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TRIUMF's Accelerator Division

Our core mission: operate and develop TRIUMF's accelerator infrastructure and be a leader for
accelerator science and technology in Canada.

To stay on top of the game: we leverage our infrastructure and expertise to pursue new technologies
and new capabilities.
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ARIEL - TRIUMF’s flagship project _

EXPERIMENTAL Rt
FACILITIES
« Simultaneous RIB production from 3 targets == |SAC (p*)
« 50 kW existing ISAC proton target ARIEL (p*)
*  50kW new ARIEL proton target ARIEL () —IT'm
« 100kW new ARIEL electron target ;, L]
 ARIEL will triple ISAC's present rare isotope
capabilities. = |
« Multi-user capability with more and new isotopes for H U
* Nuclear Structure and Dynamics ’
* Nuclear Astrophysics R [ / weeamuonmuia | A |
* Fundamental Symmetries B—: T Mﬂ oo
« Materials Science proTon kAL | . R o
- Life Sciences mr:oi &j},.m
* Unique beam preparation and transport system e i O\ 9 I

(CANadian Rare isotope facility with Electron Beam |

ion source - CANREB)

» High resolution separator
« Beam preparation with RFQ and EBIS
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Institute for Advanced Medical Isotopes

(IAMI)

IAMI is a >$50M research and production facility

IAMI will enable BC research into next-generation medical
iIsotopes and radiopharmaceuticals.

Located on the TRIUMF campus, IAMI will:

= Provide provincial isotope security BC
= Unlock development of next-generation cancer therapies CAN
= Enable clinical trials and cutting-edge medical research CER
= Advance technological innovation
and skills training
Funding for IAMI was announced by

Prime Minister Trudeau in Nov. 2018

IAMI construction is completed,;
commissioning of the TR24

H- cyclotron is expected to begin
end of this year.

MeV Cyclotron

Bon Blectron Yolts Cyciotron

TRIUMF [
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<« TRIUMF Overview of applications driven by the 520 MeV Cyclotron
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TRIUMF

Driver
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TRIUMF

To ISAC

To Proton
Therapy
& PI\F

A Isotope
*” Production

The 520 MeV H-cyclotron

Proton beam energy can be varied
between 70 and 480 MeV. Intensities

up to 120 uA (>50 kW on target)

H- extraction

Carbon Foll

Pe

~

®B

13
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) Limits of the classical cyclotron

Relativistic mass effect require a stronger magnetic g qBO 4 qBO
field at the outside of the cyclotron that the particle ¢ = .m Bz (r(7/)) — .m = m
stay in sync with the RF - isocyclotron il L 0

5 /// An outwardly-decreasing (negative-gradient) field =
: M vertical focusing.
.‘ // | Positive axial focusing requires B decreasing with r

¢ —> provided naturally by B fall-off towards pole edge.

V ‘ Solution to this problem:
///S The use of edge focusing to allow vertical focusing

and stay isochronous.

14

Discovery,

accelerated



 TRIUMF Edge focusing in the 520 MeV cyclotron

X
.
When a particle crosses a magnet end at an angle k to the P
normal, longitudinal components of the fringe field B, interact integration path \ [ P
with velocity Y \ [ ;: > 7 )

components v, \,

parallel to the \\ \Magn.c
edge, giving a R o
vertical force! NN

Kerst (1956)
suggested using

spiral sectors to ‘ o _
Increase the SECUIOR WROE T J [</ >1

axial focusing 2
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~ TRIUMF Significant cyclotron refurbishment program

TRIUMEF is funding a significant refurbishment program addressing RF, vacuum, power supplies,
upgrade of the control system, renewal of the cyclotron injector etc.
= BL1A power supplies replacement and prototyping of diagnostics

with high dynamic range (nA to 250 pA)

Cyclotron RF refurbishment - roadmap for 95 kV cyclotron gap voltage
= New tubes and tube test stand is required for tube conditioning

New 0.8 MW dummy load for power amplifiers (250 kW each)
= New digital LLRF

New tube test stand

WS prototype beam profile measurements at BL2A
00000

00000

UUUUU

DDDDD

—Horizontal —Vertical

New high dynamic range
diagnostics




«® TRIUMF Significant cyclotron refurbishment program

= Renewal of the horizontal part of the cyclotron

injection beam line
= Requires current feedback from skimmers and
water-cooled collimators for machine protection
= Mu-metal liners to shield from the cyclotron stray
field
= Remote Handling infrastructure refurbishment
= Extended ladder handling tool
Emergency trolley rescue
winch
Bridge lift mechanism I1 terminal
refurbishment i
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Ladder: ~6 m long, ~40 kg Ladder position near centre post
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,/1o,kvy beam

