Beam dynamics study for the JPARC Main Ring:

Comprehensive study of the space charge and nonlinear field effects for JPARC Main Ring

Research group:

A.Molodozhentsev, M.Tomizawa, S.Igarashi, T.Koseki

KEK, Accelerator Division 1

Summary report

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 the total number of particles in the beam. This subject becomes extremely crucial for proton synchrotrons with average beam power of hundreds kilowatt. 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 imperative to understand the emittance evolution and perform optimization of the machine performance.

There are many sources for the emittance growth and particle losses in high beam power proton synchrotrons. One can divide these sources into two categories. The first kind is connected to the machine resonances, caused by magnetic field imperfections, alignment errors and the nonlinear field components of different magnets of the circular machine. The second kind is determined by the low energy space charge effects of the high intensity beam itself, which depend on the particle distribution of the beam. There is an obvious interplay between these mechanisms of the emittance dilution. Crossing of the machine resonances (first of all, low-order resonances) by the beam changes the particle distribution of the beam itself, which leads to a change of the space charge potential of the beam and the space charge forces. In the case of a realistic 6D particle distribution the nonlinear space charge potential of the beam contributes to the resonance excitation at all orders, both for the normal and skew resonances. 

For a correct understanding of the combined effects of the machine resonances and the space charge of a low energy high intensity proton beam, the collective behavior of the beam should be considered, taking into account the coherent resonance response of the beam.

To be able to meet our goal, we combined the abilities of two different codes: The Polymorphic Tracking Code (PTC) and ORBIT-MPI. The combined PTC_ORBIT code creates the common universe for the complete analysis of the single particle and multi particle dynamics, including all kind of known field components of the ring magnets and their alignment errors in the real machine.

The combined PTC-ORBIT (MPI) code with the required libraries has been installed and compiled successfully on different computers with multi-processor systems (the DELL PowerEdge 6800 computer, HITACHI SR11000 and IBM ‘Blue Gene’ super-computer systems, which are the systems of the KEK super computer
).

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
2.1 Computational Model vz Real Machine


To construct the realistic computational model of the machine by the PTC code we introduced all known (measured) field data for each type of the MR magnets to the lattice description including the misalignment errors.


Big efforts to optimize the MR performance have been made by the commissioning group to get such good agreement between the simulated and measured basic properties of the focusing structure of the machine: minimization of the injection errors; closed-orbit correction and RF tuning; improvement of the power supplies of the dipole and quadrupole magnets and others.
To be sure that our computational model of the J-PARC Main Ring is realistic and can be used for the single- and multi-particle dynamics study we compared the simulated and measured ‘Twiss’ parameters around the ring at the injection energy. The measurement has been performed in the early stage of the machine commissioning (RUN#25) at the injection energy with small beam intensity, which was just 1% from the design value. The single-shot operation of MR has been used during RUN#25. The predicted (simulated by the PTC-ORBIT code) variations of the horizontal and vertical beta-functions around the part of the ring are presented by the blue line in Figure 1 (A) and (B), respectively. The ‘yellow’ dots, depicted on these figures, represent the measured beta functions. The ‘beta’ measurement has been performed for the ‘fast extraction’ working point with the horizontal and vertical tunes 22.15 and 20.75, respectively. 
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Figure 1: The simulated by the PTC-ORBIT code (‘blue’ lines) by using the realistic computational model of MR and the measured (‘yellow’ dots) values

 of the horizontal (A) and vertical (B) beta-functions around the J-PARC MR.

By using the MR computational model with the realistic machine imperfections one can analyze the effects of different machine resonances, develop the appropriate correction schemes to minimize influence of these resonance for the beam and optimize the machine performance in the case of the high beam power operation, taken into consideration the combined effects of the machine and space charge resonances.

