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Neutrino Factory R&D

The International Muon Ionization Cooling Experiment MICE

1. Research plan -- summary

We propose a Swiss participation in the Muon Ionization Cooling Experiment, an accelerator R&D experiment that will take place at the Rutherford Laboratory in UK. The Institutes involved are University of Geneva (Prof. A. Blondel), Paul Scherrer Institute (PSI, C. Petitjean) and the ETH-Zurich (Prof A. Rubbia). This experiment is part of a concerted international effort of development towards Neutrino Factories. It is an intercontinental collaboration, involving strong links between accelerator experts and particle physicists. It has been scientifically recommended by an international peer review panel and a substantial UK funding is secured. The Swiss collaborators play an essential role in the design of the experiment and in its leadership.  

Ionization cooling of muons is a critical aspect of the design of Neutrino Factories and Muon Colliders. It has never been observed experimentally and raises a number of feasibility questions. The experimental program is expected to last about five years, at the end of which the effect of ionization cooling of muons should have been observed, for the first time, on a realistic full size section of cooling channel, measured with high precision in a number of configurations and beam conditions, and compared with theoretical calculations. 

The first step in the program will be the construction of two twin precision spectrometers, designed to characterize the muon beam and measure its emittance with an (unprecedented) relative precision of one per mil, before and after the cooling section. 

The following step will be the insertion of a cooling device consisting of liquid hydrogen absorbers interspaced with accelerating RF cavities. The proposed device is part of a neutrino factory that gives desired performance. The muon emittance will be cooled by up to 15%, and the effect should be well measurable. Systematic studies of various absorbers and conditions will then be undertaken. Alternative cooling devices can be considered at a later stage. 

The proposed Swiss participation is as follows: PSI will provide a muon channel solenoid for the beam; CERN agreed to earmark hardware for the RF sources which, however, requires refurbishing and adaptation to the experiment; the experimental groups request funding for a substantial contribution to the spectrometer. Given the scientific and educational value of the experiment, a proposal is made to fund two doctoral students and two post-docs. 

2. Detailed Research Plan. 

The full MICE proposal is joined to this request, together with the following documents: 

1. First response and questions from the International review panel;

2. Answers from the MICE collaboration;

3. Final report from the International Peer Review Panel;

4. Letter from the director of the particle physics division at RAL. 

5. Statement from the European Muon Coordination Group 

As can be seen from these documents, the experiment has received strong recommendations from the review panel, and the host country (UK) and laboratory (RAL) is prepared to provide the necessary infrastructure, and to invest in a substantial fraction of the experiment, with funds and personnel allocated for this. We are now encouraged to seek funding across the collaborating countries to support the full experiment.  

The arguments given in the proposal will be briefly summarized in the following with emphasis on placing this research in the international context of Neutrino Factory R&D. We will concentrate then on the proposed contributions from the Swiss institutes. 

2.1 Status of research in the domain of high brilliance muon beams. 

2.1.1 Neutrino Factory and muon storage rings 

Following early work on muon storage rings for muon colliders and neutrino sources (see the foreword in ref 
 for an historical summary), the concept of Neutrino Factory was revived in 1998
, and the physics case studied in many articles and large reports in all continents. The main conclusions of these physics studies
 are 

1. Neutrino Factory offers the best precision on the e ↔ oscillations and on the search for matter effects and CP violation by comparison of the oscillation rates measured with neutrinos to those measured with antineutrinos.  

2. Neutrino Factory is unique in offering direct access to e ↔  oscillations

3. The neutrino flux can be controlled with a precision of 10-3 allowing very precise measurements of oscillation parameters. 
4. The complex offers several other areas of interesting research: applications in nuclear physics related to the high intensity proton driver; deep inelastic scattering studies in the high flux neutrino beams next to the decay ring; low energy muon beams. 
Two feasibility studies performed in the USA, Study I
 and StudyII
, by the Muon Collider and Neutrino Factory Collaboration
, have shown that a Neutrino Factory could be built using accessible technologies, with a performance matching the requirements of an exciting phy​sics program. Cost estimates, however, are quite high ($1.9 billion in US Feasibility Study II [StudyII]), and several of the techniques envisaged have never been applied in practice. Furthermore, partially explored alternatives, with significant potential for cost reduction, exist for some of the subsystems. Before one can propose to build a machine with the desired performance and affordable cost, a program of R&D is necessary to ascertain the feasibility performance and cost of several key elements (e.g. target,  muon cooling, muon acceleration), and to reduce the cost at given performance (2 1020 muon decays per straight section per year).  This is the present aim of the Muon Collider and Neutrino Factory Collaboration6. 