* E-gun delivers max. 10 mA at 300 keV beam
* The injector cryomodule (1) accelerates to 5-10 MeV
* The accelerator cryomodule (2) is equipped with two cavities and

reaches max. 30 MeV.
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ARIEL — e-Linac modules

= Elliptical cavities,
1.3 GHz

= 9 cell, TESLA type

= 11 MV/m
demonstrated

Klystrons

(FUTURE)

Singe cavity injection module
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FLASH radiotherapy - involves the ultra-fast delivery of
radiation treatment at dose rates several orders of magnitude -
greater than those currently in routine clinical practice.

It is enabled by the new ARIEL convertor technology:

= Studies comparing response to identical dose deposited at FLASH
and conventional rates in mouse, fruit fly and DNA completed

= FLASH does rates about 100 Gy/s, conventional
0.1 Gy/s

PhD Nolen Esplen, UVic

= Dark matter search — DARK LIGHT
experiment looking for a 5th force (dark
photons) at a low energy e-linac
Experiment gets additional motivation from
recent results from the muon g-2 experiment at
FNAL

= First target test at 30 MeV and 10 nA
test of radiation background, target foil integrity
etc.

DarkLight experiment
location, Phase O

=ie DarkLight experiment
‘ location, Phase 1 and 2
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Production,

preparation and
post acceleration
of rare isotope
beams - ISAC =%
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= TRIUMF Isotope Separator Accelerator facility - ISAC

at TRIUMF

protons —_—
Purified

RIB

Experiment

Post accelerator

= |sotope Separation On-line (ISOL)

facility for rare isotope beam (RIB) Mass Separator

production Experiment
= High power proton beam (50 kW) Target and
= Extracted ions are mass - ) : ; ) lon Source
separated and either post- j
accelerated or delivered to low
Driver

energy experiments directly.

BAC P

22
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Target lIon sources

500000 ¢
. : 000900 go
Surface ionisation Plasma ion source ®o0p0 DEDDD
0.%00% 00 ¢
SRCMAG o ®

-

Target and ion sources units, common is
surface ionisation, laser ionisation and
plasma ionisation

sroton bear (TR Targets are heated up to high
W\ mzrelicnes temperatures to support diffusion (random
walk) of isotopes into the ionisation region
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|sotope extraction

« Simulation of the path of one Ga atom
produced in a Ta-foil target towards the
lonizer (on the left)!

« Extraction times vary significantly
between elements. Driven by volatility
and in-target chemistry

ion beam:

_ionizing cavity

Erelease

proton beam

/ wy - 78527 collisions

: 1E13%
T v T 1E1 f P~
90r | s 1213 'l 1512%
gof 1 ' o {1 80r | e
" \E10 | 1E10E
70- 4 70- | x
: 1E9
" 1E9 6o | =
wGO’ _ 1 1E8 g 1E8 =
§sof | 1l1er g0 1E7 5
° | - 1E6 © a0l 1E6
a 49 1es &% : 1E5 §
< S | | 1§1E4 307_ - 1E4 B
20F - _ 1E3 20—z o B 1E3 ;
10 1.4 GeV x 2 uA protons [1/s] |j1€2 10l AaEiemt | 1'E? “3‘
a1 €1 i 1 1 1 1E1 3
0 50 100 150 0 50 100 150 2

Neutrons Neutrons

Discovery,
accelerated
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Targets and lon Sources program

P* beam

e —Target———

Spall
I neutrons

7>
converter;—

P* beam -/ l ll \

500 MeV
protons

new converter target

Tungsten
Converter

Uranium
carbide

Proton-to-neutron converter
target at ISAC
PhD Luca Egoriti, UBC

= |ncreasing purity of n-rich fission products
through:

= |sotope production mechanisms
=  Temperature control

= Tested in June 2021: Yield station and TITAN

MR-ToF

Neutrons

25

1104

P2N/ISA
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ISAC target stations and mass separator

26

« Two underground target stations with
target modules located in a big vacuum
tank!

* Proton beam sent to one of the target
stations at the time.

