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Abstract

The performance of high-precision mass spectrometry of radioactive isotopes can often be hindered by large amounts of con-
tamination, including molecular species, stemming from the production of the radioactive beam. In this paper, we report on the
development of Collision-Induced Dissociation (CID) as a means of background reduction for experiments at TRIUMF’s Ion Trap
for Atomic and Nuclear science (TITAN). This study was conducted to characterize the quality and purity of radioactive ion beams
and the reduction of molecular contaminants to allow for mass measurements of radioactive isotopes to be done further from nu-
clear stability. This is the first demonstration of CID at an ISOL-type radioactive ion beam facility, and it is shown that molecular
contamination can be reduced up to an order of magnitude.

Keywords:
Mass Spectrometry, MR-TOF-MS, TITAN, Radioactive Ion Beams, Collision Induced Dissociation

1. Introduction

In all fields of experimental physics, one of the principal
concerns is the reduction of background and the optimization
of signal-to-noise. In particular, high-precision experiments,
which utilize radioactive nuclei, normally require pure samples
of the isotope of interest. Furthermore, if the experiment in-
volves a Radioactive Ion Beam (RIB), the preferred beam com-
position is predominantly of the isotope of interest.

For such experiments, the RIB is typically produced using
accelerator facilities. The method of Isotope Separation On-
Line (ISOL) [1] produces RIB by impinging light projectiles
(e.g. protons) on a thick target. Through the ensuing spalla-
tion, fragmentation, and fission reactions in the target material,
a wide variety of isotopes are produced. The ISOL method de-
livers RIB to subsequent experiments with both excellent beam
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Canada
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properties (i.e. small relative longitudinal and transverse energy
spread) and at high intensities. However, one key drawback to
this method is the presence of unwanted stable and radioactive
contamination, including molecules.

The alternative method for RIB production is known as the
in-flight technique [1]. With this method, a high-energy beam is
produced from a thin target which avoids the chemical effects of
the ISOL technique. For low-energy experiments, these beams
must be decelerated in gas stopping cells, where molecular con-
tamination can be introduced. In some instances, the isotope of
interest will even be measured as a molecular ion [2]. Thus,
there is a need for the reduction of molecular contamination
regardless of the RIB production method.

Due to contamination always being an issue posed to ion
trapping, several techniques for RIB purification already exist.
For a Penning trap, individual species can be removed through
the process of dipole cleaning [3]. Additionally, the method
of Stored Waveform Inverse Fourier Transform (SWIFT) can
provide broadband cleaning in a Penning trap [4]. Lastly,
the method of mass-selective re-trapping using a Multiple-
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Reflection Time-of-Flight Mass-Spectrometer allows for fast,
high-resolution, and high efficiency mass separation [5].

With molecular contamination presenting an issue regardless
of RIB production method and over a wide range in mass, at-
tempts have been made to specifically reduce the amount of
molecular contamination present in experimental setups. For
example, the use of an RF carpet to transport atomic and molec-
ular ions allows for their separation based on ion mobility [6].
Additionally, breaking the bonds of molecular ions such that the
ion is no longer isobaric has been shown to be a promising tech-
nique. This process, called Collision-Induced Dissociation, has
previously been employed at two different gas stopping cell fa-
cilities [7, 8]. However, this technique has not yet been demon-
strated at an ISOL-type RIB facility.

At TRIUMF’s Ion Trap for Atomic and Nuclear science (TI-
TAN) [9], high-precision experiments are carried out for stud-
ies of nuclear structure, nuclear astrophysics, and fundamental
symmetries. For these experiments, pure samples are needed
to reduce the effect of ion-ion interaction as well as to avoid
the limiting dynamic range (i.e. the ratio of the species of
interest to contamination). At TITAN, there are two main
techniques for beam purification. The first technique is iso-
baric separation using the recently established method of mass-
selective re-trapping in a Multiple-Reflection Time-of-Flight
Mass-Spectrometer [5], which will be briefly discussed in sec-
tion 2. The second technique, Collision-Induced Dissociation
(CID), has been implemented to reduce loosely bound molecu-
lar contamination, the results of which are reported in this pa-
per. This technique will be discussed in section 3 and an exper-
imental characterization in section 4.

