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Introduction

The RF control issues of the CW Linac section are dominated by resonance control, which is dominated by He pressure fluctuations and the cavities sensitivity to these fluctuations.  Good resonance control allows for low errors in field control and efficient coupling of RF power to the beam.  Poor resonance control not only deteriorates regulation and efficiency, but also can lead to total loss of cavity control that will inhibit beam and require restarting a boot-up procedure to reestablish cavity fields and beam operations.  The frequency of these trips and the recovery time from trips are of course detrimental to the reliability and stability of the accelerator and should be avoided.  

Resonance control may be approached from several directions, each with cost/benefit relationships.  First, with the accelerator’s low 1mA beam current, a narrow RF bandwidth is desired to minimize RF power requirements and maximize energy efficiency from wall plug to beam.   Second, the degree of regulation of helium pressure in the cryomodule is finite and improved regulation may be expensive or unattainable.  Third, the cavity frequency tuning sensitivity to pressure fluctuations (dF/dP) is a difficult parameter to zero out by design and may require many time consuming iterations.   Lastly, active control of the cavity resonant frequency is promising but has limits in control bandwidth and has unproven reliability.  

While a parametric analysis of the cost/benefit tradeoffs for these parameters would be desirable, there is not enough information at this time for this analysis.  Therefore, there is a consensus from the Resonance Control Working Group to move forward on all fronts in a cost effective approach.  The following section suggests system targets which are conservative and provide some overlap to assure overall robust system performance.  The terms of resonance control and microphonics are used interchangeably in the rest of this document. 
Approach to confronting microphonics:

1. The cavity drive RF may be over-coupling, thus lowering the Q and increasing the 3dB bandwidth and decreasing the control sensitivity to microphonics.  This approach may increase the size of the power amplifier, thus increasing capital costs.  It also degrades the impedance match, reflecting power back to the circulator load and increasing the operation cost of the linac;

2. Improving of stability of a cavity resonance frequency f versus fluctuation of He pressure P, or decrease of df/dP. It requires special technical means in cavity and He vessel design that are not demonstrated yet for the Project X cavities;

3. Improve He pressure regulation at the cavities by careful attention to cryo-plant, cryo distribution and gas recovery, cyromodule heat flow, heater and control loop designs.

4.  Utilization of the active microphonics suppression using fast piezo tuners.  However, active compensation has not demonstrated long-term reliability.

Technical requirements for the microphonics are determined by the following factors: 

1. He pressure fluctuations δP that may be achieved for Project X cryo-modules;
2. df/dP values for the Project X cavities that may be achieved;

3. Acceptable power overhead that depends on the RF source choice and the operational cost increase we can tolerate.

4. Active resonance control(piezo) dynamic range and bandwidth.

5. Active slow tuner (stepping motor) range and cavity interaction.

The general approach is to us all the means specified above:
1. Push all microphonic disturbances as low as possible (δP, df/dP);

2. Allow for realistic levels of active LFD compensation but attempt to not be dependent on it;

3. Lower the Q as much as is reasonable.

1. Pressure fluctuations (slow excursions and fast noise)
He pressure fluctuations may be estimated based on the experience of the other Laboratories.  In the Figures 1 and 2 the pressure behavior is shown in CEBAF over a period of few weeks each.  The Figure 1 corresponds to summer when they had some controls problems, and Figure 2 corresponds to later last fall with good pressure regulation.  One can see that the large, 1.5-2 mbar pressure excursions are rather slow, a few hours. 
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Figure 1. Pressure fluctuations in CEBAF,whentn there were problems with the pressure regulation.
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Figure 2. Pressure fluctuations in CEBAF, good pressure regulation.

