DRAFT


Executive Summary

The Muon Technical Advisory Committee (MUTAC) met June 15 and 16, 2000, at Brookhaven National Laboratory to assess and make recommendations concerning Muon Collaboration (MC) efforts to develop a viable design concept for a muon-storage-ring-based neutrino factory that would support long-baseline or conventional neutrino experiments. In the attached report, summarized below, MUTAC addresses four specific charges from the Muon Collaboration Oversight Group (MCOG). 

Charge 1: Composition of the Muon Collaboration

The MC has become quite substantial, with encouraging new interest from the National Science Foundation and Cornell University, continued interest from most U.S. high-energy physics (HEP) laboratories and the National High Magnetic Field Laboratory, and involvement by many university groups.

Charge 2: Status of  Conceptual Technical Development, and Physics Impact

The focus has changed from the substantially more challenging muon collider to a muon storage ring as an intense neutrino source. The six-month end-to-end Feasibility Study 1 (FS1, which assumed 50 GeV final muon energy) addressed a complete neutrino facility, provided an overall integrated point design, and showed that the storage ring still presents difficult challenges and requires a variety of R&D. Feasibility Study 2 (FS2, which is assuming 20 GeV) has been initiated, aiming for improved performance, cost reduction, and a better balance of R&D among subsystems. Both studies assumed a proton driver, muon generation by pion decay at a target station, an induction linac, an ionization cooling channel, acceleration of the cold muon beam by a superconducting (SC) linac followed by two SC recirculating linacs (RLAs), and final-energy beam injected into a storage ring where muons decay while circulating. 


FS1 identified the cooling channel and target as the most critical subsystems. An aggressive simulation effort is addressing the integrated front end (capture and cooling channel) and the cooling design. Cooling channel components require substantial R&D. The solenoids will be costly. Diagnostics will be critical for optimization, and a conceptual outline is needed for a diagnostics and tune-up plan. The superconducting rf (SRF) at 200 MHz and 15 MV/m  requires long-term R&D. Two target systems need experimental validation: the relatively simple -- and therefore higher-priority -- solid carbon target assumed in FS1, and the liquid mercury target addressed in FS2. Target and downstream decay areas must be designed for high radiation.


The FS1 50 GeV storage ring design appears technically feasible. The large magnet apertures and the bore-tube design require further study, as might alternative magnet designs. The recirculating linacs are understood and present no issues.


FS2 is strongly linked to the AGS site at Brookhaven. The 20 GeV choice facilitates optimizing accelerator-detector cost tradeoffs. Strategies are being assessed for improving the mu/p yield, and performance from target through cooling remains the major design issue. FS2 needs to maintain the feasibility and practicality standards of FS1, specifically in evaluating cost vs. benefit of the mercury target and downstream low-frequency RF in the extreme radiation environment. The study should also evaluate emittance exchange as well as performance without cooling. The study’s front-end simulations are budgeted for 2 to 3 M$/year -- an appropriate level, given the importance of efficient muon capture. To facilitate cost-vs.-performance tradeoff determinations, it is strongly recommended that the design study’s next iteration summarize all systems’ transmission, emittance, and acceptance goals and achieved results.


Though the neutrino physics in prospect is compelling, it must be compared for cost-effectiveness to other HEP possibilities. In the cost range of the Main Injector and PEPII, proceeding at a technically limited pace would seem warranted, but FS1 suggests a substantially higher range. Barring divergent conclusions from FS2, the desirability will be a subject for HEPAP and the broader community. MUTAC suggests Snowmass 2001 for such discussions.  

Charge 3: R&D Plan and Priorities


The R&D program is suitably comprehensive to address the basic technical questions posed by a neutrino factory. The program seeks to demonstrate hardware prototypes and validate subsystem concepts for a ZDR (zero-order design report) in three years and a CDR in five years. The plan’s main components are an integrated facility beam simulation, a targetry experiment (E951 at BNL), a demonstration of the cooling technology (MUCOOL), and component prototyping. Funding requirements are estimated at ~15M$/year, FY01–FY03.


The committee believes that unpredictable budgeting necessitates developing some form of R&D prioritization. We recommend a timely start for the 200 MHz SRF development, an inherently slow activity. We note the progress in E591, where the beam line is expected to be available for the first tests later this year. And since we are concerned that mercury target development has been slow, we suggest that some form of testing of a solid carbon composite target material be conducted earlier in the test plan. 


The committee particularly recommends further exploration of cooling technologies, including in the muon collider context. Though the neutrino factory’s lower beam cooling requirements mean large beam sizes and element apertures, emittance-exchange cooling might produce physically smaller beams, leading to significantly reduced costs. The committee also recommends an eventual integrated cooling channel beam test. The MUCOOL R&D plan (addressed below) is envisaged as prototyping and testing the various hardware components of the cooling channel, with beam-based experimental demonstration of cooling. 

