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Abstract

The Muon Ionization Cooling Experiment (MICE) at
© RAL has studied the ionization cooling of muons. Ap-
= proximately 350 million of individual particle tracks have
@ been recorded passing through a series of focusing mag-
8 nets in different configurations with a liquid hydrogen,
2 lithium hydride or polyethylene (wedge) absorber. Meas-
& urements of the tracks upstream and downstream of the
§ absorber have shown the expected effects of the 4D emit-
g tance reduction as a consequence of ionization cooling.
£ This invited talk presents and discusses these results, and
‘g projects the future of ionization cooling.
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INTRODUCTION

Muon cooling is one of the basic techniques required
% for a neutrino factory and muon collider [1]. The interna-
E tional Muon Ionization Cooling Experiment (MICE) at
"é RAL was established to demonstrate the principle and
3 relevant technology [2]. One way of producing high-
_c intensity muons is to collide a high-power proton beam
o with a target, producing pions that then decay into muons.
& However, the tertiary muon beam has a very large emit-
E g tance, typically between 15-20 mmm-rad. In order to op-
£ timize the muon yield and fit the beam into cost-effective
S apertures for further acceleration, one would need to re-
& duce the beam emittance. The desired muon normalized
2 beam emittance at the neutrino factory ranges between 2
S and 5 mmm-rad. An initial muon collider needs further
) cooling with a desired normalized transverse emittance of
3 > 0.4 mmm-rad and normalized long1tud1na1 emittance of 1
= nmm-rad. Ionization cooling is the only beam cooling

2 technique suitable for reducing the muon beam emittance
ﬁ within the short muon lifetime. MICE successfully
> demonstrated this technique for the first time.

st maintain attrib

BEAMLINE

The proton beam used for muon production in MICE
2 is produced by the ISIS proton synchrotron at RAL [3],
5 with a kinetic energy of 800 MeV in a parasitic mode to
o the operation of the ISIS spallation neutron source and
: muon source. As shown in Fig. 1, a triplet of quadrupole
;: magnets (Q1, Q2, and Q3), two dlpole magnets (D1 and
'c D2), and one decay solenoid (DS) are used for pion
Z transport and proper pion momentum selection, pion
28 decay and muon momentum selection.

& Two more triplets prepare the muon beam into the mu-
a2 on cooling channel [4]. As a result, the beam that enters
° MICE has a small pion content. To ensure further muon
2 beam purity, these pions are tagged and rejected from the
= cooling measurement using a series of particle identifica-
g tion (PID) detectors (Fig. 2) [5].
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MICE DETECTORS AND ABSORBERS

MICE detectors can be divided into PID and tracking
detectors. The primary PID detectors are three Time of
Flight (ToF) counters (ToF0, ToF1, and ToF2) made of
scintillating slabs. Electrons and pions can be distin-
guished by their different flight times with the same mo-
mentum. In addition, two aerogel Cherenkov detectors
help the rejection of pions and electrons. The KLOE-
Light (KL) detector is a calorimeter and uses lead layers
alternating with scintillating fibers to differentiate be-
tween particles based on their energy depositions. Elec-
trons shower in KL and as a result have broader KL dis-
tributions compared to muons and pions. The most down-
stream calorimeter is the Electron Muon Ranger (EMR),
made of planes of scintillator extrusions, which makes use
of the differing particle track topologies. Electron showers
in the EMR typically miss some planes as they travel
along their paths (occupancy < 1) in contrast to muon
tracks which consistently hit all planes (occupancy = 1)
[6].

MICE has two tracking detectors, upstream and down-
stream of the absorber [7]. Each tracker is composed of
five planar scintillating-fiber stations, each with three
doublet fiber layers, and is immersed in the solenoidal
field of a Spectrometer Solenoid (SS). The upstream and
downstream SS consist of five superconducting coils; two
match the muon beam into and out of the absorber, and
three produce constant fields inside the tracking volumes.
For measurement of beam cooling, the input and output
beam distributions are compared at the tracker stations
immediately upstream and downstream of the absorber
(tracker reference planes).

Three kinds of absorbers were used in the cooling ex-
periments, first with lithium hydride (LiH), then liquid
hydrogen (LH2) and a wedge type of polyethylene. LiH
and LH2 were used to demonstrate the cooling effect in
the transverse phase space, and the wedge polyethylene
was to demonstrate the emittance exchange between the
transverse space and the longitudinal space.

MEASUREMENT OF MUON IONIZATION
COOLING

Ionization cooling occurs when muons travel through
an absorbing material and undergo a “soft” inelastic colli-
sion. With the incoming muon energies significantly larg-
er than the binding energies of the atomic electrons of the
material, the atom ionizes, ejecting a valence electron [8].
Concurrent with the ionization energy loss process, elastic
collisions with the atomic nuclei of the material can oc-
cur. Given the larger mass of the atomic nuclei compared
with the incident muons, this process causes very small
energy loss [2]. However, it is the driving force behind
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the scattering of muons by small angles [8]. This process  of emittance heating that is a counter effect against the
is known as multiple Coulomb scattering and is a source  cooling.
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Figure 1: Schematic of the MICE beamline and MICE experiment: (a) and (b) are the top and side views, respectively.
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Figure 2: Schematic diagram of MICE in its final configuration.
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E A good understanding of energy loss and multiple scat-
Ef tering is essential in ionization cooling where the muon
Z momentum is reduced in all directions (both transversely
%and longitudinally) with a subsequent restoration of the
+ beam longitudinal momentum in RF cavities, suitable for
£ a multi-segment cooling system. The beam cooling equa-
2 tion that describes this process is written in terms of the
5: rate of change of normalized transverse root-mean-square
O (RMS) emittance [2]:

&N ér dE# B
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S where E| is the muon energy, B the muon velocity, dE./dz
‘5 the magnitude of the ionization energy loss, m the muon
= mass, X the radiation length, and B, the transverse beta

% function at the absorber.