The measured ‘survival rate’ for the injected beam for different ‘bare’ working points with the fixed vertical betatron tune (Qy=20.79) is presented in Figure 2. The beam has been lost for three working points: (1) near the horizontal integer resonance [1,0,22]; (2) in the vicinity of the ‘sum’ linear coupling resonance [1,1,43]; (3) near the half-integer horizontal resonance [2,0,45]. All these cases have been predicted by the computational model of MR (Figure 3). The measured effect of the linear coupling resonance is stronger than for the case, presented in Fig.3, because the vertical COD for the real machine operation for that time was bigger than used for the computational model. One can conclude that the computational model of MR and the obtained measured results for the ‘zero’ beam intensity are in acceptable agreement. 
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Figure 2: Measured ‘survival rate’ as a function of the horizontal betatron tune (Qy=20.79) at the injection energy with the powered sextupole magnets for the chromaticity correction.
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Figure 3: Simulated ‘Beam Survival’ at the MR collimator with the acceptance of 81( mm.mrad as function of the horizontal betatron tune (Qy=20.80 fixed)
2.2 Low loss operation of the J-PARC MR
The particle losses mechanism for the space charge dominated proton beams at the injection energy is determined, first of all, by the ‘bare’ working point position on the tune diagram and the coherent/incoherent space charge detuning. The resonance strength of the low- and high-order resonances depends on the combined effects of the machine imperfections and the low energy space charge. From the point of view of the particle losses it is important to recognize which part of the beam (‘tail’ or ‘core’) is located near the dangerous resonance lines.
At the early stage of the J-PARC MR commissioning we need to develop the operation scenario without any resonance correction. Only the ‘fast extraction’ option of the MR operation will be used at the beginning to provide the 100kW beam power for the ‘neutrino’ beam-line at the output kinetic energy of 30GeV by using 6 bunches, accelerated in MR with the repetition rate 0.278Hz. In this case the beam power per bunch is 1.8kW and the bunch should contain 1.33×1013 protons. To meet this condition the beam power from RCS should be about 300kW at the 3GeV energy
The tune scanning for the case of the ‘zero’ beam intensity has been performed during the previous commissioning runs for the realistic set of the MR imperfections including the closed orbit distortion after the correction. It was found that the ‘bare’ betatron tunes below the ‘sum’ linear coupling resonance [1,1,43] could be the candidates for the MR operation at the injection energy for the moderate beam power. This experimental result is in agreement with the predicted beam dynamics at the injection energy, studied by using the computational model of the J-PARC MR. The ‘bare’ working point with the betatron tunes Qx0 ( 22.15 and Qy0 ( 20.75 has been chosen as the basic ‘bare’ working point for the ‘fast extraction’ scenario with the moderate beam power (1.8kW/bunch at the injection energy of 3GeV).
The estimation of the half-integer resonance stop-band has been performed by using the measured field errors of the MR quadrupole magnets and the maximum closed orbit distortion of  ±1.5mm after the correction, taken into account the ‘feed-down’ effect of the sextupole magnets. The estimated width of the half-integer [2,0,44] horizontal resonance stop-band is about ±0.03. At the same time, this resonance is the integer horizontal resonance, which should be avoided during the machine operation. For the chosen ‘bare’ working point one can allow the space charge detuning about (Qinc ( -0.10 at the injection energy.

The image charge induced in the chamber of the synchrotron by the space charge of the beam in combination with the close orbit distortion contributes to excitation the envelope resonance at the leading order. The reduction of the closed orbit distortion around the ring would help to suppress both the low-order and high-order resonances, excited by the nonlinear fields and the space charge in combination with the machine imperfections. 

The performed spectrum analysis of different coherent modes of the 4D particle distributions before and after reduction the closed orbit distortion shows that the closed orbit distortion affects the high-order resonances too, in particular on the 4th order resonances, excited by the low energy space charge of the beam and the octupole field components of MR. The fringe field of the ring quadrupole magnets and the second-order effect of the sextupole field nonlinearity, used in MR to correct the chromaticity, are the main sources of the octupole field nonlinearity for J-PARC MR. To demonstrate this effect the spectrum analysis of the <y4> coherent mode of the transverse particle distribution for different values of the maximum COD is depicted in Figure 4.
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Figure 4: Spectrum analysis of the <y4> coherent mode of the beam with the moderate beam power at the injection energy (Qx0 =22.15 and Qy0 =20.75) for two cases: (A) CODMAX xy=(±2.5mm); (B) CODMAX xy=(±1mm).
To minimize the particle losses during the injection period and at the beginning of the acceleration process, the closed orbit distortion in the horizontal and vertical planes should be well controlled in the range (±1mm). The injection conditions for the real machine operation should be close to the ‘ideal’ ones and should be optimized at the early stage of the MR commissioning process. The beam, accelerated by RCS, should be prepared for the MR injection before the extraction from the booster by using the dedicated pattern of the second harmonic RCS_RF cavity. The longitudinal particle distribution should be matched to the RF separatrix of the J-PARC MR. The longitudinal emittance of the beam has to be about 3eV.sec and the bunching factor the longitudinal distribution has to be more than 0.16. 

The comprehensive study of the particle losses in MR during the injection and acceleration process for this scenario has been performed by using the KEK super computer. The total power of the lost beam, including both injection and acceleration process, has been estimated as 92Watt, which is much smaller than the designed capacity of the MR collimation system.  
3. 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. 

4. 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.

List of reports:

Published reports

Alexander Molodozhentsev, Etienne Forest, “Beam dynamics and low loss operation of the J-PARC Main Ring”, KEK Preprint 2009-29
Submitted reports
Alexander Molodozhentsev, Etienne Forest, “Beam dynamics and low loss operation of the J-PARC Main Ring”, PRST-AB (Special PAC09), 2009






� This work is supported by the Large Scale Simulation Program of High Energy Accelerator Research Organization (KEK).








_1318329082.bin

_1318329064.bin

