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Approach #1
Dedicated RFQ chemical gas-reaction cell
Ion Reaction Cell (IRC)
The IRC is a commercial RFQ gas-reaction system for 
molecule production (or destruction) in-line with 
accelerator systems (Figure 2).

breeding system has been set up after the mass separator of ISAC. It has been operational for several years and 
results have been published in [3,4]. Several percent charge state breeding efficiency to the desired charge state for 
isotopes with a mass up to about A=150 has been achieved for most isotopes. It is very well adapted to the 
continuous beam and intensity range of the radioactive ion beams. Its largest disadvantage is the limited purity of the 
beam due to a high amount of ions from residual gas and interactions with the plasma chamber materials. The latter 
was substantially reduced by using pure aluminum or coating of the plasma chamber and surrounding electrodes
with pure aluminum. However, in several cases the rate of background ions is still orders of magnitude higher than 
the amount of the rare isotopes. Some additional reduction of the background can be done by using the mass 
resolving power of the post accelerator chain, sometimes in combination with additional stripping at high energy.

For the new ARIEL facility an EBIS (Electron Beam Ion Source) is being set up. As it is operating in ultra-high 
vacuum and there are no interactions of the electron beam with the wall material in the trapping region, the number 
of background ions both from the residual gas and the walls will be reduced. A limited amount may still be 
originating from evaporation from the hot cathode or from the beam hitting the collector. Successful operation of 
such a source for the charge state breeding of radioactive ions has been demonstrated first at the ISOLDE facility at 
CERN [5] and at several other places since then [6,7].

CANREB COMPONENTS AND STATUS

The CANREB project includes a high resolution 
mass separator and an EBIS based charge state
breeding system. Figure 1 shows the layout stretched 
over two floors of the new ARIEL facility. The beam 
from the 2 target stations is sent through a pre-separator 
to select the desired mass number with a resolution of 
M/ȴM = 300 and afterwards through a high resolution 
mass separator [8]. With a resolving power of M/ȴM = 
20 000 it will be possible to separate the desired isotope 
from isobaric contamination for most cases, especially 
for weakly bound isotopes far from stability. The 
separator uses two 90° magnetic dipoles with a bending 
radius of 1.2m and an electrostatic multipole corrector 
between them. It is located on a high voltage platform, 
which will allow an additional boost in energy to 
facilitate the separation and cleaning from non-isobaric 
components in the beam, for example, charge 
exchanged ions or broken up parts of molecules. The 
desired resolution will be reached with a beam 
transversal emittance of ɸrms < 3 ʅm and an energy 
spread of less than 1 eV for a beam energy of 60 keV. 
To achieve this, the potential of both the target ion 
source and the high resolution mass separator will refer to the same dedicated low noise electrical ground potential.
The magnetic field geometry of the two dipoles has been designed to correct for aberrations up to 3rd order. Higher 
order effects will be corrected for with the electrostatic multipole. It consists of 44 rod shaped poles arranged in a 
rectangular geometry to match the beam shape in between the dipoles. 

Although some tests have been done to investigate the possibility of charge state breeding with an EBIS with a 
continuously injected beam, high efficiency has only been achieved in pulsed mode operation. In order to prepare 
the singly charged ions for this, the continuous beam from the target ion source after mass separation has to be 
transformed into bunches. For CANREB the minimum bunch repetition time has been chosen to be 10 ms. This is 
well adapted to the release time of ions from the target and thus losses due to radioactive decay are minimized.
Bunching is done with a gas filled Radio Frequency Quadrupole (RFQ) cooler buncher [9]. It operates on a high 
voltage platform of up to 60 kV, which allows stopping and accumulating the singly charged ions. They are stopped 
and cooled by collisions with the buffer gas (up to 5 Pa ultra-pure Helium) and confined in transversal direction by 
the RF fields (3-6 MHz, up to 1.5 kVp-p) on the rods. For longitudinal confinement the rods are broken up into
several electrodes to allow the application of a dc potential with a minimum close to the end of the structure. The 

FIGURE 1. Layout of the CANREB components in the new 
ARIEL building with an implantation station to collect rare 

isotopes for medical applications
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Approach #2
ARIEL cooler-buncher as a gas-reaction cell
ARIEL Radiofrequency Quadrupole cooler-Buncher (ARQB)
The ARQB (Figure 3) is the newest commissioned RFQ 
cooler-buncher for RIB preparation at the CANadian Rare 
isotope facility with Electron Beam ion source (CANREB). 
To fully exploit upcoming RIB capabilities of ARIEL, and by 
analogy to the IRC, the ARQB should be capable of RM 
beam production.

