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Motivation

A stand-alone optimised muon facility could
deliver x100 intensity gains in pulsed mode
and comparable intensity to PSI in CW mode

A 1Gev, 0.5mA Fixed Field Alternating Gradient
proton accelerator at KHz frequencies would
be an appropriate and cost effective driver

clotron =k

ynchrotron

Energy ~ 1

GeV No Yes Yes
Current > 1 mA Yes Yes Mo
Frequency CW 0.1-2 kHz 30 -60 Hz
Pulse length Continuous (~ 1 ns) 10ns—1pus 100nsto ~1 ps
Bearr; size No Yes Mo
~mm

Ext_r?clion Good Good Good
efficiency

Operation Easy Easy Mot easy
Maintenance Hard Mormal Normal
Static fields Yes Yes Mo
Size Moderate Compact \ery large
Muk. Lawm No Yes Difficult
extraction

Construction . .
ok High Moderate \ery high
Edlxting Yes Mol Yes
technology
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ARTICLE INFO ABSTRACT

We

uss possible d

s for a high-intensity, stand-alone muon source dedicated to and fully

paCs: optimised for pSR studies. In particular, we focus upon the potential implementation of a new
2925t generation of high-power, but relatively compact and cost effective, proton drivers based on non-scaling
2920.¢ fixed-field alternating gradient (ns-FFAG) accelerator technology. Initial considerations suggest that a
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ing pulsed muon sources, together with the potential of steady
ing sources, should be achievable at

ic mode with other users of the proton driver are highlighted. The
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1. Introduction

The production of high-intensity, spin-polarised muon beams
is intrinsically related to the availability of secondary pion beams,
the generation of which, in turn, requires the use of high-intensity
proton accelerators. The high costs related to accelerator con-
struction and operation have resulted in the so-called multi-
purpose facility model, where muon, neutron and particle physics
experiments are carried out at the same facility, typically nunning
a medium energy (~800MeV) accelerator.

This co-existence, at best symbiotic and at worst parasitic, was
understandable in the early days of USR, when the technique was
still in its infancy and the user community rather small. However,
the resulting paradigm is a compromise in which many muon
beam parameters are far from optimal, thereby limiting the
potential of the uSR method and often precluding developments
which could be realised at a dedicated source.

Today, when uSR has a wide user base and is a well established
and powerful tool in condensed matter science which comple-
ments, and in some cases competes with neutron scattering [1,2],
there are good reasons to investigate other models of muon beam

* Corresponding author, Tel.: +44 1484473013
E-mail address: r.cywinski@hud.ac.uk (R. Cywinski).
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delivery. Indeed there is a growing consensus that the concept of a
stand-alone muon source is most certainly worth pursuing [3].

The current paper discusses possible designs for a high-
intensity, stand-alone muon source dedicated and fully optimised
for uSR studies of condensed matter. [n particular, we shall focus
upon the potential i tation of a new generation of high-
power, but relatively compact and cost effective, proton drivers
based on non-scaling fixed-field alternating gradient (ns-FFAG)
accelerator technology.

2. Optimal proton driver parameters for a dedicated muon
source

Any stand-alone muon facility must be based upon sufficiently
flexible accelerator technology to afford optimal tuning of the
proton driver parameters. The necessary requisites are considered
in detail below and, to better illustrate the advantages offered by
the new paradigm, we compare these requisites with the
parameters of two representative muon sources: ISIS and PSI,
operating in pulsed and continuous (CW) mode, respectively.

Proton driver power and energy: Both current European muon
facilities have similar muon count rates (25-40 x 10°s~!). At a
continuous source, as only one muon (with halflife of 22 pus) can
be allowed in the sample at a time, the experimental (positron)

44
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Motivation

A stand-alone optimised muon facility could
deliver x100 intensity gains in pulsed mode
and comparable intensity to PSI in CW mode

A 1Gev, 0.5mA Fixed Field Alternating Gradient
proton accelerator at KHz frequencies would
be an appropriate cost effective driver

Simulations of (multiple) pion/muon production
targets and accelerator/target/collection/beam
optics combinations are necessary

...But first the codes have to be benchmarked
- against the ISIS target?

