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R TRIUMF Introduction

Member Universities:

* TRIUMF = Tri University Meson Facility, « University of Alberta
* since 1968, now 20 member universities * University of British Columbia
* Canada’s particle accelerator centre * University of Calgary

* Carlton University

* University of Guelph

* University of Manitoba

* Université de Montréal

* Queen’s University

* University of Regina

* Simon Fraser University

* University of Toronto

* University of Victoria

* York University

Associate Members:

* McGill University

* McMaster University

* University of Northern BC
* Saint Mary’s University

* Université de Sherbrooke
* Western University

* University of Winnipeg




TRIUMF - nuclear physics lab.

Expertise in:

e Accelerator technology

*  Accelerator operation

* Detectors
* Targets for isotope
production

* Interaction of particles
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Medical Application @ TRIUMF
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R TRIUMF

Cancer occurence cojorectal cancer, bladder cancer. 7%

10% non-Hodgkin

lymphoma, 5%

lung cancer, 15%
skin melanoma, 5%

kidney cancer, 4%

oral and pharyngeal
cancer, 3%

prostate cancer, leukemia, 3%

0,
a5 pancreatic cancer,
other, 20% o
3%
Cancer occurence colorectal cancer,
lung cancer, 14% 10% endometrial cancer,
: 7%
non-Hodgkin

lymphoma, 4%

thyroid cancer, 4%

Skin melanoma,
4%

breast cancer, 26%

ovarian cancer, 3%

kidney cancer, 3%

0,
other, 22% leukemia, 3%

Cancer

Cancer mortality prostate.cancer, colorectal cancer,
10% 8%
0

pancreatic cancer,

6%
liver & intrahepatic
bile duct, 4%
4 ’
lung cancer, 31% leiikemia, 4%
esophageal cancer,
4%

bladder cancer, 3%

non-Hodgkin
lymphoma, 3%
kidney cancer, 3%

other, 24%

colorectal cancer, .
9% pancreatic cancer,

6%

ovarian cancer, 6%
non-Hodgkin

lymphoma, 3%

leukemia, 3%

uterine cancer, 3%

Cancer mortality

breast cancer, 15%
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brain and other
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‘ . nervous system,

other, 25% 2%

liver & intrahepatic
bile duct, 2%

lung cancer, 26%



R TRIUMF Cancer

* Surgery
* Chemotherapy g 100 100
* lonizing radiation - "
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e DNA (Deoxyribonucleic acid):
genetic instructions for
development and functioning

e Cell needs information from DNA
for survival

e Single helix break easy to repair
* Double helix break more difficult
to repair

e Cell can not survive

¢ Radiotherapy: as many double
helix breaks in cancer cells as
possible with as few double breaks
as possible in healthy cells

L

NS

DNA break

The cell "double checks” the & 4
duplicated chromosomes for /7 & 2
error, making any needed [/ /7 7
repairs. £
.":._ /

_/ Each of the 46
chromosomes is

duplicated by the/  Cellular contents,
DL"ETL'CEE by E excluding the chromosomes,

/ are duplicated.
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Cell cycle arrest.



R TRIUMF lonizing Radiation
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R TRIUMF

LET — Linear Energy Transfer

— .,
g . \\\‘\\“'

«»\\“‘\\\'\
»"  Low LET — photons, electrons,
protons, indirect damage via free
radical formation

09886

High LET —ions, neutrons,
protons, direct damage

DNA Segment

Linear Energy Transfer (LET):
Energy transferred (ionization,
secondary electrons) per unit
distance



LET — Linear Energy Transfer

5
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«w\““\\'\
Low LET — photons, electrons,
protons, indirect damage via free
radical formation

High LET —ions, neutrons,
protons, direct damage

DNA Segment

—

Surviving Fraction (log)

RBE - Relative Biological Effectiveness

Xrays: 1
Protons: 2
Heavier ions: 20

Proton

Dose (Gy)



R TRIUMF

LET — Linear Energy Transfer

B v
A o
Low LET — photons, electrons,

protons, indirect damage via free
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OER — Oxygen Enhancement Ratio
* High LET radiation — low OER

e OERforxrays=upto4

* OERforions=1
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R TRIUMF

LET — Linear Energy Transfer

=" Low LET — photons, electrons,
protons, indirect damage via free
radical formation
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High LET —ions, neutrons,
protons, direct damage
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R TRIUMF

