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Abstract
This note reports the simulation study of the longitudinal coupled bunch mode instability in the Main Injector driven by the parasitic high order cavity modes in the mixed operation mode of antiproton production and Numi cycle. The two leading odd parasitic modes considered in the simulations are the 127 MHz and 228 MHz modes which had caused coupled bunch instability in the Main Ring historically. Coupled bunch instability is studied for beam intensity 5.5e13 and emittances 0.13 eVs for Numi non-slip stacked beam and 0.33 eVs for slip stacked beam. The growth time, emittance growth and beam loss of the coupled bunch instability are calculated and estimated. The longitudinal tracking code ESME is used for the simulations.
I. Introduction
The Fermilab Main Injector (MI) is a multi-purpose 150 GeV synchrotron that provides beams for antiproton production, Tevatron collider experiments (Do and CDF) and fixed target experiments (Numi, Switchyard) and other. Main Injector has eighteen 53 MHz cavities for beam acceleration and rf manipulations. These cavities were recycled from the old Main Ring accelerator. The first two odd high order parasitic modes, i.e., 127 MeV and 228 MeV (see Figure 1 and 2), are known to have caused coupled bunch instability in the past. Passive mode dampers were installed on these cavities to damp the coupled bunch modes [1]. With the Numi high intensity requirement (e.g. 5.5e13), we need to re-examine the coupled bunch instability issue.
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Figure 1.  Shunt impedance (Ω) of cavity mode vs. frequency (MHz) at zero bias (injection). The fundamental (53 MHz) and the first three odd modes are labeled. Data is taken from [2]. These measurements are taken with the passive mode dampers in place.
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Figure 2.  Shunt impedance (Ω) of cavity mode vs. frequency (MHz) at full bias (extraction). The fundamental (53 MHz) and the first three odd modes are labeled. Data is taken from [2]. These measurements are taken with the passive mode dampers in place.
Coupled bunch instability is studied using the longitudinal tracking code ESME [3] with realistic high order mode properties, beam intensity, emittance, filling pattern, ramp, rf voltage curve, etc. The theoretical basis of coupled bunch instability has been studied extensively in the literatures and won’t be presented here. For the interested readers, some references are [4] and [5]. 
II. ESME Simulations
Simulations are performed on the mixed operation mode, i.e., antiproton production plus Numi cycle. Two general cases of bunch distribution are considered: (1) one slip stacked antiproton production batch plus 5 non-slip stacked Numi batches, and (2) one slip stacked antiproton production batch plus one injection batch and 4 slip stacked Numi batches. See figure 3 for the distributions. In both cases, each batch has 82 bunches, the separation between antiproton production batch and Numi batch is 40 buckets and the separation between Numi batches are 4 buckets. The bunch emittance of the slip stacked beam is assumed to be 0.33 eVs and for non-slip stacked beam it is 0.13 eVs. The momentum (P), dP/dt and rf voltage curve are taken from the present operating Numi cycle.
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Figure 3.  Two cases of bunch distribution of the mixed mode cycle. The vertical axis is energy (MeV) and the horizontal axis is azimuthal angle (degree) around the accelerator. The first batch on the left is the slip stacked antiproton production batch. The following 5 batches are Numi batches. 
For the simulations, the following properties of the parasitic modes 127 MHz and 228 MHz are used. Data are taken from the reference [2]. The total shunt impedance used in the simulations is 18 times the cavity impedance (because there are 18 cavities).
	Energy (GeV)
	Frequency (MHz)
	Shunt impedance (Ω)
	Qo (unloaded)

	8
	127.25
	3985
	52

	8
	227.549
	4090
	142

	150
	127.525
	3887
	52

	150
	228.04
	4530
	142


In the B command of ESME, external coupling impedance (e.g., frequency, shunt impedance and quality factor of high order cavity mode) can be input to study its effects on the beam. The coupling impedance of the resonant mode is applied to the beam particles turn by turn. The effects of the coupling impedance on the beam can be studied by observing the phase space motion of the bunch distribution or the Fourier transform of the bunch distribution. For example, figure 4 shows the phase space plots of the last 21 bunches of the last Numi batch at two different times of the cycle for the case of the 127 MHz parasitic mode and initial bunch distribution figure 3a at injection energy. One can clearly see the coupled bunch mode (CBM) oscillation in figure 4b. By doing an exponential fit to the bunch centroid motion of the CBM oscillation, one can obtain the
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Figure 4.  Phase space plots of the last 21 bunches of the last Numi batch. This is for the bunch distribution in figure 3a. The parasitic mode 127 MHz is considered here. Plot (a) shows the initial distribution at 8 GeV. Plot (b) shows the coupled bunch mode instability at the high of the oscillation at about 0.075 second at 8 GeV. 

