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

40 mm polycrystalline graphite
~40 kW power deposition
Temperature 1700 K
Radiation cooled @ 1 turn/s
Beam loss 12% (+18% from scattering)
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Meson Production 
 Target 

Muon Rate: 
4.6E8 P+/sec 
@ p=29.8 MeV/c 

T.Prokscha et al NIM-A (2008) 

Muon Transport Channel PE4 target, d=40mm 

solenoids 

quadrupoles 

TARGET CONE 
Mean diameter:      450 mm 
Graphite density:    1.8 g/cm3 

Operating Temp.:   1700 K 
Irrad. damage rate:  0.1 dpa/Ah 
Rotation Speed:      1 Turn/s 
Target thickness:    40 mm 
                                 7 g/cm2 

Beam loss:              12  % 
Power deposit.:    20 kW/mA 

M.Seidel, J-PARC, Oct 2015 

protons
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Surface and cloud muons

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
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



Existing low-energy μ- beams at PSI
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πE1

Medium-rate, high-precision 
beam line

Shared between μSR and 
particle physics

Home of MuSun experiment
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πE1

Measured beam rates for low-
energy muons

Not stated explicitly, but probably 
for around 2% momentum bite

σx,y  ~8 mm at final focus
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2.3. Muon production at accelerator facilities
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Figure 2.4: Muon rate at the ⇡E1 beam line at PSI as function of the muon
momentum. The muon rates are given per mA proton current hitting the
pion production target. Adapted from [21].

2.3.1 Low-energy muons
Muons with momenta lower than 29.8 MeV/c arise from muons emitted at some
depth from the production target surface. However, the obtainable muon rates are
decreasing drastically with decreasing momentum, as illustrated in Fig. 2.4. The fig-
ure shows the rates of µ+ and µ�, respectively, which can be obtained at the ⇡E1
beam line at PSI per mA proton current. To obtain µ+ with even lower energy at
reasonable muon rates, a moderation scheme is required. In the following, three
methods are presented which can be used to moderate the µ+ down to energies in
the keV regime.

Muon cooling via Mu formation and ionization

One possible method to obtain low-energy muons is to first slow down a surface
µ+ beam in a hot tungsten foil, or Si powder, or an aerogel. These materials act
first as moderators and then as converters of µ+ into muonium (Mu=µ+e�) atoms.
Muonium is the bound state of an electron and the positive muon, analogously to
the hydrogen atom. A fraction of these µ+ is thus emitted from the converter surface
as Mu atom with energies in the eV regime. Afterwards, the ionization of muonium

9

∝p3.5

∝p3

~ 20 kHz @ 28 MeV/c and 2 mA
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πE5

High-rate, low-precision beam line

Particle physics only

Home of MEG II, Mu3e
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CMBL

Compact muon beam line 
developed for Mu3e

Severe space constraints

Positioning of experiment and 
beam layout would need to be 
carefully studied

9

Overview Beamline 
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πE5

Old measured rates to be 
taken with a grain of salt 
→ were never reproduced in 
recent times

Expect around 106 μ-/s at 30 
MeV/c and 8% momentum 
bite
σx,y  ~15 mm at collimator

Scaling as p3 with momentum 
and roughly linear in 
momentum bite

10
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From P.-R. Kettle’s Logbook

μ- rate measurements at the 
centre of MEG magnet
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Summary of the MEG Cloud Muon 
Measurements at COBRA Centre in 2011 

                                                                                                                  P.-R. Kettle, Feb. 2012 

 

1 Measurements 
 

x Cloud P--scans performed at COBRA centre with Pbeam = -28 MeV/c  (Log 17/70-73) 

     Slits 75:       RP= 1.33�105 P- s-1 at 2mA                      

     Slits 105:     RP= 3.9�105 P- s-1 at 2mA 

x Surface P+-scans performed at COBRA centre with Pbeam = +28 MeV/c  (Log 17/47), 

                                                                                                                                        (Log 17/57) 

Slits 75:       RP= 1.1�107 P- s-1 at 2mA 

Slits 105:     RP= 3.3�107 P- s-1 at 2mA 

  Conclusion: 