Charge 4: Muon Cooling and Targetry R&D Experiments

MUCOOL will address the optics design and simulation of muon cooling, critical component engineering, and ultimately a crucially important proof-of-principle cooling-channel beam test. Instrumentation and diagnostics development will be required. Of special note is the important work on analytical beam dynamics approaches to ionization cooling channels, which should allow design to proceed by rational guidelines superior to intuitive searches. Equally important are the tools developed to allow for consistent end-to-end simulation.


Although some key components were judged beyond the state of the art for the collider, the present solenoids can be considered current practice, as can the dipoles and quadrupoles. Encouraging tests have been conducted in development of the beryllium window, the main technical challenge for the two 800 MHz cavity prototypes that will be tested in 2001 at Fermilab. The 200 MHz cavity design also has two variants. Some interrelated technical choices remain concerning the 800 MHz and 200 MHz designs, but will become clearer during tests.

The target effort has shown significant progress. FS2 should further consider the FS1 carbon solid target option. The mercury target needs to be pushed, in particular the liquid metal injection into the solenoidal field, an effort needing both calculation and experiment support. The efforts to understand the target area layout and operation, using expertise from the SNS team, are valuable.

MUTAC Review Report

A review of the muon-storage-ring-based neutrino factory occurred on June 15 and 16, 2000, at Brookhaven National Laboratory. Members of the Muon Technical Advisory Committee (MUTAC) present were K. Yokoya (chair for meeting), M. Breidenbach, H. Edwards, M. Harrison, J. Hastings, Y.-K. Kim, A. McInturff, and U. Ratzinger. Members absent were C. Leemann (chair of MUTAC), G. Dugan, J. Lykken, and R. Ruth.

The formal schedule included presentations by members of the Muon Collaboration to members of the Technical Advisory Committee. A review of the overall status of the design of the neutrino factory was presented by reference to two feasibility studies, the first completed already by Fermilab and the second to be completed at Brookhaven. For the most part these talks were in the spirit of status reports on various aspects of the design of the neutrino factory. Such talks proceeded until about 14:00 on June 16, at which time the MUTAC met in closed session to prepare for the closeout and to make writing assignments for the written report. (The detailed schedule of talks is included in appendix I.)

Charge to the Committee

Please provide comments and recommendations on the following presentation topics for the R&D Program of the Muon Collaboration:

1. Current composition of the Muon Collaboration (MC) and the involvement of collaborating institutions in the R&D program.

2. The status of conceptual technical development and potential physics impact of a muon storage ring as a source of neutrino beams for long-baseline or conventional neutrino experiments.

3. The R&D Plan of the Muon Collaboration for FY 2000 (current year) and future fiscal years, including the goals, scope, schedule, resource requirements (money and people), and how the work might be split up among the collaborators.

4. Progress in planning/preparation for the two R&D experiments, Targetry and Muon Cooling, addressed by MUTAC at its July 21–23, 1999, meeting at Fermilab.

The comments and recommendations of MUTAC should address the following points for each presentation topic: importance of the topic to the advance of the muon collider/storage ring R&D program; credibility of the proposed technical approach; credibility of the proposed schedule; adequacy of the proposed staffing and other resources to support these plans; other comments felt to be germane by the MUTAC.

It is intended that the MUTAC be prepared to convey their summary views and recommendations orally to the Muon Collider Oversight Group (MCOG) and to the MC at the closeout session of the review and in written form as a report to be submitted to the MCOG within one month following the review meeting.

CHARGE 1:  COMPOSITION OF THE MUON COLLABORATION

The US MC has become quite substantial. The major change is the interest of NSF and Cornell.  The continued interest of almost all of the US HEP labs (except SLAC) and the NHMFL is encouraging. The involvement of many university groups, some forming effective and focused consortia, is very good.

A major question is possible international collaboration with Asian or European groups. CERN has proposed some cooperation in a letter from their DG to the directors of many of the involved labs. The CERN letter proposes work on a ring of 1021 to (eventually) 1022 directed muon decays per year, which is very aggressive compared to the Feasibility Study I value of 5 ( 1019 in a 2 ( 107 second year. The MUTAC is somewhat puzzled about why CERN is adopting such an aggressive position, and why the invitation is to the lab directors rather than the spokesman of the MC.

CHARGE 2a:  COMMENTS ON THE STATUS OF CONCEPTUAL TECHNICAL DEVELOPMENT

· Feasibility Study 1

Feasibility Study 1 was undertaken to investigate the technical feasibility of an intense neutrino source based on a muon storage ring and to provide an overall integrated point design of the complete accelerator facility. The study provides a foundation for a further iteration of basic design approach improvements (Feasibility Study 2), indicates the major cost drivers and how they might be better balanced, and clearly points out the many areas of necessary R&D.  As such the study has been invaluable in bringing a focused and consistent approach to the design issues of a muon storage ring. Almost every major system of the accelerator chain has major R&D  identified; these include the proton driver, the target area, the induction linac, emittance cooling performance and hardware, and the accelerating linac superconducting rf at 200–400 MHz. 