The situation in Europe is as follows. Following the encouraging prospective study in 19981 a Neutrino Factory Working Group was created in 1999 by the CERN management. The neutrino factory was stated as one of the possible options for the future of CERN and the R&D for high intensity proton sources and neutrino factories explicitly described in the medium term plan of May 2001
. This program made significant contributions leading to a CERN-baseline design for a Neutrino Factory
. 
The accelerator itself is a complex machine (see Figure 1) which involves a high intensity proton accelerator. For a CERN scenario the Superconducting Proton Linac SPL is the leading candidate associated with two accumulator/compressor rings to give the beam the proper time structure. The choice of a 2 GeV linac has consequences for the rest of the complex, and it seems that cooling of the muons is more important in this case than if one started from higher energy protons. 
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Figure 1a. The CERN baseline scenario for a Neutrino Factory Complex
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Figure 1.b possible layout of a neutrino factory on the CERN site.

The complex contains several challenging components: the high power target; the pion collection system; a muon front end involving phase rotation and cooling; a fast accelerator to bring the muons to an energy of at least 20 GeV in a very short time; and a muon storage ring. 

In view of the financial difficulties of CERN, the CERN study that had started mid-1999 was cut in December 2001. This has made necessary a redistribution of the R&D efforts across European laboratories. The European Coordination and oversight group (EMCOG) was created in April 2002, under the chairmanship of Carlo Wyss, CERN director of accelerators. The group assembles representatives from the major European laboratories (RAL, PSI, Saclay, GSI, INFN Legnaro) and funding agencies (INFN, IN2P3) (A. Blondel is scientific secretary).

The mandate of the group has been defined
 and priorities set as follows, ordered from the source downstream. 

1. High Intensity proton driver

2. target studies

3. Horn studies 

4. Muon Ionization cooling experiment. 

These four points require different skills and apply to different laboratories or universities. The EMCOG is presently actively working on setting up the collaborations and bids for placing request to the European Union under FP6 – Integrated Infrastructure Initiatives (I3) and under design studies. This is done in the context of the ECFA-sponsored effort ESGARD towards accelerator R&D in Europe. Encouraging results have been obtained, with RAL actively supporting the muon cooling experiment, and IN2P3 in France taking responsibility for the horn development. A target experiment is under consideration at CERN. These accelerator studies are accompanied by an ECFA sponsored physics study activity, chaired by A.Blondel, supported by the EU-funded CARE
 program as a Network for Beams for European Neutrino Experiments (BENE).  

The proposal to EU of a design study of a Neutrino Factory complex is under preparation with strong collaboration with the US and Japanese groups. Submission date is expected around April 2004.  The Design Study proposal will include a certain number of experimental projects, among which:

-- a target experiment (An international collaboration exists (BNL E951) and is preparing a proposal to operate a liquid mercury target inside a 15 T solenoid at CERN)

-- experimental demonstration of cooling (The MICE experiment) 

The international community involved in accelerator R&D and physics studies for Neutrino Factories meets every year at the occasion of the NUFACT workshops, started in 1999 in Lyon. The next one will take place in Japan in July 2004. The site of ECFA study groups
 contains links to all the past workshops and meetings. 

2.1.2 Status of research on muon ionization cooling. 

A comprehensive discussion is given in chapter 2 of the MICE proposal Rather detailed designs and simulations have been made of a linear cooling channel in the context of the US study II. The concept of cooling rings, which allows in principle important savings in hardware by having the muons passing through the same cooling cells typically 20 times, is presently progressing rapidly as discussed in the accelerator session of NUFACT03
. As pointed out in the MICE proposal, the basic lattice for the cooling cell of a cooling ring or for the linear cooling lattice is the same. Of interest is the fact that the MICE experiment allows variation of the optics to accommodate stronger focusing, thereby allowing study of lattices with smaller equilibrium emittance
. 