External beam therapy

X-rays
‘s, (20 MeV)

-~

* Electrons only used for surface I
1
tumours ;i
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X-rays (6-18 MV) most commonly used !
radiotherapy, many techniques to
spare healthy tissue (3D conformal
beams, image guided delivery, real-
time motion tracking etc.), compact
and cost efficient

*  Protons need 230 MeV accelerator for Electrons

.. e . (4 MeV) Protons
clinical use, large facility, expensive (150 MeV)
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R TRIUMF FLASH effect

34 Gy” 31Gy* 28Gy*
Conventional dose rate ~ 0.03 Gy/s ' '
* In 20 — 30 fractions to affect all cell cycle
phases, and to reach the hypoxic centre of
a tumour

Vozenin et al., 2018



R TRIUMF FLASH effect

Conventional dose rate ~ 0.03 Gy/s
* In 20 — 30 fractions to affect all cell cycle
phases, and to reach the hypoxic centre of
a tumour

FLASH dose rate < 40 Gy/s

* Lower toxicity in healthy tissue but same
tumour control

* Effect only consistently observed in-vivo,
not in-vitro

* Oxygen — depletion hypothesis, healthy
tissue becomes basically hypoxic

* To reach high dose rates — remove
target..... electron beam

34Gy* 31 Gy* 28Gy*
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Vozenin et al., 2018



R TRIUMF FLASH effect

Conventional dose rate ~ 0.03 Gy/s
* In 20 — 30 fractions to affect all cell cycle
phases, and to reach the hypoxic centre of
a tumour

FLASH dose rate < 40 Gy/s : s

* Lower toxicity in healthy tissue but same . Ay = viocke
tumour control i

* Effect only consistently observed in-vivo,
not in-vitro

* Oxygen — depletion hypothesis, healthy
tissue becomes basically hypoxic

* To reach high dose rates — remove
target..... electron beam

Ic: 5 months

Bourhis et al., 2019



R TRIUMF Electron FLASH

FLASH in Vancouver
Around 260 Gy/s
Data still being analyzed

Andrew Minchinton, BC Cancer



Photon FLASH

*  Electron gun 300 keV 10 mA (CW)

*  Three accelerating superconductive
@ cryomodules

. * Irradiation stations:
Flf — Low energy (CTS — 300 keV)
dinmixl] — High energy (EABD — up to 30 MeV)

——— — Medium energy (EMBD - up to 10
MeV)
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Photon FLASH

*  Electron gun 300 keV 10 mA (CW)

*  Three accelerating superconductive
cryomodules

ISAC-1l
HEH ENERGY

*  Two side irradiation stations:
— Low energy (CTS — 300 keV)
— High energy (EABD — up to 30 MeV)

— Medium energy (EMBD - up to 10
MeV) e

Tantalum
ctron-to-photon/ (J/
converter / [

MAIN DFFICE
BULDNG

Water IN

f
Multi-slit
Collimator

]

Biological
sample

Electron Water OUT

HTI0M SOURCE

Magdalena Bazalova-Carter, UVic
Alexander Gottberg, TRIUMF




R TRIUMF Photon FLASH

FLASH — DoseEq @ 10 MeV Average dose rate up to ~ 300 Gy/s
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Magdalena Bazalova-Carter, UVic
Alexander Gottberg, TRIUMF



R TRIUMF Photon FLASH

What’s next?

 Manufacture, installation and :
testing until summer 2020

* Experiments with biological ’
samples fall 2020

Magdalena Bazalova-Carter, UVic
Alexander Gottberg, TRIUMF



Proton Therapy
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PT around the world

avy ion therapy centers

Currently 91 centers in operation, 46 under construction, 21 in planning



Clinical operation
since 1995

Canada’s only proton
therapy facility

Ocular melanomas

Clinical treatments
ended Feb 2019

Proton Therapy @ TRIUMF
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R TRIUMF PT Treatment Results

Summary paper with 59 patients
(E. Tran et al., Int. J. Radiat. Oncol. Biol. Phys. 83 (2012) 1425)

* 20 patients T1, 28 patients T2, 11 patients T3

* Median tumor size: diameter 11.4 mm, 3.5 mm thick
* Median follow-up time 63 month before PT
* 19 patients treated with 54 CGE and 40 patients treated with 60 CGE