......could the ISIS target geometry/muon
collection system be optimised as part of the
same programme?

—> GEANT4
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experiments are carried out at the same facility, typically nunning
a medium energy (~800MeV) accelerator.

This co-existence, at best symbiotic and at worst parasitic, was
understandable in the early days of USR, when the technique was
still in its infancy and the user community rather small. However,
the resulting paradigm is a compromise in which many muon
beam parameters are far from optimal, thereby limiting the
potential of the uSR method and often precluding developments
which could be realised at a dedicated source.
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delivery. Indeed there is a growing consensus that the concept of a
stand-alone muon source is most certainly worth pursuing [3].

The current paper discusses possible designs for a high-
intensity, stand-alone muon source dedicated and fully optimised
for uSR studies of condensed matter. [n particular, we shall focus
upon the potential i tation of a new generation of high-
power, but relatively compact and cost effective, proton drivers
based on non-scaling fixed-field alternating gradient (ns-FFAG)
accelerator technology.

2. Optimal proton driver parameters for a dedicated muon
source

Any stand-alone muon facility must be based upon sufficiently
flexible accelerator technology to afford optimal tuning of the
proton driver parameters. The necessary requisites are considered
in detail below and, to better illustrate the advantages offered by
the new paradigm, we compare these requisites with the
parameters of two representative muon sources: ISIS and PSI,
operating in pulsed and continuous (CW) mode, respectively.

Proton driver power and energy: Both current European muon
facilities have similar muon count rates (25-40 x 10°s~!). At a
continuous source, as only one muon (with halflife of 22 pus) can
be allowed in the sample at a time, the experimental (positron)
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GEANT4

Geant4 is a toolkit for the
simulation of the passage of
particles through matter

Developed and maintained at
CERN

Originally intended for high
energy physics experiments
(eg LEP)

Now wide range of uses including
medical, nuclear, and space science

GEANT4 as a simulation framework in SR ™

wb* T Prokscha®, E. Morenzoni®, K. Sedlak *
errer Institut, CH-52.
"M, Viale G.P. U

T. Shiroka
*Laboratory for Muon Spin Spectroscopy, Paul
b Dipartimento di Fisica, Universita di Parma & CNR-I

2 Villigen Switzerland
sberti ¥/a, {3100 Parma, [taly

Distributed as a set of C++
libraries

GEANT4 is a Monte Carlo radiation transport toolkit which includes a complete range of functionalities required to build flexible

- - simulation frameworks. Taking advantage of its open architecture and object-oriented design, we could develop a software suite,

G EANT4 IS al re ady used I n able to simulate pSR experiments and instrumentation. The versatility offered by this new tool has permitted us to model the
existing instruments, thus allowing a fuller understanding of their operation. It has guided also the design and construction of new

types of spectrometers, as those equipped for high-field SR, where numerical simulations proved decisive in understanding the

S i I I I u Iati O n S Of HS R eX pe ri I I le ntS complex behaviour of the incoming muon beam and of the outgoing positrons in a high magnetic field environment. The developed
SR simulation framework, with its fully flexible and customizable design, will allow potential users not familiar with programming
eg, Prokscha, Shiroka, Lancaster, Sedlak ........

to focus exclusively on physics, by building and running their own applications without the need to modify the source code.

Key words: Computer modeling and simulation, Grantd, Object-oriented design, Muon spin rotation
PACS: 07.05. Tp, 41.85.-p, T6.75.+i

