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I)  Significance, Background Information, and Technical Approach 
a) Introduction  
The U.S. Department of Energy is interested in the development of novel devices and instrumentation for use in producing intense muon beams suitable for muon colliders and for other applications. A Muon Collider might allow the study of High Energy Physics at energies higher than practical with more conventional technologies. Such a facility would be much smaller than conventional High Energy Physics facilities such as proton-proton colliders (such as the LHC[ref 1]), or electron positron colliders (such as the ILC[ref 2] or CLIC[ref 3]). Figure 1 illustrates this advantage showing, on the same scale, the LHC, ILC, CLIC, and a Muon Collider. The energies given are the center-of-mass energies for the electron or muon colliders, where the full particle energies are available. For the proton-proton case the energy given is the approximate energy in the individual parton-parton collisions that are available for high energy physics studies. Muon colliders allow the high energy study of point-like collisions of leptons without some of the difficulties associated with high energy electrons, such as the synchrotron radiation requiring their acceleration to be essentially linear and, for this reason, long.  Muons can be accelerated in smaller rings and offer other advantages, but they are produced only diffusely and they decay rapidly, making the detailed design of such machines difficult. 
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        Figure 1:   Relative sizes and effective available energies of High Energy Physics facilities 
There are several significant technical challenges in the development of the required intense muon beams.  One is the production and collection of the muons. Another is the design of the storage ring with sufficiently strong focusing at the beam intersection points (IP). But the greatest challenge is the reduction of the phase space (cooling) of the muon beam in order to obtain the required beam properties. This cooling must reduce of the beam’s extent in 6-D phase space, i.e. in each of the three space and three momentum dimensions. The only technique that is fast enough for muon beam cooling is ionization cooling [ref 4]. In this process, the magnitudes of 3-dimensional momentum vectors of the muon particles are reduced via energy loss in an ionizing media, followed by the subsequent restoration of only the longitudinal momentum component with rf power. 
 
b) A Cooling Scenario for Muon Colliders 
Introduction 
Muon colliders were first proposed by Budker in 1969 [ref 5], and later discussed by others [ref 6]. A more detailed study was done for Snowmass 96 [ref 7], but in none of these was a complete scheme defined for the manipulation and cooling of the required muons.   
The specific design, simulation, and optimizations proposed for this study would be done in the context of a published “Complete scheme for production and cooling a muon beam for muon colliders” [ref 8]. 
The scheme starts with the front end of a proposed neutrino factory [ref 9] that yields bunch trains of both muon signs. Six dimensional cooling, using emittance exchange, in gentle helical RFOFO (Reverse FOcus FOcus) lattices, reduces the longitudinal emittance until it becomes possible to merge the trains into single bunches, one of each sign. Further cooling in all dimensions is applied to the single bunches in further gentle helical RFOFO lattices. Final transverse cooling to the required parameters is achieved in 50 T solenoids. Preliminary simulations of each element have been done at some level.  
 We will first describe the components of this system and then discuss the rf breakdown problems and their possible solutions, one of which this study would address.  

Collider Parameters and Scenario 
             Table 1: Parameters of two Muon Colliders using the same capture and cooling scenario. 
	 E(center of mass)                                      (TeV) 
	1.5 
	3 

	Luminosity                        (10^{34} cm^2 sec^{-2}) 
	 1
	 4

	Beam-beam tune shift 
	0.087 
	0.087 

	Muons per bunch                                (10^{12}) 
	2 
	2 

	Average ring bending field                    (T) 
	6
	7  

	Focus parameter beta                           (mm) 
	10 
	5 

	Rms fractional momentum spread        (%) 
	0.1 
	0.12  

	Fractional transmission from capture to ring 
	0.07 
	0.07 

	Repetition Rate                                     (Hz) 
	15
	12

	Proton Driver Power                            (MW) 
	4 
	4 

	Transverse emittance in ring           (pi mm mrad) 
	25 
	25 

	Longitudinal emittance in ring        (pi mm mrad) 
	72,000
	72,000



 


 
Table 1 gives parameters for muon colliders at two energies from ref.[10]. Figure 2a shows a schematic of the components of the system. Figure 2b shows a conceptual plot of the longitudinal and transverse emittances of the muons as they progress from production to the specified requirements for the colliders.  The subsystems used to manipulate and cool the beams to meet these requirements are indicated by the numerals 1-7.   
[image: ]  
        Figure 2:  Proposed complete Scheme for a Muon Collider: a) Muon Collider Schematic            b) Plot of longitudinal emittance vs. transverse emittance for each of the step. 
The scheme starts with a proton driver, target and phase rotation (#1) similar to those in a proposed neutrino factory [ref 9] that yields bunch trains of both muon signs. Six dimensional cooling initially in linear schemes accepting both signs (#2) would be followed by separation of the two signs (#3), after which 6D cooling (#4) would continue until the emittances are small enough to allow the merging (5#) of the bunch trains into single bunches, one of each sign. Further 6D cooling is applied to the single bunches. Final transverse cooling to the required parameters is achieved in 50 T solenoids. Preliminary simulations of each element have been done at some level.  
We will first describe the components of this system and then discuss the problems in the final cooling whose solution this study would address.  
Muon Production 
The muons are generated by the decay of pions produced by proton bunches interacting in a mercury jet target [ref 11].  These pions are captured by a 20 T solenoid surrounding the target, followed by an adiabatic lowering of the field to a decay channel.   
Phase Rotation and initial cooling 
The first manipulation (#1), referred to as Phase Rotation [ref 12], converts the initial single short muon bunch with very large energy spread, into a train of 14-21 bunches with much reduced energy spread.  The initial bunch is allowed to lengthen and develop a time energy correlation in a 110 m drift.  It is then bunched into a train, without changing the time energy correlation, using rf cavities whose frequency varies with location falling from 333 MHz to 201 MHz.  Then, by phase and frequency control, the rf accelerates the low energy bunches and decelerates the high energy ones.  Muons of both signs are captured. All the components up to this point are almost identical to those described in a recent study [ref 13] for a Neutrino Factory. 
 6D cooling before merge
The next stage, of cooling, is achieved in two parts. The initial cooling (#2) would be in some linear channel that can cool both signs. It might be a channel that only cools transversely, or better, a HFOFO snake (Helical Focus Focus Snake) [14] that can simultaneously cool both signs in all 6 dimensions. The mouns of the two signs are now separated (#3) to allow cooling (#4) to lower emittances probably in RFOFO (Reverse FOcus-FOcus) lattices [ref 15] that can only cool one sign. 
Both HFOFO snakes, and RFOFO lattices use solenoids for focus, weak dipoles (generated by tilting the solenoids) to generate dispersion, liquid hydrogen filled absorbers, where the cooling takes place, and vacuum rf, to replenish the energy lost in the absorbers. The dipole fields cause the lattices to curve, forming helices: short and forward (fig. 5a), in the snake case, or gently upward or downward in the RFOFO case (see Fig. 5b). 
Bunch merge 
Since collider luminosity is proportional to the square of the number of muons per bunch, it is important to use relatively few bunches with many muons per bunch. However, capturing the initial muon phase space into single bunches would require low frequency (approx 30 MHz) rf, and thus low gradients, resulting in slow initial cooling. It is thus advantageous to capture initially into multiple bunches at 201 MHz and merge them after cooling allows them to be recombined into a single bunch.  This recombination (#5) can be done fully in the longitudinal phase space, or, better, using all phase spaces (6D).
6D cooling after merge 
After the bunch merging, the emittances of the single bunch are now similar to those at an earlier stage of cooling. It can thus be taken through a similar cooling systems (#6), but with the cooling extended to the lowest emittances practical with such lattices. 

Final transverse cooling in high field solenoids 
At the end of stage #7 the transverse emittance is about one order of magnitude greater than required, but the longitudinal emittance is almost two orders of magnitude less, i.e. better, than that required. This low longitudinal emittance allows us to do the final cooling in a channel without dispersion or wedges: a channel that cools only in the transverse direction and allows the longitudinal emittance to rise. The cooling is again in liquid hydrogen, but now in a relatively small number (10-20) of very high field solenoids (30-50 T).