The parameter set, design goals, and basic components are summarized now. The study was six months long, and of necessity analysis and design of the major accelerator systems had to proceed from point (non-iterated) parameter and interface choices. The specific goals were 50 GeV storage ring energy and 2 ( 1020 mu/yr/straight section. (The physics program could start at intensities of  2 ( 1019.) For an operating year of 2 ( 107 sec and an efficiency of 0.1 mu/p delivered into the storage ring, a proton driver of 1.5 MW is required. A carbon production target was assumed. The end-to-end scenario developed provided ~ 6 ( 1019 decays per year. The scenario assumed perfect transmission between the different accelerator systems and did not include detailed error analysis. 

The main accelerator systems are:

· The proton driver.

· The target system.

· The decay channel, capture, energy compression, and bunching section, including an     induction linac.

· The ionization cooling.

· The muon accelerator including a linac and two recirculating linacs.

· The muon storage ring.

Cooling

The benefits of the integrated front end system (capture and cooling channel) did not meet the design goal, which was to provide 0.1 mu/p to the storage ring with 0.22/mu/p entering the cooling channel. An initial design study goal was to provide a factor of 10 emittance improvement in each transverse plane without substantial longitudinal dilution. After upstream mini cooling the incoming emittance of 10π mm-rad was to be reduced to ~ 1.5π mm-rad in the cooling channel. Alternatively the acceptance of the downstream accelerator was defined as 9.4π mm-rad and 150π mm longitudinally. The performance of the channel was severely limited by the longitudinal properties of the incoming beam, a deficiency to be addressed in further study. Typical results indicated cooling of the emittance by a factor of about 4 or increase of the number of muons into the specified acceptance of a factor of 4. Transmission to the specified accelerator acceptance for non-idealistic cases was of order 15% (compared with a goal of 45%). The front end from target through cooling resulted in 0.035 mu/p into 9.4π mm-rad acceptance and 0.05 mu/p into 15π mm-rad. The integrated front end and cooling design is an area of continued aggressive simulation effort. It will be discussed further below under MUCOOL and Feasibility Study 2.

Proton Driver

Little design work on the proton driver was shown. This is a nontrivial accelerator and needs a concerted effort. Feasibility Study 2 will address the specific design associated with use of the AGS.

Target

In this study a solid carbon target was assumed. This is attractive because of its simplicity and its potentially much less challenging R&D. Feasibility Study 2 and the Targetry experiment address the issues of a liquid Hg target. Experimental validation of both systems is necessary. Note that the beam measurements with the carbon target should be given a reasonable relative priority because of its potential simplicity. The gain expected from the Hg jet is ~ 1.4. 

The highest-field-strength solenoid (20T) is used in the target section. It has a combination of resistive and superconducting coils and is to operate in a very high radiation field. 

The target area and downstream decay area make up a very high radiation area and must be designed appropriately.

Decay, Capture, Bunching

The system includes a decay channel, an induction linac, a mini cooling section, an rf buncher, and matching sections. Energy compression (“phase rotation”) makes use of an induction linac that provides acceleration of 0.5 to 1.5 MV/m over 100 m. The linac provides four 150 ns shaped accelerating pulses within a 2 microsecond interval. It must accommodate superconducting solenoid coils (3T) within its structure. (A question was raised about the ability of these to work in the pulsed environment.) Longitudinal bunching is provided by three 200 MHz cavities after the linac. 

The resulting beam energy and phase spread is larger than required by the cooling channel, and further integrated simulation studies of the complete cooling system are required.

Cooling channel hardware

The cooling channel consists of 200 MHz normal conducting rf cavities (gradient 15MV/m) interspersed with liquid hydrogen absorbers and surrounded by large aperture 3.4 to 5 T superconducting solenoids. All of these components require significant R&D. Recognition of the significant cost of the solenoids was an outcome of the study.

Diagnostic information will be critical. Ideas are still to be developed as to just what diagnostics will suffice to provide the needed information to optimize the cooling channel.

Acceleration

The three steps of acceleration call for a linac from 0.2 to 3 GeV, a four-pass recirculating linac to 11 GeV, and a five-pass recirculating linac to 50 GeV. A total of about 14GV (this figure was questioned) is required. Superconducting rf at 200 MHz and 15 MV/m has been selected. This will require a long-term cavity R&D program. Arc magnets will most likely be superconducting.

Storage ring

The ring for this study is sited in geology at Fermilab and would have 2400 ft straight sections, use 6 T dipole magnets, and  provide for 38% decays in the production straight. Magnets are shielded by 1 cm tungsten bore tubes. Fringe fields of the strong quadrupoles at the matching dispersion section have been found to cause a deterioration of the dynamic aperture, but this should not present a problem, as the magnets can be lengthened.

Comments and Recommendations

The collaboration is to be congratulated for this design effort. The study has set an overall framework from which to develop both a further iteration of design and to focus on the most important issues of study and hardware R&D.

