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 An International Muon Ionization Cooling Experiment

Goals and preliminary design

A neutrino factory based on a muon storage ring is the ultimate tool for studies of neutrino oscillations, including possibly leptonic CP violation. It is also the first step towards (+(- colliders. The performance of this new and promising line of accelerators relies heavily on the concept of ionisation cooling of minimum ionising muons, for which much R&D is required. The concept of a muon ionisation cooling experiment  has been extensively studied [1] and first steps are now being taken towards its realisation at an international level. This note summarises the present status of this process, presents a preliminary scenario, and aims to serve as a basis for the discussions leading to a proposal. 

1. Aims of a cooling experiment
The neutrino factory [2] is a completely new type of accelerator and offers many new challenges. Probably the largest novelty from the point of view of accelerator physics is ionisation cooling. Although the concept was proposed thirty years ago and is generally considered very sound, ionisation cooling of muons at minimum ionising energy has never been realized in practice. In its present concept, it constitutes an important ingredient of the performance (up to a factor of 10) and cost (as much as 20%) of a neutrino factory. This motivates the proposal of a muon cooling experiment. The aim of the proposed cooling experimental demonstration is 

a) to show that one can design, engineer and build a section of cooling channel capable of giving the desired performance for a neutrino factory;

b) to place it in a beam and measure its performance, i.e. experimentally validate our ability to simulate precisely the passage of muons confined within a periodic lattice as they pass through liquid hydrogen absorbers and RF cavities.
The demonstration that one is capable of carrying out the above steps is an important milestone in the R&D towards a Neutrino Factory. The point is not to demonstrate that the principle of cooling works, which is expected if all components work, but that one can learn how to build and operate a device that performs as desired, and to prove this by measuring its performance in a beam. 
The experience gained from this experimental demonstration will provide input to the final design of the cooling channel for the Neutrino Factory. This approach comes in addition to the basic R&D on the individual components, which is already under way within the MUCOOL collaboration and at CERN. A section of a cooling channel assembles liquid hydrogen absorbers providing energy loss, combined with high gradient RF cavities to re-accelerate the particles, the ensemble being tightly contained in a magnetic channel. Many new practical or perhaps fundamental problems are bound to present themselves in such a combined system, which would not necessarily show up in a component-by-component approach, but could have a substantial impact on the cooling channel performance and design. The process of accumulating this irreplaceable experience will be long and should begin without delay. 
2. Technological choices: the cooling device.

The conceptual sketch of a cooling experiment is shown on Fig 1. After a beam preparation section, where the large emittance is generated in heavy absorbers and muon identification is performed by time-of-flight, a first spectrometer measures the momentum and position of incoming muons. The cooling section itself follows, in which muons lose and gain back of the order of 10% of their kinetic energy. A second spectrometer measures the timing, momentum and position of outgoing muons. Finally electron identification is performed to eliminate the muons that decay in flight.
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Fig. 1 Sketch of a cooling experiment (CERN 88 MHz scenario) 


Fig. 2 Engeneering rendering of a section of the cooling channel (from feasibility study II, [2])

There have been many iterations of different cooling section designs, both in the US studies and European studies. The cooling device envisaged here is a section of a cooling channel conceived for operation in a realistic neutrino factory design, for instance in the CERN scheme a subset of the 88 MHz part [3]. Such a cooling device is defined  by a few important numbers.

1. The overall cooling factor. Emittance being defined as ( =
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 where D is the determinant of the 6-dimensional covariance matrix of the beam particles in the 6-D co-ordinates  {x,y,t,dx/dz, dy/dz, dt/dz}. The 6D emittance reduction by cooling is at best a factor ((/(=(E/E, where (E is the average energy loss in the absorbers (and gain back in the RF)  in the considered cooling section, and E is the average particle energy. The energy that one considers for operation of a cooling channel is typically 200 MeV, so that a "10% cooling experiment" requires an RF system that gives the particles at least 20 MeV on average.  