Progress in Simulation
Figure 3 shows a recent simulation. The target was simulated using MARS 15[16] and 8 GeV protons. Simulations were done using ICOOL[17], ] a tracking code developed at Brookhaven National Laboratory which has been widely used for neutrino factory and muon collider simulations. The phase rotation was simulated and fed directly into tapered 6D cooling (with beta varying by many small steps to avoid matching losses). This simulation did not fully represent the dispersions and wedge absorbers, representing their calculated emittance exchange by matrices in ICOOL. Taking output from these ICOOL simulations a 6D merge was simulated off line and fed back into ICOOL of the continuing 6D cooling. The final 4D cooling in 30-50 T solenoids was simulated separately, without matching, for each stage.
Though still short of a full end-to end cooling simulation, this represents real progress and yields emittances better than specified and total muon/proton production efficiency higher than specified.

[image: ]
 Figure 3: Recent Simulations of tapered RFOFO lattices (with matrix emittance exchange), 6D merging, and individual simulations of 4D cooling in high fields.
c) Ionization Cooling 
Ionization cooling works by passing the muons through an energy absorbing material followed by rf systems that replace the longitudinal energy lost in the absorber, but not the transverse momenta that had also been reduced (see fig. 4a). The fractional reduction of emittance without scattering is proportional to dp/p. With scattering there is an equilibrium emittance proportional to the focusing beta, divided by the velocity beta, and depends on the material. Hydrogen is the best with lithium or lithium hydride the next best.
A simple long solenoid focuses to a beta proportional to the magnetic field strength and inversely to the momentum. Since the equilibrium emittance is proportional to the beta, the early cooling stages, where the emittances are still large, do not require high magnetic fields. But later, one needs either very high fields, lattices with local focuses, low momenta, or some combination of these. 
The ionization cooling from simple energy loss in materials does not cool momentum spread, i.e. it does not cool the longitudinal emittance. To do that, we must use dispersion, and some arrangement than increases the energy loss for higher momenta, relative to that for lower momenta. Such systems reduce longitudinal emittance, but at the expence of some reduction in the transverse cooling. They represent emittance exchange, which when added to the transverse cooling from simple energy loss, give cooling in all dimensions.

[image: ]
Figure 4 : a) shows the principle of ionization cooling. b),c),& d) show three methods for    Emittance exchange: b) uses transverse dispersion and a material wedge; c) uses angular dispersion and a slab absorber; d) uses a magnetic field that yields longer path lengths for higher momentum mound
[image: ]
Figure 5: 6D cooling methods: a) HFOFO Snake; b) RFOFO Guggenheim; c) Helical Cooling Channel (HCC).


d) Lattices for 6D Muon Cooling
Three different lattice types have been discussed:
a) The HFOFO Snake [14] (fig.5a) is a lattice consisting of alternating solenoids. These solenoids are all tilted slightly to cause the beam to follow a helical orbit making one turn every 6 solenoids. The hydrogen absorbers have plane parallel windows, and are placed under each solenoid. At this location, the orbits cross the absorber at angles that are greater for high momenta than for low, i.e. they have angular dispersion. Higher momenta thus loose more energy, than low momenta, and thus reducing the momentum spread (fig. 4c). Since the solenoids have alternating polarity, both signs are cooled. The rf cavities are between the solenoids and are in locations with fields of more than one Tesla.
b) The RFOFO Guggenheim [15], shown in fig.5b, also has alternating solenoids tilted to generate dispersion, but the bending is in one direction and works for one sign. The orbits follow a gently upward (or downward) helix, reminiscent of the floors in a parking garage or of the Guggenheim Museum in New York. The are between the pairs of coils and see simple dispersion: with higher momenta at one side and lower at the other. Wedge shaped absorbers than cause the high momenta to pass through more material than the low, again reducing the momentum spread. The rf in this lattice is under the coils, and see higher magnetic fields than the HFOFO Snake.
c) The Helical Cooling Channel [18], shown in fig.5c has magnets that generate a nearly pure helical dipole field, together with a finite axial field and some helical quadrupole component. Other than the helical rotation and imperfections from the finite number of generating coils, the field is not periodic. The absorber is a uniform high pressure hydrogen gas filling. Longitudinal cooling is achieved because the high momentum muons follow longer paths and thus loose more energy than the low (fig. 4d). The rf, located inside the field generating coils, and is exposed to the full focusing magnetic field.
In all cases, the required cooling will start with relatively low magnetic fields (2-5 T) and low frequency rf (e.g. 201 MHz). As the emittances, both transverse and longitudinal, fall, so higher fields (10-20 T) and higher frequencies (805-1300 MHz) are specified. In the RFOFO case, the fields can be lower for a given equilibrium emittance, because its periodicity allows local absorbers to be located at focused low beta locations. This is not possible in a continuous HCC and is yet to be achieved in a snake. The later stages of 6D cooling are thus more likely to use periodic lattices, like the RFOFO, than a snake of HCC.
 e) Problems with rf operation in the required focusing magnetic fields
The parameters of the rf systems in the phase rotation and RFOFO 6-D cooling lattices are summarized in Table 2. The magnetic fields are the maximum values on the rf cavities in the simulated designs.
Table 2:  Parameters of rf in the phase rotation and 6 dimensional cooling lattices
	Stage
	Frequency
	gradient
	Max mag field on rf
	Max mag field

	
	  MHz
	 MV/m
	         T
	      T

	Phase rotation (#1)
	      201
	   15
	         2
	      2.5

	First 6 D     (#4)
	      201
	   12
	         3
	      4

	Second 6D  (#6)     
	      402
	   18
	         6
	      8

	Final 6D    (#6)
	      805
	   18
	         5
	      14



Experimental studies at 805 MHz [refs 19, 20] and a more recent one at 201 MHz [ref 21] have show serious problems when such rf cavities are operated in significant axial magnetic fields. In an early test of a multi-cell 805 MHz cavity [ref 19], acceleration gradients seemed little effected by the field but damage was done to a titanium vacuum window and vacuum lost. The cause appeared to be electrons emitted at a high gradient location on an iris being focused by the magnetic field to the window. Later tests of a single ‘pill box’ cavity[20] with beryllium windows on both sides found a severe reduction in achievable surface gradients as a function of the strength of the magnetic field (fig.6c). Inspection showed considerable pitting on the copper iris surfaces. More recently, a test of a 201 MHz cavity without field achieved 21 MV/m, but in the 0.6 T fringe field of a 4.5 T magnet achieved only 10 MV/m (fig. 6c), and when tested again without field could not again achieve more than 18 MV/m. In all cases, operation of the rf in the specified magnetic fields showed damage, and in two cases suffered serious loss of achievable gradient.
This problem is under study by the MuCOOL collaboration [ref 22] and four possible solutions are under study: 1) high pressure hydrogen gas, 2) the use of beryllium on all surfaces with high gradients, 3) atomic layer deposition (ALD) and 4) magnetic insulation.
1. The use of high pressure hydrogen gas in a Helical Cooling Channel (HCC) [18] has been mentioned above. The realistic integration of rf into such channels is difficult. High pressure gas could also be used in RFOFO lattices and simulations [23] are encouraging. However it is yet to be determined if the gas will break down, or become too resistive, in the presence of the intense muon beams. Also, periodic lattices with local low betas cannot be used since the gas cannot be restricted to the low beta region. Thus higher magnetic fields are required for the late 6D stages. 
2. The pillbox cavity test had beryllium windows, and despite damage on copper surfaces, no damage was seen on the windows. This can be explained by beryllium’s low density, which allows electrons to penetrate without damaging the surfaces. But the use of beryllium is expensive and it remains to be shown if its use would solve the problem. 
3. Atomic layer deposition should reduce field emission, thus removing the initial source of all breakdown. But whether its use would solve the problem in a real cavity is not yet known.
    4.  The particular case of the use of magnetic insulation is the subject of this proposal. 
f)  Magnetic Insulation of rf
It has been postulated [24] that the observed damage and breakdown is due to electron beams emitted at asperities on one side of the cavity, being focused by the magnetic field to another surface. In a cavity with fields of 10 or more MV/m, the electrons gain of the order of 1 MeV energy. In the absence of an external field, these electrons end over a widely distributed area (fig7a). But with an external field of 1 T, they are focused onto a single small area (fig.7b) and can induce rapid temperature oscillations leading to fatigue damage.
 [image: ]
Figure 6: Breakdown in pill-box cavity. a) electron trajectories for different rf phases without an external magnetic field; b) trajectories with 1 T axial field; c) observed breakdown surface fields for cavities with frequencies of 805 and 201 MHz. Point with errors are the required fields.

