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Abstract

The Phase II upgrade of the ISAC-II Superconducting
Heavy Ion Linac involves the addition of twenty quarter-
wave bulk niobium resonators housed in three cryomod-
ules. This addition brings the total installed accelerating
voltage from 20 MV to 40 MV. The cavities are produced
in Canadian industry with cavity testing and cryomodule
assembly at TRIUMF. The commissioning of, and opera-
tions with, this major upgrade, which commenced in April
2010 will be discussed in this paper.

INTRODUCTION

ISAC at TRIUMF is a facility for the production and post
acceleration of radioactive ion beams (RIB).

The RIBs are produced using the isotope separation on
line (ISOL) method [1]. An accelerator, the driver, accel-
erates light projectiles, the primary beam, toward a thick
target. The light projectiles, protons or light ions, break the
target nuclei producing neutral radioactive isotopes. These
neutral atoms diffuse into a source where they are ionized
and extracted at source potential. The radioactive ions are
magnetically separated and post accelerated to reach the fi-
nal energy requested.

The ISOL method produces high quality emittances but
the complicated and relatively slow process reduces the
possibility of extracting isotopes with few ms half-lives.

ISAC OVERVIEW

The ISAC facility uses the TRIUMF cyclotron as driver.
The facility has the world highest power driver beam (50
kW). Table 1 compares ISAC with other present and future
RIB facilities worldwide. The overview of the facility is
represented in Fig. 1. The ISAC facility produces the most
intense beam for certain species, an example being the ex-
otic halo nucleus 11Li.

The facility uses silicon carbide, tantalum or uranium
carbide targets for ion production. Two target configura-
tions are available: low and high power respectively for
proton beam powers up to 20 kW and 50 kW.

Driver

The TRIUMF H− cyclotron is the largest cyclotron in
the world and has operated for almost 40 years. It acceler-
ates H− ions up to an intensity of 300 μA to a maximum
energy of 500 MeV. The H− are then stripped and protons

Figure 1: Overview of TRIUMF: the ISAC facility extends
north of the main cyclotron.

are extracted in three different beam lines at different en-
ergies. One of these beam lines is dedicated for the ISAC
radioactive beam production. In this case the beam is ex-
tracted at 500 MeV and up to 100 μA.

The simultaneous extraction of multiple beams with sta-
ble delivery is challenging. Nevertheless a 90% availabil-
ity of the proton beam for the ISAC facility is regularly
achieved.

The capability of multiple extractions can be expanded
by refurbishing a fourth existing extraction beam line giv-
ing two simultaneous proton beams for RIB production [2]
as represented in Fig. 2. This possibility together with an
upgrade of the cyclotron [3] is key to the future ARIEL
facility.

Target Station and Mass Separator

The ISAC facility has two independent target stations.
The proton beam can be sent to one target station at a time.

Each target station is composed of five modules. The en-
trance module houses the diagnostic and protection moni-
tors for the proton beam. The target module contains the
target and the source; this module is routinely removed to
change both target and source. The ionized species out of
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Table 1: Present and Future RIB Facilities With Post-Accelerators
Laboratory Facility Method Driver Post-accelerator Veff Energy

(MV) (MeV/u)

Existing
TRIUMF ISAC ISOL 500 MeV - 50 kW - p RFQ - DTL - SCL 52.5 6.5-18
CERN ISOLDE ISOL 1.4 GeV - 2.8 kW - p RFQ - DTL 13 3
GANIL SPIRAL-I ISOL 3 kW - HI Cyclotron 5-25
ORNL Holifield ISOL 50 MeV - 500 W - p,d Tandem 25
ANL CARIBU Gas-catcher RIB source ATLAS SC linac 52 7-17

Future
CERN HIE-ISOLDE ISOL 1.4 GeV - 2.8 kW - p SCL 40 6.5-18
MSU/NSCL FRIB Gas-catcher 200 kW - HI RFQ - SCL 12-20
GANIL SPIRAL-II ISOL 200 kW - d Cyclotron 5-25

Figure 2: Schematic of the TRIUMF H− cyclotron. Multi-
ple beams can be extracted simultaneously at different en-
ergies.

the source are singly charged. The beam dump module is
located downstream of the target module. The last two are
the extraction modules housing the optics elements. They
are oriented perpendicular to the proton beam direction.

