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Abstract

The MUSCAT experiment has been created to measure the 1-D scattering distribu-
tion of muons in the momentum range 100-180 MeV/c from a number of elements
of low atomic number. These measurements will be used to test various multiple
scattering theories employed in ionisation cooling studies and elsewhere.

1 Introduction

Ionisation cooling (1) is of vital importance to a muon collider and a neutrino
factory. It is a balance between a cooling effect coming from ionisation energy
loss and a heating effect coming from multiple scattering:
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where en is the normalised emittance, 5 is path-length. E^ is the beam energy.
13 = v/c, LR is the radiation length in the absorber and Jj_ is the betatron
function of the beam. Note that the heating term is inversely proportional to
LR, so a high LR, and hence low atomic number, material must be used for
the absorber.

Despite an extensive search (2), no directly relevant measurements of muon
scattering in the interesting momentum range have been found. The most
relevant data comes the measurement of the scattering of 2.7 Me V/c electrons
almost 60 years ago (3). These data are shown in figure 1 for aluminium,
beryllium and lithium, compared with Moliere theory (4). There is a clear
trend in these data: as Z decreases, the agreement with Moliere scattering gets
worse. If this trend continues to hydrogen, the best candidate for a cooling
channel, there will be two effects:

(1) The level of cooling achieved would be less than expected.
(2) Due to the increased scattering in the tails, the fraction of muons scat-

tered out of the cooling channel could be much bigger than expected.

Given this possible discrepancy and the importance of cooling, the first aim of
the MUSCAT experiment is to measure the scattering of muons in the correct
momentum range in low Z materials.

In addition, since the comparison shown in figure 1 was made, further work has
been performed on the scattering theory to understand the discrepancy. This
includes using hydrogen wave functions to describe the atom, rather than the
Thomas-Fermi model (5), and applying a cutoff to the scattering from atomic
electrons (6). The second aim of the experiment is to determine which of these
models best describes the data.

The experiment has been designed and built to measure the scattering distri-
butions of muons in the range 100-180 Me V/c in various thin targets of low Z
materials. It will run in pion/muon beamlines at the TRIUMF laboratory in
Canada in a number of running periods in 2000 and 2001. The first of these
was in June and July 2000 and concentrated on solid targets. It was allocated
primarily as a test of the experiment, but with the hope that it could also be
used for physics.

2 The detector

As the aim of the experiment is to make a precision measurement of the
multiple scattering of muons, the amount of material that the muons must pass
through has to be kept to a minimum. For this reason, it is not possible to do
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Fig. 1. A comparison between Moliere theory and the electron scattering data of
Andrievsky et al on aluminium, beryllium and lithium. The scattering angle is
plotted in radians.

any tracking before the target and a collimation system must be employed to
reduce the beam dimensions so that the incoming particle position is known
accurately enough. To eliminate scattering in air, this must be mounted in
vacuum. In addition, after the target, the first position measurement is the
most important and any further measurements can only be used for noise
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Fig. 2. Schematic longitudinal layout of the MUSCAT experiment

rejection and for checking systematics. The region between the target and
detector must also be under vacuum. Finally, to eliminate particles other than
muons, a good time-of-flight system is required.

The detector designed to satisfy these requirements is shown in figure 2 and
consists of the following components. The most upstream parts are a veto
shield and veto scintillator to eliminate beam halo. These are followed by
the first trigger counter, which also acts as the tof stop. This is built from
two fingers of scintillator, each 1 mm thick, 28 mm long and 3 mm high. They
overlap by 20 mm in length and 3 mm in height. The timing resolution is about
250 ps. The time start comes from the RF-bucket of the cyclotron. This is
almost a square-wave of length 1.9 ns. the smearing of the edges corresponding
to a resolution of about 500 ps.

This trigger scintillator is followed by a 1 m long vacuum tube containing the
collimation system. This consists of a 40 mm thick lead block at the front and
a 160 mm lead block at the back, plus 4 intermediate blocks each 10 mm thick,
which are not shown. The first block has a slit 20 mm long by 2 mm high cut in
it, while the slot in the second block is tapered to prevent large angle scatters
off the internal face. The scattering distribution will be measured vertically,
in the narrow direction of the slot. The second dimension is longer to increase
the particle intensity.

The vaccum tube is connected to the main vacuum cylinder, containing the
targets. Those to be used are:

• Liquid Hydrogen, 100 mm and 150 mm thick
• Lithium, 10 mm and 2.5 mm thick
• Beryllium, 2 mm and 0.5 mm thick
• Carbon, 2.5 mm thick
• Aluminium, 1 mm thick
• CH2, 2 mm thick
• Iron, 0.15 mm and 2 mm thick



The "thick" iron sample is used simply to blow the beam up to give a better
coverage of the detectors and improve the measurement of the efficiency.

