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Abstract
A new ISOL (Isotope Separation On Line) rare isotope

beam production facility, ARIEL (Advanced Rare IsotopE
Laboratory), is being commissioned to triple the availability
of radioactive ion beams for the ISAC experimental facilities
at TRIUMF. Part of ARIEL is the new CANREB (CANadian
Rare isotope facility with Electron Beam ion source) facility
which includes a charge breeding system with RFQ (Ra-
dio Frequency Quadrupole) cooler, EBIS (Electron Beam
Ion Source) and Nier separator, and a high-resolution mass
separator system (HRS). The HRS is designed to achieve
a resolving power of 20,000 for a transmitted emittance of
3 µm with an energy spread of 0.5 eV for a beam energy up
to 60 keV. The beam commissioning with stable ion beams
was staged, using optical tunes developed for several mass
resolving powers. The highest resolving power as per design,
requires correcting the high-order aberrations using our elec-
trostatic multipole featuring an unconventional rectangular
design. This paper summarizes the multipole performance
and the current status of the mass resolving power achieved
with the HRS, as well as issues encountered during the com-
missioning runs.

INTRODUCTION
The new ARIEL beam facility [1] is designed to pro-

vide two additional rare isotope beams (RIB) to the existing
ISAC (Isotope Separation and ACceleration) facility [2] ex-
perimental stations; such beams, produced using the ISOL
method as in ISAC, are indeed a cocktail of many isotopes
and isobars with mass smaller than the target material, and
therefore they need to be purified before delivery.

The ARIEL RIB transport system [3], installed down-
stream of the two ARIEL target stations, enables the delivery
of the two beams simultaneously, which, combined with the
existing ISAC beam, is going to triple TRIUMF rare isotope
beam capability. This beam transport system is an electro-
static beamline switch-yard designed for ion beams with
energy up to 60 keV; the system covers a combined length
in excess of 200 m, and it includes the components of the
CANREB facility [4], amongst which is the high-resolution
separator (HRS). The extracted beam from either target sta-
tion can be transported through the HRS (or a different trans-
port section), after the desired isotope is pre-selected via a
dedicated (one per station) pre-separator with a mass resolv-
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Figure 1: A beamline layout of the HRS system (top view)
including the magnification and de-magnification section
respectively at the entrance and exit.

ing power of 300 [5]. The HRS is then necessary to further
separate the radioactive isobars produced in the targets.

The general layout of the HRS system [6], represented
in Fig. 1, is similar to those of other accelerator facilities
around the world [7–9] with two identical dipoles and a
mutlipole corrector in between. The HRS can be tuned to
different levels of resolving power, up to the designed 20,000
for a transmitted emittance of 3 µm, with an energy spread
(Δ𝐸) fraction of an electron volt. The HRS selected isotope
can then be transported to the charge breeding system, or
directly to the low energy or post-acceleration sections.

The HRS system is currently undergoing commissioning,
with stable alkaline ion beams being extracted from a surface
ion source at energies up to 60 keV [10]. Commissioning
with stable ion beams has been carried out in stages, using
optical tunes developed for mass resolving power ranges of
5,000, 10,000, and 20,000. Use of the electrostatic multipole
is required to correct for higher-order aberrations when the
product of intended resolving power and emittance exceeds
30 mm, for example with an emittance of 3 µm, for resolving
power higher than 10,000.

BEAMLINE LAYOUT
The HRS optical configuration [11] (see Fig. 1) consists

of two identical 90◦ dipole magnets with a bending radius
of 1.2 m [12], an electrostatic multipole in between the
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dipoles. The system is mirror symmetric about the centre
of the multipole. At entry, there is a 4-quadrupole matching
section that takes the beam waist from the periodic transport
and focuses it down by a factor up to 10 at the object slit of
the separator. We call this the "pure separator object slit" to
distinguish it from the upstream slit.

At the exit side there is the pure separator mass selection
slit, and the same matching section again but reversed, as its
function is to magnify the horizontal beam by the same factor
as it was de-magnified at the input. The ultimate intention
is to operate using the slits at the magnified locations, to
reduce erosion effects and mechanical tolerance issues at
the "pure separator" slits.

There are small quadrupoles (correctors) between the
dipoles and the match/magnifier optics sections. These are
to fine-tune the first order optics.

Both dipoles’ entrance and exit edges have angles of 26◦
for vertical focusing and curvature of 2.2 m for second-order
aberrations correction, so that in principle the multipole
needs to correct only orders higher than the second.

The multipole, depicted in Fig. 2, has a novel design
with 44 cylindrical pole tips of 0.5 cm radius and 20 cm
length spaced 0.5 cm apart. The complex configuration of
the applied voltage to the poles is simplified to an analytic
function [13]. The top and bottom poles are paired together,
providing 19 pairs, while the left and right poles are left as
6 individual knobs; this makes a total of 25 knobs and an
electrostatic mid-plane symmetry.

The multipole is positioned with a 90◦ phase advance
relative to the pure separator image slit; by taking emittance
measurements at this location, we can calculate the required
potential to be applied to pole tips in order to correct non-
linearity in the beam transported through the HRS. A high-
level application (HLA) has been developed for this purpose.
The measured beam emittances at the location of image slit
before and after the multipole correction are presented in
the next section.