Downstream of the targets there is a common pre-
separator. The target modules and pre-separator are in-
side a concrete shielded area. The pre-separator reduces
the radioactivity transported outside the shielded area in the
downstream beam line.

After the pre-separator the RIBs are selected using the
mass separator. This device is installed on a biased plat-
form to increase the resolution.

After selection it is possible to boost the single charge
state of the radioactive ion by diverting them through an
electron cyclotron resonance ion source (ECRIS). This
charge breeder allows post acceleration of masses A>30.

The target stations and the separator area are located un-
derground. Once produced and selected the RIB is then
transported to ground level where the post accelerator and

experiments are located.

ISAC-I Post Accelerators

The RIBs can be delivered to three experimental areas
as represented in Fig. 3: a low energy area where the
ions are accelerated at source potential (up to 60 kV), a
medium energy area (β=1.8%→6%) or a high energy area
(β=6%→18%) where the ions are post accelerated with
linacs.

RFQ

DTL

SC LINAC

Figure 3: Overview of the ISAC facility at TRIUMF. The
ISAC II linac is superconducting while in ISAC I the RFQ
and the DTL are room temperature machines.

The first stage of acceleration uses a radio frequency
quadrupole (RFQ) acting as an injector [4]. The RFQ
boosts the energy from 2 keV/u to 150 keV/u. It can accel-
erate mass to charge ratios within 3≤A/q≤30. The RFQ is
a room temperature CW machine operating at 35.36 MHz.
The eight meter long resonant structure is composed of
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nineteen split rings supporting the electrodes. The RFQ
doesn’t have a bunching section; the beam is pre-bunched
at the entrance with a three harmonics RF buncher, the fun-
damental being 11.78 MHz. This configuration produces a
high quality longitudinal emittance after the RFQ (0.22 π
keV/u·ns). Part of the beam transmitted but not accelerated
is stopped into a fixed collimator downstream of the RFQ
[5]. The beam inside the longitudinal emittance after the
slit is around 80% of the injected.

After the RFQ the ion charge state is increased by means
of stripping through a thin carbon foil (4 μg/cm2). As a
general rule the most populated charge state is selected us-
ing magnetic benders as long as the mass to charge ratio
is within 2≤A/Q≤7. These are the acceptance limits set
by the following drift tube linac (DTL). The efficiency of
the stripping foil depends on the mass of the stripped ions;
in most of the cases it ranges between 30% to 50% for
A/q≤30.

The DTL [6] is a variable energy machine covering
the entire range of energies between 150 keV/u≤E≤1.8
MeV/u. The DTL is a separated function machine com-
posed of five IH interdigital structure accelerating cavities
and three split ring bunchers located between the first four
cavities. This layout produces good beam quality at ev-
ery energy. After the fourth cavity the time spread is suf-
ficiently small that no buncher is required. The resonance
frequency of the cavities and bunchers is 106.08 MHz; they
operate at room temperature in CW mode. Transverse fo-
cus through the linac is provided by quadrupoles triplets
between each cavity. The transmission through the linac is
greater than 95%. The DTL is also used as injector for the
ISAC II superconducting (SC) linac.

ISAC-II PROJECT

The ISAC-II project is an expansion of the ISAC capabil-
ities in terms of final energies. The project specification is
to accelerate heavy ions to and above the Coulomb barrier
(E≥6.5 MeV/u for A/q=6). It was decided to developed a
40 MV superconducting linac. The linac installation was
staged in two phases as represented in Fig. 4 .

SC Linac Phase-I

The SC linac [7] phase-I (referred to as SCB section)
installation was completed in 2006. At this stage the
linac is composed of five cryomodules. Each cryomod-
ule houses four superconducting cavities and one supercon-
ducting solenoid. The superconducting cavities are bulk
niobium quarter wave resonators at 106.08 MHz operat-
ing at 4K. All twenty cavities installed, fabricated in Italy
by Zanon, meet or exceed the ISAC specification being 30
MV/m peak surface field at 7W of helium consumption.