2. The TITAN Experiment

TITAN is located at TRIUMF’s Isotope Separator and AC-
celerator (ISAC) facility [10] in Vancouver, Canada. Radioac-
tive Ion Beam (RIB) is produced by a primary ≈ 500 MeV pro-
ton beam impinging on a variety of thick targets. The nuclear
reaction products diffuse out of the target and are ionized. The
RIB is then transferred through a dipole magnet mass separator
and delivered to the TITAN experiment.

The TITAN experiment [9] is a series of ion traps that
can be combined in different configurations to conduct high-
precision mass spectrometry. An overview of the experimental
set-up can be seen in Figure 1. The two relevant traps used
during this experiment are the Radio-Frequency Quadrupole
(RFQ) Cooler-Buncher and the Multiple-Reflection Time-of-
Flight Mass Spectrometer.

The RFQ Cooler-Buncher is a He-gas-filled trap that receives
continuous RIB from ISAC [11]. The trap then cools and
bunches the beam before sending the cold ion bunches to the
subsequent traps. The most recent addition to the TITAN ex-
periment is the Multiple-Reflection Time-of-Flight Mass Spec-
trometer (MR-TOF-MS) [12]. This device can be used for pre-
cision mass spectrometry with relative uncertainties on the or-
der of 10−7 [13, 14]. Because of its high sensitivity, the MR-
TOF-MS is particularly useful for measurements of low-yield
species [15, 16, 17]. This allows the TITAN MR-TOF-MS to

Figure 1: The current TITAN experiment [9] with all traps labelled . Con-
tinuous beam is delivered from TRIUMF’s Isotope Separator and ACcelerator
(ISAC) to the RFQ Cooler-Buncher. The beam is then sent to the various other
traps for preparation and/or measurement. CID and is performed using the MR-
TOF-MS.

be employed as a beam diagnostic tool for identifying the com-
position of a RIB [18]. Additionally, the MR-TOF-MS can be
used to isobarically clean RIB for delivery to the rest of TITAN
using mass-selective re-trapping (as described in Section 2.1 as
well as in [15]). The MR-TOF-MS is where CID is performed
and analyzed.

2.1. The Multiple-Reflection Time-of-Flight Mass Spectrome-
ter (MR-TOF-MS)

The TITAN MR-TOF-MS was designed and built at JLU-
Gießen [12] and is based on the design of the MR-TOF-MS
at GSI Darmstadt [19, 20]. The device consists of a series of
He-gas-filled RFQs, RF switchyard [21], and RF injection trap
and a time-of-flight analyzer with two electrostatic ion mirrors
[22]. Bunched beam arrives from the RFQ Cooler-Buncher at
approximately 1.4 kV, and the ions are dynamically captured in
the Input RFQ of the MR-TOF-MS. The MR-TOF-MS RFQs
are driven by home built resonant drivers [23] which operate
between 1 and 1.6 MHz depending on the beamline section.
Input voltages were selected to provide a pseudo potential be-
tween 15 and 30 eV. In this particular experiment, settings were
chosen such that the low mass cutoff was below A/q = 60 so
that a wide range of masses were transported efficiently. After
the ion bunch is captured in the Input RFQ, it is then re-cooled
for efficient transport and transported to the injection trap via
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a series of RFQs. A final cooling stage is employed to ensure
minimal broadening of the time-of-flight peak due to thermal
energy spread before injecting the ion bunch into the time-of-
flight analyzer.

After injecting ions into the time-of-flight analyzer, the MR-
TOF-MS allows for two modes of operation which results in
the ions exiting from either the top or the bottom of the time-
of-flight analyzer. To make the two modes of operation inde-
pendent of each other, the ions undergo a time focus shift (TFS)
reflection in each electrostatic mirror at the beginning of each
cycle [24]. The TFS results in the ion bunch having correctly
located time foci on both ends of the time-of-flight analyzer.
The ions then undergo a series of isochronous reflections to pre-
serve the time foci. After the ions have flown for enough time
and, as a result, spread out into isobaric bunches, one of the two
aforementioned options for operation is used.