« Common pre-separator inside the
shielded area

« Mass separator on high voltage
platform (typical operation resolving
power 3000)

» Charge breeder (ECR type) for post
acceleration.
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: Y Electron Cyclotron Resonance ion source (ECRIS)

charge state breeder

. = Resonant microwave plasma heating -

77 o
L {;g{jiume’f _— = Electron energies — up to MeV via electron
B ——— cyclotron resonance
'+ DV P el o / e = Magnetic confinement ¢ 1 e
R TS R, T = Higher frequency (145GHz) ¢ 2. m_
e

Be ~ f, lon current ~ f2

Supportgas

Resonancesurface, f..,» = frr2

GBI )

* Increase of charge breeding efficiency

Sy T T T by implementing

s e two-frequency heating technique that provides two
E /_Si'.?ii.'!é'.iur%!=lli'.§}l fa00 resonance Zones
g0 | P77 . @ IMProving the beam properties by
= agne eld N o v . . .
= optimizing the extraction system

80 . T 8000 . . R

= Simulations with the code IGUN®
o = Benchmarking with emittance measurements
_ using beam tomography (quadrupole scans)

IGUN-8.003 (C)R.Becker - RUN 02/20/20%019, £ile=GANIL1l.IN Z [mesh unit] PhD Joseph Adegun, UVIC
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ISAC post-accelerator overview

l/'
l')

ol @ Three sequential accelerators,
SCRF one of which is cryogenic:

B e The ISAC-radiofrequency
" guadrupole (RFQ)

u The 106 MHz Drift Tube Linac

TR (DTL)
- | %, =D= O . .
: aﬂ izl The 40-cavity superconducting rf
| linac (SCRF)
SAC I TACETY 2 Both DTL and SCRF are fully

The ISAC Accelerators variable output energy machines.
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The ISAC Radiofreq

o N iy,
= 4-rod, Split ring structure oW

_
35 MHz

= 8m long, 85kW, 74kV
peak voltage

= Provides up to 4.4MV of
acceleration from

2keV/u to 150keV/u for
masses A<30
= uses external buncher
instead of internal
shaper and buncher
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= 5 accelerating Interdigital
H-type (IH) resonant
cavities

= 3 bunchers to keep the
particle bunches
longitudinally focused

= Based on the “combined
zero-degree synchronous
particle structure
(KONUS) beam
dynamics design.

ISAC-I| drift tu

i

Beam

be Imac (DTL)
ot

e e 14700 [374.91 mm]

| TAY |

l
£z

nnnnn

= 14.760 [374.89 mm]
- 2.508

30



> TRIUMF ISAC-1I SRF linac

Yl

4
o / ?‘ A
R N\
&/ St

sevsrpewns.: - M NCTN
e S0
" £, [ L romes

L) A\ § ith—fieditre4f & éﬁa !‘ﬂJ
EL. 289.00' 9 V2 ¥ e
: B S S . ©) HERACLES
, ; - z
b . ol

EL. 289.00'
L =Y
T Ton | ° THEBT e =

PRAGU As | ; %
MAGNET ; S5
OSAKA &

BNGR DRAGO o

B NMR p .
- - S \ZER Ty y )
L3 Qryy = ~
e
- o
L
‘ i
2 Y

SCB low f (5.7%) SCB medium B (7.1%) SCC high B (11%)
106.08 MHz 106.08 MHz 106.08 MHz

GP2




SRF research on coaxial cavities
= Testbed cavities with simplified geometry - i
for new surface treatments.

= Excitation of different resonant modes to
determine frequency dependence of the
cavity performance.

= Using 3D Helmholtz coils, we transition
the cavity into the superconducting state
with different background fields
- influence on the quality factor

10°
B 644MHz, zero field cooled
»  ©644MHz, horizontal field, fast cooldown

644MHz, horizontal field, slow cooldown
6 x 108

XX

e

4% 109 vl |
XX..

o
b
O 3x108 X?.ﬁ

X

.

]
X
2x10° X.h

Masters Thesis Ruth Gregory

Full sensor array

108

0 20 40 60 80 100 120 Development of Temperature Mapping for Coaxial Cavities

B p [mT] = Sensor array to measure temperature distribution on the cavity surface
= Unique in the world — no one has done this for coaxial cavities before
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The future of
rare iIsotope
science at
TRIUMF - ARIEL




Remote-controlled crane Hot cell facilities ARIEL Targetry Systems

Symbiotic
medical target in
APTW beam
dump

2000 t of steel and

concrete Modular RH high-power infrastructure
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ARIEL target stations

to mass separato
room ’

RIB from APTW
to mass separator
room

8 —- 7
Ariel target| | L o= 724
stations L%@D —
T ISA_C targ
yamm stations
Ny
Electron

beam ¢ beam
AT A target station comprises several

& . foom

modules, one of these is the target
module (green).

