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1. Motivation and simulation tools
Space charge effects of the low energy high intensity proton beams are recognized as one of the most significant problems for modern accelerators, which lead to emittance dilution and limit total number of particles in the beam. This subject becomes extremely curtail for proton synchrotrons with beam power of hundreds kilowatt, which are used as proton drivers for spallation neutron sources. For such high intensity proton synchrotrons one of the most essential issues is minimizing the particle losses during the machine operation to avoid radiation problems. It is imperatively important to understand the emittance evolution and perform optimization of the machine performance.

In the case of the proton machine with the high beam intensity, crossing of the ‘machine’ resonance is unavoidable. Moreover, the space charge potential itself introduces strong nonlinearities, which will excite low and high-order resonances. The space charge resonance driving terms depend on the particle distribution in the 6D phase plane, which is far away from the static distribution. The goal of the design of such synchrotrons is optimization of the machine performance which should be based on comprehensive analysis of the combined effects of time dependent space charge force in addition to the driving imperfection errors.

Many numerical simulation codes, based on self-consistent treatment of the space charge effects by using the particle-in-cell (PIC) space charge model, have been constructed to model the multi-particle dynamics in the space-charge dominated machines. To be able to study the combined effect of the machine resonances and the space charge we combined abilities of two codes: Polymorphic Tracking Code (PTC), developed by Etienne Forest, and ORBIT_MPI, developed by the SNS group. Without any space charge the PTC part of the combined code is extremely useful to analyze the single particle dynamics in the vicinity of the ‘machine’ resonances. In the case of the space charge dominated beam, PTC becomes the ‘pusher’ for the multi-particles between the space charge nodes, where ORBIT simulates the space charge kick depending on the beam parameters and the machine environment. The combined PTC_ORBIT code has been installed for the KEK supercomputers (HITACHI SR11000 and IBM ‘Blue Gene’). 

This work aims to use the self-consistent model in the calculation of the space charge force and study the transient beam behavior in the realistic lattice including the driving terms of the resonances due to the machine imperfection as well.

2. Optimization of the JPARC Main Ring performance for the moderate beam power

The particle losses for the ‘basic’ working point (Qx=22.318, Qy=20.870) and for the moderate beam power of the JPARC Main Ring of 14.5kW has been estimated for different parameters like the physical aperture of the MR collimation system and the maximum voltage of the RF system of MR. For these study the ‘realistic’ particle distribution in the transverse phase planes has been used. The particle distribution has been obtained after the multi-particle tracking simulations, performed for RCS for the moderate beam power of 300kW at the maximum energy of 3GeV. The beam particles have been transferred trough the collimation system, located at the beam-line between RCS and MR. As was mentioned above, in the case of the physical limit of the collimator of 54( mm.mrad, the power ‘scraped’ beam power has been estimated as 135W, which is much below the specification limit of the beam-line collimator system. The ‘cleaned’ beam has been used as the initial beam for MR to estimate the lost beam power for the MR operation.


The particle losses have been observed only at the MR collimator, which has the variable physical acceptance in the range 54(81(mm.mrad. The acceptance of the MR chamber is 81(mm.mrad. Even if the closed orbit distortion is taken into the account, the particle losses should be localized at the collimation system. The designed capacity of the total amount of the lost beam power for the MR collimation system is 450W.For the lost beam power estimation we used two values for the acceptance of the MR collimation system 60 and 65(mm.mrad.
The estimation of the total power of the lost beam has been performed at the injection energy of 3GeV during the required time to inject all 4 batches from RCS to MR. Each batch contains two bunches in the case of two bunches operation of RCS. In this case the injection time for MR is about 120msec (or about 22000 turns). To reduce the simulation time the particle losses has been simulated during 1/3 of the total injection time (about 7000 turns). The character of the obtained particle losses shows that to estimate the total particle losses for the first batch, one can extrapolate these data up to the required time by using the linear function.

The main reason for the emittance growth during the injection process for JPARC-MR is the ‘sum’ linear coupling resonance Qx+Qy=43 caused by the vertical shift (the alignment errors and the vertical closed orbit distortion) of the sextupole axis from the center of the circulating beam. The estimation of the lost beam power has been made for two basic cases with the maximum vertical shift of the sextupole axis of 1 and 0.6mm without and with the skew quadrupole magnets to perform the ‘global’ linear coupling correction.
3. Resonance correction
The emittance evolution presented in Fig.1 (the ‘red’ lines) shows that the combined effect of the space charge of the low energy beam and the alignment errors leads to the emittance growth in both transverse phase planes. One of the sources for this transverse emittance dilution are the space charge detuning effect in combination with the linear coupling resonance [1,1,43]. The space charge of the beam changes the tunes of the beam particles so that the coherent tunes of the beam becomes near the resonance line. The spectrum analysis of the <XY> coherent mode confirms that effect (Fig.2). The peak near the integer value of the fractional tune, observed for the  <XY> coherent mode in the case of the combined effect of the space charge and alignment errors, shows that the resonance condition for this coherent mode is satisfied.  
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Figure 1: Changing Delta99%_Emittance as a function of the number of turns for the 

moderate beam power of 14.5kW in the horizontal (A) and vertical (B)

phase planes respectively.
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Figure 2: Spectrum analysis of the <XY> coherent mode

 for the ‘basic working point including the low energy

 space charge effects without (A) and with (B) the alignment errors.

By using this set of the skew quadrupole magnets, the emittance growth of the beam with the moderate beam power for the ‘basic’ working point (Qx=22.318, Qy=20.870) has been studied after the ‘global’ correction of the linear coupling resonance. The RMS emittance evolution in the horizontal and vertical phase planes before and after the ‘global’ linear coupling correction by using the set of the four independent skew quadrupole magnets is presented in Fig.3.
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Figure 3: RMS emittance evolution in the horizontal and vertical phase planes before and after the linear coupling correction.
4. Single and Multi particle dynamics for the early machine commissioning

We continue our effort to provide the J-PARC Main Ring Commissioning Group the information about the particle dynamics in the realistic machine, which should be useful for the machine commissioning with the ‘zero’ beam intensity. At the same time we are developing the realistic computational model of Main Ring including realistic field and alignment errors of the MR magnets and the field leakage of the injection and extraction septum magnets. 
5. PTC-ORBIT code and MR computational model development


The combined PTC-ORBIT code is the powerful tool to analyze the single and multi particle dynamics in the realistic model of the synchrotron, including the machine resonances and the collective effects (first of all the space charge effects of the low energy beam with the high beam power). We continue developing the code including effects of the misalignment of different kind of magnets, acceleration process and so on. The PTC-ORBIT code has been used to analyze the particle losses at any point of the ring, which is extremely important to provide safe operation of MR.
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