A difficult aspect of the cooling cells is the fact that the geometrical acceptance has to be very large to accommodate a low energy beam (200 MeV/c muons) of very large emittance (up to 10000   mm mrad). This has for consequence the need for large aperture solenoidal focusing elements, an the need for high-gradient RF cavities at room temperature and for comparatively low frequency (200 MHz).  As discussed in chapter 9 of the MICE proposal, it is critical to understand dark current emission by the cavities. In a real neutrino factory, this could have damageable effects on the hydrogen absorbers. In MICE, this could destroy the possibility to use the nearby detectors in the spectrometer. The effect is enhanced by the presence of magnetic fields, which guide the electrons along the field lines. 

Considerable effort is thus ongoing in the collaboration to improve the understanding of dark current emissions and how to reduce them. Studies on smaller 800 MHz cavities have shown that beryllium windows with a TiN coating are rather well behaved from the point of view of field emissions. Further results are expected for the MICE collaboration meeting end of October 2003, and a full scale prototype of the MICE 200 MHz cavity is presently being built.  

2.2 Research by the proponents of this request. 

2.2.1 Neutrino Factory related research

Physicists at University of Geneva and ETHZ have done important contributions to the study of physics at a neutrino factory
 demonstrating in particular the excellent performance of a magnetized liquid argon TPC as Neutrino Factory detector
.  In addition to the coordination work done by A. Blondel, the Geneva group has contributed to the accelerator study of muon polarization
, flux control 
, to simulation work
, and to the study of the target and horns by the thesis work of Simone Gilardoni
. 

2.2.2 Contributions to MICE

The group is one of the ab initio participant in the International Muon Ionization Cooling Experiment. A. Blondel initiated the present concept of the experiment
, and was asked to convene the steering group in charge of setting up an international collaboration. He organized the founding workshop at CERN
. He acts now as chair of the steering group and European spokesperson of the collaboration. 

The basic aims of the experiment
 and a baseline scenario were defined and a letter of Intent submitted to the Paul Scherrer Institute (PSI) and to the Rutherford Appleton Laboratory. A total of 140 authors and 40 institutes, including several teams from large laboratories around the world (Fermilab, CERN, Brookhaven, Berkeley, Legnaro and RAL) are participating in this effort. The directors of RAL and PSI agreed to collaborate on this experiment, PSI providing a beam solenoid to allow RAL to provide a high quality muon beam for the experiment. 
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Figure 2: layout of MICE, the International muon ionization cooling experiment.

University of Geneva is involved in the tracking system, a crucial device since it will have to determine the emittance of the incoming and outgoing beam with a precision of 10-3. As a continuation of our activity in the HARP experiment, we are concentrating on the development of a He-filled TPC with GEM (Gas Electron Multiplier) readout
. We have started to build a prototype GEM readout chamber in collaboration with INFN Legnaro (U. Gastaldi), Bari (E. Radicioni), Napoli (G. Sarracino) and Trieste (M.Apolloni), as well as CERN (F. Sauli et al ). A program of tests of this device is presently being carried out to ascertain its viability in the environment of MICE with a large flux of x-rays. This new technique can have many other applications such as detectors for future e+e- colliders. A first set of tests bringing a small prototype TPC with GEM readout has shown that the GEMS are very insensitive to the RF noise and that they can be effectively shielded against it, as well as the readout electronics.   

The responsibility of the group at University of Geneva is the (very delicate) design and construction of the hexaboard readout plane (see Fig. 4 and 5), as well as providing the front-end electronics and the FADCs inherited from the HARP experiment. A prototype hexaboard has been designed, built, and is now being characterized and tested. It will be exposed in a test beam (within the solenoid of the HARP experiment) in October 2003. A first discussion on the choice of the tracker will be made in November 2003, with the aim of validating this option or an alternative made with scintillating fibers. 
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Figure 3  MICE-TPG upstream detector. Muons enters from the left. 1: GEM-1 foil; 2: GEM-2 foil; 3: GEM-3 foil; 4: hexaboard; 5: Board (for hexaboard support, gas seal and signal connectors); 6: readout flange; 7: front-end electronics support and EM shield; 8: field cage termination; 9: field cage; 10: TPG isolating container; 11: TPG peripheral grounded shield; 12: HV inlet for drift electric field; 13: HV thin metallized foil cathode; 14: HV thin metallized foil gas seal; 15: HV foil support (insulating tube); 16: grounded thin foil seal; 17: TPG–LH2-absorber integration connection flange (schematic).
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Figure 4 TPG readout: left:  3 GEM foils provide amplification onto the hexaboard. Right: the hexaboard with one third of the pads (blue) connected in strips at 30o, one third at 150o