In mass spectroscopy mode, the potentials on the electrodes
on the detector side of the analyzer, the second electrostatic ion
mirror, are lowered. The ions are then extracted from the ana-
lyzer and detected by a fast time-of-flight (TOF) detector (ETP
MagneTOF DM572). The TOF is then recorded with a time-
to-digital converter (FastCom TDC MCX6A). This generates a
TOF spectrum which is used to derive the masses of the species
in the spectrum.

The other mode of operation is isobaric separation using
a technique called mass-selective re-trapping [5, 12]. In this
mode, the potentials of the electrodes on the injection trap side
of the analyzer, the first electrostatic ion mirror, are lowered.
Ions then reverse back into the open injection trap. The trap,
when closed at the optimal time for the species of interest, adi-
batically captures the ions turning around in the trap. Outside
of this narrow time window (≈30 ns), the other species are not
captured and are discarded. After re-trapping is completed, the
ions are re-cooled and either re-injected into the analyzer for
mass spectrometry, or they are ejected from the MR-TOF-MS
to the subsequent traps in the TITAN system as an isobari-
cally cleaned beam. As a result, the MR-TOF-MS can act as
its own isobar separator before performing mass spectrometry.
Mass selective re-trapping was successfully implemented dur-
ing prior experiments [15], and is now considered a well estab-
lished technique [16, 17, 25, 26]. For a comprehensive technical
review of the TITAN MR-TOF-MS, see [27].

3. Collision-Induced Dissociation

Collision-Induced Dissociation (CID) is a well established
experimental technique in analytical chemistry for conducting
thermodynamic experiments on molecular ions [28]. The tech-
nique involves exciting rotational-vibrational states in molec-
ular ions through collisions with a neutral gas. There have
been a variety of experiments and applications using CID
such as high-energy MS-MS [29], low-energy Quadrupole-
Quadrupole-Time-of-Flight [30] and low-energy Quadrupole
Ion Trap (also called resonance excitation) [31]. High-energy
CID employs beams with an energy of 1 to 10 keV while low-
energy CID utilizes beams of 1-100 eV. For a more comprehen-
sive review of CID in analytical chemistry, please see [32].

Figure 2: A schematic view of the TITAN beamline from the RFQ Cooler-
Buncher to the MR-TOF-MS. The progression of the beam energy as it travels
through the TITAN setup is depicted along with the electric potentials before
and after switching. By varying the potential change in the Pulsed Drift Tube,
the injection energy into the MR-TOF-MS can be manipulated. CID occurs in
the He buffer gas filled Input RFQ of the MR-TOF-MS.

In nuclear physics research, CID has been used for beam pu-
rification after extraction from gas-filled stopping cells at both
MSU [7] and GSI-Darmstadt [8]. To perform CID in these low-
energy experiments, the high energy RIB is stopped in a gas
stopping cell and is transported through an RFQ mass filter be-
fore being accelerated into a gas target for CID. A final isolation
stage is performed via a time-of-flight mass filter. However,
CID has yet to be applied at an ISOL facility.

3.1. CID with the TITAN MR-TOF-MS
At TITAN, low-energy (10 - 110 eV) CID is implemented in

a method similar to that of MSU [7] and GSI-Darmstadt [8]. For
systematic studies of CID, an ion cocktail of various atomic and
molecular species was created in a plasma ion source at ISAC’s
Off-Line Ion Source (OLIS). The beam was then purified to a
single mass unit in a magnetic dipole mass-separator before be-
ing sent to TITAN’s RFQ Cooler-Buncher. The 20 keV bunched
beam was then ejected towards the MR-TOF-MS. While trav-
eling through a pulsed drift tube, the beam energy was reduced
to approximately 1.4 keV transport energy. The beam then en-
tered the He gas-filled Input RFQ. The potential along the RFQ
segment was 1.35 kV while the input aperture was switched be-
tween 1.35 and 1.5 kV to confine the ions longitudinally. Radial
confinement was provided by an ≈ 20 V pseudopotential from
the RFQ fields. After being captured, a 6 V DC gradient trans-
ported the ions along the RFQ segment. The ions were cooled
for ≈ 1 ms before being sent further along the beamline. By
changing the potential of the pulsed drift tube, relative to the
Cooler-Buncher, the energy at which the ions entered the Input
RFQ of the MR-TOF-MS was precisely controlled. As a result,
CID was studied by injecting molecular ions with higher ener-
gies into the Input RFQ. Figure 2 presents a schematic of the
beam path along with a corresponding plot of beam energy.
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Figure 3: The bottom spectra is a broadband measurement of species seen after
injecting A = 76 beam into the MR-TOF-MS. This allows for the identification
of the main routes of CID and molecular addition reactions (species with masses
greater than 76). The top spectrum is a high-resolution measurement focusing
only on mass 76. This allows for the identification of individual atomic and
molecular species found in the A = 76 beam. Data for both spectra was taken
with an injection energy of 80 eV.

