-
wanted isobaric contamination the TITAN MR-TOF-MS relies
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on mass selective re-trapping of the ion of interest in the in-
jection trap [58]]. Re-trapping was commissioned using stable
beams at mass 28 u from the OLIS plasma ion source. The
composition of the beam is shown in Fig. [IT|top panel) after
undergoing 40 IT in the MR-TOF-MS. All components of the
beam, such as 2SSi+’ 12cl6o+’ 14N2+, 12C14NH2+, 12cl3CH3+
and '>C,H,*, are clearly resolved and have been identified by
their respective mass-to-charge ratio.

The MR-TOF-MS was then switched into re-trapping mode.
Ions were prepared and injected into the time-of-flight analyzer
as in the mass measurement mode, but after 40 IT, the first ion
mirror was opened instead of the second and the ions approach-
ing the injection trap were selectively captured. The captured
ion species were then stored in the injection trap for 9 ms, until
the end of the 10 ms sub-cycle, before being re-injected into the
time of flight analyzer for a second analysis. Here, in both op-
eration modes 40 IT were used, but due to the TFS + IT scheme
the number of turns used for separation and mass measurement
respectively can be chosen independently.

The time between ion injection into the time-of-flight an-
alyzer and re-capture in the injection trap, the so-called re-
trapping time, was scanned between 439.9 us and 440.5 us,
while measuring the composition of the re-captured ions in the
consecutive mass measurement cycle. Fig. [IT(middle panel)
shows a two-dimensional graph of the scan of the re-trapping
time. One can see that different ion species are selected at dif-
ferent re-trapping times. Choosing a fixed re-trapping time of
440.14 us fully isolates '>C'®O* from all other species in the
beam, as shown in Fig. [[T(bottom panel). The mass resolv-
ing power in isobar separation mode (mass separation power)
can be determined from the width of the capture scan. In this
measurement a mass resolving power of 5000 was reached in
isobar separation mode using a 10 V deep trapping potential
and 40 000 in the mass measurement mode after 40 IT.

The maximal dynamic range of the suppression was inves-
tigated by increasing the incoming overall beam intensity until
unwanted ion species started to show up in the consecutive mass
spectrum. Up to ~ 107 incoming ions per second, correspond-
ing to about ~ 10* ions per MR-TOF-MS cycle, a suppression
of four orders of magnitude could be achieved. At even higher
beam intensities the suppression seems to reduce, but was not
further investigated in order to not damage the TOF detector in
the MR-TOF-MS.

4.1. Efficiency

In isobar separation mode, the efficiency depends on the
number of IT, as in the regular mass measurement mode (see
section [3.1)), and on the capture efficiency of the injection trap.
While ion bunches are always prepared in a 15 V deep axial
trapping potential, the re-trapping can be made more selective
using shallower re-trapping potentials, but that may come at the
costs of lower efficiency, see the discussion in [S8].

To investigate this behaviour and choose a suitable compro-
mise between re-trapping efficiency and selectivity, re-trapping
was measured for different numbers of IT and trap depths,
shown in Fig. [I2] The efficiency was determined by compar-
ing the intensity between performing only a mass measurement



' ' ' N’IaSS 28u 'at 40 turhs
» 1000+ 14Nz+ No Re-Trapping E
c
© 28g;+
- Si 12G16Q+
~ 100- % !
[2)
c 2 % ucsz
> 077 "S; x /
S Y%\
O 10 3 :

6.1
Time-of-flight - 428.5 us (us)

62 63 64 65 6.6

/‘})\440.5 . . . . . :
3 12C13CH3+ & '
@ 440.4+ y 1‘2C HA
= 214
'.é)440-3' ‘12c14NH2+ 7
'%440.2- - “1‘,,‘N2+ B
I—T 440.1 1 ' 12160+ b
O]
044004 'k ‘ -
288i+
439.9 . . . . . .
61 62 63 64 65 6.6
Time-of-flight - 428.5 us (us)
' ' "Mass 28u at 40 turns
1004 Re-Trapping time 440.14 ps |
2G15g*
(2}
c
©
@ 104 ]
c
>
@)
o
1 T T T T T T
6.1 62 63 64 65 6.6

Time-of-flight - 428.5 pus (us)

Figure 11: Isobar separation via mass-selective re-trapping with stable beam
from ISAC. The ions underwent 40 isochronous turns before being re-trapped
in the injection trap. The captured ions were re-cooled and then injected into
the mass analyzer for 40 isochronous turns before impinging on the time-of-
flight detector. (top panel) Time-of-flight spectra without re-trapping. (middle
panel) 2d plot of time-of-flight of the ions in dependence of the re-trapping
time. (bottom panel) Example of a time-of-flight spectrum of an ion sample
using a fixed re-trapping time of 440.14 us. Spectra in the top and bottom panel
were not accumulated for the same time.

cycle and performing re-trapping and mass measurement con-
secutively for the same ion population. In this measurement
ions were stored for the same number of IT in both cycles. It
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becomes evident, that for a trap depth exceeding about = 5.5 V
a plateau in efficiency of about ~ 70% is reached. For lower
trapping depth the efficiency of the re-trapping operation drops
to around 25% at 3 V trap depth. A small residual fluctuation of
the re-trapping efficiency on the number of IT can be observed,
it results from imperfect alignment between the beam axis and
the ion optical axis of the time-of-flight analyzer. For a given
number of IT the re-trapping efficiency can be optimized by ad-
justing the steering voltages between the injection trap and the
time-of-flight analyzer by about 10 V. This procedure was not
performed during the above measurement.