2. The RF system is characterised in particular by its frequency. There are several existing scenarios: in the scheme developed for the US Muon collaboration Study II, cooling is performed with 200 MHz cavities; in the scheme developed at CERN the cooling is performed at two consecutive frequencies: 44 and 88 MHz.  A cooling experiment system has been developed in which the frequency is 88 MHz; a study is under way for a 200 MHz cooling cell. Decision will be made on the basis of performance and practicality. These differences on the neutrino factory designs are motivated by the different preparation of the beam prior to the cooling section. Another crucial parameter to consider for the cooling channel is of course the gradient that can be achieved with such RF systems. 
3. The beam that needs to be cooled.  It 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 200 MeV (Momentum 280 MeV/c) 

Energy spread +/- 10%

Beam size: rms 5 cm in both projections

Beam angular divergence  200 mrad rms in both projections

4. The diameter and magnetic field of the magnetic channel, typically 5-6 T field with an aperture of  15 cm radius. The most efficient distribution of magnetic fields should be the outcome of the beam dynamics studies. 
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. 

3. Experimental method

Once the cooling device is designed and built, it will be exposed it to a beam of muons, and its performance measured. There has been much discussion on this subject [4] since emittance measurements are not easy. 

Understanding both the measurement method and the achievable precision is of great importance, since it determines how much of a cooling channel one needs to build to reach a precisely measurable cooling effect. Two methods have been considered: i) the multi-particle experiment, where emittance and number of particles in any given area of phase space are determined using global properties of a bunch; or ii) a single particle technique, where each particle is measured. The full determination of the covariance matrix mentioned above is a delicate task in a multiparticle experiment, and the desired diagnostics would have to be the object of a specific development; for this reason a single particle method is presently preferred.  

In a particle-by-particle experiment, each single particle is measured before and after the cooling channel. This technique, typical of particle physics experiments, has been preferred over the more traditional accelerator techniques where full beams of many coincident particles are measured, for it provides far more powerful diagnostics. It is also one for which experimental methods exist without too much development [6]. 

There is, however, a major uncertainty in this scheme. It is not known whether single-particle detectors will be able to operate in the large background generated by the vicinity of high gradient RF cavities. The understanding of this problem and its solution are a prerequisite to the possibility of performing a cooling experiment demonstration. The studies on this critical issue are presently under way with high priority, both at CERN and at the Lab G facility at Fermilab.
 In a single particle experiment, each particle can be measured in a spectrometer situated upstream of the cooling section to be tested. This spectrometer measures, at given z positions, the coordinates  x, y, px, py, t and dt/dz of every incident particle. Position and angle are measured by using more than one plane of measurement. If one wants to measure the RF phase of each incoming particle to a precision of 5 degrees, its time must be measured with a resolution of 70 picoseconds or better for the 200 MHz RF system (twice larger for 88 MHz), so that precision time-of-flight counters are necessary.  Energy measurement requires a magnetic spectrometer that could simply be a solenoid coaxial to the cooling channel, but may be of another design. The rms resolution required for the measurements should not be worse than about 1/10 of the equilibrium beam rms in any coordinate, since the criterion is to be able to measure the equilibrium emittance that characterizes the cooling device.

 A similar spectrometer will be placed downstream of the cooling section to detect and measure the outgoing particles one by one and in correlation with the incoming ones. The need for spectrometers both upstream and downstream will become apparent below.

In a given time slot the number of particles must be measured and only time slots were there was one and only one incoming particle should be selected. A time slot will be given by the time resolution of the detectors, or by the time structure of the beam, whichever is largest.