Introduction
Radioactive molecules (RM) are any unstable molecular 
species containing rare radioisotopes that spontaneously 
dissipates energy by emission of radiation as alpha, beta or 
gamma particles.

New precision BSM physics (i.e. C-P-T symmetry violations, 
etc) require efficient, pure production of RM ions for next-
generation experiments. However, Isotope Separation On-
Line (ISOL) methods are known to limit RM diversities, 
purities and yields due to unfavorable conditions (Figure 1).

Here we propose two novel “on-line” 
radiofrequency quadrupole (RFQ) 
approaches for RM production by using: 
(1) a dedicated RFQ chemical gas-reaction 
cell, and (2) the recently commissioned 
RFQ cooler-buncher at CANREB-ARIEL.

FIGURE 1 – Isotope Separation On-Line (ISOL) 
method used at TRIUMF for radioactive ion beam
(RIB) production. Key unsolved problems limiting 
RM yields, purities and diversities are shown.

FIGURE 2 – Ion Reaction 
Cell (IRC) showing 
major external (top) and 
internal (below) 
features. The IRC is set 
in-line with TRIUMF 
beamlines, away and
downstream from the
ISOL target to directly 
produce RM from 
mass-selected RIB. 
Gas-ion interactions 
occur in the RFQ 
column shown (below).

Insta
ll

here

§ Removable RFQ column (telescopic operation between 
entry/extraction lenses).

§ Differential pumping, gas inlets, HV and PLC infrastructure already 
designed and integrated.

§ Gas-cell segments reconfigurable.

§ Positive / negative operation with 40 keV, 1 uA (max) RIB up to U.

§ RF circuit tunable to 6 MHz.

§ Individual DC channels.

§ Robust ALTEM reaction cell for difficult-reactive gases or 
compounds.

§ PLC fully EPICS integrable.

§ Detailed beam dynamics simulations are now underway.

§ Future technique developments are being explored (RM beam 
bunching and improved collisional cooling with cryogenic He gas).

§ See: Charles et al (2015) NIMB 361 (189-192) for operation with 
negative ions.
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FIGURE 1:  SolidWorks model of the IRC (left) and internal sketch of the RFQ column (right). Total IRC length ~ 1.2 m. 

 
-conditions offers a major step to advance upcoming high-precision measurements of radioactive molecules planned at 
TRIUMF, i.e. LOI-S1639 and LOI-S2068. The goal of this project – to produce molecular beams with an IRC – can be 
achieved in two stages. 

STAGE 1 aims to instal the IRC at the ISAC test stand. A simple stable source (i.e. surface ionization) can be used 
to produce beams of stable isotopes for IRC tests from a range of monoisotopic elements. Collaboration with the NRC 
Metrology division may assist in developing stable isotope standards to quantify molecule yield and system 
performance. A simple mass analyzing system (e.g. a quadrupole mass filter and Faraday cups) can be used for 
quantification. Depending on performance and lab priorities, STAGE 2 will move the IRC to the ISAC-I facility where 
radioactive ion beams (RIB) will be used to produce RAM’s. Further collaboration with NRC Metrology may develop 
standards for radioactive molecule measurements. These two stages define three key objectives for this project: 
 

a) Establish a system and research program to produce a wide variety of RAM’s, that can eventually deliver 
those RAM’s in abundance and purity to experiments. Independent research projects are possible by 
equipping the system with mass analysis capability and an ion source directly providing ions to the IRC. 
 

b) Study, understand and optimize the reaction pathways involved in producing RAM’s in gas filled ion guides. 
 

c) Stimulate novel and compelling science for the local, national and international communities with radioactive 
molecular beams, to embolden and advance groundbreaking interdisciplinary research. 