It would be very valuable to have an overall summary of the transmission, emittance and acceptance goals of each system and of the achieved results. As it is, it is very hard to grasp the relative performance of the various sections and the impact or tradeoff in terms of design difficulty or cost.

There was no zero-order conceptual outline of the needed diagnostics and tune-up plan for the cooling channel. It is important to have a concept developed.

· Feasibility Study 2 and Front-End Performance Studies
Feasibility Study 2 is undertaken to complement and supplement Study 1. There will be a BNL site-specific part and a generic part. The site-specific part will consider the ramifications of siting the muon storage ring at BNL with its particular site and geographic constraints, and the potential for using an upgraded AGS (10 ( 1014 pps, 24 GeV, 2.5 Hz) as the proton driver. The generic part will focus design alternatives of the target, capture, cooling, acceleration and storage. This investigation will make use of the knowledge gained in Study 1 to search for a more optimum design solution. It is planned that the study supplement not duplicate Study 1. Specifically, a liquid metal Hg target will be used and it is expected that this will complement the work on the ongoing AGS target experiment (E951). A final muon energy of 20 GeV (instead of the 50 GeV in Study 1) will be used in order to better optimize the relative cost of the accelerator and detector. Physics and detector studies of a 50 kTon detector will be carried out as needed. The intensity goal is 2 ( 1020 muon decays/year (1 ( 107 sec) directed at the detector, or approximately 7 times that realized in Study 1. The muon-to-storage-per-proton-on-target ratio needs to be improved a factor of 10. Potential cost reduction factors will be investigated. These will be associated mainly with the rf systems for cooling and acceleration and with the accelerator arcs.  The report is due by April 2001. 

A number of factors are being considered in order to improve the muon/proton yield. These include: Hg jet target, shorter proton bunch, a long tapered capture solenoid, phase rotation low-frequency rf near the target, two induction linacs, better matching correlation between amplitude and momentum, further refinements of the cooling channel, and increased accelerator acceptance. The overall length of the front end from target through the cooling channel is now ~ 600 m (compared with 320 m in Study 1). Initial simulations indicate the possibility of 0.16 mu/p (0.035 mu/p in Study 1) into 9.5π mm-rad, and 0.19 mu/p (0.05 mu/p in Study 1) into a larger 15π mm-rad acceptance.

Comments and Recommendations

The performance from target through cooling remains the major design issue, and improved designs are evolving rapidly. This design and simulation work should be given very high priority. It is important that Study 2 be carried out with the same feasibility and practicality standards as Study 1. Specifically the Hg target and the low-frequency rf just downstream of the target need to be evaluated for their engineering difficulty vs. benefit, especially in the extreme radiation environment.

The possible benefits of emittance exchange should be evaluated, as should the performance expected without cooling for a design optimized without it. Feasibility Study 2 and front-end simulations are budgeted for about 2–3 M$/year. This seems reasonable considering the importance of efficient muon capture.

· Beam Lines 
The bending dipoles (( 6 T) and quadrupoles in the acceleration and storage rings appear to be very straightforward utilizing existing NbTi technology, certainly not as constraining as the SSC storage ring and certainly not the HEB ring.  It was noted, however, by at least one person that for the large site inclination angle, a single-phase high-pressure (~ 5 atm) refrigeration scheme would have been preferred.

· Simulation and Theory with Emphasis on Cooling 
[Information not yet available.]

· Phase Rotation 
In Feasibility Study 1 a drift of about 50 m behind the p-target is involved to get pulse widths which can be handled by induction linacs. The forward edge of the induction pulse fits very well to the energy distribution of the drifted muon pulse in that case, and the resulting longitudinal phase-space distribution is quite impressive for a fraction of about 60% of the relevant muons generated with energies below 300 MeV. The aim of Feasibility Study 2 is to improve the capture efficiency as well as the beam quality by reintroducing low-frequency cavities immediately behind the target. The combination of a short rf rotator, followed  by an adequate drift and by an induction linac as presented by Bob Palmer, seems to be an attractive solution, and moreover the most powerful one. Still there are parameters used for the design of the rf cavities as well as for the induction modules which reach the technical limits.

· Induction Linac 
 The  voltage of 2 MV along a 10 cm gap and the needed pulse form should be checked carefully by a prototype induction module. The theoretical delay of about 3 ns between neighboring cells should be transformed into switching tolerances for the induction cells based on particle simulations. The costs of such an approach—including the superconducting solenoids—have to be analyzed carefully.

· SRF
The combination of low rf frequency, high beam velocity, and large transverse beam emittance with high effective acceleration voltage has not appeared in any other project so far. Though such cavities are usually relatively cheap, at minimum one has to find new ways of combining known concepts for acceleration and beam focusing. A prototype cavity should be designed, constructed and tested as early as possible.

The advantages of power klystrons weere mentioned. Unfortunately the design operational frequency of around 200 MHz is not a common klystron frequency. It should be checked whether an operating frequency around 350 MHz could be used: The klystron market looks quite good there.

