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This chapter presents Five-Year Plan 2015–2020. The discussion starts with the foundation of Five-Year
Plan 2010–2015 (see Section 6.1) and then outlines the proposed chief activities organized by the three
themes with explicit objectives presented for each program area (see Section 6.2 and 6.3). A summary of
the strategic outcomes and key performance indicators is then presented (see Section 6.4.1) followed by
a discussion of the international context in which TRIUMF operates (see Section 6.4.2). A discussion of
the implementation of Five-Year Plan 2015–2020 is divided into two sections; the first examines the roles
of TRIUMF’s multiple stakeholders (see Section 6.5), and the second outlines three different scenarios
indexed by the level of the NRC Contribution Agreement (see Section 6.6). The chapter concludes with
comments on how the strategic plan was developed.

6.1 BUILDING ON
FIVE-YEAR PLAN 2010–2015
A common quest for the past decade, if not century, of humanity has been advancing isotopes for science
and medicine, understanding the basic building blocks of matter and how they shape our universe, and
harnessing particles and beams to drive discovery and innovation. How did our universe get started, and
where is it going? Where did the elements that make up everything in our world come from? How can
we master the elements inside our own bodies so we can diagnose and cure disease? Ultimately, how can
we use our modern understanding and technology to harness the physics of the universe for our own
intentions?
These questions are the successors of those that inspired the founders of Canadian science stretching
back to Ernest Rutherford in the early years of the last century to the pioneers of TRIUMF in the 1960s.
What is presented in this section is the next five-year step forward on this quest of curiosity, inspiration,
and discovery.
In 2008, TRIUMF laid out a plan for accelerator-based basic science in Canada, and with the federal
government’s budget decisions in 2009 and 2010, TRIUMF’s role in advancing progress in this endeavour
was assured. Core operations for the laboratory were secured in the 2010 federal budget. The ARIEL
project was launched in mid-2010, with support from the Government of British Columbia, the Canada
Foundation for Innovation, and the five-year NRC Contribution Agreement.
Prepared with extensive input from its user community, Five-Year Plan 2010–2015 offered a new vision
for Canadian subatomic physics. This vision built on the success of the ISAC rare isotope program over
the previous 15 years and added an e-linac (electron linear accelerator) to complement the proton
cyclotron as the driver for rare-isotope production. One of the crucial considerations was to expand the
discovery potential of the facility and provide more beams to the array of world-class, unique detector
facilities already available in the ISAC experimental halls.
That vision also proposed a second proton beam line and target station, supplementing the new e-linac
driver, for even more rare-isotope production along with continued support for the larger Canadian
subatomic physics community. In Federal Budget 2010, the funding awarded to TRIUMF supported the
progress of this program but, in light of the global economic downturn, at slower rate than desired.
The vision also called for a strong engagement in specific international particle physics endeavours,
such as ATLAS at the LHC and the T2K neutrino experiment in Japan. Furthermore, TRIUMF set out
to grow its Nuclear Medicine program in the production and use of radioisotopes.
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The results have been spectacular. TRIUMF has consolidated its position as a global leader in the pursuit
of isotopes for science and for medicine. Prestigious scientific publications generated from ISAC are
on a steep rise. One indication of the success of this program is that Carl Svensson, a TRIUMF user
from the University of Guelph, was the winner of the 2008 E.W.R Steacie Memorial Fellowship and the
2008 Herzberg Medal. Another indication is that Jens Dilling, a TRIUMF staff scientist, won the 2013
CAP-TRIUMF Vogt Medal for Excellence in Subatomic Physics for his rare-isotope work at TRIUMF.
The contribution of the Canadian part of the ATLAS experiment in the discovery of the Higgs boson was
recognized by CBC Radio naming Pierre Savard, who holds a joint appointment between TRIUMF and
the University of Toronto, as its “Scientist of the Year”. University of Pennsylvania graduate student
Anna Grasselino received the 2013 IEEE Nuclear and Plasma Sciences Society PAST Doctoral Student
Award for her research at TRIUMF on the materials physics of superconducting cavities used for
accelerators. TRIUMF’s Dr. Tom Ruth has been appointed to serve as the Canadian representative of
the United Nations International Atomic Energy Agency’s (IAEA) Standing Advisory Group for Nuclear
Applications (SAGNA).
The new paradigm of accelerator-produced isotopes for medicine has attracted more than $13 million
of additional funding to the nuclear medicine program. Moreover, Canada’s participation in the “science
of the century” was showcased not only in the analysis of the spin of the Higgs boson (moving it from a
“Higgs-like” boson to a “Higgs” boson in March 2013), but also in the selection of a Canadian physicist
(TRIUMF’s Michael Wilking) to make the global announcement of a major discovery from a Japan-based
neutrino experiment at a prestigious conference in Stockholm in July 2013. Canada also has a leadership
role (via TRIUMF) in understanding how to probe the new world of antimatter via antihydrogen, for
which TRIUMF’s Makoto Fujiwara was awarded the APS Dawson Prize.
TRIUMF has accomplished a lot during the last five years; however, it could not complete everything
initially proposed in Five-Year Plan 2010-2015. In fact, with only the flat-flat budget through the NRC
Contribution Agreement many of the above accomplishments would not have been possible. They were
enabled by TRIUMF and its university partners successfully competing for additional funding, in
particular from the Canada Foundation for Innovation for the ARIEL project, the operation of the ATLAS
Tier-1 Data Centre, and the construction of the M20 muon beam line. Several of these accomplishments
are also a result of the investments made in the previous Five-Year-Plan, such as the investments into the
LHC and ATLAS. Sustained funding from NSERC for the various experimental programs is another
contributor to the level of TRIUMF’s accomplishments.
Nevertheless, TRIUMF undertook serious belt tightening with a ~7% reduction of its core workforce and
some hard choices about what to pursue and what not to pursue. For the present five-year period (2010–
2015), the laboratory and its community chose two priorities: the first phase of ARIEL construction and
the production of science from the existing facility and offshore investments. TRIUMF’s choice stands
in stark contrast to that of other laboratories (e.g., GSI and GANIL) where the decision has been made to
curtail the science program in order to make major upgrades. With a distinct stretch to TRIUMF’s core
staff and with strict management, TRIUMF has made enormous gains. However, the compromise of
simultaneously building ARIEL and producing science meant the timeline for the full ARIEL project
had to be extended with parts of the project moving to the 2015–2020 five-year period. It also meant that
international, high profile projects like the ultra-cold neutron facility had to be delayed and some urgent
major maintenance items had to be deferred, resulting in increased risk of equipment failure. As an
example, preventive maintenance was deferred, leading to a failure of a vacuum seal on a beam line
and a significant loss of scientific output from the µSR program.
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Five-Year Plan 2015–2020 builds on the substantial infrastructure improvements over the last five years:
the new isotope production facilities and the e-linac, which will be ready to produce beam by autumn
2014. The proton cyclotron is being upgraded as part of a multi-year refurbishing and development
program, to ensure reliable operation at the increased beam intensity required for a new beam line.
A reinvigorated TRIUMF Nuclear Medicine Program has made great strides, supported by additional
funding from Natural Resources Canada, in developing the process for making crucial medical isotopes
with conventional cyclotrons and target materials. The molecular and materials science program has two
new beam lines (M20 and M9A).
This chapter presents the next stage of the vision laid out five years ago and picks up where the previous
plan leaves off. The objectives are: to generate three independent beams of rare isotopes, to build and
operate a world-class facility for ultra-cold neutrons (UCN), to expand the Nuclear Medicine Program,
to develop a competitive molecular and materials science program, to develop a world-leading program
in accelerator science research and education, to provide the infrastructure support for the larger Canadian
subatomic physics program, and to dedicate attention to commercialization opportunities that benefit
Canadians. TRIUMF and its partners will again compete for the necessary project funds to achieve these
goals, in particular to complete the ARIEL project. However, TRIUMF has taken on more responsibilities
in terms of operating ARIEL, the ATLAS Tier-1 Data Centre, M20, and UCN as well as other new
experimental facilities. As a consequence, another flat-flat operating budget via the NRC Contribution
Agreement would seriously compromise TRIUMF’s ability to extract value from these facilities and
deliver a science program based on global excellence.

6.2 FIVE-YEAR PLAN 2015–2020:
EXCELLENCE WITH IMPACT
TRIUMF has prepared a strategic plan for the 2015–2020 period that fulfills the decadal vision launched
in 2010. The next phase of this plan is centred on three overlapping themes, which are portrayed in this
section:
Theme 1 Advancing isotopes for science and medicine (see Section 6.2.1);
Theme 2 Understanding the building blocks of matter and how they shape
our universe (see Section 6.2.2); and
Theme 3 Harnessing particles and beams to drive discovery
and innovation (see Section 6.2.3)
During this period, TRIUMF will continue to excel in its leadership role for the Canadian nuclear and
particle physics community, facilitate cutting-edge research programs in subatomic physics, and enable
innovation in molecular and materials science, nuclear medicine, and accelerator science and technology.
The priorities of each program will be guided by TRIUMF’s mission and vision, while building on
strengths and maximizing the return on investments.
Before elaborating on each theme in the subsequent sections, a summary of the proposed research
program is provided in terms of the research fields of subatomic physics, molecular and materials
science, nuclear medicine, and accelerator science.
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Understanding
the building blocks
of matter and how
they shape our
universe

Advancing isotopes
for science and
medicine

Harnessing particles
and beams for discovery
and innovation

Subatomic Physics (Themes 1, 2, 3)

TRIUMF’s activities in nuclear and particle physics are guided by the Long-Range Plan of the Canadian
Subatomic Physics (SAP) community, the most recent of which was completed in 2011. TRIUMF is
an active and influential member of this community and has direct involvement in it (see Section 6.4.1.).
While TRIUMF is ever mindful of this context, it sets the priorities for its own programs, building on its
strengths and past investments and pursuing research directions that will give the lab its highest impact.
TRIUMF has clear priorities for its main on-site experimental efforts: the world-leading rare-isotope
beam (RIB) program at ISAC, and in the near future ARIEL (Advanced Rare IsotopE Laboratory).
The RIB program will continue to push the limits:
1. In the study of the structure and dynamics of very exotic short-lived nuclei;
2. In using exotic nuclei to search for new physics beyond the Standard Model (SM)
of particle physics; and
3. In measuring the important nuclear properties and reaction rates
for stellar burning and stellar explosions.
The experimental RIB program is complemented and supported by strong nuclear-physics expertise in
the TRIUMF Theory Group. Experimental measurements at ISAC are guided by discussions with theory
experts at TRIUMF who lead the field in terms of making progress on a systematic theory of nuclear
structure and understanding the impact of sensitive measures of nuclear transitions and reactions in
terms of astrophysics or fundamental symmetries.
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The ARIEL facility will dramatically enhance the RIB program by providing beams of new isotopes not
attainable at the current ISAC facility and by enabling multi-user operation that will allow for a much
better utilization of the existing cutting-edge ISAC experimental facilities. The completion of ARIEL
will be implemented in phases, and each phase will provide new and exciting physics opportunities to
be exploited.
During the 2015–2020 five-year period, TRIUMF will bring online one of the highest density sources
for ultra-cold neutrons (UCN) and enable one of the most sensitive experiments yet for the measurement
of an electric dipole moment (EDM) of the neutron (nEDM). Together with efforts to measure the atomic
electric dipole moment in radon isotopes and the electron electric dipole moment using francium isotopes,
both abundantly produced at ISAC/ARIEL, TRIUMF is gearing up to become a world leader in EDM
measurements. These measurements have the capability to constrain dramatically the parameter spaces
of theories predicting new physics beyond the SM and are thus complementary to experiments at the
energy frontier.
In addition to its on-site program TRIUMF is involved in selected high-profile international external
projects. TRIUMF, an integral partner in the ATLAS Canada consortium, will continue to be a major
player in the discovery efforts of the ATLAS experiment at the LHC (Large Hadron Collider) and its
upgrade projects. The ATLAS Tier-1 Data Centre, located at TRIUMF, continues to play a crucial role in
the distribution and analysis of ATLAS data, and will undergo a major expansion in the next Five-Year
Plan to keep pace with the increasing data rates from ATLAS. The TRIUMF Theory Group, through its
collaboration on beyond-SM theories with the Perimeter Institute for Theoretical Physics and Canadian
universities, will continue to provide guidance for this experimental program.
TRIUMF and its Canadian partners continue to play a leading role in the long-baseline neutrino
experiment, T2K in Japan, and its foreseen upgrades. T2K will continue to improve the accuracy of its
measurements of neutrino mixing parameters. The T2K collaboration is also starting R&D efforts for
the planned successor experiment Hyper-Kamiokande in Japan, which uses a megaton water Cherenkov
detector.
TRIUMF will also continue to lead the Canadian ALPHA collaboration with the aim of performing the
first laser and precise microwave spectroscopy on antihydrogen in the next five years and develop an
antihydrogen gravity experiment.
In addition to these major initiatives TRIUMF, through its unique expertise and infrastructure for
high-end instrumentation, will support the Canadian subatomic physics community at SNOLAB
and in other offshore activities.

Molecular and Materials Science (Themes 1 & 3)

TRIUMF will continue to strengthen the Centre for Molecular and Materials Science (CMMS) user
facility with its capabilities for muon spin rotation/relaxation/resonance (µSR) and beta-detected nuclear
magnetic resonance (β-NMR) providing information about local magnetic fields on a molecular level
inside materials and at interfaces, and enabling studies of chemical reactions.
The µSR facility at CMMS is used to study a wide range of science from superconductivity and
magnetism to green chemistry and biological systems. µSR is important in studying frustrated magnetism
and new superconducting materials as well as specific chemical reaction rates.
The β-NMR technique is conceptually similar to µSR except that it is sensitive to a different timescale
and can provide depth-resolved information within several hundred nanometres of an interface. The
multi-user capability of the ARIEL and ISAC facilities will ensure that the β-NMR program can, for
the first time, be carried out with sufficient beam time to allow a vibrant user program to investigate
the newest materials just when they emerge.
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On the applied side µSR will continue to play an important role in the investigation of the behaviour
of free radicals and their impact in the extreme environment of Generation IV nuclear reactors, while
β-NMR is being used to study lithium ion diffusion in advanced battery materials.
In the period 2015–2020 TRIUMF will exploit the existing CMMS facilities, including two brand new
muon channels with world-unique capabilities and will prepare for a major refurbishment of the aging
main beam line (BL1A) currently preventing the operation of one of the three meson channels, M9.

Nuclear Medicine (Themes 1 & 3)

The NRU reactor in Chalk River, ON, will cease isotope production in October 2016. TRIUMF is at
the helm of a multi-institutional effort to implement an alternative production process for Tc-99m using
hospital-based medical cyclotrons.
In the face of increasing demand for accelerator-produced isotopes, TRIUMF proposes to combine its
nuclear medicine capabilities in physics and chemistry with regional partner strengths in biology. This
new centre of regional excellence would be dedicated to expanding the strong partnerships in place with
the Pacific Parkinson’s Research Centre (PPRC) and the British Columbia Cancer Agency (BCCA) while
leveraging new opportunities for commercial involvement with the BC Preclinical Research Consortium.
The proposed Institute for Accelerator-Based Medical Isotopes (IAMI) will focus on enhancing the
research and development capacity in the region while allowing TRIUMF to continue working with the
broader Canadian molecular imaging community as it moves to standardize radiopharmaceutical
production in a manner required for the use in clinical applications.
TRIUMF will continue to drive innovation with a focus on enabling technologies for new and emerging
radiometallic isotopes and novel molecular imaging probes. In an effort to explore relevant adjacencies,
IAMI will begin work with the BCCA to initiate a program on radiotherapeutic isotopes. This program
will leverage the new ARIEL laboratory at TRIUMF and will be substantially enhanced by implementing
a new higher energy (24 MeV) medical cyclotron that will replace the current TR-13 and enable access
to new radiotherapeutic isotopes.

Accelerator Science and Technology (Themes 1, 2, 3)

Accelerators play an increasing role in many areas of life, from medical isotope production, treatment
of cancer, and modification and characterization of new materials to basic research. All of these areas
are continuously developing to become more versatile and efficient and to push the limits of discovery
science. TRIUMF, as Canada’s steward for accelerator technology, plays an important role not only in the
operation of a versatile set of accelerator facilities, but also as a driver in accelerator science to develop
new and improved technologies for its own accelerator complex, for its contributions to large-scale
international projects, like the LHC at CERN, and for industrial or medical applications. TRIUMF also
has a history of successfully transferring the accelerator technologies it develops to Canadian industry.
In the 2015–2020 plan, TRIUMF will continue to leverage its unique expertise in accelerator science to
the advantage of Canada’s competitiveness by improving the performance of on-site accelerator facilities
and by pursuing the design, construction, and operation of new, state-of-the-art facilities using leading
edge technology at TRIUMF and around the world. In addition, research in novel beam generation and
manipulation techniques and development of advanced technologies will lead to improved performance
of future accelerators. Through these activities TRIUMF will continue to educate the next generation of
accelerator scientists and engineers that are needed in the growing field of accelerator applications in
research, health and industry.
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6.2.1 ADVANCING ISOTOPES
FOR SCIENCE AND MEDICINE
In Five-Year Plan 2015–2020, TRIUMF will continue to strengthen Canada’s already formidable
rare-isotope program, which revolves around five major research topics:
•
•
•
•
•

Isotopes for developing a standard model for nuclear physics;
Isotopes as laboratories search for new forces in nature;
Isotopes to determine how and where the heavy elements were produced in the universe;
Isotopes as probes of magnetism at interfaces and surfaces of new functional materials; and
Isotopes for molecular imaging of diseases and treatment of cancer.

Discussion of harnessing isotopes for business opportunities is discussed in Section 6.2.3.
TRIUMF will exploit its unique capability to target the most important isotopes for each of these research
areas, basically producing designer isotopes for their specific uses. In each of the above areas TRIUMF
is already at the forefront of research, and the expanded capabilities that will be generated by the next
Five-Year Plan, such as the completion of ARIEL and IAMI, will elevate the national and international
standing of the program even further and generate scientific impact and socio-economic benefits.

6.2.1.1 RARE ISOTOPES TO DEVELOP
A STANDARD MODEL OF NUCLEAR PHYSICS
A central goal of nuclear physics is to develop a theoretical framework that is able to make accurate
predictions of the properties of all nuclei while being based on nuclear forces derived from the underlying
properties of the fundamental strong force, governed by quantum chromo dynamics (QCD). This
framework will be equivalent to establishing a standard model of all atomic nuclei complementing the
well-established Standard Model of particle physics. Such a development will be a paradigm shift in the
understanding of the evolution of nuclear structure and dynamics far from stability. Eventually it will be
possible to describe the evolution of single-particle structure as well as the emergence of simple collective
excitations in nuclei in a self-consistent framework that is rooted in the basic properties of QCD. The
experimental and theoretical nuclear physics research at TRIUMF will produce transformational results
in the next five years that will have a substantial impact in this endeavour of the international nuclear
physics community.
Recent developments show great promise for the application of ab initio-based methods for medium-mass
and heavy nuclei, for which currently only effective interactions in combination with various many-body
approaches can be used. These new developments build on major advances in the development of realistic
nuclear forces using effective field theory that employ one of the fundamental symmetries of QCD, chiral
symmetry. These realistic forces are successfully used in ab initio models, such as no-core shell model,
coupled cluster theory, or hyperspherical harmonics, to describe the properties of light nuclei from first
principle. Major advances will, in particular, be made on the experimental and theoretical side at and
beyond the drip line where few-body correlations and the interaction between bound states and continuum
states are extremely important and lead to phenomena like halos. With its worldwide-highest intensities
for ion beams of exotic light nuclei, such as the halo nuclei Li-11 and Be-11, TRIUMF continues to be at
the forefront of experimental studies of these light exotic nuclei. At the same time the TRIUMF Theory
Group is making major strides towards extending ab initio approaches from calculating nuclear structure
properties of light nuclei to calculations of electro-weak excitations and nuclear reactions and as well
as expanding the theoretical framework to heavier nuclei. In this field, experimental and theoretical
advances feed of each other, and TRIUMF’s experimental and theoretical researchers are advancing the
field through joint projects.
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Figure 1: The
isotopic chain for
helium showing two
protons and one
neutron up through
two protons and six
neutrons.

Due to the vast range of energy scales (from the 1 GeV proton mass to the 40 keV energy of an excited
rotational state in an uranium nucleus), approximations and constraints of the model space are
unavoidable. Therefore the challenge in developing a standard model of nuclear physics is to preserve
all relevant degrees of freedom in each step of approximation. Only comparison to experimental data can
tell if this has been successfully achieved, and it is critical to go to extremes of isospin (neutron-to-proton
ratio) to test the predictions of the new theories because the effect of specific components of the nuclear
interaction, e.g., three-body forces, only becomes apparent through the investigation of long isotopic
chains (see Figure 1). Recent results from ISAC have highlighted this (please see Section 4.2.2.2). In this
context, the major themes for experimental investigations in the next five years will be the evolution of
shell structure, the role of three-body interactions, the competition of single-particle degrees of freedom
with collective excitations, and the search for new excitation modes near the drip line. Near stability,
where high intensity RIB beams are available, it is possible to carry out precision studies that allow tests
of long-standing paradigms of nuclear structure theory. At the same time it is essential to develop further
and explore simple but characteristic experimental signatures for the main underlying mechanisms of
structural evolution for nuclei far from stability where rare isotope beam (RIB) intensities are low,
resulting in limited precision of the experiments.
With exciting theoretical developments on the horizon, and a farther reach to more neutron-rich nuclei
from the e-linac of the ARIEL facility, TRIUMF will play a leading role on the international stage in
the development of the standard model for nuclear physics. New experimental capabilities, such as the
much higher sensitivity of the GRIFFIN gamma-ray decay-spectrometer as well as the new instruments
for nuclear reaction studies, EMMA and IRIS, will play key roles in establishing this leadership. In
combination with the TITAN Penning Trap facility (see Figure 2), the collinear laser spectroscopy beam
line, and the TIGRESS gamma-ray spectrometer—with its various auxiliary detector systems—critical
information will be extracted about the properties of ground states and excited states of exotic nuclei.
The cleaner charge-bred ion beams from the new ARIEL electron-beam ion source (EBIS) charge state
booster will be key to studying the structure and dynamics of very exotic isotopes. Through the CFIfunded CANREB project it will be possible to build this EBIS as well as a new high-resolution mass
separator (HRS) and begin to exploit their unprecedented capabilities with beams from the current ISAC
target station, well before RIBs from the actinide target station of the e-linac become available.

Figure 2: Evolution of two neutron
separation energies for several isotopes
comparing experimental and theoretical
results. It is suspected that the leveling out
of the measured energies is due to threebody nuclear interactions.
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The various ISAC experiments (please see Sections 5.5.1 and 5.5.2) provide complementary information
on the nucleus, including properties of its ground state and excited states as well as reaction and decay
rates. No single experiment can by itself provide the full information necessary for the tests of modern
theoretical predictions. Therefore, the available complement of world-class experimental stations for RIB
beams at ISAC can only be exploited fully and effectively once TRIUMF operates three RIB production
targets in parallel, one using photo-fission via the e-linac, one with the new proton beam line BL4N,
as well as the current ISAC target station.
Once the construction for EMMA and GRIFFIN has been completed within the current Five-Year Plan,
there is no need for major new experimental equipment at ISAC for nuclear structure studies. In some
cases complementary detector systems will be brought to TRIUMF for experimental campaigns by
outside collaborators. Examples are the 3Hen and VANDLE neutron detectors from the U.S. These
complement the capabilities of DESCANT. The addition of anti-Compton shields to GRIFFIN, as
originally foreseen, would further enhance its sensitivity, which is of particular importance for very
exotic nuclei with low production yields. The other proposed initiative is the installation of a Penning
trap for mass measurements behind the EMMA focal place which would provide access to some isotope
species that cannot be extracted from the existing ISAC targets either due to their chemical properties
or their short half-lives.
GOALS FOR 6.2.1.1 BY 2020

• Gain understanding of the role of three-body and tensor forces in unstable light
and medium-mass nuclei as well as test emerging theoretical descriptions based on realistic forces.
• Develop a comprehensive ab initio nuclear reaction theory applicable to light nuclei based
on a unified description of bound and unbound states.
• Carry out extensive studies of unstable light nuclei that test ab initio models in weakly-bound
systems (e.g., halo-nuclei) and the role of correlations between bound and continuum states.
• Carry out extensive studies of the shell evolution in medium-mass and heavy unstable nuclei,
delineating the evolution of single-particle and collective motion as a function of isospin.

6.2.1.2 RARE ISOTOPES AS LABORATORIES
TO SEARCH FOR NEW PARTICLES AND FORCES
The beta decay of rare isotopes provides the opportunity to carry out precision measurements of weak
interaction parameters at low energy. The weak interaction is qualitatively different from the other known
forces since it is the only known source of parity (P), charge conjugation and parity (CP), and flavour
violation. It also plays a key role in nuclear structure and astrophysics.
With the completion of ARIEL, TRIUMF will be in a unique situation for high-precision weak interaction
studies with rare isotopes. Not only will it continue to be the highest power ISOL facility in the world
with the RIB intensities needed for these kinds of experiment, it will also have the multi-user capability
necessary to carry out several of these high-precision studies in conjunction with the other programs in
nuclear physics, nuclear astrophysics, material science, and medical isotope production. Several ongoing
or future experimental programs will be able to take full advantage of these capabilities.
The precise angular correlations between the electron, neutrino, and nuclear recoil relative to the aligned
nuclear spin of a beta decaying isotope is sensitive to signs of new forces and the TRINAT atom trap
(please see Section 5.5.1.2.) is already among the best experiments in this field. Major improvements of
the trap and the associated detection systems were recently completed and first experiments were carried
out on K-37. The ultimate goal is to reach a 0.1% uncertainty and to carry out studies for several different
nuclei, such as Rb-80 and K-38m. To reach this unprecedented sensitivity it is essential to obtain
sufficient statistics and carry out various studies of systematic effects. Such a program requires a
substantial amount of beam time, which will only be fully possible with the advent of ARIEL.
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Another sensitive test of weak interaction physics, and the possibility to discover new physics beyond
the SM, is given through the study of parity non-conserving (PNC) atomic transitions, which enable the
search for a nuclear anapole moment (a donut-shaped magnetic field) as well as new forces. With the
recent installation and commissioning of the Francium Trapping Facility (please see Section 5.5.1.6),
TRIUMF has initiated a world-leading program on PNC studies, taking advantage of the highest
production rates of francium (Fr) isotopes at ISAC. These were enabled by the use of actinide targets
at ISAC with beam intensities of currently up to 10 µAmp for the
500 MeV protons from TRIUMF’s main cyclotron. The produced
Fr isotopes are delivered into a laser trapping facility where they
are captured and stored in a magneto-optical trap to study the rate
of parity forbidden atomic transitions. The parity violation is
induced by the weak neutral current and/or new physics. The
simple electronic structure of Fr, with only one electron outside a
noble gas configuration, makes it ideal for such studies. The most
efficient way of producing the francium isotopes is done from
spallation reactions in actinide targets, which are currently available
with the highest power at ISAC and later at ARIEL. In particular,
the availability of a series of odd- and even-mass number Fr
Exotic
radium-224
isotopes is unique to ISAC. In combination, the results from oddatomic nuclei
seen at CERN
and even-mass number isotopes will make it possible to measure
both the isoscalar and isovector components of the weak hadronic
current in the same experiment. A distinct effort to measure the
parity-violating interactions between the electron and the nucleons
in optical atomic transitions is sensitive to corrections to the
Figure 3: Rn Nature Cover page
Standard Model weak neutral current from TeV-scale bosons and
volume 497 number 7448 pp 157-282
from ultraweakly-coupled lighter bosons.
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Isospin-breaking corrections in beta decays are at the centre of attention more than ever, first because of
new developments in theory and experiments, and secondly because of renewed focus on the matrixelement Vud in the Cabbibo-Maskawa-Kobayashi (CKM) quark mixing matrix. This focus stems from an
improved measurement for Vus, which now requires Vud to be determined with better precision than
previously needed in order to test the unitarity of the CKM matrix. TRIUMF will continue to make
major contributions to the study of superallowed Fermi emitters through a coordinated effort to determine
decay Q-values (TITAN), half-lives and decay branching ratios (GRIFFIN, GPS) of superallowed Fermi
emitters with highest precision. In addition, measurements of charge radii via laser spectroscopy, as well
as investigations of the structure of mother and daughter nuclei, will provide critical information to reduce
the uncertainties of the isospin-breaking corrections. For example, the much increased coincidence
efficiency of the GRIFFIN spectrometer will enable first precise branching ratio measurements for the
heavy superallowed emitters As-66 and Br-70 and to measure weak non-analog Fermi β-decay branches
to excited 0+ states in the daughter nuclei which directly constrain the isospin mixing component of the
theoretical corrections to superallowed decays. Also, precision half-life and branching ratio measurements
are planned for N=Z − 2 superallowed emitters such as Ar-34.
It has recently been pointed out that Vud can be obtained from the study of beta-decay transitions between
isospin doublets in mirror nuclei, and will be pursued in the upcoming years. The experimental program
with the 4π gas counter GPS and its upgraded tape transport system at ISAC will include precision halflife measurements for several of the isospin T = ½ mirror decays that currently provide the second most
precise determination of Vud, including O-15, Ne-19, Na-21, and Ar-35. Since these transitions are mixed
Fermi and Gamow–Teller they are, like neutron decays, mediated by both vector and axial-vector
interactions. The analysis is slightly more complicated than in the case of superallowed Fermi decays
since the axial-vector current is not conserved in nuclear decays and one therefore needs to measure
correlations that enable the separation of vector and axial vector components; correlations in K-37 with
TRINAT are pursued locally. Overall, the accuracies that can be reached are at the same level as from the
superallowed transitions and provide additional access to Vud.
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A non-zero electric dipole moment (EDM) of a fundamental particle would signify a violation of CP and
time-reversal (T) symmetry providing insights into the nature of the observed matter-antimatter (baryon)
asymmetry of the universe. The abundant production of radon isotopes at ISAC offers the possibility to
embark on an experimental program to measure the atomic electric dipole moment in octupole-deformed
isotopes of these elements. First activities for an experiment on radon isotopes have already started
(please see Section 5.5.1.9) but before the main EDM experiment can move forward it is essential to
identify the ideal candidate isotope. Octupole deformation is important because it enhances the effect of
an EDM dramatically, and recent experiments at ISOLDE on Rn-220 indicate that a reasonable candidate
exists in Rn-221. Further nuclear structure investigations of Rn-221,223 are planned for late 2013 at ISAC
using the 8π spectrometer. Follow-up experiments will be carried out with GRIFFIN. These experiments
have been made possible by the very recent development of the ion-guide laser ionization source (please
see Section. 5.4.2) that enables suppression of surface ionized species like francium by up to six orders
of magnitude while selectively ionizing the isotopes of interest without dramatic losses in beam intensity.
Using this innovative cleaning technique, astatine (At) beams of sufficient purity can be produced to
study the decay ofAt-221 into Rn-221 in order to deduce its level structure, which is a sensitive indicator
of the octupole deformation via the splitting of parity doublet bands. Further development of the EDM
apparatus, techniques for spin polarization, and magnetic shielding for the RnEDM experiment will be
continued in the next years so that first measurements can be carried out in the second half of the
2015–2020 period. To achieve a world-leading limit of better than10-27 e cm, the experiment needs more
than 100 shifts of beam time with beam intensities of 2.5x107 pps. This will only be feasible once the
new proton beam line BL4N within the ARIEL project becomes operational, since today the available
200-250 shifts per year have to be shared among more than 10 different experiments. This limit would
be more than a factor of 3 lower than the current world-leading limit from mercury, Hg-199.
Its simple electronic structure and its abundant production also make francium isotopes very attractive
for an experiment to measure or set limits on the electric dipole moment of the electron. A proposal has
been made for an EDM experiment using a Fr atomic fountain (please see Section 4.2.1.3). The goal is to
improve the sensitivity to the electron EDM by up to a factor of 100. Discovering an electron EDM would
demonstrate the existence of a new source of CP violation and point to undiscovered TeV scale particles.
The underlying technology for this experiment has been developed for stable caesium (Cs) atoms but Fr
offers the prospects for much higher precision due to its large atomic charge, which ultimately leads to a
larger enhancement factor for Fr compared to Cs. Larger electric polarizability of certain Fr isotopes (209,
211,213) leads to an additional order of magnitude suppression of systematic effects with respect to Cs in
this experimental method. Developments of the experimental apparatus are currently starting at Berkeley
and will be carried out with a Cs fountain. Once the technique has been demonstrated it is planned to
bring the experiment to TRIUMF for an extensive measuring campaign at ISAC, which would require
beam times of several months to reduce the statistical and systematic limits of the experiment to make a
world-leading measurement. This program will be facilitated by the new proton beam line BL4N and the
multi-user capability that the full ARIEL implementation will bring for the ISAC science program.
Another way to probe fundamental symmetries using rare isotopes involves the precise measurement of
the Mott scattering anisotropies of the electrons produced in the beta-decay of polarized Li-8. Using this
technique, the MTV (Mott polarimetry for T-Violation) (please see Section 5.5.1.7) experiment searches
for violation of time reversal symmetry, which is predicted by certain models of physics beyond the SM.
To reach the required statistics for a leading measurement on the 0.1% level, sufficient statistics as well
as careful evaluations of systematic effects, will be needed. The experiment can benefit from the abundant
Li-8 production of the e-linac and ample beam time available during the first phase of the ARIEL
completion project. Once the Li-8 measurements have been completed, the collaboration intends to
switch to different isotopes to establish any effects depending on the final state interaction of the emitted
electron.
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GOALS FOR 6.2.1.2 BY 2020

•
•
•
•
•

Set new limits on scalar contributions in the electro-weak sector from beta-neutrino correlations.
Set limits on parity non-conservation in the francium system.
Make first measurements with radon for an atomic EDM experiment.
Advance electron EDM measurements toward a francium-fountain experiment; and
Measure key super-allowed beta emitter Vud parameters with unprecedented uncertainty
and make complementary mirror nuclei measurements with similar precision.