growth time. This approach is not used here. Figure 5 shows a mountain range plot of the CBM oscillation blowing up the bunch emittances. By taking the Fourier transform of the bunch distribution, one can also study the coupled bunch mode instability. Figure 6 shows the Fourier transform of the bunch motion as shown in figure 4b. When a coupled bunch mode is excited by a parasitic cavity mode, the spectral line corresponding to the CBM will rise and grow exponentially. The spectral line of the CBM is a revolution harmonic (more precisely, it is the sideband) that coincides with the parasitic mode. Since the beam signal of the CBM is proportional to the spectral amplitude of the CBM [6], an exponential fit to the growth of the spectral line should give an estimate of the growth time of the CBM. Figure 7 shows the spectral amplitude of the CBM line (with harmonic number 1422) as a function of time.  An exponential fit to the rise of the spectral amplitude is shown in figure 8. The growth time of the CBM is (1 /  68.743) = 14.5 msec.
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Figure 5.  Mountain range plot shows CBM oscillation blowing up the bunch emittances.
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Figure 6.  Fourier transform of the bunch distribution as shown in figure 4b. The vertical axis is the spectral amplitude (arb. unit) and the horizontal axis is the harmonic number. The coupled bunch mode spectral lines are the pairs in between the rf harmonics.
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Figure 7.  Spectral amplitude of the CBM line (with harmonic number 1422) as a function of time. Section a – b shows the exponential rise of the spectral amplitude of the CBM. The bunch emittances are blown up during this time and subsequently the CBM decays (because of lower parasitic mode voltage after blowup).
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Figure 8.  Exponential fit to the rise of the spectral amplitude (section a – b) in figure 7.
The growth time of the CBM is (1 / 68.743) = 14.5 msec.
Figure 9 shows the voltage of the parasitic mode (127 MHz) that is due to the bunch distribution in figure 3a. This is the voltage that is driving the CBM oscillation.
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Figure 9.  Voltage of the 127 MHz parasitic mode that is due to the bunch distribution in figure 3a. 
The growth time of the coupled bunch instability can be estimated by analytical formula [7] for the full ring case (all buckets are evenly occupied). The growth time is
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                                        (1)
where negative growth time implies instability. In the above equation, Ω is the mode oscillation frequency, n is the harmonic number nearest to the parasitic cavity mode frequency, (s is the synchrotron angular frequency, Ib is the average bunch current, M is the number of bunches, m is the single bunch oscillation mode number (m=1 is dipole mode), h is the harmonic number, V is the peak rf voltage, φs is the synchronous rf phase, Zll is the longitudinal impedance, (o is the revolution angular frequency and Fm is the form factor that depends on the bunch length and shape. This equation doesn’t take into account the Landau damping effect and is the full ring case. Basically, it represents the worst case scenarios.  The calculated growth time is 8 msec as compared to the ESME result of 14.5 msec.
For the case of parasitic mode 127 MHz and bunch distribution figure 3b at injection energy, no coupled bunch instability has occurred. Because of the larger emittance (0.33 eVs as compared to 0.13 eVs), the 127 MHz parasitic mode voltage is about a factor of two smaller in this case. The second parasitic mode of 228 MHz also doesn’t cause any coupled bunch instability at injection energy for either bunch distribution in figure 3. However, the 228 MHz parasitic mode does cause coupled bunch instability at the extraction energy of 120 GeV. In the simulations, 0.5 second is used for the extraction region. Figure 10 through 14 are representative results showing CBM oscillation for the case of the bunch distribution in figure 3b. The growth time of the CBM is 48 msec (see figure 13). The analytical formula (1) gives 78 msec for the growth time.
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Figure10. Fourier transform of CBM oscillation for the case of bunch distribution in figure 3b. The CBM lines are caused by the 228 MHz parasitic mode. This plot is taken  at about 0.3 second of the 120 GeV flat top.
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Figure 11.  Mountain range plot showing the CBM oscillation.
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Figure 12.  Spectral amplitude of the CBM line (harmonic number 2533) as a function of time. Only the important portion of the curve is shown here.
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Figure 13.  Exponential fit to the rise of the spectral amplitude of the CBM in figure 12. The growth time of the CBM is (1 / 20.953) = 48 msec.
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Figure 14.  Voltage of the parasitic mode 228 MHz that is driving the CBM oscillation.

III. Summary
The following table summarizes the simulation results at injection (which is 0.488 second long). Note that bunch distribution “a” refers to figure 3a and “b” refers to figure 3b. The CBM causes a factor of 2 to 3 emittance (rms) growth without any beam loss.
	CBM
oscillation
	Parasitic mode

(MHz)
	Bunch

distribution
	ESME growth

time (msec)
	Analytical growth

time (msec)

	yes
	127
	a
	14.5
	8

	no
	127
	b
	x
	x

	no
	228
	a , b
	x
	x


For the simulations at extraction energy, CBM oscillations (see example at section II) do occur. However, all the CBM oscillations that are seen occur after about 0.15 second. Since the extraction region in mixed mode operation is about 70 msec long, none of these observed CBM instabilities have a chance to develop. 
In conclusion, since we are planning to do slip stacking for Numi, the realistic bunch distribution will be figure 3b. Simulations show that the parasitic modes 127 MHz and 228 MHz won’t cause coupled bunch mode instability with total intensity 5.5e13 and bunch emittance 0.33 eVs.
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