Can G EA N T4 aCC u rate |y Si m u Iate 1. Introduction which needs to accommodate more elaborate sample envi-

ronments, the situation has changed. The growing demand

/ H H f) The Monte Carlo method is a computer-based statisti- to understand the detailed operation of muon spectrome-
p roto n targ et I nte raCtI 0 nS H cal sampling technique for solving complex, nonstandard €S has been recognized by the FP6 JRAS program, where

problems. Due to its general-purpose, mimerical approach the development of software code to enable full instrument
the method has found a wide range of applications in many simulation has a dedicated work package.
Lo el 1 L PR 2
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GEANT4: hadronic mod;F'f 20tory

| cHips | After: Aatos Heikkinen
At rest
Absorption CHIPS (gamma)
At [ Phownuclear clecwonuclear ]
High precision neutron
Evaporation —
Fermi breakup o FTF String (up to 20 TeV)
Multifragment || ¢compound || Bertini cascade QG String (up to 100 TeV)
Photon Evap .
Binary cascade
Rad. decay ki
MARS
LE pp, pn HEP (upto 20 TeV)
LEP

1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 1 TeV
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The ISIS muon target

Proton beam:
800MeV with ~1MeV energy spread

Focused to Gaussian “waist” at target with rms
half width and rms half height of 5mm:

rms X’ =6mrad rms y’=bmrad

Target:
Graphite plate 50*50*7 mm3

Oriented at 45° to proton beam (rotated around
vertical axis)

Effective path length through target ~10mm

Graphite muon production target

NMI3, Zurich , 30 March ‘09



Simulation geometry

Muons
and
pions
Proton beam
2.5x1013 p per double Transmitted
pulse beam

——

Beam window
8cm diameter

15 cm from target — 16000p*
Muons .
and oo OICGIIir‘r‘.a‘tors]c
pions .9m downstream of target
8000pu*

Spatial cut: (a) particles emerge from target within £0.5cm vertically and +3cm horizontally
(b) particles must be parallel to beamline axis with 180mrad in horizontal direction
and 35 mrad in vertical direction

Momentum cut: momentum bite must be between 25.175 and 27.825 MeV/c (ie 10% around 26.5MeV/c)

q
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GEANT4 simulations

GEANT4 and three physics models have
been used:

Bertini model
Binary Cascade Model
INCL-ABLA model.

Initial simulations of 2x10*2 protons
(corresponding to an ISIS double pulse) took a
prohibitively long time to run

Shorter simulations of 4x107 protons resulted in
much poorer statistics, but in agreement with the
longer runs and experiment, give the equivalent
of 20000-40000 p* with the correct momentum
and spatial cuts entering the beam window per
ISIS double pulse.

u«
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GEANT4 simulations

GEANT4 and three physics models have
been used:

Bertini model

Momentum cut

Binary Cascade Model
INCL-ABLA model.

Initial simulations of 2x10*2 protons
(corresponding to an ISIS double pulse) took a
prohibitively long time to run

Shorter simulations of 4x107 protons resulted in
much poorer statistics, but in agreement with the
longer runs and experiment, give the equivalent
of 20000-40000 p* with the correct momentum
and spatial cuts entering the beam window per _
ISIS double pulse. A ARV | O e I e

Momentum, space and angle cut

The simulations showed a reasonably isotropic distribution of muons from the target — this was
used to speed up the simulation procedures by separating pion production from muon transport

q
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GEANT4 simulations

Each model generates the final state for hadron inelastic scattering by simulating the
intra-nuclear cascade.

The Bertini model:

The target nucleus is treated as an
average nuclear medium to which p (1 GeV)
excitons (particle-hole states) are added *
after each collision.

The Binary Cascade model:

The target nucleus is modelled by a 3-D
collection of nucleons, as opposed to a
smooth nuclear medium.

The INCL-ABLA model
The intra nuclear cascade is based upon ABLA
the Liege cascade model (INCL) and the

de-excitation is based on ABLA

q

NMI3, Zurich , 30 March ‘09

University of
HUDDERSFIELD



F

Bertini Cascade Model ;,_,r |

" i

- simulations are for 2.5 x 10! protons on target

- for 2.5 x 10*3 protons there are 84200 positive muons entering the beam window

htemp
htemp Muons - momentum, position and angle cuts Elies Bl
Muons - momentum cut EII:;:E ‘221'55: :::3“ n.?%;i
RMS 0. 7755 F
180 E_ 7] | P — 18 = [p {absiy)<5 & abs(z)<30 && abs(pzipx)<0.035 && ahﬁ{py.l'px]i:l].‘lB)|
= 16
160 — = Bertini Model
- 14
140 -
120F 125
100F 100
BOE 8t
60F 6
a0f 4F
20 2 ;—
u :I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 u 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
25 25.5 26 26.5 27 27.5 25 25.5 26 26.5 27 27.5
P (MeVic) P (MeV/c)
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Binary Cascade Model