* 5-year local control rate 91%
(T1 100%, T2 93%, T3 59%) and 97% with 60 CGE, 83% 54 CGE

* Metastasis-free survival rate 82% (T1 94%, T2 84%, T3 47%)
* 5-year neovascular glaucoma 31% (T1-2 23%, T3 68%)
* Enucleation T1 0%, T2 14%, T3 72% after PT




R TRIUMF PT Small Field Treatment

Incoming Total Internal Reflection

Protons (or to photodetector (MPPC) _ Conduction Band
neutrons) l € & € €
’ /\/\ —
—, == Activation 5|tes<:
] 1 e- e- e- e- e- e- e- e-
—a
Scintillating volume Jacketed Plastic Valence Band
Optical fibre
* Typical sensors for dosimetry larger than treatment volume
e Optical fibers can have excellent spatial resolution
* Dose and dose rate independent
«—>
3mm

Cheryl Duzenli, BC Cancer
Sylvain Girard, St. Etienne



,TRIUMF Novel Scintillators for PT Dosimetry

5 :

— PIN Optical Diode

—  PTW Diamond

— Exradin W1 Plastic Scintillator
4! FLUKA (Monte Carlo)

—  Markus

Normalized Dose

25 30 35 40 45
Depth (mm)

Cheryl Duzenli, BC Cancer
Sylvain Girard, St. Etienne



R TRIUMF Novel Scintillators for PT Dosimetry

5 :
— PIN Optical Diode
—  PTW Diamond
— Exradin W1 Plastic Scintillator dE
al FLUKA (Mente Carlo) | dL S—
—  Markus — dx

dx 1_+-k3%§-+(?(%§)2

e Empirical Craun-Birks equation

Normalized Dose

e Correction of quenching

* Not practical for Proton Therapy!

25 30 35 40 45
Depth (mm)

Cheryl Duzenli, BC Cancer
Sylvain Girard, St. Etienne



R TRIUMF Novel Scintillators for PT Dosimetry

5 . :
— PIN Optical Diode 4.0 ' T r T r T . T . T
—  PTW Diamond |
— Exradin W1 Plastic Scintillator 35L T Ce (26) " _
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4 —  Markus 1 = L TTTTTT Markus (37) |
S 30 ~-- -Cu (2.6) .
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Cheryl Duzenli, BC Cancer
Sylvain Girard, St. Etienne



2 TRIUMF PT Range verification

Tumor
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2 TRIUMF PT Range verification

Tumor
I am—

100%
<—— Bragg-Peak

SEREUCUE | CONVENTIONAL
2eid  RADIATION/IMRT

PROTONS

0%
o) 10 20 30 40

Penetration Depth (cm)



R TRIUMF PT Range verification

Dose

Fast Scintillator

<

Dennis Muecher, Guelph



R TRIUMF PT Range verification

Dose

Fast Scintillator

<

Characteristic
Peak

Dose

Fast Scintillator

Dennis Muecher, Guelph



R TRIUMF PT Range verification
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Number of Counts
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Number of Counts

PT Range verification
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R TRIUMF PT Range verification
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R TRIUMF

Summer 2019:
experiment with
HPGe detector

Data currently being
analyzed by Eva and
Christina

PT Range verification

9 MeV
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20.7 MeV
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R TRIUMF Proton FLASH?

* PT facility (2C1) at
TRIUMF limited to 6 nA,

» direction of beam or N 0.2 Gy/s
* Main cyclotron able to
X rays/electrons extract 100 uA into 2C4,

or up to 3,333 Gy/s

Protons (Bragg peak behind tumour) -
Protons (Bragg peak in tumour) - * Willthere be a FLASH
: effect with protons?
~+ 3 - 3 * How do you ensure range
oS 2 S verification?
c 3 c 3 ’
® D ® o




R TRIUMF External beam therapy with ions

Biologically effective doses for photons, protons and carbon ions
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R TRIUMF Targeted a Therapy (TAT)

Kratochwil et al., J. Nuc. Med. 2016;57(12):1941-1944.



