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» Construction of new target station TgH at
the place of the existing TgM

» Construction of two new solenoid-based
beamlines for SR and particle physics
delivering 1010 surface muons per second

Enable ground breaklng muon
research at PSI for the next 20+ years




» Construction of new spallation target with
online isotope mass separation

» Production of radioisotopes for medical
applications in quantities suitable for
clinical studies

Enable novel cancer therapies with
iIsotopes suitable for simultaneous
Imaging and treatment
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HIMB Science Case Workshop & Document  #[—=

> Workshop held in April 2021 with 122

participants to gather and identify HIMB [— _ _
Science Case - Science Case for the new High-Intensity

| Muon Beams HIMB at PSI

Edited by A. Knecht, F. Meier Aeschbacher, T. Prokscha, S. Ritt, A. Signer |

» 116 page long HIMB science case

dOCU ment pU bIIShed On M. Aié)al, A. Ama2t01, A. Antoglnénil’Q, S. Bang,ll\QT. Berger4, L. ?aminadal’f), .
. R. Chislett’, P. Crivelli®, A. Crivellin"°, G. Dal Maso“, S. Davidson’, M. Hoferichter®, §
arXIV:21 1 1 .O5788V1 R. IwaiQ, T. Iwamotos, K. Kirchm, A. Knechtl, U. Langeneggerl, A. M. Lombardig, ‘
H. Luetkensl, F. Meier Aeschbacherl, T. Mori3, J. Nuberl’Q, W. Ootani?’, A. Papal’lo, |

B Com prehenSIVe ove rV|eW Of a” the T. Prokscha', F. Renga'', S. Ritt', M. Sakurai®, Z. Salman', P. Schmidt-Wellenburg’,

A. Sch611i1r1g127 A. Signer1’5’*, A. So‘ce1r27 L. Stingelinl, Y. Uchiyamag, and F. Wauters®

identified expe ri ments and measu rements 'Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

L *Institute for Particle Physics and Astrophysics, ETH Zurich, 8093 Ziirich, Switzerland

that benefit from H I M B both in partiCIe | *ICEPP, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan |

*Institute for Nuclear Physics and PRISMA™ Cluster of Excellence,
. : - Johannes Gutenberg University Mainz, Germany
phySICS and m ate rIaIS SCI ence 5Physik—Institut, Universitat Ziirich, 8057 Ziirich, Switzerland
®Department of Physics and Astronomy, University College London, WC1E 6BT, United Kingdom
‘ 7LUPM, Université de Montpellier, Place Eugéene Bataillon, 34095 Montpellier, France
J, ® Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics, University of Bern,

Sidlerstrasse 5, 3012 Bern, Switzerland
CERN, 1211 Geneva 23, Switzerland

P I n Sho rt Some h ig h I ig htS : | "“Dipartimento di Fisica E. Fermi & INFN Sezione di Pisa, Largo Bruno Pontecorvo,

Edificio C, 208, 56127 Pisa, Italy
"INFN Sezione di Roma, Piazzale A. Moro 2, 00185 Roma, Italy

B H ig h e r— i nte n S ity m u O n rates fo r pa rti C I e "Physikalisches Institut, Universitét Heidelberg, Im Neuenheimer Feld 226,

69120 Heidelberg, Germany

physics and SR _ompondne ey S
» Better quality muon beams with muCool
» Pixel detector based uSR
> SR with sub-surface muons

Andreas Knecht 4


https://arxiv.org/abs/2111.05788
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Rare muon decay searches BE
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2 Neutrinoless muon decays one of the most sensitive probes for new physics

2 ut - ety & ut - eteet only possible at DC & intensity-frontier machine such as PSI’s HIPA
accelerator

2 Any future cLFV search at PSI will need higher beam intensities

]
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Muon spin rotation =

» Vertexing for uSR applications: o

» Pixel detector development together
with particle physics
» Enables 10-100x faster measurements.

» Unprecedented small samples,
10-100x smaller (“,U'miCFOSCOpe”). Sensitive area

» Allows putting samples in extreme / /PCB /Cab.es

conditions at unprecedented levels, e.g.
10X pressure

Cryostat

Mechanical structure
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“"Matched Pairs”™ Towards Theragnostics: The Next (=
Generation

o

Clinically Applied Next-Generation Radionuclides

SPECT (y) - T

Ga 68
PET (B"') 68 min
B-Therapy

Auger-e- Therapy

Bi213
46 min

a-Therapy
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Targeted alpha therapy RE

9Th is the IDEAL a-emitter for Targeted Alpha Therapy!