An efficient harmonic buncher at the cooler entrance should be foreseen.         

· Detector 

[Information not yet available.]

· Storage Ring 

The storage ring design presented to the committee was that of the 50 GeV ring developed for the Fermilab Feasibility Study.  In order to maximize the number of neutrinos into the required phase space volume the ring is a racetrack with long straight sections and relatively tight arc regions.  With a dipole field of 5 T then ~35% of the muons decay in each straight section.  The ring is tilted at 22 degrees with respect to the horizontal corresponding to a hypothetical far detector at ~ 3000 km. This results in a depth differential across the ring of 240 m.  The 0.2 mrad tolerance on the beam divergence arising from systematics from the far detector requires one straight section to have large transverse beta values of ~ 400 m; the other long straight has stronger focusing.  Muon decays result in a total power of 80 kW emitted by the beam.  Some 22% of these decays take place in the arcs, resulting in 50 W/m deposited energy.  A 1 cm tungsten liner inside the bore tube reduces the power into the cryogenic components to 7 W/m.  Dipole apertures are estimated at 10–12 cm; the straight section quadrupoles have large apertures up to 33 cm.  Initial tracking results indicate that quadrupole fringe fields from these large-aperture quadrupoles could be a technical issue.

The committee concurs with the assessment of the collaboration that the ring components are technically feasible.  The 0.2 mrad requirement on beam divergence together with the inherently large beam emittance, however, is requiring very large magnet apertures which appear to be capable of impacting machine performance.  The committee suggests that this design feature be scrutinized to ascertain whether the tolerance could be slackened somewhat.  While a 1 cm tungsten liner can potentially resolve the issue of energy deposition in the arc magnets, the committee notes that higher-performance factories involving one or more orders of magnitude more beam may not be able to follow the same concept.  While this is not as significant a technical issue as some of the other component problems, the committee feels that an assessment of alternative magnet concepts may prove a fruitful area at some point.

· Recirculating Linear Accelerators 

The muon acceleration scheme consists of a linear preaccelerator, whose function is to capture and accelerate the muons to velocities close enough to light that recirculating linacs are possible, and two recirculating linacs, whose function is to accelerate and condition the beam for full-energy injection into the muon storage ring. A point design was presented that shows that it is possible to accelerate fast enough that over 80% of the muons produced are retained, and which seems to capture and accelerate the large emittance and energy spread muon beam. The assumed accelerating gradient of the design, 15 MV/m yielding a real estate gradient of about 8 MV/m, is beyond the present state-of-the-art, especially at 200 and 400 MHz.

The character of the talk and the current design was to present an existence proof rather than a completely optimized design. The point design demonstrates that the highest-level concerns—namely, (1) muon decay probability, (2) muon capture and longitudinal dynamics, (3) transverse emittance growth, and (4) beam loading effects from the pulsed muon beam—can all be handled properly. The committee expressed satisfaction that the present detail in the design of the muon acceleration system is quite good presently, by comparison with the more difficult portions of the neutrino factory. There is a large list of next-level questions that should be addressed—such as (1) complete machine tracking including various error sources, (2) component quality specification studies, (3) machine optimization studies, etc.—in order to take the present design to a level suitable for inclusion in a ZDR or CDR. But the committee was impressed with the progress that has been made so far.

As mentioned elsewhere in this report, the most pressing development issues resulting from the point design are klystrons with adequate power at the right frequencies, and developing superconducting cavities to high gradients of 15 MV/m at 200 and 400 MHz. Work on these problems should start immediately, as the development process for superconducting cavities is a long one.

CHARGE 2b: POTENTIAL PHYSICS IMPACT OF THE MUON STORAGE RING NEUTRINO SOURCE

The MUTAC was pleased by the physics discussion presented by S. Geer. It notes the different scenarios posed by the outcome of the MiniBoone experiment testing the LSND results. The long-baseline neutrino physics possible with these sources, as a follow-on to the MINOS and Gran Sasso experiments, is certainly very interesting. The sources offer e and beams at very high intensities, with excellent prospects for unprecedented understanding of the beams. However, it would seem that its relative interest compared to other possible endeavors for US HEP depends on its cost. (It would also seem important to understand the physics potential of “conventional horn” neutrino source using a proton driver in the multi-megawatt range.) At a cost comparable to the recently completed Main Injector and PEPII, it would seem plausible to proceed at a technically limited pace. However, the MC Feasibility Study 1, recently completed at FNAL, indicates a substantially larger scale. Unless Feasibility Study 2, centered on BNL, produces very different conclusions, the desirability will be a subject for HEPAP and the broader community. MUTAC suggests that Snowmass Meeting in 2001 will be an important time for these discussions. 