After the molecular ions undergo CID, they are transported to
the time-of-flight analyzer section of the MR-TOF-MS. There
are two different modes of MS that were utilized. 1.) Broad-
band mode is operated with a flight path of three isochronous
turns or less. In broadband mode, a wide range of masses were
measured at the same time (in Figure 3, A/q = 60-80 u). This
facilitated the measurement of the initial molecular species and
the CID product species simultaneously. 2.) The high resolu-
tion mode used a flight path of at least 300 isochronous turns
(total TOF > 5 ms). This mode focused on a single mass
unit and allowed for the identification of individual atomic and
molecular species. For a comparison of the two MS modes,
see Figure 3 (top and bottom for high resolution and broadband
respectively).

For the characterization of CID, two different isobars were
selected to be delivered by OLIS. A/q = 78 was selected as a
simple spectrum with only 78Kr+ and CH2O2S+ ions, and A/q
= 76 was selected as a complex spectrum with many atomic
and molecular species. Initial broadband spectra were taken for
each mass unit while scanning injection energy to identify the
most prominent product mass units. After this, high-resolution
spectra were taken at relevant mass units, established by the
initial broadband spectra, while scanning injection energy to
identify the breakup and production rates for individual atomic
and molecular species.

4. CID Results

The atomic species in the A/q = 78 beam was 78Kr+, specif-
ically injected into the plasma ion source, and the molecular
species was identified as CH2O2S+. Initially, a broadband mea-
surement was taken to identify the strongest channels of both
CID as well as molecular addition. In Figure 4, the counting
rates of 78Kr+, CH2O2S+, and CHOS+ were measured in high

Figure 4: The rates of 78Kr+, CH2O2S+, and CHOS+ were measured as the
injection energy into the Input RFQ of the MR-TOF-MS was varied. The
atomic species is shown with solid lines while molecular species are shown
with dashed lines.

resolution mode (at A/q = 78 and 61 respectively) while ad-
justing the injection energy. As the injection energy into the
Input RFQ of the MR-TOF-MS is increased, there is little to no
change in the counting rate of the atomic 78Kr+. Conversely,
there is a steady decline in the counting rate of the CH2O2S+

molecular ion and an increase in one of its possible breakup
products CHOS+. Additionally, for injection energies exceed-
ing ≈ 100 eV, it was found that losses in the 78Kr+ occurred due
to ions’ energy exceeding the potential provided by the confin-
ing aperture in the Input RFQ.

In regards to possible discrepancies seen in Figure 4, it is
worth noting that, even at low injection energies, the molecu-
lar fragment’s counting rate exceeds that of the injected A = 78
molecule. This is due to chemical effects (i.e. molecular ad-
dition/breakup reactions) occurring in the TITAN RFQ Cooler-
Buncher before the beam is injected into the MR-TOF-MS. Ad-
ditionally, it can be seen that the sum of injected CH2O2S+

and breakup product CHOS+ does not remain constant as in-
jection energy increases. Moreover, the increase in the rate of
CHOS+ increased beyond the initial rate of CH2O2S+. The rea-
son for these apparent discrepancies is due to the breakup of
CH3O2S+ at A/q = 79 which had formed in the TITAN RFQ
Cooler-Buncher before injection into the MR-TOF-MS. While
the presence of these molecular sidebands could be a cause for
concern regarding the purity of the He buffer gas, other tests
with atomic ions as discussed in [27] show a minimal effect on
overall efficiency of the system. As such, the key takeaway re-
mains that molecular breakup can be increased by a moderate
increase in injection energy while atomic ions are not lost due
to scattering effects.

