These are the R&D sections from the chapters of the Neutrino Factory report BEFORE they were cut / edited to go into the R&D chapter.

3 Proton Driver

no R&D section found as of 833AM March 31

4 Target

no R&D section found as of 834AM March 31, but this is their summary

1.1 Summary

Current design status of the target system and support facility provides a system plan for targeting a 1.5 MW beam,  and providing a solenoid magnetic field focusing system which meets rigorous design requirements, including 20 T target region fields.  Support facility design will enable safe handling of components and environmental protection for the severe radiation conditions encountered.  While new capabilities beyond current state of the art are not required, significant  “engineering” type R&D efforts are needed for better understanding of graphite target survivability, beam absorber design, and magnet radiation tolerance.  

We would like to address these issues beginning with a near term focused R&D program. This effort is complementary to the R&D plans now underway with the Brookhaven National Laboratory (BNL) experiment E9511 Error! Reference source not found..

5 Decay to Bunching

1.2 R&D topics

The basis of the present rotation and bunching section is induction linac acceleration.  A primary component of the R&D program will be to develop and test prototype induction linac modules, and determine whether they can provide the acceleration wave-forms needed for the phase rotation.  Important issues are the quality and reproducibility of the acceleration, limits on practical gradients, and lifetime and reliability of the modules.  These induction modules must include solenoids for transverse focusing; the R&D should determine whether these solenoids interfere unacceptably with the acceleration.  

Other systems for acceleration (i. e., using RF) can also be developed, and a complete R&D program should include exploration of some of these alternatives.  Earlier (+-(- Collider scenarios used 30—90 MHz RF near the target for initial energy-phase rotation.   Prototype cavities at these frequencies can be developed and tested.  Development of the ~5MHz cavity systems of an alternative scenario could also be initiated.

As discussed above, the energy spreads after phase-energy rotation and bunching are much larger than desired, even in the induction linac phase rotation scenario.  A goal of future design studies is re-optimization of the scenario to reduce energy spread throughout the system.  

The energy acceptance problem can also be solved by the addition of energy cooling.  An important goal of future R&D is to develop and verify energy cooling scenarios at the (-source beam parameters.

6 Cooling

1.3 Future Steps 

1.3.1 Cooling theory, simulation, and optimization

Although considerable progress has been made in understanding the problems involved in applying ionization cooling, and designing realistic cooling channels, more work is needed to optimize performance and to minimize cost.  In particular, cooling the longitudinal phase space would ease the design requirements for all components of the machine downstream of the cooling section, thus helping to reduce the cost and to design more efficient components.  We plan to continue simulation studies and optimizations of existing emittance-exchange concepts Error! Reference source not found..  We would also like to consider other configurations, for example, one based on the helicoidal-channel proposal Error! Reference source not found..  We plan to continue our work towards eliminating model uncertainties present in our current simulations of the ionization-cooling process.  These include the correlations between straggling and large-angle-scattering, the atomic form factors that enter into the calculation of multiple scattering, and the effect of intense magnetic fields on these processes.

In this report we have presented two ionization cooling schemes based on differing design principles.  The objective of our study is to design an efficient transverse cooling channel with components that can be built at the present time, or could be developed with a well-defined R&D plan.  Detailed simulation studies are required to obtain the optimal solution for each of the available cooling channels.  These studies will be crucial in selecting the best design, based on performance, engineering constraints, and cost.  In particular, the engineering details of the design of the rf-cavity grids or windows (see Section Error! Reference source not found.), and their corresponding electric fields, will be implemented in our simulations.  This project will require the use of full 3-dimensional codes and diagnostics to estimate reliably both the effects of scattering off these complicated shapes and the effects of the field on the longitudinal phase space.  Evaluating the effect of alignment errors also requires 3D codes.  Another project which requires this code development is the study of cooling channels that can achieve longitudinal cooling, because they involve elliptical or wedge-shaped absorbers.  In addition, the optimization of each design must respect the engineering constraints on coil current densities, coil placement, and forces on the coils.  Successive iterations of our simulation studies with the engineering analysis of each of the design variants will achieve the best solution.  The performance of any cooling channel is tightly coupled to the performance of the machine components upstream of it and to the acceptance of the acceleration section that follows.  For this reason, the optimization of the cooling channel will have to be iterated with the evolution of the designs of these other components. 

1.3.2 Magnetic focusing system

The cooling channels described above require high magnetic field strength to reach low (( and precise field shape to control the beam dynamics.  While we do not plan to rely on new superconducting materials or techniques, the optimization of the magnets demands proper engineering.  For instance, a critical limit is the hoop stress on the windings for coils running with opposite currents.  We therefore plan to tightly control future designs by obeying these design rules.  Improving our knowledge and technical expertise in this area is critical. 