CHARGE 3:  R&D PLAN AND PRIORITIES

The project manager described the R&D plans.  He described how the increased focus in the past 12 months on a neutrino factory has resulted in more emphasis on 200 MHz rf systems while targetry issues have remained essentially unchanged.  Lessons were also learned from the Fermilab Feasibility Study 1 where system components, such as the solenoids, became technical issues due to the very large aperture requirements.  The overall goal of the R&D program is to demonstrate hardware prototypes, subsystem concept validation, and an integrated design on a time scale such that one can contemplate a ZDR in three years and a full blown CDR in five years.  There are four main components to this plan: an integrated facility beam simulation, a targetry experiment (E951 at BNL), a demonstration of the cooling technology (MUCOOL), and component prototyping (200 MHz SRF, high-field solenoids, induction linac, beam diagnostics, and proton driver rf systems).  The various technical goals in each topic were described with specific milestones for each of the next three fiscal years.  The program was estimated to require ~ $15M/yr for this FY01–FY03 time period.  The project manager commented that there was room for more formality in the cost and schedule areas although itemized cost estimates for the various R&D topics were shown. 

The collaboration does however intend to continue to investigate muon collider topics and will be organizing an emittance exchange workshop later this year.  One of the features of the neutrino factory is the significantly reduced beam cooling requirements from that of a muon collider.  A direct consequence of this fact is the very large beam sizes and element apertures.  Emittance exchange cooling has the possibility to produce physically smaller beams which could result in significantly lower costs for the neutrino factory.  The committee encourages further exploration of cooling technologies in the context of both neutrino factories and muon colliders.

The committee finds that the choice of topics and overall scope of the R&D program is suitably comprehensive to address the basic technical questions posed by a neutrino factory.  No internal priorities were given within the various R&D topics and it was felt that with the recent addition of the NSF-sponsored university groups sufficient resources would be available to adequately address all the issues.  While this could prove to be the case, funding levels in recent years have rarely been as requested and the committee would encourage the project management to develop some form of R&D prioritization.  In this context the committee feels that the 200 MHz superconducting rf development is inherently a long-time-scale activity and thus will need to be started in a timely fashion.  The committee notes the progress in E951 where the beam line is expected be available for the first tests later this year.  The committee is concerned that development on the mercury target has been slow to date and suggests that some form of testing of a solid carbon composite target material be conducted earlier in the test plan.

The MUCOOL R&D plan is envisaged as prototyping and testing the various hardware components of the cooling channel, but the issue of beam-based experimental demonstration of cooling is not decided at this time.  The committee believes that ultimately an integrated cooling channel beam test will prove necessary before the conclusion of the program and would encourage the collaboration to work towards that goal.  The committee notes in passing that the possibility of very high radiation levels in the upstream portion of the line was discussed in the context of remote handling.  This could have a major impact on the hardware design and possibly viability if it proves to be the case.

CHARGE 4:  COMMENTS ON THE R&D EXPERIMENTS

a) Muon Cooling (MUCOOL)  

The MUCOOL R&D program goals are to develop and test the critical components of the muon cooling channel and to eventually build and beam-test sections of the channel. The channel consists of accelerating linac sections with normal conducting rf structures embedded in a superconducting solenoid focusing channel, and interspersed with liquid H2 dE/dx absorbers. 

MUCOOL proposes to address three critical areas:

1) The optics design and simulation of the muon cooling in the channel to obtain reasonable muon transmission into the accelerator acceptance.

2) The critical engineering component development: low-frequency high-gradient rf cavities, rf power, large-radius superconducting solenoids, and large-volume thin-window H2 absorbers.

3) The development of a plan for a meaningful beam test of sections of the cooling channel for proof of cooling principle. Instrumentation and diagnostics development will be required to support this experiment. 

The goals of MUCOOL have changed significantly over the past year as the program emphasis has changed from muon collider to muon storage ring/neutrino source. This has made for a sudden change in focus from high-energy cooling with 800 MHz cavities, to the low-energy end of the cooling which requires the larger acceptance of 200 MHz cavities. Thus much of the proposed near-term engineering work is in transition from the easier high frequency to the larger, more difficult low frequency. Prototype 800 MHz cavities will be tested in 2001 but then effort will be directed toward 200 MHz development with the plan to be able to do high-power testing in 2003. 

The long-term goal of MUCOOL, namely the beam-test illustration of the cooling process within a short section of channel, has taken a lower priority as the difficulties of successfully orchestrating such an experiment are becoming better understood. Emphasis is directed toward improved optics design and simulations of the channel and toward engineering R&D of components. This new set of priorities and directions is probably appropriate as long as the long-term goal is not lost. It will be important to verify the principle in a meaningful  experiment and to develop the diagnostics necessary both for the experiment and for adjustment and tune-up of a final total system.

The MUCOOL activity is estimated to be a 3 to 4M$ activity over the next three years, exclusive of a beam cooling test.

Cooling Channel

Feasibility Study 1 has indicated the difficulty in obtaining an effective cooling channel design and match between it and the beam delivered by the capture bunching section. It has also shown that further transverse cooling cannot be accomplished without momentum cooling and emittance exchange. Further simulation and lattice design in the context of a new integrated front-end design are all part of the future program associated with Feasibility Study 2. 

