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The Muon Ionization Cooling Experiment (MICE) at the
% Rutherford Appleton Laboratory has collected extensive data
S to study the ionization cooling of muons. Several million in-
2 dividual particle tracks have been recorded passing through
£ a series of focusing magnets in a number of different config-
2 urations and a liquid hydrogen or lithium hydride absorber.
& Measurement of the tracks upstream and downstream of the
absorber has shown the expected effects of the 4D emittance
reduction. Further studies are providing more and deeper
insight.

INTRODUCTION

Stored muon beams have been proposed as the source
5 of neutrinos at the Neutrino Factory and as the means to
E deliver multi-TeV lepton-antilepton collisions at the Muon
f Collider [1]. In such facilities the tertiary muon beam occu-
= pies a large volume in phase space. To optimize the muon
-% intensity, while maintaining a suitably small aperture in the
-2 muon-acceleration systems, requires that the muon-beam
% phase space is reduced (cooled) prior to acceleration. The
2 short muon lifetime makes traditional cooling techniques
< unacceptably inefficient when applied to muon beams. Ion-
& ization cooling, in which the muon beam is passed through
& material (an absorber) and subsequently accelerated, is the
© technique by which it is proposed to cool the beam [2,3]. The
§ MICE experiment has presented results demonstrating that
& ionization cooling works and is in agreement with current
5, Monte Carlo simulations [4].
; The MICE experiment consists of an upstream beam-
8 line [5] to capture pions emitted from the titanium target [6],
% and focus the produced muons into a cooling channel. The
f cooling channel (Fig. 1) consists of 12 individually pow-
© ered solenoid magnets, symmetrically placed up- and down-
stream of an absorber chamber which could be configured de-
pending on the beam momentum and required beta-function.
E Upstream and downstream particle ID (PID) detectors [7]
2 are used to improve the reconstruction algorithms and reject
= pion and electron contamination within the beam. A range of
% absorbers were used during data-taking including an empty
2 drift space (No absorber), a 65-mm lithium hydride disk
é‘(LiH ) and a 22-liter liquid hydrogen vessel (LH2).
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EMITTANCE AND AMPLITUDE

The experiment’s timing, particle identification and track-
ing detectors allowed individual muon tracks to be identified
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and reconstructed to a precision better than 1 mm, both up-
stream and downstream of the absorber module. Each muon
candidate was selected based on the time of flight and mo-
mentum. The offline combination of the individual muon
tracks permitted analysis of the collective beam behavior.
A variable-thickness diffuser was included to incrementally
increase the initial beam emittance between approximately
3mm and 10 mm.

The muon beam emittance was calculated by constructing
the covariance matrix, X, using the covariances, o, of the
position and momentum components of the individual muon
tracks,

O-XX o-xpx O-Xy O-Xpy
s = |9pxx Tpxpx Tpxy  Tpapy (1)
Oyx  Oype  Oyy Oyp,
Opyx  Opypx  OTpyy Opypy

The 4-dimensional normalized transverse emittance, e4p, of
the beam can then be calculated using the determinant of
the covariance matrix and the muon mass, m,,:

1
ep = —|ZI.
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The single-particle amplitude, A, can be defined as the
Mahalanobis distance between a point in phase space, v =
(x, px, ¥, py) and the center of the distribution, weighted
by the distribution’s emittance. It estimates the emittance
of a beam which is characterized by an ellipse that passes
through that point. It is calculated as

Ar=ep (V-9 (v-79)
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METHOD

Data were taken with a specific configuration of solenoidal
fields, i.e B, =~ 660 mm at the absorber, with the three dif-
ferent absorber configurations (No absorber, LiH and LH?2).
The magnitude of the solenoidal field strength along the
length of the cooling channel is shown in Fig. 2. Scintillat-
ing fiber detectors were installed up- and downstream of the
absorber and used to reconstruct individual muon tracks [8].
The data that was collected using an empty channel enabled
the observation of optical aberrations and will be used to
cross-check for other systematic effects.

Cuts were applied to the raw data to remove electron and
pion impurities in the reconstructed beam. The recorded
time of flight for each track was required to be consis-
tent with the expected value given the selected muon mo-
mentum (140 = 7 MeV). The trackers must produce a well-
reconstructed track in the upstream and, if present, the down-
stream trackers (y2>/NDF < 10). Each track must also be
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Figure 1: Schematic layout of the MICE cooling channel. Magnet coils are shown in red, the absorber in blue, and the

various detectors are individually marked.
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Figure 2: Magnitude of the of the magnetic field along the
length of the cooling channel. Hall probe measurements are
included as verification, and the field strength at the position
of the hall probes is shown in green (160 mm off axis). The
central cusp is due to the magnetic field flip.

well contained within the tracking volume and not be inci-
dent on any hard apertures that could cause scraping.

The full ensemble of tracks that passed all the cuts and
were successfully reconstructed in the upstream tracker were
combined to produce the upstream sample. Those tracks
that were transmitted to the downstream tracker and were
well-reconstructed were combined to form the downstream
sample. Each sample was analyzed independently to calcu-
late the covariance matrix and the amplitude distributions.

ANALYSIS

The upstream and downstream samples were evaluated
following the selection and reconstruction procedures and
are shown in Fig. 3. There is a close agreement between
simulation and data, showing that the experiment is well
understood and in agreement with the current Monte Carlo
models.

The amplitude of each muon in the up- and downstream
samples was calculated using Eq. (3). The distribution of am-
plitudes for the up- and downstream samples was integrated
from zero, bin-by-bin, to produce the cumulative distribu-
tions. The ratio of the cumulative distributions for two initial
emittances (6 and 10 mm-mrad) and three different absorber
configurations is shown in Fig. 4.
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Figure 3: Distributions of the upstream (a) and downstream
(b), position (top) and momentum (bottom) parameters in x
(left) and y (right). All show good agreement between data
and simulation.

Bins above (below) 1 indicate particle migration into (out
of) that area of phase-space. The No absorber case demon-
strates the effects of scraping - medium/high amplitude par-
ticles migrating outwards and being lost - and the final trans-
mission is less than 1, as seen by the final bin. The core of
the beam undergoes no significant change in this case.

In the LH2 and LiH cases, a clear increase in particle
density is seen in the core of the beam, a signal which is a
direct consequence of the absorber being present within the
cooling channel. As expected, the 10-mm-mrad beam sees a
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larger effect due to cooling than the 6-mm-mrad beam, while
the transmission is lower (= 94% versus = 98%) due to
increased scraping. These results demonstrate the migration
of high-amplitude particles to lower amplitudes, significantly
above any statistical fluctuations within the distributions.

CONCLUSION

The MICE experiment has successfully demonstrated that
© the interaction between a muon beam and a low-Z absorber
§ can be used to stimulate a migration in particle amplitudes
& towards the core of the beam. This is a signal uniquely in-
S dicative of ionization cooling. The Monte Carlo simulations
; have been shown to be in good agreement with the data,
A hence the observed results are in agreement with existing
O material models used in the Geant4 simulation framework.
2 1tis anticipated that the refinement of our beam selection
E routines will further reduce the effects of optical aberrations
and permit the measurement of a statistically significant
emittance change, above the systematic constraints.
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Figure 4: Comparison of the ratio of cumulative amplitude distributions, Ramp, for the two initial emittances and three
absorber configurations. Bins that deviate from a flat distribution demonstrate areas of migration. Migration towards the
centre of the beam can only be produced through ionization cooling. The value in the final bin indicates the transmission of
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