Ratio (Cloud P-/Surface P+ )COBRA CENTRE = 1.2%  at 28MeV/c 

x Measured negative cloud muons wrt. positive surface muons 

 
x Need to know proportion of positive cloud muons at the same momentum, since 

very difficult to measure due to the large relative surface muon rate at 28 MeV/c 
(order 100 times higher)  

o  This requires: 

x Knowledge of the pion decay-in-flight kinematics, which lead to a muon of the 
correct momentum also travelling in the correct direction to be accepted by the 
SE5 channel 

 
x Knowledge of the ratio of (S+/S -) coming from the production cross-sections on 

carbon and their respective relative contributions leading to a muon of the 
correct central beam momentum 

 

- (1) 

- (2) 

- (3) 



Beam developments at PSI
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Floorplan PSI

13

SINQ

TgE

TgM
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Performance of Standard Targets

Realized that standard targets are as efficient 
in generating 28 MeV/c surface muons as 
spallation targets

After extensive target simulations: 
Slanted targets are even better!
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Length Upstream Downstream Side

10 1.4⇥ 1010 9.0⇥ 109 1.8⇥ 1010

20 1.6⇥ 1010 1.2⇥ 1010 5.1⇥ 1010

30 1.9⇥ 1010 1.1⇥ 1010 8.5⇥ 1010

40 1.8⇥ 1010 1.1⇥ 1010 1.2⇥ 1011

60 1.8⇥ 1010 1.2⇥ 1010 2.1⇥ 1011

TABLE I. Surface muon rates in µ+/s for all muons with
momenta below 29.8 MeV/c emitted from the various sides of
Target E for various lengths of the target in mm. The values
for the side rates correspond to a single side only.

z
x

y

FIG. 9. Di↵erent geometries studied in our target optimiza-
tion. From left to right: grooved target, trapezoidal target,
fork target, rotated slab target. The red line marks the proton
beam.

cused on methods of either increasing the surface volume291

(surface area times acceptance depth) or the pion stop292

density near the surface. Each geometry was required to293

preserve as best as possible the proton beam character-294

istics downstream of the target station. The muon beam295

extraction directions considered here are sideways, back-296

wards, and forwards with respect to the proton beam.297

The accepted phase space used in our simulations roughly298

corresponds to the acceptance of the following beam-299

lines at PSI: µE4 (sideways at 90�) with a maximum300

surface muon intensity of 4.8⇥108 µ+/s [21], ⇡E5 (back-301

wards at 165�) with a maximum surface muon intensity302

of 1.1 ⇥ 108 µ+/s [] and ⇡E1 (forwards at 8�) with a303

maximum surface muon intensity of around 106 µ+/s []304

[22]. All enhancements listed below are relative to the305

standard target geometry described in Sec. IV. A model306

of each geometry investigated is shown in Fig. 9.307

The first geometry explored is a radially grooved tar-308

get whereby many grooves are place in the target surface309

parallel to the proton beam direction. The basic idea310

behind this geometry is to increases the available sur-311

face area for surface muon production. No significant312

improvement over the standard target was observed (see313

Table II). While the grooves increased the geometric sur-314

face volume by up to 45% not all of this volume is useful315

for small angular acceptance beam lines as the surface be-316

comes too steep for the surface muons with their limited317

range to still exit the surface volume. This can be seen in318

Fig. 10 which shows the initial positions for accepted sur-319

face muons. Instead of the expected half circular shape320

the distribution takes on a crescent form thereby reducing321

the surface volume gain from the grooves. It can actually322
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FIG. 10. Initial positions of accepted muons from the grooved
target zoomed in to one groove. Instead of the expected
half circular shape the distribution takes on a crescent form
thereby reducing the surface volume gain from the grooves.

