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Abstract

The Muon Ionisation Cooling Experiment (MICE) at
RAL will be the first apparatus to study muon cooling
at high precision. Muons are produced along a trans-
port beamline in a super-conducting solenoid via pion de-
cay. The final beam emittance is generated by tuning the
quadrupoles for beam size matching. The beam angular di-
vergence is matched in a variable-thickness diffuser, which
is a re-entrant mechanism inside the first solenoid, automat-
ically changeable in few minutes from 0 to 4X0. The initial
normalized emittance of the beam (few mm rad) will be in-
flated up to 10 mm rad in order to cover the (εN ,P) matrix
required by the experiment. Details of beamline tuning are
presented.

INTRODUCTION

The MICE beamline can be sub-divided into five main
elements:

• target and pion production,

• pion focussing and transport,

• muon production,

• muon steering,

• interface with MICE and emittance generation.

Protons with 800 MeV kinetic energy from the ISIS syn-
chrotron impinge on a titanium blade [1] generating sec-
ondary pions by hadron production. A first quadrupole
triplet and a dipole focus and steer these particles to-
wards a super-conducting decay solenoid where they de-
cay into the final muons. These are transported by a dipole
and two quadruple triplets, completing the transport beam-
line towards the experiment [2]. The emittance from the
beamline is dominated by the muon production mechanism
while MICE requires a variable normalized emittance (up
to 10 mm rad) for a variety of beam momenta (coverage
in the(εN , P ) space). The interface between the beamline
and the MICE experiment is ensured by a diffuser, a lead
disc used to artificially inflate the emittance of the beam
by multiple scattering while providing a matched configu-
ration with the upstream optics. The beamline and its con-
nection to MICE are illustrated in Fig. 1.

OPTICAL MATCHING REQUIREMENTS

The matching condition inside the spectrometer
solenoids (β · κ=1, where κ[m−1]=0.15·B[T]/Pz[GeV/c])
defines the optics we need to reach. Propagation of the

β4D function back to the diffuser and through it, keeping
into account the multiple scattering effects, determine
the Twiss parameters on its upstream face, which have
been calculated for every (εN , P ) configuration required
by MICE [3] and are reported in table 1. The goal of the

Table 1: Downstream emittances and Twiss parameters at
the upstream face of the diffuser as a function of the dif-
fuser thickness for empty and full absorber configurations
and for different initial upstream momenta.

MICE Step VI: empty [full] absorbers

t P εN2 α1 β1

(mm) (MeV/c) (mm rad) (cm)

1.5 142 [151] 2.9 [3.0] 0.3 [0.2] 53.9 [55.7]
5.0 148 [156] 6.1 [6.0] 0.7 [0.3] 113.1 [112.7]
10.0 156 [164] 10.8 [10.6] 1.2 [0.6] 200.7 [197.8]
0.0 200 [207] 2.6 [2.7] 0.1 [0.1] 34.3 [36.4]
7.5 211 [218] 6.0 [6.0] 0.2 [0.2] 78.0 [78.2]
15.5 222 [229] 10.1 [10.0] 0.4 [0.4] 131.7 [130.8]
0.0 240 [245] 3.5 [3.5] 0.06 [0.1] 40.8 [41.8]
7.5 250 [256] 6.9 [6.8] 0.14 [0.2] 79.6 [80.6]
15.5 262 [267] 11.0 [10.9] 0.25 [0.3] 128.2 [129.4]

tuning procedure is reproducing these values.

MATCHING PROCEDURE

A reference beamline optics for MICE has been released
since 2006 which corresponds to a central momentum of
207 MeV/c (past the diffuser) and a final transverse emit-
tance of 6 mm rad [2].

Completion of the (εN ,P) matrix requires a fast matching
procedure capable of determining the optimal quadrupole
currents. In this approach we consider the upstream part
of the beamline (pion production to decay solenoid) as set
and only tune the last two quadrupole triplets, Q4−5−6 and
Q7−8−9, to match (α,β)4D at one or more positions along
the beamline. In this study transmission is monitored but
not included in the optimisation.

In the MICE beamline downstream section muons travel
through matter, namely air or materials constituting the
MICE Particle Identification (PId) detectors (TOF0,1 and
C̆erenkova,b), and the beam radius is of the order of few
cm. In order to model realistically these effects the code
Decay-TURTLE [4] has been chosen, which tracks par-
ticles through the magnets and computes energy loss and
multiple scattering effects.
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Figure 1: top view of the MICE beamline, marked in blue: clearly visible the quadrupole triplets (Q 1−2−3, Q4−5−6,
Q7−8−9) and the two dipoles use to steer and select the beam momentum. The super-conducting solenoid is located
between them . The green area highlights the MICE experiment, while the orange box shows the position of the diffuser.

Twiss parameters are calculated from the covariance ma-
trix of the beam at a certain position along the line.

Figure 2: (left) quadrupole currents for the last two triplets
as a function of the Fitness defined in eq. (1): higher val-
ues of fitness correspond to a better matching of the beam-
line. (right) evolution of the quadrupole currents through
the number of generations: after an inital erratic behaviour
currents assume stable values.This case is for a beamline
with εN=10mm rad, P=207 MeV/c and tdiff =15.5 mm.

