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Motivation: cLFV

Neutrinoless muon decays one of the most sensitive probes for new physics 
μ+ → e+γ & μ+ → e+e-e+  only possible at DC & intensity-frontier machine such as PSI’s HIPA 
accelerator 
Any future cLFV search at PSI will need higher beam intensities
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MEG

Experiments  
performed at PSI

MEGII

Mu3e phase II
Mu3e phase I

>109 μ/s  
needed

in piE5: ~108 μ/s

J-PARC/FNAL: 1010 - 1011 μ/s
COMET/

Mu2e
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Muon spin spectroscopy

Muons probe local, internal magnetic field revealing the magnetic properties of the 
sample
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The mSR Technique
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N (t )=Bkg+N0 exp (−t / τμ)[1+a n̂⋅P (t)]

 - direc�on of detectorn̂
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Motivation: muSR
Vertexing for muSR applications:

Pixel detector development together 
with particle physics
Enables 10-100x faster measurements.
Unprecedented small samples,  
10-100x smaller (“µ-microscope”).
Allows putting samples in extreme 
conditions at unprecedented levels, e.g. 
10x pressure

Sub-surface muons at high rate:
They stop in thinner layers and cover a 
yet inaccessible depth range of 200 nm -  
200 µm.
Perfectly suited for studies of energy 
materials and devices.
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μ+

e+

e+
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HIMB Science Case Workshop & Document

Workshop held in April 2021 with 122 
participants to gather and identify 
HIMB Science Case
116 page long HIMB science case 
document published on 
arXiv:2111.05788v1 
Comprehensive overview of all the 
identified experiments and 
measurements that benefit from HIMB 
both in particle physics and materials 
science
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In April 2021, scientists active in muon physics met to discuss and work
out the physics case for the new High-Intensity Muon Beams (HIMB) project
at PSI that could deliver of order 1010 s�1 surface muons to experiments.
Ideas and concrete proposals were further substantiated over the following
months and assembled in the present document. The high intensities will
allow for completely new experiments with considerable discovery potential
and unique sensitivities. The physics case is outstanding and extremely rich,
ranging from fundamental particle physics via chemistry to condensed matter
research and applications in energy research and elemental analysis. In all
these fields, HIMB will ensure that the facilities SµS and CHRISP on PSI’s
High Intensity Proton Accelerator complex HIPA remain world-leading, de-
spite the competition of muon facilities elsewhere.

ar
X

iv
:2

11
1.

05
78

8v
1 

 [h
ep

-e
x]

  1
0 

N
ov

 2
02

1

https://arxiv.org/abs/2111.05788


Andreas Knecht

The proton accelerator

A. Antognini, Physics of exotic atoms, Proton radius puzzle, ETH 26.04.2013 – p. 12

HIMB project in a nutshell
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Enable ground-breaking muon 
research at PSI for the next 20+ years!

Construction of new target station TgH at 
the place of the existing TgM
Construction of two new solenoid-based 
beamlines for μSR and particle physics 
delivering 1010 surface muons per second

Strong connection to TATTOOS project 
(isotope production at HIPA for theranostics)
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Pions, surface and cloud muons

Pions produced through the interaction of the 
protons with the target
Low-energy muon beam lines typically tuned to 
surface-μ+ at ~ 28 MeV/c
Contribution from cloud muons at similar 
momentum about 100x smaller
Negative muons only available as cloud muons
50 MHz beam structure for pions and cloud 
muons
For surface muons: time structure of cyclotron 
smeared out by pion lifetime → DC muon 
beams 
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Surface muons

Cloud muons

protons

π+

μ+

surface muons 
stopped pion decay

x

π+/-

μ+/-

cloud muons 
pion decay-in-flight

muons. This is followed by Sec. III, in which we explore
the possibility of extracting surface muons from an existing
spallation target. Section IV then describes an existing
standard target for surface muon production followed by
Secs. V and VI, where we explore the possibilities of
enhancing the surface muon production by optimizing the
shape and material of the standard target.