6.2.1.3 ISOTOPES TO UNDERSTAND
THE ORIGIN OF THE CHEMICAL ELEMENTS
The prospects for a full understanding of the origin of the elements within the foreseeable future have
dramatically increased with recent advances in astrophysical modelling, in observations of elemental
abundances back to the first stars, and in advances in experimental and theoretical nuclear physics.
Advances in high-power computing, and the associated computational techniques, are enabling realistic
multi-dimensional modelling of stellar evolution and cataclysmic stellar events, such as novae,
supernovae, or neutron star mergers. These advances have brought the prospect of fully modelling the
nucleosynthetic output of such events within reach. The availability of rare-isotope beams of short-lived
species allows for recreating the microscopic conditions inside stars and stellar explosions in the
laboratory and to measure the relevant nuclear properties and reaction rates, with the aim to eliminate
nuclear physics as a source of uncertainty in these astrophysical models. Consequently, the comparison
with observed elemental abundances of the nucleosynthetic outputs of these realistic astrophysical models
using accurate nuclear physics input can be used as a diagnostic tool to determine the astrophysical
production sites for the various elements.
The Experimental Nuclear Astrophysics and Theory Groups at TRIUMF, in conjunction with numerous
national and international collaborators, play an important role in these developments and will continue
to make significant advances in this field through diverse experimental and theory programs pertaining
to a variety of astrophysical scenarios. This will involve experimental and theoretical efforts over the full
range of astrophysical scenarios, from the Big Bang to solar neutrino production and the origin of the
heavy elements.

DRAGON GROUP REACHES MILESTONE IN UNDERSTANDING NOVAE EVENTS
11 July 2013
TRIUMF’s DRAGON Group has made the first successful observation of the fusion of radioactive F-18 with hydrogen, producing
19Ne. In time, this will give astrophysicists another way to observe the inner workings of novae. During this stellar event, an
accumulation of energy eventually causes a violent explosion that ejects matter into space. In the aftermath of these outbursts,
18F is produced and reacts with hydrogen to form Ne-19.
Astrophysicists are keen to better understand this fusion reaction as it gives insight into the early workings of our universe.
However, until now, it was not possible to study this reaction as intense ion beams are required to separate out a tiny fraction
of the desired 19Ne ions from the one thousand billion 18F ions produced in each reaction.
TRIUMF’s DRAGON team, in collaboration with physicists in the UK, United States, and across Canada were able to resolve just two
of the 19Ne ions amongst the 18F deluge, thereby giving scientists yet another tool to use in the investigation of our early universe.
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Some of the important outstanding questions in nucleosynthesis and stellar energy release, involving
rare-isotope beams on both sides of the valley of beta stability, are:
•
•
•
•

What is the astrophysical environment in which the r-process elements are formed?
Where are the so-called “p-process” nuclei formed?
Does breakout of the hot-CNO cycles occur in novae?
What are the contributions of active galactic nuclei, Type II supernoave,
and general novae to galactic Al-26, which is observed by gamma-ray satellites?
• Can we use radioactivity and meteoric abundances, combined with neutrino observations,
to refine solar and stellar models?
Experimental efforts will continue to utilize the cutting-edge radioactive beam technology at ISAC with
the precise, high-sensitivity instruments, like DRAGON and TUDA, as well as other ISAC facilities
(e.g., IRIS, TIGRESS, DSL) or under construction (e.g., EMMA, GRIFFIN), to answer these questions
(please see facility descriptions in Sections 5.5.1 and 5.5.2).
While the solar neutrino problem can be considered solved now, the focus has shifted to determining
neutrino-mixing parameters from the measurements of different solar neutrino observatories, for which
a detailed understanding of the neutrino production in the sun is required. Most of the signal at these
observatories results from high-energy neutrinos produced by the decay of B-8 that in turn is produced
by the solar 7Be(p,γ)8B reaction.
The measurement of direct reaction rates and nuclear properties relevant for explosive hydrogen and
helium burning in novae, X-ray bursters, or the proton-rich outflow in core-collapse supernovae, is
another major focus of the TRIUMF program. Substantial progress in this area will depend on intensive
beam development efforts, with the particular long-term goal of producing sufficient intensities of some
of the most critical beams for this program, such as O-15, P-30, and Ti-44. Beam time for the necessary
beam development will become available when ARIEL is fully operational, target turnaround has been
substantially reduced, and multi-user operation of the facility allows us to set aside substantial time for
development work.
Even though the so-called ‘p-nuclei’ represent only a minute contribution to the overall abundances,
the origin of these nuclei is only partially understood. However, it is clear that several processes are
responsible for their production. Recent developments of the DRAGON facility have opened up the
possibility of carrying out measurements of capture reactions for heavy nuclei in the A=80 regime,
which will allow us to address some of the reaction rates needed to understand the production of the
lighter ‘p-nuclei’. In the next five years, a program for such measurements is planned that will take
advantage of the unique capabilities of DRAGON.
The elements from iron to uranium cannot be created by fusion processes in the interior of stars.
For these elements neutron capture processes play an important role. About half of the abundance
of these isotopes originates from the so-called “slow neutron capture process” in red giants and massive
stars. Most of these isotopes are well investigated because they lie in the valley of stability. For the other
half of the isotopes the progenitors are very neutron-rich isotopes far off stability, which are produced in
the so-called “rapid neutron capture process” (r-process). Most of these isotopes are presently out of reach
for experiments, but are a main motivation for all presently upgraded or newly built ISOL and in-flight
RIB facilities, including the ARIEL e-linac. The astrophysical scenarios for the r-process are still being
debated, but our understanding of nuclear physics tells us that one needs environments with extremely
high temperatures and enormous neutron densities in which these heavy elements are produced within
a few seconds.
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For a long time the favoured astrophysical scenario for the r-process has been that of a core-collapse
supernova at the end of the life of a massive star. However, while multidimensional simulations of core
collapse supernovae (CCSN) using modern supercomputers are getting more realistic, the conditions for
the r-process remain elusive in this scenario and it is time to question and potentially abandon this longstanding paradigm on the r-process site. Today, very sophisticated r-process model calculations are carried
out with parameterized models that might not have any connection to the real r-process site. At the same
time, simulations for realistic sites either fail to produce the observed r-process abundances (e.g., CCSN),
or the events, such as neutron star mergers (see Figure 4), occur too rarely in the early universe to explain
the observed amount of heavy elements in early stars. The present understanding is that the r-process
abundances do not only originate from one scenario like a CCSN, but most likely from at least two
scenarios operating at different times. More exotic scenarios, such as black hole accretion disks, jets
in collapsars, and quark novae are being proposed but are currently lacking a clear path to validation.
An important aspect in solving this mystery of the origin of the heavy elements is to establish accurate
nuclear physics input for the ever more sophisticated and realistic astrophysical models that can validate
these models via elemental observations with current and next-generation telescopes.

Figure 4: A computer simulation
of neutron stars mergering.
Courtesy of Daniel Price
(u/Exeter) and Stephan Rosswog
(Int. U/Bremen).

The recent addition of actinide targets at ISAC has been a major step towards directly investigating the
relevant nuclear physics input needed for realistic modeling of possible r-process sites. This capability
was the result of a step-by-step analysis driven by safety and process-control considerations over the
course of a year. Analysis, documentation, and training were required to earn the necessary licence
approvals from the federal regulator to implement these targets.
The e-linac, with its much higher production yields for the neutron-rich isotopes will be an “r-process
machine”, enabling a world-leading experimental program to determine the critical nuclear properties like
masses with TITAN, half-lives with GRIFFIN, neutron-capture rates—through (d,p) surrogate reactions—
with TIGRESS and SHARC, and branching ratios for beta-delayed neutron emission using GRIFFIN,
DESCANT, 3HEN, and VANDEL. Through this program TRIUMF will make a major contribution to
solving this long-standing mystery.
In this context, Canada with TRIUMF is leading a 4-year Coordinated Research Project (CRP) of the
International Atomic Energy Agency (IAEA) concerning “Beta-Delayed Neutron Emission Evaluation.”
The CRP objective is to enhance IAEA member states’ knowledge and capabilities in the fields of nuclear
energy, safeguards, used fuel and waste management by creating a Reference Database for Beta-Delayed
Neutron Emission. This data is important for astrophysical modelling of the r-process. In addition to its
leadership role, TRIUMF will also contribute to this project with measurements of important beta-delayed
neutron emitters with various techniques.
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GOALS FOR 6.2.1.3 BY 2020

• Measure directly all reactions critical for breakout from the hot-CNO cycle in nova reactions
in the relevant energy range (Gamow-window).
• Measure directly the most critical reactions, identified by sensitivity studies, for explosive
hydrogen and helium burning in novae, X-ray bursters, and core collapse supernova explosions.
• Make measurements of nuclear properties and reaction rates to constrain calculations
of r-process nucleosynthesis.
• Substantially contribute to the understanding of the solar neutrino flux from Be-7.
• Constrain the capture (γ,n), (γ,p) , and (γ,α) reaction rates for key branching-point nuclides
in the p-process.

6.2.1.4 ISOTOPES AS PROBES OF MAGNETISM AT INTERFACES
AND SURFACES OF NEW FUNCTIONAL MATERIALS
As microelectronic devices shrink in size, the role of interfaces becomes increasingly important or even
integral to their function. Giant magneto-resistance (Nobel Prize, 2007) in magnetic multi-layers is a
prominent example, and one that was only discovered 15 years ago but is now in widespread use in read
heads for hard disks. Interfaces are a new frontier in condensed matter physics since the behaviour of
electrons at an interface is distinct from that in the bulk and have unpredictable but potentially useful
properties. This has implications for understanding the origin of high-temperature superconductivity
and the functionality of nano-devices, as well as for the development of quantum computers.
Depth-controlled β-NMR is one of the
most promising methods for
investigating local magnetic properties
of surfaces and buried interfaces as a
function of depth. TRIUMF is the only
facility in the world where such
measurements can be carried out with
isotopes; approaches using slow muon
beams in Japan and at PSI are
complementary. β-NMR can also probe
the depth dependence of dynamics in
soft matter, which could have
implications in lithography, and
measure the hopping rate of lithium
ions in rechargeable batteries (see
Figure 5).
Figure 5: The β-NMR facility at TRIUMF. Courtesy of Laura Scotten.
Today the TRIUMF β-NMR program
is carried out by a small group of local
investigators, with limited access for non-expert users and thus is not really operated as a user facility.
This is due to the fact that in typical years only five weeks of beam time can be made available for this
program, which competes with the rest of the ISAC Rare Isotope Program. With the intense Li-8 beam
becoming available from the e-linac and the availability of more than three months of beam time per year
in the early stages of the ARIEL Science Program, this very promising technique will develop its full
potential during the next reporting period. In order to allow for the resulting longer running periods and
non-expert users it will be important to automate the spectrometers, data acquisition systems, and beam
lines. Expanding the accessible temperature range will make it possible to investigate novel physical
phenomena, such as superconductivity in oxide multilayer thin films and lithium ion diffusion in
electrode materials. With the installation of an available He-3 cryostat and a furnace the range of
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controlled temperatures can be expanded from currently 5–300 K to 300 mK–600 K. Further
considerations for expanding the facilities capabilities include the introduction of external stimuli such as
electric fields or lasers. An in-situ sample preparation chamber with sputter cleaning, annealing and gold
evaporation source for capping films and surface characterization techniques like XPS is also planned.
The use of different isotopes would enable us to broaden the spectrum of β-NMR applications. For
example, the short-lived isotope Mg-31 would enable the study of chemical shifts that represent the
screening effect of electrons surrounding the nucleus and is used widely as a diagnostic of the local
chemical binding environment of an atom/ion. Because of its relevance in biochemical systems β-NMR
with magnesium would open up the possibility of studying the role of magnesium in the catalytic activity
of enzymes, in chlorophyll in photosynthesis, and membrane protein ion transport. Be-11 is another
isotope of interest.
TRIUMF has pioneered studies of materials-surface science in niobium at the advent of the
superconducting phase transition; graduate student Anna Grasselino won the IEEE Particle Accelerator
Science and Technology doctoral dissertation award in 2013 for her groundbreaking research on this topic
at TRIUMF. These studies will continue as TRIUMF establishes greater mastery of superconducting
radio-frequency accelerating cavities and the fundamental physics that governs their performance.
GOALS FOR 6.2.1.4 BY 2020

•
•
•
•
•
•

Our goals centre on advancing understanding of magnetism and functional materials to address:
Depth dependence of topologically protected surface states,
Fluctuating order parameters in the superconducting proximity effect,
Lithium ion conduction in battery materials,
Spintronic materials and devices,
Heterogeneous catalysis on metal surfaces, and
Local environments in biological materials, such as magnesium-containing enzymes.

6.2.1.5 ISOTOPES FOR MOLECULAR IMAGING
OF DISEASES AND TREATMENT OF CANCER
TRIUMF applies accelerator and isotope technologies specifically to address critical unmet needs to
the economic and health benefit of all Canadians. TRIUMF’s role in driving this field forward falls into
these categories:
• Accelerator target design and innovation;
• Medical isotope production and isolation; and
• Radiopharmaceutical synthesis and applications.
Each of these is discussed in turn below. A proposal to combine TRIUMF’s strengths in these areas with
regional activities to create an efficient and effective centre of excellence for accelerator-based medical
isotopes is discussed in Section 6.3.3.

Accelerator Target Design and Innovation
Research and development of production targets for medical cyclotrons continues as one of TRIUMF’s
basic strengths. In Five-Year Plan 2015–2020, TRIUMF will focus on developing technologies to produce
more radiometals and to improve fundamental improvements in target design.
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MIKE ADAM ELECTED TO BOARD OF SRS
19 March 2013
Dr. Michael J. Adam, TRIUMF’s Deputy Division Head of Nuclear Medicine, as well as an
Adjunct Professor at the University of British Columbia Chemistry department, was recently
elected to become one of the 16 voting members for the Board of Directors of the Society of
Radiopharmaceutical Sciences (SRS).
The SRS is a not-for-profit organization dedicated to the advancement of excellence
in education and research in radiopharmaceutical science and in the study and use of radiopharmaceuticals. It is an organization
that gathers professionals from multiple disciplines for the purpose of fostering the communication, discussion, and dissemination
of information. Dr. Adam is one of the four exceptional scientists elected to the board this year. He will represent the North
America/South America region.
As a Senior Research Scientist with TRIUMF, Dr. Adam is currently developing radiopharmaceuticals for the neurological program
in the PET chemistry group at TRIUMF, developing new agents for oncology research, and new labeling strategies for the
incorporation of a variety of radioisotopes into organic and inorganic compounds.

Various activities are planned to improve the yields and extraction efficiencies of the radioisotopes
produced at the TR-13 cyclotron. This includes improvements to the target cooling, enabling higher target
loading pressure, and to the materials used for the target cell lining providing better collection efficiency.
For the planning of new isotope production and the design of new solid targets, it is important to estimate
the yield of the desired isotope and the yield of all contaminants. For this purpose we will use theoretical
calculations and Monte Carlo simulations, using the FLUKA code to estimate the yields of several radiometallic isotopes and to determine—in comparison with data from experimental irradiations—which
method more accurately describes all processes involved in the production. This work will result in an
important tool for future solid target designs.
Liquid targets have great potential for isotope production but are not very well understood. Some
development has been done, but was often driven more by producing a higher yield than understanding
the thermodynamic processes during irradiation. We propose to develop a time-dependent Monte Carlo
simulation of an irradiated target, taking into account the heat transfer behaviour and the transport
phenomena. Experimental data will form input parameters for the simulation. With this model, we hope to
gain insight into the impact of target geometry and material on temperature and pressure build-up during
irradiation, and ultimately develop a new liquid-target design with higher yields.
Medical cyclotrons have long been viewed as machines for producing non-metallic positron emitting
isotopes (F-18, C-11, N-13, O-15) for use in PET imaging. All of these isotopes are produced from either
gas or liquid target materials that are easy to manipulate via pneumatic transfer from the production
space, to the chemistry space (hot cell) for radiopharmaceutical production. Positron emitting radiometals
(Sc-44, Mn-52, Cu-64, Ga-68, Y-86, Zr-89, Tc-94m, etc.) have been steadily increasing in popularity due
to their decay properties, facile chemistry, compatibility with aqueous media, and favourable reaction
kinetics, all of which enable their rapid incorporation into a growing number potential radiotracers,
which are used to target (and image) specific physiological structures or metabolic processes.
The widespread acceptance of new and promising radioisotopes is typically challenged by their
availability and accessibility. Many radiometals have demonstrated promise in molecular imaging;
however, many laboratories are required to purchase an isotope generator or invest substantially in unique
solid-target infrastructure for the production and isolation of radiometallic isotopes from a cyclotron—
a substantial technical and financial commitment, especially if preliminary biological studies are required
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to warrant their purchase. These obstacles likely inhibit the development of novel tracers that may possess
a better match between the physical half-life of a promising new radioisotope and the pharmacokinetic
profile of the vector to which it is attached.
Having recently demonstrated the concept of liquid target production of Tc-94m and Sc-44 by irradiating
ammonium heptamolybdate and calcium nitrate respectively, TRIUMF is currently working on an
innovative new target design for higher current (>20 mA) irradiation, higher yielding production of Zr-89,
Ga-68, Cu-61,64,67, Mn-52, Co-55, and many others. The goal is to continue pushing the envelope on the
utility of the modern hospital-based cyclotron for the production of a number of newer isotopes coming
online. The design and testing of new target technology will also create a better fundamental
understanding of the science behind medical isotope production.

Medical Isotope Production and Isolation
TRIUMF’s ongoing essential contribution and commitment to the Pacific Parkinson’s Research Centre
(PPRC) has been through production of radioisotopes and radiotracers, while investigators from the
PPRC led the neurology-related imaging research. This joint venture maintains one of the best PET brain
imaging centres in the world and is one core of TRIUMF’s Nuclear Medicine Program (see Figure 6). The
main clinical research focus is to establish pathogenesis, progression and treatment-related complications
in Parkinson’s disease. Other areas of research include Alzheimer’s disease and mood disorders as well as
the development of novel imaging protocols. Evolving tracer development is enabling studies directed
solely at the dopaminergic system to investigations of more current hypotheses that predict involvement
of other systems in disease origin and treatment-related complications. This results in seven tracers being
routinely provided for human and pre-clinical imaging studies on a routine basis.
Currently, two other factors contribute to an increased importance of brain imaging: the worldwide
recognition of the heavy economic and social burden imposed by brain illness and the knowledge that
imaging is one of the best tools for diagnosing (and eventually treating) such illnesses. There are current
plans at UBC to expand the dementia program and apply imaging to brain trauma studies as well as
addiction. The second factor is an increased recognition of genetic components that predispose to brain
illness. UBC has a very strong genetics program which, combined with imaging provides a unique
opportunity to image subjects at risk for disease due to genetic mutations before clinical symptoms
become manifest. PPRC, for example, has studied the largest cohort of subjects with LRRK2 mutations
(risk for Parkinson’s disease) and has identified neurochemical changes that precede clinical symptoms.
Significant expansion of such studies is planned.

Figure 6: PET in Affected Members is Identical to Sporadic Parkinson's disease
shown with (a) F-DOPA and (b) Raclopride.
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This environment presents a unique opportunity for TRIUMF’s Nuclear Medicine Program. As disease
understanding progresses, there is an increasing need to develop new radiotracers that will target new
sites that are hypothesized to be involved in pathogenesis. The radiochemistry program can thus expand
its role from implementation of published tracers to actual novel brain-disease related tracer development
and thus become a world-leader, substantially increasing TRIUMF’s visibility in this field.
In order to foster both TRIUMF-based and collaborative research, it is important to focus heavily on
safety as well as good manufacturing practices (GMP). The paradigm of radiopharmaceutical production
is shifting. Regulatory requirements for the production of radiopharmaceuticals are increasing, requiring
the Nuclear Medicine Division at TRIUMF to implement formal quality control and quality assurance
programs. With the recently completed GMP laboratories (please see Section 5.6.2), which were
implemented with support from Western Economic Diversification Canada, TRIUMF has the
infrastructure and procedures in place to meet these requirements.
The BC Cancer Agency (BCCA) and TRIUMF continue to partner to implement the production and
use of radiotracer [18F]-EF5 (a nitroimidazole-containing compound) that is preferentially taken up by
hypoxic tissues. Thus, EF5-PET allows clinicians to measure oxygenation, which can be compared to
blood perfusion, using complementary CT scanning (i.e. PET/CT), providing a quantitative, non-invasive
means to quantify tumour blood flow and oxygenation before, during, and after chemotherapy. Current
studies underway include head and neck as well as a continuation of non-small cell lung cancer.
Upcoming studies will extend this technique to ovarian cancer. It is believed that hypoxia may be an
important prognostic and predictive factor in all three of these types of cancer and thus could lead to
early detection and treatment. As well as early detection, the degree of oxygenation is an important factor
that can determine more accurately what course of treatment is most likely to succeed.
TRIUMF and the BCCA will also continue to work together on the use of 18F-FDOPA (currently the
only Canadian centre making this radiopharmaceutical) for imaging both high-grade gliomas and
neuroendocrine tumours. Recently, this collaboration, including expertise from BC Children’s Hospital,
has been able to positively diagnose neuroendocrine tumours in a 16-year-old child who was not clearly
diagnosed by other imaging modalities. After surgery the child made a good recovery. In addition, a oneyear-old baby from Seattle was diagnosed using FDOPA produced by our group (this child also
recovered). The BCCA is currently carrying out a Phase II clinical study using 18F-FDOPA and PET for
the planning of neurosurgery and the assessment of resection for high-grade gliomas as well as surgical
planning of neuroendocrine tumours.
Production of radiotherapeutic isotopes is typically done via neutron activation in a nuclear reactor or
by using higher-energy cyclotrons. The time has come for the Nuclear Medicine Program to implement a
radiotherapeutic isotope research and development program. This will be facilitated by the planned
installation of a new higher current, higher energy TR-24 medical cyclotron (please see Section 6.3.3),
the commissioning and ramping up of the ARIEL science program, as well as the long-standing 500 MeV
irradiation capabilities on TRIUMF’s main cyclotron.
The use of radioactivity bound to biological vectors that bind to specific sites for cancer treatment has
been the Holy Grail for nuclear medicine for several decades. Of particular interest is the use of alphaemitting radionuclides that have the appropriate alpha particle energy and half-life. One of the more
promising candidates is astatine-211 (At-211) with a 7.2 hour half life. At-211 offers the possibility of
selectively delivering a lethal dose of radiation to the tumour cells by means of targeted radionuclide
therapy, such as labelled anti-bodies. A number of laboratories have concluded that At-211 needs to be
made available in clinically relevant amounts since the chemistry of astatine has been shown to be
amenable to bio-molecules. It brings significant advantage in cancer therapy compared to β-emitting
isotopes and is actively sought after for use in cancer trials.
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Consequently, targeted alpha-particle therapy is attractive for a number of applications. One of the most
significant impediments to the clinical application of At-211 labelled radiotherapy agents is the limited
supply of this radionuclide. This does not reflect complexities in production and purification technologies
but the limited availability of accelerators with appropriate beam characteristics. At TRIUMF, research
quantities of the At-211 precursor Rn-211 can be produced using proton-induced spallation on actinide
targets like thorium. Within the ARIEL project the installation of an isotope collection station is planned
behind the high-resolution mass separator (HRS). This is part of the funded CANREB CFI project. Using
this facility, ample amounts of Rn-211 can be produced, collected, and extracted for shipment to the
appropriate collaborators. The At-211 is generated in transit through the decay of Rn-211. TRIUMF will
focus on demonstrating the production, packaging, and shipment of Rn-211 generators (from thorium).
Radiopharmaceutical production of choice therapeutics will also be explored in a dedicated space.
TRIUMF will continue its collaboration with the UBC Department of Earth, Ocean, and Atmospheric
Sciences on the investigation of the impact of metal concentrations and chemical speciation in global
marine primary productivity including effects of trace metal limitation and toxicity. To better understand
the role copper plays in phytoplankton subsistence and growth in low-iron waters, radioisotopes of Cu
are used to track and identify trace metal acquisition, metabolism and nutrition of marine bacteria and
phytoplankton. This research on the factors controlling oceanic phytoplankton productivity will proved
insights into the regulation of the global carbon cycle.

Radiopharmaceutical Synthesis and Applications
TRIUMF has long focused on developing and maintaining world-class capabilities in the production of
literature-based radiopharmaceuticals. However, new opportunities exist for the development of novel
radiopharmaceuticals and their applications.
The new preclinical PET/SPECT/CT Imaging Program at the UBC Centre for Comparative Medicine
(CCM) provides exciting new opportunities. It facilitates development and testing of new compounds
that might use either positron or single gamma emitters as radiolabels, thus allowing a broader range of
radiochemistry developments, and enriching TRIUMF radiochemistry-based research. At the same time
it expands the pool of potential research collaborators, both in academia and, importantly, in industry.
Furthermore the existence of both a pre-clinical and clinical imaging program in the same setting enables
unique translational research. The synergy between the medical researchers, imaging expertise, and the
TRIUMF Nuclear Medicine Program provides a unique research environment that has an enormous
potential for growth.
Other new development efforts have started shifting focus onto novel biomolecular targets. Specifically,
TRIUMF will pursue a deeper understanding of oxidative stress as associated with the initiation,
development, and progression of disease. One target of interest includes the cystine transporter and its
role in regulating the intra- and extracellular levels of the amino acids cystine and glutamate.
Amino acids play an important role in many biological processes, and these serve a key role in protein
synthesis and as substrates for important intermediary metabolic processes and cell-signalling pathways.
Documentation on the effects of intra- and extracellular concentration and availability of many amino
acids are growing, proving that amino acids are critical nutrients that can regulate cellular physiology by
modulating gene expression and signal transduction pathways. For this reason, radiolabelled amino acids
have become increasingly attractive tools in the search for, and development of, novel molecular imaging
probes.
Using radiolabelled amino acids, researchers and clinicians have been gaining significant insight into
the functional status of tumours outside of the traditional 18F-FDG-PET (enhanced glycolysis) envelope.
18
F-FDG remains as one of the most frequently used PET radiopharmaceuticals in use today, this despite
clinicians having identified a number of limitations for it. High basal uptake of 18F-FDG in tissues such as
the brain, heart, and brown adipose tissue make early detection of tumour growth, atherosclerotic plaques,
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and other conditions difficult to achieve in those tissues. In addition, poor uptake in tumours exhibiting
low or consistent glycolytic activity (prostate, breast, lung, melanoma, low-grade gliomas, and
lymphomas) has led to low sensitivity and/or no clinical applicability for 18F-FDG in those types
of cancers. 18F-FDG is known to accumulate into inflamed tissue as well, thus complicating the
interpretation of post-surgery or post-therapeutic follow-up scans due to the increased background
tissue uptake.
To date, most radiolabeled amino acid research has focused on important studies to understand alternative
metabolic pathways during tumour formation and growth. By studying the cystine transporter, TRIUMF,
along with its collaborators at General Electric and BCCA, seeks to examine non-metabolic tumour cell
compensatory mechanisms related to oxidative stress. The goal of this work is to understand: (1) when
aberrant oxidative burden on cells becomes detectable, (2) whether the cystine transporter expression
levels and transport activity provides a measurable response to aberrant oxidative load within tumour
cells, and (3) whether this marker can provide clinically useful information for detection of cancers that
typically don’t respond to 18FDG, for earlier detection of those cancers that do, or on the effectiveness
of tumour response to treatment.
Beyond small molecule radiopharmaceuticals, TRIUMF is developing isotope production and isolation
methods for the design and synthesis of novel molecular imaging agents that include small molecule and
large molecular weight radiotracers, such as peptides, proteins, oligonucleotides, and peptide nucleic
acids with radiometals. A collaborative effort with UBC scientists has resulted in a new class of chelates
that have been proven effective toward a number of different radiometals. This is a promising start. With
a new set of molecular tools at our disposal, we will selectively bind, and functionalize to direct, main
group ions such as those of Ga and In; many transition metal ions such as Cu2+; and all the lanthanide and
rare earth metal ions such as those of Sc, Y, Sm etc. Our new chelates are inherently versatile and can be
chemically altered to select for certain isotopes. This is an unprecedented capability not offered by
existing chelate systems and allows TRIUMF to pursue applications for a variety of medical isotopes
across imaging and therapeutic applications.
GOALS FOR 6.2.1.5 BY 2020

• Lead the Canadian cyclotron community in defining the thermodynamics of target irradiation
as a function of target gas density, target composition, and geometry.
• Enhance liquid-target processes and procedures for the purpose of improving F-18
and radiometallic isotope production yields.
• Deliver a superior C-11 gas target design.
• Expand the TRIUMF-PPRC PET research program to new tracers for non-dopaminergic
applications and to non-Parkinson’s applications of PET (i.e. mild-traumatic brain injury
and Alzheimer’s disease).
• Implement a full radiopharmaceutical production program that will keep pace with emerging
Health Canada regulations.
• Implement a pre-clinical radiopharmaceutical pipeline for new radiopharmaceuticals, leveraging new
infrastructure at the Centre for Comparative Medicine to enhance interactions with the private sector.
• Develop novel amino acid tracers for monitoring non-metabolic processes in vivo. Specifically,
establish new radiopharmaceuticals toward using the cystine transporter as a non-metabolic marker
for tumour detection and treatment monitoring.
• Establish clinical utility, with PPRC and BCCA, of novel tracers in neurodegeneration and oncology.
• Produce radiometallic isotopes (Zr-89, Ga-68, Cu-61,64,67, Mn-52, Co-55) for the
BC research community as well as TRIUMF-internal research interests.
• Initiate a radiotherapeutic isotope program, starting with the production and isolation of Rn-211
as a feedstock for At-211 generators and commence radiotherapeutic pharmaceutical production
in a dedicated ‘α-emitter’ laboratory space.
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6.2.2 UNDERSTANDING THE BUILDING BLOCKS
OF MATTER AND HOW THEY SHAPE OUR UNIVERSE
With major international laboratories such as TRIUMF, the Perimeter Institute for Theoretical Physics,
and SNOLAB, as well as a strong university community, Canada is uniquely positioned to play a
significant role in answering the major questions of the Universe that centre on the nature of dark
matter, matter-antimatter asymmetry, and other fundamental particles and forces yet to be discovered.

6.2.2.1 PRECISION MEASUREMENTS
OF STANDARD MODEL PROCESSES
The Standard Model (SM) of particle physics developed over 40 years ago has proved extraordinarily
successful in describing all the observed interactions of elementary particles. With the recent observation
at the LHC (Large Hadron Collider) of a Higgs boson consistent, within experimental uncertainties, with
the single Higgs boson of the SM, it might be tempting to regard the quest as complete. But that is not the
case. Finding a Higgs boson confirms the mechanism by which the electroweak symmetry is broken, but
tells us nothing about what is actually responsible for its breaking. While the Higgs mechanism precisely
determines the masses of the gauge bosons, it makes no prediction for the masses of fermions that extend
12 orders of magnitude from meV/c2 scale for neutrinos to 172 GeV/c2 for the top quark, which has the
natural scale of electroweak symmetry breaking. The SM can accommodate CP violation, needed to
explain a universe where matter predominates over antimatter, but not enough CP violation is observed in
the quark sector to explain the observed ratio of baryons to photons. Neutrino experiments are only now
reaching the sensitivity needed to explore the possibility of CP violation in the lepton sector. The SM does
not predict the mass of the Higgs boson, and without fine-tuning or the addition of new particles, the
Higgs boson mass would increase by many orders of magnitude. In order to look for the first cracks in the
armour of the SM, or for smoking guns for a larger pattern, it is essential to make accurate measurements
of all the quantities that it does predict, as well as the free parameters.

High-Energy Standard Model Tests and Search for New Forces
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By studying weak processes at the TeV scale, the ATLAS experiment aims to understand the mechanism
that has led to the electroweak symmetry breaking in the early universe. Extensive studies are being
carried out to determine the properties of the observed Higgs boson and its couplings as well as of other
electroweak SM processes never before tested at the LHC energy scale (see Figure 8). These studies of
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comparison of all of these measurements with the SM predictions constrains the numerous extensions to
the SM (such as supersymmetry) which require extended Higgs sectors. At the same time physics beyond
the SM appears to be necessary for a natural occurrence of the electroweak symmetry breaking.
The ATLAS experiment is intensely searching for supersymmetric particles, extra dimensions of spacetime and new forces, evidence for which may be found in the high-energy proton-proton collisions at
the LHC (please see Section 6.2.2.2). Since particles too massive to be directly produced at the LHC can
nevertheless contribute to rare interactions, just as the W-boson mediates beta-decays, it is vital to make
the most precise measurements possible at the energies available, in order to look for any deviations
from the expected behaviour which might be due to additional higher-energy phenomena.
The TRIUMF ATLAS physics group is expected to continue to play leading roles in a number of searches
for new particles, and in the characterization of the newly discovered Higgs boson.
As global discussions for a new major international accelerator project develop, TRIUMF will participate
in analyzing the physics case, identifying opportunities for technical and industrial involvement, and
facilitating Canadian community discussions about participation. At the moment, Japan’s discussions
about an International Linear Collider to create a “Higgs factory” look promising. This machine is a
good match for Canadian industry, TRIUMF’s technical prowess, and Canada’s scientific goals.