Due to some He buffer gas travelling through the differential
pumping apertures from the RFQs to the analyzer section of
the MR-TOF-MS, it is important to pick a pressure that allows
for both efficient capture of ions in the Input RFQ and long
flight paths in the analyzer. In light of this, CID was tested
using two He gas pressures in Figure 5. The first observation
is the drop in the rate of 78Kr+ at low injection energies for a

4



Figure 5: The comparison of atomic (black and solid lines) and molecular (red
and dashed lines) transmission rates for He gas pressures of 4 × 10−2 mbar
(squares) 2 × 10−2 mbar (circles) in the MR-TOF-MS Input RFQ.

lower He pressure. The other key observation is the higher rate
of CH2O2S+ for the lower He pressure. Thus, it is clear that
the higher He pressure is better for both the efficient capture of
atomic ions as well as the breakup of molecular ions.

For the A/q = 76 beam, many different molecular and atomic
species were identified as can be seen in the upper part of Figure
3. In Figure 6, injection energy was scanned and counting rate
was recorded for each species. In addition to injection energy,
the maximum energy transferred can be calculated using the
assumption of a purely inelastic collisions and assuming hard-
core point-like molecular ions:

Qmax = Erel =
mHe

mion + mHe
Ein j (1)

where Qmax is the maximum transferred energy, Erel is the rela-
tive energy between the collisional partners, mHe is the mass of
He, mion is the mass of the injection ion, and Ein j is the injection
energy [28]. However, this is a highly idealized treatment of the
physical process of CID. A more accurate calculation uses the
binary limit [33, 34] such that:

Qmax =
mHe

mion + mHe(mcol/mion)
Ein j, (2)

where mcol is the mass of the portion of the molecule which
undergoes the collision assuming an asymmetric structure. Be-
cause the TITAN MR-TOF-MS is not equipped to measure nec-
essary parameters for collisional dynamics (e.g. angular depen-
dencies), Equation 1 is used with Figure 6. As with the 78Kr+,
it can be seen that the atomic ions (76Se+ and 76Ge+) are unaf-
fected by the increase in injection energy. Additionally, it can
be seen that not all molecular species declined the same amount
or with the same trend. This indicates that the process of CID is
species dependent, as expected. Furthermore, as can be seen in
both Figures 4 and 6, the transmission of molecular ions can be
reduced by up to an order of magnitude. This amount of reduc-
tion can prove crucial for the measurement of low rate species

Figure 6: The rates of both atomic (black and solid lines) and molecular (red
and dashed lines) ions with injection varied. The approximate maximum en-
ergy transferred is shown on the upper x-axis as calculated using equation 1.
Additionally, the bond energy of the molecular species is scaled approximately
by shade.

found in RIB that would be otherwise obscured by molecular
contamination.

From the data at A/q = 76, a variety of molecular ions with
known bond strengths were identified. A plot was generated
showing the bond energy [35] versus suppression factor. For
polyatomic species, the bond energy of the weakest molecular
bond is chosen. Suppression factor is defined as:

S =
Rate(Ein j = 10 eV)

Rate(Ein j = 100 eV)
, (3)

and can be considered as the amount by which the transmis-
sion is reduced when CID is applied compared to when CID is
‘turned off’. The results are plotted in Figure 7. The relation-
ship provides a clear trend between bond strength and the effect
of CID. For more loosely bound molecular ions, a reduction of
around an order of magnitude can be expected. However, for

Figure 7: Various molecular species and their bond energies plotted versus the
suppression factor that was measured and calculated using Equation 3.

5



strongly bound molecular ions, nearly no reduction in rate for
CID occurs. Thus, the gains made from CID can be projected
when anticipating various molecular contamination that will be
found in the RIB.