Electron
beam
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ARIEL target module and vessel

36

Target electroXA

vessel beam

= £
= lie
LT T

. Ny
Eelp

Different to ISAC, ARIEL targets are
located in a hermetic target vessel that
IS surrounded by gas!
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Production of RIBs with electron beams

" 10 mA of 30-50 MeV electrons from the

“ An electron-to-gamma converter is required because
the direct power deposition imposed by the 30 MeV

superconducting e-linac (via the photo fission
process) yielding a range of isotopes not available
from proton reactions and higher beam purity.

electrons in a target is unsustainable.

500MeV protons

Proton

W 10713
m 107125
m 10711
m 107105
m 1079
m 10785
m 107°7s
m 1076
m 10755
W 10~4s
m 1073s
m 10"2fs
10/s
m s

Neutron

>

fission
—7
Isotopes

Proton

50MeV electrons

W 107138
H 10772k
H 10771
W 107705
W 10795
W 10785
m 1077
m 107 és
m 10755
W 107as
W 1073
1no"2s
10/
m s

Neutron

37
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ARIEL electron target principles?

= An electron-to-gamma converter is
required because the direct power
deposition imposed by the 35 MeV
electrons in a target would destroy the
target.

= Converter made of high Z material, Au,
W, Ta. Thickness ~ 3.5 mm.

= Electrons MUST be stopped in a low Z
material Al.

= The e-linac delivers 100 kW electron
beam with FWHM = 1 mm > 1 MW/cm3
power density inside of the converter,
which is unsustainable!

Conseqguence: The electron beam needs
to be scanned over a larger area and the
resulting power is to be dissipated

Gamma

Electron Beam 38

380U Target

Converter
High Z material

primary converter layer

at ~300 °C y-ray window

electron-
beam

target container

water-cooled at ~2000 °C

converter backing
at ~60 °C
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TRIUMF -
Symbiotic targets

Proton Energy Distribution

Symbiotic production of medical radionuclides | ot o G a4
 Place symbiotic medical target in-between 1ISOL | n beam —,,
s00 | in 1S0OL ’[EIrgE’[ ———
target and beam dump
* Pneumatic target delivery system from ARIEL hot Bl in beam dump
cell complex to proton target station (70% of beam)
« Independent operation from ISOL target |
« up to 100 mCi of ?2°Ac from 232Th spallation ‘
150 Target - Examples are " 100 200 00 200 200
— I ARIEL and presen tnacay et
s ISOLDE | [adistion ]
= MEDICIS o
g i \\\
N L
E /

.-i. Primary Proton Beam

-80 -60 -40 -20 0

Position Relative to Medical Target (cm)

39
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« TRIUMF CANadian Rare-isotope facility with Electron Beam ion

source (CANREB) at TRIUMF

CANREB consists of 200 m new RIB transport o o
connecting ARIEL target stations to ISAC = Beam in

Nier

experimental areas. HRS
Gas filled Radio Frequency Quadrupole (RFQ) _»_

Spectrometer

for beam quality improvement (cooling)

Electron beam ion source (EBIS) charge state Lon 6 Buncher
breeder with shortest breeding time (10 ms) mMHZ) TEST To experiment

t-accelerati
and highest rep rate (100 Hz)! Bbs-#4>  or post-acceleration

Rebuncher (35.4MHz) Diagnostic

High Resolution mass Separator (HRS) érhfé’;lgr ol e SO ioh £
M/AM - 20'000 for RIB beams ® ~ “Bunch Rotator (106MHz) (35.4MHz)
AREL-G % ISAC-I
Poge 23T Create a diversified portfolio of
i F © 47w  isotopes for post-acceleration
b g *Jﬁ ’ .sgtcyie.d » Short breeding times for short lived species
b g > High purity

» Higher mass range
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TRIUMF

ARIEL-CANREB In pictures

Electron Beam
lon Source, Nier
spectrometer,
and beamlines

High-Resolution
isotope
Separator

connection

ways since
May 2019

Test ion
source for

ISAC-ARIEL

RIB going both

commissioning

41

Discovery,
accelerated
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“TRIUMF £ ctron Beam lon Source/Trap (EBIS/T)

charge state breeder

= Electrostatic confinement .
1+
= Intense electron beam
solenoid barrier hi . _ T ' ' ' i
N igh current density, up m | ke Bt g
] R electrode [T €lectron v ( ’ ([ Argon 0%y
§ 802080808080 esieiseisieieeieieiesieisieicx repeller to 10% A/lcm?) aulls -
\ 05 n
> N § % i i = Tunable electron beam - ]
%ﬁtmn Feam il e A energy
N \ N L
§ § \ S & bea = Storage capacity is , , , , ,
- ~ . 10° 109 10 107 Ne3(CM3.S)
§ ggog ogo%gogog)gogogogog&%g)gogog)gogogogog og electron N proportlonal to trap Iength g
= e drift tubes collector and electron current "
U(z) [} “’
ionisation—g_ S E—
----- n* ot =
extraction