B |?"Ra

Cd
0.5ms

|\/|u||tp|e a-decay chain can cause much damage’ Kratochwil et al. 2016, J Nucl Med Mol Imaging 57:1941
Resulting in side effects!

149G m | EC |149Ey | EC |149Gd | EC76% |149Tp

stable 93.1d 9.3d B* 7% 4.1h
149 a 117%
Th has NO a-daughters!
145 EC (145 EC (145 EC 98% | 145
Nd Pm Sm Eu
stable 177y 340d B* 2% 59d
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POl Proton Accelerator HIPA RBE

To spallation source SINQ

Muon target stations TgM & TgE
7 beam lines for particle

physics and materials science \
Cockroft-Walton o - \
Proton therapy

(‘P’

/ 590 MeV cyclotron
_ 2.4 mA, 1.4 MW
Injector cyclotron 50 MHz

Spallation source for
ultracold neutrons
NnEDM experiment

Andreas Knecht 9
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PSI| Proton Accelerator HIPA =]

To spallation source SINQ

Muon target stations TgM & TgE
7 beam lines for particle

=

physics and materials science \
iJ
Cockroft-Walton L s \
Proton therapy

>

A

.

590 MeV cyclotron
2.4 mA, 1.4 MW
50 MHz

Injector cyclotron

Spallation source for
ultracold neutrons
NnEDM experiment
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IMPACT: HIMB & TATTOOS =

IMPACT
Isotope and Muon Production using | 3 |

Advanced Cyclotron and Target technologies

[
b=

e

High-Intensity = » =
Muon Beams = —=—=

TATTOOS

Targeted Alpha Tumour Therapy and
Other Oncological Solutions
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IMPACT Conceptual Design Report  #-&

» 304 page document detailing all the
concepts

» Forming the basis for the full approval |

and funding process

» Since January 2022 available at:
https://www.dora.lib4ri.ch/psi/ |
iIslandora/object/psi%3A41209

PSI Bericht Nr. 22-01
January 2022
ISSN 1019-0643
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https://www.dora.lib4ri.ch/psi/islandora/object/psi%3A41209
https://www.dora.lib4ri.ch/psi/islandora/object/psi%3A41209
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pE

Target Geometry tor new Tgh

~ New TgH

|

1011 surface ut/s

<=

100 mm

protons

20 mm effective length
10° rotated slab

Existing TgM

» Change current 5 mm TgM for 20 mm TgH (known situation from 60 mm TgE)

» 20 mm rotated slab target as efficient as 40 mm standard Target E

N
13
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First HIMB development at HIPA: Slanted TgE @[ ~=

» Goals:
» Change geometry of TgE to increase surface muon
rates
> Increase safety margin for “missing” TgE with proton
beam

» First test at the end of 2019; new standard geometry since
then

» 40-50% gain in surface muon rate in all connected
beamlines

protons

Standard 40 mm'TE

P.-R. Kettle et al., Performance Summary of the HiMB Slanted Target
versus the Standard 60 mm Target E, HIMB Technical Note (2020)
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New Target H (~=1

.

Proton Beam

Densimet
Protection
Collimator

Copper Cooling Plate

Graphite Rim

» Target design quite advanced
» Based on experience from TgM & TgE
» Same exchange concept as for TgE

Andreas Knecht 15
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Split Capture Solenoids for Muon Collection @i ~=

» Two normal-conducting, radiation-hard solenoids 250 mm away from target to capture
surface muons

» Central field of solenoids upt0 0.45 T

» Currently looking into graded-field capture solenoid: stronger field at capture side,
weaker at exit

Andreas Knecht 16
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MUHRZ2/MUR3 Beamlines =]

» Baseline scenario for target and beamline layouts:
» New TgH at the same location as current TgM
» 90 degree angle of muon beamlines with first bend in the upstream direction
» MUH2 for particle physics using high-transmission solenoid based beamline
» MUHS3 for uSR solenoid based beamline until experimental area; couples into existing

beamline

Andreas Knecht 17



“article production at Tgh

‘Momentum spectra at 2
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pPE

4 mA
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» We are not only producing surface muons

» Will have good capture and transport efficiency up to 40 MeV/c (given by capture solenoid)

» Plan is to design dipoles up to 80 MeV/c

Andreas Knecht

18



PAUL SCHERRER INSTITUT

MURZ2/MUR3 Beamlines BE

Exp. Area
entrance

Both beamlines fully simulated in G4beamline using realistic field maps

> Reach ~1010 py+/s for MUHZ2 including double separator with acceptable positron
contamination; layout and performance of capture solenoid critical

Reach 2-3x108 ut/s for MUHS in the two experimental areas; limited by spin rotator and
guadrupole part of the beamline

Andreas Knecht 19
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Bullding a new target station RS

» Challenging environment around TgM to
change layout

» Helium liquefier, tertiary cooling loop 7, lots
of pipes, cables and conduits, power supply
platforms, ...

