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 Beam possibilities for the cooling experiment 
Beam requirements for the cooling experiment
The beam that needs to be cooled is characterised by its average energy, energy spread, beam size and angular divergence. In a neutrino factory design the beam has properties that vary along the cooling channel.  One should vary the beam characteristics in a test experiment to reproduce this variety of conditions all the way down to the equilibrium emittance which is a characteristic of the cooling channel. Here is an example of typical  beam properties, for the CERN 88 MHz scenario: 

Energy: central kinetic energy tunable from 100 MeV (Momentum 176 MeV/c)  up to 300 MeV (momentum 390 MeV/c) 
Energy spread: +/- 10%. If this wide energy spread cannot be obtained is smaller, a scan of enegies could be performed to cover the energy spread of the beam at various stages of the cooling channel of a neutrino  factory. 
Beam size: rms 5 cm in both projections

Beam angular divergence  200 mrad rms in both projections, this giving a 
Transverse beam emittance of up to 10 000 mm.mrad. 
Muon purity after rejection of background better than 99/1. 
One of the characteristics of a cooling channel is the equilibrium emittance. A beam at equilibrium emittance would traverse the channel without reduction or increase of its emittance. A precise measurement of this quantity, and comparison of this with the expected value obtained by theoretical calculations, is one of the quantitative aims of the experiment.  The beam should be able to provide the largest acceptance that fits in the channel, down to emittances substantially below the equilibrium emittance. 
Possible beam lines
The choice having been made to perform the experiment in a single particle mode, one is naturally led to existing muon beam lines at RAL, PSI and TRIUMF. As it turns out, the available space in TRIUMF is somewhat too limited, and we will concentrate here on the existing PSI beam line and on a possible alternative at RAL. 

The PSI beam line (E1
The PSI experimental hall is nicely described at http://gfa.web.psi.ch/ehalle/ehalle.html  a map of which is reproduced in figure 2. The beam line (E1 is that where the cooling experiment could take place.  Its layout is reproduced in figure 3 in the present configuration. 
The target is a 4-6% transmission target, hit by the 590 MeV-kinetic energy proton beam from the cyclotron. The cyclotron is a CW machine with an RF structure at 50.63 MHz (i.e. bunch separation 20 ns) and a bunch length of 0.6 ns full width. This particular time structure is quite similar to that of LHC, providing interesting possibilities for the detector readout in the diagnostic sections.
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Figure 2: the PSI experimental Hall. The beam line (E1 is that where the cooling experiment could take place.

Secondary particles from the target are captured with a set of quadrupoles, momentum selected by a bending magnet and then focused by a quadrupole doublet onto the entrance of a superconducting solenoid of 8 m length, 12 cm inner free diameter and 5 T field strength. There muons are collected from pions decaying in flight. About half of the pions decay in the solenoid at P(pi) = 220 MeV/c. In this case a broad spectrum of muons is available at the solenoid exit, ranging from 120 to 240 MeV/c. (54 to 156 MeV-kinetic energy). The spectra of pions and muons from the solenoid channel are shown in Fig. 4. 
The beam is at present limited to 220 MeV/c pions and a modification would be needed, with a strongest first dipole to accept pions of 450 MeV/c, which would provide muons from 240 to 450 MeV/c (156 to 356 MeV-kinetic), which is the range of interest for a cooling experiment. 

 Following the solenoid, one finds a second momentum selection section in which a beam of muons is selected. The total path from the target to the entrance of emittance generating section of the cooling experiment is then expected to be about 30 meters. The typical number of muons at the exit of this second section is a few 107 muons per second, or roughly  between 0.1 and 1 for each one of the 5 107 proton bursts per second. The rate of 280 MeV/c muons for 450 MeV/c pions would need to be verified experimentally, the requirement would be to have around 0.1 particle of any type entering the cooling experiment per proton burst, so as to avoid having two muons in the same event.