Of special note is the important work on analytical beam dynamics approaches to ionization cooling channels which should allow design to proceed by guidelines that are more than intuitive searches. Equally important are the simulation tools which have been developed to allow for consistent end-to-end simulation.

The overall design goal is to provide 0.1 mu/p to the storage ring. For the cooling channel this requires cooling for 45% transmission into the acceptance of the accelerator (9.4π mm-rad transverse, 150π  mm longitudinal) assuming 0.22 mu/p delivered to the channel. Simulations presented result in about 15% transmission. (Study 2 has slightly different goals with larger acceptance.)

Two basic channel optics designs have been explored: First, a repetitive FOFO solenoid arrangement with absorbers and/or Bz field reversal periodicity of about 1 to 3 m with Bz = 3.4 T. Second, a new elegant “single flip” idea which calls for only one Bz reversal halfway through the channel  ( Bz = 5 T and absorber placement of 2.5m intervals). This system uses the single end field in the center of the channel to make possible the cooling of the beam radial position component and angular momentum in the second half of the channel, while the transverse angular component is cooled in the first part of the channel. This geometry should be considerably simpler than the FOFO to implement. It is, however, sensitive to the design of the flip region where longitudinal dilution can take place if the flip transition is not sufficiently abrupt. 

MUCOOL Components

Solenoids 

            This part is dealing with the various solenoids integral to various pieces of the machine studied (neutrino factory) and including the piece between the target and the cooling sections.

a) Target solenoid with the 20 T coil appears to be a state-of-the-art device where approximately 10 T is provided by an aggressive but not beyond the “state-of-the-art” coil. The design presented seemed comparable with the existing examples. The committee expressed concern about the neutron radiation of the Hg target and its effect on the solenoids downstream, although it was the opinion of ORNL engineer Spampinato that carbon targets with development could suffice in the few-MW range, therefore reducing the resulting neutron flux.  Other than the neutral radiation concern, the rest of the solenoids with their subsequent reduction in field seemed very comparable to existing detector magnets.

b) The neutrino factory phase rotation system (induction linac SC solenoids) seemed again with their 3 T central and 4.5 T peak winding magnetic fields quite comparable to existing devices, and cost reduction scenarios would be the only studies needed.  The demands of the mini-cooling section are similar to the rest of this section.  Although fairly solid from a device point of view it still will need to be validated in the “cooling” experiment.

c) The high-field (LH) absorber region solenoid with peak fields of 16 T would be a state-of-the-art device and probably one of the highest-risk devices of the various scenarios presented, but there are examples of coils of this size and strength in existence (though expensive and unique), so they certainly could be designed and built.  There are also examples of LH targets operating in 15 T backgrounds.

d) The various alternating/bucking solenoids present only an engineering challenge in force containment, low loss, and alignment stability.  Here again, quality or value-added engineering might reduce the costs especially in that the structure is repeated.  The operating design rule of thumb can probably be relaxed by a careful design investigation resulting in an overall cost reduction.

This scenario for the neutrino factory is certainly at most “state-of-the-art” for a few solenoids, and current practice for the majority, which is true of the dipoles and quads as well—unlike the situation as of last year’s presentation, when quite a number of devices were just beyond the “state-of-the-art.”


800 MHz RF

Two designs of 800 MHz cavities are being worked on. One is a pi/2 interleaved structure with beryllium windows in the iris region in order to increase the shunt impedance. It has the possibility of being N2-cooled. The other is a conventional π-mode structure and could be considered a fallback if the Be windows cannot be made to work. Both are designed for 15 MV/m accelerating field and must operate inside a 5 T solenoid. Each style will have a low-power test cavity or cold model and a high-power prototype. Infrastructure is being set up at Fermilab to test these prototypes and the accompanying superconducting solenoid. The Lab G area should be ready for power tests to begin in the fall.

The main area of technical challenge is in the development of the 5 mil Be window. Tests and measurements to date have been very encouraging. They have included window heating tests of both Al and Be using a halogen lamp to measure the change in frequency with temperature both at room temperature and at N2 temperature. The results of these tests are very nice and agree well with ANSYS models. A model with increased thickness at large radius indicates that temperature increase under power could be reduced by almost a factor of 2.

A high power pillbox single-cell model with Be windows is about to be tested for gradient limitations, multipacting and temperature stability.

The π-mode six-cell open iris structure is under assembly and an Al cold model has been tested and tuned. Tests at high power are planned for 2001.

200 MHz RF

The design effort on 200 MHz cavities has started. Here again, two variants are considered for the 1.2 m diameter cavities. One is again with Be windows; the second follows the second 800 MHz design but with the addition of a grid of small posts across the iris aperture. Power required for this design is somewhat higher.

The R&D plan calls for power testing of the 800 MHz cavities in 2001. Installation of 200 MHz rf would begin in 2001, and design of a prototype 200 MHz cavity with either windows or grids. Cavity fabrication would take place in 2002, and testing in 2003. The R&D plan calls for about 1 to 2M$ per year.