» And of course in an environment with doses
up to several Sv/h

Andreas Knecht 20
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New TATTOOS buillding o=

» Next to UCN source; large part of UCN
office building will need to be
demolished

» Alot of existing infrastructure needs to
be moved

| J’ “”M

.
I

¥
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TATTOOS beamlines & target o=

B . to TgH
Splitter .
. Y= ~u-£-ﬁauw’- |

k
B *7k T 4 i o &
ﬂ?ﬂ: ; .
i
P

Fas ...
O
<2
Use of existing splitter to take out

100 YA from the 590 MeV proton |
beam | TATTOOS target

Kicks to UCN with full intensity

Wobbler in front of tantalum target
to spread power density

Laser ionisation and further mass
separation of extracted isotopes

Processing of collected isotopes in
shielded cells

Ring cyclotron

Andreas Knecht 22
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TATTOOS 1sotope production B

z o Activity [Bq]
p12him

» Lots of isotopes produced in

spallation from tantalum target > Ta target

» Uranium carbide target possible at a
later stage

» Many opportunities beyond the
terbium isotopes

NN D@ HAM T NEN AN T OO OO NN N e DAO NN TNE RO ANMTNOROACHNMNT NYEOAC = NM TN DA NAT OO DA ANMTNON DD O AN F D =N
AR AR AR AR RN AR AR R AR R R R R RS eF s YR RN R A AR n R A0 B 3 88 B BR R RN R RR RN R R R Bd N8 n R ananonan et g0 0008838822
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

See also: https://www.psi.ch/en/impact/list-of-selected-medically-relevant-radionuclides-produced-at-tattoos
L

Andreas Knecht 23



https://www.psi.ch/en/impact/list-of-selected-medically-relevant-radionuclides-produced-at-tattoos

Organisation

Project Management i
UZH/USZ :

A Macchiolo (UZH) |
H.Braband (UZH) i
A.Johayem (USZ)

Scientific Collaborations &
Funding Liaisons

K.Kirch
R.Schibli
B.Kilminster (UZH)
P.Kaufmann (USZ)

]

Project Management

D.Kiselev (GFA)

R.Eichler (NES)

A.Knecht (NUM)
N.van der Meulen (BIO)

Steering Committee

PAUL SCHERRER INSTITUT

Cost Estimate:

Project Office

A.Koschik
Purchasing: N.N.
Finance & Value: S.Wagner

A Koschik
Project Risk Mgmt: N.N.
Regulatory Affairs: R.Scheibl

External Technical
Advisory Boards

[

[

[

]

Isotope Production | Muon Beam Proton Beam Targets Beamline Technology Design & Integration Infrastructure Civil Engineering Safety
R.Eichler A.Knecht J.Snuverink D.Reggiani T.Rauber F.Meier / C.Schmid* M.Jérg |.Widmer S.Harzmann
Isotope Physics & Muon Physics & - TTO0S
Chemistry Applications Begmngztilcc: & Target Stations Magnets Tecg?a.ncnt;grd. & Cooling Systems LaTﬁ ut & E ?r::egnn Radioprotection
N. van der Meulen / F.Meier / H.Luetkens / S D.Laube R Riccioli / A Gabard e A Weber YO Prane S Harzmann
N.N. (UZH/USZ) M.Janoschek (UZH) . _ .
1 1 1 1 1 | 1 P | 1
Mass Separator Muon-Beamline Splitter Exchange Flask Power Supplies CAD Design Inilt(:(;g;?::ls Civil Eng. Coordination Disposal
R.Eichler / N.N. A.Knecht H.Zhang / D.Goetz D.Laube R.Kiinzi C.Sattler E Hiisler N.Preiss N.Walter
1 1 T 1 1 1 1 |
RILIS Biagol\r/rl]er:is:sr;r::ﬁlnts Diagnostics FEM Calculations Vacuum T%I:émplt;n;:;‘tﬁrt‘l:n Cryogenics Work Safety
R.Eichler / N.N. 9 R.Délling R.Sobbia/S.Jollet P.Meyer p- C.Geiselhart W.Rendler
A.Papa C.Nyfeler
1 | | I | 1
. A Activation & Electronics & Tech. Design & Layout
Shielded Cells Plxel_ Prototype Shielding Calcs Controls Experimental Areas HVAC & Cranes
N. van der Meulen L.Caminada (UZH) / X J.Hadobas
V.Talanov / A.lvanov E.Zimoch T.Rauber
Z.Salman
1 T 1 T
lon Optics N olneeng PLC Systems (PSYS)
& Manufacturing -
C.Baumgarten S.Miiller
T.Stapf
|
Alignment
T.Héwler