- simulations are for 2.5 x 10! protons on target

- for 2.5 x 1012 protons there are 62700 positive muons entering the beam window

htemp
Entries 627

Entries 9308 Muoans - momentum, position and angle cuts | san 26,38
Muons - momentum cut Mean 264
RMS 0.7542
AMS DTSRI .

1“ m | Binary Cascade I 12 p {abs{y}<5 && absa(zj<30 &4 abs(pe/pu)<0.035 &8 abs(pyipx)<d.18}
120 Binary Cascade I

10
1

e B 8 B B
2 M B2 W =

q

University of
HUDDERSFIELD

NMI3, Zurich , 30 March ‘09




INCL-ABLA Model

- simulations are for 2.5 x 10! protons on target

- for 2.5 x 103 protons there are 27500 positive muons entering the beam window

hlﬂl'l"IP E Ttempffﬁ
niries

Muons - momenturm cut I m' 2:::; Muons - momentum, position and angle cuts || maan  26.35

RMS P RMS 0.7491

g 9 ;_p abs(y)<5 && abs(z)<30 && abs(pz/px)<0.035 &8 abs{w}p:l-:l]d?}
WL | incL-ABLA I [P] 8f

so0fF c INCL_ABLA

g 7E
TOE c
- 6F
60F :
u 5E
S0F- :
40E 4c
30F 3F
205 2
10F 1E

ﬂ:"II'I'I""II"'I""I""I"' D:|||||||||||||||||||||||||||||||
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P (MeV/c) P (MeVic)
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r o

INCL-ABLA: pions at rest/in/tat

f,

Distribution of pions at rest inside the target distribution of pions at rest insida the target - XZ plane
htemp il 20%
Entrice 18548 - = E
Winan -l.zo3 L 1’;‘
RMS 6.056
10
7
a

IJ
EIII_H-T'-:I|||Il||||l|||\l|\\|l\\\|ll-l_\'_\n\_rm'f'!l'l..l|!l| m .lI’ .rln li u
20 18 1@ -5 @ 6 1&¢ 16 2P T fmm
X (mmj

distribution of pions at rest inzide the target

distribution of pions at rest in the XY plane

htemp
Entries 16546
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‘ vertex position for muons inside the target

INCL_ABLA| htemp
| Entries 6061
Mean -5.313
RMS 5902
200
150
108 ”
s FM i
nllllllll IIIIII ||||||||||I|—I|—rri-l.|-|.|-|l-lllll
20 <15 <18 -5 1] 7 19 18

= (o

muons vertex position in XY plane - INCL-ABLA model

<10
18

vertex position for surface muons - XZ plane

INCL-ABLA

20 1% 10 6 ¢ & 10 165 4o
& {mm§

vertex position for muons inside the target

e LR P b b L L ||.|J:T|.I|||

htemp
Entries 6061
Mean -0.8169
RMS T.237

INCL-ABLA

20 12 410 & @ § 10 18 20
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Unwanted particles

Background particles entering the muon beam window

7091

gammas
B electrons
positrons
neutrons
¥ protons
pi-
B pi+
mu-

435

4
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Target material

| muon production versus target thickness |

w 40
E " |l Graphite Il
E 35F M serilium
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Next steps

s Composite targets (eg Ni coated Be)

s Complex geometries (eg small xsection pencil/conical target)
¢ Proton loss calculations

* Thermal load calculations

*» Improvement of collimators and collection geometries

With implications for

*» Neutrino factory

+» Stand-alone dedicated muon facility (protons?)

u
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Pion spectra from 400 MeV/A projectiles on an Hg nucleus
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