Comments and Recommendations

The accomplishments on the Be windows are very nice and encouraging. However, it is not clear just how the choice will be made between foil and rods without trying them both, unless the foil runs into severe problems during the 800 MHz test. As this is only test of a single cell it may not be sufficient. A strategy for decision should be developed unless both arrangements can be tested in the 200 MHz prototype. As there is some time before a 200 MHz cavity can be tested, the possibility of a further 800 MHz test program could be considered.

Liquid H2 Absorbers

The requirements for the LH2 absorbers differ widely with the cooling lattice chosen. A range of volumes from 4 to 38 liters is needed with designs presently under consideration. Beam power deposited also ranges from 50 to 180 W per absorber. Window thickness depends on the required window sagitta, which must be less for thinner absorbers. Window material of Al, AlBeMet,  or Be must be certified for LH2 operation.  Two designs of the heat exchange are being evaluated. One has forced-flow external exchange and needs to cycle 0.05 volumes/sec. Turbulent flow is established by a number of nozzles within the distribution chamber. A convection design relies on internal exchange with helium loops, where a heater establishes the convection flow.

The R&D plan calls for establishing a test area with infrastructure, and a number of tests leading to the assembly and test of two prototypes. This is followed by beam tests in 2002. The activity calls for participation of knowledgeable engineering staff.

The budget estimate is ~ 1M$ in 2001 and ~ 0.5M$ in 2002 and 2003. 

b) Targetry
The presentations on the target status and issues showed significant progress. Of particular interest is the carbon solid target option presented in the FNAL Feasibility Study 1. This is an interesting alternative and should be considered further as an option for aspects of the R&D program at BNL.  It would be separate and distinct from the liquid Hg target effort, but would be viable from the outset and could provide the needed target early for other aspects of the target experiment R&D.

There was little mention of the band target.  It should either be dismissed, because it turns out not to be significantly better, or the appropriate engineering efforts should be applied.  The critical issue here, as with the graphite rod, is the pion production.  

The Hg target needs to be pushed, in particular with respect to modeling the liquid metal injection into the solenoidal field. This may be a major sticking point and more calculation/experiment effort must be put towards this. The modeling for the thermal and transient behavior of the liquid Hg is proceeding reasonably.

Finally, the efforts to understand the target area layout and operation, using expertise from the Spallation Neutron Source team, is valuable.  Although not a major cost driver, it is still a significant number of dollars.

The overall target effort seems to be moving forward, and attention to the matters presented above should be encouraged.

SUMMARY OF CLOSEOUT DISCUSSION

· General Remarks

The committee commends the collaboration for the tremendous progress made since the first MUTAC meeting, as well as for being responsive to their recommendations. Progress is particularly impressive in Feasibility Study 1 and the development of simulation and analytic tools to a stage that they start to steer the design. 

The role of Cornell/NSF and Jefferson Lab in the collaboration is important. The level of international participation, however, is not clear.

It is recommended that for the time being the collaboration limit the scope of the design to a neutrino factory, which need not be a stepping stone to a muon collider. 

The design is at an early enough stage that a wider range of parameters should be explored, including alternate designs that yield fewer neutrinos but are less expensive, storage rings at energies below 20 GeV and schemes that do not require cooling. In general, the top-level physics requirements should be revisited and clearly defined. 
· Target

The target appears to be one of the critical issues. The mercury target seems to present significant engineering challenges. It is recommended that graphite studies be given the highest priority.  

· MUCOOL

The progress made on simulations and analysis, with the development of cooling lattice theory, is impressive. The proposal for organizing calculations on the web is a model for future collaborations.

It is emphasized that, although experimental demonstration of cooling may be less critical to a neutrino factory than to a muon collider, it is still an important step that adds credibility to the overall design. The suggested time scale for the experiment should be consistent with the ZDR or CDR. 

Development of diagnostics for a cooling experiment is crucial but not much was presented. 

· Superconducting RF

It is recommended that R&D on superconducting rf structures and parameter   optimization be given high priority and start soon, as it is a long-lead-time item, especially since no operating experience exists at 200 MHz. 

· Magnets

          Since the first MUTAC meeting, field levels were brought down to a level that is considered “state-of-the-art.” On the superconducting magnets, a discrepancy is noted between assumptions used in FS1 and presentations by the High Field Lab. 

· Radiation

The amount of radiation downstream of the target may be an issue, in that it requires remote handling capability should a piece of hardware need to be fixed.

· Feasibility Studies 1 and 2 

A coherent picture is emerging out of FS1. Further work on emittance exchange mechanisms is recommended in order for the beam sizes to be reduced. 

FS2 is strongly encouraged and should be well supported. It is expected to have as strong an impact as FS1 in the next few months. It is important that, as FS2 progresses, it keep in touch with engineering and hardware reality, so the outcome is not far beyond the state of the art.
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