The novel idea is to employ ‘magnetic insulation’. An external magnetic field is introduced giving field lines parallel to cavity surfaces with high surface field gradients. The magnetic fields are thus perpendicular to these electric fields. This is a concept long ago proposed for high voltage pulse applications [25], but never, to our knowledge, proposed for an rf application. 
Simulations with a program CAVEL show that electrons, emitted from a surface are initially accelerated by the electric field away from that surface. Then, as they attain significant momentum, they are deflected by the magnetic field and directed back to the surface. Depending on their phase of emission, they may after a single half loop, return to the surface, or, at early phases, they may make several loops (see Figure 7b), but they always return to the surface with less than a kilovolt (fig. 7c) so they can do no damage.
A rectangular cavity (shown schematically in fig. 7a) has been built[26] at FNAL, and is about to be tested in a uniform field parallel to its flat faces. This should demonstrate the principle of magnetic insulation, but not in a useful accelerating cavity.

[image: ]
      Figure 7: The principles of rf magnetic insulation;  a) schematic of magnetic insulation simulation in a rectangular box cavity at right angles to an external magnetic field; b) simulated electrons leaving the center of one face of the cavity; c) the energies of the returning electrons as a function of the rf phase when they were emitted.   
For a useful cooling lattice, the idea is to place the primary focus coils in the irises of open multi-cell cavities, and shape the walls of the cavity to follow the magnetic field lines Figure 8b shows such a lattice. But for a simpler demonstration, we propose to test a single cavity with just two coils, one on either side of the cavity, as shown in figure 8a. This is the example whose design has been studied in the first phase of this study, and whose concept would form the basis of a demonstration experiment to be built and test in this second phase SBIR.

[image: ]
          Figure 8a): Proposed magnetically insulated accelerating cavity. Figure 8b): Multi-cell magnetically insulated lattice for ionization cooling       

g) The Proposed Demonstration Experiment
It is proposed to build a single cell 805 MHz cavity, with solenoid coils, to demonstrate magnetic insulation in an accelerating cavity. 805 MHz is chosen because it keeps the apparatus small and because it is available at the Muon Test Area (MTA) at Fermilab. For a real cooling channel at that frequency, fields of the order of 10 T are required (see table 1), but such a high field is not required for a demonstration of magnetic insulation. In such cavities damaging electrons appear to be suppressed by fields above about 0.4 T. And the experiments have shown significant problems by 1T. 
It is apparent in Figure 8a that there is little space between the coils and the cavity wall. For real muon collider cooling, only superconducting coils at 4 degrees can be used. The rf cavity, on the other hand cannot efficiently be operated below around 70 degrees Kelvin, so there will need to be a thin vacuum insulating space between them. Building such a cavity now would be too expensive. Instead, for a first demonstration, we can use lower magnetic fields and avoid the need for the vacuum space and simplify the experiment. The phase I proposal suggested two options:
a) use HTS conductor and operate both coils and cavity at the same temperature that can be obtained by pumping on liquid nitrogen (approx 65 degrees). This should allow fields of 2 - 3 T. 
b) use pulsed copper coils at nitrogen temperature. Fields of the order of 1 T should be possible for pulse lengths of the order of 1 second.
But in the course of these studies, a third option emerged: Use water cooled coils with sufficient current density to achieve 1T in continuous mode, and this was found to be entirely practical. This is the option that is proposed to be built and tested for the phase II.

II)    Degree to which Phase I has Demonstrated Technical Feasibility

      a) Introduction
The two coil technologies in the phase I proposal were studied. Both appeared practicable, but had significant disadvantages: need for cryogenic operation for the HTS, and limited operating time for the pulsed option. Recognizing these difficulties, the phase I proposal had specified that the cavity should also be testable in the available superconducting solenoid (Lab G Magnet [27]) in the Muon Test Area (MTA, where the experiment would be performed. This requirement limited the options for coupling rf power into the cavity to coaxial solutions. Two such solutions were studied, but both raised worries about possible un-insulated breakdown from the coaxial probes used.
However, during the studies of the magnet options, a third option emerged: continuously powered water cooled coils. This option removes the operational difficulties and thus removes the necessity of testing in the Lab G magnet. That, in turn, removes the requirement for coaxial coupling, allowing the more conventional slot coupling into the outer circumference of the cavity.
So, for the phase II proposal, we are selecting the continuous water cooled coil option, removing the requirement for test in the Lab G magnet, and coupling to the cavity with a slot on the outer circumference.
     b)  Design of the magnet coils
Introduction
The solenoid coils, alternating with rf cavities in a muon cooling channel, serve two functions:      1) generate fields that will focus the muon beam passing down the cavity axis; and 2) generate fields that will magnetically insulate the surfaces of the cavity. In the case of the proposed experiment we will only test the second function, but use coils in locations that would, given sufficient field, serve the focusing function: being around the axis where the muons will pass.
The fields on the axis required for focusing in a cooling channel using 805 MHz would be 6 or more Tesla. Such fields would require superconducting coils, possibly HTS, operating at 4 degrees Kelvin, and would require vacuum insulation between the coils and rf cavity. Such coils would be expensive, but simulations have shown that magnetic insulation is already achieved at far lower fields, with damaging electrons suppressed by local fields down to 0.4 T. Thus for the proposed experiment we can chose an axial field of 1 T, which is comfortably above 0.4 T. This allows us to avoid the complication of 4 degree operation and the need for vacuum spaces between coils and cavity
The phase I proposal was to study two alternative concepts for the coils. In both cases, the cavity and coils would be operated at the same temperature. Option#1 was to use HTS superconductor and operate the cavity at 60-70 degrees Kelvin. The second was to use copper coils and pulse the magnet. A third option, clearly superior, but cont then considered practical, would be to use water cooled continuously powered copper coils. However, the phase I study has shown that such water cooled coils are in fact practical. Thus this solution has been chosen and described below. The pulsed and HTS solutions will be briefly discussed in the following sub-section.
Water-Cooled Copper Magnet of Square Hollow Conductor
Table 3 and Fig. 9  describe the solenoid coils wound from water-cooled copper hollow conductor.
   The magnet is small—only 15.5 kg of conductor—and of modest field—1 T maximum on-axis; 1.374 T off-axis. Nevertheless, its engineering challenges are by no means trivial. The coil pair consumes 171 kW, requiring for cooling about 2 liters per second (30 gpm) of water at 10 atm (147 psi). To achieve adequate flow at reasonable pressure requires that each double pancake be wound “two-in-hand”, with two conductors hydraulically in parallel (and electrically in series). The winding should waste as little space as feasible. If one could fill with conductor the voids created as conductor migrates axially from one pancake to the next or ramps radially from one turn to the next, one could save 30% in power consumption. At 171 kW the power cost, at 10¢ per kWHr, is $17 per hour, or $13,000 per month of 24/7 operation. If cooling water is dumped, rather than recycled through a chiller, the cost of 30 gpm of cooling water, at 10¢ per cubic foot, is $24 per hour, or $18,000 per month. Therefore the combined running cost is ~$30 K/month. [Replace with estimates based on cost of electricity and water at Fermilab and/or BNL. Costs in Reading, MA are 14¢/kWh and 15.75¢/ft3.]
Table 3:  Coil Pair of Water-Cooled Copper Hollow Conductor of 4.2 mm Square O.D. & 2.4 mm I.D.

	Double-pancake #
	Magnet
	Coil
	DP#1
	DP#2
	DP#3
	DP#4
	DP#5
	DP#6
	DP#7
	DP#8

	DP upstream end
	Cm
	
	4.45
	5.35
	6.25
	7.15
	8.05
	8.95
	9.85
	10.75

	DP downstream end
	cm
	
	5.35
	6.25
	7.15
	8.05
	8.95
	9.85
	10.75
	11.65

	Layers of hollow cond.
	