For this ensemble of particles, the 6-dimensional (6D) emittance can be measured as the squared root of the determinant of the 6X6-covariance matrix in the 6 measured variables. For the 6D emittance to be a meaningful, conserved quantity, the 6 variables to be considered are {x,y,t,px/pz,py/pz,E/pz}, which can be obtained in a straightforward way from the single particle measurement, provided momentum is measured, and particles are identified. For the experimental errors not to affect the measurement of the emittance by a significant factor, the resolution (or rms) of the measurement must be better than typically 1/10th of the beam size (or rms) in each of the six dimensions.
The relative precision with which the emittance is measured is typically A/(N for an exposure of N particles; A is less than one because of the large correlation between the incoming and outcoming particle coordinates. This means that for an emittance reduction to be determined with a relative precision of 10-3, an exposure of 106 particles within that emittance is sufficient. The design of the instrumentation aims at systematic uncertainties below this level.  
For each incident particle one will also know whether it was lost in the channel, or if it went through successfully, by the presence at the same time (taking account of the travel time and fluctuations thereof) of a particle in the downstream spectrometer. In this case the losses can be very cleanly separated, particle by particle, from the different effects of transmission and cooling. Cooling can then be measured exclusively with those particles that went through the channel, by reconstituting on this ensemble the 6D emittance before and after the cooling section.  

Except for possible collective effects such as space charge, this particle-by-particle technique is equivalent to full beam measurements, but with several further advantages.

-- Correlations between parameters can be easily measured if the 6 parameters are measured on a particle by particle basis; the experimental technique is typical of high energy physics experiments. In a full beam environment, special detectors would need to be specially developed for the measurement of several of the 21 elements of the covariance matrix; this could turn out to require a possibly lengthy technical development. 

-- It is, as explained above, easy to distinguish reduction of emittance due to particle losses or decays from that due to genuine cooling. 

-- The detailed understanding of the role of each beam parameter [5], and in particular of the energy, transverse momentum and RF phase (=time) of the particles can easily be studied by making selection cuts in the ensemble of particles, without making changes in the beam parameter settings. 

A first round of studies has shown [7] that emittance reduction can be measured with the proposed detectors with a precision of a few 10-3 with a few thousand muons. Systematic corrections, due for instance to multiple scattering in scintillating fiber trackers, can be kept well below 1%, and readily corrected for with a much better precision. 

5. Description of the elements of a cooling channel 
The main elements of a cooling channel are RF cavities, Solenoids and Hydrogen absorbers.  These are described in detail in the neutrino factory design reports quoted in [1], and for the specific case of the cooling experiment, will be described in a forthcoming note [8].  

6.  Beam specifications 

The beam specifications for the cooling channel are as follows. The energy has to be given from the beam line itself. The spatial distribution can be generated by a set of scattering devices. 

Energy, energy spread:

      Kinetic energy to be varied from 100 MeV to 300 MeV (momentum from 175 to 380 MeV/c) 

      Energy spread +-15%.  If only a smaller energy spread is available, it is conceivable to perform the experiment by scanning the energy.  

Space distribution 

      The channel has a radius of 15 cm, that should be filled with beam particles.         

Angular distribution 

The transverse momentum acceptance is at most 225 MeV/c. Particles going though the center of the channel can have at most 112 MeV/c transverse momentum. 

 Timing

The cooling channel will be pulsed at a few Hz (up to 50 Hz). During each pulse it will remain stable for 100 microseconds. A continuous beam during that time is best. A beam with a time structure similar to LHC (1 burst every 20 ns or so), could allow re-use of electronic readouts developed for LHC.  

7. International collaboration

In order to achieve a cooling experiment, it proposed propose to explore, for the next six months or so, at least two versions of an experiment based on existing cooling channel designs. If such an experiment is feasible, one shall then select, on the basis of effectiveness, simplicity, availability of components and overall cost, a design for the proposed experiment. 

On the basis of this conceptual design, one will then develop detailed engineering drawings, schedule and a cost estimate. The costs and responsibilities will be broken out by function (e.g. magnets, RF, absorbers, diagnostics) and also by laboratory and region. A technical proposal will be developed by Spring 2002, and will be used as the basis for detailed discussions with laboratory directors and funding agencies.

An international steering group has been constituted
. Its members  volunteer to organise this international effort. It is expected that the membership of this group, referred to in this document as the Muon Cooling Demonstration Experiment Steering Committee (MCDESC) will evolve with time. 