Low-Energy Precision Experiments
Precision experiments of weak processes at low energy are complementary to high-energy measurements
and provide vital information about the running of the SM couplings over the full range of accessible
energies. By searching for subtle deviations from the SM predictions, these experiments also have the
potential to discover indications of new particles and forces.
Building on the successful efforts and developments during the current Five-Year Plan, TRIUMF is
continuing the precision experiments at ISAC that have not yet reached their maximum sensitivity while
at the same time embarking on new initiatives that provide exciting opportunities for discoveries. These
experiments use rare isotopes as laboratories to search for physics beyond the SM (please see Section
6.2.1.2). To recap, this includes (1) the search for scalar currents or R-parity conserving supersymmetric
left-right sfermion mixing via a 0.1% beta correlation measurement, (2) the measurement of the parityviolating coupling between electrons and nucleons in atomic parity violation in francium isotopes
(FrPNC, see Figure 9), as well as (3)
the precise determination of the Vud
matrix element of the CabbiboKobayashi-Maskawa (CKM) quark
mixing matrix.
In addition to these rare-isotope
experiments, the new source for ultracold neutrons in the Meson Hall will
enable precision experiments of the
beta decay of the neutron, experiments
similarly sensitive to new physics.
Canadian researchers are also gearing
up to get involved in the proposed
MOLLER experiment at Jefferson Lab
in the U.S., which will measure the
weak charge of the electron to 2.3%,
attempting a determination of sin2qw
with an uncertainty of ±0.00026(stat)

Figure 9: Magento-optical trap in the Francium Trapping Facility.
The insert shows the fluorescence signal from trapped Fr atoms.
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±0.00013(syst), at very low momentum transfer. Although not directly involved in this experiment,
TRIUMF may help with the detector readout electronics, fulfilling its mission in supporting member
universities in their research activities through TRIUMF’s unique expertise and infrastructure. The atomic
electron-nuclear parity-violating strength in FrPNC could achieve similar statistical uncertainties with
the long beam times enabled by ARIEL, with systematic errors to be determined—this search would be
sensitive to physics beyond the SM at even lower momentum transfer. When combined, these
experiments would have complementary sensitivity to a much wider class of models.

Neutrino Mixing Parameters
Neutrinos pose another puzzle for the SM and weak interaction physics. Recent measurements have
clearly established that neutrinos have very tiny but finite masses and that all three neutrino mixing angles
are non-zero and large. In 2011, T2K presented the first indications of a non-zero value for the mixing
angle θ13 through the observation of electron-neutrino appearance, which was followed by precise
measurements from reactor-based neutrino disappearance experiments. In 2013, T2K reported the first
definitive observation of electron neutrino appearance. Scientists at TRIUMF and in Canada played a
central role in these results by pioneering methods to extrapolate the near detector measurements and
introducing a new event reconstruction algorithm in the Super-Kamiokande detector, which led to
significant reductions in systematic uncertainty and backgrounds. These accomplishments built on the
major Canadian and TRIUMF contributions to the neutrino beamline and near detectors for the
experiment.
In contrast to the CKM quark mixing matrix, the mixing in the neutrino sector is large. This may be an
indication of a new physics scale, and various models aim to describe the mixing parameters and the fact
that neutrino masses are orders of magnitude smaller than those of other fermions. The T2K experiment
has only taken about 8% of its envisioned data and plans to operate at least until 2018. The collaboration
is also continuously improving the precision on the measurement of the mixing angle θ23 and the mass
difference (∆m32)2 by measuring the disappearance of muon-neutrinos. The possibility that θ23 may be
consistent with maximal mixing (45°) has led to speculation that this may be the manifestation of an
underlying unknown symmetry. Thus, precision measurements of θ23 will be a critical test of these
models. In 2013, T2K presented the most precise measurement of sin22θ23 to date, and is expected to
provide the world’s best measurements throughout the rest of the decade. TRIUMF and Canadian
scientists have played a leading role in estimating critical uncertainties relating to the modelling of
neutrino-nucleus interactions, which have become increasingly important as the statistical precision
of the measurement continues to improve rapidly with beam exposure.
Unlike reactor neutrino experiments, which are sensitive only to θ13, electron neutrino appearance at T2K
also depends on the CP-violating phase δCP of the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix
and on the sign of the neutrino mass hierarchy (see Figure 10). Further improvements in T2K’s electron
neutrino appearance measurement, in combination with other experiments, may provide the first hint for
CP violation in the neutrino sector by the end of the decade if δCP is sufficiently large. In addition,
T2K measurements will be an essential input to the resolution of the so-called “θ23 octant degeneracy,”
in which a non-maximal value of sin2(2θ23) could result from θ23 not being equal to 45°.
T2K’s goals for the next several years are to improve the precision for all neutrino mixing parameters,
especially θ13 and θ23, measure several important neutrino interaction cross-sections, and to lay the
groundwork for a next generation upgrade to definitively measure CP violation in the neutrino sector.
This will involve the construction of a new megaton-scale water Cherenkov detector, called HyperKamiokande (near the site of Super-Kamiokande), and possible upgrades to the near detector complex
at J-PARC. Such upgrades will be proposed in the next few years and, if funded, will not only provide
sensitivity to CP violation, but will also extend sensitivity to proton decay. Proton decay, if observed,
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would probably be the only way of probing the energy scale of the potential grand unification between
the electroweak and strong interactions. TRIUMF is well positioned to make leading contributions to
these upgrades and subsequent experiments.

Matter-Antimatter Asymmetry
The early universe in its radiation-dominated phase is assumed to have contained essentially equal
numbers of matter and antimatter particles. After further expansion, cooling, and annihilation, only a
small number of matter particles survive (see Figure 11). The question that remains is: Which physical
processes generated this asymmetry? It is evident that a violation of the CP symmetry is a necessary
ingredient. Presently, CP violation is only observed in the quark sector for neutral K, B, and D particles,
and the observed effect is consistent with the CKM mass-mixing matrix in the SM. The size of this CP
violation is not sufficient to account for the excess of matter over antimatter in the universe. Thus, it is
important to search for other examples of CP violation. Investigations of baryon- and lepton-number
violating processes, as well as the trapping and spectroscopy of antihydrogen, may shed light on this
mystery.

Baryogenesis
Electroweak baryogenesis models assume that the matter-antimatter asymmetry was produced during
the electroweak phase transition when the Higgs field spontaneously broke the electroweak symmetry.
Such CP violation would induce permanent electric dipole moments (EDMs). A permanent EDM of any
fundamental particle, or of an atom in an angular momentum eigenstate, can only occur if both parity (P)
and time reversal (T) are violated. Because of CPT conservation in local quantum field theory (CPT
theorem), an EDM violates CP. While SM predictions for particle EDMs are many orders of magnitude
below current experimental sensitivity, virtually all extensions to the SM, e.g., multiple-Higgs theories,
left-right symmetry, and supersymmetry, generically predict EDMs within, or tantalizingly close to, the
reach of current experimental techniques.
Present limits on the EDMs of the neutron,
electron, and Hg-199 atom, < 2.9 x 10−26 e
cm, < 1.0 x 10−27 e cm and < 3.1 x 10−29 e
cm respectively, have, in fact, already ruled
out significant fractions of the parameter
spaces of these models, and a substantial
improvement on current limits would have
profound implications for the spectrum of
viable extensions to the SM.
It is TRIUMF’s ambition to become a leader
in setting limits on or even discovering
permanent electric dipole moments and
therefore we are embarking on projects that
aim to constrain theoretical models that
predict the EDM of the neutron (UCN,
nEDM), electron (FrEDM), as well as the
atomic EDM of radon (RnEDM).
The new source for ultra-cold neutrons
(UCN), which will be operational by 2017,
uses the production of neutrons via protoninduced spallation with a UCN converter
based on superfluid helium. A first version
of this concept has been demonstrated at
RCNP Japan and the new source is
currently being constructed in Japan

Figure 11: The ALPHA experiment at CERN studies
antihydrogen. This images shows an annihilation event.
Courtesy of Chukman So/ALPHA
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Figure 12: Schematic of the neutron EDM apparatus.

where it will be tested before being brought to TRIUMF for installation. The anticipated UCN densities
are competitive on the world stage with anticipated trapped polarized UCN density of 1300 UCN/cm3
delivered to the experiment (see Figure 12). Detailed plans for the CFI-funded UCN facility are described
in Sections 5.5.3.2 and 6.3.2.3. The experiment has a target sensitivity of 10-28 e cm, which would be
achievable in the next Five-Year Plan.
As described in Section 6.2.1.2, there is also substantial progress towards an experiment to search for
an atomic EDM in odd-mass radon isotopes (RnEDM) and developments have started for a francium
fountain experiment to search for an electron EDM. While the RnEDM experiment is aiming to improve
the current best limit for an atomic EDM by at least a factor of 3, the electron EDM experiment has the
potential to improve the current limit by a factor of 100.
Assuming that the CPT theorem (where C is charge conjugation) holds, T-violation is the equivalent of
CP violation and thus also experiments looking explicitly for T-violation are carried out. The MTV (Mott
polarimetry for T-Violation) experiment (see Sections 5.5.1.7 and 6.2.1.2.) at ISAC searches for violation
of time reversal symmetry via a precise measurement of the Mott scattering anisotropies of the electrons
produced in the beta-decay of polarized Li-8 and other nuclei. The measurements on Li-8 will
dramatically benefit from the first science phase of the e-linac.

Leptogenesis
Alternatively, the matter-antimatter asymmetry may be the result of leptogenesis, where CP violation
takes place at much higher energies through decays of heavy Majorana-neutrinos. It has been shown that
neutrinos have non-zero masses, which implies that neutrinos have a right-handed component, making it
possible for a neutrino to be its own anti-particle, or a Majorana particle. Mixing of a very heavy righthanded Majorana neutrino with left-handed light neutrinos would provide a natural explanation for the
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fact that the neutrino masses are many orders of magnitude lighter than the masses of charged leptons and
quarks (the see-saw mechanism). It would also explain the large neutrino mixing angles. While it is not
possible to search for such heavy Majorana neutrinos directly, a consequence of this process would be
the occurrence of neutrinoless double beta-decay. If this process is discovered, it will also enable the
determination of the electron neutrino mass. Since the properties of the light and heavy neutrinos are
inextricably tied via the mixing, one would also expect to observe CP violation in the mixing of the light
neutrinos. The projected mass of the heavy Majorana neutrinos coincides roughly with the expected
scale of Grand Unification, which generically predicts a finite lifetime for the proton. These potential
consequences of leptogenesis could be studied at Hyper-Kamiokande (see Section 6.2.3.3), which will
provide a high sensitivity search for CP violation in the (light) neutrino oscillations and also expand
the sensitivity to proton decay by an order of magnitude beyond the current bounds.
TRIUMF is actively involved in the SNO+ experiment (please see Section 5.5.5.5), which will begin
operation in 2013 and search for neutrinoless double beta-decay in the decay of Te-134. TRIUMF has
joined the EXO collaboration that is currently investigating the double-beta decay of Xe-136 using a
liquid xenon TPC with a fiducial mass of 200 kg. EXO has recently measured the decay rate for twoneutrino double beta decay of Xe-136 for the first time directly and has set stringent limits on the rate
for neutrinoless double-beta decay, effectively ruling out the claims by part of the Heidelberg-Moscow
collaboration of an observation of a signal in the decay of Ge-76. This exclusion was just confirmed by
the germanium based GERDA experiment. The EXO collaboration plans to scale the current technology
up to the five-ton level with the nEXO experiment. The preferred location for this experiment would be
the Cryopit in SNOLAB, and the relevant discussions have started.
With the five-ton detector of liquid xenon it would be possible to cover the whole range of decay rates
for the inverted mass hierarchy of the neutrino masses, going well beyond the reach of SNO+. With the
addition of tagging of the barium ions that are produced in the double beta decay further background
reductions are possible allowing for covering of a substantial part of the parameter space for a normal
mass hierarchy.
TRIUMF will develop the application of silicon photomultiplier (SiPM) light sensors to the double-beta
decay experiment nEXO using expertise that arose from the T2K involvement. Also, TRIUMF has a
leading role in the development of barium tagging techniques that may rely on ion-guide technologies
such as radio frequency quadrupoles (RFQs), for which the relevant expertise is present in the TITAN
group.

Antihydrogen
The CPT theorem demands that atomic spectra of hydrogen and antihydrogen be identical. The optical
1s-2s transition in atomic hydrogen has been measured to a precision of 4x10-15, and the ground state
hyperfine splitting to the 10-12 level. Following its enormous success in trapping antihydrogen for more
than 1,000 seconds and carrying out the first microwave spectroscopy on antihydrogen atoms, the
ALPHA experiment (please see Section 5.5.5.4) will carry out a program of laser and microwave
spectroscopy to test the symmetries between matter and antimatter at the highest possible precision.
In the period 2015–2020, the recently completed ALPHA-2 apparatus will be fully exploited for these
spectroscopic tests. Laser and microwave spectroscopy are complementary in that they are sensitive to
new physics at different energy scales.
Antihydrogen atoms also offer the possibility to test if gravity acts in the same way on matter and
antimatter. While there are a number of indirect arguments against gravitational asymmetry between
matter and antimatter (e.g., from the Eötvös-type experiments), no one ever has seen antimatter actually
fall in the field of gravity. The ALPHA collaboration, under TRIUMF leadership, proposes to develop a
new antihydrogen gravity (ALPHA-g) trap during the period 2015–20. Possible contributions by
TRIUMF could involve the development of a new annihilation detector.
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Flavour Physics
Precision experiments on flavour mixing play a complementary role to the TeV energy frontier physics
explored at the LHC. The effects of new heavy particles can be observed through their appearance in
quantum loop corrections via flavour-changing neutral currents.
Studies of flavour physics can contribute to answering a number of important questions, such as: Is there
an additional CP-violating phase? Is there evidence for new right-handed currents?; Are there measurable
effects from the Higgs field? Is charged lepton flavour violated? Is there any new flavour symmetry that
explains the hierarchy of the matrix elements in the CKM matrix?
Several Canadian universities have recently joined the international collaboration for the Belle II
experiment at the SuperKEKB electron-positron collider at KEK in Japan. The Canadian Belle II group
is taking the lead on the upgrade of the Belle II forward endcap electromagnetic calorimeter (F-ECL)
project with pure CsI crystals, which should be ready for installation in 2018 or 2019. The collaboration
would seek access to TRIUMF’s technical and engineering infrastructure for a number of aspects such as
prototype construction, R&D on scintillator crystals, overall design of F-ECL and fabrication oversight,
procurement, electronics development, assembly and testing, and computing support.
Another way to look for charged sector lepton flavour violation is to search for evidence of muon-electron
conversion in nuclear fields, which will be pursued by the DeMee experiment at J-PARC, with a small
TRIUMF involvement.
GOALS FOR 6.2.2.1 BY 2020

• Maintain leading involvement in the ATLAS experiment, including comprehensive measurements
of the Higgs boson couplings and decay branching ratios, searches for supersymmetric and more
exotic particles, as well as precision top quark measurements.
• Maintain pre-eminence in precision neutrino mixing measurements and studies
of neutrino-nucleus scattering, with TRIUMF scientists playing a leading role via T2K.
• Perform first laser spectroscopy and improve microwave spectroscopy
for antihydrogen, and develop an antihydrogen gravity experiment.
• Perform first measurements of the neutron electric dipole moment
and the atomic electric dipole moment using radon isotopes.
• Demonstrate the concept for an electric dipole moment experiment
on electrons using a francium fountain.
• Carry out theoretical studies combining data from high-energy direct searches and lower-energy
precision experiments for the most stringent tests of the SM or the greatest possible sensitivity
to new physics.

6.2.2.2 DIRECT SEARCHES FOR NEW PARTICLES
The SM has been extremely successful and has now been tested to very high precision. With the
discovery at the LHC of a Higgs Boson it is likely that the last missing building block of the SM has
been found after a 40-year hunt. However, the SM is at best a very successful low-energy effective theory,
with seemingly ad hoc features, such as the fermion masses, which it does not attempt to explain. It does
not tell us what is responsible for breaking electroweak symmetry; it provides no candidate for the dark
matter observed by astronomers; nor does it give any reason for the asymmetry between matter and
antimatter; nor does it attempt to relate gravity to the other known forces.
One of the most intriguing questions in this context regards the nature of the elusive dark matter particles
that clearly show their gravitational effect in the structure formation of the early universe, rotational
velocities of stars in galaxies, and gravitational lensing (see Figure 14, 17). Various well-motivated
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theories have been developed that predict a plethora of new particles beyond the SM: for example, in
supersymmetric models, each known elementary particle has a supersymmetric partner, and the lightest
supersymmetric particle makes an excellent dark matter candidate. In models where supersymmetry is
invoked to explain dark matter or the scale of electroweak symmetry breaking, new physics is to be
expected at the TeV energy scale. The observed scalar particle at 125 GeV/c2 appears to be a Higgs boson,
but it is not yet clear whether it is the unique Higgs boson of the SM, or one of a family of Higgs bosons
(supersymmetry requires at least five) or if it may be a composite particle as suggested by composite
Higgs models. The observed Higgs boson would be consistent with supersymmetric models where the
top quark and Higgs boson both have relatively light supersymmetric partners, while the additional Higgs
bosons could be rather heavy and difficult to find. TRIUMF analysis groups are focusing on searches
for top quark and gauge boson partners.
Figure 14: Bullet Cluster. Courtesy of NASA
CXC CfA M.Markevitch et al.

Figure 17: Structure formation via
dark matter courtesy of Pearson
Education, 2011 ©

Searches for Dark Matter
Dark matter particles are very special, since they are stable or extremely long-lived and have endured
since the beginning of the universe. Therefore these primordial particles, which are often assumed to be
weakly interacting massive particles (WIMPs), can be detected either via their annihilation signal in space
or through their interaction in massive detectors deep underground where the background from cosmic
rays is dramatically reduced. Dark matter is sought in any of four approaches: direct detection of particles
in a quiet, underground chamber; signatures of the annihilation of dark matter particles in our solar
system or galaxy; direct production at the LHC; or by gravitational affects on extra-galactic phenomena.
TRIUMF participates in the DEAP3600 dark matter experiment at SNOLAB, which will become
operational in 2014 and will be one of the most sensitive WIMP detectors in the world (see Figure 15).
Canadian groups have also joined the CDMS collaboration in order to build SuperCDMS and locate it at
SNOLAB. TRIUMF will support the SuperCDMS activity of the university community predominantly
with the electronics readout and data acquisition (DAQ) system. This will bring the well-established
MIDAS DAQ system, extensively used at TRIUMF but also used for T2K and ALPHA (please see
Section 5.8.2), to SNOLAB.
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The other way to search directly for
new particles, whether stable or
promptly decaying, is to produce
them directly in the collision of highenergy particles. This is the approach
the ATLAS collaboration, in which
Canada and TRIUMF play a
significant role, is taking. After
running since 2010 with centre of
mass energies of up to 8 TeV and a
peak luminosity of close to 8 x 1033
cm-2s-1, the LHC has entered its first
long shutdown, which will last until
2015.
Once the LHC turns back on, with
up to 14 TeV centre of mass energy,
ATLAS will focus its attention on the
Figure 15: DEAP 3600.
full characterization of the observed
Higgs boson in order to determine,
through precision measurements of its mass and its couplings to other bosons and fermions, if this is
indeed the SM Higgs. ATLAS will also search for additional Higgs bosons as well as other new particles
such as dark matter candidates like the neutralino, new force carries (e.g., Z’), and other exotic particles.
The only other energy frontier machine that could begin construction before 2020 is the Linear Collider.

Supersymmetry
Low-energy supersymmetry is regarded as one of
the most promising theories for physics beyond
the SM. SUSY postulates the existence of a
supersymmetry particle (or sparticle) for each
SM one. The lightest SUSY particle, the LSP,
is an excellent dark matter candidate and the
supersymmetric partner for the top quark
cancels the quadratic divergences that plague
the SM Higgs boson mass (in the absence of
extraordinary fine tuning, the self-coupling
corrections to the mass of a SM Higgs boson tend
to increase its mass by orders of magnitude; this
is referred to as the “Higgs mass instability”).
Discovering (or disproving) SUSY is therefore
one of the highest priorities for the LHC
experiments.

Figure 18: Schematics of doubling particles,
© 2012 by the Particle Data Group.

The TRIUMF ATLAS group has led flagship analyses in the context of the 8 TeV search program and
the study of sensitivity at 14 TeV (as mentioned in Section 6.2.2.1). Results from the current searches
exclude the existence of first and second generation squarks and gluinos (an “s” at the beginning indicates
the supersymmetric scalar partner of a SM fermion, while “ino” at the end indicates the supersymmetric
fermion corresponding to a SM boson, see Figure 18) with masses below about 1.4 TeV and 1.0 TeV
respectively under the assumption of a massless LSP and short decays. Due to smaller expected crosssections, the current sensitivity to stops, sbottoms, sleptons, and the partners of the gauge and Higgs
bosons (called “charginos” and “neutralinos” since the Higgs and gauge partners can mix) is in the
few hundred GeV range.

380 | TRIUMF 5YP | 2015-2020 | The Plan

| 6.1 | 6.2 | 6.3 | 6.4 | 6.5 | 6.6 | 6.7 | 6.8 |

If SUSY is to provide a solution
to the Higgs mass instability, the
sparticles participating in the Higgs
mass corrections must be relatively
light. These include the stop, charginos
and neutralinos, and the gluino. The
increase of the LHC centre-of-mass
energy from 8 to 14 TeV will lead to
a significant increase in production
cross-section of the strongly produced
sparticles, and the expected increase in
collected data will allow rare processes
such as the electroweak production of
SUSY to be probed.
With 300/fb of integrated luminosity at
14 TeV, the LHC is expected to discover
gluinos and stops with masses up to
2 TeV and 800 GeV, respectively (see
Figure 16). An increase of data size to
3000/fb will allow the discovery of
charginos and neutralinos if their mass
is below about 1 TeV. These results
indicate that the LHC has the potential
to discover SUSY if SUSY provides a
natural solution to the Higgs boson
mass instability.

Exotica

Figure 16: ATLAS simulated supersymmetry event,
ATLAS Experiment © 2013 CERN

“Exotic physics” is a catch-all phrase
describing a wide range of alternative
models that extend the SM and solve some of its outstanding mysteries, much as SUSY does. These
models typically predict the existence of extra dimensions of space-time, vector-like quarks, new forces,
etc. These new particles are expected to be heavy and therefore to decay into leptons, photons and jets
with high transverse momentum, and substantial missing transverse momentum. The TRIUMF ATLAS
group has led a number of promising searches for exotic particles, including a search for heavy
resonances decaying into either two leptons or two top quarks. These benchmark models, namely
Kaluza-Klein gluons in the Randall-Sundrum model, and Z’ bosons, are also used to assess the discovery
potential of the upgraded LHC, and TRIUMF scientists are heavily involved in these activities.
GOALS FOR 6.2.2.2 BY 2020

• Search for and either discover or significantly constrain the parameter space for new physics
at the electroweak symmetry-breaking scale with TRIUMF scientists playing leading roles
in these key searches with ATLAS.
• Reach leading sensitivity for the detection of weakly interacting particles with DEAP 3600.
• Investigate the implications of LHC data and searches for dark matter on theories
of new physics beyond the Standard Model.
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6.2.3 HARNESSING PARTICLES AND BEAMS
TO DRIVE DISCOVERY AND INNOVATION
The third theme connecting TRIUMF’s program of work concerns the use of particles and beams to
probe materials, provide services to industry, and develop new businesses. This third theme emphasizes
primarily the applied and technological aspects of the program but obviously has substantial overlap with
the first two themes, in particular regarding the use of isotopes for nuclear medicine and material science.
However, while parts of these programs have already been mentioned in the discussion of the first two
themes, this section provides an overview of additional or complementary aspects.
As Canada’s centre for accelerator-based science TRIUMF leverages its accelerator infrastructure and its
expertise in accelerator science and technology in numerous ways. TRIUMF develops next generation
accelerator technology and employs its particle beams for applications in molecular and material science
and for the accelerator based production of medical isotopes. TRIUMF also carries out irradiations to cure
tumours and to investigate the effects of radiation on electronics components used in modern applications,
from cell phones to airplanes and satellites.

6.2.3.1 DEVELOPING NEXT-GENERATION
ACCELERATOR SCIENCE AND TECHNOLOGY
Accelerator science encompasses a wide range of disciplines, from fundamental studies of particle beam
behaviour under internal and external environmental parameters to practical efforts pushing the envelope
of particle beam performance on multiple fronts through technological innovation. Researchers in the
field command a vast and diversified knowledge base with rigor and sophistication, and enjoy active
cross-fertilization between theory, simulation and experiment. As a result, a specialized advanced degree
program is needed to produce the next-generation researchers in the field. As particle accelerators become
the essential tool for a large and fast growing family of scientific disciplines: high energy physics, nuclear
physics, material science, energy science, biology, medicine, chemistry, to name a few, accelerator
science is destined to play a major role in advancing the whole scientific enterprise as well as benefiting
society.
Accelerator science is critical to the success of TRIUMF’s scientific program and to the fulfillment of the
vision of the laboratory. TRIUMF accelerators and associated technologies enable world-leading research
in nuclear physics, and TRIUMF’s expertise supports Canada’s participation in large-scale international
projects, such as T2K and LHC. In addition, the TRIUMF accelerator complex is the basis for highimpact Canadian research in materials science and the growing nuclear medicine programs, and has a
history of successfully transferring accelerator technologies to Canadian industry.

Particle accelerator systems have been key drivers for a broad array
of fundamental discoveries and transformational scientific advances
since the early 20th century. Since their inception, they have also
been core components of U.S. technological innovation and economic
competitiveness.
U.S. National Science Foundation, Division of Physics, Accelerator Science Program Solicitation PD 13-7423
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The main objectives of accelerator science research at
TRIUMF are the following:
• Improvement of performance of on-site accelerator facilities;
• Design, construction and operation of new, state-of-the-art
facilities using leading-edge technology at TRIUMF and
around the world (see Figure 19);
• Research in novel beam generation and manipulation
techniques and development of advanced technologies
leading to improved performance in future accelerators; and
• Education of next generation accelerator scientists
and engineers.
The past five years saw significant progress in establishing a
robust program of accelerator science research and education
at TRIUMF. Accelerator staff mentor graduate students
towards advanced degrees, and teach many newly conceived
and developed graduate courses at BC universities. Under a
new initiative for TRIUMF and Canada, NSERC now supports
accelerator science research and graduate student training,
with TRIUMF accelerator scientists supervising and mentoring
the students for their thesis projects.

MARCH 2012 VOL 8 NO 3
www.nature.com/naturephysics

POLARITONS
A quantum pendulum
SPACE WEATHER
Disappearing act revealed
CORRELATED FERMIONS
Transport out of equilibrium

Acceleration
without scaling

Figure 19: TRIUMF contributed to a Nature
Physics Cover story on novel FFAG
accelerators. Reprinted by permission from
Macmillan Publishers Ltd: Nature Physics,
copyright 2012.

Enhanced Operational Reliability and Performance
TRIUMF’s goal is to evolve accelerator operations to the highest standards across all TRIUMF
accelerators, by ensuring beam delivery on time with highest reliability and efficiency, and meeting user
specifications for cutting-edge experiments. To this end, TRIUMF has made a commitment to implement
model-based accelerator control across all systems, starting with those under the EPICS environment.
This requires development of the following ingredients: proven machine and beam models based on
hardware/alignment data and empirical beam-based measurements, a BPM-based beam monitoring
system allowing fast and high-statistics data acquisition, and provision in database/ hardware control to
facilitate conversion between engineering and physics parameters. This work will involve collaboration
between the Beam Physics group and experts in Controls, Diagnostics, Magnets and other groups.
Outside collaboration with control and high-level application experts is also expected to benefit this
undertaking.
A new capability expected to be realized early in the 2015–2020 plan is the rotating proton beam on the
ISAC targets. Because of the relatively poor thermal conductivities of oxides, proton beam intensities on
such targets are limited to ~20 mA with the existing passive radiatively cooled target containers. To reach
higher irradiation intensities, development of actively cooled targets will be required. An alternative
option would be to change the proton beam profile on target. Rather than a relatively broad static proton
beam, a narrow rotating beam on annular target foils could be used. Beam power deposited close to the
target container surface would be more efficiently dissipated and a higher beam power density may also
enhance product release through increased Radiation Enhanced Diffusion effects.
Another new capability is a two-step neutron converter for the production of neutron rich isotopes. In this
option, the proton beam impinges onto a converter material, for example, W, Nb, Mo, or Ta. The U target
is made as an annulus into which the proton beam goes without interacting with the U target. This target
is placed in the backward position in such a way that only low energy neutrons can reach the U target.
In this case the power deposited in the U target is small since it arises mainly from the fission products
stopping in the target material. Other advantages of this development include the production of cleaner
beams (no spallation and fragmentation products), and development of new target materials.
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Superconducting Radio-frequency Technology
Building on a strong and successful R&D program on superconducting radio-frequency (SRF) resonators
and niobium materials science, TRIUMF will create a centre for SRF research to study fundamental
properties of niobium and other superconducting materials, motivated by improving performance of
superconducting RF cavities. This will leverage current investment into TRIUMF SRF infrastructure,
unique in Canada, existing experimental facilities at TRIUMF, and resources offered by local
universities—UBC, University of Victoria, and SFU—and our commercial partner PAVAC. In particular
this program will utilize two world-class installations at TRIUMF, the µSR and β-NMR facilities, as
unique diagnostic probes of the superconducting state. R&D tasks more applied in nature include cavity
development for the ANURIB project in India, accelerator driven systems (ADS) in China, and the RIB
facility RISP in Korea, and the International Linear Collider (ILC).

Rare-isotope Beam Target Materials and Technologies
Production of RIBs from ISOL targets by irradiation with a 500 MeV proton beam has been successfully
employed at TRIUMF for many years. The nuclear reactions induced by the proton driver beam lead to
the formation of a multitude of isotopes of elements across the periodic table. One of the accelerator
science R&D thrusts is the investigation of thermodynamic and chemical processes in ISOL targets
to understand the optimal condition for effusion unique to each element. Research in this area will
significantly expand the reach of TRIUMF’s RIB program with new species, improved production
yields, cleaner beams with less isobaric interference, and unprecedented measurements.

Plasma Wakefield Accelerators
Prototypes of this concept, both laser and beam-driven, have achieved thousand-fold gains in gradient on
conventional accelerators. A demonstration project AWAKE, first of its kind in the world, was recently
approved at CERN to accelerate electrons with a plasma wake field generated by high-energy protons.
Successful demonstration of this concept can pave the way for significantly compactified TeV-scale e+ecolliders with drastically reduced number of driver stages. TRIUMF accelerator scientists will participate
in AWAKE and contribute beam-dynamics calculation and simulation, development of novel diagnostics
designs, and possibly the electron bunch injection system and diagnostic equipment.

ARIEL E-linac Upgrade Possibilities
The ARIEL electron linac is compatible with the addition of a recirculation arc, which can either be used
for energy doubling or for energy recovery. In the energy-doubling mode, the 45 MeV beam recirculates
and goes through the main linac for a second pass, with a final beam energy of 75 MeV. This increased
energy reach offers opportunities for additional kinds of photo-fission experiments. If the energy doubling
mode is implemented at Phase 1 of ARIEL Completion, when the single-pass e-linac energy is 30 MeV,
it will boost the electron beam energy to 50 MeV, and lead to increase in Li-8 production rates by a factor
of up to 50, thus dramatically increasing the productivity of β-NMR experiments.
In the energy recovery linac (ERL) mode, a high-brightness electron beam can be interleaved with a
single-pass RIB beam and accelerated in the same linac. This beam could be used to drive a powerful
IR or THz free electron laser (FEL) or a compact monochromatic X-ray and gamma-ray source based
on Thomson scattering of laser light off the high-quality electron beam for high-resolution imaging.
Such a facility could be the first linac-based light source in Canada, and could serve as a technology
demonstration device for ERLs, FELs, and compact light sources, as well as a user facility for high
average power, coherent IR and THz radiation.
Both beam recirculation and ERL/FEL systems require advanced accelerator science and technology
expertise, which are new frontiers for TRIUMF and Canada. Optics design will focus on the merger
and separator systems with adequate acceptance for beams of diverse phase space characteristics while
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preserving beam quality, the 180 arc transport and chicane design to optimize beam condition going into
the FEL for lasing while facilitating longitudinal transport gymnastics for bunching and energy recovery,
and integration of undulator and laser systems following finalization of laser parameters.
Progress Toward and Participation in an International Linear Collider
Another exciting prospect opening up in the next few years is the imminent realization of the Linear
Collider (LC) Project. Japan has expressed a serious interest in hosting the LC, which recently published
a Technical Design Report. Confirming a site for the LC would start a major transformation of the highenergy precision measurement landscape. TRIUMF’s expertise in SRF cavities makes this an obvious
opportunity for the lab to play a significant role. Another possible topic is rotating target R&D for a
positron source. In particular, TRIUMF’s significant expertise in high power target systems, and strong
interest in the development of a high power converter for the 500 kW e-linac beam, might present another
opportunity for the lab to contribute towards the Linear Collider R&D.
The Linear Collider is designed to carry out precision measurements of the Higgs boson and will have the
capability to discover particles that might go undetected at the LHC, such as a low mass supersymmetric
partner of the Higgs. Once the project is approved, it is expected that participation by the particle physics
community in Canada will grow significantly, but given the timescale for construction, physics results on
new particle searches will not be forthcoming in the 2015–2020 time period.
GOALS FOR 6.2.3.1 BY 2020

• Continuously improve the performance of on-site accelerator facilities. Ensure beam delivery on
time with reliability and efficiency, meeting user specifications for experiments.
• Design, construct, and operate new, state-of-the-art facilities at TRIUMF and around the world using
next-generation technologies and developing partnerships with industry.
• Expand the TRIUMF-based R&D program in accelerator science and technology.
• Create a prestigious, in-demand program for accelerator science education.