	
	6.56
	8.78
	10.11
	11.00
	11.00
	10.11
	8.78
	6.56

	Effective inner radius
	cm
	
	5.75
	5.25
	4.95
	4.75
	4.75
	4.95
	5.25
	5.75

	Effective outer radius
	cm
	
	8.70
	9.20
	9.50
	9.70
	9.70
	9.50
	9.20
	8.70

	Magnet voltage  [V]
	186
	93.2
	8.4
	11.2
	12.9
	14.1
	14.1
	12.9
	11.2
	8.4

	Magnet power  [kW]
	171.0
	85.5
	7.7
	10.3
	11.9
	12.9
	12.9
	11.9
	10.3
	7.7

	Maximum bulk ΔT
	°C
	19.0
	12.0
	18.2
	22.3
	25.3
	25.3
	22.3
	18.2
	12.0

	Total hot spot ∆T
	°C
	27.6
	16.5
	23.1
	27.4
	30.5
	30.5
	27.4
	23.1
	16.5

	Average temperature
	°C
	35.1
	30.5
	33.9
	36.2
	37.8
	37.8
	36.2
	33.9
	30.5
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Fig. 9a & b: One coil [drawn with axis vertical, instead of horizontal] of magnet with two identical coils in opposition. Each coil has eight double-pancakes of water-cooled copper hollow conductor of 4.2 mm sq. O.D. and 2.4 mm round I.D. (Luvata #8350).  Left: Magnetic field magnitude (color shading and black contours) and field streamlines (white). The maximum field is 1 tesla on-axis and 1.374 T off-axis. For good magnetic insulation the inner wall of the RF cavity must follow a streamline everywhere that the electric field of the RF cavity is high.  Right:  Volume density of Lorentz force vector (arrows), axial component Fz (color), and azimuthal hoop stress (black contours). The maximum hoop stress is 3 MPa = 435 psi. The axial magnetic force repelling the coil away from the system midplane is 2.3 kN = 510 pounds.

   Winding Variant:  To wind conductor two-in-hand is avoidable by using conductor of rectangular cross section, 7.2 mm by 4.2 mm (Luvata #8521), wound “the hard way”, with the 7.2 mm dimension in the radial direction. Even with the favorable conductor shape, however, one must double the water pressure to 20 atm. Also, the current required by the magnet increases by 85% to 1.7 kA. Coincidentally, the required power consumption remains essentially unchanged.
Cryogenic copper magnets
   An alternative to water cooling is cooling with liquid nitrogen pumped in a closed loop with inlet temperature maintained at, say, 77 K by a LN2/LN2 heat exchanger. If the magnet runs at an average conductor temperature of ~88 K, it will require only ~30 kW, reducing the monthly power cost to ~$2,000. The nitrogen boiled off in the 1-atm side of the exchanger is (30 kW) / (161 kJ/liter) ≈ 0.2 lit/sec ≈ 700 lit/hr. If LN2 in truckload quantities costs only ~6¢/liter (http://www.bnl.gov/magnets/Cryo/facility.asp), then 700 lit/hr translates to ~$40/hr ≈ $30,000 per month of 24/7 operation.
   To limit the temperature rise on the high-pressure side of the heat exchanger to, say, 10 K, requires a nitrogen flow rate of (30 kW) / (1.6 kJ/lit-K) x (10 K) ≈ 2 lit/sec, the same flow rate as for the water-cooled magnet. The pressure boost required of the pump is less than for the water-cooled magnet, because the viscosity of liquid nitrogen is less—only 0.158 mPa-s at 77 K, compared to 0.653 mPa-s for water at 40 °C. However, it is necessary to maintain a high pressure throughout the channel in order to raise the boiling point of the liquid nitrogen sufficiently to avoid film boiling, whereby a film of gaseous nitrogen insulates the surface of the conductor from the bulk of the liquid nitrogen.
Pulsed Copper magnet
   The above magnet, either water-cooled or cryogenic, stores 1.8 kilojoules. If one were to turn off the power supply and discharge the magnet through a short circuit, the magnet current would coast down with a time constant of 2x1.8 / 171 = 0.021 seconds if water cooled, and 2x1.8 / 30 = 0.12 s if cryogenic. These time constants are far too long to be able to save power by turning off the magnet between pulses of the RF cavity. Only with a sophisticated circuit of solid-state-switched capacitors might one energize and deenergize the magnet in sync with the desired rep rate of the RF cavity.
 Superconducting Magnet
  A superconducting magnet can be of either low-temperature or high-temperature superconductor. Leading candidate materials are NbTi, Nb3Sn, MgB2, BSCCO and YBCO. NbTi is by far the least expensive and by far the most tolerant of bending strains, but cryogenically the most demanding. It has a critical temperature of only 10 K; even at an ambient field limited to 1.4 T, NbTi will quench by 8-9 K. Nb3Sn, with a critical temperature of 18.2 K should operate at temperatures into the teens, but is considerably more expensive and quite brittle. For MgB2, with its critical temperature of 39 K, a temperature of 20-30 K should suffice, a range appropriate for a cryogenerator with more than one stage. With every passing year, MgB2 becomes more economical and more of an engineering material.
   Any of the three high-temperature superconductors Bi2212, Bi2223 and YBCO should be capable of operation in the temperature range of liquid nitrogen—77 K at atmospheric pressure, 63 K if pumped to 0.123 atm. To reach this temperature a cryogenerator needs only a single stage. Such a magnet may be competitive with one that is water cooled. The HTS magnet will require approximately the same ampere-meters as the water-cooled magnet:  (0.917 kA) x (138.8 m) = 127 kA-m. YBCO conductor rated at 100 A @ 77 K, self field costs ~$40/m, or $400/kA-m. Therefore an approximate cost for the magnet is (127 kA-m) x ($400 / kA-m) = $50 K. Therefore the magnet might recoup its capital cost in as little as two months of full-time running.
   c) Forces between the coils and determine the requirements to restrain them.
   The stresses and loads are comparatively benign.  The hoop tension never rises above 3 MPa ≡ 435 psi in the coil, or 5 MPa ≡ 700 psi in the conductor.  The axial load on each coil accumulates to 2.3 kN ≡ 500 lbs, thirty times its weight, but is in a benign direction, repelling the coil away from the system midplane rather than bearing on the RF cavity.
d) Design the rf cavity and coupling to an rf waveguide.
i) Introduction
   In the phase I proposal, magnetic insulation would be demonstrated using the experiment’s own coils. But as a control, it was proposed to also test the cavity in an existing external super-conducting solenoid, the Lab G magnet [27], that, having an axial field would lead to enhanced RF breakdown. One argument for the use of this external solenoid was that tests using the experiment’s own coils would be expensive or limited to pulsed operation, making the use of the continuously available external solenoid attractive.
The phase I study found that in order to fit the cavity inside the Lab G magnet, it was not possible to use the more conventional mode of coupling the klystron RF power source to the RF. Such coupling via an aperture located at the outer radius of the cavity could not fit in the magnet bore. Two options were studied, both involving coupling to the cavity using a single electric field probe inserted into one of the two drift tubes on either side of the cavity. The two options were: 1) Using a commercial ‘Door Knob’ Coupler; and.2) a geometry with a shorted coaxial waveguide with a rectangular waveguide coupled from the side.  
However, there appears to be a problem with either solution using a probe. The tip of the probes see significant electric field gradient (fig. 13c). Electrons emitted from it would not be magnetically insulated and could cause unwanted breakdown. In addition, now that we have a solution providing continuous operation of the experiment’s own coils, the motivation for fitting into the Lab G magnet is largely removed. We can, instead use the experiment’s own coils to not only provide magnetic insulation (fig. 13a), but also, in a different wiring, test a geometry (fig. 13b) in which the field is damaging, as has been seen in the experiments done by the MuCool collaboration. Since the cavity no longer needs to fit in the Lab G magnet, we can then use the more conventional radial slot coupling (fig. 13d)
We discuss first the two coaxial probe coupling solutions, and then the now preferred solution using radial coupling and the experiment’s own coils for both tests.
      ii) Solution using a commercial ‘Door knob’ Coupler
The Microwave Studio [28] program was used to determine coupling methods to provide a matched load to the klystron. The simplest method attaches the probe into a short section of coaxial line that is then converted to rectangular waveguide using a ‘Doorknob’ coupler. A suitable 805 MHz power coupler used at the Spallation Neutron [29] is shown in fig. 8b. It incorporates a doorknob transition from 6 inch coaxial line to an WR 975 waveguide.