The MCDESC shall assemble members of a technical team to develop the proposal. The members of this technical team should represent at least two geographical regions in each of the following aspects:

a. Concept development and simulation

b. Absorbers

c. RF cavities and power supplies

d. Magnets

e. Diagnostics

f. Beam lines
g. Radiation from RF cavities and other accelerator-detector interactions
7.1 Schedule of activities

The goal is to carry out a first experiment in 2004, in the expectation that this could develop into more sophisticated tests, including possibly the demonstration of longitudinal cooling [9]. In order to achieve this ambitious schedule, it will be necessary to make proposals to laboratory directors and funding agencies in 2002.

Therefore

1. A short document (of order ten pages) making key technology choices (including the choice of version of the experiment and location) should be presented by December 15 2001.

2. This conceptual design should be developed into a full technical proposal by June 2002. This technical proposal would need engineering drawings, schedules and costs, and distribution of responsibilities. This would include the cost breakdown by component (RF, magnet, absorber, diagnostics, beam) and by country and/or laboratory.

It is the responsibility of the technical teams to provide the technical evaluations of the alternative approaches, in order for the MCDESC to be able to make the required technology choices in the fall of 2001. A first international workshop will take place at CERN on 25-27 October 2001. 

7.2 Status of the various aspects of the project

a) Concept development and simulations. The MUCOOL collaboration has been active on simulations of cooling for several years and has developed powerful tools. They will make simulations of the CERN cooling channel with these tools, to validate the CERN results. Simulations of a possible 200 MHz cooling experiment along the above lines will also be done. The concept of the experiment and systematic studies are being done at CERN [8].
b) Absorbers.  Design and development of liquid hydrogen absorbers with thin windows is underway in a collaboration between ICAR, Fnal, University of Mississipi,  Osaka University and KEK.
c) RF cavities and power supplies. This is one of the most expensive parts of the experiment. At CERN H. Haseroth et al. are investigating the availability of 200.25 MHz power amplifiers and power sources. The 200 MHz cavities themselves would be built by the US Muon collaboration institutes. Development of 88 MHz cavities is under way at CERN, with a fist prototype expected early in January 2002. 
d) Magnets. Cooling section magnets have been designed in the context of the neutrino factory design studies. The spectrometer magnets must be matched to the cooling section. This will be a non-negligible part of the effort.  

e) Particle detectors. The concept and performance of the emittance measurements have been elaborated at CERN, so far with paper study and simple Monte-Carlo simulations. A more detailed simulation is being prepared. Scintillating fiber tracking devices have been studied by ICL London and CERN, who have also performed the first tests of scintillating fibers in vicinitty of the RF cavities. A study of the TOF system and of the electron identifier will also be necessary.  A consortium of European universities has declared interest and submitted a EU training network proposal [10]. There is interest in University of Mississipi and at Fermilab for precision TOF detectors and particle ID based on Cerenkov detectors. First ideas for the readout are being developed. 
f) Beam lines Two laboratories in Europe are officially investigating muon beam lines for a cooling experiment, PSI in Switzerland and RAL in the UK. 

The PSI beam line [11] would be an upgrade of the existing (E1 beam line, see http://pc532.psi.ch/weha.htm , to which some modifications would have to be made, in order to inject pions of momentum up to 450 MeV/c. The first magnet of the beam line needs to be replaced with a more powerful one. (circa 200-300 KCHF). The beam line contains a solenoid decay channel and could provide a few muons of up to 300 MeV (kinetic) per proton cyclotron pulse (50.63 MHz).  In the high energy range, contamination by beam pions might become an issue and place constraints on the particle identification, but below 250 MeV the muon beams are expected to be very clean. The costs involved by power consumption and shielding of the experiment are being evaluated.  

The RAL beam line [12] would involve an internal target in ISIS and a quadrupole-dipole channel. The repetition rate of ISIS is ideally suited for 50 Hz operation of a cooling device. Predictions for the performance of this channel and the pi/mu ratio are being calculated.  