6.2.3.2 MOLECULAR AND MATERIALS
SCIENCE USING µSR AND β-NMR

µSR is a very successful probe of magnetic materials, particularly low dimensional and geometrically
frustrated materials, where the magnetism has a substantial disordered character to it, even at very low
temperatures. The technique plays an important role in the areas of correlated electron physics, quantum
magnetism, and superconductivity, which are at the forefront of condensed matter physics research.
A great strength of contemporary condensed matter physics lies in the diversity and complementarity
of the experimental probes, which are at the disposal of cutting-edge research teams. µSR, β−NMR,
sophisticated neutron and X-ray scattering techniques all play important roles in successfully advancing
the most challenging problems in condensed-matter and materials physics.
An aspect of spatial inhomogeneity that is common to all materials is that which arises as at a surface
(on one side there is a material, and on the other, something different!). How the physical properties of a
material at its surface evolve as one moves into the bulk defines a class of questions that emerging as a
new research frontier: so-called “interface physics.” As technology is irrevocably marching towards the
nano-scale, where the relative contribution of a system’s properties coming from the “interface” compared
to the “bulk” becomes more important, new experimental methods to study such “buried physics” are
much needed. From that perspective, β-NMR and slow-muon µSR, which are complementary because
they are sensitive to different timescales, could play a dramatically important role in unravelling novel
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and exciting physics associated with surface, near-surface, and interfacial materials science. One can
anticipate important discoveries to be made in this area, and β-NMR and/or slow-muon µSR may well
be key players in facilitating such discoveries.
β-NMR is a unique technique for characterizing thin films and interfaces. At present, two experimental
stations at ISAC have been optimized by CMMS for these experiments. The related research activities
have been constrained by the availability of beam time. This has made it difficult to develop the use of
isotopes other than Li-8, e.g., spin-½ isotopes to be used as purely magnetic probes. In its present stage
of development and exploitation, the full potential of the β-NMR technique remains untapped. Increasing
the beam time available through the new ARIEL facility will allow this unique technique to exploit its
potential in the study of a large variety of heterostructures, thin films, and surfaces, where novel
phenomena have recently attracted significant interest (please see Section 6.2.1.5).
The present upgrade program for the µSR beam lines will provide the facility with state-of-the-art
infrastructure and increase their scientific output. The new M20 beamline is equipped with the capability
to deliver one muon at a time (muon on request) to one experiment while providing a continuous beam of
muons to another experiment. The muons-on-request technique allows for low background measurements
of long time correlations.
The CMMS facility is also working to improve the remote control of all instruments and to develop userfriendly run control routines on all of the instruments and cryostats. This will improve the efficiency of
the experiments and make it easier for casual users to run and reduce the number of people required onsite during the experiment, which will significantly reduce costs for users.
GOALS FOR 6.2.3.2 BY 2020

• Make low-background µSR measurements in high transverse fields using muons-on-request.
• Investigate quantum phase transitions and critical points in magnetic and superconducting
materials in high transverse fields and high pressure environments.
• Progress using β-NMR (see Section 6.2.1.4).

6.2.3.3 ADVANCING ISOTOPE-PRODUCTION
TECHNOLOGIES WITH ACCELERATORS
In Five-Year Plan 2015–2020, TRIUMF seeks to develop and commercialize several new technologies
related to the production of medical isotopes. Beyond the research program outlined in Section 6.2.1.5,
the Nuclear Medicine and Accelerator Divisions will combine forces to: (a) develop advanced technology
for high-current and high-performance external ion sources for medical cyclotrons in collaboration with
major manufacturers, and (b) demonstrate and deploy a commercial solution for cyclotron-based
production of Tc-99m.
Modern medical cyclotrons compete in several areas of performance: reliability, beam current (intensity),
and ease-of-use. Generally speaking, the energy of the machine dictates what isotopes can be produced,
but as TRIUMF has revealed for Tc-99m, there are “sweet spots” for the production of certain isotopes.
ACSI in Richmond, BC, manufactures commercial medical cyclotrons based on a TRIUMF design and
these are the highest-current devices in the world. This feature helps drive their expanding market share.
TRIUMF is in discussions with several partners about the potential for advancing the beam-current
capabilities of certain machines using either modifications to existing machine or a new design for the
ion source itself.
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With the decision of the Canadian government to
discontinue the reactor-based isotope production,
which relies on the use of enriched uranium, the
need for alternative production methods has
clearly come into focus. TRIUMF is well along
the way to use its long-standing expertise in the
accelerator-based production of isotopes to
develop a viable alternative for the production of
the most popular imaging isotope Tc-99m (see
Figure 21).
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Modifications
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Since 2010, TRIUMF has led a multiinstitutional, multidisciplinary team of physicists,
engineers, chemists, and physicians from
Purification
TRIUMF, the BCCA, Lawson Health Research
of 99mTcO4
Institute, and the Centre for Probe Development
and Commercialization (CPDC) to demonstrate
Figure 21: 100Mo(p,2n)99mTc at the commercial scale.
the feasibility of producing Tc-99m using
Canada’s existing medical cyclotron
infrastructure. Having established the parameters
for optimal irradiation of Mo-100 targets, the team is ready for clinical translation. By 2015, the
consortium led by TRIUMF will have developed a mastery of the control parameters that influence
reproducibility and predictability of Tc-99m yields and radionuclidic purity and therefore can be used as
a baseline to implement a decentralized production paradigm. After 2015, the consortium will work to
push the technology to new sites across Canada. This effort will take place in two phases. The first phase
will involve an assessment of production needs at each site, followed by the installation of appropriate
upgrade hardware (see Figure 22). The second phase will see commercial implementation, with
regulatory assistance, thus leveraging those lessons learned during the recent Natural Resources Canadafunded initiatives. Discussions have already been started with key stakeholders in Saskatoon, Toronto,
and Halifax.

Figure 22: Target technology developed at TRIUMF for the production of Tc-99m with medical cyclotrons.

These are only some of possible new applications of accelerators in isotope production, and TRIUMF
is using its unique set of competencies to develop new production technologies and make improvements
to existing production techniques. TRIUMF maintains a complement of highly skilled individuals with
world-leading expertise in many aspects of accelerator operations and targetry. With an ability to train
highly qualified personnel in the cyclotron and isotope production sciences, TRIUMF simultaneously
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differentiates itself from other nuclear medicine centres, while having the ability to feed much-needed
talent into the field. The focus remains on advancing the field of accelerator target design for the purpose
of improving medical isotope production, as described in more detail hereafter.
GOALS FOR 6.2.3.3 BY 2020

• Explore the development of enhanced beam-current technologies
with commercial partners via AAPS, Inc.
• Commercialize the cyclotron-based production of Tc-99m and develop production capacity
in BC and Ontario with progress in other provinces.
• Install and commission a new medical cyclotron at TRIUMF (see Figure 23) that will develop new
isotopes for research, provide commercial quantities of Tc-99m for BC, and drive other business
opportunities.

Figure 23: A photograph of a modern
TR cyclotron, courtesy of ACSI Inc.

6.2.3.4 PROTON AND NEUTRON
IRRADIATION FACILITIES (PIF & NIF)
Today, TRIUMF is recognized as a premier test site for space-radiation effects on electronic equipment
using protons and neutrons. The available neutron spectrum is well matched to the atmospheric neutron
spectrum and thus also ideal for testing avionics and ground-based electronic systems, such as network
and power-distribution servers, or even the latest cell-phone chips. In addition, irradiations of electronics
can be performed with electrons from M11 and, more recently, muons from M20.
In addition to commercial electronics testing and qualification, the PIF & NIF infrastructure enables
applied research by users from several different institutes, laboratories, and universities, often supported
by industrial contracts. Many of the studies are performed by graduate students working on their theses
or by young engineers beginning their careers in the testing community. Undergraduate students from
physics and engineering have also benefited from PIF & NIF through work-term exposure to the
facilities and testing programs.
Over the years, TRIUMF has made modest investments in updating and improving the PIF & NIF
facilities. Recently, in reaction to user demand, TRIUMF decided to enhance the capabilities of the
BL1B testing facility. The proposed BL1B upgrade would include a remotely movable lead or tungsten
converter, an ion chamber to measure the incoming beam intensity, removable collimation, a higher
intensity, and all of the associated controls and readouts to allow accelerated testing with either a focused
beam or large-area beam of neutrons. This upgrade is well underway and will maintain TRIUMF’s
position as the only laboratory where research and testing with 500 MeV protons is possible.
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Another area of concern for the radiation-effects community is whether or not cosmic-ray generated
muons can cause problems with new technology. Recent data from testing at TRIUMF using M20
have demonstrated that low-energy muons can cause direct ionization in specific types of electronic
microcircuits. Once again, TRIUMF is in a unique position to offer a testing facility for muons and plans
are underway to create a compact set-up that can be used at M20 to allow for the accelerated testing
of electronics. Once the muons-on-request system at M20 is commissioned, testing of electronics can
be performed concurrently with science experiments, making use of the unused muons to irradiate
electronic components, providing another service to both industry users and applied researchers.
GOALS FOR 6.2.3.4 BY 2020

• Increase the number of users by 30%.
• Demonstrate heavy-ion capability for use in commercial irradiations.
• Provide muon-irradiation services in line with industry demands.

6.2.3.5 TUMOUR THERAPY OF OCULAR MELANOMA
Proton beams are an effective way to treat cancer patients because of their selective dose delivery into
the defined target volume while at the same time sparing the surrounding healthy tissue from radiation
damage. TRIUMF operates Canada’s only proton therapy facility. We have successfully treated ocular
melanomas with proton therapy since 1995, the accepted best treatment choice for large ocular
melanomas or melanomas close to the optic nerve (please see Section 5.6.3).
Despite the high success rate of the treatment, further improvements include better verification of
the applied dose, further optimization of spatial control of the irradiation, minimization of dose from
secondary particles, and optimization of the treatment plan.
In order to better understand the existing facility and its capabilities and to further improve it, the
computer program FLUKA, a particle physics Monte Carlo–simulation package has been employed
to model the proton therapy beam line.
The simulation is currently being
verified against several sets of
experiments (please see Section 4.2.3.6).
We envision using this computer model
for several different projects, four of
which are detailed below.

Dose Verification with PET Imaging
The treatment plan for an ocular
melanoma consists of four fractions
administered on subsequent days. The
dose planning involves measurement and
marking of the tumour with tantalum
clips and a sophisticated planning
software to optimize the gazing angle,
incoming beam energy and spread, and
the final patient collimator. Before each
fraction, the proton beam is carefully
aligned for treatment. This is very
important: proton therapy is a very
precise form of radiotherapy with steep
dose gradients at the target boundaries.
At present, there is no way to measure if

Figure 24: PET overlay of treatment plan.
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the proton dose has been deposited exactly as planned. Currently, we are investigating the usefulness of
positron emission tomography (PET) after proton treatment (PT) as a way to visualize the proton dose
deposited, as during PT the PET isotopes O-15, N-13 and C-11 are produced via nuclear reactions in
small numbers within the patient (see Figure 24). The production cross-section of the PET isotopes,
produced during proton irradiation, will be included in the FLUKA simulation in the near future. The
measured activation profile will then be compared to the simulation. If the resolution is sufficient, a
conclusion about the success of the patient alignment can be drawn. In the future, any misalignment could
be compensated for in a subsequent fraction, avoiding missed dose to the tumour, and thereby reduced
probability of local tumour control and excess dose to an adjacent structure with unnecessary damage to
healthy tissue. This will ultimately lead to better patient care.

Dose Verification with Prompt Gamma-ray Emission
When the proton beam interacts with tissue, prompt gamma-ray radiation occurs due to nuclear reactions,
which can be measured in real time and compared to a simulation. This radiation can therefore be used to
monitor the depth of the dose deposition. In addition, the use of surrogate clips can be utilized to measure
the proton dose depth. Currently, several tantalum (Ta) clips are surgically inserted around the tumour as
markers. Substituting one of these clips with, for example a gold clip, will result in a different
characteristic gamma-ray spectrum when the gold clip is reached by the proton beam.

Secondary Dose Reduction
The simulation will be used to quickly and economically study changes to the beam line while avoiding
significant disruptions in beam line operations. Modifications intended to improve beam characteristics
can then be tested experimentally with the goal of reducing patient dose from secondary particle
emissions and, as a direct consequence, the occurrence of secondary cancer to the treated patient.

Treatment Plan Stability
The treatment plan (TP) currently used for clinical treatment can be simulated with FLUKA and be
assessed for stability, meaning how robust the TP will be to slight patient misalignments and movement
during treatment that are unavoidable in clinical operation. As there are often several choices of a TP, the
most stable plan can be selected for treatment, or more than one TP can
be realized to reduce further the dose to healthy tissue and reduce the occurrence of side effects.
GOAL FOR 6.2.3.5 BY 2020

• Realize improved patient care through control of the applied dose, dose verification,
reduction of dose through secondary particles, and more stable treatment plans.

TRIUMF SELECTED AS CENTRE OF EXCELLENCE
FOR COMMERCIALIZATION AND RESEARCH
14 February 2008
The Government of Canada announced $163 million to establish 11 new Centres of Excellence for Commercialization and Research
(CECRs), including TRIUMF-incorporated Advanced Applied Physics Solutions (AAPS). AAPS focuses on commercializing TRIUMFdeveloped technologies with several partners including D-Pace, THALES Corp., University of British Columbia, Canadian Mining
Industry Research Organization, and the China Institute of Atomic Energy. AAPS will initially focus on technologies for laser
production of diamond-like foils, superconducting mini-cyclotrons, and a novel liquid xenon-based PET imaging scanner.
“Today’s announcement marks a milestone in Canadian research history,” said Industry Minister Jim Prentice. “The technologies,
therapies, services and products generated by these new centres will help improve the well-being of all Canadians while
positioning Canada at the forefront of priority research areas.”
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6.2.3.6 COMMERCIALIZATION AND
MARKETING TECHNOLOGY VIA AAPS, INC.
TRIUMF’s commercialization arm AAPS, Inc., (please see Section 5.10) plays a critical role in many of
the proposals discussed in this section. Ultimately, AAPS seeks to market and commercialize Canadianderived technologies using particle and beams from accelerators, radiation detection and control, or
nuclear medicine— areas where TRIUMF has profound knowledge, skills, and abilities.
AAPS is presently pursuing a half-dozen different technology development and commercialization
projects. Most of these efforts will complete within the next three to five years either as successful,
stand-alone ventures or as technologies shelved for a future opportunity. What is missing, however, is
the ten-year outlook that will answer the following questions: What are the new opportunities and from
where will they come? What platform technologies will emerge that TRIUMF can influence, select,
and develop through interactions with the market and industrial partners?
To develop a persistent institutional capacity in this regard, Five-Year Plan 2015–2020 proposes to create
a Manager of Product Development staff position at TRIUMF. This role would be accountable for the
5-10 year business-development plan of TRIUMF and would support the Head of the Business and
Administration Division in guiding opportunities to AAPS or other vehicles as they become ripe.
The technologies that AAPS will commercialize in 2020 and beyond are just now emerging at TRIUMF;
this role (and up to two supporting positions) would forecast and manage that process to strengthen the
technology-development bridge between TRIUMF, its partners, and AAPS.
GOALS FOR 6.2.3.6 BY 2020

• Achieve self-sufficiency for AAPS, Inc., develop a working capital fund, and return
certain proceeds to TRIUMF’s programs.
• Complete the domestic and international commercialization of cyclotron-produced Tc-99m
with an appropriate set of industrial partners.
• Expand isotope-production capacity at TRIUMF through strategic recruitment of customers
as upstream investors (e.g., Sr-82).
• Fully develop and launch two new accelerator-based technologies from TRIUMF
(e.g., high-resolution mass separators with ACSI, Inc. and superconducting cryomodules
with PAVAC Industries, Inc.).
• Move early ventures into profitable, high-performing businesses (e.g., MicroMatter via new
product using the chemical-vapour deposition facility and neutron well-logging joint venture with
GPN Petroleum Technology, Ltd.).
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6.3 MAJOR INITIATIVES
In order to achieve the ambitious scientific goals defined in the previous section for Five-Year Plan 2015–
2020, TRIUMF will pursue several major initiatives that will be supported through the NRC Contribution
Agreement as well as external funding. The highest priority for the laboratory is the completion and
scientific exploitation of the new ARIEL facility, TRIUMF’s flagship project; however, several other
initiatives and upgrades are also important to preserve or extend TRIUMF’s leadership position.

6.3.1 ARIEL: COMPLETION TO SCIENCE
The completion of the ARIEL project will elevate TRIUMF’s rare isotope program even higher on the
international stage and clearly establish TRIUMF as the premier North American ISOL facility and a
world leader in rare isotope science. ARIEL complements the main cyclotron and the ISAC targets at
TRIUMF (see Figure 1).
At its heart the completed ARIEL facility will comprise a 500 kW, 50 MeV electron accelerator (e-linac)
for isotope production via photo-production and photo-fission, as well as a second proton beam line
(BL4N) from TRIUMF’s main cyclotron for isotope production via proton-induced spallation and fission.
In addition to the associated production targets and related infrastructure, this also includes the beam
delivery infrastructure: mass separators, radio frequency (RFQ) coolers, and an electron-beam ion
source (EBIS) for charge breeding. The current CFI project for the first phase of ARIEL, which will be
completed in 2014, includes the new ARIEL building and beam line tunnel from the Electron Hall to the
Target Hall in the lowest level of the ARIEL complex as well as a 100 kW, 30 MeV stage of the e-linac.
The path towards the full completion of the ARIEL project will proceed in several phases, each of which

Figure 1: An overview of
TRIUMF’s accelerator complex
for producing beams of rare
isotopes. Shown is the existing
main cyclotron and the ISAC
production targets. To the west is
the emerging ARIEL facility that
includes the e-linac (electron
linear accelerator), a new proton
beamline from the cyclotron
called BL4N, an underground
tunnel, two production targets,
and a front end and massseparator facility to deliver new
isotopes to the detectors in ISACI and ISAC-II. Funding for the
ARIEL building, e-linac, and
underground tunnel has already
been secured.
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will add important capabilities to enable exciting opportunities for scientific exploitation as well as
developments towards the final target stations that can accept the full 500 kW ultimate beam power.
Hereafter a brief description is provided of the main components included in each phase as well as
selected examples of the science that is enabled by each phase.

Phase 1: Li-8 for β-NMR and tests of time reversal symmetry

The first scientific program to be implemented will take advantage of the direct photo-production of Li-8
in a Be-9 target using bremsstrahlung photons produced by stopping the 100 kW e-linac beam in a solid
tantalum converter.
This phase of the project will be carried out according to the framework of the next addendum of the
Memorandum of Understanding between VECC Kolkata and TRIUMF with a completion of construction
in 2016 and science exploitation beginning in 2017. The first step is the construction of the west target
station, followed by an electrostatic pre-separator and the low-energy beam transport (LEBT) line that
connects the e-linac target station to the ISAC-I experimental hall (see Figure 2).

Figure 2: Plan view of the
isotope-production area for
ARIEL. The west target
station is shown in place
(lower left) and would be
used to produce Li-8 beams
transported upstairs and
over to ISAC (see upper
right). The inset on the
lower right of the diagram
shows a model of the target
station.

These Li-8 beams will be polarized in the ISAC-I polarizer beam line and made available for β-NMR
experiments studying the magnetic functionality of new materials, particularly at surfaces, interfaces, and
in nano-structures, which are gaining in importance as devices shrink and become key ingredients in their
functionality. β-NMR is one of the most informative ways to study local magnetic properties of surfaces
and interfaces as a function of depth. Depth-controlled β-NMR, to the level of a few nanometers, is only
possible at the β-NMR facility at TRIUMF.
The Li-8 beams produced with the e-linac will allow the β-NMR facility (please see Section 5.5.1.8)
to reach its full potential as a user facility by dramatically expanding the amount of beam time for the
CMMS program. This expansion is critical for a viable experimental user program in a fast-moving field
that requires the capability to quickly carry out characterizations of new materials. It is expected that
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expanded use of the β-NMR facility would be handled through a proposed joint experiment-evaluation
committee with Japanese facilities to ensure timely access to the best characterization techniques for
materials developed in North America and Asia.
The polarized Li-8 beam will also enable dedicated beam time for the MTV (Mott polarimetry for
T-Violation) (please see Section 5.5.1.7) experiment that searches in the nuclear beta-decay of polarized
Li-8 for effects of the violation of time reversal symmetry, which are predicted by models of physics
beyond the SM. The e-linac will allow for sufficient amounts of beam time to reach a statistical precision
of 0.1% and to study all relevant systematic effects.
Phase 1 also includes the preparation of a new accelerator operations control centre in a new building,
which will consolidate the currently separate control rooms for the 500 MeV cyclotron and ISAC as
well as the controls for the e-linac.
In summary, Phase 1 of ARIEL completion will be important to achieve the goals for section 6.2.1.4
Isotopes as Probes of Magnetism at Interfaces and Surfaces of New Functional Materials, by enabling
the full β-NMR user program.

Phase 2: Purified accelerated high-mass rare-isotope beams for ISAC-II

In the framework of the CFI-funded CANREB project, essential components of the ARIEL front end will
be constructed and made available for use with beams from the current ISAC targets. This approach for
ARIEL was the result of an international review committee convened to examine options for TRIUMF
to improve its capability for isolating and accelerating so-called “high-mass” isotopes in the ISAC-II
complex.
In this scheme (see Figure 3), beams from the ISAC target will be guided into the ARIEL mass-separator
room where they will be purified using the combination of an RFQ-cooler and a high-resolution magnetic
mass separator (HRS). The mass-selected beams will be collected in an RFQ cooler and buncher from
which they are injected into an electron beam ion source (EBIS) for charge breeding to charge states that
Figure 3: Plan view on several
elevations for Phase 2 of
completing ARIEL showing
implementation of the CANREB
mass separator and electron beam
ion source (EBIS) in ARIEL with
coupling to the ISAC production
target. The lower left shows the
263’ elevation level and the
placement of the high-resolution
separator magnet. The upper right
of the diagram shows upstairs at
the 289’ elevation. As shown via
the coloured line segments, Phase
2 involves making isotopes using
the main cyclotron and the ISAC
production target, transporting
them to ARIEL at the 289’ level,
sending them downstairs for mass
separation and/or medical-isotope
collection, and then back upstairs
for conditioning through the RFQ
cooler and EBIS. The clean beams
are then transported back to the
RFQ in the ISAC-I hall.
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can be accelerated by the ISAC-II accelerator chain to experimental facilities like TIGRESS, EMMA,
and IRIS. The EBIS has a much higher charge breeding efficiency and purity than the current ISAC ECR
based charge breeder, and overcomes the current severe limitations in the use of high-mass (A>29) beams
in ISAC-II.
The CANREB project is thus a key enabler of the full physics program in nuclear structure and reactions
and nuclear astrophysics using RIBs from the current ISAC proton target station using ARIEL beam
delivery infrastructure.
With CANREB, TRIUMF will be able to take full advantage of its high-power production targets,
enabling reaction studies of nuclei along N=Z and the proton drip line. For example, CANREB will
provide clean beams of the N=Z nucleus Rb-74 and enable the extraction of the electromagnetic matrix
elements via Coulomb excitation. This will provide important structure information on the superallowed
Fermi-emitter Rb-74 constraining calculations of isospin-breaking corrections for the extraction of the
Vud quark mixing matrix element.
The CANREB infrastructure also includes a collection station for medical isotopes that are produced in
the proton induced spallation in actinide targets using a 10 µΑ, 500 MeV proton beam. Rn-211, will be
produced, captured, and purified for shipment of At-211 generators to collaborators around Canada to
foster research in the area of alpha particle therapy.
In summary, Phase 2 will advance progress on the goals for sections 6.2.1.1 Rare Isotopes to Develop a
Standard Model of Nuclear Physics, in particular by enabling studies of shell evolution; 6.2.1.3 Isotopes
to Understand the Origin of the Chemical Elements, in particular enabling studies of (d,p) reactions; and
6.2.1.5 Isotopes for Molecular Imaging of Diseases and Treatment of Cancer, by providing research
quantities of At-211.

Phase 3: Photo-fission for r-process studies

Phase 3 will see the production and delivery of neutron-rich fission fragments by implementing actinide
targets (uranium or thorium) in conjunction with the solid photo-converter. The initial 100 kW beam of
the e-linac will enable production of approximately 2x1012 fissions per second in the target, which is
substantially larger than the current fission fragment production rate with the 10 µΑ,500 MeV proton
beam. Using the already developed beam delivery infrastructure, purified beams of very neutron-rich
nuclei will be delivered to any of the experiments in ISAC-I (please see Section 5.5.1) or ISAC-II
(please see Section 5.5.2).
The e-linac will not only produce unprecedented intensities of neutron-rich isotopes through photo-fission
but at the same time avoid the production of high-intensity contaminants that are produced in the current
ISAC target via proton induced spallation. These intense contaminants would limit access to the most
neutron-rich nuclei produced.
In nature these very neutron-rich nuclei are only created for fractions of a second in violent star
explosions (supernovae) or mergers of neutron stars during the so-called astrophysical r-process.
However, they hold the key to our understanding of where in the universe the chemical elements heavier
than iron were produced. With the production of even more neutron-rich nuclei the e-linac will bring the
nuclear physics of supernova explosions to the laboratory and enable the identification and study of the
nuclei involved in the r-process. In conjunction with precision astronomy and sophisticated astrophysical
modelling using large scale computing facilities, these studies will allow us to identify the astrophysical
site of the r-process.
Measuring the properties of these nuclei is also critical for the quest to make major advances towards
developing the long-sought standard model for all nuclei that will provide accurate predictions for all
nuclei based on the underlying fundamental theory at work inside protons and neutrons, quantum
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chromo-dynamics (QCD). In particular, experimental investigations of the evolution of shell structure
and collective behaviour in very neutron-rich nuclei will be essential to test the accuracy of modern
theoretical approaches which predict substantial deviations from the well-known nuclear structure
near stability. For example, we will be able to perform studies of (d,p) neutron transfer reactions with
TIGRESS and IRIS to obtain information on neutron-capture rates beyond Sn-132. Recent sensitivity
studies of r-process models show that constraining neutron-capture rates in certain nuclei in this region
can constrain uncertainties in the abundance predictions of neutrino-driven wind scenarios for the
astrophysical r-process. Fission fragment rates from ARIEL will enable studies of surrogate (d,p)
reactions to obtain information on (n,γ) rates. Also studies of neutron separation energies with TITAN,
charge radii and ground state spins and moments via laser spectroscopy, or decay half-life and betadelayed neutron emission with GRIFFIN will be of great importance.
The beams provided by ARIEL, in combination with the available state-of-the-art experimental facilities
at ISAC, will enable the characterization of the important properties of these very neutron-rich nuclei and
thus facilitate the development of this unified theoretical framework for nuclear physics.
During this stage of the project, a second target station (the east target station) will be built (see Figure 4).
The electron beam from the e-linac can be deflected towards the east or west target stations at arbitrary
patterns, so that it can be shared between the two target stations. The east target station will be outfitted
with its own pre-separator and low-energy beam transport lines so that delivery from both ARIEL target
stations to the ISAC experimental hall will be possible.
The delivery of three independent RIB beams to the ISAC experimental facilities marks another
important milestone for ARIEL.

Figure 4: Phase 3 of completing ARIEL would
construct the east isotope-production target
(shown here on the right).

Aside from isotope production for science the electron beam will be used at this target station for the
development of the challenging technology of the liquid lead converter that is needed for the exploitation
of the full power of 500 kW of the final e-linac. The liquid metal technology is needed because cooling
of a solid converter is not sustainable above approximately 100 kW.
In summary, Phase 3 will make progress on the goals in Sections 6.2.1.1 Rare Isotopes to Develop a
Standard Model of Nuclear Physics, in particular by extending studies of shell evolution, and 6.2.1.3
Isotopes to Understand the Origin of the Chemical Elements, in particular to study r-process nuclei.
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Phase 4: Actinide production for
fundamental symmetry tests

Phase 4 will see the implementation of the new
proton beam line (BL4N) from TRIUMF’s main
cyclotron, delivering up to 100 µA of proton
beam to the west target station (see Figure 5).
At this time, isotope production from the e-linac
will shift to the east target station, and RIB
production will be carried out in parallel on
three target stations.
With the new proton target station, it will be
possible to provide intense, clean beams of
heavy elements, purified using the ARIEL highresolution mass separator, for extended beam
times of precision experiments that use rare
isotopes of elements such as francium and
radon as laboratories to search for physics
beyond the SM. Important examples in this
context are the recently initiated francium parity
non-conservation program and the search for
non-vanishing EDMs using radon and francium
isotopes. These experiments need to run for
hundreds of shifts per year to achieve
sensitivities to the tiny effects they seek to
measure. Only the multi-user capability
facilitated by ARIEL will unlock the full
discovery potential of those experiments.
Figure 5: Phase 4 of completing ARIEL completes BL4N

In summary, Phase 4 will be of particular
from the main cyclotron and carries protons to the west
ARIEL isotope-production target.
importance to achieve goals for section
6.2.1.2 Rare Isotopes as Laboratories to Search
for New Particles and Forces, by enabling studies of atomic
and electron EDM as well as other precision experiments.

Phase 5: Full power e-linac to reach the most exotic neutron-rich nuclei

The final phase towards completion of the ARIEL project will be the implementation of a second
accelerator cryomodule (ACM) (see Figure 6) to boost the energy from 30 MeV to 50 MeV to reach
the full beam power of 500 kW, producing up to 1014 fissions per second, and pushing the limits of
experiments to even more neutron-rich nuclei.
With a production gain of close to a factor of hundred, this will enable precise measurements of betadecay Q-values (TITAN) and beta-decay half-lives (GRIFFIN) of the most exotic neutron-rich nuclei,
for example around Sn-140 and the mass-160 rare earth r-process abundance peak. The higher production
yields will also enable in-beam studies like Coulomb excitation and transfer reactions for those nuclei for
which only ground state properties could be accessed in the earlier phases of ARIEL. These studies will
provide essential information about the evolution of single-particle structure at the extremes of isospin,
where theory predicts dramatic changes to shell structure, which in turn have substantial impact on the
location of the r-process path on the nuclear chart.
In summary, Phase 5 will be important to enable goals for sections 6.2.1.1 Rare Isotopes to Develop a
Standard Model of Nuclear Physics, by extending the reach to larger isospin, and 6.2.1.3 Isotopes to
Understand the Origin of the Chemical Elements, by enabling access to more r-process nuclei.

The Plan | 2015-2020 | TRIUMF 5YP | 397

6

Figure 6: Sketch of the high power e-linac.

ARIEL Completion and Five-Year Plan 2015-2020

Full implementation and exploitation of ARIEL will extend beyond 2020. TRIUMF, in close consultation
with the University of Victoria and the Board of Management, has assembled a working group (including
a full-time project engineer) to map out the most effective strategy. The preceding discussion is one of the
early outputs from this process. It is expected that most of the capital support for completing ARIEL will
come from a successful proposal to the Canada Foundation for Innovation to be submitted in spring 2014.
This report contains preliminary information on the project plan that is gaining form and substance each
day. The working group has developed a three-level work breakdown structure for the project and is
consulting subject-matter experts to develop a well-understood bottoms-up, resource-loaded schedule.
Early outputs from this process are presented here.
PHASE

FY 2015

FY 2016

FY 2017

FY 2018

FY 2019

SCIENCE

Phase 1
b- NMR

Molecular and
Material Science

Phase 2
CANREB

Purified high-mass
ISAC-II beams

Phase 3
Photo fission
Two ARIEL beams

r-process
full multi-user

Phase 4
Pronton beamline

Fundamental
symmetries

Phase 5
Full e-linac

Extend
r-process reach

Figure 7: Preliminary timeline for ARIEL completion indicating key science outcomes.
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ARIEL CONSTRUCTION REACHES MILESTONE
23 May 2013
The construction of TRIUMF's coveted facility, the Advanced Rare IsotopE Laboratory (ARIEL) has reached an important milestone
towards its completion, marked by the dismantling of the tower crane suspended over the site. The ARIEL facility is a major
addition to the TRIUMF complex that will greatly expand the scientific potential of the TRIUMF radioactive ion beam facility.
Over the course of a day, staff and crew admired the careful disassembly of the tower crane. The removal represented the
completion of a year's worth of work – from the site excavation to the establishment of ARIEL's structure, which required
about 600 truckloads of concrete.
Serving as a milestone toward completion, the crane disassembly also marks the beginning of the next stage. The roof can now
be completed and the interior work of preparing the building for the e-linac can begin. Constructions crews are working fervently
to finish all of the electrical work that is required to install and maintain ARIEL experiments.

