Bunch Formation for g-2 experiment
Ioanis Kourbanis
06/09/12


Introduction
The g-2 experiments plans to use the Recycler for forming the proton bunches that hit their production target. A proposal of how to form the proton bunches that meet the experiment’s requirements has been developed a while ago [1] and has been used in the Experiment’s Proposal. Recently a new bunch formation scheme has been developed taking into account the Recycler Ring’s limitations (momentum aperture, physical space for new hardware) and the available hardware and manpower.
Comparison between the old and new schemes
In the original bunch formation scheme 3 different RF systems were required; 80 KV of 2.5 MHz, 16 KV of 5.0 MHz and 4.0 KV of broad band RF. It was assumed that the coalescing cavities from the Main Injector were moved to Recycler providing the required 2.5,5.0 MHz voltages and that the existing broadband Recycler RF system could be used .
In reality the Main Injector coalescing cavities cannot be used since they have NO active cooling. They were used only to produce intense proton and antiproton bunches for the Tevatron during shot setups. The overall duty factor for those cavities was ~0.2% corresponding to an average power dissipation of about 4 watts! For g-2 the duty factor for the 2.5 MHz cavities is at least 20% requiring active cooling of the ferrites. This requires a complete re-design of the 2.5 MHz to be used. The existing ferrites can be re-used but cooling plates will need to be added between the ferrite plates increasing the physical length of the cavities up to 50%.
The existing Recycler broad band cavities are going to be used as longitudinal damper kickers. They will have to be moved from their current location between 607 and 608 to the region between 605 and 606 in order to leave space for the new 53 MHz Recycler slip stacking cavities. This limits the available space in MI-60 for installation of new Recycler components. The only other place for installing cavities in the Recycler is the MI-30 straight section in the area between 305 and 306 where the oversize tunnel ceiling is available. The total available space in this area is only 10.3m.
Under the original bunch formation scheme one Booster batch is broken into four segments by using a four period sawtooth wave form produced by the broad band RF and then each segment is rotated in a bucket formed from 80 KV of 2.5 MHz and 16 KV of 5 MHz. The first bunch is extracted immediately and the latter three are extracted sequentially at half periods of the synchrotron oscillation. As a result of the bunch rotations all four bunches are different from each other and the filamentation leaves beam in the kicker gap. In addition all bunches have a momentum spread that exceeds the Recycler momentum aperture.
[image: ][image: ][image: ]
Figure 1:  Longitudinal phase space pictures of the 2.5 MHz bunches under the original bunch formation scheme. The x-axis units are degrees of the longitudinal azimuth (31nsec/degree) and the y-axis units are MeV. 
The new proposed scheme for g-2 bunch formation uses only one RF system (80 KV of 2.5 MHz RF). In order to avoid bunch rotations in a mismatched bucket the 2.5 MHz is ramped “adiabatically” from 3-80KV in 90 msec. Initially the bunches are injected from the Booster into matched 53 MHz buckets ( 80 KV of 53 MHz RF), the 53 MHz voltage is turned off  and the 2.5 MHz is turned on at 3 KV and then ramped to 80 KV. The first 2.5 MHz bunch is then extracted and the rest three bunches are extracted sequentially in 10 msec intervals. The whole bunch formation and extraction takes two Booster ticks or 133 msec. This time limits the g-2 experiment to using 4 of the available 8 Booster ticks in every Main Injector super cycle reducing the original duty factor by 33%.  The cavities for the new scheme will be new based on the old 2.5 MHz cavity design but utilizing active ferrite cooling. We expect to use the ferrites of the old cavities along with the old power amplifiers. We also expect to use the new proposed scheme for mu2e bunch formation [2].
Simulations of the New Bunch formation scheme
A series of ESME simulations were performed in order to understand the new bunch formation scheme and to optimize the initial parameters.
1. Effect of reducing the momentum spread in 53 MHz before the 2.5 MHz Turn On
Reducing the momentum spread of the 53 MHz bunches before we turn on the 2.5 MHz can result in narrower 2.5 MHz bunches and increase the overall capture efficiency. It is a technique that is extensively used during bunch coalescing in MI. In this case the momentum spread reduction was simulated by a linear reduction of the 53 MHz voltage from 80-0KV in 10 mscec. The results of the simulations with and without momentum reduction are shown in Figure 2. It can be seen from Figure 2 that the core of the distribution is narrower with the momentum reduction. With the momentum reduction, 95% of the distribution in the 2.5 MHz bucket is contained within 120 nsec compared with 91% without reduction. The overall capture efficiency is also better; 95% compared to 91.6% without reduction.
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Figure 2: Longitudinal phase space and bunch length distributions in the case without 53 MHz momentum reduction (TOP) and with momentum reduction (BOTTOM). 