The matching sections with four quadrupoles can
be symmetrically tuned to achieve a horizontal de-
magnification/magnification up to 10 at the location of pure
separator slits with respect to the relative magnified slits
according to the required resolving power.

Figure 2: A transverse (𝑥𝑦-plane) cross-section view of the
electrostatic multipole corrector of the HRS system. Each
electrode (marked in red) is 200 mm in length, the inside
horizontal width is 290 mm.
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Figure 3: Calculated beam envelope (2RMS, positive for 𝑥,
negative for 𝑦) for a 30 keV 85Rb1+ beam transport through
the HRS system with 𝜀4rms = 3 µm (H) by 6 µm (V). The inset
shows the de-magnifying/matching section with magnified
object slit (A) and pure separator object slit (B).

The design angular acceptance of the HRS is ±60 mrad,
and the full-width slit (2𝑆) for a resolving power of 24,000
is 100 µm with a given 4*RMS emittance of 3 µm and an
energy spread (Δ𝐸) of 1 eV for a 60 keV beam.

Figure 3 shows the calculated envelope through the HRS
system starting from the magnified object slit to the magni-
fied image slit using the TRANSOPTR code [14, 15]; the
beam envelope is calculated for a required magnification
of 9 in order to achieve a resolving power of 16,000 with
a given 4*RMS emittance of 3 µm and a Δ𝐸 of 1 eV for a
30 keV beam. The mass dispersion of the pure HRS is 2.4 m,
and thus a resolution of 16,000 requires a full slit size of
150 µm

The primary diagnostic devices in the HRS system are
Faraday cups (FC), slits (SL), and Allison type emittance
scanners (EMIT) used to measure the beam parameters in
both the horizontal (𝑥) and vertical (𝑦) planes. Slits are used
for beam phase space selection as well as beam profile mea-
surements; horizontal and vertical slits are installed at all
pure separator and magnified locations, for a total of 8 de-
vices. The emittance scanners are installed at both the en-
trance and exit of the separator system, namely at the pure
separator object and image slits; these devices are also capa-
ble of measuring low intensity RIB beams.

EMITTANCE MEASUREMENTS
The HRS system is commissioned with stable alkali ions

extracted from the test ion source mentioned earlier in the
introduction. The extracted beam from this ion source is
transported through a 15 m long electrostatic beamline up to
the separator entrance defined by the magnified object slits.
In this work, 85Rb1+ beams have been used to characterize
the separator’s performance with a magnification of 9 tune.

Figure 4 shows the measured phase space at the pure sep-
arator object slit location in both the horizontal and vertical
planes, with a 4*RMS emittance of 3.06 µm in the horizon-
tal plane, and 3.56 µm in the vertical plane; these values
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are consistent with the emittances measured at the exit of
the source indicating no growth during transport along the
beamline.

Figure 5 shows the measured phase space at the pure sep-
arator image slit location in both the horizontal and vertical
planes. Here, the measured horizontal phase space shows
the presence of higher-order aberrations in the beam, but
there also appears to be emittance dilution.

A high level application (HLA) uses the emittance data
at the pure separator image slit (left side in Fig. 5) to calcu-

Figure 4: Measured phase space at the location of the pure
separator object slit in the horizontal (𝑥) plane (left) and in
the vertical (𝑦) plane (right).

Figure 5: Measured phase space at the location of the pure
separator image slit in the horizontal (𝑥) plane (left) and in
the vertical (𝑦) plane (right).

Figure 6: Analysis of measured phase space by the high-level
application at the location of the pure separator image slit in
the horizontal (𝑥) plane (left), and expected phase space at
the same location after multipole correction (right).

Figure 7: Measured phase space at the location of the pure
separator image slit in the horizontal (𝑥) plane with optimiza-
tion of multipole corrector.

late the optimum pole tip voltages for the multipole. The
left side of Fig. 6 shows the same horizontal emittance as
displayed in the HLA with centroids (blue line) as well as
the higher-order aberration correction (orange line) analysis.
The right side of Fig. 6 shows the expected phase space at
the same location after multipole correction. The result of
applying the optimized pole tip voltages is shown in Fig. 7
where the measured emittance in the horizontal plane de-
picts a straightened and upright ellipse, demonstrating the
multipole performance is in good agreement with the design
expectation.

However, the 16,000 resolving power for this HRS tune
is compromised because of the larger horizontal emittance
compared to the one measured at the pure separator object
slit; there is a growth of a factor 2.9.

Two possible causes for the emittance growth have been
identified: the presence of larger energy spread (Δ𝐸) in the
transported beam through the HRS compared to its design
value of 1 eV, and/or the coupling between the horizontal and
vertical planes of the transported beam through the HRS.
Preliminary data seems to indicate that energy spread is
more likely because the emittace angular spread does not
increase at all, while the beam width is about 3 times larger.
The source of energy spread is currently under investigation.

SUMMARY AND OUTLOOK

The CANREB HRS system is under commissioning with
a stable beam of alkali ions transported from the ARIEL
test ion source. In recent work we have tuned the HRS for a
high-resolving power of 16,000, and we have successfully
demonstrated the performance of the novel multipole op-
timized to correct higher-order aberrations. However, the
resolving power for this high-performance case is compro-
mised by an unknown dilution of the horizontal emittance,
which is now under investigation with two possible causes
identified in energy spread, most likely, and/or coupling.
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