R TRIUMF Targeted a Therapy (TAT)

e 11 clinical trials (?°Ac and

213Bi)
\ S X * > 640 patients (60-80%
*225Ac-PSMA showed response)

>

* Want up to 50,000 patient
doses a year (120 Ci)

Kratochwil et al., J. Nuc. Med. 2016;57(12):1941-1944.



R TRIUMF Current 225Ac Production

Primary 22°Ac sources:

40
INGL s

stockpile, ORNL, ITU

ALICE201D o

=
. g 30 Lefort, et al. 1961 o
* Alternatives sought < e Qo otal 1062 ¥
. .. 2 Gauvin 1963 &
® 226Ra |rrad|at|0n g 20 Titarenko, et al. 2002 <
. . )] ikov, )
* Tri-Lab efforts 232Th(p,x) spallation 2 15 | Emoaer,otal 2012 .
g Thiswork @
10
Global production is ~10 Ci per year 5 |
« Promising early clinical trial results 0 g
- Supply vs demand is out of balance, but market needs 0 2 50 7/~ 100 12 150 175 200
to be nurtured, and supply needs to increase and be Proton Eneray [MeV)
liabl ! PRl J.W. Weidner et al. Appl. Radiat. Isotop. 2012, 70, 2602
reliable

o 225Ac production via Th spallation demonstrated at LANL 50 - 200, 800 MeV

small scales: INR RAS 40 - 90 MeV
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@TRIUMF Isotope Accelerator Program: Isotope Production Facility

TARGET TRANSFER
> CELL

TRANSFER
FLASK
Isotope production using .
2 500 MeV
TRIUMF’s }?‘ ___ ISOTOPE PRODUCTION
17 = THIMBLE

Irradiation Location

500 MeV infrastructure P /\r

IPF (BL1A) o M

Intermediate activity (MBq), \W g A

spallation nl"‘;.\\:%

* Routine, independent .‘\«,‘}{,l P sl e
production N &

| TARGET |
J

]
1 { ' PROTON "
- BE AMLINE
BL1A

500 MeV Isotope Production Facility



Spallation Reaction on %32Th with 500 MeV Protons

] T T 1 e
ooF | !
* Hundreds of co- B | C— L ARSI S i 1E-3
roduced isotopes : i L
. . 70k i SRS | F1E-4
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R TRIUMF

232Th spallation produces both Ac and Ra isotopes

production rates for 480 MeV
s proton spallation of 232Th T gl

concerns (from some) about 2*’Ac content and
impact on waste management — no consensus

directly-produced %*°Ac




R TRIUMF 232Th spallation produces both Ac and Ra isotopes

: ' ' ' ' 182 225 228 224 226
- production rates for 480 MeV . ] I Ra + Ra + Ra + Ra

a0k prOton Spa”at|0n Of 232Th t12=149d t12=5.8y ti2=3.6d t12=1600y

concerns (from some) about 2*’Ac content and
impact on waste management — no consensus

directly-produced %*°Ac



R TRIUMF 232Th spallation produces both Ac and Ra isotopes

: : : ' : 1E-2 225 228 224 226
sc- production rates for 480 MeV i, l Ra + Ra + Ra + Ra

t12=14.9d t1/2=5.8y t12=3.6d t12=1600y

v oy

224Rn 222Rn

s proton spallation of 232Th

concerns (from some) about 2*’Ac content and
impact on waste management

directly-produced %*°Ac




R TRIUMF 232Th spallation produces both Ac and Ra isotopes

— | 22Ra+ 222Ra+ 2?*Ra+ %?°Ra

t12=14.9d t12=5.8y t12=3.6d t12=1600y

v oy

224Rn 222Rn

concerns (from some) about 2*’Ac content and
impact on waste management

directly-produced %*°Ac generator-produced 2%°Ac



Q2 TRIUMF

FLUKA: Primary vs Secondary 2%°Ac

Process steps:
1) Th Irradiation

2) Ra/Ac separation 1 week EOB — gives primary Ac fraction

3) Recovered Ra allowed to sit for 17.5 days

4) Ra/Ac separation — gives secondary Ac fraction

Primary Ac Fraction

Secondary Ac Fraction

days from Ra/Ac

isolation g L
Ac-225 [MBq] 42.2 39.4
Ac-228/Ac-225 [%] 0.039 0.003
Ac-227/Ac-225 [%] 0.185 0.198