2. Effect of initial 2.5 MHz Voltage Amplitude
The effect of the initial 2.5 MHz voltage on the final distribution was also studied. Simulations were done with initial 2.5 MHz values of 1,3,5 KV. In all the simulations the 53 MHz momentum spread was first reduced as described above. Phase space pictures of the simulations are shown in Figure 3. The results of the simulations are also summarized in Table 1.                                                                                                                                                                                                                              The case with the lowest starting voltage (1KV) clearly results with the narrowest distribution. As we increase the initial voltage the efficiency increases but the distribution becomes wider. The other thing to notice is that the lower the starting voltage the less adiabatic the process is resulting in more filamentation. In the case of the 1KV starting voltage we can see beam tails to the edges of the 2.5 MHz bucket that will result in localized losses when we fire the kicker between the 2.5 MHz bunches. Based in all the results above we have chosen as the starting 2.5 MHz voltage the 3 KV. 

	Initial 2.5 MHz Voltage (KV)
	Overall Efficiency (%)
	Fraction of Beam within 120 nsec (%)

	1
	92.6
	99.2

	3
	95.3
	94.7

	5
	96.2
	92.3



Table 1: Overall capture efficiency and percent of captured beam distribution inside 120 nsec as a function of the initial 2.5 MHz voltage.
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Figure 3: Longitudinal phase space and azimuthal (bunch length ) projections for 3 different 2.5 MHz starting voltages: 1KV Top, 3KV Middle and 5 KV bottom. For all plots 1 degree equals 31 nsec.


Simulations of the new Bunch Formation Scheme with The Final Parameters

Simulation pictures of the 2.5 MHz bunch profiles using the optimized parameters are shown in Figure 4. The 53 MHz voltage is ramped from 80 KV to 0 in 10 msec and then is turned off. The 2.5 MHz voltage is snapped to 3 KV and then adiabatically raised to 80 KV in 90 msec. The overall efficiency is 95% and 95% of the beam captured is contained within 120 nsec. The maximum momentum spread is: .
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Figure 4: 2.5 MHz voltage curve (upper left), phase space distribution (upper right), phase projection (lower left) and momentum projection (lower right) with the final simulation parameters.

Comparison between simulations and Beam Measurements

By using the 2.5 MHz coalescing cavities in MI the proposed bunch formation scheme can be tested with beam. An extensive set of beam measurements has been performed by W. Chou et al. and there will be report summarizing the results. A short review comparing the simulation data with the beam measurements was presented to the g-2 experiment [3]. In general the agreement between simulations and data has been very good.
For illustration the comparison between the beam measurements and the simulations for the case in which the 2.5 MHz voltage is ramped “adiabatically” from 3-70KV in 90 msec is shown in Figure 5.


[image: VCR_file (c) frame 512.gif][image: 3-70kv_90msec_deb_0p1ev_210k_theta_n.jpeg]

Figure: Comparison of beam profile (left)  with simulation (right) for the case in which the 2.5 MHz voltage is ramped “adiabaticatically” from 3-70 KV in 90 msec. In both profiles 95% of the particles captured are contained within 120 nsec.
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