II. PION PRODUCTION CROSS SECTIONS

Pions are produced at a proton accelerator through a
multitude of different channels. Above the single pion
production threshold of ∼280 MeV in the center-of-mass
frame the following reactions are available:

pþ p → pþ nþ πþ pþ n → pþ nþ π0

pþ p → pþ pþ π0 pþ n → pþ pþ π−

pþ p → dþ πþ pþ n → nþ nþ πþ

pþ n → dþ π0:

Beyond a proton energy of 600MeV the creation of pairs of
pions becomes possible and additional reaction channels
open up:

pþ p→ pþ pþ πþ þ π− pþ n→ pþ nþ πþ þ π−

pþ p→ pþ pþ π0 þ π0 pþ n→ pþ nþ π0 þ π0

pþ p→ nþ nþ πþ þ πþ pþ n→ nþ nþ πþ þ π0

pþ p→ nþ pþ πþ þ π0 pþ n→ dþ π− þ πþ

pþ p→ dþ πþ þ π0 pþ n→ dþ π0 þ π0

pþ n→ pþ pþ π− þ π0

At even higher proton energies further higher multiplicity
pion production channels become possible. However, for
traditional meson factories with energies below 1000 MeV
only the above reaction channels are relevant.
In the early years of the meson factories detailed

measurements of the pion production cross sections were
performed at SIN (now Paul Scherrer Institute PSI) and
at the 184” cyclotron of the Lawrence Berkeley National
Laboratory (LBNL) at proton energies of 585 and
730 MeV, respectively [11–13]. Especially the measure-
ments at low pion energies [13] are of utmost importance in
understanding the generation of surface muons.
Hadronic models distributed with GEANT4 [14] are

generally able to model the pion production reactions
given above. However, several models perform rather
poorly and even models that perform well for certain
proton energies, scattering angles, and for certain elements
perform poorly under other conditions. Figure 1 shows a
comparison of data with the results of various hadronic
models widely used with GEANT4. Especially the two

models BERT (the default GEANT4 hadronic model) and
INCLXX deviate strongly by as much as a factor of 10 [15].
For the above reasons we have embarked on the task of

introducing reliable πþ production cross sections into our
GEANT4 simulations. The basis for our own cross sections

(a)

(b)

(c)

FIG. 1. Simulated double-differential cross sections for πþ

production on carbon at a proton energy of 585 MeV and a
scattering angle of (a) 22.5, (b) 90 and (c) 135 degrees for several
hadronic models used in GEANT4 4.9.6 (BERT, BIC, INCLXX)
and 4.9.5 (INCL_ABLA) in comparison to data from [12,13].
The parametrization is described in the text.

F. BERG et al. PHYS. REV. ACCEL. BEAMS 19, 024701 (2016)

024701-2
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PSI Proton Accelerator HIPA
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Cockroft-Walton

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

Spallation source SINQ

Proton therapy

Spallation source for 
ultracold neutrons 
nEDM experiment

Muon & pion target stations TgM & TgE 
7 beamlines for particle  
physics and material science

TgM

TgE

TATTOOS 
100 μA for  
isotope 
production
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TATTOOS

Targeted Alpha Tumour Therapy and 
Other Oncological Solutions 

Spallation on tantalum target; online 
isotope separation; hot cells for 
processing of radioisotopes

Produce suitable alpha-emitting 
radioisotopes for clinical studies of 
theranostics

Terbium of particular interest, but other 
interesting isotopes also available

By the way: 
HIMB + TATTOOS -> IMPACT
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³Matched Pair´ Radionuclides for Teragnostics

į-Therapy Ȗ--Therapy PET (Ȗ+) SPECT (ȗ�Auger-e- Therapy

Page 621.09.2020
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Target Geometry for new TgH

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

Slanted target geometry also implemented and tested for TgE → 40-50% gain in 
surface muon rate
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Existing TgM
20 mm effective length  
10˚ rotated slab

protons

1011 surface μ+/s

10
0 

m
m

New TgH
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Target design

Two discs with individual 
“leaves” that sit on top of each 
other -> well controllable slits

Proton beam impinges target 
from the back

Protection collimator 
upstream

Fits into existing TgE 
exchange flask
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collimator

view from top

proton beam

Target version V2

Page 5

V2:

Exchange with Manufacturer Steinemann, Chur:
2 wheel version (V2) is preferred.
Reason: Wheels are flat and thin. 
Graphite is more stable, if not so many layers are crossed.
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Target design

Proton beam impinges on target wheel 
below the rotation axis 
-> allows “flat” target, gives a bit more 
usable space and moves the proton beam 
away from the shaft of the target wheel

12

Proton beam 
position
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Impact on other facilities of HIPA

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 61% compared to 65% with TgM
Beam shape at TgE and SINQ preserved

13

TgM/TgH

TgE

SINQ
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Split Capture Solenoids for Muon Collection

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

Central field of solenoids up to 0.45 T

14
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Capture solenoids
Current design of capture solenoid with iron return yoke

Modelled after existing radiation-hard μE4 solenoids

The two capture solenoids will create a non-negligible 
field at the target

15

Target  
position

Capture solenoid, current version

Page 19

this feature has not been implemented and the quadrupoles are
operated symmetrically.

