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Abstract

The aim of the international Muon Ionization Cooling
Experiment (MICE) is to demonstrate transverse emittance
cooling of a muon beam through ionization cooling [1].
However, when the MICE particle beam is created, there
exist high levels of proton contamination which swamp
pion and muon rates in detectors. Therefore, sheets of
polyethylene have been placed into the beam line to remove
these protons [2]. It was experimentally determined that for
a primary pion/proton beam of 370, 451, and 507 MeV/c,
polyethylene sheets of 29, 83, and 147 mm thickness, re-
spectively, were needed to reduce proton contamination to
acceptable levels. Comparison with theoretical range plots
shows satisfactory agreement.

INTRODUCTION

The MICE experiment, located at Rutherford Appleton
Laboratory (RAL) in the United Kingdom, aims to demon-
strate transverse emittance reduction of a muon beam. Such
a technique is an essential component in the design of a
neutrino factory or muon collider. Ionization cooling con-
sists of first passing the muon through liquid-hydrogen ab-
sorbers to reduce all three of its momentum components,
and then re-accelerating it along the direction of the beam
line with RF cavities [6]. In MICE, this process will take
place using a cooling channel as shown in Figure 1.

The MICE beam is generated by dipping a titanium tar-
get into the proton beam within the ISIS synchroton. Parti-
cles created on each pulse are then transported downstream
towards the cooling channel by a magnetic lattice consist-
ing of three triplets of quadrupoles to focus and defocus
the beam, two dipoles to select the particles’ momenta,
and a decay solenoid to enhance the decay of pions into
muons. The magnetic lattice can operate with either posi-
tive or negative polarity settings.

The MICE beamline also contains a number of detectors,
as shown in Figure 2, which are used for measuring beam

Figure 1: the MICE cooling channel

properties and particle information. Of particular interest
to this study are three high precision time of flight detec-
tors (TOF0, TOF1, and TOF2), and a scintillation counter
named GVA1.

TOF0, TOF1, and TOF2 are made of fast scintillation
counters, and are used to correlate the phasing of the RF
cavities with the muons time of flight, and provide parti-
cle identification information. TOF0 and TOF1 are located
upstream of the cooling channel, and can each serve as a
trigger for the experiment’s data aquisition system. TOF0
is located after the second triplet of quadrupoles and was
used as the trigger for this study. TOF1 is located after
the last triplet, and TOF2 will be placed downstream of the
cooling channel and used to measure particles that have tra-
versed the entire channel [4].

GVA1 is a scintillation counter as well, and is located
just after the decay solenoid (DS) and before the second
dipole (D2). It is used to measure the charged particle rate
exiting the DS in order to optimize the upstream beamline
for particle transport.

Figure 2: A schematic of the MICE beamline showing
the magnetic lattice and detectors. The distance between
GVA1 and TOF0 is approximately 6 meters. The proton
abosorbers are located just after D1, before DS

CHOOSING THE BEAMLINE SETTINGS

The target interaction with the ISIS proton beam pro-
duces a number of secondary particles, among which are
pions that are transported by the first triplet of quadrupoles
down the MICE beamline. These pions will eventually de-
cay into muons as they travel along the beamline. The
magnetic lattice is tuned according to what the momen-
tum of themuon beam should be at the center of each ab-
sorber in the cooling channel. The muon momentum values



Table 1: Settings for the MICE beamline used in this study.
140 MeV/c setting 200 MeV/c setting 240 MeV/c setting

Magnet Current (A) Momentum (MeV/c) Current (A) Momentum (MeV/c) Current (A) Momentum (MeV/c)
Q1 77.45 361.28 96.77 451.37 127.97 507.39
Q2 141.64 361.05 176.98 451.16 159.97 507.18
Q3 86.70 360.83 108.35 450.94 111.27 506.96
D1 280.33 360.60 370.11 450.72 435.94 506.75
DS 0.00 360.37 0.00 450.49 836.15 506.52
D2 77.46 202.86 96.77 255.87 116.46 296.78
Q4 134.61 201.20 170.17 254.35 197.56 295.31
Q5 180.51 201.19 228.21 254.35 264.94 295.31
Q6 119.62 200.68 151.33 253.88 175.75 294.85
Q7 114.32 174.68 150.93 230.62 178.37 272.57
Q8 172.89 174.35 228.41 230.34 270.00 272.30
Q9 147.52 173.81 195.10 229.87 230.72 271.83

that MICE aims for at this location are 140, 200, and 240
MeV/c. The beam settings used in this study are shown in
Table 1.

When the beamline is set to positive polarity, it trans-
ports a large number of protons which can potentially satu-
rate the TOF detectors. For the momentum range at which
MICE will operate, protons lose energy in material more
quickly than pions and muons. Consequently plastic sheets
of thicknesses 15, 29, 49 and 54 mm, referred to as the
proton absorbers, were placed into the beamline just after
D1 to filter out protons while allowing pions and muons to
proceed unimpeded [2]. The purpose of this study was to
determine the appropriate thickness of proton absorber for
each of the MICE beamline settings.