[image: ]
        Figure 10: Coaxial coupling to the cavity using a Doorknob transition to rectangular waveguide. a                            shows the cavity and initial coaxial waveguide; b shows an example of a ‘Doorknob’ transition; c shows detail of the probe.
                                                                                                                                                            
Figure 8a and c shows the cavity, axial excitation probe, and initial section of coaxial line. Figure 9a and b show the Smith plot and S parameter magnitude vs. frequency, showing good matching to the cavity.
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Figure 11: matching of rectangular waveguide to cavity using a ‘Doorknob’ transition.; 10a shows the Smith plot and 10b, the S-Parameter magnitude vs. frequency.
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Figure 12: matching of rectangular waveguide coupled to shorted coaxial line; 10a shows the geometry; 10b shows the Smith plot and 10c, the S-Parameter magnitude vs. frequency.

   iii) Solution using side waveguide coupling
In the event that a door knob waveguide to coax transition is not available, or for other reasons, the klystron waveguide could be coupled directly into a short section of square coax line driving the voltage probe. This is shown in fig. 10a. The matching is achieved by the probe length, waveguide to waveguide aperture size and location. Fig, 10b and 10c show the Smith plot and S parameter magnitude vs. frequency, again showing good matching to the cavity.
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Figure 13a: Proposed experiment with coils powered in opposite polarities; 13b), with the same polarities. Figure 13c shows the cavity with axial excitation. Figure 13d: with radial coupling.  Continuous red lines show magnetically insulated maximum field lines. Dashed line shows un-insulated field line from excitation probe.  

   iv) Solution using a radially coupled waveguide
Radial coupling (fig. 13d) was not proposed or studied in the Phase I because, at that time it was believed that operation of the cavity with its own coils was either expensive (using HTS and 65 degree Kelvin), or only available for limited durations (if pulsed). Magnetic insulation would be tested with these disadvantages with coils in opposite polarity and fields parallel to the cavity surfaces.  But the phase I study has now shown that continuous operation is possible with the experiment’s own water cooled coils, making experiments using those coils relatively easy. The needed test without magnetic insulation can now easily be done with the two coils powered with opposite polarities, where the field lines extend from the high gradient surfaces on one side, to those on the other (red lines in fig. 13b). 
[image: ]
Figure 14: a) Slot coupled cavity; b) detail of slot; c) S-Parameter magnitude; d) Smith Chart
This solution has the advantage that, in the magnetically insulated mode, the field lines also inhibit breakdown across the coupling slot. This is in contrast to the coaxial probes that would have significant magnetic fields at their center (fig. 13c) and might suffer damage from electrons leaving the probe and returning to it. Another reason for radial coupling is that it is the only one that is viable with an actual beam on the axis. The experiment is than closer to a demonstration of a viable magnetically insulated acceleration cavity.
Only preliminary design of matching using a radial slot has been performed, but figure 14 shows such a design. The electric gradient in the slot is a little high in this design. The final design will probably use a tapered or stepped wave guide, and should lower the gradient in the gap.

   v) Power and Gradient value  
   All options produced gradients of 11kv/m peak on axis with 2watts into the drive port. An average on axis gradient of 12.195 MV/m would require 4.861 megawatts with Q’s of 165. All solutions had Q’s above 155 when calculated by the Microwave Studio program. Peak surface gradients would reach 50 MV/m. The available power is 10 megawatts from the 805 MHZ klystron. 
    The probes between the coax transmission line and RF cavity acts like a voltage step up transformer. The approximate voltage ratio is (17.3MV/m)/ (.47MV/m) = 37. For the power sighted the coax lines have gradients below 5 KV/cm, making voltage breakdown unlikely. Supports will be required for the center conductor. The supports will be designed with multipactoring in mind.
   The availability of a high power waveguide window, shown above, favors the waveguide approach. The doorknob coupler being used at the Spallation Neutron Source uses 3 inch coax where we prefer 6 inch outer conductor. The window in the waveguide approach would not see the RF cavity directly which should reduce multipactoring difficulties. The klystron waveguide vacuum system is now separated from the RF cavity system. There are numerous locations available to pump the RF cavity system. Due to less area involved, lower pressures should be obtained in the RF cavity. This is important when the cavity is being conditioned
    vi) Cavity Cooling.
  The cavity will be cooled on the outer surface of the cavity (air side). The power dissipated on the vacuum surface is in the order of 800 watts average. The deformation of the cavity depends on the location of the cooling surface. See figures 15.
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Fig. 15;  Temperature and deformation in one half of copper RF cavity [drawn with axis vertical rather than horizontal]. Cavity heating rate = 800 W. [Wall thickness is illustrative only:  outer wall ≡ inner wall shifted by ∆r = 1 cm, ∆z = 1 cm.] Temperature maintained at 300 K at one to four locations along outer wall of cavity.  Upper left:  One equatorial band from z = 0 to z = ±1 cm; Maximum temperature rise ∆Tmax = 12.3 K; maximum displacement from thermal strain ∆max = 23 microns ≈ 0.001”.  Upper right:  Cooling near z = 0 and z = 8 cm; ∆Tmax = 6.8 K; ∆max =15 µ.  Lower left:  . Cooling near z = 4 cm and 8 cm; ∆Tmax = 5.2 K; ∆max =11 µ.  Lower right:  Cooling near z = 0, 4cm & 8 cm; ∆Tmax = 1.5 K; ∆max =2.4 µ.
In phase II, heat runs will be made on a test cavity using the water cooling system and measuring frequency shift. The feasibility of using the cooling system to correct frequency errors during operation will be determined.
    vii) Frequency Tuning                                                                                                                                      
     The klystron RF power source has a limited frequency range The narrow band cavity system has to be tuned to accept this klystron driving power. The Rf cavity resonant frequency will be trimmed by varying the  probe  length ( on axis Electric field change)  and /or a plate intercepting the cavity magnetic field lines at the outer radius at the cavity mid plane. We intend to use the cooling system for fine tuning.

e) Engineering drawings of the experiment.
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Figure 16a 
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Figure 16b
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Figure 16d
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Figure 17
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Figure 18a; Dimensions shown in mm [inch]
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Figure 18b
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Figure 19a
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Figure 19b

f) Simulation
The objective here is to show that a cooling channel with magnetically insulated cavities can be a feasible option for a muon collider and/ or a neutrino factory. Our simulation studies have looked at two applications. The first is to the front-end of either a Muon Collider or a Neutrino Factory. The second describes cooling to far lower emittances and is specifically relevant to a Muon Collider.
   i) At the front-end, with and without magnetic insulation

[image: Presentation1]
Figure 20: The design of a magnetically insulated buncher and phase rotation channel. a) coil dimensions; b) axial magnetic field vs. length; c) maximum and minimum betas vs. momentum; d) rf cavity design.
We first applied magnetic insulation to the buncher and phase rotator sections that are prior to their being cooled. In the system studied, there was an initial drift of 56.4 m. This was followed by a 31.5 m buncher section employing rf with frequencies varying from an initial 366.9 MHz to a final 238 MHz. Cavity frequencies were in groups of 3, and the rf gradient increased slowly from 1 to 10 MV/m. After the buncher, the muons entered a 36.5 m phase-rotation section where the cavity frequencies dropped to a final 202.06 MHz. As in the buncher, the cavity frequencies were in groups of 3; the gradient was set constant to 9 MV/m.   Figure 20a) shows the orientation of the focusing coils, Fig. 20b) shows the corresponding axial field and Fig. 20c) shows the transverse beta function for different momenta. Fig. 20d) shows a representative cell of the phase rotation and buncher sections with three magnetically insulated rf cavities.
Once the beam exits the phase-rotator, it enters a 120 m cooling section. The coils as well as the lattice characteristics are shown in Fig. 21. Note that now the cavities have slightly different shape due to the fact that adjacent coils are in opposite polarities. A simulation using ICOOL[17] compared the performance of our proposed magnetically insulated complete front-end system (with drift, buncher, phase rotator and cooling sections) to that of conventional system with pillbox cavities. Table 4 summarizes the simulation parameters. Figure 22 shows the finally accepted muons as a function of length in the linear cooling section. Interestingly, it shows that performance was the same with & without magnetic insulation.