The bending magnets have deflection angles a of 40! (ASR61)
and 34! (ASR62-63). In order to increase momentum dispersion
at ASR62 and therefore to obtain the possibility to adjust the
width of the beam momentum distribution, the first bending
magnet has a trapezoidal shaped magnet pole with a pole face
rotation of 33! which leads to defocusing in the horizontal plane.
The two other bending magnets have ‘‘standard’’ rectangular
magnet poles resulting in pole face rotations of a=2. The beam line
has a ‘‘buckled-U’’ shape and is nearly symmetric between ASR61
and ASR63, with ASR62 being the point of symmetry. For

ARTICLE IN PRESS

FS 61(H+V)

ASR 62

KV 61

FS 62(H)

KV 62

VSD 61

WSX62,WSX61

ASR 61

ASR 63

Q
SM

 604−606

FS 63 (H+V)

QSM 601−603

QSM 607−609

VSD 63QSM 610−612
SEP 61

VSD 62

LEM Experiment
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200 cm

Fig. 1. Beam elements of the new mE4 beam line.

Fig. 2. The two solenoids WSX61,62 before completion of the iron housing. See
text for details.

Fig. 3. The assembled solenoid WSX61,62 with vacuum chamber and iron
housing.

T. Prokscha et al. / Nuclear Instruments and Methods in Physics Research A 595 (2008) 317–331320

μE4 solenoids
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Correcting for proton beam deviations
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Different fringing fields
� Next, we fix the position of the new steerer and modify the fringing field strength. The objective is to

demonstrate that we can always achieve the beam matching condition and take a safety margin.

9

B kicker 1 B kicker 2

Case 1 1.42 kG -2.21 kG

Case 2 2.84 kG -4.42 kG

Case 3 4.27 kG -6.63 kG

Field at present

Kicker strength requirements

Changing the field strength of the solenoid shall not be allowed without changing the kicker field strength.
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Concept for new target station TgH

Concept similar to existing TgE 
→ allows to profit from existing tools 
and experience
Separate exchange flask for capture 
solenoids
In order to have capture elements for 
muons as close as possible, they are 
integrated into the target vacuum 
chamber

17

TgH vacuum 
chamber

Collimators

Capture 
solenoid

Capture 
solenoid

Target

Profile monitor Profile monitor
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Solenoid Beamline
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Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE TgH

Capture7.2 x 109 μ+/s  
C ~ 6%

3.4 x 1010 μ+/s  
C ~ 26%

Transmission
5 x 108 μ+/s  
T ~ 7%
Total ~ 0.4%

1.3 x 1010 μ+/s 
T ~ 40%
Total ~ 10%

Existing μE4  
beamline

Solenoid-
based  
beamline

Gain due to high capture 
and transmission efficiency
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Beamline layouts

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

Technical layout, currently optimising positions of individual magnetic elements

19

New TgH

Beamline muH2 -> 
particle physics

Beamline muH3 -> 
muSR

old piM1 beamline

old piM3 beamline
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Particle production at TgH

Of course we are not only producing surface muons
We will have good transport efficiency up to 40 MeV/c (given by capture solenoid)
Plan is to design dipoles up to 80 MeV/c
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At entrance to capture solenoid 
Ip = 2.3 mA π+

π-

μ+

μ-

e+e-



Andreas Knecht

Simulation of beamlines

Simulation tools: g4bl, TRANSPORT, TURTLE, COSY INFINITY
Optimization tools: grid searches, hyperparameter searches
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HiMB Model v.5 MUH3, to Spinrot1 center, coeff=0 

muH3 g4bl model

muH2 g4bl model

CMST

DI

CMST CMST

DI

MQMQMQ MQMQMQ MQMQMQ

 22.