Figure 7 provides an overview of the timelines for construction and science exploitation of the five phases
of the ARIEL Completion project and indicates the science enabled by each phase. Experience with the
current phase of the ARIEL project indicates that one should expect a 12-15 month ramp-up phase for
conceptual design studies and design decisions for the two initial phases. The in-progress, bottoms-up
analysis of the five phases indicates that the total manpower needs are consistent with a levelized load of
50-55 FTEs during the main part of the project were each phase transitions from design to manufacturing
to installation and commissioning. This level of effort is equivalent to what TRIUMF is presently
directing to the ARIEL project.
Preliminary timelines show that Phases 1-3 would be operational with installation and commissioning
of Phase 4 in progress by the end of Five-Year Plan 2015–2020. This schedule fulfills ARIEL’s promise
to deliver new capacity to TRIUMF (a new electron-driven isotope production target and a new protondriven isotope production target) as well as new capability (isotope production via photo-fission on
actinide targets using electrons). Additional planning may indicate that an accelerated schedule is feasible.
Figure 8 presents the high-level work breakdown structure and preliminary capital costs for each major
work package.
Meanwhile, progress on ARIEL completion has already begun.
ARIEL Completion
Project Management Office

CANREB

EH&S + Project Schedule +
Finance + Administration +
Communications

VECC MoU3

E-Linac
$5.1M

BL4N
$4.3M

Target Stations &
Photo-converter
$15.8M

Separator &
Front End
$5.2M

Control Center
$2M

Figure 8: Top-level work breakdown structure of the ARIEL Completion project.
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ARIEL 10 YEAR PLAN
2010

2015

2020

2025+

Nuclear Astrophysics
Isotopes for Medicine

Isotopes
from Actinides

Fundamental Symmetries
Nuclear Structure
Isotopes for Medicine

Proton beamline

Electron beamline

In August 2013, TRIUMF signed a new addendum to its Memorandum of Understanding with the
Variable Energy Cyclotron Centre (VECC) in Kolkata, India. The full scope of work is valued at
$10.4M and includes components to expedite key parts of Phase 1. That is, by pooling resources between
TRIUMF and India, work on ARIEL and India’s ANURIB project will move forward more quickly.
In January 2013, CFI announced approval for its $1.6 million contribution to the $4.5M CANREB
project related to Phase 2. Matching funds have been approved by AAPS, Inc., ($1.1M for the technology
transfer of the HRS to ACSI), Nova Scotia ($0.4M), and Manitoba ($0.2M) while the approval process
for the provincial matching funds has not yet been completed in British Columbia.
In November 2012, the TRIUMF Board of Management formed a task force that is jointly coordinating
development of the $32.4M CFI proposal that would support the capital for the ARIEL Completion
project. This coordinated initiative by the TRIUMF consortium, each setting CFI envelope-quota aside for
this flagship project and making commitments to pursue provincial-government matching contributions,
is unprecedented and demonstrates the level of commitment of the 18 universities to TRIUMF and the
ARIEL research program.

6.3.2 OTHER INITIATIVES AND UPGRADES
In addition to the ARIEL project there are several other key initiatives that TRIUMF will pursue in order
to capitalize on previous investments in the local facility as well as international endeavours. International
initiatives include upgrades to the ATLAS detector at CERN and the T2K experiment in Japan, while
initiatives at TRIUMF include an expansion of the ATLAS Tier-1 Data Centre, the complete
implementation of the UCN facility, and work towards a full use of the new µSR beam lines M9A and
M20. TRIUMF also plans to capitalize fully on its unique expertise for accelerator-based medical isotope
production by founding the Institute for Accelerator-Based Medical Isotopes (IAMI). These initiatives are
described in more detail in the following sections.

6.3.2.1 ATLAS
ATLAS Tier-1 Data Centre
The ATLAS Tier-1 Data Centre at TRIUMF, one of 10 such centres worldwide, played a key role in the
analysis leading to the discovery of the Higgs boson, in particular, through the timely deployment in 2012
of additional computing resources, which were part of an earlier expansion. Looking towards the future,
it is important to leverage Canada’s significant investments in this world-class facility with an exceptional
track record in reliability and performance. This record is due to a small but very effective team of highly
qualified personnel, high quality hardware, and an ideal location at the TRIUMF national laboratory for
24 x 7 efficient operations.
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Tier-1 computing-resource planning is tightly coupled to ATLAS operations and to the Large Hadron
Collider (LHC) schedule and running efficiency. The LHC is in a long shutdown (LS1) in 2013 and 2014;
upgrades are necessary to operate at the design energy and luminosity. Full LHC operations are expected
to resume in 2015. During LS1, several developments are foreseen for ATLAS distributed computing
operations. For instance, a new distributed data management system will be deployed with an improved
grid production system and more dynamic features. The new systems will be deployed in various stages
and in parallel to the current production system to avoid any impact on ongoing data processing,
simulation, and analysis activities.
During LS1, the major expected activities are full reprocessing of all of the 2011 and 2012 data, extensive
physics analysis activities, and large-scale simulations at 2015 beam energies. The TRIUMF ATLAS Tier1 Data Centre will continue to play an essential role in all of these activities. The scientific output of the
ATLAS experiment heavily depends on successful and efficient distributed computing operations
worldwide.
From 2010–2013, more than 7.5 billion proton-proton collision events were recorded, and successfully
distributed and processed on the Worldwide LHC Computing Grid (WLCG) infrastructure. In 2012,
the average high-level trigger rate of ATLAS was 400 Hz.
From 2015 on, significantly higher data rates are foreseen. In order to maximize the physics reach
of ATLAS, the objective is to increase the trigger rate to 1 kHz, entailing a significant increase in the
required computing resources. Table 1 below shows the cumulative resources to be provided by
the Tier-1 centres worldwide from 2013–2017 as currently projected. In 2018, there will be another
LHC shutdown (LS2) to increase the luminosity further and to perform ATLAS detector upgrades.
It will be crucial for the TRIUMF ATLAS Tier-1 Data Centre to continue to meet ATLAS requirements
and to fully comply with our international commitments and the MOU with CERN.
Through a recently approved CFI proposal it will be possible to replace some of the older computing
resources dating back to 2007. In order to maintain the current 10% contribution to the total Tier-1
level computing resources for ATLAS, a substantial expansion of the Tier-1 is envisioned.
A full hardware refresh of the Tier-1 Data Centre will be needed over the course of the 2015–2020
timeframe, including significant infrastructure upgrades. The available floor space in the current Tier-1
Data Centre is fully occupied, and the tape library cannot be expanded any further. Therefore, a high
priority will be to reconfigure an existing storage building, including the connection of adequate power
and cooling services, as early as possible in 2015 and to deploy new tape library infrastructure with the
required storage capacity. The renovation costs are estimated to be close to $0.5M and will be carried by
TRIUMF through the NRC Contribution Agreement.
Major hardware acquisition will be needed in 2016 to refresh all computing equipment purchased in early
2012 and for further expansion. The estimated capital cost for the computing equipment—with a five-year
warranty—is $4.6M, excluding taxes. The ATLAS Canada collaboration will apply for CFI investment
funds for the computing hardware for this major expansion. The overall estimated operating cost is
$1.5M, excluding salaries. Another computing hardware expansion and refreshing of equipment
purchased in 2013 and 2014 will be necessary by 2019.

Table 1: Projected cumulative computing resources to be provided by the Tier-1 data centres worldwide for ATLAS.
Disk and Tape capacities are in Petabytes (PB). The CPU capacity is expressed in HEP-Spec 2006 (HS06) units, a common
benchmarking unit that is suitable for high-energy physics applications. A modern CPU is equivalent to 14 HS06.
TRIUMF’s current share in ATLAS Tier-1 computing is 10%.
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TRIUMF will transition the 9.5 FTE Tier-1 personnel, currently supported through CFI IOF funds,
into its core salary budget, and operational funds, predominantly electrical power and networking cost,
are budgeted in the NRC Contribution Agreement to continue this high profile and highly successful
operation.

ATLAS Detector Upgrades
As part of the Phase-I upgrades for installation in
ATLAS during LS2, in 2018, ATLAS-Canada
plans to be involved in two major projects: the
production of thin gap chambers (sTGC) for the
new small wheels (NSW) of the muon
spectrometer and an upgrade to the level-1 trigger
electronics for the electromagnetic calorimeter.
NSERC RTI funds have been obtained for R&D
efforts and to set up the tooling required for these
efforts, and a CFI proposal will be submitted for
the full-scale chamber production.
The NSWs (see Figure 1) are needed to add
improved trigger and tracking capability in the
forward direction where otherwise the rate of
misidentified (fake) muons, due to activation of
the forward toroid magnet coils, will become too
high once the instantaneous luminosity increases.
The technology of choice for these chambers
combines sTGCs (for fast triggering) with
Micromegas (for precision tracking) with the
Figure 1: Preliminary design for ATLAS New Small Wheel
individual thin gap chambers being quadruplets
showing the mechanical supports and envelopes of the
of individual gas gaps with copper pads on one
wedges of detector elements. Courtesy of ATLAS Muon
side for fast trigger readout, copper strips on the
Collaboration.
other side for precision readout, and anode wires
in the gap with readout for the second coordinate.
One-third of the NSW sTGCs will be built in Canada: 256 gas gaps plus spares built over
18 months (one per working day). The final product will be assembled at Carleton as 64 quadruplet (4gap) chambers and tested for efficiency in a cosmic ray testing facility at McGill prior to shipping to
CERN. Assembly
into azimuthal sectors would be done at CERN after re-testing.
Work at TRIUMF would primarily consist of the carbon coating of the cathode planes, as well as some
cathode plane assembly, for which a suitably ventilated room for carbon spraying and
temperature/humidity-controlled drying is required as well as a semi-clean area with suitably equipped
granite tables for the other cathode plane work. In the next few years, discussions will take place
regarding the need for and a possible involvement in building replacements for the trigger chambers of
the “Big” wheels (those nearest to the beam pipe) with higher-resolution sTGC. This would happen in the
Phase-2 LHC shutdown (LS3) of 2022–23. Producing these additional chambers would require only
minor modifications to the set-up for NSW cathode planes.
The ATLAS endcaps and forward calorimeters use liquid argon as the active detector element.
The Canadian-built hadronic endcaps (HEC), including the HEC front-end electronics, and forward
calorimeters (FCals) are inside common cryostats and a common liquid argon volume with the
electromagnetic endcaps (EMECs) and share electronics crates. With increasing luminosity the electron
triggers also suffer from a higher rate of “fake” electrons and will consequently require an upgrade to
the crate base-plane of the EMEC to mitigate this problem.
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ATLAS-Canada plans an upgrade of the HEC/FCal motherboard for the LAr Trigger Digitizer and
Driver Board (LTDDB) to be installed during the LS2 2018 Phase-1 shutdown of the LHC, and an
upgrade of the FCals themselves, scheduled for the LS3 2022–23 Phase-2 shutdown.
These activities are expected to be supported by a number of Canadian funding agencies. TRIUMF
will be engaged by providing intellectual and technical expertise, personnel, and laboratory space.
TRIUMF research scientists and joint faculty members benefit from the flexibility that comes with
reduced teaching responsibilities and are well positioned to continue to be leaders, both in coordinating
analyses, detector construction projects, and in taking on management responsibilities within the ATLAS
collaboration and its sub-detector groups.
NSERC has funded an RTI ($0.41M) for ATLAS-Canada to cover infrastructure set-up for the sTGC
and LAr calorimetry in 2013–14 at the various institutes involved. A second RTI is being requested to
cover the remainder of the set-up and prototyping work in 2014–2015. CFI will be asked to fund the
LAr electronics and sTGC chamber production activities in 2015–2016.
The upgrades to the ATLAS detector and the ATLAS Tier-1 Data Centre are critical to achieve goals of
sections 6.2.2.1 Precision Measurements of Standard Model Processes, and 6.2.2.2 Direct Searches for
New Particles.

6.3.2.2 UNDERGROUND DETECTOR FOR LONG BASELINE
NEUTRINO OSCILLATIONS AND PROTON DECAY
Hyper-Kamiokande (HK) is a proposed upgrade to the Super-Kamiokande (SK) water Cherenkov
detector. HK would consist of two water volumes with nearly one megaton total mass (20 times SK)
instrumented with 99,000 photosensors to detect Cherenkov radiation emitted from charged particles
traversing the water (see Figure 2). While HK has a very broad scientific program, its primary goals are
to search for CP violation in neutrino oscillations using a muon neutrino beam from Tokai (an extension
of the current T2K experiment) and to search for proton decay. A funding decision on HK in Japan is
expected within the next three years.
Through its leading role in T2K and other neutrino experiments, the Canadian T2K collaboration and
TRIUMF are in a strong position to make highly visible contributions to the experiment. R&D effort
has started in the following areas:
1. Photosensors: The required number of photosensors is determined mainly by the effective surface
photocathode coverage, which determines performance of the detector in terms of energy thresholds
and resolution. The 99,000, 20” photosensors lining the volume are also one of the major cost drivers
for HK. There is an ongoing effort at TRIUMF to investigate passive optical techniques that collect
Cherenkov photons over a large area and guide them towards the photosensor, providing a costeffective means of effectively increasing the photosensor coverage. A photosensor testing facility at
TRIUMF has been built to characterize the performance of new photosensor technologies, including
light-collection schemes. Canadian groups are also discussing developing front-end electronics for
digitizing the photosensor output.
2. Calibration: The Canadian group is leading the design of the calibration source deployment system
for HK. The development will leverage the experience of building the universal interface for source
insertion, designed and built by TRIUMF for SNO+, as well as the cable-based source manipulation
system used in SNO. These will allow automation of the source insertion, deployment, and
manipulation procedures that are currently performed manually at SK. While SK consists of one
inner water volume, the baseline HK design calls for ten optically isolated volumes each of which
must be individually calibrated, necessitating the automation of the calibration procedure.
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Figure 2: Sketch of the proposed
Hyper-Kamiokande project.

3. Near Detector: The Canadian T2K group and TRIUMF played a central role in the design and
construction of the T2K near detectors, and are now leading investigations into possible upgrades
or new detector concepts to achieve the targeted systematic uncertainties on neutrino flux and
cross-sections.
4. Software and Reconstruction: TRIUMF Geant4 experts recently completed a full geometry
description of the HK detector to allow a detailed Geant4 Monte Carlo simulation. The reconstruction
algorithm developed by the Canadian group for T2K and SK has been adapted to the HK simulation.
These tools are the basis for detector performance and optimization studies necessary for producing
a full technical design.
While the nature and scope of a potential Canadian contribution to HK are still under discussion, along
with partnerships and collaboration with HK groups in other countries, the magnitude of the contribution
is anticipated to be approximately $5 million with 20 FTE-years of TRIUMF personnel support from
TRIUMF. TRIUMF scientists will be involved in these activities and the project will use laboratory space
and test beams at TRIUMF. Operating funds of approximately $2 million/year, the current level of
support for Canadian activities on T2K, will be requested from NSERC.
The upgrades to T2K and the R&D on Hyper-Kamiokande are critical to achieve goals of section
6.2.2.1 Precision Measurements of Standard Model Processes, in particular relating to neutrino mixing
parameters.

6.3.2.3 ULTRA-COLD NEUTRON FACILITY
Ultra-cold neutrons (UCN) with their remarkably low energies (< 300 neV) are totally reflected from
the surfaces of a variety of materials and can therefore be stored in bottles for long periods of time.
The challenge in producing UCNs is in the efficient cooling of the neutrons without suffering large losses.
Superthermal sources for UCNs, like the one being developed for TRIUMF, take advantage of cooling
via phonon excitation and is based on an innovative technology using a superfluid helium (He-II)-based,
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spallation, UCN source that is currently undergoing development at RCNP in Osaka, Japan. At TRIUMF,
UCN densities of 1,300 UCN/cm3 will be achieved, and these are comparable to the goals of other
international facilities.
In the period 2015–2020, the CFI funded TRIUMF UCN facility will be completed including an
expansion of the new helium liquefier facility for full power operation of the UCN target (see Figure 3).
The UCN facility will begin operation in 2016 at a beam current of 1 µA, which will be stepped up to
the design current of 40 µA over several years.
The top priority for the UCN facility will be a measurement of the neutron electric dipole moment
(nEDM) with a target sensitivity of 10-28 e cm. The nEDM experiment will build on the current
developments at RCNP and is complemented by an intensive R&D effort of the growing Canadian
nEDM collaboration. This includes work on the UCN storage cell, the co-magnetometer, as well as a
major upgrade to the magnetic shielding. In addition possible upgrades to the UCN source are under
consideration, including the use of a liquid D2 moderator.
It is also planned to add a second extraction port to the UCN source, which would provide the exciting
possibility to expand the scientific reach of the TRIUMF UCN facility. Other high profile experiments
that can be carried out at the second port are measurements of the neutron lifetime, of the gravitational
law at very short distances, and decay correlation experiments searching for indication of new particles
or forces.
The Canadian collaboration is increasing in size with six new faculty members at TRIUMF, Manitoba,
UBC, and SFU joining over the past few years. In particular, a newly hired TRIUMF research scientist
(Ruediger Picker) with extensive experience in experiments using UCN (neutron EDM, neutron lifetime,
and neutron beta decay asymmetry experiments) joined the TRIUMF UCN team in 2013.
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Figure 3: Layout of UCN facility.
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In Japan, an international review held in December 2012 chose the UCN/neutron EDM project at
TRIUMF as the main neutron EDM project for the KEK Institute of Particle and Nuclear Studies
(KEK-IPNS), leading to additional support for the project from KEK-IPNS, including a new assistant
professor position for UCN. In spring 2013, the Research Center for Nuclear Physics (RCNP) in Osaka,
where the initial test of the UCN apparatus is taking place, also approved additional funding for the
neutron EDM experiment as an RCNP project. In the beginning of July, a milestone was reached with
the cooling the new UCN source to below 0.8 K, paving the way for a UCN production test to start in
the fall of 2013.
To support this effort, approximately $2 million is needed through the NRC Contribution Agreement to
upgrade the LHe liquefier and beam line magnet power supplies, acquire He-3, create an additional UCN
port, and install shielding for higher intensity operation. A total of 21 FTE-years of TRIUMF engineering,
design and technical support for the completion and upgrade of the UCN facility, as well as data
acquisition and beam line operations support, is also needed. A $3.5 million request to CFI or NSERC
for magnetic shielding and a LD2 moderator upgrade is expected, along with a $500,000/year operating
grant application to NSERC.
Enabling the full capacity of the UCN facility is critical to achieve the goals in section 6.2.2.1 Precision
Measurements of Standard Model Processes, in particular the measurement of the neutron EDM.

6.3.2.4 BEAM LINE 1A AND MESON CHANNELS
Beam line 1A (BL1A) delivers protons at 480 to 500 MeV with currents of 100-140 µA into the
Meson Hall and serves a multitude of scientific programs:
• 4.2 MeV surface muons mostly for the µSR program at M15 (from target T1) and the newly installed
muon channels M9A, M20 (from T2) with their worldwide unique muons on demand capability.
• Energetic µ+ and µ- for µSR and other muon experiments at M9B (from T2). M9B is a worldwide
unique channel that enables µSR experiments in extreme environments, such as high-pressure,
which has substantial scientific potential for chemistry studies related to Generation IV reactors,
battery materials, etc.
• Beams of electron, pions, and muons for detector testing and development at M11 (from T1),
which is important for projects like the ATLAS detector upgrades, T2K/HyperK as well as Belle II.
• Neutrons for irradiation studies of electronic devices at TNF.
• Neutron production at UCN via the new beam line branch BL1U (replacing M13).
Simultaneous operation of all of these from one proton beam makes BL1A highly productive; however
BL1A is now 40 years old, and as a result of intensive operations and deferred maintenance over the past
10 years various problems are arising, both directly at the beam line, such as vacuum leaks of the beam
line, leaks in the target and magnet water cooling systems, magnet coils shorting (ground faults), and
cooling problems, as well as in the supporting systems, such as DC power supplies, vacuum pumps,
controls, and diagnostics. It is therefore essential to develop and start a maintenance program for this
aging infrastructure.
M9 is currently disconnected from T2 due to the inability to make a reliable vacuum seal. The quadrupole
doublet M9:Q1-Q2 has been removed. The root cause is movement driven by an expanding concrete
block pushing M9 to the west.
While removal and replacement of the T2 target monument and the M9 and M20 front ends are likely too
costly, TRIUMF is evaluating alternative options that can be implemented step by step, thus allowing for
more or less continuous science exploitation. One such option may consist of rebuilding the M9 front end
with non-active quadrupoles, mounted on new poured-in-place concrete. In this scenario, the cause of the
M9 shift would not be removed, and the current indium sealing technology would be used. A new
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radiation resistant Q1 could be shorter to make more space available at the T2-M9 seal to ease remote
handling and to build in some flexibility to follow any further movement of the M9 front end. This fix
will be applied as soon as reasonably feasible, to allow the use of the M9A and M9B meson channels for
the CMMS science program. This would provide sufficient time to carry out, in the first years of FiveYear Plan 2015–2020, a detailed engineering study and prototype any more involved future refurbishment
activities, including, for example, changes to remote handling concepts and new vacuum seal technology.
About $2 million has been allocated in the proposed budget for this engineering study.
On the experiment side, there are plans to equip the M9A beam line with a dedicated µSR spectrometer
that will allow for high-throughput characterization of magnetic and superconducting samples. Also, a
new high-field µSR spectrometer is being developed with improved magnetic field homogeneity and
solid-state detectors, which have improved performance and lower cost. This will be invaluable for
characterizing the mixed state of Type-II superconductors.
The engineering study on BL1A and the activities to improve the capability of the µSR spectrometers
are important to achieve the goals of Section 6.2.3.2 Molecular and Materials Science Using µSR and
β−NMR.

6.3.3 INSTITUTE FOR ACCELERATOR-BASED
MEDICAL ISOTOPES (IAMI)
TRIUMF’s historical basis in Vancouver, BC, has generated the ingredients for a regional centre
of excellence that would catapult Vancouver from the significant but presently separated capabilities
to “Isotope Valley,” a local network of accelerator-based science, technology, innovation, and
commercialization. A regional centre is motivated not only by the synergies that arise by housing the
multiple disciplines and sectors of nuclear medicine under one roof, but also by the advantages of
sharing resources and centralizing managing the reliable production of isotopes and radiotracers for
clinical research and commercial transactions.
Nordion, Inc. based a major element of its isotope manufacturing and distribution plant at TRIUMF
35 years ago because of the laboratory’s technical and operating expertise. Ebco Industries, Inc.
in Richmond, BC, helped build TRIUMF’s main cyclotron in the 1970s and then commercialized a
TRIUMF-inspired design for compact (TR-series) medical cyclotrons via Advanced Cyclotron Systems,
Inc., in the 1980s. The UBC PET program and the Pacific Parkinson’s Research Centre leveraged
TRIUMF expertise in isotope production and PET/CT imaging technologies to establish world-leading
research programs over the past 20 years. Over the past 15 years, the BC Cancer Agency built on
TRIUMF’s accelerator and isotope expertise to establish its own Centre for Functional Cancer Imaging
and now owns and operates its own cyclotron in central Vancouver to serve the cancer patients of BC.
More recently, the BC Preclinical Research Consortium (BC PRC), the Centre for Drug Research and
Development, and the Centre for Comparative Medicine have been established in the Vancouver region.
With different specific intentions, these “end-user” biology-and-health organizations are focused on
promoting and developing a network of skills, resources, and capabilities than can provide easy access,
central planning, and efficient user experiences for everything from drug discovery and development to
studying the structure and evolution of disease.
The tools of medical isotopes, via molecular imaging, could make an enormous difference for this
growing cluster. Five-Year Plan 2015–2020 proposes to capitalize on this opportunity with the creation
of a regional centre of excellence called the Institute for Accelerator-Based Medical Isotopes (IAMI).
Isotopes from accelerators are a growing part of society and have become a mainstay in many different
fields of research. With isotopes, molecular imaging is inherently interdisciplinary and transdisciplinary.
It requires intensive collaboration from teams of researchers in the areas of molecular biology,
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SNMMI RECOGNIZES TOP TALENT AT TRIUMF
07 May 2013
Two young TRIUMF professionals, Eric Price and Hua Yang, have been recognized by
the Society of Nuclear Medicine and Molecular Imaging (SNMMI). They represent the
extraordinary success and talent behind TRIUMF's Nuclear Medicine Program.
Eric Price, UBC Chemistry and TRIUMF graduate student, won the prestigious SNMMI
Berson-Yalow Award 2013 for his abstract which describes a new way to incorporate
radiometals into antibodies and other biological agents. It will be published in the
Abstract Book Supplement to the Journal of Nuclear Medicine, June issue.
Hua Yang, an R&D support chemist at TRIUMF is the recipient of the 2nd place "Best Science" award from the SNMMI Young
Professionals Committee. Yang's area of research is in radiotracers with a focus on oxidative stress imaging. She was recognized
for her abstract titled "Development of F-18 labelled aminosuberic acid derivatives for in vivo analysis of cystine transporter
expression and oxidative stress".
The SNMMI YPC award is a young professional award that recognizes the best research-based presentation on basic science
or clinical topics.

radiochemistry, cyclotron target design, medical imaging, preclinical testing, pharmacokinetics, radiation
dosimetry, and pilot clinical trials. As this cannot be competitively achieved at any one facility in Canada,
a regional network is the only way to accomplish the goal of benefiting Canada’s healthcare system.
One specific opportunity is related to the relocation of the UBC Centre for Comparative Medicine
across the street from TRIUMF. An imaging centre is being constructed there and will be coupled to the
TRIUMF isotope production facilities by a short delivery pipeline enabling unique pre-clinical research
using short-lived radiotracers. This imaging facility will enable the preclinical assessment of newly
developed tracers, providing critical early information on their potential to be developed further for
clinical use. This facility is anticipated to be fully operational during the 2015-2020 period and support
personnel will need to be hired in time for start-up. Working through the BC PRC, two different drugdevelopment companies have approached TRIUMF in the last month requesting C-11-based radiotracers
to assist their benchmarking studies of pharmokinetics and drug action. The physics of creating the
isotopes and the chemistry of synthesizing the tracer would happen at TRIUMF and the biological
analysis would take place at the CCM using an imaging suite led by an investigator in the UBC
Department of Physics and Astronomy.
The Nuclear Medicine Program and the associated infrastructures at TRIUMF are currently undergoing
a substantial upgrade, a portion of which includes a newly refurbished laboratory, partly financed by
Nordion, Inc. Nordion’s support is a testament to the value this long-standing private-sector partner
sees in TRIUMF. It is important to note that the research carried out by the Nuclear Medicine Division
will continue to be accomplished using peer-reviewed funding from various agencies. These efforts will
be supported through funding provided by agencies such as the Canadian Institute for Health Research
(CIHR), the Natural Sciences and Engineering Research Council (NSERC), Genome BC, Western
Economic Diversification of Canada (WD), and others.
IAMI will allow TRIUMF to continue redefining state-of-the-art cyclotron technology, isotope
production, the extraction and manipulation of radioisotopes, GMP-compliant radiopharmaceutical
production, and other applications. To do so, the program will require sufficient resources to support a
core complement of operational staff for operations (TR-13, GMP-lab/clean room) and safety (Quality
Assurance, Quality Control of radiopharmaceuticals), while having the capacity to support the research
efforts of our partners in state-of-the-art isotope research facilities. This includes space for researchers,
engineers, and other skilled individuals to work together to achieve the scientific goals established
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through the program and associated peer-reviewed funding. By bringing multiple disciplines together,
the institute will foster scientific excellence by enhancing BC (and Canada) as a world-leading location
for isotope-based research.
Formalizing the TRIUMF isotope production and radiopharmaceutical effort into an institute will serve
to unify TRIUMF and its partners in the PPRC and BCCA and elevate all programs to the national and
international stage.
At the heart of the new institute will be a new 24 MeV TR-24 cyclotron (see Figure 1), funded through
additional external agencies, to replace TRIUMF’s TR-13 as the workhorse cyclotron for the division. For
more than 20 years, the TR-13 cyclotron has been the heart of the TRIUMF Nuclear Medicine Program.
This machine is aging and, given the growing demands for isotope production, a replacement cyclotron
will be required in the near future. In addition, the maximum allowed energy (13 MeV) and beam current
of the proton beam have long been dictated by the location of the cyclotron being in an open area of
TRIUMF’s Meson Hall, setting limits to the amounts of isotopes that can be produced with it. In order to
continue delivering on our existing commitments, and at the same time grow the program, a replacement
cyclotron with higher energy and beam current, has to be placed inside an appropriate shielded
environment. This machine will need to be housed in a vault with close proximity to the radiochemistry
facilities.

Figure 1: Modern TR24
cyclotron manufactured
by ACSI, Inc.

With a modern cyclotron and operational support IAMI will:
1. Enable the reliable commercial-scale production of Tc-99m for all of BC and serve to stabilize
the supply for all medical isotopes used in the province;
2. Support part-time commercial operation to produce other related medical isotopes;
3. Support an expanded radioisotope and radiopharmaceutical research program in line
with the program goals discussed above; and
4. Facilitate interactions with the remaining molecular imaging programs in Canada, allowing for
participation in efforts such as the CIHR-funded MITNEC (Medical Imaging Trial Network of
Canada) and the MINet (Medical Imaging Network) proposal in the framework of the Networks
of Centres of Excellence of Canada program.
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The IAMI program would encompass:
• Accelerator Research: cyclotrons, e-linac, target science;
• Isotope Research: nuclear chemistry, hot atom chemistry, radiochemistry,
radiopharmaceutical chemistry;
• Applications: Researcher-based investigations into novel imaging and systems;
• Research Translation: Opportunistic, facilitate private sector, academic interaction;
• Knowledge Transfer: Facilitate research dissemination, technology accessibility; and
• Training: Provide the Canadian and international community with world-class highly qualified
personnel in the cyclotron and isotope sciences.
At the core of the IAMI is a new TR-24 medical cyclotron, for which TRIUMF and its partners are
currently seeking funding outside the NRC contribution agreement ($3-5 million based on a cost-sharing
model among multiple partners that would repurpose significant existing infrastructure at the TRIUMF/
Nordion interface). The proposed budget includes funds for an additional 2 FTE for cyclotron operation,
radiochemistry, and quality assurance. To summarize, the TR-24 and funding for the IAMI are will
enhance the capacity, capabilities, and compliance of the TRIUMF Nuclear Medicine effort. A higher
current, variable energy machine when coupled to the requested operational support will give TRIUMF
and its partners access to a larger repertoire of isotopes, enabling a broader effort and larger impact. The
Institute will provide essential staffing and expertise to promptly follow fast changing regulatory demands
by Health Canada for radiopharmaceutical production, which is in particular important in view of the
larger set of radiotracers being produced.
In summary, the Institute for Accelerator-Based Medical-Isotopes is critical to achieve the goals of
sections 6.2.1.5 Isotopes for Molecular Imaging of Diseases and Treatment of Cancer and 6.2.3.3
Advancing Isotope-Production Technologies with Accelerators.

6.3.4 PERSONNEL AND STAFFING
As a resource for Canadian science and innovation, TRIUMF provides highly trained and specialized
talent and advanced technical and engineering equipment and facilities. It is no surprise, then, that much
of the support for TRIUMF is directed toward salaries and wages for permanent, temporary, and contract
staff. (Please see Section 5.2 for a characterization of the skills mix of TRIUMF’s core and continuing
staff.)
By the completion of Five-Year Plan 2010–2015, about 70% of the funding provided through the
NRC Contribution Agreement will have been applied to TRIUMF’s (fully loaded) salary budget, funding
around 305 people in 2015. Current estimates show that an additional $3.4M/year from other sources
will have been used by TRIUMF to cover additional personnel needed for carrying out its cutting-edge
research program. (Staff associated with salary-recovered activities such as Nordion operations, AAPS
technical consulting, TRIUMF House staff, and so on are not included.)
TRIUMF tracks staff effort through monthly timesheets that are electronically managed. Individuals
report their time against the list of commitments. (Please see Section 5.9.4 for a discussion of TRIUMF’s
project management system and the commitment list.) This data provides powerful insights into how
TRIUMF operates. On the highest level a distinction is being made between operational and project
commitments.
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Table 1 shows the long-term operational commitments of TRIUMF staff over the past three years.
It should be noted that as a consequence of the limited funds available through the 2010-2015 NRC
Contribution Agreement TRIUMF went through significant belt-tightening and efficiency gains with
approximately 7% overall staff reduction (note that the 2012 operational manpower would be at 221.4
FTE without moving the 10 FTE janitorial staff to the salary budget with additional reductions for project
commitments). Further staff reductions were made but in order to maintain critical core competencies
several strategic hires were needed.
FTEs

Category

Basic Services

Administration
Infrastructure
Cost Centres
Accelerator Operations
Teaching and related
Accelerator Research
CMMS
Particle Physics
Nuclear Medicine
Nuclear Physics
Theory
AAPS
Tech Transfer, Commercial
Detector Development
Electronics & Controls

Accelerator Ops
Research

Applied
Other
Total FTEs

2010

2011

2012

44.4
38.6
5.6
87.8
3.3
0.0
1.3
11.6
2.1
11.0
8.8
2.6
5.7
2.4
4.1
229.3

41.7
37.9
7.3
87.1
2.1
1.6
1.7
11.4
2.9
11.2
10.0
2.3
5.7
2.4
1.0
226.3

39.0
49.5*
5.1
87.4
1.5
3.7
2.2
10.1
2.8
9.7
10.7
1.5
4.4
2.6
1.2
231.4

Table 1: History of TRIUMF operations staff in FTE. *Note that between FY2011 and FY2012, 10 FTE janitors were added
to the salary budget; this service had been provided as a contract under materials and supplies in an earlier budget.

This section discusses several observations about TRIUMF’s deployment of human resources and its
impact in the proposed Five-Year Plan 2015–2020:
• To accomplish its full program of work, TRIUMF relies on multiple funding sources
to support the required staff.
• TRIUMF staff are highly matrixed.
• Five-year salary support through the NRC Contribution Agreement is efficient and effective.
• Five-Year Plan 2015–2020 seeks to (a) keep TRIUMF’s personnel compensation sufficiently
competitive to attract and retain the needed mix of talent, and (b) transition a number of temporary
staff positions to long-term core and continuing positions to fully exploit new capabilities coming
online at the lab.