Ac-226/Ac-225 [%] 16.020 9.740

29.9
0.000
0.261

1.330

days from Ra/Ac

isolation 2
Ac-225 [MBq] 2.2
Ac-228/Ac-225 [%)] 0.882
Ac-227/Ac-225 [%)] 9.951E-09
Ac-226/Ac-225 [%] 0.000

2

1.9
0.003
?.949E-09

0.000




R TRIUMF

Target Station

Proton Beam

uu/su/uniuniun

LT

"IF'IIII il 'I‘* | lIF"Il' gk !IF RlIAL;

cooling water
flow

Up to 6 cassettes, 12 targets

Tar%ets immersed in circulating water

Thermocouples monitor target, water
temperatures

Cassettes can be moved without beam
on/off



;@TRIUMF Design and ANSYS simulations

Temperature Velocity
INCONELW1 Streamine 1

4.2480+002 1.420e+000

exit window

©@67.5 I 1© 718) thorium target material 392404002 1.085¢+000
.5 mm, Inconel
! (@60 mm)

380400002 7.1050-001

. . 3.340e+002 ;
thorium-window EB stake weld 3.555¢-001

gap (0.125 mm)
3.0160+002 6.371e-004
$0.50 mm 0.91 mmI ” e e

[
thorium (0.25 thorium-welding ER stake weld
mm thick) ring gap (0.25 mm)

entrance window

welding ring (@ 76 mm, SS 316)
(@73 mm, Inconel® 718)

J: THERMAL LOADING STRESS
INCONEL W1
Expoession SEQV

sealed sub-assembly (2 76.00 mm) Teme: 1
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R TRIUMF Thorium irradiations

Irradiation parameters
= integrated current 2640 pA*h, over 36-40 h
= 66-73 pA, 454 MeV

Results (n = 3)
= (521 +18) MBq 2*°Ac and (95 + 24) MBq
225Ra at EOB
= saturation yields 72 MBg/pA (?*°Ac), 19
MBa/pA (**°Ra)
= (319 +11) MBq ?*Ac and (69 + 17) MBq
225Ra at transfer to radiochemistry

What’s next?
= x12increase in yield by irradiating 12 targets
= x10 increase in yield by irradiating for full 22°Ra half life (15 days)
= Further increase from thicker target and higher current require re-evaluation of target and safety
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,@TRNMF ARIEL Medical Target Station

Isotope production using
- TRIUMF’s

N 500 MeV infrastructure
ARIEL/H*
High activity (GBq), spallation
~3 _ . * Enable radiopharmaceutical
m development and clinical trials
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= \" Beam Dump
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p Beam ISOL Target

Diagnostics



ARIEL Medical Target Station

* 400 mCi (15 GBq) 2*°Ac per target (FLUKA)
* Irradiation schedule decoupled from science target
*  ARIEL Proton Station commissioning scheduled for 2024/5 — 10 M CFI grant
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longitudinal position [cm] proton energy (MeV]
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TRIUMF Life Sciences Division

TRIUMF accelerator division,
operations and machine shops

Collaborators
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R TRIUMF

Canada’s particle
accelerator centre

Centre canadien
d'accélération des
particules

TRIUMF: Alberta | British Columbia | Calgary |
Carleton | Guelph | McGill | Manitoba | McMaster |
Montréal | Northern British Columbia | Queen’s |
Regina | Saint Mary’s | Simon Fraser | Toronto |
Victoria | Western | Winnipeg | York

Thank you!

Merci!

Follow us at TRIUMFLab

fReR 4



R TRIUMF External: Pion- beam Treatment

* Pion - subatomic particle, meson
* In nuclei, glue to hold protons and neutrons
« Some are charged
@ @  Have Bragg peak, little damage to surrounding tissue,
high LET in Bragg peak
« Lots of damage at Bragg peak (‘pion star’)
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R TRIUMF

* Study from 1980 — 1994 (over 300
patients), one of only three in the
world

* Brain tumors (glioblastoma) and
prostate cancer

« Result of study: no advantage over
conventional photon therapy

Pion-beam Treatment at TRIUMF

Survival

Manths from randomization

Fig. 2. Overall survival for both treatment groups. Median sur-

vivals are: photons, 10 months: pions, 10 months. Log rank: p
= 0.21.

Int. J. Radiation Oncology Biol. Phys. 37 491 (1997)