ENERGY LOSS IN MATERIAL

The predominantly pion/proton beams which pass
through the proton absorbers haveaverage momenta of ap-
proximately 370, 451, and 507 MeV/c. For protons of these
momenta, Figure 3 shows the expected range in the MICE
proton absorbers, assuming a density of 0.89 g/cm3. Ac-
cording to this figure, approximately 44, 84, and 130 mm
of plastic should be enough to stop protons of 370, 452, and
507 MeV/c, respectively. However, there is some spread
about the average momentum, and this spread also scales
as a function of the beam momentum.

The range for protons was calculated using the
continuous-slowing-down-approximation (CSDA), which
is found by integrating the “Bethe” equation [5]
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See [5] for parameter definitions.
The calculation of this range assumes that the rate of en-

ergy loss along every point of a proton’s path is equal to the
total stopping power. It is obtained by integrating the recip-
rocal of Equation 1 equation with respect to energy [3].

Considering the momentum spread of the beam, which
increases in proportion to the momentum, the range values

Figure 3: The range for protons in 0.89 g/cm3 for momen-
tum range of interest to MICE. This range was calculated
by dividing the CSDA range, in g/cm2, obtained from [3]
by the density of the MICE proton absorbers.

as quoted from Figure 3 correspond to the absorber thick-
ness which removesmost of the protons from the beam, but
not all of them. Protons at the higher end of the momentum
spread will have a larger range.

REMOVING PROTONS FROM THE MICE
BEAM

The proton absorbers have thicknesses of 15, 29, 49 and
54 mm, and can be inserted into the beamline individu-
ally or in any combination. For each of the three MICE
beamline settings in Table 1, the proton absorbers were
placed into the beam with increasing thickness. The time
of flight of particles passing between GVA1 and TOF0 was
measured by calculating the difference between the trigger,
which was TOF0, and the time to digital converter (TDC)
signal for GVA1 where each bin width was taken as a 25 ps
time step [2]. Because all of the particles in the beam have
the same average momentum, the protons, having a larger
mass than muons and pions, should travel with a smaller
velocity between GVA1 and TOF0, and therefore take a
longer time. Figure 4 shows the time of flight of particles



measured between GVA1 and TOF0. Because GVA1 is up-
stream of the trigger, the particles with the larger time of
flight (between 25 and 65 ns) correspond to pions/muons,1

and the population between -65 and 25 ns corresponds to
protons. These time cuts were used when integrating the
two peaks (seperately) in order to determine the number of
protons in the beam with respect to the number of muons.

Figure 4: Particle rate for the time of flight between GVA1
and TOF0 for the 240 MeV/c beamline setting. The left
population consists of protons, and the right population is
muons/pions/positrons. The time of flight appears “nega-
tive” for some particles due to an offset between the TOF0
gate and GVA1 TDC. The proton absorber thickness is in-
creased, moving from top to bottom.

RESULTS

As the protons pass through the proton absorbers, they
lose energy through ionization and atomic excitations un-
til they are completely stopped and thus removed from the
MICE beam. For predominantly pion/proton beams of 370,
451, and 507 MeV/c at the location of the proton absorbers,
29, 53, and 147 mm of material are necessary to remove

1The resolution of GVA1 is not sufficient to distinguish among muons,
pions and positrons, so the right-most population represents all of these
particles.
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Figure 5: The purity of the beam as a function of absorber
thickness for the 140 (green), 200 (red) and 240 (blue)
MeV/c beamline settings

most of the protons from the beam. These values are sat-
isfactory when compared with the preliminary theorectical
predictions. Thus, the appropriate absorber thickness was
determined for each beam momentum at which MICE will
operate.

REFERENCES

[1] L. Coney, “ Status of the MICE Muon Ionization Cooling
experiment,” PAC09-TU6RFP057, 2009

[2] C. T. Rogerset al., ”Study of the Proton Absorber in
the MICE Beamline,” MICE-NOTE-BEAM-0294, 2010.
http://hep04.phys.iit.edu/mice/notes/notes.html.

[3] PSTAR, http://physics.nist.gov/PhysRefData/Star/Text/
PSTAR.html .

[4] R. Bertoni et al., “The design and commissioning of the
MICE upstream time-of-flight system,” Nucl. Instr. Meth.
A615(2010) 14

[5] K. Nakamuraet al. (Particle Data Group), “Review of Particle
Physics,” Journal of Physics G37 075021 (2010).

[6] D. Neuffer, “Principles and applications of muon cooling,”
Part. Accel. 14 (1983) 75, http://lss.fnal.gov/archive/test-
fn/0000/fermilab-fn-0378.shtml