The solid targets are mounted on a target wheel that can be controlled from
outside the vacuum so it is unnecessary to break the vacuum each time a
target is changed. The wheel has 10 slots, the last of which has no target
mounted and is used to measure the intrinsic properties of the beam. These
are monitored on a regular basis.

The tracking detectors used are delay-line chambers. These are multi-wire pro-
portional chambers with two 2 cathode planes and 1 anode plane. Each cham-
ber gives 2-dimensional readout, but with better resolution from the cathode
plane perpendicular to the anode plane, ~ 0.8 mm compared to 1-2 mm.
Rather than each wire being readout, the number of electronics channels re-
quired are reduced by recording only two signals from each plane. These are
time values, giving the position along the delay-line from which the signal
originated. As shown in figure 2, 3 of these chambers are used, each 300 mm
by 300 mm in size. The most important of these is the first, which is orientated
such that the dimension with the better resolution is vertical. It is approxi-
mately 1 m from the target wheel. Between the second and third chambers is
the second trigger scintillator.

The final part of the detector is MINA, a Nal calorimeter of 360 mm diameter
and 360 mm depth (7). It has a measured energy resolution (fwhm) of 5.2%
at 90 MeV with an energy dependence of E~0o°. It will be of use in both the
muon energy measurement and additional pion/muon separation.

3 Performance

At the time of writing, the first test run of the experiment has just finished.
This used beams at 180, 150 and 130 MeV/c from the Mil pion channel
at TRIUMF. Analysis of the data is just starting, but a few online plots
are included here to demonstrate how the the experiment is working. These
address two of the most important issues: the time-of-fiight system and the
collimation svstem.

3.1 Time-of-flight

Figure 3 shows the difference in time between the arrival of a particle in the
tof scintillator and the next RF beam pulse, in TDC counts, at 180 MeV/c.
Note that as the difference is taken with respect to the next beam pulse, the
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Fig. 3. Measured time-of-flight at 180 MeV/c using the MUSCAT detector in the
Mil beam at TRIUMF. The TT, /Z and e peaks are indicated. The broad peak at low
velocity comes from protons.

particle velocity increases along the x-axis. The time separation between the
pions and muons is 4.9 ns and between muons and electrons is 7.5 ns.

The upper, fast, edge of the pion peak will be the same as that for the muons
and electrons. Thus, it is easy to see that a cut can be applied which keeps
most of the muons, while reducing the pion background to a negligible level.
Additional pion/muon separation can be achieved using the second trigger
scintillator and the MINA calorimeter.

3.2 Collimation system

Figure 4 shows the 2-D distribution of hits in the most upstream delay-line
chamber with no target (upper plot) and with 2 mm of Fe (lower plot), with
no particle type selection. With no target, the image of the collimator slot is
clearly seen, with some smearing from the residual angular divergence in the
beam.

Using figure 3 to select muons and taking the vertical projections of figure 4,
but swapping a "real" target, 9.5 mm of Li, for the Fe, produces figure 5.
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Fig. 4. Particle distribution in the first delay-line chamber with (upper) no target
and (lower) 2 mm of Fe. The scale is in TDC counts, with approximately 4 counts
per mm. The origin is the centre of a chamber and ±600 at the two edges.

In this, the shape of the no target distribution is compared directly with
the lithium. Note that although the real analysis is only just started, it is
already clear that the tails in the no target case can be significantly reduced
by rejecting noise using the other chambers to track back to the target, the
calorimeter and the additional timing information.

4 Conclusions

Ionisation cooling is a very important component of both a neutrino factory
and a muon collider. Currently, uncertainties in the multiple scattering dis-
tribution of muons are limiting simulation studies of a cooling channel using
this technique. The MUSCAT experiment has been designed to measure this
distribution and compare it with the models being employed in these studies.
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Fig. 5. Vertical projection of the muon distribution in the first delay-line chamber
with no target and with 10 mm of Li. The muons are selected using time-of-flight.
As above, the scale is in TDC counts, with ±600 counts corresponding to ± 150 mm,
the chamber edges.

MUSCAT has recently completed its first data-taking run using the Mi l beam
at TRIUMF in Canada. Data analysis is just starting, but it already appears
that the components of the experiment being tested, particularly the time-of-
flight and collimation systems, work well. However, there have been problems
with the efficiency of the tracking detectors used during the run and it remains
to be determined whether the systematics can be controlled well enough to
measure the tails of the scattering distribution with sufficient accuracy using
these data. If not, the running with solid targets will be repeated next year.
In any case, it is planned to run with liquid hydrogen early in 2001.
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