Multiple Sources of Salary Support
Individuals working at TRIUMF are supported through funds contributed by NRC (via the Contribution
Agreement), NSERC grants and awards, Canada Foundation for Innovation awards (both infrastructure
development awards and infrastructure operating funds awards), Natural Resources Canada
(via contribution agreements from the NISP and ITAP programs), funding mechanisms with external
institutions, and earned commercial revenues. (See Section 6.4.1 for additional details.) Figure 1
shows the relative proportions.
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NRCNRC
NSERC
NSERC
CFI_IOF
CFI_IOF
CFI CFI
NRCAN
NRCAN
Nordion
Nordion
Affiliated Institutions
Affiliated
Institutions
Commercial
Commercial
CFI-UCN
CFI-UCN
AAPS Inc.
AAPS Inc.

Figure 1: The proportion
of TRIUMF staff supported
by each funding source;
this chart includes 403
FTEs. The data is for the
first quarter of FY2013
and includes all staff paid
though the TRIUMF
payroll including postdoctoral researchers but
excluding students and
casual labour.

The partnership between agencies and patrons of TRIUMF is seamless. In the area of nuclear-medicine
research, for instance, 3 FTE are supported through NRC-contributed funds and 4 FTEs are supported
by Natural Resources Canada until March 2015 for work on the ITAP cyclotron-production of Tc-99m
project. Elsewhere, NRC supports the salaries of 10 FTEs for the operations of nuclear-physics research
facilities and NSERC supports the salaries of nearly 14 FTEs working in the same vein.
For 2013, the group of activities whose salaries were mostly supported by non-NRC-contributed
activities were particle physics, nuclear physics, nuclear medicine, and materials science research.

Matrixing of Staff
Many individuals at TRIUMF split their time between working on core operations and contributing to
new projects. Moreover, skills sets are sufficiently rare and sparsely distributed. In recent years, roughly
190 people spent 90% or more of their time purely on operations, including the commercial group that
operates Nordion, Inc.’s cyclotrons. Only 36 people spent more than 90% of their time on projects. More
than a hundred people split their time between 30% and 70% on operations and projects. Figure 2 shows a
histogram of the number of commitments per person that TRIUMF staff contribute to over the course of
FY2012.
140
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Figure 2: Histogram of number of staff working on
different commitments accumulated over FY2012; the
data includes commitments supported by NRC, CFI,
and cost-recovery activities. The chart indicates that a
majority of staff members are involved in multiple,
distinct commitments every year.
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Type of Salary Support
In the world of research and innovation, salary support is typically divided into “hard” and “soft” money.
This distinction points to a somewhat arbitrary degree of permanency in a hired position. A salaried
position supported by hard money means that the funds to support the fixed (and loaded) salary costs of
that position are available for a substantial number of years in the future and are certain (to the degree
that anything in the future is certain).
As indicated above, the TRIUMF program of work is actually delivered by a complement of staff
supported by NRC “hard” monies (for up to five years at a time) and a network of short-term, focused
“soft” monies. TRIUMF continues to experience some challenges in recruitment on both fronts; certain
agencies are unwilling to invest in TRIUMF knowing that “in five years, the laboratory could be closed”
and many talented individuals are uninterested in a five-year “grant-tenure” type position that has no
long-term commitment with more security. In spite of this, TRIUMF has operated for 40+ years and
continues to be effective in attracting some of the most talented individuals around the world (cf. Head
of the Accelerator Division, recruited from a U.S. lab; Head of the Science Division, recruited from the
most senior, most secure academic rank in Germany).
NRC-supported positions are the most secure that can be offered by TRIUMF, and as a result are a critical
element in attracting and retaining the best people. As TRIUMF’s service to Canada grows with the
addition of ARIEL and new nuclear-medicine capabilities, the lab seeks to deploy more NRC-based
funds to guarantee salary support for a minimum of up to five years at a time for the best people.
The NRC funding also provides the stability needed to develop and maintain the specialized expertise
required for cutting edge scientific experiments. This expertise is frequently not available on the open
market but must be developed and maintained in house. The core NRC funding can support this expertise
on an ongoing basis and make it available to different projects as it is needed. Cost of resources utilized
outside of its NRC funded purpose will be recovered.

Five-Year Plan 2015–2020
Five-Year Plan 2010–2015 has a tight profile for adjustments to salaries for TRIUMF personnel. On the
NRC-contributed budget, salary adjustments have been 0%, 1%, 1%, 1.5%, and 1.5% for each of the
sequential years in the five-year period. The highly constraint budget only allowed for limited amounts
of additional merit bonus payments and few selected merit based salary increases and promotions.
During the first few years of Five-Year Plan 2010-2015 in which the salary increases were very restricted,
TRIUMF allocated funds to address a small number of internal salary inequities and pay anomalies, as
well as to make strategic pay adjustments for emerging leaders within the lab.
The annual salary budget increases have been very constrained during the current five-year plan, ranging
from 0 to 1.5%; employees changing jobs or companies expect raises of 2 to 4 percent, and thus the
starting salaries of new hires can exceed that of current incumbents. TRIUMF needs to address salary
compression and retention. Salary compression beyond our current five-year plan is not sustainable if
we are to retain talent. The observation that university salaries exceed TRIUMF compensation has been
recognized by TRIUMF’s Board of Management as an issue to be resolved.
To attract and retain the highly competent staff needed for its program, TRIUMF seeks a salary profile
for 2015–2020 that accommodates merit-based increases, promotions, and modest economic adjustments
totalling 2% per year, starting from the current salary base. TRIUMF’s program is attracting some of the
top talent in the world, however, it must also pay competitively to be successful in hiring and retaining
that talent.
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As additional facilities at TRIUMF come online in the 2015–2020 era (e.g., ARIEL e-linac for isotope
production and accelerator physics), and the operational responsibility moves from CFI to TRIUMF for
other new facilities (e.g., M20 for materials science, ATLAS Tier-1 Data Centre for particle physics), the
laboratory seeks a shift from “design & construct” funding to “commission & operate” funding to extract
the promised science for Canada. Because different agencies support staff at TRIUMF for different
purposes, this evolution suggests an overall constant operating envelope with a shift to increased NRCcontributed salaries.
Specifically, Five-Year Plan 2015–2020 proposes the following:
• NRC-supported staff engaged in operating present TRIUMF facilities (cyclotron, ISAC, Meson Hall
science, detector-development facilities, machine shop and design office capabilities) will continue to
support the Canadian research community in domestic and international projects at the same level;
• The scientists, engineers, and technicians presently engaged in designing and building ARIEL Phase I
will continue to be available to design and build ARIEL completion (target stations, beam-delivery
infrastructure, proton beam line, and high-power e-linac); that is, TRIUMF staff supported by NRCcontributed funds would provide the bulk of labour required for the ARIEL completion CFI proposal;
• Project staff presently completing the design and building of detector facilities in ISAC and M9 and
M20 in the Meson Hall as well as SNO+ and DEAP at SNOLAB will transition to supporting ARIEL
operations and exploiting science; others will pick up the task of designing, assembling, and
commissioning the Ultra-Cold Neutron facility;
• A handful of strategic hires will secure the nuclear-medicine program’s research and innovation
capabilities within IAMI, add capacity to TRIUMF’s ability to partner with AAPS, Inc. and other
Canadian businesses, and enhance Canadian university involvement in TRIUMF through joint
faculty appointments of fixed term; and
• CFI-supported staff operating the ATLAS Tier-1 Data Centre will move to
NRC-contributed salary support.
The bottom line is that TRIUMF would shift the number of core and continuing staff supported by the
NRC-contribution salary budget from 305 to 340. Note that this is not a growth in the program but a shift
in the basis for its support. Table 1 below indicates the manpower needed to fulfill TRIUMF’s vision
described above and support all the ambitions of the Canadian university community through TRIUMF’s
unique infrastructure and skilled personnel.
The request for the NRC contribution agreement includes funding for staff at the 340 FTE level.
It is expected that demands beyond this level will be supported through project funds, e.g., through
CFI projects, or resources will have to be used selectively for the highest priority demands.
FTEs

Current operations
ARIEL operations
ATLAS Tier-1
IAMI
ARIEL Completion
Science Projects
Total FTEs

FY2015

FY2016

FY2017

FY2018

FY2019

230
30
9
6
50
35
360

230
35
9
6
55
25
360

230
45
9
6
50
25
365

230
50
9
6
45
25
365

230
50
9
6
45
25
365

Table 1:. Workforce in FTEs needed for different aspects of the TRIUMF program.
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In addition to this core staff, TRIUMF intends to make a handful of strategic hires in the context of
the planned program enhancements. As already mentioned above, 2 FTE will be needed for cyclotron
operation, radiochemistry, and quality assurance in support of the Institute for Accelerator-Based
Medical-Isotopes. We also intend to add 2-3 staff to expand TRIUMF’s activities in developing new
industrial partnerships and exploiting new opportunities for technology transfer to Canadian companies.
Finally 2-3 half-time positions would be used to strengthen the Canadian scientific community through
several strategically placed joint faculty positions.

6.3.5 DEFERRED MAINTENANCE STRATEGY
The TRIUMF site contains hundreds of thousands of square feet of laboratory and technical space
including eight different particle accelerators and dozens of scientific experiments and detectors along
with significant supporting infrastructure for electrical power, cooling, specialty gases, vacuum,
computers and networking, and so on. Some of these foundational elements have been operating for
decades and have aged significantly.
In constrained funding environments, TRIUMF has historically deferred large-value maintenance
activities or regular replacement strategies in favour of maintaining operations and extracting high-quality
science. The lab is now approaching 45 years old (the main cyclotron will have been running for 40 years
in 2014) and key elements need urgent attention. Canada’s continued leadership in subatomic physics is
in jeopardy as the risk of failure of core components at TRIUMF escalates.
This section discusses the inventory of deferred maintenance issues and outlines relative priorities for
addressing them as part of Five-Year Plan 2015–2020.
Reviewing TRIUMF’s highest operational risks, the following areas are those that can be dramatically
and reasonably mitigated by structured spending of capital and maintenance budgets over the next five
years.

Maintaining cyclotron performance and reliability
A majority of TRIUMF’s research relies on the smooth and steady performance of the main cyclotron.
Several systems associated with the cyclotron are past due for repairs or replacement.
Main magnet power supply (valued at $1 million): The power supply for the main magnet of the
cyclotron is nearly four decades old and is at risk of system failure. Replacement parts are no longer
available and a full replacement system would take 6-9 months for procurement and installation.
Modern power-supply systems would offer several enhanced features including greater energy
efficiencies. To reduce the risk of unacceptable downtime, TRIUMF would purchase a power-supply
system for $1 million and install the new system during a shutdown period.
Refurbishment of cyclotron controls and systems (valued at $2 million): As part of a decade-long
refurbishment program for the cyclotron, TRIUMF uses its annual shutdown to replace and update
a portion of the main cyclotron and replace ageing and obsolete equipment. The replacement and
upgrade of these systems also enhances the performance of the cyclotron by increasing stability at
high-intensities (required for running ISAC and BL4N within ARIEL). These systems include:
•
•
•
•
•
•

Complete vault re-cabling program (including BL1A tunnel)
New 4-unit solid state power amplifiers (IPA)
Switchable 3 power amplifiers for RF operation
Transfer-line matching section upgrade
1.5 MW dummy load
RF booster solid state driver
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•
•
•
•
•
•
•
•
•
•
•
•
•

TRIMAC controllers replacement with programmable logic circuits
Cyclotron tank vacuum control system upgrade
New cyclotron cryopumps
BL1 Beam Profile Monitors implementation
Centre region diagnostics upgrade
Diagnostics electronics upgrade
New operating ion source in I2 (I1 will be hot spare)
ISIS vertical injection beamline buncher
ISIS horizontal section upgrade
Filament-less H- ion source development
Tank thermocouples refurbishing
RF system high power upgrade
Nitrogen cryogenic refrigerator

The upgrade of the major systems of the main cyclotron will involve partnership with universities,
industries and other labs. This will foster knowledge base development and technology transfer
to other institutions and industries.

Site-wide services and utilities
TRIUMF’s research program relies on a network of common utilities including power and water that are
distributed across the site from a central distribution centre that connects with the UBC “municipal” grid.
The site-wide high-voltage transformer needs upgrading as does the network of site-wide mechanical
(HVAC, water) systems.
Site-wide electrical transformer: The present TRIUMF electrical grid is about 42 years old. It has two
main nodes, T-1 and T-2 each fed by a 12 MVA, 60 kV-12.47 kV transformer, that operate at different
voltages. The T-1 node operating at 11.6 kV (node 1) supplies the Cyclotron Main Magnet and the RF
system; the T-2 node at 12.47 kV (node 2) supplies the rest of the site and a number of UBC South
Campus activities.
Node T-1 is loaded about 30% (4 MVA) while node T-2 is loaded approximately 67% (8 MVA).
The future demand of the e-linac and ARIEL alone on node T-2 is estimated to add a peak of 5 MVA at
regime around 2018, which will exceed its capacity. The present substation transformers have been in
operation for more than 40 years at relatively small loading. Loading to capacity one of the two units is
not advisable given the age of the equipment.
The proposed scope of work would include:
1. Engineering consultants services
2. Replacement of both T-MM and T-RF transformers with ones that allow compatible operation
with the node T-1 transformer at 12.47 kV
3. Upgrade of the 12.47 kV switchgear and re-distribution of loads among T-1 and T-2; and
4. Upgrade of the TRIUMF load-monitoring and fault-protection systems.
This need stems from the requirement to free up capacity from the T-1 node to use for ARIEL and other
future loads as well as easing the loading of ageing transformers by re-allocating some of the T-2 loads
to T-1. The project will also address a lack of redundancy concern: if either T-1 or T-2 fails there is no
redundancy in the present system. Under the proposed upgrade it will be possible to operate either the
e-linac or the cyclotron and associated experimental programs with one substation transformer and
possibly both if the peak operating demand will be within the capacity of either T-1 or T-2 until the
failed one is repaired or replaced. Preliminary estimates from the local utilities suggest $1M of capital
would be required for the chief elements of this work package.
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Mechanical systems upgrade (valued at $0.5 million): HVAC systems in several of the TRIUMF
buildings are failing and relatively low efficiency systems are getting worse. Similarly, cooling-water
systems including pumps, piping, and interconnects (e.g., purification, heat exchangers) have been
running without interruption for decades. Key elements of these non-glamorous mechanical systems
need replacement in order to maintain high performance of TRIUMF’s research infrastructure.
Upkeep and refurbishment of specific infrastructure: In addition to operating risks associated with the
cyclotron and site-wide mechanical systems, leaks in the roof of the Accelerator Building present a hazard
and a risk. TRIUMF’s Machine Shop also requires regular equipment upgrade and/or replacement to stay
relevant and effective.
Accelerator Building roof: The Accelerator Building at TRIUMF not only houses the main cyclotron
and the e-linac, it is the oldest experimental area on the site, dating back to the early 1970s. Research
activities in this building now include treatment of ocular melanoma, production of medical isotopes,
study of advanced materials with muon beams, irradiation of aerospace and computing systems for
industry, and provision of probe beams for detector development and certification. The roof on this
facility needs replacement; it routinely leaks water and debris onto the experimental areas and serves
as a steady nuisance for scientists and students working in the lab space. The area to be re-roofed is
approximately 45,000 sq ft. The scope of work was quoted at $800k in 2008 and would cost about
$1M in today’s pricing.
Machine Shop and Design Office Upkeep: TRIUMF’s Machine Shop and Design Office are in high
demand by the Canadian research community; both facilities experience backlogs of work that can range
up to a year or more. (Please see section 5.9.4 on project management to learn more about priorities and
work-queue management.) In order to maintain relevance and high productivity, roughly one machine
tool at the Shop should be replaced each year (about $100k). Likewise, design and engineering software
in the Design Office undergoes a major upgrade and licensing-fee renewal at least once every five years.
Keeping these two activities at high functioning level is a priority and would require about $500k.
Beam Line 1A: This beam from the main cyclotron is the oldest at TRIUMF and drives beams for proton
therapy, PIF & NIF irradiation testing, medical-isotope production, and the muon program for materials
science. It is starting to fail due to long-term use and suspected movement of the concrete pad on which
one of the production targets is mounted. During 2015–2020, TRIUMF will undertake a detailed
engineering study to assess the systemic weaknesses and develop a mitigation and repair plan, including
reliable cost estimates, that modernizes the infrastructure. This activity would cost $2 million.
This set of large-ticket maintenance items is consistent with the program of maintaining and operating the
overall TRIUMF laboratory and are therefore considered priority items for the NRC-contributed operating
funds. In the event of insufficient resources for Five-Year Plan 2015-2020, the items would be handled in
priority order: the cyclotron and site-wide transformer are the most critical and most important and would
be addressed at some level in all scenarios. Mechanical-system upgrades and Meson Hall roofing would
be deferred to a subsequent Five-Year Plan, as would maintenance and upkeep of the Machine Shop and
Design Office equipment.

Expanded technical and administrative space
The TRIUMF site is densely packed with buildings, underground infrastructure, and support facilities.
The on-site accelerators are sophisticated and often require elaborate systems to support them on a
crowded piece of real estate. For instance, the ARIEL project includes not only the main isotopeproduction building but also a helium-compressor building and the underground Electron Hall to house
the e-linac and an underground tunnel to connect the accelerators to the target areas. In fact, the main
ARIEL building was sited on top of an existing facility at TRIUMF that handled shipping, receiving,
and small-supplies stores. The facility was demolished and rebuilt at the edge of the TRIUMF site in
order to make room for ARIEL.
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The laboratory has a need for new technical space and administrative offices. A network of ageing trailers
house technicians and engineers, scientific visitors, and students outside of a limited number of offices in
the Main Office Building and ISAC complexes. UBC’s occupational health inspections have indicated
that many of the trailers are unhealthy work environments.
The Institute for Accelerator-based Medical Isotopes (please see Section 6.3.3) will include a modern
medical cyclotron at TRIUMF. This device will require a shielded vault and supporting technical space
to house control systems and power supplies. There is one favoured location at TRIUMF that already
includes some of these services, but it would require decommissioning and refurbishment along with
access agreements. As the ATLAS Tier-1 Data Centre expands its disk and tape storage capacity for the
new volumes of data, it too will require additional floor space. Other projects are also placing increasing
demands on the limited amount of technical, serviced laboratory space at TRIUMF.
Maintaining reliable ISAC performance and enhancing reliable operations: The ISAC facility was
built nearly 14 years ago and the beam delivery systems exposed to the highest levels of radiation are
showing signs of ageing. During the period 2010-2015 two target modules (TM1, TM3were refurbished
as part of an upgrade and refurbishment program that has improved beam delivery reliability. Since ISAC
will still carry most of TRIUMF’s rare isotope program during the period 2015-2020, it is important to
establish a continuous refurbishment program for target modules. As an example, further refurbishments
of target modules are essential to continue reliable beam delivery, such as a complete reconstruction
of the service cap, service tray, source tray and the containment box for TM2. Adding remote quick
connection/disconnection mechanism for the target and ion source services will substantially reduce
the turn-around time for target changes on the current ISAC facility, by eliminating the long cool-down
periods currently required for a technician to make the connections by hand. A second hot cell (the North
Hot Cell) will reduce dependence on a single hot cell for both routine target exchanges and radioactive
repair or refurbishment jobs. The combination of these systems, together with the newly installed and
operating conditioning station, will allow us to reduce the target exchange cycle from weeks to days,
and further increase the reliability of the RIB production. The ISAC refurbishment program will cost
$2.5M.
TRIUMF seeks to address these issues in Five-Year Plan 2015-2020. These types of unglamourous but
crucial refurbishments and upgrades would be candidates for use of commercial revenue funds if
available.
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6.4 VALUE FOR CANADA
Support for science is driven by three considerations: advancing knowledge, creating future leaders, and
generating societal and economic benefit. In Five-Year Plan 2015–2010, TRIUMF proposes to advance
all three. Naturally, the impact will be determined, in part, by funding decisions. This section outlines the
results that would be realized under a constrained but balanced scenario.

6.4.1 KEY OUTPUTS AND OUTCOMES
TRIUMF’s program for 2015–2020 is driven primarily by the ARIEL project and its transition to full
operation, full exploitation of cyclotron-based research for subatomic physics and materials science,
and creating a platform for nuclear medicine excellence. The outcomes of these efforts are detailed here.

Advancing Knowledge
The simplest measures of knowledge advancement are scientific publications and international prizes
or recognition. Invited presentations at prestigious conferences also denote a measure of accomplishment
but are harder to measure and project.
TRIUMF’s research program supported more than 900 peer-reviewed scientific publications in
2003–2007, and nearly 1,300 from 2008–2012 inclusive. With the high productivity of the various
particle-physics experiments as well as increasing publication numbers from the RIB, CMMS, and
Nuclear Medicine programs TRIUMF’s publication will grow to more than 1,500 papers for the next five
years (2013–2018). With the advent of ARIEL’s capabilities to supply additional isotopes simultaneously
with the existing proton-based ISAC targets, it is projected that TRIUMF’s publication impact will
expand even further. However these new capabilities will only come online in 2017 and will show most
of their impact in the subsequent five-year period.
As measured by the Science Metrix advanced bibliometric study, TRIUMF is directly involved as a
contributing author in about 15% of Canada’s subatomic physics publications (more than 16,000 papers
during 1996–2010, including conference papers). During 2015–2020, this situation will improve slightly
such that TRIUMF is involved as a contributing author in 20% of Canada’s subatomic physics
publications.
One of the key research thrusts enabled by TRIUMF is in the area of fundamental symmetries and physics
beyond the SM. With a set of investigations into electric dipole moments of the neutron, atom and
electron, TRIUMF is ideally positioned to play a seminal role in this discovery science.

Creating Future Leaders
In terms of attracting, retaining, and circulating talent, TRIUMF measures the number of students to
which it provides direct research experiences and the overall participation in its informal science
education activities.
In the 2015–2020 plan, TRIUMF will continue to expand its engagement with young people as well as the
science-interested public. During the 2008–2012 cycle, TRIUMF offered direct research experiences to
more than 575 high school, undergraduate, and graduate students. For the next five-year cycle, TRIUMF
projects that additional graduate students from overseas will come to Canada to participate in worldleading explorations with ISAC and ARIEL. The total number of research experiences offered to students
will therefore increase to more than 675 for the 2015–2020 period. In addition, TRIUMF hosted the
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2013 inaugural of the Tri-Institute School on Elementary Particles (TRISEP) for graduate students
initiated jointly with SNOLAB and the Perimeter Institute; in 2014 TRIUMF will host the International
Accelerator School for Linear Colliders for the first time in Canada for graduate students from around
the world.
In the 2015–2020 plan, TRIUMF will seek continued expansion of the reach of its informal science
education activities. The lab will reach more than 35,000 people through direct tours of the laboratory,
community events, and public science lectures such as the Unveiling the Universe series with the
Telus World of Science..

Generating Societal & Economic Benefits
As discussed in Section 4.4, powerful models of “mechanism” for the economic impact of scientific
research are still in the development stage. As measured by “Return on Investment in Large Scale
Research Infrastructure,” by Hickling Arthurs Low (HAL), TRIUMF has unambiguously contributed
$941 million to the GDP of Canada for a public investment of $552 million.
A five-year economic impact analysis is short compared to the inherently long timescale for direct
economic payoffs from basic science research. Nevertheless, TRIUMF projects that its decadal economic
impact from 2010-2020, computed according to the rules of the HAL study, will increase. With the advent
of ARIEL, the development of self-sustaining technology development capabilities at AAPS, and the
success of current industrial partnerships based on isotopes and accelerators, TRIUMF projects that its
economic impact 2013–2022 will increase by $50 million per year, adding a $500 million impact for the
coming decade.
TRIUMF will continue to enhance the health and vitality of Canadians through the provision of proton
therapy for ocular melanoma and the production and distribution of medical isotopes for BC Cancer
Agency and the brain-research programs at UBC. Deployment of cyclotron-based production of Tc-99m
will also improve the security of this vital ingredient in modern medical imaging for Canadian patients.
UBC and TRIUMF are exploring pathways for recovering the redirected heat energy from TRIUMF’s
accelerator complex (generated by cooling the magnets and power supplies) to a neighbourhood district
energy system for the nearby on-campus residents and local businesses. Figure 1 illustrates the approach.
UBC is presently in a Request for Information phase with several potential vendors. When successful,
this system will be the first in North America to repurpose heat energy from a research complex using
accelerators, and would save 13,000 tonnes of greenhouse gases each year.

Figure 1: Schematic of Neighbourhood District Energy System involving TRIUMF and UBC.
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6.4.2 INTERNATIONAL CONTEXT
The 2015–2020 plan for TRIUMF will ensure international competitiveness for Canadian science,
keeping Canada at the forefront of innovation and research. In this section, projections about the
international competitiveness of Canadian capabilities based on TRIUMF’s proposed plan are discussed.

Particle Physics
Particle physics is the study of the most fundamental building blocks of nature and their interactions.
Our current understanding could only be obtained with the results from experiments conducted at the
highest energies, the most intense beams, and detectors placed in the deepest mines. Experimental
collaborations are usually large and often international in scale, and a healthy national particle physics
program balances local, regional and global efforts.
TRIUMF is not only fully engaged in major data-analysis efforts, it also plays a central role in Canada’s
particle-physics infrastructure and is the go-to partner for Canadian involvement in international physics
projects. The detector development and electronics expertise, as well as clean rooms and large
construction space available at TRIUMF, have been essential for offshore experiments such as ATLAS,
T2K, and Qweak. The accelerators provide beams for testing detectors for these international projects.
Accelerator physicists at TRIUMF have designed and built beam line infrastructure for the LHC, J-PARC,
and other accelerator facilities around the world. The technology of the ARIEL e-linac is closely related
to the needs of the Linear Collider, and both TRIUMF accelerator physicists and local industry are poised
to play leading roles in future accelerator projects.
The Ultra-Cold Neutron facility will deliver a trapped polarized UCN density of 1300 UCN/cm3 the
experiment, which is comparable or higher than most other facilities in the world. Table 1 shows a
comparison of the projected capabilities of UCN facilities world-wide. The approach at TRIUMF is
unique in UCN production and co-magnetometry for the nEDM experiment. A superthermal UCN source
of He-II is employed, which is installed in the vicinity of a spallation neutron target together with an
arrangement of neutron moderating and cooling materials that maximizes the cold neutron flux in the
source, thereby optimizing the resulting UCN density. The uniqueness of the EDM measurement is in
using a smaller cell made possible by the high UCN density, and a Xe-129 comagnetometer. A recent
review by international experts of the TRIUMF/RCNP/KEK plans for the UCN/nEDM project gave
the project high marks for its international competitiveness.

Source type

TRIUMF
ILL
SNS
LANL
PSI
Munich
PNPI

Spallation
He-II
Beam
He-II
Beam
He-II
Spallation
SD2
Spallation
SD2
Reactor
SD2
Reactor
He-II

Maximum
UCN energy
Ec (neV)

Storage
lifetime (s)

UCN
production
volume

UCN density
(UCN/ccm)
at exp. (Ec)

210

150

11

250

150

11

134

500

7

335

1.6

0.24

335

6

27

23

36

1300 polarized
(90)
1000
(250)
150
(134)
30
(180)
1000
(250)
1000 polarized
(250)
12000
(250)

250
250

Table 1: Comparison of the UCN projects worldwide.
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TRIUMF also has the expertise, the infrastructure, and the continuous support of specialized staff in its
Science and Engineering Divisions to build complex detectors for experiments in Canada (for example
at SNOLAB: DEAP, SNO+, HALO) and provides unique beams and equipment to in-house experiments
that bring the world to Vancouver. TRIUMF’s specialized expertise is not widely available elsewhere
and, in some cases, is unique in the world.
To be an effective contributor and participant in the global science of particle physics, Canada needs a
laboratory that combines a thriving, innovative, and relevant local accelerator program with a broad
range of detector-building skills and facilities.

Nuclear Physics
Five-Year Plan 2015–2020 foresees substantial advancement of the nuclear physics related capabilities
needed to maintain a leading position in the domain of rare-isotope beam physics. Rare-isotope beam
physics is a rapidly growing field worldwide with major production facilities using the so-called in-flight
approach and the ISOL (isotope separation on-line) method, which is the technique applied at TRIUMF,
both for ISAC with protons and the e-linac system at ARIEL.
In the ISOL facilities, the rare isotopes are produced inside a thick target at rest. They effuse out of the
target matrix as neutral atoms and are ionized by a method that depends on the chemical element (for
example using resonant laser ionization). The ions are then electrostatically accelerated to several tens of
keV and formed into a beam, mass separated, and delivered to the experiments or post-accelerated. With
in-flight facilities, the primary heavy-ion beam hits a thin target at energies of some tens to hundreds of
MeV/u. Rare isotopes are produced in the target and immediately emerge at energy similar to the primary
beam. The rare-isotope beam is formed independently of the chemical element and can be separated using
a combination of electric and magnetic fields. The beam is then delivered to the experiments at the same
high energy.
The two different production processes are complementary as they provide access to different beams for
different applications. ISOL production allows the production of many different isotopes but is limited by
the chemical selection (refractory elements don’t diffuse out of the target matrix) and the half-life of the
isotope (the half-life limit is about 5 ms). The advantages of ISOL-type beams are the high intensity,
excellent beam quality, and variable beam energy for experiments with stopped or post-accelerated beam.

JAPAN AND CANADA TO COMPETE
FOR TOP AMERICAN RESEARCHER
11 July 2013
In an unusual alliance between TRIUMF and the Kavli Institute for the Physics and Mathematics of
the Universe (Kavli IPMU) in Japan, a long-term joint research position has been created in order to
recruit, develop, and support a world-leading scientist in two countries. The catch? After working for
the first four years with 75% of his time in Japan and 25% in Canada, American physicist Dr. Mark
Hartz will choose which laboratory’s long-term job offer to accept.
From either side of the Pacific Ocean, there will be a great demand for Hartz. He has been appointed as assistant
professor and is expected to carry out the full range of duties of a grant tenure track research scientist at both institutes.
Additionally, he will serve on internal committees and represent both institutes at the national and international level.
Dr. Nigel S. Lockyer, director of TRIUMF said, “We need more competitive, cross-border positions like this to enrich and
strengthen top talent. I’m delighted that Japan agrees that Hartz is worth fighting for, and yet I’m confident that in the
long term Canada is the right place for him and his world-class research ambitions.”
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In-flight production provides rare isotopes of all chemical elements (no target or ion source selectivity)
and can reach very short half-lives (sub-ms). Ultimately, in-flight facilities will have a larger range of
produced isotopes available for experiments. The secondary beam, however, is often less mass resolved
(different charge states are simultaneously produced, limiting unambiguous identification) and can have
poorer beam quality (higher longitudinal and transversal energy spread). It has discovery potential for
new isotopes but will not provide for most of the science sought by TRIUMF. For example, the highenergy beams (50–1000 MeV/u) of rare isotopes are not suitable for probing the relevant regime for
nuclear astrophysics. To provide partial access and to take advantage of the inherent beam properties of
ISOL-type facilities, recent programs have started at several in-flight facilities (RIKEN, MSU, GSI) to
establish low-energy programs by stopping high-energy rare-isotope beam in a gas-stopper cell from
which it can be extracted to form a low-energy beam for use with stopped or post-accelerated beams.
Once fully developed, such systems will be able to provide the good beam quality needed for efficient
post-acceleration, however, they are still limited in yields of rare isotopes. The ISOL technique is the only
method that can provide very high beam intensities of specific rare isotopes for experiments in nuclear
astrophysics or for the high-precision experiments aiming to discover physics beyond the SM.
Worldwide overview: The high demand of the world wide rare beam community has resulted in a
number of new facilities, including two currently under construction. Additional facilities are planned.
Existing and operational major in-flight facilities (E > 50 MeV/u) are:
• GSI Darmstadt, Germany
• HIRFL-CSR, Institute of Modern Physics Lanzhou, China
• NSCL, Michigan State University, U.S.A.
• RIBF, RIKEN, Japan
• SPIRAL, GANIL, France
New in-flight facilities under construction are:
• FAIR Darmstadt, Germany
• FRIB Michigan, U.S.A.
Major planned in-flight facilities are
• RISP, Institute for Basic Science, Daejeon, Rep. of Korea
Existing major ISOL facilities are:
• ALTO, Orsay, France
• CARIBU, ATLAS, ANL, U.S.A. (based on a Cf-252 radioactive source)
• HRIBF, ORNL, U.S.A. (currently not operational)
• IGISOL, Jyvaskyla, Finland
• ISAC, TRIUMF, Canada
• ISOLDE, CERN, Switzerland
New or major upgrades for ISOL facilities are:
• ANURIB, VECC, India
• ARIEL, TRIUMF, Canada
• BRIF, Bejiing, China
• HIE-ISOLDE, CERN, Switzerland
• RISP, Institute for Basic Science, Daejeon, Rep. of Korea
• SPES, INF Legnaro, Italy
• SPIRAL2, GANIL, France
The planning of these international efforts is governed by regional plans, such as the European Nuclear
Physics long range plan (NUPECC roadmap 2010), and more globally through the Working Group 9
(WG) of the International Union of Pure and Applied Physics. This ensures regional and global efforts
optimization and expertise distribution, as well as competitiveness.
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In the report by the Working Group of Nuclear Physics of the Organisation for Economic Cooperation
and Development (OECD) Megascience Forum, published in January 1999, one of the major
recommendations stated:
“The Working Group recognizes the importance of radioactive nuclear beam facilities for a broad
program of research in fundamental nuclear physics and astrophysics, as well as applications of nuclear
science. A new generation of radioactive nuclear beam facilities of each of the two basic types, ISOL and
in-flight, should be built on a regional basis.”1
Five-Year Plan 2015–2020 will solidify Canada’s leadership position in rare isotope physics by firmly
establishing the ISAC/ARIEL accelerator complex as the regional ISOL facility for the Americas with
significant discovery potential.
As described earlier, Five-Year Plan 2015–2020 provides expanded capabilities in stages, especially
the ARIEL program.
The science capabilities enabled by the ARIEL science phases, are aligned with the goals for the research
at TRIUMF in nuclear physics and material science:
• Phase 1: Electrons from the e-linac strike Be targets for production of polarized Li-8 beam for β-NMR
and tests of fundamental symmetries. TRIUMF will be the first facility in the world with independent,
multiple-RIB beam capabilities.
• Phase 2: The CANREB system coupled to the ISAC RIB production facility. High resolving power
of the HRS provides quasi-contamination free RIB, and the efficient EBIS charge breeding allows for
high-intensity post-accelerated beams. This allows new nuclear structure and nuclear astrophysics
studies.
• Phase 3: First electron-based fission fragments RIBs are produced using photo-fission in actinide
targets and provide access to new neutron rich isotopes. At this point triple RIB capabilities are
established at TRIUMF for independent science programs with two electron-produced beams
from the e-linac and the current ISAC production target using protons from the main cyclotron.
• Phase 4: With the implementation of the new proton beam line TRIUMF is able to provide maximal
flexibility for RIB sciences; material science, nuclear structure, both neutron and proton rich isotopes,
nuclear astrophysics, and tests of fundamental symmetries from electron and proton produced RIBS.
• Phase 5: Maximal power (0.5 MW) is available from the e-linac for production of the most
neutron-rich isotopes, increasing production yields by close to factor of 100 compared to the initial
e-linac implementation.
These phases allow maximal harvesting of the science and provide international competitiveness and
leadership. The competitiveness lies in the reach and focus of the research program, which aims to
answer questions in the core themes of Five-Year Plan 2015–2020. Key to the success is that at TRIUMF
experimental facilities with track records of outstanding performance already exist, and the five phases
provide new and enhanced production capabilities, both in reach and available beam time.
To provide evidence for the competitive reach for isotope production, we have calculated the yield
(number of extracted isotopes per second) for a set of standard isotopes, rubidium and krypton, where
both experimental and predicted numbers exist from various facilities. The computed values for the
e-linac production are based on FLUKA, using the converter-target geometry described in TRIUMF
design notes (TRI-DN-11-19, TRI-DN-11-20), the expected energy and intensity of the electron beams
given, and experimental diffusion times, and extraction and ionization efficiencies from ISOLDE,
overlaid with the isotope specific half-live. The experimental values are taken from the ISAC yield table
(https://www.triumf.info/public/research_fac/yield.php), the ISOLDE values are taken from the ISOLDE
yield table (https://oraweb.cern.ch/pls/isolde/query_tgt), and the calculated SPIRAL data are based on
the given energies and intensities of the driver beams, and are taken from (http://pro.ganilspiral2.eu/spiral2/spiral2-beams/).
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The comparisons (see Figure 1) shows that the measured yields for ISAC and ISOLDE are comparable
for Rb, which is a result of higher beam power densities at lower average power for ISOLDE due to the
pulsed beam (note that the ISOLDE Rb yields were measured for the 600 MeV SC proton beam while
the ISOLDE Kr yields were measured for the 1.4 GeV PSB proton beam). Clearly the projected e-linac
yields at 100 kW (4mA, 25 MeV) are already going much beyond what ISOLDE can produce today and
with the 500 kW e-linac operation (10mA, 50 MeV) expected yields will be comparable or higher than
the projected SPIRAL2 yields at GANIL. In particular for the very neutron-rich short-lived isotopes the
smaller targets used for ARIEL will be an advantage in terms of extraction times over the large SPIRAL2
targets, leading to higher yields.