In Figure 3 there is another plot of the normal pressure fluctuations at CEBAF, shorter time scale. It is still a rather compressed time scale, but one can see peak-to-peak times of the order of 1/2 hour for these typical <0.1 mbar fluctuations.  The peak amplitude of the fluctuations does not exceed 0.1 mbar.
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Figure 3. Pressure fluctuations at CEBAF, shorter time scale.
At SNS the peak pressure fluctuations are better than 0.1 mbar also longer. Thus, from CEBAF and SNS experience, it looks like one may count on the peak fast amplitude of the pressure fluctuations of 0.2 mbar taking into account safety factor of 2.  Slower pressure fluctuations may be dealt with with piezo tuners if the error stays within the piezo dynamic range.  Stepper motors can help as long as the microphonic noise generated by the motors is not excessive.

2. Requirements for the RF power budget.

The following approach is to be used for the power budget: 
· Where costs of RF power are low, lower the loaded Q of a cavity as much as is reasonable;
· The high beta 650 MHz cavities make up the bulk of the CW linac. Thus, for these cavities:
· High power is necessary and a large power overhead is expensive.
· Efficiency is a big issue.

· Suggestions for the power overhead in SSRs 

a) 10% - for losses in the feeding line (coaxial);

b) 10% - for field control in excess of resonance control power. The solid-state amplifiers have the power incremental by 1 kW 
c) 
· Suggestions for the power overhead in 650 MHz sections  

a) 6% - for losses in the feeding line (WG);

b) 10% - for control. The amplifier has the power of 30 kW. Thus, the power per cavity including resonance control demands should not exceed 30×0.84~25kW.
· Power defined at the 1dB compression point.
· Nominal operational detuning limit defined by vector control performance. (control stability limit of 45deg) 


3.  Requirements for microphonics amplitude.

Basing on the power budget assumptions specified in the Item 2, one can formulate the limitations for the peak microphonics amplitude plus static detuning errors for different linac sections shown in Table 1:

Table 1: Limitations for the peak frequency detune caused by 
microphonics and static detune errors.

	Cavity Type 
	Peak Detuning Amplitude
	Amplifier Power  Required 

	SSR0 
	50 Hz 
	2 kW SS 

	SSR1 
	35 Hz 
	4 kW SS 

	SSR2
	22Hz 
	5 & 6 kW SS 

	LE 650 MHz 
	30 Hz 
	30 kW IOT 

	HE 650 MHz 
	20 Hz 
	30 kW IOT 


· Taking into account the approach formulated in the Introduction, it is possible to postulate the limit for the peak frequency detune caused by the microphonics and static detune errors of 20 Hz for all the cavities. This is at the limit of control with a beam current of 1mA.

4. Requirements for df/dP of the cavity.

Combining a MAXIMAL frequency deviation amplitude of 20 Hz, a MAXIMAL deviation of He pressure of 0.2 mbar and a safety factor of four, we derive a goal for cavity df/dP of             25 Hz/mbar.  The RMS value of He pressure regulation is not spelled out due to the non-gaussian nature of observed He pressure fluctuations.  The safety factor is required to handle cryogenic events that are not easily quantified and do not fit standard noise models.
5. Requirements for slow tuner (range, step)

The main role of a slow tuner is to compensate uncertainty in frequency of a cold cavity compared to the predictions. It should be about the same as for existing SSR1, or ~+/-130 kHz, with the step of ~3 Hz (taking into account that the gap sensitivity for SSR0 is about three times higher than for SSR1). Slow tuner will compensate slow pressure excursions also. 
6. Requirements for the fast tuner (range). 

For SSR0, if we succeed with a small df/dP, a fast tuner may be not used, but again, SSR0 experience may be used for the rest of the linac.  Thus, if we assume that the fast tuner compensates the peak microphonics amplitude having the reserve of 2, it gives ±100 Hz.
Next Steps

Resonance control is critical to the successful operation of Project X and therefore. a sustained engineering effort is required through all design, construction and commissioning stages of the project.  Resonance control needs to be solved in detail for each cavity, tuner and cyromodule design.  Overall accelerator reliability will depend on the weakest link and at present, it appears the high beta 650 MHz cavity section will be the most critical section.  Modeling of the total accelerator resonance control system can proceed now with the data and experiences that we possess.  Testing cavities operating at design Qs at 2K with realistic RF power sources is the next major goal for the resonance control effort.