In the configuration where the two momentum selection sections in the beam line are set to select very different momenta (450 and 300 MeV/c for instance) one expects that very few of the particles produced at the target would survive all the way to the experiment; a very pure beam of muons is then expected. If higher momentum is requested, the rate of particles directly coming from the target will be quite high (electrons, pions, muons and, when running for positive particles, protons), but separation can be made using the time-of-flight from the target to the experiment: the difference in TOF between 450 MeV/c pions and muons over 30 meters is 2ns, which is larger than the proton bunch length of 0.6 ns. The consequence of this will almost certainly be a lower rate of usable muons, requiring that no other beam particle lie in coincidence within the sensitive time of the detectors. 
Given a figure of 5 107  proton bursts per second, one can count how many good muons one would expect during the live time of the cooling channel, which will be assumed here to be 50 times 100 microseconds per second. The cooling experiment will see a total of 250 000 particle bursts per second. If one considers that only about 1/6 of these will be in time with the cooling RF, that one operates with 0.1 muon per proton burst, and that the emittance generation section of the experiment will keep about 1/4 of the incoming beam, one arrives at a rate of around 1000 good muons per second. This should be sufficient to measure the ratio of incoming to outgoing emittance with a statistical precision of (1% in one second or (10-3 in a few minutes. As commented previously, for operation in the in the highest momentum range the useful rate will probably be smaller. 
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Fig 3 The (E1 beam line of PSI. 
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Fig 4. Pion and muon spectra from the solenoid channel at the exit of the E1 beam line, for a nominal pion momentum of 200 MeV/c. . 
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Figure 5 the existing High Energy Physics beamline at ISIS (RAL).
The RAL beam lines 

There is a proposal for performing the muon cooling experiment at RAL on ISIS, A Muon Beam at ISIS for the International Muon Ionisation Cooling Experiment W. Allison et  al, UK-NUFACT note-26, http://hepunx.rl.ac.uk/neutrino-factory/muons/documents.html . 
The time structure of the muon beam will be determined by the ISIS structure, which is pulsed at 50 Hz, with two proton bunches of 100ns separated by 230 ns.  The proton bunches can be kept in the accelerator for the duration of the RF pulse of the cooling experiment, and would be deflected to reach an internal target in the ring, where the pions would be produced. 
Current configuration

The existing layout of the beamline is shown in figure 5. The particles are produced by dipping a titanium target 20 mm thick into the beam. The beam is bumped up to meet the target. Particles produced at ~40o to the ISIS beam axis are collected and passed into the beamline.

The rates of particles reaching the end of the beamline have been measured using scintillation counters. The composition of the beam was also determined. These measurements show that the pion production has a maximum at around 300-320 MeV/c. The fraction of muons in the beam varies from ~68% at 130 MeV/c to ~5% at 265 MeV/c. The peak in the pion production rate has been reproduced in MC simulation.

In order to satisfy the requirements of the cooling experiment the following upgrades to the beam are required: 

· The pion peak must be moved up to at least 450 MeV/c;

· The background to the muons must be reduced by a large factor; 

· The rate of muons must be increased by increasing the length of the pion decay channel.
Proposed upgrade
The beam required by the cooling experiment can be provided if the HEP Test Beam is upgraded by:

· Decreasing the angle at which particles are captured into the beamline: This will increase the rate of particles entering the beam line as well as moving the peak of the captured momenta to higher values; 

· Implementation of a solenoidal pion decay channel: The length of the solenoid, typically 5-6 m, allows a significant fraction of the input pions to decay therein, and the high longitudinal magnetic field (~5 T) captures the decay muons with high efficiency thereby increasing the muon intensity. Simulations of these changes in the layout of the beam are in hand.

It is likely that a new coupling between the ISIS and HEP Test Beam beam-pipes and a re-arrangement of the beamline elements will be required. A super-conducting solenoid will be required for the decay channel so that the magnetic field can be large enough to contain the pions and muons. It will be located between the first and second bending magnets.
Given that 300 passages of the proton bunches will be seen during each of the 100 microsecond RF pulses of the cooling experiment, that roughly one useful muon per proton bunch is expected, one obtains about 10 000 muons per second. The same reduction factors as above give 450 useful muons per second, a rate equivalent to that of PSI. 
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