Figure 1: Measured and calculated yields of Rb (left) and Kr (right) isotopes
for ISOLDE, GANIL, ISAC, and e-linac-based ARIEL yields.

As indicated earlier, the largest range of isotopes can be produced at in-flight facilities. The existence
proof of an isotope can be carried out with production intensities as low as 10-6 ions/s. Some experiments,
such as decay studies, have been carried out with production rates as low as one per hour (10-4 /s).
In comparison ISAC experiments have been performed at intensities as low as 1 ion/s.
The physics scope probed at these facilities is mostly complementary to what is aimed for at ISAC; that
is, no in-flight facility has physics programs that include all of the four research components of nuclear
astrophysics (in particular, those using post-accelerated beams), nuclear structure, test of fundamental
symmetries (such as searches for permanent EDM or parity non-conservation, PNC) and molecular and
materials science. Only ISOL-type facilities will be able to compete with ISAC on these science goals;
however, the unique state-of-the-art experimental devices already available at ISAC will provide an
enormous competitive advantage over all the new facilities. With the addition of the CANREB system,
which will complete the accelerator chain, and the existing expertise, a truly unique system is available.
However, it is noteworthy that some of the future facilities also incorporate the multiple beam option
as a critical component, a component that will be key to TRIUMF’s future.
Table 1 shows a comparison of key science programs addressed at present and future rare-isotope facilities.
The table displays the projected/proposed participation in physics fields for the next decade.
Listed are the important parameters that ensure successful execution of the envisaged programs in Nuclear
Structure, Nuclear Astrophysics, and Fundamental symmetries, which require long (uninterrupted)
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Table 1: Comparison of the capabilities of major RIB facilities worldwide.
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experimental beam times, corresponding to extended target life times, precision measurements of ground
state properties, corresponding to experiments at rest, acceleration capabilities to energies relevant for
nuclear astrophysics scenarios and nuclear structure, but also complementary competitive science programs
in nuclear medicine and material science.
Overall TRIUMF’s rare isotope program is unique in the world in its scientific breadth and with the
combination of available beams and experimental facilities. However, TRIUMF is in direct competition
with the capabilities that are being developed at other world-leading facilities. RIBF at RIKEN is
already producing neutron-rich nuclei through in-flight fission of uranium beams. Asides from decay
spectroscopy experiments the investigations at RIBF are mostly complementary to experiments at ISAC.
HIE-ISOLDE, which will bring its 5 MeV/u accelerator online in 2014 and will have a 10 MeV/u
capability in 2016 has comparable beam-intensities to ISAC for medium-mass neutron-rich nuclei and
will compete directly with the ongoing program from the actinide target, including the post-accelerated
beams where ISAC-II is currently unique in the world. The CANREB EBIS as well as facilities like
EMMA and IRIS will give the ISAC-II accelerated beam program another edge in this competition.
ISAC will continue to have a clear advantage on the proton-rich side with its up to 50 kW proton beams
and with the development of full-multi-user capability.
SPIRAL2, ramping up RIB production in 2018, and FRIB, scheduled for completion in 2022, will
produce r-process nuclei with comparable intensities to ARIEL and have comparable experimental
capabilities. While the delineation of the nuclear physics properties along the r-process is a long-term
effort, it is critical to have an edge on high-profile experimental programs such as mass measurements,
transfer-reaction studies, and beta-delayed neutron emission. FRIB is also developing a separator for
low-energy nuclear astrophysics experiments in inverse kinematics using gas-stopping and reacceleration
of in-flight beams. FRIB is also pursuing the development of an atomic EDM experiment using radium
isotopes.
The examples in this discussion highlights that there is a particular window of opportunity for the
TRIUMF ISAC/ARIEL program in the next period 2015–2020 and that therefore a timely completion
of the full ARIEL project is important to establish and maintain leadership in a very competitive field.

Materials Science
The Centre for Molecular and Materials Science at TRIUMF provides researchers with intense beams of
muons and radioactive nuclei, state-of-the-art spectrometers, equipment and support personnel that enable
visiting researchers to apply the µSR or β-NMR spectroscopic techniques to their scientific problems and
probe the properties of materials at the microscopic level. A proper understanding of a material requires
that it be characterized with a range of techniques and µSR and β-NMR are essential as they frequently
provide unique information and are complementary to other techniques such as neutron scattering or
synchrotron radiation.
The µSR and β-NMR facilities provided by TRIUMF make CMMS unique in Canada. Indeed, there is
no other high intensity muon source in the Americas, nor are there equivalent facilities anywhere in the
world for β-NMR. There are only two sources of high intensity continuous muon beams in the world:
TRIUMF and the Paul Scherrer Institute (PSI) in Switzerland. Two other sites provide intense pulsed
muon beams suitable for muon spin spectroscopy: ISIS-RAL in the U.K. and J-PARC in Japan. The
continuous beams available at TRIUMF make it possible to perform experiments in high transverse
magnetic fields and to study systems with large internal fields and fast fluctuations. The inclusion of the
Muons-On-Request (MORE) system in the new M20 and M9A beam lines means that experimenters will
have all the advantages of the continuous beam along with the ultra-low backgrounds previously only
available at the pulsed sources. While a few other laboratories are capable of β-NMR (notably ISOLDE
at CERN), none have a dedicated facility to study materials science with depth-resolved capabilities,
nor with the beam intensities and versatile spectrometers of CMMS.

The Plan | 2015-2020 | TRIUMF 5YP | 427

6

Nuclear Medicine
Canada’s position in nuclear medicine vis-a-vis TRIUMF is more subtle. TRIUMF has leading
expertise and capabilities in the physics and chemistry of nuclear medicine (i.e. isotope production with
accelerators and the subsequent separation, purification, and synthesis chemistries), and partners with
other organizations for the biology. There are a dozen high-quality nuclear medicine research institutes
in Canada.
TRIUMF is planning for success with its cyclotron-based production of technetium-99m, and this
accomplishment would be unique in the world and would dramatically distinguish the laboratory.
This effort is the product of four different teams working together.
Perhaps more important is what Five-Year Plan 2015–2020 proposes for regional excellence. The plan
proposes to crystallize “Isotope Valley” in the lower mainland of British Columbia by using enhanced
capabilities and capacities at TRIUMF (new cyclotron, more wet and hot lab space, more permanent
technical staff) to leverage efforts at the BC Cancer Agency, St Paul’s Hospital, Vancouver Health
Research Institute, Advanced Cyclotron Systems, Inc., AAPS, Inc., and the UBC and SFU universities.
This combination of talent and resources will place the region among the world leaders for molecular
imaging research and technology for oncology and neurology.

Accelerator Physics
The e-linac at the heart of ARIEL will be unmatched elsewhere around the world and it will become
a platform for new research and development at TRIUMF. The laboratory is already exploring joint
research activities with advanced-accelerator efforts in the U.S., Europe, and Japan (especially in plasmawakefield, laser-driven, free electron laser, and energy-recovery techniques). Together with PAVAC,
TRIUMF has global attention in its use of superconducting radio-frequency. It is projected that by the
end of Five-Year Plan 2015–2020, TRIUMF will count among the top five accelerator science and
technology centres in North America and one of the top five in the world for dealing with high-intensity
beams on target.

6.5 IMPLEMENTATION: WORKING
WITH MULTIPLE STAKEHOLDERS
As a legal entity, TRIUMF is a joint venture of Canadian universities (please see Section 3.2). In practice,
it is also a partnership among multiple public stakeholders who bring different resources to the table: its
overall steward NRC; federal agencies, such as Canada Foundation for Innovation, Natural Sciences and
Engineering Research Council of Canada, Natural Resources Canada, Western Economic Diversification
Canada; and provincial governments across Canada—most notably the Government of British Columbia
via the BC Knowledge Development Fund but also Manitoba, Ontario, and Nova Scotia. Other investors
in TRIUMF’s program come from the international sphere and the private sector.
Figure 1 illustrates the combination of investments that support TRIUMF’s overall program. This section
discusses the different roles these stakeholders play in driving TRIUMF’s success and then discusses how
these roles may evolve in Five-Year Plan 2015–2020.
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6.5.1 GENERALIZED ROLES
Each patron of TRIUMF shares a common belief in, and commitment to, excellence in basic research and
the value it provides to Canada. These patrons support activities at TRIUMF, through their programs with
specific objectives reflecting the patrons’ mission, resulting in differentiated and unique contributions
from each stakeholder.
The general characteristics of those roles are described here. The federal Agency Committee on TRIUMF
(ACT) is one forum for many of these groups to interact and coordinate their involvement in and
guidance of TRIUMF. For completeness, a short discussion of international investments is also included.

NRC
National Research Council Canada (NRC) has been the federal steward of TRIUMF for decades. Not only
does it oversee the TRIUMF Five-Year Contribution Agreement that funds core operations, but it also
convenes advisory and review committees and provides regular oversight of the laboratory’s activities.
A senior representative of NRC attends Board of Management meetings as well as the meeting of the
Board’s Audit Committee and is fully briefed on the broad program of work at TRIUMF. NRC also serves
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as the formal voice for TRIUMF in the Government of Canada and spearheads the preparations every
five years for the federal Cabinet to renew its support for TRIUMF’s core operations. The five-year
Contribution Agreement funds have become a smaller fraction of TRIUMF’s overall support, but they
constitute the majority of funds. Generally speaking, the Contribution Agreement supports core and
continuing operations including salaries, utilities, and generalized maintenance / repair / operations costs.
Some support for students is included and some specific capital support for upgrades or infrastructure
upgrades is often provided.
It is said that “NRC funds up to the end of the beam line,” meaning that nearly all activities required to
run the accelerators and produce isotopes and direct them to a scientific end station are eligible for
reimbursement under the Contribution Agreement.

NSERC
The Natural Sciences and Engineering Research Council of Canada (NSERC) supports university
students and post-doctoral fellows in their advanced studies, promotes and supports discovery research,
and fosters innovation by encouraging Canadian companies to participate and invest in postsecondary
research projects. NSERC interacts with the TRIUMF program in several ways. University-based
researchers and eligible TRIUMF researchers apply to NSERC for funding to support their research;
the funds are awarded on a peer-reviewed, competitive basis. Because of TRIUMF’s research focus, the
laboratory has most of its involvement with NSERC through the Subatomic Physics suite of programs.
Although the majority of the Canadian subatomic physics community is based at the universities, much
of the research relies on or builds upon TRIUMF capabilities.
The TRIUMF involvement with a grant may be through a TRIUMF funded researcher as a co-applicant,
the research being done in whole or in part at TRIUMF, or the research using TRIUMF infrastructure.
Over the past five years (FY2007–2008 to FY2011–2012), TRIUMF was involved in more than
70% of the research support awarded by NSERC’s Subatomic Physics Evaluation Section (SAPES)
(see Table 1). The large percentage is not surprising since TRIUMF is involved in all the large subatomic
physics programs in Canada: ATLAS, T2K, SNOLAB, and ISAC.
NSERC SAPES Awards
Fiscal Year

2007–2008
2008–2009
2009–2010
2010–2011
2011–2012
Grand Total

No
$

Involves TRIUMF
Yes
$

NSERC SAPES Totals
$

Number of Awards

$9,772,197
$6,368,985
$6,138,271
$5,611,879
$5,478,500
$33,369,832

$14,779,902
$16,298,151
$17,099,895
$16,409,174
$17,198,695
$81,785,817

$24,552,099
$22,667,136
$23,238,166
$22,021,053
$22,677,195
$115,155,649

151
158
148
143
141

Table 1: NSERC SAPES Awards from 2007 to 2012.

The Centre for Molecular and Materials Science (CMMS) at TRIUMF is supported by NSERC funding,
most recently through a Major Resources Support grant. TRIUMF researchers also participate in
NSERC-sponsored research in other programs including Cooperative Research and Development grants
with industrial partners (e.g., Nordion, Inc). Finally, TRIUMF researchers serve as collaborators and
co-applicants on NSERC grants based at other institutions. For instance, some of the nuclear-medicine
research program has been supported through NSERC and CIHR grants based at UBC and the
BC Cancer Agency (notably, the early work on cyclotron-production of Tc-99m).
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Generally speaking, NSERC supports “doing the science at TRIUMF” including students and postdoctoral fellows, as well as costs to build and maintain the scientific experiments themselves. Over the
past five years, an average of 7 FTEs per year and 27 post-doctoral fellows per year were supported at
TRIUMF by NSERC. By tracking students who were paid through accounts at TRIUMF, NSERC
supported 118 graduate students and 35 undergraduates in the FY2008–2009 to FY2012–2013 period.
These numbers do not include students whose financial arrangements did not include TRIUMF’s business
office; estimates are that this category would include another 50-75 graduate students who conducted
their thesis research at the laboratory.

CFI
Created by the Government of Canada in 1997, the Canada Foundation for Innovation (CFI) strives to
build the nation’s capacity to undertake world-class research and technology development to benefit
Canadians. CFI invests in state-of-the-art facilities and equipment at universities, colleges, research
hospitals, and non-profit research institutions through a peer-reviewed competitive process. CFI awards
typically provide 40% of the total project budget and proponents must secure the remaining 60% through
other sources (provincial governments are often asked to provide 40%, and the remaining 20% may come
from international or industrial sources). Additionally, CFI will provide up to 30% of its investment
(typically 12% of the overall project budget) as a five-year “Infrastructure Operating Fund” contribution
that gets the equipment or facility up and running.
TRIUMF is not institutionally eligible for CFI funds. However, universities across Canada are eligible
and on key occasions select to site the infrastructure at TRIUMF to best exploit adjacent capabilities.
In other cases, TRIUMF may be called on to contribute expert talent or capabilities to build infrastructure
elsewhere as part of a CFI project, sometimes on a cost-recovery basis. TRIUMF views these
arrangements as advantageous and effective; infrastructure built at TRIUMF must generate sufficient
interest in the university-based community to be fully utilized, and the university-lead requirement is
an efficient mechanism to ensure this aspect.
In general, CFI is emerging as the dominant source of capital funds for “significant” Canadian research
infrastructure.
Depending on the scale of a project sited at TRIUMF, the laboratory may be engaged as simply a service
provider or a full managing partner. For example, the ARIEL project was supported through a $18M
award from CFI in 2010 as part of a $63M package. Led by the University of Victoria, the project
encompasses design and construction of a superconducting electron linear accelerator (e-linac) at
TRIUMF for the production of isotopes. TRIUMF and the University of Victoria entered into a letter
of agreement where TRIUMF staff provide the project management and day-to-day leadership of the
project. For this project, TRIUMF is also providing about $13M of in-kind support through skilled
labour contributions.
As shown in Table 2, TRIUMF is involved in a small but important number of CFI projects.
The table identifies the successful CFI proposals that directly involve new infrastructure at TRIUMF
but does not include minor awards at TRIUMF member universities that may modestly impact the
prototyping or research capabilities of teams that often come to TRIUMF for research. TRIUMF is
directly involved in 11 awards out of 2,698 made between 2008 and 2013, representing $29.9M out
of $1.1 B awarded, or about 2.6%. Over this period, 11/13 TRIUMF-related CFI proposals were
successful. Note that these dollar amounts represent only the CFI award contribution and do not
reflect matching funds or the Infrastructure Operating Funds.
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Year

Pl

Lead University

Title

2008

Andreiou

Simon
Fraser University

2009

Karlen

2009

Kanungo

2009

Svensson

2009

Martin

2009

Svensson

2009

Oser

2009

Tanaka

2010

Martin

2011

Sossi

2012

Vetterli

2012

Kanungo

University
of Victoria
St. Mary’s
University
University
of Guelph
University
of Winnipeg
University
of Guelph
University of
British Columbia
University of
British Columbia
University of
Winnipeg
University of
British Columbia
Simon Fraser
University
St. Mary’s
University

The Simon Fraser University Clover-Type
Germanium Detector for Use at the
Focal Plane of EMMA at TRIUMF-ISAC II
Superconducting Electron
Accelerator at TRIUMF
ISAC Charged Particle
Spectroscopy Station (IRIS)
Gamma-Ray Infrastructure For Fundamental
Investigations of Nuclei (GRIFFIN)
Canadian Spallation
Ultra-cold Neutron Source
The Guelph Spectrometer for
Internal Conversion Electrons (SPICE)
A Data Centre for the
Canadian T2K Analysis Effort
Laboratory for Photosensor Development
and Applications for Particle Physics
Polarized Xenon Laboratory
for Fundamental Physics
Hybrid microPET/SPECT
and CT preclinical imaging
Upgrade to the ATLAS Tier-1
Data Analysis Centre
Canadian Rare Isotope Facility
with Electron Beam Ion Source

CFI Award

$125,000
$17,797,256
$535,598
$3,837,763
$4,225,000
$124,832
$39,105
$126,574
$155,852
$398,600
$1,000,000
$1,599,333

Table 2: CFI awards since 2008 involving TRIUMF.

NRCan
Natural Resources Canada (NRCan) is the federal agency with primary responsibility for the country’s
natural resources but also supports innovative science at a small network of laboratories and is engaged
in active technology development and translation with industrial partners. NRCan also has oversight and
responsibility for the National Research Universal (NRU) nuclear reactor in Chalk River, Ontario.
Through this portfolio, NRCan is involved in the production of medical isotopes at the NRU through the
irradiation of highly enriched, weapons-grade uranium imported from the U.S. Over the past five years,
the Government of Canada has developed a set of policy initiatives designed to stop the isotopeproduction mission at the NRU in 2016 and develop a comprehensive, commercial alternative that is
“fully captured” within the private sector (i.e. is free of taxpayer subsidies for operations).
As a result, NRCan convened an Expert Panel and developed a framework for two rounds of
competitively awarded federal funds to develop and deploy alternative isotope-production methods.
As outlined in Section 4.2.3.2, TRIUMF has led a multi-institution consortium to develop cyclotronproduction capabilities for the key medical isotope, technetium-99m (Tc-99m). TRIUMF has been the
lead institution on three Contribution Agreements with NRCan on this topic:
• 2008–2009: $60k to support TRIUMF’s Task Force on Alternatives for Medical-Isotope Production;
• 2010–2012: $6M as part of the Non-reactor Isotope Supply Contribution Program (NISP); and
• 2013–2016: $7M as part of the Isotope Technology Acceleration Program (ITAP).
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Generally speaking, NRCan has supported technology-development work at TRIUMF associated with
medical isotopes, including salaries, operating costs, specific capital items, and so on.

Western Economic Diversification Canada (WD)
As an agency of the federal government, Western Economic Diversification Canada’s (WD) mandate is to
promote the development and diversification of the economy of Western Canada and advance the interests
of the West in national economic policy. TRIUMF has enjoyed support from WD on several occasions to
enhance its research infrastructure. In 2010, WD provided about $900k to assist TRIUMF in modernizing
a set of radiochemistry laboratories to bring them closer into alignment with good manufacturing practice.
The project was a success, and the minister visited TRIUMF the following August to see the final
facilities. TRIUMF’s commercialization partner AAPS, Inc. was the beneficiary of a $1.8M award
for the development of cosmic-ray muon geotomography for mining exploration applications.
TRIUMF has also benefited from WD participation in supporting elements of the Centre for Comparative
Medicine and the BC Preclinical Research Consortium. Finally, TRIUMF is presently engaged in
discussions with WD about involvement in the Centre for Excellence for Accelerator-Based Medical
Isotopes (please see Section 6.2.4.3).

Provincial Governments
In Canada, provincial governments also take ownership of science and technology investment.
TRIUMF interacts with provincial governments in several ways.
Because the laboratory is situated on university land, new buildings are seen as the responsibility of the
provincial government, which is accountable for post-secondary education. TRIUMF therefore works
with the Government of British Columbia to secure capital funds for new buildings. For instance, the
Government of British Columbia contributed $30.7M through its BC Knowledge Development Fund
or the ARIEL building and supporting infrastructure in 2010. TRIUMF also works with provincial
governments through the CFI framework; matching funds from multiple provinces may come together
to support a CFI project based at TRIUMF. The recently approved CANREB proposal was led by Saint
Mary’s University in Nova Scotia and has secured funding from the Government of Nova Scotia and the
Government of Manitoba for the project, which will be sited within ARIEL. The Government of British
Columbia is currently evaluating its level of support for the project.
Being located in British Columbia, TRIUMF has a special relationship with the provincial government
in Victoria. The laboratory is involved in discussions with elements of the provincial government about
advanced health care technology and policy, innovation strategies, and public policy for science.

International Contributions
As science is a global enterprise, and talented individuals are inherently mobile, TRIUMF’s programs are
international on many different levels. TRIUMF benefits from these interactions, and, during the past five
years, has secured key contributions from partners in other countries to enhance on-site infrastructure and
support some operating costs. Typically, the investments come as part of a structured Memorandum of
Understanding that provides a framework for personnel and knowledge exchange as well (please see
Section 3.2.2). In some cases, for example UCN and PIENU, the international contributions were
absolutely critical.
Support via the NRC Contribution Agreement provides resources to produce and deliver isotopes to the
ISAC-I and ISAC-II experimental facilities. Using these isotopes for scientific research requires external
funding, often through international collaborations, to design and build specialized detectors that then run
dozens and dozens of experiments over their lifespan for multiple groups of national and international
researchers.
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Some of the key international investments, in Canadian Dollars, are listed here.
• Before FY2008, U.S. Brookhaven National Laboratory contributed in-kind equipment to the
PIENU experiment at TRIUMF valued at $1M. In the 1990s, Japan’s KEK laboratory helped
build the M9B beam line for materials science research.
• In FY2006–2007, Germany’s Max Planck Society contributed $100k to the
TITAN Electron Beam Ion Trap at TRIUMF.
• In FY2007–2008, the UK’s Science, Technology, and Facilities Council contributed $300 k
to the SHARC experiment at TRIUMF. An additional $500k was added in the subsequent year
with a final $470k in FY2009–2010.
• From FY2008–2012, the materials science program has benefited from $500k through a joint
Japan/U.S. project called Super-PIRE/REIMEI that coordinates capabilities and research at
TRIUMF with a network of a dozen other facilities and techniques for probing materials.
• In FY2009–2010, the U.S. Department of Energy provided $200k of support for the
BAMBINO project.
• In FY2010–2011, the Japan Society for the Promotion of Science provided $600 k for the
MTV experiment in ISAC-I and $103k for the IRIS project lead by Saint Mary’s University,
now based in ISAC-II. Finally, the State of Texas provided $33k to the TRINAT experiment
at TRIUMF.
• From FY2011–2016, Japan’s KEK laboratory will contribute $4.3 M to the UItra-Cold Neutrons
Project (led by University of Winnipeg and being constructed/stationed at TRIUMF).
• In FY2011–2012, Germany’s DFG agency proved $550k for the TITAN electron-cooler project at
ISAC-I. The U.S. Department of Energy (DOE) provided $700k of support for the Francium Trap
Facility in ISAC-I.
• In FY2012–2013, Cisco Systems in the U.S. contributed $150k to upgrade capabilities of the
PIF & NIF irradiation facilities at TRIUMF. Germany’s BMBF agency provided $120k for the
TITAN Multi-TOF project at TRIUMF, and the Japan Society for the Promotion of Science provided
an additional $103k for the IRIS experiment at TRIUMF.
Since the beginning of the ARIEL project, India’s Department of Atomic Energy via the VECC laboratory
has provided more than $2.5M as part of the partnership agreement. A new phase of work valued at
$10M has been approved and was signed in early August 2013.

Other Support
Some of TRIUMF’s activities are supported through cost-reimbursement for expense and services
rendered, commercial royalty agreements, and partnered research agreements. Some of these activities
have important direct economic impact: cost recoveries and royalties associated with TRIUMF’s
partnership with Nordion for medical isotope production and TRIUMF’s PIF & NIF irradiation services
that provide intense beams of protons or neutrons for industrial use (please see Section 4.4 and Section
5.10 for details).
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6.5.2 COORDINATED SUPPORT
IN FIVE-YEAR PLAN 2010–2015
Five-Year Plan 2010–2015 proposed a vision for Canadian excellence and called upon a network of
public stakeholders to join forces to make it happen. The strategic plan outlined four budget scenarios
indexed by different levels of the NRC Contribution Agreement. From the middle of the 2010–2015
lustrum, it is clear that TRIUMF’s accomplishments have only been possible through coordination among
the key Canadian stakeholders. Although the NRC Contribution Agreement provided flat-flat funding for
the laboratory’s core operations, other agencies got involved. With CFI support for not only the ARIEL
project but also for the ATLAS Tier-1 Data Centre alongside the Government of British Columbia’s
game-changing investment in ARIEL, TRIUMF’s Five-Year Plan 2010–2015 jumped from a flat-flat
budget scenario to one pursuing global excellence with full support for its two highest-priority programs.
By redirecting and realigning effort, TRIUMF was successful in partnering with WD and NRCan in
strengthening the nuclear-medicine program.

6.5.3 EVOLVING ROLES
IN FIVE-YEAR PLAN 2015–2020
Participation in TRIUMF’s program of work is dictated by a combination of alignment with strategic
priorities and availability of resources. For instance, as cyclotron production of the Tc-99m medical
isotope becomes fully commercialized in Five-Year Plan 2015–2020, NRCan’s involvement in the
nuclear-medicine program at TRIUMF is likely to wane. However, as that program takes on more
direct relevance to human health through clinical or preclinical collaborations, one could expect that
the Canadian Institutes of Health Research (CIHR) would play a greater role.
Five-Year Plan 2015–2020 calls for an evolution of the roles of several key public stakeholders.
This section highlights those changes.

FIVE-YEAR PLAN 2015–2020 WITH
NRC STEWARDSHIP AS COMPETITIVE ADVANTAGE
Despite being one of the world’s smallest national subatomic physics laboratories, TRIUMF has earned
an excellent international reputation. One of the powerful competitive advantages that TRIUMF enjoys is
the five-year structure of its budget cycle. Although the five-year Contribution Agreement is by no means
a guarantee of future funding, it provides a level of planning that, for example, far exceeds anything found
in the U.S. TRIUMF is able, with some degree of confidence and acceptance of risks, to develop strategic
initiatives within a framework of up to five years into the future.
The utility of this commitment from the federal government was powerfully illustrated in 2010
when, amidst the global economic downturn, TRIUMF negotiated a five-year program of work and
a contribution agreement via NRC. Despite the fact that the resources made available placed tight
constraints on TRIUMF’s ambitions and operating capabilities, the level of certainty provided by a fiveyear future allowed the laboratory to make decisions and move forward in key areas while competitors
around the world fumbled and waited month-to-month on promises of renewed spending authority.
For instance, the ability to launch the ARIEL project (at a pace slower than initially planned, but to get
started all the same) has positioned Canada to challenge the leadership of CERN’s ISOLDE, and the
ambitions of France’s SPIRAL2, and the U.S. FRIB laboratories in rare-isotope physics. Likewise,
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the coordination of NRC and CFI investment to secure operations of the ATLAS Tier-1 Data Centre
from 2010 until 2015 turned out to be crucial to the discovery of the Higgs boson in July 2012. The
international ATLAS collaboration relied heavily on extra computing cycles offered by the Canadian
centre in the final months of the analysis.
Canada’s continued success at the international level in subatomic physics is buttressed by its ability
to make five-year commitments to the core operations of the TRIUMF laboratory. Over the past decade,
the fraction of NRC’s contribution to TRIUMF’s overall program has become smaller. This feature is
driven in part by flat funding via the Contribution Agreement and in part by TRIUMF’s success at
securing alternative resources.
From a public policy perspective, however, this trend is a positive signal: TRIUMF’s research program
and output is competitive and increasingly relevant on the national and international stage and therefore
is attracting additional stakeholders. The new reality for TRIUMF is that the NRC contribution funds the
core operations of the laboratory while major new initiatives are only carried out if additional funding can
be secured. This model works well since teams of Canadian researchers from TRIUMF and its member
universities are highly successful in securing competitive funding from NSERC, CFI, and other agencies.
NSERC funding supports the experiments at the end of the TRIUMF beam lines as well as the
exploitation of the offshore experiments. Funding for large infrastructure projects has been secured
through CFI competitions and matching provincial support. Other government agencies contribute to
projects that are especially relevant to their portfolios: the province of British Columbia invests into the
building infrastructure, Natural Resources Canada is funding the initiatives addressing the isotope crisis.
In addition foreign agencies fund experimental infrastructure that is necessary for their nationals to carry
out their research program.
NRC deserves the credit for successful stewardship of an organization that is energized and engaged;
the Contribution Agreement is the vital seed corn and operational base that is achieving greater leverage
than ever before. The agency is historically familiar with large-scale research and development efforts
and understands how to structure reviews, annual reporting, and performance monitoring to ensure that
TRIUMF is on task, on schedule, and on budget. However, as a consequence of this overall funding
concept the long-term operation (beyond e.g., CFI IOF funding) of major new infrastructures, such as
the ATLAS Tier-1 Data Centre and e-linac operation will fall under NRC’s stewardship of TRIUMF.
From this perspective, looking forward to 2015–2020 the following observations are evident:
• The NRC Contribution Agreement will continue to be a crucial, deciding factor in
TRIUMF’s success and the laboratory’s ability to deliver value for Canada;
• As the “new construction” phase at TRIUMF ebbs, and new facilities and equipment move
from design and construction to commissioning and operation, the core and continuing program at
TRIUMF will expand. It is expected that TRIUMF will seek to maintain its overall portfolio and
envelope while shifting expenses from one-time budgets like CFI and WD to long-term operating
budgets such as the NRC Contribution Agreement;
• With a consortium of Western Canadian partners, TRIUMF will seek support for the Centre of
Excellence for Accelerator-based Medical Isotopes from WD, the Government of British Columbia,
and other industrial sources; and
• Led by the University of Victoria and a consortium of universities, TRIUMF will seek capital support
for the ARIEL completion project from CFI with matching funds to be sought from a network of
provincial and international sources.
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Figure 1: Distribution of TRIUMF funding from various sources for Five-Year Plan 2010–2015 (left)
and projected forFive-Year Plan 2015–2020 (right).

