Injection study for 6-sector PRISM FFAG by using pulsed alpha particles
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A description is given of a proposed experiment to study a novel technique of phase rotation at PRISM-FFAG. One option of accelerator and storage rings for an experimental study of phase rotation for intense muon beam is a 6-sector PRISM-FFAG ring. An apparatus for proof of phase rotation is designed by using emitted alpha particles from a standard radio-active source 241Am. Specifications for pulsar, inflector and electrodes for an 241Am-source guiding to a sector are described based on simulation studies.  The method of rf-particle TOF measurement manifests the validity of the pulsed alpha particle injection into an ultra-high field gradient RF cavity. 
1. Introduction
In order to store secondary particles such as radio-active nuclei and short lived elementary particles into a storage (accumulator) ring or post-accelerator, phase space manipulation has been considered by two ways based on Liouville’s theorem as well as not on the theorem. Various ways are developed to manipulate an injected beam for achieving better matching for the accumulator ring; multi-turn injection, rf-stacking, betatron deceleration, longitudinal injection on Liouville’s theorem, and stripping injection with a foil or strong laser interaction, charge exchange, reaction injection on non-Liouville’s theorem. Since the development for an anti-proton accumulator ring the longitudinal phase manipulation of injected particles by controlling of rf voltage and phase has been extensively employed at various accelerators [1]. 
    Before construction of experimental apparatus PRISM-FFAG, a proto-type facility has been built by using a test cavity and rf-amplifier which can produce an ultra-high field gradient RF voltage at an acceleration gap. The amplifier was operated successfully and the maximum voltage of 180 kV/m across the gap was obtained at atmospheric circumstance [2].  
2. PRISM-FFAG

The requirements of a muon beam to carry out -e conversion experiments with further sensitivities than existing facility are listed as follows. They are (1) high muon-intensity of the order of 1011-1012 /sec, (2) pulsed time structure with high extinction between pulses, (3) narrow beam energy spread, (4) less beam contamination (in particular of pions) (5) small beam size. To realize the requirements mentioned above, a muon source called PRISM-FFAG is developing in Japan. PRISM stands for “Phase-Rotated Intense Slow Muon source”. High intensity would be achieved by pion capture with a high field solenoidal magnet, surrounding the pion production target. A narrow beam energy spread would be achieved by a novel technique of phase rotation for muons. This is a method to accelerate slow muons and decelerate fast muons by applying high gradient radio-frequency (RF) electric field in a ring accelerator, FFAG (Fixed Field Alternating Gradient Synchrotron). Fig. 1 shows a schematic layout of PRISM-FFAG. The momentum of muon is about 68 MeV/c in PRISM and the muon beam energy spread is reduced from +/- 20 % to +/- 2 %. It is necessary to handle a large size of muon beam and thus the acceptance of the FFAG-ring such as 40,000 mm mrad in horizontal and 6000 mm mrad in vertical would be achieved respectively. There are several options of FFAG-ring structure, 6-sector, 8-sector and 10-sector which depend on their phase space acceptance respectively. From Monte Carlo simulation, after about 5 turns which is limited by muon lifetime a phase rotation of injected muons would be completed as shown in Fig. 2 [3].
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Figure 1. PRISM-FFAG with 10-sectors 
3. Alpha particle injection to an RF test-cavity

With so-called technique bunch rotation, canonical variable, a spread of E could be decreased asa t would be increased after a quarter-turn rotation in a phase space as shown in Fig.3 [4]. It is worth noting that injection of alpha particles emitted from 241Am could be suited to test its validity of ultra-high field gradient cavity for proof of principle of phase rotation [5]
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Fig. 3  Principle of phase rotation
The designs of an apparatus for injection, pulsing and detection device are described in Fig. 4.
It consists of alpha source and its holder, energy absorber, collimators, parallel plate pulsing electrodes, detector and rf shields. They are installed in inner electrodes of rf cavity which are evacuated with turbo-molecular-pump. Emitted alpha particles are degraded with aluminum foil 
so as to have the same particle rigidity as muons have in the accumulator ring PRISM. In order to study compression of energy spread of injected alpha particles with as rf acceleration beam of alpha particle is pulsed by two electrodes of which voltage is D.C. and 1 MHz rf voltage. Deflected direction of alpha particles with electrode by D.C. voltage is returned at a short interval of one cycle by rf voltage. The pulse width depends on d. c deflection voltage and collimator diameter. The parameter of the pulsing system is listed in Table 1.    
Pulsar performance

Pulsing frequency: 1.0MHz
Pulse width : 20~30 nsec

Duty factor : 0.001

Inflector voltage: DC + RF 1.0 KV

Inflector length: 30 cm

Inflector gap: 25 mm
Table 1. Parameters for pulsing apparatus
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Figure 4. TOF measuring apparatus of injected alpha particle into rf test cavity
4. Alpha particle injection to a 6-sector FFAG ring 
     As an option of various FFAG lattices we redesign 6-sector FFAG ring which results rather smaller acceptance compared with 10-sector ring design due to an economical reason. Three of which magnetic field has been measured recently. We simulated its beam quality for the six sector lattice with available six D-F-D magnets which we already designed and have been manufactured for the 10-sector ring.  
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Figure 5. Phase space diagrams for injected muons of 80 MeV/c at straight section of 6-sector PRISM-FFAG Ring
Assumed for six sector magnets to have the same specification of the magnetic field measured for three magnets, the simulated phase acceptance for 6-sector PRISM-FFAG is shown in Fig. 5. The constant tunes in horizontal and vertical betatron motions are almost satisfied over the muon momentum ranges and their tune diagrams are shown in Fig. 6-7.  For the smaller acceptance ring of 6-sector than 10-sector it would be facile to verify the phase rotation every orbit from one to five when alpha particles are injected into their exact equilibrium orbit and detected turn by turn. The vertical injection system of alpha particles are designed by using one straight section of the 6-sector ring as shown in Fig. 7.  
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Figure 6. Momentum dependence of horizontal and vertical tunes
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Figure 7. Schematically explained for beam injection timing
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Figure 8. Vertical injection for pulsed alpha particles at the straight section of 6-sector PRISM-FFAG
5. Conclusion
     We are confident that a 6-sector lattice structure for FFAG accumulator ring would be available to verify a phase rotation with a sinusoidal rf field by injecting alpha particles. A smaller acceptance of the ring would be matched with a smaller kicker than that designed for an original 10-sector PRISM-FFAG ring.   
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