[image: image4.jpg]


     [image: image5.jpg]


  

Fig 5. Left: first 30 cm diameter hexaboard prototype. It is a multilayer Printed Circuit Board, connecting every third hexagon to an underlying strip, with readout on thee edges of the board. In this way a 30cm diameter active area can be fit in an overall space of less than 40 cm.  Right: zoom view showing the 300 m hexagons themselves; the connecting strips of the first layer underneath can be distinguished.      

As underlined before, an important aspect of the experiment is the presence of a high level of x-ray background, due to field emission by the RF cavities. To this effect a complete GEANT4 simulation of the experiment has been developed
. Figure 6 shows the simulation (performed by a University of Geneva student) of generation of x-rays:  electrons accelerated in the cavities can reach up to about 10 MeV, and are stopped in the liquid hydrogen absorbers situated on both sides of the cooling cell of MICE. 

At a later stage this simulation, in conjunction with a detector that is capable of measuring the space position and energy of the photons, should allow us to gain considerable understanding on the processes that lead to emission by RF cavities. In fact the development of the RF cavities for MICE has already generated substantial progress in this field, and has triggered the organization of an international workshop on 
 high gradient RF, with participants from laboratories around the world and from industry. It is also worth of note that MICE has been one of the first users of the GRID

.  


[image: image6]
Figure 6: simulation of x-rays generated by dark current electrons in the MICE RF cavities, impinging on the liquid hydrogen absorbers.  These x-rays are an important background for the tracking detectors, justifying the choice of a helium-based mix for the TPC gas.  

2.3 , 2.4 Detailed Research Plan and work plan

The set of experiments to be performed in time with the MICE apparatus is described in detail in the MICE proposal, section 3, including, in figure 3.13, the time development of the experiment. Taking into account the ISIS shut downs, an updated version of this figure has been drawn in figure 7. 

This time development shows clearly that the first critical items are the beam spectrometers which will be used to characterize the beam and perform a first measurement of itsemittance, in absence of any cooling device. This is scheduled to happen in the year 2006. The first items in the proposed funding profile are therefore the solenoid and the tracking devices. It is seen that the RF cavities arrive in the scheme only one year later, which explains why the contribution in this domain takes place at a  somewhat later date. 
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Figure 7: the development in time of the MICE experiment.

The work plan as we can see it for the development and construction of the TPG is as follows. After the basic validation of the prototype, further study will be needed to define the best mixture of gas, voltage settings, and shielding for the final detectors, to develop the calibration and alignment techniques, and to design the detailed integration and design of the detector within MICE. This is expected to last until summer 2004. Following this a final design will be drafted and construction of two identical devices will begin, including construction of the preamplifiers and adaptation of the HARP electronics. It is expected that the first TPC (including field cage) will be ready for testing in summer 2005. The readout boards have proven to be rather fast to produce (a few months) but they need to be tested and if needed redone until a board with less than one per mil failure (short or grounded strips) is obtained. 

INFN Legnaro will continue to be in charge of the mechanics, and thus will also take care of the field cage construction. Bari and Napoli are in charge of the online readout and of the GEM development respectively. Meanwhile the software needed for the calibration, alignments, track reconstruction and emittance calculations will be developed. 

At the same time, the magnet design, which has started at INFN Genoa, is expected to be final in early spring 2004. The procurement time is about 27 months for the first of the two solenoids, leading to the Step II above for summer 2006, a time at which the beam line will be ready. 

StepIII of figure 7 is an absolutely crucial one for MICE. It will validate the measurement of the ratio of emittances measured in the two spectrometers with a precision that should be much better than one part per mil. Not until this precision is reached will the next steps be considered. For that time the full beam line and diagnostics must be in place, as well as the readout chain of the experiment and the reconstruction software. 