International Contributions
It is expected that over the course of Five-Year Plan 2015–2020, international engagement and
contributions will become increasingly important. Attracting investment from abroad provides validation
of TRIUMF’s program but must always be for the mutual benefit of both parties. Several such examples
are predicted.
TRIUMF’s August 8, 2013, Memorandum of Understanding with India’s VECC laboratory covers a
$10.4M scope of work related to ARIEL and India’s ANURIB projects. The initiative has some overlap
with ARIEL completion but most importantly launches an early start on the long-lead-time conceptual
and technical design studies. The engineering phase of completing the ARIEL target stations may also
attract international partners either at CERN or in the U.S. ISAC and ARIEL place TRIUIMF clearly
among the very top of RIB facilities worldwide as discussed in Section 6.4.2. TRIUMF will be the only
ISOL RIB facility in North America and together with the FRIB in-flight facility in the U.S. will be the
regional if not world leaders in RIB science. This leading position, the increased capabilities, and the
substantially increased number of RIB hours, becoming available through the completion of ARIEL,
will draw even more users from the U.S. and other parts of the world and make the facility very attractive
for placing unique experimental equipment here. The investment into the Francium Trapping Facility by
the U.S. DOE is a recent example.
As the ultra-cold neutron (UCN) facility becomes operational, Japanese scientists are likely to
become more involved and will use support from their domestic agencies to collaborate with Canadians.
Furthermore, TRIUMF is exploring an opportunity for Japan’s KEK and/or RCNP laboratories to
open a “field office” at TRIUMF that would facilitate such transactions. The UCN facility and the full
implementation of the β-NMR facility will also attract more users including likely investments into
facility and experimental infrastructure.
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Engagement with NSERC in Subatomic Physics
Research happens at TRIUMF because of NSERC. Without the funding support for scientists and
students, whether they are TRIUMF staff or not, the laboratory would produce only a fraction of its
scientific output. Historically, NSERC’s subatomic physics suite of programs provides $5M–$7M of
annual support for scientists and students directly based at the laboratory (i.e. counting only NSERC
funds disbursed through TRIUMF’s business office).
NSERC’s support for subatomic physics is managed through the Subatomic Physics Evaluation Section
(SAPES), and a distinguishing feature of this process is that the Evaluation Section of peer reviewers
makes recommendations regarding discovery grants, research tools and instruments grants, project
operating grants, and major resource support grants from within a common “envelope” of about
$20 M per year.
As observed in the recent community-based Long-Range Plan for Subatomic Physics, the SAPES
envelope is under increasing pressure, due to the increasing operational demands of existing flagship
programs as well as various new initiatives. As Canada’s national laboratory engaged in subatomic
physics research, TRIUMF is coupled to the NSERC SAPES. Therefore, expansions of TRIUMF’s
research program can have a direct impact on the pressure on the SAPES envelope.
In particular, when ARIEL becomes fully operational, the new e-linac and the new proton beam line will
allow TRIUMF to deliver isotopes to up to three experiments simultaneously. The e-linac will have a
different operating schedule than the main cyclotron, allowing almost year-round delivery of isotopes to
certain experiments. TRIUMF predicts that its scientific output will ultimately double with the completion
of ARIEL (taking into account the non-isotope-science programs).
In general terms, the SAPES envelope is pressured by three factors. Each is discussed here in turn
with comments relevant to the TRIUMF program as presented.
New science. With new discoveries, the focus of cutting-edge research will naturally shift, and the
Evaluation Section will need to weigh new frontiers against traditional programs. Dark matter and particle
astrophysics are two examples of new frontiers in subatomic physics that attracted new researchers with
new requests for equipment and students. Another example is accelerator-physics research; recent SAPES
competitions have positively rewarded several proposals from TRIUMF dealing with the intellectual
frontier of accelerator physics. While accelerator physics research will have broader impact beyond
subatomic physics, the activities at TRIUMF are predominantly related to the subatomic physics program,
leading to its inclusion in SAPES. Another example of “new science” creating proposal pressure is the
migration of atomic and molecular and optics (AMO) physicists from traditional areas into antihydrogen
(e.g., ALPHA) and ultra-cold neutron research that is squarely within the SAPES purview but heavily rely
on AMO methods. In the next Five-Year Plan, TRIUMF anticipates a modest increase in “new science”
proposals in the area of accelerator physics and UCN science to the SAPES.
New people. Another mechanism that increases proposal pressure is new researchers and students
applying for Canadian funding. Canadian graduate students and post-docs are the primary beneficiaries
of NSERC support at TRIUMF for subatomic physics. NSERC funds also cover selected operating costs
and consumables for the experiments. Most of the available space in the ISAC-I and ISAC-II halls is
occupied, so there will be relatively few large, capital-intensive, subatomic-physics construction projects
driven by the new isotopes. Any new Canadian-led efforts will compete for CFI funding for their capital
and other projects will be led and funded by international partners. At present, a significant fraction of the
scientists and students using ISAC-I and ISAC-II to conduct their research come from outside Canada and
bring their own research support. The present rare-isotope beam user community at TRIUMF is roughly
30%–40% domestic users, and the balance is made up of foreign visitors. With ARIEL’s ability to run
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multiple experiments simultaneously, Canada will attract a much higher percentage of the international
user community, thus elevating the experience of Canadian scientists and students working at TRIUMF.
The brain circulation model of talent mobility (please see Section 4.3) implies that hosting a global
beacon for excellence on Canadian soil has profound and positive impacts. In summary, Five-Year Plan
2015-2020 does not propose to substantially expand the number of principal investigators applying to the
SAPES. The exceptions could be several new joint faculty positions proposed in the optimal scenario and
any significant faculty-hiring decisions by university departments. For instance, recent new hires at
TRIUMF and the University of Manitoba related to the UCN program will seek research support from
SAPES.
New equipment and/or operations. In recent history, the greatest pressure on the SAPES envelope has
been the operation of new equipment and facilities. The ATLAS detector at CERN is perhaps the largest
example (ISAC-related detectors are only a few million dollars per year over the past decade, as per the
Long-Range Plan). The advent of ALPHA as a subatomic physics experiment is an example in recent
history along with the CFI-launched IRIS project and the TITAN-EC and Francium detector science
experiments.
Looking forward to Five-Year Plan 2015–2020, it is projected that the EMMA detector facility will
continue to seek SAPES support for operations and students; as the ultra-cold neutron facility comes
online, it will seek SAPES support for scientific experiments examining the electric dipole moment of
the neutron. The key changes at TRIUMF due to the ramping up of ARIEL operations will be handled
entirely through the NRC Contribution Agreement. While funds will be sought from CFI for the main
equipment for upgrades of ATLAS, T2K and other experiments, the R&D phase of these upgrade projects
is already generating new proposals to SAPES in the RTI categories. As pointed out in the SAP LRP this
is challenging for the SAPES envelope due to the continuously decreasing fraction of the envelope
available for equipment.
One of the primary areas of scientific growth at TRIUMF will be in β-NMR, driven by photo-production
of isotopes like Li-8 from the e-linac. This science program is about materials science, and physical
chemistry, which is not under the purview of the SAPES envelope. While tools of subatomic physics are
being “harnessed to drive discovery and innovation,” this growth in science will not increase the demands
on the SAPES program. To a lesser degree than above, a higher throughput in the β-NMR facility, which
is unique in the world, will also attract a much larger international community of users who will bring
their own sources of research support with them.
In summary, TRIUMF’s Five-Year Plan 2015–2020 will advance Canadian scientific prowess in
subatomic physics and is likely to increase proposal pressure on the SAPES envelope at about the 10%
level based on projections about a handful of facilities becoming operational and several new faculty
positions. As usual, TRIUMF will carefully screen its NSERC proposals to ensure that they pursue
research opportunities distinct from those technology development and operations activities projected
to be supported via the NRC Contribution Agreement. However, one has to recognize, that to fully
realize the scientific discovery potential of the Plan, a commensurate adjustment in the NSERC SAPES
envelope would be required.

Outlook
Canada’s science, technology, and innovation ecosystem is a network that connects government,
universities, and industry. As a national laboratory, TRIUMF reflects this multi-sector approach,
drawing on the strengths of multiple stakeholders to deliver a powerful program for Canada with
clarity and confidence.
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6.6 IMPLEMENTATION: TRADE-OFFS
IN RISK, OPPORTUNITY, AND IMPACT
This section summarizes the fiscal support needed through NRC’s Contribution Agreement to carry out
TRIUMF’s activities planned for this Five-Year Plan. Five-Year Plan 2015–2020 identifies the funding
level that TRIUMF needs to provide optimal return on the investments made by the Government of
Canada and its various institutions as well as Canada’s international partners in science. Two alternative
funding scenarios for the NRC Contribution Agreement are also presented and include discussion of the
trade-offs in the program, the risks that would be incurred, as well as opportunities that would be lost
with the funding level of these scenarios.
It is assumed in this that TRIUMF and its member universities will be able to secure competitive funding
from CFI, NSERC, and other funding agencies for completion of ARIEL, the expansion of the computing
power of the ATLAS Tier-1 Data Centre, and the upgrade of various experimental efforts such as ATLAS,
T2K, nEDM, and ALPHA. Based on the previous successes in such competitions and the compelling
scientific cases for these endeavours, there is confidence that a substantial portion of this additional
funding will be secured.
5YP 2015-2020

Actual (2006-2015, 2020=2015)
Proposed Increment (2016-2020)
Inflation Adj (Actual 2006 fwd)
Inflation + Increment (2016-2020)

Figure 1: Annual NRC Contributions
to TRIUMF in the context of inflation.
The red bars show the as-spent annual
NRC Contributions for 2006-2015;
the 2015 value is shown flat for
2016–2020. The orange bars show
the requested increment to handle
TRIUMF's expanded operating
program for 2016-2020. The green
bars show the 2006 contribution with
CPI-adjustments for inflation, as
reported for 2006 2020 by Royal Bank
of Canada. The light-green bars show
the inflation-adjusted contribution
combined with the program-scope
increment.

6.6.1 OVERVIEW OF SCENARIOS
The main aspects of TRIUMF’s programme and how they are affected in the three budget scenarios
are summarized below.

A. OPTIMAL RETURN-ON-INVESTMENT SCENARIO
This budget will provide the fiscal and human resources that will allow TRIUMF to exploit fully the
capabilities of the laboratory as developed since 2010 and make targeted, strategic enhancements to the
program to strengthen particular areas of national priority, like the isotope program, partnerships with
international organizations (CERN, KEK), and Canadian companies. Approximately 35 FTEs that are
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presently supported through temporary funds (from CFI transitional operating funds for ARIEL and the
ATLAS Tier-1 Data Centre, NRCan, and so on) will be moved onto the stable platform of the salary
budget via the Contribution Agreement.
This scenario will also enable some urgently needed upgrades of the aging infrastructure of the laboratory.
These upgrades have been deferred over 10 years of flat-flat funding, and the upgrades will go far to
mitigate the growing risk of failure of the laboratory’s valuable physical assets.
All of these activities, under Scenario A, will guarantee Canada’s continued position as an international
leader in particle physics and rare isotope science and realize a strategic growth of the nuclear medicine
program and its contribution to the development of medical isotopes for Canada.
This scenario would enhance TRIUMF’s partnership with AAPS, Inc. to increase overall technology
transfer and commercialization activities and to bring even more high-technology developments to the
market.

B. INCREASED-RISK SCENARIO
In this scenario it would not be possible to capitalize on all of the opportunities laid out in the optimal
scenario and stricter priorities would have to be set to retain a measure of scientific leadership in the
short and long term. Moreover, TRIUMF and its stakeholders would have to accept a higher level of
risk that the laboratory would not meet its goals.
This scenario has three high-level priorities: the completion of the flagship Advanced Rare IsotopE
Laboratory (ARIEL) and with it the scientific exploitation of TRIUMF’s existing accelerator
infrastructure; the new program with ultra-cold neutrons (UCN); and the expansion and full exploitation
of the Canadian ATLAS Tier-1 Data Centre.
Of course, this could only be done at the expense of some of the needed infrastructure upgrades and
maintenance, which risks operational reliability, loss of scientific productivity, and reduced international
credibility and reputation.
Several opportunities for program enhancements would also have to be scaled back to concentrate on
the core mission of the laboratory in basic science, leading to a reduced societal and economic impact.
To put this scenario in context, if TRIUMF’s core operating annual budget (as provided by the NRC
Contribution Agreement) had been adjusted for inflation from 2005 to 2015 (2% per annum as per Bank
of Canada guidelines), the 2015 level would be $52.6M. Thus, a five-year Contribution Agreement for
2015-2020 at this level without any future corrections for inflation (so-called flat-flat) would total $263M.
The level of investment proposed in Scenario B, then, simply restores TRIUMF to the buying-power
position it had in FY2005 but with operations of added infrastructures like ARIEL, ATLAS Tier-1 Data
Centre, and M20.

C. RESTRICTED SCENARIO
Within a flat-flat budget scenario TRIUMF would not be able to deliver on the goals laid out in this plan.
This scenario would not capitalize on the investments already made by Canada and international partners
over the past decade. TRIUMF’s and Canada’s reputations as reliable international partners would be
tarnished. Student numbers would drop because TRIUMF’s program would not be as competitive and
attractive. In addition, societal and economic benefits driven by TRIUMF would drop. All of these effects
would have long-lasting negative impacts not easily reversed.
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Priorities

ARIEL completion
Skilled Personnel
Operational M&S
Program growth
Infrastructure
Confidence in
maintaining
Canadian
leadership

Scenarios for NRC Contribution Agreement
Optimal
Increased Risk
$290.0M
$265.7M

Impact
- High discovery
potential
- High impact in
international
endeavours
- World leading
facilities
- increase in student
numbers and highimpact publications

Impact
- reduced operational
reliability
- lost opportunities
for enhancements
- reduced societal and
economic benefits

Restricted
$222.3M

Impact
- risk of major failures
- lost opportunity for
discovery science
- risk to lose key staff
- loss of standing as
international partner
- diminished
scientific impact
- reduced student
numbers due to noncompetitive projects
- minimal societal and
economic benefits

Table 1: Summary of three budget scenarios indexed by NRC Contribution Agreement for Five-Year Plan 2015-2010.

6.6.2 SCENARIO A: OPTIMAL ($290.0M VIA NRC)
TRIUMF will provide maximal return on investment and maintain national and international scientific
leadership with its high-performing infrastructure while completing the ARIEL project and gradually
phasing in its scientific exploitation.

Operation at Full Capacity
• TRIUMF will operate its accelerator facility with the main cyclotron and the ISAC complex to deliver
beams with maximum efficiency and to exploit the investments made by NRC, CFI, NSERC and
international partners for a high-impact science program.

Completion and Exploitation of ARIEL
• TRIUMF will complete the ARIEL project with targets and infrastructure for remote handling
and beam delivery, fully delivering on the vision laid out in Five-Year Plan 2010–2015.
• TRIUMF will ramp up the operation of the ARIEL accelerator infrastructure in a phased approach
to deliver science as each of the planned phases comes on line.

Acting on Opportunities
• TRIUMF will expand its core support for the nuclear-medicine program, capitalizing on the
strengthened competencies and new partnerships resulting from the Tc-99m development. Efforts
will lead to new innovations for the benefit of every Canadian’s health and economic potential for
Canadian industry.
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• The UCN facility at TRIUMF will be brought to full power, producing the highest density
of ultra-cold neutrons of any facility to establish the most sensitive limit on or discover the
neutron electric-dipole moment.
• The ATLAS Tier-1 Data Centre will be expanded to keep up with the increased data rates from the
LHC. Reliable operation will be ensured through TRIUMF investments in staff, infrastructure,
and operations.
• TRIUMF will make significant contributions to high-profile, offshore experiments such as ATLAS
and ALPHA at CERN and the T2K experiment at J-PARC. These efforts will capitalize on previous
investments and increase the stature gained by Canadian researchers in these international
collaborations. The Canadian subatomic physics community will be supported in other international
efforts through the TRIUMF detector facility.
• TRIUMF will grow its economic impact by adding up to three critical staff members for expanding
partnership with AAPS, Inc., developing new industrial partnerships, and exploiting new opportunities
for technology transfer to Canadian companies.

Investment in People and Infrastructure
• TRIUMF will invest in crucial infrastructure upgrades such as the replacement of the cyclotron
main magnet power supply, refurbishment of the cyclotron needed for the new proton beam line,
refurbishment of ISAC targets and beam delivery systems, as well as the site electrical transformer,
the leaking Meson Hall roof, machine shop infrastructure, water and air systems, and modern
communications systems.
• In cooperation with its partner universities TRIUMF will strengthen its scientific community
in Canada through several strategically placed joint faculty positions.
• A substantial increase of Canadian and international HQP can be expected due to the increased
operating hours and stronger involvement in international projects.
• TRIUMF will have constant buying power for utilities and other basic operating expenses while
providing economic adjustments of salaries in line with inflation allowing TRIUMF to remain
competitive in the market for top-notch researchers, and highly specialized engineers,
and technical personnel.
Overall, this optimal scenario enables TRIUMF to exploit the existing in-house facilities for subatomic
physics (ISAC), molecular and materials science (β-NMR, µSR), and nuclear medicine. A timely
completion of ARIEL is particularly important since there are competing efforts under way in Europe,
the US, and Asia. ARIEL’s proposed timeline will give TRIUMF’s rare isotope program the edge:
we will be the first to reach important r-process nuclei and to carry out high-profile discovery
experiments on physics beyond the Standard Model.
Science exploitation of ARIEL will start with β-NMR, dramatically expanding the impact of this worldunique facility for the characterization of material interfaces, nanostructures and biomolecules with
impact on microelectronics, nanoscience, quantum computing, and energy storage.
The next major step will be the implementation of photo-fission, finally providing access to some of the
short-lived isotopes involved in the production of the heavy elements in the r-process, opening the final
chapter of the quest to understand the origin of the chemical elements.
The addition of a new proton beam line and target will allow for the implementation of a full multi-user
capability with three independent rare isotope beams (RIBs) delivered to experiments, and, in particular,
enabling the precision experiments on rare isotopes that aim to discover hints of new forces and particles
beyond the SM. The final phase will see the ramp-up of the e-linac to full power of 500 kW, providing
access to substantially more r-process isotopes. With three operating RIB production targets operational
by 2020, the productivity of the ISAC experimental facility will more than double. TRIUMF will provide
the expert staff for these projects through the NRC Contribution Agreement, while new capital will be
provided in part through CFI funding via TRIUMF’s member universities.
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TRIUMF, together with the Canadian subatomic physics community, will maintain strong engagement
in its high-profile, offshore activities with ATLAS at the LHC at CERN, the T2K long baseline neutrino
experiment in Japan, and the antihydrogen experiment ALPHA at CERN.
TRIUMF will also be able to complete the high-power phase of the facility for ultra-cold neutrons,
allowing for the chance to discover a neutron EDM and to support the Canadian subatomic physics
community in developing new detector systems for experiments at SNOLAB and abroad, further
enhancing Canada’s position as a leading nation in nuclear and particle physics.
In this scenario, TRIUMF would prioritize any commercial revenues toward the refurbishment,
acquisition, or construction of new technical and administrative space at the laboratory (please see
Section 6.3.4). For instance, the IAMI initiative will need some new conventional facilities and services
and a TRIUMF investment from commercial revenues might attract other partners. Some of the ageing
trailers at TRIUMF would be replaced and modest upgrades of the detector development laboratories
would be considered.

6.6.3 SCENARIO B: INCREASED RISK ($265.7M VIA NRC)
This scenario would have substantial negative impact on several aspects of the program.

Lost Opportunities
• TRUMF would have to scale back its plans to grow the nuclear medicine program.
If no additional external funds could be secured, the opportunity to make innovations
for the benefit of Canadian’s health will be substantially reduced.
• With less investment into strengthening its industrial partnerships,
TRIUMF would only be able to pursue a limited fraction of technology transfer opportunities.
• TRIUMF’s experimental support facilities and beam lines would remain at 2010 levels
and no upgrade would be implemented, reducing the opportunity to exploit the
expanding secondary beam capabilities.

Increased Risks
• TRIUMF would be able to make only minimal investments in the most critical infrastructure upgrades
thereby risking devastating consequences (e.g., failure of the site’s power transformer or the 500 MeV
cyclotron main magnet power supply). Other investments into needed infrastructure would have to be
deferred, including the Meson Hall roof, mechanical services, machine shop, and communication
systems.
• Due to curtailed material and supplies budgets, the operation of the accelerator facility would
become less reliable because some maintenance activities, upgrades, and refurbishments directed
at more reliable operation would not be carried out.
In this scenario, TRIUMF would prioritize commercial revenues toward refurbishment of technical
space and administrative offices, especially IAMI and the ageing trailers.

6.6.4 SCENARIO C: RESTRICTED ($222.3M VIA NRC)
In this scenario TRIUMF would be forced to substantially cut back on its highest-priority programs,
losing discovery opportunities and international standing, and would be forced to defer maintenance as
well as infrastructure programs, dramatically increasing the risk of major failures. As a consequence,
Canada would lose its international leadership position in nuclear and particle physics and its reputation
as a reliable and strong partner for partners, such as Japan and CERN, and consequently jeopardize the
investment Canada made in 2010–2015.
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Damage to Discovery Science and International Reputation
• TRIUMF would have to stretch the construction schedule for ARIEL well into Five-Year Plan
2020–2025, effectively losing the opportunity to make a substantial scientific impact with full
photo-fission and multi-user operation at a time when other new RIB facilities in the U.S., France,
and Germany are still under construction. In particular, TRIUMF would lose the ability to carry out
high-profile discovery science experiments like those searching for physics beyond the Standard Model
(e.g., the RnEDM and FrEDM experiments that rely on the multi-user operation with the new proton
beam line BL4N). Delay of the full power e-linac would allow other international facilities
(e.g., SPIRAL2, FRIB), to be first in carrying out crucial experiments on neutron-rich nuclei on the
r-process path, reducing Canadian capacity from one of discovery to one simply confirming others’
work. TRIUMF’s ability to deliver the Canadian side of the $10M memorandum of understanding
with India’s VECC laboratory would be compromised.
• The staff reductions would force TRIUMF to redirect staff to focus on the ARIEL completion project
reducing the availability of expert engineering, design, and technical personnel for other projects.
As a consequence TRIUMF would be reducing its capacity to be engaged in other priority projects
of the Canadian community with negative impacts even on the highest-profile international efforts of
ATLAS, T2K, and ALPHA (together involving more than half of the subatomic physics community).
Support for other projects of the Canadian university community would be impacted more severely.
• TRIUMF would lose the capability to provide expanded space for the ATLAS Tier-1 Data Centre.
The expansion would have to be limited to the bare minimum. A reduction in staff for this Tier-1
Centre with the smallest staff level worldwide would result in less reliable performance, and would
negatively impact the excellent reputation of this facility. It would disrupt the ATLAS physics
activities in Canada as well as around the world, causing serious delays in scientific output.
• TRIUMF would not have the funds to make the necessary investments into the beam line infrastructure
and additional helium liquefaction system to bring the UCN facility from 1 to 40 µA, effectively
delaying the phase when the neutron EDM experiment would become competitive until well into
Five-Year Plan 2020–2025. TRIUMF would lose ground against the competition and potentially risk
the possibility for a prize-worthy discovery. TRIUMF would not be able to fulfill its promises to the
Japanese partners who are heavily investing in TRIUMF under the prospect of such discoveries.
• TRIUMF would have to defer the planned engineering study for the refurbishment of beam line
BL1A in the Meson Hall until 2020–2025, risking failure and compromising the exploitation of new
facilities (µSR and UCN) as well as commercial activities (irradiation, isotopes production).

Reduced Societal and Economic Benefits
• The budget would not allow investing into staff that is dedicated to foster industrial partnerships,
resulting in a loss of technology transfer opportunities.
• The emergent Nuclear Medicine Program would stagnate and lose capability to attract external
and industrial partners.
• The budget would make TRIUMF’s science program less attractive and competitive on the international
level, making it harder for TRIUMF researchers as well as the users from Canadian and international
universities to attract top-level graduate students; the undergraduate co-op student program would be
eliminated, thereby reducing the number of students and eventually impacting the level of highly
qualified personnel.

Risks to Operations, Infrastructure, and Skilled Workforce
• TRIUMF would be forced to curtail maintenance and development activities for its in-house science
program, which would lead to a dramatic increase in the risk of component failure or the loss of new
components.
• TRIUMF would be forced to cut its staff complement by 36, severely reducing the capability
to carry out maintenance, facility operation, and project development.
• Since only modest cost-of living adjustments could be made, staff salaries would become even less
competitive, dramatically increasing the risk of losing key personnel and limiting TRIUMF’s ability
to attract the skilled staff it needs.
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In this scenario, TRIUMF would direct any accumulated commercial revenues toward mitigating the
largest impacts. For instance, resources if available would be prioritized to support limited undergraduate
student participation in TRIUMF, to deal with the potential failure of a critical and major piece of
equipment associated with the main cyclotron (main magnet power supply or site-wide transformer),
or to keep ARIEL completion moving forward.
PRIORITIES

SCENARIOS FOR NRC CONTRIBUTION AGREEMENT
Optimal
$290.0 M

Increased Risk
$265.7 M

Restricted
$222.3 M

ARIEL completion

Full completion =
top international RIB facility

Full completion =
top international RIB facility

Stretch project =
loss of leadership in RIB science

Skilled Personnel

$182,000,000

$182,000,000

$161,200,000

Operational M&S

$84,200,000

$73,100,000

$61,100,000

Salaries, M&S
adjustments

Fund required highly skilled staff,
capable to follow utility prices =
World-class excellence in science;
increase HQP; deliver on all
promises

Fund required highly skilled staff,
capable to follow utility prices =
World-class excellence in science;
increase HQP; deliver on all
promises

36 FTE reduction,
min. economic adjustments,
cut student program =
Loss of key staff; fail on objectives
for operations, projects, HQP

Cyclotron & ISAC

Optimal = World-class
excellence in science

Sub-optimal = High impact
science, risk of lower quantity

Reduced = Limited quantity
and impact of science output

ARIEL operations

Timely exploitation =
High-impact science, prize
worthy discovery potential

Timely exploitation =
High-impact science, prize
worthy discovery potential

Limited exploitation =
Some high-impact science,
loss of discovery potential

$3,600,000

$0

Strategic Initiatives $9,100,000
ATLAS Tier-1

Expansion and fully
reliable operation =
High-impact science, maximize
international relevance

Expansion and fully
reliable operation =
High-impact science, maximize
international relevance

Reduced reliability, limited
expansion = Science output
severely impacted, loss of
international relevance

Ultra-Cold
Neutrons

Implement full capabilities =
Prize-worthy discovery potential,
capitalize on international
investments

Implement full capabilities =
Prize-worthy discovery potential,
capitalize on international
investments

Reduced to minimum
capabilities = Discovery potential
lost, failure to deliver on
international agreements

International
endeavours
(ATLAS/LHC, T2K,
ALPHA, LC, etc.)

Support intl. experiments
and new accelerator projects =
Canadian leadership, maximum
economic impact

Support intl. experiments
and new accelerator projects =
Canadian leadership, maximum
economic impact

Limited support =
Loss of Canadian leadership,
loss of economic opportunities

Institute for
Accelerator-based
Medical Isotopes

Optimal staff =
Maintain natl. leadership,
address national priorities

Seek external staff funding =
Maintain natl. leadership, address
national priorities

No leverage for external funding =
Loss of national leadership in
isotope production

Industrial
Partnerships

Invest into long-term
tech transfer capability =
Increased economic benefit

Maintain limited tech
transfer capability =
Limited economic benefits

Loss of tech transfer capability =
Minimal economic benefits

Infrastructure

$14,700,000

$7,000,000

$0

Infrastructure
renewal

Address deferred maintenance =
Reliable infrastructure for
scientific excellence

Minimal = Increased risk of
equipment failure, lost time

Defer = Risk of unmitigated
catastrophic equipment failure

Table 1: Summary of the impacts in three budget scenarios.
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Optimal

Increased
Risk

Restricted

171,500
10,500

171,500
10,500

156,500
4,700

22,850
3,650
3,000
12,650
2,930
11,600
8,150
9,000
2,970
2,500
79,300
4,900

22,850
3,150
1,500
12,050
2,730
11,100
6,750
6,000
2,870
1,800
70,800
2,300

20,350
2,950
1,000
11,000
2,730
8,150
4,850
4,500
2,770
1,500
59,800
1,300

Strategic Initiatives
IAMI Support
Commercialization Support
Ultra-Cold Neutron Facility (MOU)
Atlas Tier-1 Physical Expansion
University Engagement
Participation in International Endeavours
Total Strategic Initiatives

1,500
1,500
1,600
500
1,500
2,500
9,100

500
1,000
1,600
500
0
0
3,600

0
0
0
0
0
0
0

Infrastructure
Site Power, Equipment, and Mechanicals
Cyclotron Refurbishing & Power Supply
Meson Hall Roof and Facilities
Beam Line 1A Engineering Study
Space Expansion (equip and operating)
ISAC Refurbishment
Total Infrastructure

2,100
3,000
2,000
2,000
3,100
2,500
14,700

1,000
2,000
0
2,000
400
1,600
7,000

0
0
0
0
0
0
0

290,000

265,700

222,300

Total Salaries & Benefits
Inflation Adjustment
Operational Costs
Net Power Costs
Administrative Support
ISAC Beam Development
Site Infrastructure
Safety, Security and Quality Assurance
Accelerator Division
Engineering Division
Science Division
Insurance, Office Services, ERP
Nuclear Medicine Division
Total Operational Costs
Inflation Adjustment

Total NRC Contribution

Table 2: Summary of budget allocations in three scenarios.
Proposed operating budgets include funds for operating ARIEL, the ATLAS Tier-1 Data Centre, and so on.
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6.6.5 CONCLUSION
In consultations with its various stakeholders, TRIUMF has developed a strategic plan that lays out how
Canada can capitalize on its past investments in an optimal way and strengthen Canada’s leadership
position in particle and nuclear physics through strategic program enhancements and infrastructure
upgrades.
To aid decision makers, several implementation strategies have been laid out, including a summary
of
the trade-offs, lost opportunities, and risks that arise from reduced funding of TRIUMF’s operation
through the NRC Contribution Agreement. To achieve an optimal return on investment, $290 million
is required over the period 2015 to 2020. TRIUMF will seek additional funding from CFI, WD, and
provincial governments to support the ambitions for ARIEL completion, the Institute for Acceleratorbased Medical Isotopes, and so on.
The priorities, trade-offs and impact of the three scenarios are summarized in Table 6.4.2.2. ARIEL
completion and maintaining the highly specialized and skilled workforce to build ARIEL and operate
the facility remain the highest priorities. The optimal scenario results in high impact in advancing
knowledge, being an international leader, educating future leaders, and generating both societal and
economic benefits.
In the increased-risk scenario, compromises will be made regarding materials and supplies for
maintenance (Operational M&S) and program growth and investments to upgrade aging infrastructure
needed to enable completion and operation of the flagship programs and to generate science output.
These compromises will incur risk and result in lost opportunities.
The restricted flat-flat scenario will have a grave impact on all aspects of the program, including loss of
international leadership in new flagship programs as well as existing ones and reduced output in science,
highly qualified personnel, and societal and economic benefit.
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6.7 DEVELOPMENT
OF FIVE-YEAR PLAN 2015–2020
To develop its Five-Year Plan 2015–2020 TRIUMF engaged its user community through a process of
consultation and feedback, which began in 2011, with the publication of the Long Range Plan of the
Canadian Subatomic Physics Community. The formal five-year plan consultation process was started
in the summer of 2012 at the joint meeting of the Institute for Particle Physics (IPP) and the Canadian
Institute for Nuclear Physics (CINP) during the Annual Congress of the Canadian Association of
Physicists (CAP) as well as at the Annual General Meeting of the TRIUMF Users Group (TUG-AGM).
At these meetings, TRIUMF announced the planning process and requested input into the plan. In
addition electronic messages with the same information were distributed to the whole TRIUMF user
community.
The community submitted short project requests that included project cost estimates, resource
requirements, and funding strategies, to the Policy and Priorities Advisory Committee (PPAC) by
September 2012.
PPAC, which comprises representatives of the scientific community from its member universities,
reviewed over 80 submissions and identified the highest priority projects, using the following criteria:
1. Potential for scientific impact considering the required TRIUMF resources;
2. Benefit to the Canadian university research community;
3. Benefit to broader Canadian society and industry; and
4. Technical feasibility, readiness, and the likelihood of success.
The PPAC chair reported the results of the Committee’s evaluation at the November 2012 Advisory
Committee on TRIUMF (ACOT) meeting.
The Five-Year Plan Steering Committee, which comprises community representatives and TRIUMF staff
members across all scientific fields, developed the outline and strategy for Five-Year Plan 2015–2020 and
in early 2013 engaged more than 80 authors to provide contributions and help with editing the document.
The overall plan was presented again, at the joint IPP/CINP meeting at the May 2013 CAP Congress and
at the July 2013 TUG-AGM meeting. The TRIUMF Board of Management, ACOT, and the Evaluation
Committees for Life Science (LSPEC), Subatomic Physics (SAP-EEC), and Molecular and Materials
Science (MMS-EEC) have been providing feedback throughout the process, and ACOT and the Board
of Management have endorsed the strategy and priorities of the plan.
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6.8 OUTLOOK
Five-Year Plan 2015–2020 is bold; it is founded on the premise that Canadian leadership in key areas
of research is worth capitalizing on and that this basic research excellence can be translated into societal
and economic benefits for all of Canada.
But the real engine behind Canadian science and innovation, the real inspiration that fuels TRIUMF and
its community, day after day, is the excitement and the wonder that comes from working with colleagues
to pursue the answers to basic questions about not just the world around us but also the universe. It is a
drive defines us as human beings. This plan fulfills on that fundamental drive and promises to deliver the
broader benefits that make science a publicly shared enterprise.

OECD Megascience Forum, “Report of the Study Group on Radioactive Nuclear Beams to the Working
Group on Nuclear Physics,” Paris, France: OECD Megascience Working Group on Nuclear Physics,
1999, p. 39.
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