1.3.3 Absorbers

The baseline (FOFO) cooling design requires liquid-hydrogen absorbers that are thin (~13 cm) relative to their diameter (20 - 30 cm).  For a given pressure differential, hemispherical windows are thinnest, however, with this oblate shape thicker ellipsoidal or torispherical windows are required to provide a sufficiently short sagitta (see Section Error! Reference source not found.).  For such absorbers scattering in the windows is of key importance, requiring R&D on exotic window materials (beryllium and/or AlBeMet) whose safety for LH2 containment has yet to be established.  While the lore within high-energy physics is that beryllium and LH2 are incompatible, a less absolute view prevails in industry.  A program of design studies backed up by carefully-designed tests will be needed to establish safe design and operating parameters for beryllium-containing windows for LH2containment.  With 40% greater strength than aluminum and 2.1 times the radiation length, AlBeMet has the potential to lower the total radiation-length fraction per absorber from ~2.4% to 1.8% or less, depending on the detailed optimization of absorber dimensions.  (While beryllium windows may also be feasible, there appears to be little additional gain in going beyond AlBeMet.)

Other cooling scenarios use absorbers that are thicker compared to their diameter.  Here effects of windows on cooling performance are reduced, and aluminum windows may be adequate.  Whether R&D on exotic window materials is worthwhile may thus depend on which cooling approach prevails.

In all scenarios the specific power dissipation in the absorbers is large and represents a substantial portion of the cryogenic load of the cooling channel.  Handling this heat load is a significant design challenge.  An R&D program is already in place at IIT to understand the thermal and fluid-flow aspects of maintaining a constant temperature within the absorber volume despite the large spatial and temporal variations in power density. This program is beginning with computational-fluid-dynamics studies and is planned to proceed to bench tests and high-power beam tests of absorber prototypes over the next year.

In some scenarios (especially those with emittance exchange), lithium hydride (LiH) absorbers may be called for.  Since it is a solid, LiH in principle can be fabricated in arbitrary shapes.  In emittance-exchange channels, dispersion in the lattice spatially separates muons according to their energies, whereupon specially shaped absorbers can be used to absorb more energy from muons of higher energy and less from those of low energy.  However, solid LiH shapes are not commercially available, and procedures for their fabrication would need to be developed.  Such an effort is challenging since LiH reacts with water, releasing hydrogen gas and creating an explosion hazard. 

1.3.4 Beam diagnostics

Techniques for optimizing the operation of a physical cooling channel must also be developed.  Alignment errors in constructing the magnetic system need to be tracked.  The beam emittances and particle losses in these cooling channels must be measured in order to optimize running conditions.  These beam measurements will be complicated by the large size of the beam, the poor access (see Error! Reference source not found. and Error! Reference source not found.), high magnetic fields, need for low-temperature insulation, and short bunch structure.  This subject has not received attention comparable to other parts of the study, although a preliminary examination of some of these issues has been done Error! Reference source not found.. 
Although measurements of muon beams have been done for years, the high precision, high intensities, limited access, and large backgrounds associated with the cooling channel may make the required measurements difficult.  On the other hand, once through the cooling channel, the muon beam, though large, would have similar properties to primary proton or electron beams in the AGS or high-power electron accelerators.

There are a number of measurements that seem to be required in order to optimize the performance of the cooling system.  These requirements include: 1) initial matching of the cooling optics to the beam parameters, 2) maintaining this match down the length of the cooling channel, 3) producing and maintaining the physical alignment of beam components, 4) identifying and minimizing transverse and longitudinal loss mechanisms, and 5) measurement of the emittance at various stages of cooling.  Since the emittance will only change by a few percent in each cooling section, it may be desirable to have a few special diagnostic sections interspersed with cooling sections to make precise measurements.
One would ideally like high-precision measurements of the six-dimensional muon phase space at a variety of locations along the cooling channel and acceleration system, although the only experimentally available quantities are the transverse and longitudinal bunch profiles.  Measurement of the muon emittance from a beam profile is complicated by possible mismatches in the cooling optics which could produce uncertainties in the beta function and the calculated emittance.  Measurements could also be complicated by pion and other backgrounds, particularly at the upstream end of the cooling channel. 

While many conventional accelerator diagnostics may be appropriate for some applications, it seems desirable to look carefully at secondary emission monitors (SEM's) and Faraday cups.  The intense muon beams expected would produce large signals without amplification, and the short range of low-energy muons would permit the option of stopping the beam in a transmission line and looking at the electrical pulse directly.  Using one possibly appropriate geometry, Beck and Schutt Error! Reference source not found. have demonstrated an 18-ps rise time with good dynamic range.  A variety of options may be available for destructive and non-destructive diagnostics using these principles.
Some R&D directed at beam diagnostics and beam measurements is required both for the design of the neutrino source and any demonstration of cooling for a muon collider.

7 Acceleration

1.4 R&D Issues

The accelerator design immediately presents several technical issues that will need to be resolved in a detailed system-level beam dynamics and engineering design.  In addition to providing detailed specifications for areas such as beam optics, it must also clarify the viability of using 400 MHz rf in RLA2.  In particular, it must develop a longitudinal matching scenario that not only manages the single-bunch phase space through the acceleration cycle, but also compensates the relatively large gradient sag across the macropulse as it traverses the higher-frequency segment of the accelerator.  A proof of principle is described above, but an operationally applicable implementation should be devised when a detailed design is available.