4.2. Mass Separation Power

In general, the achievable mass resolving power in isobar
separation mode depends on the time-of-flight separation and
the selective re-trapping of the injection trap, as described in
[58]. The overall separation power is limited by the lower of
the two.

Thus, using mass selective re-trapping one can use different
strategies to increase the separation power of the device, either
by increasing the number of IT or by decreasing the trapping
depth used for re-trapping.

The achievable mass separation power was determined as a
function of number of turns and trap depth. The results are
shown in Fig. The contours show combinations of oper-
ational settings, that result in the same resolving power. The
combination of shallow trapping potential and high number of
turns allows for isobar separation with highest resolving pow-
ers, up to 100000 FWHM at 320 IT and 3.2 V trap depth. Under
these conditions an efficiency of ~ 15% is reached, see Fig.
Employing trap depths above 5.5 V, so highest efficiency, re-
solving powers up to 40000 FWHM can be reached after 300 IT.

However, typical scans of the re-trapping time show a flat-
top behaviour when scanning over the characteristic region of
the ion of interest. The edges of the distribution are commonly
much sharper compared to the FWHM. Therefore, the edge of
the capture distribution can be used to separate close-lying iso-
bars, while maintaining the high efficiency of using a deeper
trap, as discussed in [58]. For the TITAN MR-TOF-MS in this
edge-separation mode mass separation powers are typically a
factor of 2 to 3 higher compared to the FWHM separation at
the same trap depth. Considering that typical stable contami-
nants tend to have lower mass excesses compared to the more
exotic isobars of interest, this mode has dominantly been used
during online experiments as it allows for high efficiency and
high separation power.

Employing re-trapping the dynamic range of the TITAN MR-
TOF-MS is enhanced and online mass measurements with ion
of interest to contaminant ratios of 1 to 10° have been achieved
already. Since the first online application of mass selective re-
trapping in [[74], it has been employed routinely [32}[72]. In the
future applying multiple re-trapping cycles before each mass
measurement cycle may enhance the dynamic range even fur-
ther. In addition employing re-trapping at even higher numbers
of IT will enable the separation between nuclear isomeric and
ground states and allow for isomerically purified ion ensembles.
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Figure 13: Contour plot showing the measured resolving power in re-trapping
mode as a function of number of isochronous turns and trap depth. A resolving
power of 100000 FWHM is reached after 320 isochronous turns at a trap depth
of 3.2 V.

In the near future the TITAN MR-TOF-MS will be used for iso-
bar separation for the Measurement Penning Trap MPET or the
Electron Beam Ion Trap EBIT and will play a crucial part in
TITAN’s push towards measurements of more exotic isotopes.

5. Conclusion and Outlook

The TITAN MR-TOF-MS has been successfully commission
and since been in routine operation during various experiments
at TITAN [24, 23|, 26|, 33| 211, [69 [67| 32| [72| [74]. The device
reaches a high mass resolving power (m/Am ~ 400 000), high
precision and mass accuracy (6m /m < 1077), is fast (com-
mon measurement cycle time of 20 ms), shows high sensitiv-
ity and very strong background handling capabilities (ratios of
the ions of interest to the contaminant ions of up to 1 to 10°).
The device can be used to perform high precision mass mea-
surements of short lived radioactive isotopes or provide crucial
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background suppression by four orders of magnitude for the
Measurement Penning Trap MPET or the Electron Beam Ion
Trap EBIT. The high mass resolving power makes the device
well suitable to cope with highly contaminated beams common
to the ISOL radioactive beam production method. The MR-
TOF-MS is efficient and, as such, capable of tackling the most
exotic nuclei produced at ISAC. Due to the unique combination
of mass measurement and isobar separation, using mass selec-
tive re-trapping, the TITAN MR-TOF-MS is able to perform
mass measurements of isotopes produced well below 1 particle
per second out of strong isobaric background with intensities
up to 10° particles per second. Isotopes extracted from the pro-
duction target with rates as low as 0.04 particles per second
have successfully been measured [72]. Therefore the TITAN
MR-TOF-MS allows investigating even more exotic nuclei for
nuclear structure studies and with importance to astrophysical
processes and enables TITAN to expand its research towards
the limits of the nuclear chart.
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