The SC linac is usually operated at an average gradient
of 35 MV/m peak surface field (7 MV/m of acceleration)
at 7W. Each cavity is independently phased at -25◦ syn-
chronous phase. The transmission through the SC linac is
100%.

o Phase I SCB 2006

o 5 cryomodules: 4cav/CM

o Veff=20MV

o The upgrade: Phase II SCC 2010

o 3 cryomodules: 6+6+8 cav/CM

o Veff=20MV

Figure 4: Final configuration of the ISAC-II superconduct-
ing linac. The first five cryomodules forms the SCB sec-
tion, the last three forms the SCC section (the upgrade).

SC Linac Phase-II - The Upgrade

The SC linac upgrade (referred to as SCC section) con-
sists of the addition of twenty more cavities to reach the
total effective accelerating voltage of 40 MV.

The upgrade is a 7.5 million Canadian dollars project
completed on time and on budget. The total amount for the
accelerating structure is 3.8 M$: 1.4 M$ for the cavities
and 2.4 M$ for the cryomodules. A new cryogenic plant
(a twin system of the existing one) and helium distribution
line account for 2.7 M$. The remaining 1 M$ includes RF
amplifiers, power supplies and other installation costs.

A key element of the upgrade is the development and
fabrication of the cavities by PAVAC industries, a Cana-
dian company located in the Vancouver area, in collabo-
ration with TRIUMF. The cavity development started in
2007. The production cavities were ordered in March 2008.
The project was completed in March 2010.

Accelerating Structure

The twenty cavities are housed in three cryomodules: six
cavities in the first two cryomodules, eight in the third.
Each module houses also a superconducting solenoid for
transverse focusing.

The cryomodules design is a duplicate of the already ex-
isting phase-I module with some improvements based on
the Phase-I operational experience. The new module has a
venting system through the RF pick-up ports of each cav-
ity. The single vacuum inner space of the module is vented
using dry filtered nitrogen from inside each cavity. This
reduce the possibility of contaminating the superconduct-
ing RF surface with impurities that may reduce the perfor-
mance. The variable coupler is now guided by two linear
bearings. This reduces the likelihood of a stuck coupler.
The motor driving the mechanical tuner is changed in fa-
vor of a brushless servo and ball screw and cheaper unit
maintaining though the mechanical stability and rigidity re-
quired.

The phase-II cavities are bulk niobium quarter wave
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resonators similar to the phase-I cavities but operating at
141.44 MHz (Fig. 5). The cavity specifications are similar
to the previous one, namely an effective voltage of 1.1 MV
at 7W of helium power consumption. The transverse geom-
etry of the cavities is maintained while the height is shorter
to achieve the higher frequency. The drift tube geometry
is optimized for acceleration efficiency with a design beta
of 11%. Each cavity is individually tested before being as-
sembled in the cryomodule. The average performance [8]
of the PAVAC cavities is 32 MV/m at 7W. This significant
result exceeds the ISAC specification.

106.1 MHz �=5.7%

SCB(1-8)

106.1 MHz �=7.1%

SCB(9-20)
141.4 MHz �=11%

SCC

Phase I Phase II

(the upgrade)

Figure 5: Superconducting linac cavities of the SCB
(phase-I) and SCC (phase-II) section.

Beam Commissioning Results

The commissioning follows a detailed plan. This ensures
quality and it streamlines troubleshooting. The beam com-
missioning is preceded by hardware checks including op-
tics, vacuum and diagnostics.

The first step of beam commissioning is coasting the
beam at 1.5 MeV/u through the linac. This checks that
the solenoids are working properly. The theoretical set-
tings produce the expected beam profile downstream of the
linac. Also the transmission through the linac is 100% with
no steering correction required. The solenoids don’t steer
the beam as the magnetic field increases. This suggest they
are well aligned.

The second step is proving acceleration up to the spec-
ifications. The first measurement shows the linac is capa-
ble of accelerating 16O5+ to 10.8 MeV/u as represented
in Fig. 6. This is equivalent to an effective voltage of 30
MV. This also means the linac can accelerate A/q=6 to 6.5
MeV/u namely it meets the ISAC-II project specification.
In this first acceleration four cavities could not be operated
due to RF cable problems.