Table 4: Comparison of lattice properties between a cooling channel with magnetically insulated and pillbox cavities along the front-end cooler section.
	
	PB Lattice
	MI Lattice

	Lattice period (cm)
	75
	75

	RF frequency (MHz)
Peak rf gradient (MV/m)
RF phase from 0-crossing (deg.)
	201.25
12
40
	201.25
15
48

	Maximum axial magnetic field (T)
	2.8
	2.8

	Axial absorber length (cm)
Absorber material
	1.6
LiH
	1.6
LiH
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Figure 21: The design of a magnetically insulated initial transverse cooling section. a) coil dimensions; b) axial magnetic field vs. length; c) maximum and minimum betas vs. momentum; d) rf cavity design.
[image: Graph2]
Figure 22: The accepted ratio of muons per protons of a Muon Collider or Neutrino Factory ‘Front-End’ with magnetic insulation (black line) and with conventional pillbox cavities (red line). Note that both lattices have the same performance.

      ii) At the end of 6D cooling, with & without magnetic insulation
The simulations done so far have only consider transverse cooling and thus assume a linear transport channel. 6D cooling can use an almost identical lattice with only two differences: 1) the solenoid coils are slightly tilted to generate small bending fields that curve the trajectories and introduce dispersion (a correlation between transverse position and momentum); and 2) changing the shape of the hydrogen absorbers to form wedges instead of slabs. Experience has shown that the performance of the 6D systems follows closely the performance of the same lattices, but straight, as simulated here.

The equilibrium emittance of a beam being cooled is proportional to the lattice beta at the absorbing material. So, for the late stages of cooling we need the smallest attainable beta. This is achieved by a) using high magnetic fields, and b) using a periodic lattice with focusing down to local low beta regions at the absorbers.
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FIG. 23: Two alternate cooling cells of a final 6D cooling stage of a muon collider: (a) Lattice with pillbox cavities; (b) our proposed lattice with magnetically insulated cavities

Figure 23(a) shows a conventional design of the lattice that has been proposed for use in the final 6D cooling state for a muon collider. The channel consists of a sequence of identical 80 cm cells. Each cell contains three 8.1 cm-long 805 MHz rf cavities, with 1.9 cm spacing and two 8 cm thick LiH absorbers to provide the energy loss. Each cell contains two solenoid coils of alternating polarity, yielding an approximately sinusoidal variation of the magnetic field in the channel, with a peak value of  ~11.7 T. This gives, at the absorber, a beta of 4.8 cm. This allows cooling to a normalized rms transverse emittance of 0.4 mm.  The solenoids are 19 cm in axial length, with an inner radius of 8.1 cm and an outer radius of 13 cm and a current density of 320 A/mm2. These specifications will require the use of Nb3Sn or HTS conductor. 
Fig. 23(b) shows our proposed lattice with magnetic insulated cavities. The presence of the two full and two half elliptical coils on the cavity irises, ensure that the magnetic field lines can coincide with the cavity’s surfaces. The outer bucking coils are introduced to shape the field lines so that the resulting cavity shape is more efficient with higher average acceleration for a given surface gradient. The two ‘focus’ coils at the far left and right serve as to focus the beam through the absorber. Table 5 shows the dimensions of the coils as well as their corresponding current densities. The main parameters of the magnetically insulated lattice are summarized in Table 6 and compared to the parameters of the conventional lattice.

Table 5: Characteristics of a magnetically insulated cooling cell. 
	zi (cm)
	dzi (cm)
	Ri(cm)
	dRi(cm)
	J (A/mm2)

	4
	12.0
	4.0
	6.0
	-300.0

	10
16
16.9
17.8
18.7
28.4
	8.0
0.9
0.9
0.9
0.9
0.9
	16.0
4.4
4.5
4.8
5.4
5.4
	5.0
5.3 
4.9
4.3
3.2
3.2
	318.6
-324.0
-324.0
-324.0
-324.0
324.0

	29.3
	0.9
	4.8
	4.3
	324.0

	30.0
30.2
31.1
32
32.9
	4.0
0.9
0.9
0.9
0.9
	15.0
4.5
4.4
4.4
4.5
	7.0
4.9
5.3
5.3
4.9
	-362.6
324.0
324.0
324.0
324.0

	33.8
34.7
	0.9
0.9
	4.8
5.4
	4.3
3.2
	324.0
324.0

	44.4
	0.9
	5.4
	3.2
	-324.0

	45.3
	0.9
	4.8
	4.3
	-324.0

	46
	4.0
	15.0
	7.0
	362.6

	46.2
	0.9
	4.5
	4.9
	-324.0

	47.1
	0.9
	4.4
	5.3
	-324.0

	48
	0.9
	4.4
	5.3
	-324.0

	48.9
	0.9
	4.5
	4.9
	-324.0

	49.8
	0.9
	4.8
	4.3
	-324.0

	50.7
	0.9
	5.4
	3.2
	-324.0

	60.4
	0.9
	5.4
	3.2
	324.0

	61.3
	0.9
	4.8
	4.3
	324.0

	62
62.2
	8.0
0.9
	16.0
4.5
	5.0
4.9
	-318.6
324.0

	63.1
64.0
	0.9
12.0
	4.4
4.0
	5.3
6.0
	324.0
300.0


  
	Before proceeding to the cooling simulations we examine the physical parameters of the insulated lattice. For our initial studies we consider a linear channel with magnetic field present, but no rf cavities or absorbers. This allows us to study some of the basic features of the lattice, such as acceptances and beta function. Our results are shown in Fig. 24. Note that the solid line and dashed line correspond to the insulated and conventional lattice, respectively. 
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FIG. 24: (a) Beta function vs. muon momentum at the center of the absorber; (b) beta function at central momentum vs. position in the cell; and (c) axial magnetic fields. In all cases the black and grey lines correspond to the insulated and conventional lattice, respectively. 



Figure 24(a) shows the transverse beta as a function the muon momentum at the center of the absorber at z=0. The plot illustrates that the lattices transmits particles in the momentum band 165-233 MeV/c with central momentum 199 MeV/c. Figure 24(b) illustrates the beta function at central momentum as a function of the axial position in the cell, showing the focused low beta at the absorbers (z=0). Figure 24(c) shows the longitudinal magnetic field along the cell axis. We see 1) that both lattices have the same momentum acceptance with the desired central momentum ≈200 MeV/c.  2) the beta in both cases remains minimum for ≈10 cm which matches well the axial length of the absorber; and 3) in both lattices the minimum value of  at the center of the absorber at the central momentum was ~4.7 cm. The insulated lattice requires a somewhat higher magnetic peak magnetic field (i.e. =13.0 T) and has richer longitudinal harmonics of the axial fields; this initially was thought to result in a greater particle loss, though the evidence for this is unclear.    
We now turn to ICOOL[17] simulations of muon beams. In order to be able to consistently compare the performance of the proposed lattice with a conventional lattice we assume that both configurations are driven by the same muon beam.   









Quantitatively, there are three important factors to evaluate the performance of the cooling channels. First, is the lattice transmission, a factor that quantifies the number of particles that pass through the lattice. Second, is the ratio, where  is the transverse emittance at any point z and   is the emittance at the start. Third is the Q-factor, a merit factor used in evaluating the cooling performance of the lattice and is defined as the ratio of the relative change of emittance to the relative change of the particle flux. Quantitatively an effective average Q can be defined by  where is the total number of muons surviving at position . The baseline in our simulation will be the required parameters [4] for a muon collider which are: , , and Q=8. 
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FIG. 25: Cooling performance of the magnetic insulated channel. a) relative transverse emittance; b) transmission; c) Q factor; and d) scatter plots of the beam in the insulated case, at different locations along the lattice. For a0 b) and c) for conventional and magnetically insulated channel are shown as continuous and dashed lines respectively.