Charge development for
stepwise ionisation




< TRIUMF The CANREB EBIS T _—

Trap Magneti(': Field
Electrode
S Beam oy AN fumme ‘---;- e
* 6T superconducting magnet in a Helmholtz coil m — e D 43
set-up = Allows radial optical access to the trap Cathode ' + . Collector

* Generate highly charges ions with A/Q < 7 within 10 ms

* Low rest gas background due to cryogenic (4 K) environment
* QOperate 100 Hz repetition rate

* Designed for a 5 keV electron beam with a current of 1A

Radial potential

i%

r g
1o
yYvYVYYY

Axial potential
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« IRIUMF  Begm physics: The future of beam development
and delivery - Model coupled beam tuning

44

= A TRIUMF task force has developed a web-based
framework and python interface to communicate
with the accelerator control system for

High-level applications (HLA).

= All of TRIUMF’s accelerators and beamlines are 7 MCAT: 23Na4+ (A/q = 5.75) TRANSOPTR tune
. . i computation
planned to be integrated in model-based tuning OLIS to MEBT section
using TRANSOPTR envelope code (R. Baartman). -

= Emerged from HLA - Model Coupled Accelerator Tuning (MCAT)
Coupled use of an envelope

code in parallel to machine MCAT ¢ python /TRANSOPTR tune optimization
tuning, fed by on-line data. Web interface [ Cavity phase (), Quadrupole current (1) ]

PhD of Olivier Operators tune: * *

Shelbaya, UVic Beam Centroid POt <

Cavity voltage -
Upstream tune

Current [A

J\

Energy [MeV]




““TRIUMF  goam Delivery — High Level Applications

Lens (quadrupole, solenoid)

One example Of the HLAS |S A » Beam size depends on
the determination of the beam * SuadmeciR s
emittance in certain positions

of the accelerator. z
d
\ "\
Emittance tomography _
) Reference point where profile monitor
= Reconstruction of beam 2D B, o, 7 will be determined
phase space (emittance) from
series of 1D beam profiles (X, y)
= Useful where traditional s na\f'gf%sm
. 2ym 11735[
emittance scanners are not g :
. - 1s 2 3 bm]  £°
installed. W ., By,
e 4ﬁ - _: £s

= Automatic scanning of
guadrupole voltage and profile
measurements.
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TRIUMF -
TRANSOPTR specifics

TRANSOPTR treats as fully 6-dimensional beam envelope code all spacial dimensions in the
same consistent way.

X :(x, P.y,P z,PZ)T (note: z =—pf,CAt, P, :A% c) = Z—E:E(S)X
0

] y’

= F-matrix is determined by the second derivative of the Hamiltonian of the element
= Can treat all beam line elements, electrostatic and magnetic. The Radio Frequency Quadrupole

accelerator was missing so far. This gap has recently been closed:
O. Shelbaya, O. Kester and R. Baartman, Phys. Rev. Accel. Beams 22 (11) (2019) 114602

= TRANSOPTR computes the evolution
of the statistical moments of a beam
particle distribution as it interacts
with various EM fields.

46



A)
(o)/

TRIUMF

Conclusion

Diverse, cohesive and constantly-evolving
iInfrastructure that support excellence through
technology, accelerator R&D, and Highly
Qualified Personnel (HQP) training

Strategic planning done hand in hand with our
user's community ensured relevance:

Proof when our international partners base their
design on our infrastructures and TRIUMF-
Invented technologies.

Canadian accelerator leadership and
international collaborations are the cornerstone
of TRIUMF's approach to attracting talents and
developing new capabilities

“'\\' MR e —
L.‘“! Ahd | \:x 3

_ﬁ;ﬁ

AN
ST ' _. -
PSRV L
i3 > YE
r——— S oS
! =i M
9 | =
. A4 Lss
\ fomtt P
i
1 be:
i f
L 2 ‘.
5 e ™
=
p— . :
 S— A 4
4 iR -
e == o =
: — el S .
= -
ol 2 y -J
\ = | Sae
=y & —
— -
= 3 -
| T
- .
—
S ———— ——
-_—
e -
_— !
\
y

Discovery,

47

accelerated



& TRIUMF

Thank you

Merci

www.triumf.ca
Follow us @TRIUMFLab
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