I:l Project Management / Projektleitung
D Sub-Projects / Teilprojekte
\:I Workpackages / Arbeitspakete

» Big commitment by PSI to see IMPACT realised; large number of people working

already since a couple of years

» Additional efforts at UZH towards pixel detectors, high-pressure cells and clinical

research with radioisotopes

Andreas Knecht

*Montagemeeting
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Timeline & next steps BE

2023 2024 2025 2026 2027 2028 2029 2030

Decision: Ready for Long Shutdown Start Long Shutdown Re-Start HIPA (Proton Beam & User Operation)

SD Beam OP SD Beam OP SD Beam OP SD Beam OP Long Shutdown Beam OP SD Beam OP SD Beam OP

Techn. & Mechanical Design, Engineering, Planning Procurement & Testing Remove TgM HIMB Installation Comm. Pilot Exp. Consolidation

m 1st Beam HIMB ’ User Operation

Techn. & Mechanical Design, Engineering, Planning Procurement & Testing TATTOOS Installation Comm.

TATTOOS
TATTOOS Bldg. Planning m Bldg. Tender m TATTOOS Bldg. Construction 1st Beam TATTOOS ’

» Scientific review passed with highest ranking in summer 2022

» Decision by ETH council on supporting inclusion into Swiss Roadmap for Research
Infrastructures in December 2022

» Final funding decision by Swiss parliament end of 2024
» Long shutdown of ~1.5 years beginning of 2027

» Commissioning and pilot experiments at HIMB starting mid 2028, at TATTOOS mid
2030

Andreas Knecht 25
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Conclusions =)

EEHF“M rqum "iﬂ,
» On track for realising IMPACT at PSI! i ?vj; ‘

> HIMB will enable forefront muon research at
PSI for the next 20+ years

» TATTOOS will bring novel radioisotopes into
clinical studies and open a whole new research
field at PSI

Many thanks to everyone from the IMPACT project for providing
slides and input for this presentation!
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pE

Backup
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Impact on other tfacilities of HIPA ==

SINQ

» Full simulation of high-energy proton beam line in BDSIM using either TgM or TgH to
assess impact on the other HIPA target stations

» Transmission to SINQ with TgH 67% compared to 69% with TgM
» Can increase transmission back up to 69% when collimators after TgE are optimised
» Beam shape at TgE and SINQ preserved

Andreas Knecht 28



Concept for new target station TgH ===

PAUL SCHERRER INSTITUT

» Concept similar to existing TgE

» In order to have capture elements for
muons as close as possible, they are
iIntegrated into the target vacuum
chamber

» Separate exchange flask for capture
solenoids

Capture Capture
solenoid d solenoid

‘f;

TgH vacuum

Collimators

Profile monitor Profile monitor

Andreas Knecht
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Simulation of beamlines BE

muH2 g4bl model

\. i~ o

- o

muH3 g4bl model

I

X |

Simulation tools: g4bl, TRANSPORT, TURTLE, COSY INFINITY
Optimisation tools: grid searches, hyperparameter searches, genetic algorithms

Andreas Knecht 30
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Other particle estimates BE
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» Simulated rates for all particles as a function of momentum at the end of the MUH2
beamline
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3d Model of Full WEHA BE

New (escape) route to WBGA

& ) —

New RF B0

z P/ jtest stand? = &
A lll/ —_—= .//

A
\\:

New location
helium quuefierf1
{ ©
75

» Full 3d model of WEHA available

» Cleaning up legacy installations, complying with modern safety regulations and
Improving general operations in WEHA

|
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pPE

—=] Achievements To Date With Tb Radioisotopes @ BEVEEDRERT

B-Therapy

Baum et al., J. Nucl. Med. (2021)

Pt .
“““Neutron Irradiation

target - ion source

87 654>

(i T 8 B LR

2.0

= is @W PET imagin
/ proton beam 1 52 6 X . g g
\ (1 GeV) Tb 2 ®
/ analysing magnet Baum et al., Dalton Trans (2017)

Miller et al., EJINMMI Res (2019)

Targetry Irradiation Facility First-in-human Application
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