5. Conclusion

Using a cocktail stable beam of both atomic and molecular
ions, CID has been investigated at TITAN. With a better un-
derstanding of CID at TITAN, there is now an additional po-
tent tool for cleaning RIB of undesired molecular species. For
beams with large amounts of molecular contamination, such
as beams from a FEBIAD ion source, CID can be applied by
increasing the injection energy from the TITAN RFQ Cooler-
Buncher into the Input RFQ of the MR-TOF-MS. This sim-
ple change can reduce the molecular contamination by approx-
imately an order of magnitude while accruing no losses of non-
molecular species. This additional mode of cleaning will fa-
cilitate future mass measurements further away from nuclear
stability.
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son, M. E. Wieser, C. Will, M. I. Yavor, C. Andreoiu, T. Dickel, I. Dill-
mann, G. Gwinner, W. R. Plaß, C. Scheidenberger, A. A. Kwiatkowski,
J. Dilling, Dawning of the N = 32 Shell Closure Seen through Precision
Mass Measurements of Neutron-Rich Titanium Isotopes, Phys. Rev. Lett.
120 (6) (2018) 62503. doi:10.1103/PhysRevLett.120.062503.

[14] M. P. Reiter, S. A. San Andrés, E. Dunling, B. Kootte, E. Leistenschnei-
der, C. Andreoiu, C. Babcock, B. R. Barquest, J. Bollig, T. Brunner,
I. Dillmann, A. Finlay, G. Gwinner, L. Graham, J. D. Holt, C. Hor-
nung, C. Jesch, R. Klawitter, Y. Lan, D. Lascar, J. E. McKay, S. F.
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hoefer, R. Thompson, M. E. Wieser, C. Will, A. A. Kwiatkowski, Im-
proved beam diagnostics and optimization at ISAC via TITAN’s MR-
TOF-MS, Nuclear Instruments and Methods in Physics Research, Sec-
tion B: Beam Interactions with Materials and Atoms 463 (2020) 431–436.
doi:10.1016/j.nimb.2019.04.034.

[19] W. R. Plaß, T. Dickel, U. Czok, H. Geissel, M. Petrick, K. Reinheimer,
C. Scheidenberger, M. I. Yavor, Isobar separation by time-of-flight mass
spectrometry for low-energy radioactive ion beam facilities, Nucl. In-
strum. Meth. Phys. Res. B 266 (2008) 4560–4564. doi:10.1016/j.

nimb.2008.05.079.
[20] T. Dickel, W. R. Plaß, A. Becker, U. Czok, H. Geissel, E. Haettner,

C. Jesch, W. Kinsel, M. Petrick, C. Scheidenberger, A. Simon, M. I.
Yavor, A high-performance multiple-reflection time-of-flight mass spec-
trometer and isobar separator for the research with exotic nuclei, Nucl.
Instrum. Meth. Phys. Res. A 777 (2015) 172–188. doi:10.1016/j.

nima.2014.12.094.
[21] W. R. Plaß, T. Dickel, S. San Andres, J. Ebert, F. Greiner, C. Hornung,

C. Jesch, J. Lang, W. Lippert, T. Majoros, D. Short, H. Geissel, E. Haet-
tner, M. P. Reiter, A. K. Rink, C. Scheidenberger, M. I. Yavor, High-
performance multiple-reflection time-of-flight mass spectrometers for re-
search with exotic nuclei and for analytical mass spectrometry, Physica
Scripta 2015 (T166) (2015). doi:10.1088/0031-8949/2015/T166/

014069.
[22] M. I. Yavor, W. R. Plaß, T. Dickel, H. Geissel, C. Scheidenberger, Ion-

optical design of a high-performance multiple-reflection time-of-flight
mass spectrometer and isobar separator, International Journal of Mass
Spectrometry (2015). doi:10.1016/j.ijms.2015.01.002.

[23] S. Andres, Developments for multiple-reflection time-of-flight mass spec-
trometers and their application to high-resolution accurate mass measure-
ments of short-lived exotic nuclei, Ph.D. thesis, Justus-Liebig-Universität
Gießen (2018).

[24] T. Dickel, M. I. Yavor, J. Lang, W. R. Plaß, W. Lippert, H. Geis-
sel, C. Scheidenberger, Dynamical time focus shift in multiple-reflection
time-of-flight mass spectrometers, International Journal of Mass Spec-
trometry 412 (2017). doi:10.1016/j.ijms.2016.11.005.

[25] S. F. Paul, J. Bergmann, J. D. Cardona, K. A. Dietrich, E. Dun-
ling, Z. Hockenbery, C. Hornung, C. Izzo, A. Jacobs, A. Javaji,
B. Kootte, Y. Lan, E. Leistenschneider, E. M. Lykiardopoulou, I. Mukul,
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