be shown analytically that for an acceptance with zero323

angular opening no geometrical changes to the surface324

will lead to an enhancement in the surface muon yield.325

This is also approximately true for typical beamlines.326

The small enhancement factors still achieved for the327

grooved target stem from the fact that the pion stop328

density is not constant throughout the target. Figure 11329

shows the pion stop density through the target from one330

side to the other and integrated along its length. While331

the pion stop density is lowest at the sides where surface332

muons can actually escape the target it is approximately333

70% higher in the center. This is due to the fact that334

the lowest energy pions with only small ranges in the335

target are stopped very close to the proton path thereby336

leading to a high stopping density. Higher energy pions337

– despite being produced more copiously – are stopped338

over a larger area around the proton path and lead to a339

reduced pion stop density.340

The second geometry investigated is a trapezoidal tar-341

get with a initial transverse width of 4 mm that increases342

linearly to 6 mm at the downstream end. The basic idea343

behind this geometry is to exploit the higher pion stop344

densities close to the center of the target while still pro-345

viding the full target length for the bulk of the protons346

and a somewhat reduced length for the halo of the proton347

beam. This geometry resulted in a 15% enhancement to348

muon rates at 90� to the target, but a 2% loss to the349

backward direction (see Table II). The loss in the back-350

wards direction is due to the much reduced area of the351

backwards face of the trapezoid target that cannot be352

recovered by the gains from the side face. The geometry353

performs even worse for the forwards direction for which354

the surface muon contribution from the side face is much355

reduced.356

To resolve the ine�ciencies of the trapezoidal target357

and better preserve the proton beam characteristics, a358

forked target was investigated such that the full proton359

Surface muon rates in μ+/s for TgE 
geometry of different lengths

1.0x 1.1x

1.5x1.4x
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Test of HiMB Slanted Target
Test of slanted target at TgE station

To be installed in week 48 (Nov. 25th) 
for the remainder of the accelerator 
period

Mechanical and thermal simulations 
completed and no show-stopper found
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Test of HiMB Slanted Target

30-60% gain in surface muons 
expected 

Pions and cloud muons unaffected  
→ no gain for μ-

Verification of expected beam 
intensities and profiles
Measurements to be made in vacuum 
with new scintillating fibre based beam 
monitor and existing pill-scintillator 
scanning system
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TgE+30%

+30%

+60%

+35%
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Floorplan PSI

17

SINQ

TgE

TgM
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Target Geometry for new TgM*

Change current 5 mm TgM for 20 mm TgM*

20 mm rotated slab target as efficient as Target E
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20 mm effective length  
5˚ rotated slab

p

p

20 mm target

5.1x1010 surface μ+/s 1.3x1011 surface μ+/s

15
0 

m
m
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Split Capture Solenoids

Two normal-conducting, radiation-hard solenoids close to target to capture surface 
muons

Central field of solenoids ~0.35 T
Field at target ~0.1 T

19

500 mm 250 mm

solenoid
500 mm aperture

500 mm250 mm

solenoid
500 mm aperturep
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Solenoid Beamline: HiMB@EH

First version of beam optics showing that large number of muons can be transported.
Almost parallel beam, no focus, no separator, …
Final beam optics under development

Beamline of solenoids 
similar to capture  
solenoids

Large aperture (500 mm) 
bending magnets

20 mm TgM 
5˚ rotated slab

20

1.3 x 1010 μ+/s @ 2.3 mA Ip transported
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Solenoid Beamline: HiMB@EH
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Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE TgM*

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

Proposed  
solenoid  
beamline

Gain due  to high capture 
and transmission efficiency

Expect around 5x107 μ-/s at 
28 MeV/c
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Conclusions

PSI the only place where an upgraded MuCap experiment could take place

Potential for increased muon rates available. Suitability of πE5 will need to be carefully 
studied.

HiMB project: 
Exciting prospects both for μ+ and μ- for experiments needing low-energy muons at 
ultra-high intensities 
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Beam optics development

Trying different versions of beam transport optics

Similar transmissions to simple optics achieved

Final focus still quite large: σ ~ 50 mm
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Peter-Raymond Kettle 17HiMB Meeting 26/2/2019

Pt->//->Pt focus moved

Pt->Pt->Pt
FOFO lattice

Picture:
Monochromatic
Reduced divergence
Source=1

Picture:
Monochromatic
Reduced divergence
Source=1

Using the Slanted Target Files Source=0

Using the Slanted Target Files Source=0

Peter-Raymond Kettle 17HiMB Meeting 26/2/2019

Pt->//->Pt focus moved

Pt->Pt->Pt
FOFO lattice

Picture:
Monochromatic
Reduced divergence
Source=1

Picture:
Monochromatic
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Using the Slanted Target Files Source=0

Using the Slanted Target Files Source=0

Peter-Raymond Kettle 18HiMB Meeting 26/2/2019

Pt->Pt->//->//

Picture:
Monochromatic
Reduced divergence
Source=1

Using the Slanted Target Files Source=0
V4-2

Optimization of front solenoids V4-12c-r

Optimal 
V4-12i