The PIKAIA [5] Genetic Algorithm (GA) has been cho-
sen to optimise the values of the last six quadrupoles.
While other optimisation procedures are suitable for this
case, a GA is appealing for the non linear nature of the
problem and the high correlation among the parameters. In
the naming convention of GA’s the genotype for our case
is a sequence of six genes, each of which represents the
current of a quadrupole. Every genotype determines a dis-
tinct optics for the beamline or a phenotype: from the Twiss
parameters evaluated in one or more Z positions along the
beamline a function can be calculated which defines the de-
gree of fitness for a specific individual. The algorithm ex-
changes sequences of genes between pairs of individuals,

creating new genotypes, discarding the cases with lower
fitness and keeping those with higher ones, which eventu-
ally are the solution sought. The fitness function for our
case is:

F−1
fitness =

N∑

i=1

(
βi − β0i

σβ

)2

+
(

αi − α0i

σα

)2

(1)

where the suffix i denotes a position along the line, and 0
refers to the goal value for the optimisation.

Figure 3: optimisation for the case εN=10 mm rad, P=207
MeV/c and tdiff =15.5 mm. Upper plots: (left) β evolution
and (right) α evolution as a function of number of genera-
tions. The horizontal lines are the goal values. Lower plots:
(left) transmission through the beamline as a function of
number of generations. (right) β versus α computed values
weighted by the fitness function of a phenotype. Brighter
colors correspond to solutions with higher fitness: the lines
highlight the desired matching values.

As a first test we match the beamline for the case (εN=10
mm rad, P=207 MeV/c and tdiff =15.5 mm).The results of
the optimisation are summarized in Fig. 2 and 3.

TH6PFP057 Proceedings of PAC09, Vancouver, BC, Canada

3836

Beam Dynamics and Electromagnetic Fields

D01 - Beam Optics - Lattices, Correction Schemes, Transport



Figure 4: evolution of beta (blue) and alpha (red) func-
tions from inside the MICE spectrometer solenoid (Z=-
5500 mm) towards TOF1 (upstream face at Z=-6585 mm).
Distances refer to the nominal centre of MICE. Vertical
lines show TOF1 and Diffuser position and thickness.

Likewise a match of the case εN=6 mm rad, P=207
MeV/c and tdiff =7.5 mm is performed which produces
very similar results. In both cases optimisation seems to
reach a stable and satisfying solution with a transmission
fairly constant around 3%. However one might want to
consider effects of underconstraining the two constraint
equations during optimisation, when one searches for six
parameters. This could lead to a non well defined family of
solutions, possibly generating dependency on the initial pa-
rameters. A stronger request on the final optics can be done
by imposing values of (α0,β0) on multiple positions. An
example is given when considering the case for a diffuser
of 15.5 mm thickness (sixth row in table 1). In Fig. 4 the
optical functions are back-propagated from the spectrom-
eter solenoid to TOF1 passing through the diffuser. This
defines three pairs of (α0,β0) as given in table 2. The result

Table 2: Twiss parameters (α,β) for three positions along
the beamline: upstream and downstream face of TOF1 and
upstream face of the diffuser. Momentum and diffuser
thickness are 207 MeV/c and 15.5 mm (see tab. 1).

tDiffuser=15.5 mm

αUS
TOF βUS

TOF αDS
TOF βDS

TOF αUS
Dif βUS

Dif

(cm) (cm) (cm)

0.19 186.7 0.10 135.0 0.40 131.0

for an optimisation with three constraint points is shown
on Fig. 5. The horizontal lines shown in the upper pic-
tures represent the target values for (α,β) with the follow-
ing color convention: black for the upstream face of the
diffuser, red for the downstream face and green for the up-
stream face of TOF1. It can be noticed how convergence
of the Twiss parameters towards the chosen values is not so
good, determining a lower fitness with respect to the sin-
gle constraint case and a transmission reduced by nearly
50%. We believe this approach deserves further studies to
be better understood, in particular a thorough check of the
optical functions in the TOF1 region and a careful study of
the scraping effects of the magnets on the beam should be
carried out.

Figure 5: Same as Fig. 3 with an optics constraint in three
points along the beamline (see text for color code conven-
tion). The horizontal lines represent the target values for α
and β at the upstream diffuser face.

CONCLUSIONS AND FUTURE WORK

Generating the correct emittance inside MICE requires
a proper matching of the optics from the beamline. The
use of a Genetic Algorithm associated to a particle track-
ing code is described which looks promising for our pur-
poses: in both of the studied cases the code reaches a so-
lution in a reasonable time: 2.5 hours for an initial popu-
lation of 70000 muons. The procedure is flexible enough
to allow for multiple constraints on the optics. The natural
progression of this work is the completion of the (εN ,P )
matrix as required in the MICE program: verification of
the performance with high definition tracking codes (e.g.
G4Beamline [6]) is also envisaged as a development of the
present study.
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