Figure 25 illustrates the cooling performance of the magnetic insulated lattice (continuous line). Figure 25(a) displays the ratio of the transverse emittance along the lattice to its initial value at z=0. After a distance about 130 m the emittance has fallen by a factor of 3.5, with a transmission of 70% [see Fig. 25(b)].  No further cooling is achieved beyond that point. The Q-factor, , remains close to 8 [see Fig. 25(c)]. 
We note: first, transmission, Q-factor and cooling factor meet the specified requirements for a muon collider. Second, the insulated lattice achieves similar performance to the conventional lattice (dashed line). Those facts suggest that a scheme of a cooling channel with magnetically insulated cavities can be feasible option for a muon collider and/ or a neutrino factory. 
The cooling effect on the transverse direction can be further seen in Figure 25(d) where we show the transverse trace space along different locations in the lattice. Clearly, the reduction of the phase-space is visible as the beam propagates through the lattice. So far we assumed a linear transport channel. We note that demonstration of 6D cooling is a more complex problem as it requires a wedge-shaped absorber to introduce dispersion. A detailed 6D cooling simulation will be performed during the phase II study of this proposal.


Table 6: Comparison of lattice properties between lattice with magnetically insulated and pillbox cavities.
	
	PB Lattice
	MI Lattice

	Lattice period (cm)
	80
	80

	RF frequency (MHz)
Peak rf gradient (MV/m)
RF phase from 0-crossing (deg.)
	805
25
30
	805
25
30

	Maximum axial magnetic field (T)
	11.7
	13.0

	Average momentum (MeV/c)
Minimum transverse beta (cm)
	0.199
4.8
	0.199
4.7

	Axial absorber length (cm)
Absorber material
	8.0
LiH
	10.0
LiH




c) Summary of Phase 1 Achievements
 
A)  For the design of a demonstration of magnetic insulation
1) Design a combination of coils and cavity geometries to give magnetic insulation on the rf cavity
The design given in the phase I proposal has proved satisfactory. The only changes made are in the exact coil cross section that used conductor of a different cross section to that in the proposal.
2) Study and compare the technical requirements for pulsed copper and HTS coils.
Both pulsed copper and HTS coils were studied, as proposed, but a far better alternative was found: a water cooled coil was found able to provide the required fields and operate continuously. This lowers the importance of testing in the external Lab G magnet and has allowed us to eliminate its use in the phase II proposal.
 Determine forces between the coils and determine the requirements to restrain them.
This was done and is seen to be an easy requirement
3) Design the rf cavity and coupling to an rf waveguide.
Two solutions for coupling to the cavity were studied: 1) coupling an axial probe to a coaxial line, and matching this to the rectangular waveguide using a Doorknob; and 2) a design in which the coupling to the rectangular wave guide is incorporated in the cavity design. But both these solutions include an axial probe that is feared to allow un-insulated damage and breakdown.
However, since the requirement to test the cavity in the Lab G magnet is lifted, a third option is chosen for the phase II: coupling to the outside of the cavity by a slot in the outer cylindrical cavity wall. A very preliminary study of this option shows no difficulties. It is, in any event, the more conventional solution.
Make engineering drawings of the experiment.
This has been done.
4) Build and test in liquid nitrogen a copper pulsed solenoid coil
Since we are no longer considering a pulsed coil, this test was not done.
B) For the design of magnetically insulated cavities for muon cooling
The Phase I technical objectives were: 
 1) Optimize the magnetically insulated rf reacceleration systems for use in 6D cooling lattices, to maximize their acceleration gradients relative to the maximum surface gradients which will limit the cavity performance.
     The use of a bucking coil at a radius greater than the iris coil was studied and shown to improve   the ratio of peak to average gradients in the cavity.
     2) Design LTS, HTS or Nb3Sn coils to provide magnetic insulation of the cavities
     A design of the final 6D cooling lattice was designed. It uses Nb3Sn, or YBCO high temperature superconductor.
     3) Simulate the 6-D cooling performances, and optimize that performance by adjusting the dimensions and magnetic field strengths.
We have designed a magnetically insulated cooling lattice for the final 6D cooling. Simulations have been done of that lattice which uses Nb3Sn coils. It s performance was shown to be essentially identical to that of a non-insulated lattice. In addition, we have designed and simulated magnetically insulated lattices for the phase rotation and early cooling for a Muon Collider or Neutrino Factory. Again their performance was essentially the same as for conventional lattices.
III)  PROPOSED PHASE II WORK
a) Introduction
                    [image: ]
Figure 26 Magnetic Insulation demonstration experiment. a) cross section; b) side view; d) end view

Beam manipulation and ionization cooling for neutrino factories and muon colliders need rf in significant external magnetic fields. A series of experiments carried out by the MuCool collaboration has shown surface damage and/or reduced operating fields for cavities at 805 and 201 MHz, in magnetic fields of order 1 T or more. Several possible solutions have been proposed, one of which is ‘magnetic insulation’, in which the focusing magnetic fields are designed to be parallel to cavity surfaces with significant electric gradient. An experiment [26] is now underway to test this principle in a rectangular box cavity operating in the Lab G magnet, but such a box cavity is not a cavity as needed for acceleration or beam manipulation. After the box cavity test, the next logical step is to test an actual accelerating cavity. The phase I SBIR has studied the design of such a test. We are now proposing to complete the design, build the apparatus, and test it at the Muon Test Area (MTA) at Fermilab. In parallel with this, we will continue studies of applications of magnetic insulation to ionization cooling for a muon collider and neutrino factory.
The proposed experiment consists of the accelerating cavity with coils on either side as shown in figure 26, with detailed cross section in figure 13d.The coils can be powered with opposite (fig.13a) or the same (fig.13b) polarities. In the former mode, the cavity should be “magnetically insulated”. In the latter mode, the magnetic field lines will focus electrons from one side to the other. The rf fields in this mode will accelerate those electrons, allowing them to damage the surface hit and cause breakdown. The differences in performance between the two modes will establish the effectiveness of the “insulation” in suppressing the damage and breakdown with magnetic fields that focus electrons from one side to the other. The comparison of performance in the magnetically insulated mode with that without any field is also important. It is hoped that the insulation should allow higher gradients than the case without field.
Before settling the final design, two separate tests will be undertaken:
1) Of the rf system using electroplated plastic models
2) Of a magnet coil wound on a copper dummy spool with the same outer dimensions as the part of the final cavity that supports the coil.
These tests may be undertaken at BNL, or FNAL.
The cavity, matching waveguide and coils will be designed and built by PBL. They will be tested at FNAL. The first tests would be at low rf power and with the coils off. Later tests will use the Muon Test area (MTA) 805 MHz rf supply and cooling water. PBL will supply the magnet power supply, water pump and any rf waveguides needed to attach to an MTA vacuum rf window.
Operation of the experiments will use the MTA computer systems, safety systems and radiation monitors. PBL will pay for needed materials and labor at FNAL.
Detailed steps in the program are given below.
   
b) Complete Design studies
i)  Design the slot coupling from the waveguide to the cavity.
ii) Do a stress analysis of magnetic forces and thermal effects
iii) Make drawings of all parts and define methods of construction
c) Test Coil winding
i)     Build dummy body for test of winding and operation of a single coil.
ii) Wind test coil on dummy body
iii) Power coil and measure temperatures and strains
d) Test rf cavity
1)     Build electroplated plastic model of rf cavity body(s) and coupling system
ii) Perform low level rf tests on model cavity and coupling and make tuning changes as needed
e) Build final assembly
i)     Build final cavity body
ii) Wind Copper coils on Cavity body
iii) Perform low level rf tests on final body with coils in place
iv) Bring to Fermilab’s Muon Test Area (MTA)
f) Test final assembly
       i)     Condition rf without coils powered
ii) Power coils in magnetic insulation mode and re-condition to a maximum field (to be determined later)
iii) Change currents in one coil to be a little less than in the other, to spoil the magnetic insulation, and re-condition. Increase current differences slowly with conditioning between settings.
iv) After all other tests: Power coils with the same polarity: allowing focusing of electrons from one side to the other, and thus allowing field generated damage. Attempt conditioning in this arrangement, being aware that this may not be possible as damage increases.
g)   Continue design and simulation 
   i)    Continue simulation of front end applications of magnetic insulation.
   ii)    Simulate 6D cooling including the coil tilts, or other sources of dipole fields generating dispersion, together with wedge absorbers.
iii) Make cost estimates of needed rf power for magnetically insulated cavities





h) Staff and Consultant Responsibilities
Management of the project:   John Keane (PI),  James Kolonko (Project Facilitator)
Design of Cavity and rf systems:  John Keane
Design of magnets, power supplies and cooling:  Robert Weggel
Theoretical studies of magnetic insulation and its applications:  Robert B Palmer & Diktys Stratakis
Study of the use of this technology for other applications:   David Cline
Oversight of tests at FNAL:  Harold Kirk
IV)  PHASE II WORK AND SCHEDULE