§ The first term in the equation represents cooling from
‘5 ionization energy loss and the second term describes
s; heating from multiple scattering. The minimum achieva-
: ble emittance, or equilibrium emittance, for a given mate-
z rial and focusing conditions can be described by:

_ B.(13.6 MeV/c)? ’ )

S =5 X (dE | d=)pm
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A smaller equilibrium emittance leads to a more effec-
< tive emittance reduction, which from Eq. (2) occurs when
= B. is minimized and Xo(dE/dz) maximized [2]. Therefore,

E strong focusing at the absorber and low-Z (low atomic
E number) absorbing materials such as lithium hydride and
B liquid hydrogen are needed.
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EXPERIMENTAL RESULTS

One figure of merit for muon beam cooling in MICE is
he reduction of the normalized transverse RMS emit-
ance. Muon trajectories are recorded by single particles
and the phase-space coordinates in (x, px, ¥, py) of each
= muon are reconstructed using the trackers. From the
« measured phase-space coordinates, the normalized trans-
Z verse emittance can be calculated. Figure 3 displays the
O muon beam emittance versus momentum by using the
2 upstream tracker. The emittance is observed to be approx-
& 1mate1y constant within the momentum range from 180 to
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Though multiple Coulomb scattering is a well-
understood phenomenon, results from MUSCAT indicate
that the effect in low Z materials is not well modelled in
simulations such as GEANT4 [9]. MICE therefore meas-
— ured the multiple Coulomb scattering distribution to vali-
2 date the scattering model and determine the heating term
2 in Eq. (1), in order to make more realistic predictions of
% the emittance reduction. Both data with field off and field
~on in the scintillating fiber tracker are available for a
§ momentum range of 140-240 MeV/c. While the field-on
g data is still being analyzed, one preliminary analysis re-
sult is shown in Fig. 4.
In addition to emittance reduction, the cooling effect
can also be expressed by the reduction of the single-
particle amplitude that is defined as the weighted distance
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of each muon from the beam center. It probes the change
in density in the core of the beam, where an increase in
phase-space density signifies beam cooling. The trans-
verse beam amplitude can be obtained using the measured
transverse emittance [10-12], which causes migration of
high amplitude muons to low amplitude and indicates
beam cooling, i.e. as Rymp > 1 in Fig. 5. Two different
input emittances of 6 mmm-rad and 10 mmm-rad, and a
momentum of 140 MeV/c were used. The ratio in ampli-
tude change R4mp is deﬁned as:

RAmp ZAdown ZAup (3)
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Figure 3: First direct measurement of emittance using the
most upstream scintillating fiber tracker station [10].
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Figure 4: Comparison between experimental multiple
Coulomb scattering results and GEANT4 simulations
(with LiH, 200 MeV/c).

To express the emittance reduction in 4D-phase space,
a fractional emittance that defines the inner phase space
volume is used [13-14]. For one RMS emittance in 4D
space, which represents about 9% of the total volume, it
has a simple relation with the transverse RMS emittance
in 2D space:
Ag
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One experimental result is shown in Fig. 6. One can see
the emittance reduction before and after the absorber
(LiH).
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Figure 5: Ratio of cumulative amplitude distributions
between upstream and downstream tracker reference
plane for the 6-140 (top) and the 10-140 (bottom) nomi-
nal beam settings, and three absorber configurations of
“no absorber” (empty channel, left), LH2 (middle), and
LiH (right).
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Figure 6: Fractional (9%) emittance evolution (6
mmm-rad, 140 MeV/c, LiH, flip mode)

6D cooling is required by the muon collider, in order to
reduce both the transverse and longitudinal emittance for
high collision luminosity. One method to produce 6D
cooling is to add wedge absorbers in the dispersion loca-
tion in a cooling section, where the emittance change
between the transverse and longitudinal phase spaces
happens so the longitudinal emittance cooling is obtained
[15]. As there are no magnets producing dispersion in the
cooling section, we carried out one experiment by putting
a polyethylene wedge in the absorber location (as shown
in Fig. 7), and tried to demonstrate reverse emittance
change. The reverse emittance exchange is also required
by the design of so-called “final cooling” for a multi-TeV
muon collider [16]. The data analysis is in progress [17].
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Figure 7: Reverse emittance exchange experiment in
MICE: left — polyethylene wedge absorber, right - sche-
matic.

CONCLUSION

The first measurement results of ionization cooling in
MICE are presented, and this is an important R&D step
towards a future muon collider, neutrino factory, and
other cooled muon applications. The measurements of the
ratio of the upstream and downstream cumulative ampli-
tude distributions and fractional 4D emittance demon-
strate cooling (migration of large transverse amplitude
muons to lower amplitudes and emittance reduction after
crossing the absorber). MICE has concluded all data tak-
ing and is currently in the analysis phase, with several
publications in preparation.
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