The MICE RF cavities are 200 MHz cavities of a somewhat novel type. Because of the very large muon beam size, the iris of the cavities is large (up to 21 cm in radius). If left open this large aperture would result in a deterioration of the achievable electric field gradient; this is avoided by fitting the cavities with beryllium windows. The amount of material and multiple scattering added by these windows is small compared with the hydrogen absorbers, but they allow higher gradients to be achieved.  With a power source of 1 MW per cavity a gradient of 8 MV/m will be achieved. The cavities are designed to withstand up to 4 MW per cavity for a gradient of 16 MV/m at room temperature. The cost of new RF power sources has been estimated to about 1-2 M€ per 4 MW unit. 

For reason of economics and to avoid excessive dark current radiation, it is foreseen to equip the cavities with 1 MW per cavity as a first step, using existing equipment as much as possible.  CERN has earmarked a number of tubes that can be made available to the experiment and equipment has been found in Los Alamos and Berkeley. The refurbishing of the CERN equipment has been evaluated to amount to 410 KCHF
. To this one should add a certain number of controls, and in particular a precise measurement of the electric field, so as to be able to predict the energy gain of particles precisely (this will be compared to the direct measurement of this quantity obtained by measuring the particle’s energies before and after the cooling section). 

At present we have in Geneva one post-doc working full time on the TPC with the help of the electronics workshop. In addition a diploma student has started working on the software and simulations. It is clear that MICE will be a source of several PhD thesis subjects: the first observation of ionization cooling will warrant an excellent PhD thesis so will the investigation of several optical configurations, beam momenta and absorber materials. 

We therefore propose the following funding for the MICE experiment: 

1. A contribution to the spectrometer solenoid at the level of 20% of its cost. 

2. A contribution to the tracking device, which consists of the readout system for the TPG and  preamplifiers; the FADC electronics will be recuperated from the HARP experiment. 

3. A contribution to refurbishing the RF system from CERN and to procure the control systems allowing precision determination of the electric field. 

4. PSI agreed to provide a muon decay channel solenoid for the beam line.  

The development in time of the experiment is expected over five years, with the RF system coming conveniently after the contribution to the spectrometer, as shown in table1. 

The experiment will provide PhD students with the opportunity to build, test and operate a detector or a system and to obtain results from them. The request is made for two PhD students, and two postdoctoral positions. 

These numbers are taken as a first estimate, based on the numbers given in the proposal. A full Work breakdown structure WBS for MICE is being developed and should be available at the end of 2003, as well as refined cost estimates. 
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3/04 - 3/05

3/05 - 3/06

3/06 - 3/07

3/07 - 3/08

3/08 - 3/09

total

5.1 Matériel  de valeur durable

Spectrometer

Detectors

60000

60000

120000

Detector solenoid (20%)

200000

200000

200000

600000

RF sources 

70000

170000

370000

610000

Materiel de consommation et entretien

Common funds

50000

50000

50000

50000

50000

250000

 Detecteurs: gas, spares

10000

10000

10000

30000

Travel

15000

30000

30000

45000

45000

165000

Divers

Consultant RF 

30000

30000

30000

30000

30000

150000

Salaires 

1 candoc début 2004

32280

35280

38280

38280

144120

1 candoc début 2005

32280

35280

38280

38280

144120

1 MA

81470

83507

87580

91650

95724

439931

1 MA

81470

83507

87580

91650

344207

Charges sociales

22750

46507,4

48929,4

51158

45130,8

214475,6

Total

491500

719044,4

783576,4

811948

405784,8

3211853,6

Total salaires

113750

232537

244647

255790

225654

1072378


Table 1 Proposed funding for the contribution of Switzerland to the MICE experiment.

2.5 Importance of the experiment.

There is no doubt in the community that a Neutrino Factory would be a uniquely powerful facility. Not only would it be the ultimate tool for the study of the fascinating field of neutrino oscillations and leptonic CP violation, it would also offer opportunities for a large variety of smaller experiments for many years, while paving the way for future muon colliders. Detailed end-to-end studies have shown that indeed a Neutrino Factory could be built, but these remain largely paper simulations, leaving many to argue that the practical experience is lacking to ascertain the feasibility of a machine based on several new and untried concepts. Muon ionization cooling is probably the most striking of these new concepts, and it is of critical importance to the performance and cost of a Neutrino Factory. 