At 3 months
     i) Complete design of radial waveguide coupling. 
     ii) Complete design of dummy cavity for coil winding test
     iii) Order coil winding dummy
     iv) Order copper conductor and needed parts for test winding
    v) Start testing of electroplated plastic rf model
     
At 6 months
    i) Start test coil winding
    ii) Complete design of cavity and coil assembly
    iii)Order rf component
    iv)Order water pump, power supply and other equipment
    v)Start machining final assembly
    
At 9 months
i)  Complete operations of test coil
      ii)  Start winding final coils
At 12 months
    i) Complete construction of assembly
    ii) Move equipment to Fermilab
    iii)Start off-line tests of coils
    iv)Start low power rf tests
At 18 months

i) Start operation with high power rf and magnets

At 21 months

       i)Write report

V) RELATED WORK AND R&D 
  
 a) Low Energy +- Colliders 
 In the model of supersymmetry there will likely be one low-mass Higgs (h0) and two high-mass (or supersymmetric) Higgs A and H. For the parameter tan ß, larger values lead to a near mass degenerate system of H and A states, most likely in the 300 - 500 GeV mass range. Current evidence on SUSY suggests a large value of tan ß. In this case the coupling of H and A to tt and gauge bosons is sharply reduced, making them difficult to produce and study at the Large Hadron Collider or International Linear Collider. A low energy muon collider would be allow their study in the S channel. The cross sections in this case are proportional to the lepton mass squared, and are thus approximately 40,000 times higher with a muon collider than an electron collider, making it essentially impossible with electrons.
 b) High Energy +- Colliders 
 The FNAL director has approved a long range plan to study a 1.5 TeV  +-  collider.  The cooling methods proposed here could be important for this plan.  This collider is complementary in all ways to the International Linear Collider (ILC) being planned by the international high energy physics community. 
 c) Other Possible Uses of Cold Muons 
 i)  Possible element selection by muon radiography 
Cosmic ray muons were used years ago to study the pyramids in Egypt by L. Alvarez.  There could be new commercial uses of very cold energetic muon beams that have been cooled by a gas ring cooler.  These beams would likely have to be accelerated to greater than 600 MeV energy in some cases and would need an energy spread of less than 100 keV and a very small spot size.  Examples of objects that could be studied at the required energy are: 
1)  Human head – 60 MeV 
2)  Homeland security search for fissile  materials in trucks (with oil for example) – 600 MeV 

ii)  Another application of very cold intense beams could be muon catalized fusion.  Currently studies of this process show low efficiency.  Using cold muons with a clear deceleration might yield higher efficiency.  
iii)Medical applications are discussed in “Uses of Slow Muons in Life Sciences”, K. Nagamina, J. Phys.G.Nucl.Part.Physics 29 (2003), 1507. 
 
d)  Use of intense sources of muons in condensed matter studies and nanotechnology and other technology. 

 
i)  The 6-D cooled muon beams could have commercial applications such as sub-surface magnetic field measurements in nanotechnology and new ways to study the brain and other medical applications.  This could be a by-product of the cooling system for a Neutrino Factory or Muon Collider. 

 A 6-D cooling system as described here might help collect very large number of cold muons.  In principle these muons could be decelerated to low energy by dE/dX systems or other means with a low energy electrostatic device and dE/dX combined. There are two key reasons very cold muons might be useful: 
 1) The range of the muon can be very small, allowing the muons to stop inside nanostructures (the range of a 1 KeV muon is 8 nm). 
 2) The polarization of muons can be used to test the magnetic fields inside the structure. 
Both of these methods are in use today around the world, but the muon intensities are rather small, i.e. for PSI of order 106 to 107.  We quote from a talk at Nufact04 in Osaka, Japan the advantage of higher muon fluxes: “High quality muon beams (flux, emittance, brilliance) would have great impact on the application of muons in nanoscience (e.g. micro-beam, possibility of lateral resolution on the micro-meter scale and investigation of ~ 100 micron x 100 micron samples”. 
 Several of these schemes to decelerate muons have been pioneered by K. Nagamina at RIKEN. 
 
 VI) Resources
a)  Principal Investigator and Senior Personnel 
 
John Keane, principal investigator, has had 43 years of experience as an RF engineer at Brookhaven National Laboratory. He has worked at BNL’s 50 MeV and 200 MeV Linacs, Alternating Gradient Synchrotron (AGS), Heavy Ion Fusion project, National Synchrotron Source (NSLS), and Relative Heavy Ion Source (RHIC). He participated in design, installation and modification of RF systems at these installations. He has extensive experience in RF cavities, transmission lines components, power amplifiers and impedance matching to particle accelerators.  Over the course of his career he was Deputy Division Head at the AGS, Chief Electrical Engineer at the AGS and NSLS. He was a member of the DOE review committee that recommended the site for the B-Factory. He has served on numerous RF reviews at DOE laboratories.   

Dr Robert Palmer is currently employed only 2/3rds time at Brookhaven National Lab, and will thus be able to devote substantial time to this project. He is an internationally known experimental elementary particle physicist with expertise in superconducting magnets and the science and applications of particle accelerators. He is a winner of an APS Panofsky Prize (for experimental high energy physics) and an APS Wilson Prize (for accelerator physics). He has led the BNL superconducting magnet group, has served as a BNL Associate Director for High Energy Physics, and is now leader of the Advanced Accelerator group in the BNL Physics department.  He will join PBL, Inc. as a part-time employee upon award of a SBIR Phase I grant for this work.

Robert J. Weggel is an employee of PBL, Inc. and will participate in this Phase I project.  Mr. Weggel  has had 40 years of experience as a magnet engineer and designer, first at the Francis Bitter Magnet Laboratory at MIT and also at Brookhaven National Laboratory as well as extensive consulting experience in solenoid magnet design.  In the course of his career he has authored over 100 peer-reviewed articles concerning resistive and superconducting magnets as well as hybrid high-field versions.  He has had extensive experience optimizing magnets for various uses including solid state research, accelerator and medical applications.  He has co-authored with D.B. Montgomery the book “Solenoid Magnet Design”.  Mr. Weggel will be responsible for studying the pulsed copper coil option for this project.


b) Facilities and Equipment 
The Phase I project will be administered and coordinated from Particle Beam Lasers, Inc. headquarters office in Los Angeles.  The company has had several successful SBIR Phase I projects in the past 25 years, and currently has active Phase I and Phase II project on developing technology for a muon collider. The company has the capability, experience and administrative infrastructure to carry out the Phase I project proposed. The Brookhaven National Laboratory (Magnet Division) will be a subcontractor on this Phase I project providing mechanical engineering, incidental machining, and software as needed. See attached letter from BNL management.
Access to MTA at Fermilab and use of 805 MHz rf source and other instrumentation.

c) Consultants 
Dr. David Cline is an internationally known experimental elementary particle physicist with expertise in the science and applications of particle accelerators and storage rings.  Dr. Cline will serve as a consultant providing valuable input on physics issues related to the behavior of muon beams in accelerating and storage ring structures and investigating commercial applications as well as applications for Homeland Security using a muon beam source.   A letter of commitment from Dr. Cline is part of this proposal.

 Dr. Diktys Stratakis is an accelerator physicist expert in handling intricate modeling problems.  Dr. Stratakis will perform calculations related to the rf cavities associated with this project.  A letter of commitment from Dr. Stratakis is part of this proposal.

Possible additional consultants:
Harold Kirk,   BNL
Derun Li,   Steve Virostek,    LBNL
Yagmur Torun,   IIT

  
d) Similar Grant Applications, Proposals, or Awards 
 
Particle Beam Lasers, Inc. has no prior, current or pending support for a similar proposal and work.  
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