Both places offer large areas in existing experimental halls equipped with necessary facilities, where a cooling experiment could be comfortably located. See [13] for more details and drawings.
g) 
g) Radiation from RF cavities and other accelerator-detector interactions

The first priority is to test single-particle tracking detectors in the vicinity of RF cavities, in order to validate the possibility to perform the experiment in single-particle mode. These tests are being performed at CERN using LEP cavities on a scintillating fiber prototype, and at FermiLAB on a 800 MHz cavity at Lab G. 
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APPENDIX 1:  charge of the steering group 

Towards an International Muon Cooling Experimental Demonstration

Alain Blondel, Rob Edgecock, Steve Geer, Helmut Haseroth, Yoshi Kuno, 

Dan Kaplan, Michael Zisman

June 15th 2001

Motivation

Ionisation cooling of minimum ionising muons is an important ingredient in the performance of a neutrino factory. However, it has not been demonstrated experimentally. We seek to achieve an experimental demonstration of cooling in a muon beam. In order to achieve this goal, we propose to continue to explore, for the next six months or so, at least two versions of an experiment based on existing cooling channel designs. If such an experiment is feasible, we shall then select, on the basis of effectiveness, simplicity, availability of components and overall cost, a design for the proposed experiment. 

On the basis of this conceptual design, we will then develop detailed engineering drawings, schedule and a cost estimate. The costs and responsibilities will be broken out by function (e.g. magnets, RF, absorbers, diagnostics etc) and also by laboratory and region. A technical proposal will be developed by Spring 2002, and will be used as the basis for detailed discussions with laboratory directors and funding agencies.

The aim of the proposed cooling experimental demonstration is 

c) to show that we can design, engineer and build a section of cooling channel capable of giving the desired performance for a neutrino factory;

d) to place it in a beam and measure its performance, i.e. experimentally validate our ability to simulate precisely the passage of muons confined within a periodic lattice as they pass through liquid hydrogen absorbers and RF cavities.
The experience gained from this experimental demonstration will provide input to the final design of the Neutrino Factory cooling channel.

The signatories to this document volunteer to organise this international effort. It is expected that the membership of this group, referred to in this document as the Muon Cooling Demonstration Experiment Steering Committee (MCDESC) will evolve with time. It is proposed that the Chair of this group should be Alain Blondel for the first year.

Organisation

2. The overall responsibility for the organisation and coordination of the activity shall be the responsibility of the MCDESC.

3. The MCDESC shall assemble members of a technical team to develop the proposal. The members of this technical team should represent at least two geographical regions in each of the following aspects:

a. Concept development and Simulation

b. Absorbers

c. RF cavities and Power Supplies

d. Magnets

e. Diagnostics

f. Beam Lines

g. Radiation from RF cavities and other accelerator-diagnostic interferences. 

4. It is expected that the MCDESC will work mainly by telephone conference and e-mail, but should meet, typically, twice each year, preferably in association with other scheduled meetings. These meetings should rotate around the regions. The technical team should organise its activities as appropriate.

Schedule

The goal is to carry out a first experiment in 2004, in the expectation that this could develop into more sophisticated tests, including possibly the demonstration of longitudinal cooling. In order to achieve this ambitious schedule, it will be necessary to make proposals to laboratory directors and funding agencies in 2002.

Therefore

3. A short document (of order ten pages) making key technology choices (including the choice of version of the experiment and location) should be presented by Dec 15th 2001.

4. This conceptual design should be developed into a full technical proposal by June 2002. This technical proposal would need engineering drawings, schedules and costs, and distribution of responsibilities. This would include the cost breakdown by component (RF, magnet, absorber, diagnostics, beam) and by country and/or laboratory.

It is the responsibility of the technical team to provide the technical evaluations of the alternative approaches, in order for the MCDESC to be able to make the required technology choices in the Fall of 2001.
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