The first challenge for MICE is thus to turn a new concept, which on paper surely works, into an apparatus that works in practice, supported by a community of experienced people capable of operating it, maintaining it and improving it. The next challenge is to do this in a significant way, from the combined points of view of precision, realism and relevance. The difficulty is quickly seen if one considers that a single cooling cell costs 5–10 M€ and provides 5% of transverse cooling, while the typical precision usually achieved on beam emittance measurements is of the order of 10%. (This problem cannot be avoided by reducing the size of the cooling cell, because only large beams are cooled.) Realism requires that the device be useable in a real Neutrino Factory design, and relevance requires that it address the issues that would influence the design, cost and reliability of the final accelerator complex; precision is important again here, since in a Neutrino Factory a muon beam would undergo a hundred or more of such cooling cells and imperfections would accumulate exponentially. 

The MICE collaboration unites over 130 physicists from the world’s accelerator and particle physics communities to tackle these challenges. Together, they have designed an experiment to demonstrate the feasibility of muon cooling and shown that it can be carried out at Rutherford Appleton Laboratory. The MICE experiment uses a realistic cooling apparatus developed in the US Feasibility Study-II of a Muon-Based Neutrino Source, deployed between two precision muon spectrometers. By measuring the parameters of each muon individually, MICE will allow the ≈10% reduction in muon-beam transverse emittance (in each transverse plane) to be determined with an unprecedented absolute precision of 10–3. The proposed two-cell cooling section will be operable with a variety of optical settings and absorber materials, allowing the cooling performance to be mapped out for a range of cooling-channel parameters and beam momenta and compared with the predictions of detailed simulations. By demonstrating that the technology of muon ionization cooling is not only technically feasible, but that its cost and performance are well understood, MICE will pave the way for the start of a Neutrino Factory construction project somewhere in the world during the next decade, and will point the way to muon colliders in the longer term.

Much has already been learned in the design process and more will be learned undoubtedly in the realization and operation of the experiment. The areas were most is expected are in the domain of high gradient low frequency RF cavities and RF dark current emission, as well as in the practical realization of liquid hydrogen absorber that are safe, highly transparent to muons and yet very precisely known. 

The method that will be developed for this experiment provides emittance measurement with a unprecedented precision by tracking particles individually;  it will provide a measurement device for beams of large emittance that can be applied to other cooling devices afterwards (such as a lithium lens, as proposed by S. Skrinsky). 

As Swiss physicists we are not only concerned with the future of neutrino physics but also to ensure a future for CERN, we are convinced that this research will open real possibilities. As CERN had to restrict its accelerator R&D, it nevertheless kept alive the research on the proton driver, SPL, and encouraged actively a European collaboration (and funding) to continue neutrino factory R&D. MICE is the most successful example of such international collaboration so far, and discussions are now taking place to emulate it for the other activities pertinent to R&D for high intensity neutrino sources. 

The proposed schedule for the commissioning and operation of MICE will establish the technical feasibility of muon ionization cooling by 2008; we are seeking funding from agencies around the world to allow this schedule to be achieved. By that year, the next generation of long-baseline experiments (CNGS and JPARC–SK) – sensitive to the ‘missing link’ in neutrino oscillations, (13 – will be starting up, and the LHC construction should have been completed. As the nations of the world then contemplate what the next big steps should be in high energy physics and in long-baseline neutrino studies, it will be crucial that the new technologies required for a stored-muon-beam Neutrino Factory have been demonstrated and the expertise built up. The path will then be clear to proceed with Neutrino Factory detailed design and construction. The recent results from SNO and KamLAND establishing the large mixing angle neutrino oscillation scenario confirm the likely ability of the Neutrino Factory to make ground-breaking measurements of leptonic CP violation. The proposed MICE programme is thus a timely and crucial step towards this exciting physics programme, which will probe the processes that occurred shortly after the Big Bang and led to the matter-filled Universe we observe today. 
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		RF sources						70000		170000		370000				610000
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		1 candoc début 2004				32280		35280		38280		38280				144120

		1 candoc début 2005						32280		35280		38280		38280		144120

		1 MA				81470		83507		87580		91650		95724		439931

		1 MA						81470		83507		87580		91650		344207

		Charges sociales				22750		46507.4		48929.4		51158		45130.8		214475.6

		Total				491500		719044.4		783576.4		811948		405784.8		3211853.6

		Total salaires				113750		232537		244647		255790		225654		1072378
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