We characterized the beam quality after acceleration
with each cavity in term of transverse and longitudinal
emittances.

The transverse emittance measurements are done using
a DANFYSIK emittance rig composed of a slit synchro-
nized with a harp 1.6 m downstream. The slit slices the
beam transversely while the divergence of each single slice

Figure 6: Final energy as a function of the cavity. 16O5+

is accelerated to 10.8 MeV/u meaning an effecting accel-
erating gradient of 30 MV (equivalent to 6.5 MeV/u for
A/q=6).

is measured at the harp. The figure 7 represent a trans-
verse emittance scan of a 12C2+ beam. The represented
data are already cleaned from the background. These mea-
surements are taken with a current of 3 enA. The final re-
sults for the transverse emittance are summarized in fig-
ure 8. On average the transverse normalized 2rms emit-
tance is around 0.2 π·mm·mrad. This value is expected and
it matches with the one used in the beam lines transport
simulation. It is also in line with the measurements done
after the SCB cavities [9] in 2007. Moreover this value is
confirmed by looking at the beam spot at the ISAC-II ex-
perimental stations. Overall there is no emittance growth.
The fact that the horizontal emittance is half the vertical
one is still object of investigation.

Figure 7: Horizontal (right) and Vertical (left) transverse
emittance.

The longitudinal emittance is estimated using three time
of flight monitors located downstream of the linac. This
technique measures the time spread of the drifting beam at
the three different locations. Due to the marginal separa-
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Figure 8: Horizontal (red dot) and Vertical (green square)
transverse emittance after each cavity of the new accelerat-
ing section.

tion between the monitors our measurements are not very
precise. Nevertheless they give us an indication of the lon-
gitudinal emittance of the beam that is around 1 keV/u·ns.
This value is also in line with previous measurements [9].

Operational Experience

The upgraded linac operates since April 2010. During
this running period two more cavities with respect to the
initial acceleration developed RF cable problems. Some
cavities experienced low level multipacting making them
difficult to be turned on. The cavities of the third SCC
cryomodule significantly underperformed with respect to
the single cavity test. Few cryogenics problem, included a
compressor motor failure and impurities present in the he-
lium caused substantial downtime. The majority of these
problems have been resolved during the winter shutdown.
Most of the cavities are expected to be available with only
two out of forty not operational.

The new cavities are powered by solid state instead if
tube amplifier (as for the SCB cavities). This type of ampli-
fier has a longer lifetime and don’t degrade in performance
over a one year running period.

The SC linac operates always at the maximum voltage.
The final energy depends on the A/q ratio of the acceler-
ated species; the lower the ratio the higher the final energy.
In order to exploit this characteristic we installed a strip-
ping foil in front of the linac to boost the charge state of
the injected beam. The stripping occurs at 1.5 MeV/u. At
such energy we manage to fully strip the lighter ions with
good efficiency (around 30%). Using this stripping foil we
accelerated 16O8+ to 15 MeV/u.

We also accelerated high charge state beams from the
ECRIS charge state booster (CSB). Beams from such a

source come with a significant content of contaminants. In
many cases the undesired species have intensities orders
of magnitude higher than the desired RIB. Such cocktail
beams are useless to the experiments that usually require
90% pure beams. A task force is in place to study and
solve the contamination problem. Different techniques are
considered in order to clean the beam: mass resolution in
transport lines, time of flight separation after energy degra-
dation and new particle identification diagnostic.

Solving this problem is crucial since ISAC demonstrated
the capability of producing heavier masses using uranium
carbide targets. The produced masses are higher than 30
(the RFQ acceptance in term of A/q) and therefore their
charge state need to be boosted.

The completion of the SC linac is also important for the
future ARIEL facility at TRIUMF. ISAC and ARIEL will
form a multi-users facility with three simultaneously deliv-
ered RIB beams.

CONCLUSION

The ISAC-II superconducting linac upgrade has been
completed on time and on budget. The SC linac in its fi-
nal configuration meets the ISAC project specification at
the first acceleration. ISAC-II is now capable of accelerat-
ing high quality beams to and above the Coulomb barrier.
ISAC is a main reference for RIB facilities world-wide.
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