Two areas present themselves as sources of potential longer-term R&D topics.  The first is that of cavity and rf-power development, for which the performance goals of 15 MV/m gradient and Q ~ 5x109 at 200-400 MHz may require some advancement of presently available technology.  Potential rapid dissipation of the large stored energy in such low-frequency/high-gradient cavities will require some thought on quench-protection issues.  Control of microphonics in large srf structures may require effort beyond presently implemented methods.  More generally, control of rf phase and amplitude needs further study within the framework of using one klystron to drive many large-volume cavities in the presence of several-hundred-Hz bandwidth and microphonics.

The second area of development relates to magnet systems for beam transport. Magnetic shielding, particularly in the preaccelerator, is an issue inasmuch as high magnetic fields (from focusing solenoids) will be in close proximity to srf components.  Another magnet-related issue arises from the inevitable loss of muons throughout the system giving rise to relatively high ambient radiation fields.  Further study of the effects of radiation on accelerator components, particularly on the superconducting dipoles and quadrupoles proposed for use in the recirculator, is warranted.

8 Storage Ring

1.4.1 R&D for the Storage Ring

The most serious R&D issue for the storage ring operation is a more exact understanding and modeling of large-aperture, strong quadrupole fringe fields.  Once the end fields are accurately described (which appears to require detailed magnet designs), they must be inserted into the tracking programs and carefully studied by themselves and in combination with field and alignment errors.

Also, the requirements on beam aiming and intensity monitoring in the production straight have to be specified to see if they can be achieved.

9 Solenoids

1.5 Conclusion

As part of this Fermilab Neutrino Factory study, a preliminary analysis has been made to realize the feasibility and complexity of the magnetic systems for the drift channel, phase rotation channel, and cooling channel.  For each channel, a simple optimization was done with the goal of reducing its cost.  It was impossible during this short study to identify and to address all the problems that can arise during magnet development and design.  Some of these problems can be resolved in a normal way.  Others need an additional research stage.  Although design and implementation of every channel discussed above is a nonstandard technical task, one can expect to meet the most challenging problems working with the cooling channel.  Both radial and axial ponderomotive forces in this channel are extremely large as well as the interacting forces acting on the first and the last magnets in the string.  Because the mechanical behavior of a magnet in this channel is the main issue to study, thorough modeling of the system is a must in this case.  Other objects of study are optimization of the quench protection system and analysis of stresses in coils during cooling down and warming up.  Undoubtedly, modeling and prototyping of the channel magnets must accompany development of magnetic systems for the Neutrino Factory front end.  The R&D scenario suggested for the next step includes:

· Optimization of the magnet design for the cooling channel with the goal of reducing mechanical stress in coils;

· Mechanical stability analysis for the magnets of the cooling channel, development of the channel mechanical scheme, and design of a mechanical support for coils and magnets in the cooling channel;

· Development of Nb3Sn cable to use in the cooling channel; development of coil fabrication technology;

· Development and optimization of the quench protection system and the cooling scheme for each channel with the goal of increasing system reliability and reducing the time for cooling down and warming up;

· Building full-scale prototypes of magnets in each channel.

A preliminary cost estimate for the magnetic system construction and operational expenditures can be made based on the data obtained during this study.  This cost estimate can be updated after the R&D program is completed at the time of a technical proposal.  For each channel, it was shown that the major portion of the cost is the cost of the superconducting magnets.  The cost of the drift channel makes up the bulk of the cost of the entire magnetic system.  Technical difficulties anticipated in building the cooling channel indicate that the future R&D program must be devoted mainly to analyzing and modeling this channel. 

10 RF Systems

1.6 R&D Program

A three to four year R&D program that would be adequately funded up front, will be necessary to enable us to pursue the development and testing of 201 MHz ultra high-power rf sources.  This would include the procurement of a single beam Klystron, a Multibeam klystron, an Inductive Output Tube (IOT), and solid state Modulator.  The end result would be an operating model for the production rf power sources.  Careful consideration will be given to cost reduction techniques and the capability to commercially mass produce these devices.
The rf source requirements for both the 200 and the 400 MHz rf systems are significant. While a klystron is the obvious choice as a power source for the 400 MHz system, at 200 MHz this is not so clear.  Preliminary discussion indicate, that even at such a low frequency, the general advantages of a klystron make it a superior choice over any other source that could be anticipated today (High gain, long lifetime).  In order to develop a high power low frequency source of this type, a new approach is necessary to meet the demands.  Space limitation and sheer physical size of the klystron are other constraints.  Multi beam klystrons being developed elsewhere seem to offer all these advantages, but represent a step into unknown technology at 200 MHz.  An aggressive R&D program would be necessary  to have these sources available in 3 to 5 years.

11 Cryo Systems

1.7 Next Steps

The estimates presented above place the cryogenic system of the NF within current practice, and no R&D is required.  The next step to take is to try to get concepts for all of the cryogenic modules of the NF and to assemble as much design detail as possible.  It is important also to begin to think about operating scenarios.  With this additional information a much better estimate of the scope of the cryogenic system can be made, some assessment of its operating requirements can be developed, and we can begin to provide support for the component design process.

12 Power Supplies

no chapter on web as of 837AM March 31

13 FESS … none needed

14 ESH … none needed