 1.0

 1.0

X-motion

CMST

DI

CMST CMST

DI

MQMQMQ MQMQMQ MQMQMQ

 22. 1.0

 1.0 Y-motion

y

x

muH3 COSY INFINITY model
Peter-Raymond Kettle 9HiMB Meeting 05/01/2021

Initial Optical Model V2 from TRANSPORT
Includes Mu3e Solenoid 
- needs further optimization - many fitting parameters

Red= 1st Order
White = 2nd Order

muH2 TRANSPORT model
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Status muH2
We have in excess of 1010 mu+/s at the final focus without the separator

Working on getting the beam nicely through the separator, probably need two short 
separators in series for good transmission and sufficient separation power

22
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Separator

Beamline transports any charged 
particle of the same momentum

Typically have muons, pions and 
electrons in the beam

At low energy pions decay along the 
path

Electrons and muons are separated in a 
separator with crossed electric and 
magnetic fields by balancing  
for the muons

23

PSI – IMPACT Conceptual Design Report :: 7 Muon Beamlines | 93

remove unwanted positrons from the beam, but also to 
rotate the intrinsic spin direction of the muons. It therefore 
features a very long electrode of 3 m in order to achieve a 
su$cient degree of spin rotation.

Figure 7.68 and Figure 7.69 show a CAD cross section and 
picture of the spin rotator. Its operational parameters are 
given in Table 7.10.

Table 7.10: Operational parameters of the existing spin  
rotator 1 device being operated at the piM3 beamline.

Figure 7.68: CAD cross section of the spin rotator 1 showing 
the inner parts of the device.

Figure 7.69: Picture of the spin rota-
tor 1 mounted on the crane in the ex-
perimental hall of PSI.

Design parameters for 28 MeV/c
High voltage separation mode +/-30 kV
Spin rotation at 60kV 7.7°
High voltage spin rotation mode +/-275 kV
Spin rotation at 550kV 70.7°
High voltage maximum +/-300kV
Spin rotation at 600kV 77.1°
Electrode length 300 cm
Gap between electrodes 20 cm
Magnetic 1eld integral 0.12 Tm
Gap between magnet poles 86cm
Beam transmission 70%
High voltage 1eld orientation vertical
E-1eld maximum 30 kV/cm
E-1eld integral at 60 kV 900 cm kV/cm
E-1eld integral at 550 kV 8250 cm kV/cm
E-1eld integral at 600 kV 9000 cm kV/cm

qE = q(v × B)
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Status muH3

We have ~1010 mu+/s at the end of the solenoidal channel, a few 109 mu+/s after the 
first triplet and ~108 mu+/s at the end of the 38-m long beamline
Losses when coupling into the triplet and along the long quadrupole based beamline 
unavoidable

24
24

MUH3 PiM3.3 Beamline, With Optimized Locations of Dipoles 1 
and 2 and Solenoids in the Second Straight Section
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Building a new target station
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 
measured in Sv/h
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PSI – IMPACT Conceptual Design Report :: 9 Target Station | 129

Figure 9.2: 3D 
view of the 
CAD model of 
beamline 
components 
and shielding 
of the proton 
channel PK2 
from Target M 
to Target E 
(bottom view 
from the side 
of Target M). 
Beam moves 
in z-direction.

Figure 9.3: Vertical in Z-Y-plane (le%) and horizontal in Z-X plane (right, view from the bottom) cross-sections of the MCNP model 
of the target station. Coordinate scale in cm.

Shielding

Shielding built up 
from individual iron 
and concrete blocks
Very flexible, but of 
course very time 
consuming to 
dismantle and re-
assemble
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New beamlines and area layouts

Together with the implementation of the beamlines will also need to adjust the 
experimental areas, access ways, infrastructure etc.
At the same time will try to clean up legacy walls and structures as much as possible & 
allow for a more user-friendly and safer environment

27

New helium  
liquefier locationAccess 

courtyard

New access
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The Future!
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Organization

29

26 | PSI – IM
PACT Conceptual Design Report :: 1 IM

PACT Executive Sum
m

ary

Figure 1.11: Project structure of IMPACT for the time period spanning from the planning until the consolida-
tion phase. The blue boxes below the PSI project management correspond to individual working groups. 
The acronyms GFA, NES, NUM, and BIO refer to PSI divisions,  
see e.g. https://www.psi.ch/science/research-departments-and-labs.
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Timeline & next steps

30

24 | PSI – IM
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Figure 1.10: Timeline of the IMPACT project.
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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

Available at: 
https://www.dora.lib4ri.ch/psi/
islandora/object/psi%3A41209
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Conclusions

On track for achieving muon rates of 1010 mu+/s 
at PSI, but many challenges ahead

HIMB will enable forefront muon research at 
PSI for the next 20+ years
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Many thanks to everyone from the HIMB project for providing 
slides and input for this presentation!