  
SYSTEM / HARDWARE DESCRIPTION:  The IRC (Figure 1) is a room-temperature gas-filled radiofrequency 
quadrupole ion guide and reaction cell (total length 500 mm) that accepts positive or negative atomic ion beams. 
Molecules are produced (or destroyed) at low eV energies inside the RFQ gas cell from a wide variety of pure 
chemical gases or reactants under controlled conditions. Product molecules are finally delivered from the instrument 
exit port. The IRC includes matching optics for beam entry (deceleration), the RFQ ion guide and reaction cell where 
molecules are produced by ion-molecule interactions with gases or vapours, and matching optics for beam exit 
(reacceleration). Total length of the entire system is 1.2 m. 
 The IRC consists of a 13 segment RFQ column (Figure 1) that is chemically resistant, modular and 
reconfigurable including DC voltages for individual rod segments and apertures. This reconfiguration means the gas 
reaction cell can be altered, e.g. cell volume and length, gas pressure and number of collisions, use of multiple 
reaction gases, collisional cooling and energy distribution of ions along the RFQ column. Fine control over the energy 
transferred to the ions is possible, for example, if forcing endothermic reactions to proceed. The system rests on four 
high voltage insulators shown in Figure 1 allowing energy of the incoming atomic ion beams to be adjusted within +/-1 
eV of the appropriate energy to react with gases introduced to the cell. 

A 5G wi-fi or fibre optic link connects PLC electronics on the high voltage deck to computer control at ground. 
Reaction gases are procured separately (i.e. Linde, BOC, Praxair, other) with a sizable collection already at TRIUMF. 
The IRC is a commercially engineered instrument for accelerator systems designed, tested and manufactured in 
Canada by Isobarex Corp. The system includes high-voltage infrastructure, vacuum equipment and PLC/computer 
control electronics as described in the companion document [A]. Components not included with an IRC i.e. high 
voltage power supplies, an isolation transformer and a safety cage are also listed in that companion document. 

Studies will be done at the start of this project to identify the most feasible mass analysis system. Possibilities 
include (a) time of flight (TOF) spectrometer, (b) quadrupole mass analyzer (QMS) or (c) magnetic sector analyzer. It 
will be necessary to assess the requirements of mass resolution versus cost in a small footprint, with straightforward 
electronics that can be easily built in-house at TRIUMF. Preliminary thoughts are that either a TOF or QMS are 
preferred for fast mass scans compared to a dipole magnet. A mass analyzing system will need to be placed on the 
same HV platform as an IRC, making a QMS the more attractive option for simplicity, space and cost. Mass analysis is 
needed to (1) identify reactants and products, (2) give insights on other atomic or molecular species (isobars will not 
be resolvable but are expected to react differently with gases so that the presence of interferences or backgrounds can 
be studied), (3) study reaction dynamics and pathways, (4) obtain beam diagnostics, and (5) have the analytical 
capability for independent research projects. 
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§ 3 pressure (cooling) regions.

§ 6 large turbos (2 x 800 L/s, 1 x 700
L/s, 1 x 500 L/s) for diff. pumping.

§ Hyperbolic rods to approach ideal 
RFQ field.

§ Positive ion operation with 60 keV, 
1 nA (max) RIB up to U.

§ RF 3 or 6 MHz up to 1.5 kVpp.

§ Production up to 107 ions/bunch 
for RIB bunched beams at 100 Hz 
repetition rate.

§ Cryogenic cooling of He buffer gas 
and RFQ structure is possible, to 
further decrease emittance of 
ejected ion bunches.

§ Requires substantial R&D to test 
feasibility of RM production and 
delivery from CANREB to ISAC.

FIGURE 3 – ARQB showing external 
(top) and internal (centre) features. 
Location of the ARQB at the ARIEL 
facility is shown (bottom-left).
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