Specifications for Design of New Accelerating Cavities for the Fermilab Booster

The Fermilab Booster is a synchrotron that accelerates protons from 400 MeV to 8 GeV. The Booster circumference is 474.2 meters, the magnetic cycle is a biased 15 Hz sinusoid, and the RF operates at harmonic 84 of the revolution frequency.  
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This document describes the specifications and outlines a possible plan for implementing the replacement of the Booster RF cavities. Originally planned to be completed as part of the Proton Improvement Plan (PIP) to allow reliable 15 Hz Booster beam operations till 2025, the task now needs to be integrated with the proposed Proton Improvement Plan-II (PIP-II). The PIP program [1] is currently underway with stated goals of achieving reliable, 15 Hz, beam operations of the existing Linac and Booster at a per pulse intensity of 4.2×1012 protons. Reliable operations are defined as sustaining at least 85% availability of the Linac-Booster system and maintaining residual activation at acceptable levels. When PIP was initiated in 2012 it was envisioned that the Linac and Booster would be removed from operations and replaced with modern accelerators providing the same functionality, but with improved performance, in approximately 2025. 
Proton Improvement Plan-II [2] is a proposal for providing significantly enhanced performance of the proton complex at Fermilab based on the replacement of the existing (400 MeV) Linac with a new (800 MeV) Superconducting Linac (SCLinac). It is proposed that this replacement occur in the 2023-2025 timeframe. Construction of a higher energy linac should enable Booster operations at a per pulse intensity of 6.4×1012 protons.  However, with this approach it is now anticipated that operations of the current Booster will continue through at least 2030. 
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Booster’s high-level performance goals for both PIP and PIP II are given in Table 1. The corresponding Booster RF Cavity design parameters are provided in Table 2. The primary changes between PIP and PIP II operations that will affect the Booster RF systems:
· The SCLinac provides an 800 MeV H- beam for injection into the Booster. 
· PIP-II extracted batch intensity of 6.4E12/cycle is an increase of about 65% over PIP.
· The SCLinac operates at a substantially lower beam current than the existing Linac. A consequence is a significant increase in the number of injected turns, from ~13 turns today to ~288 in the PIP-II era.
· It is proposed to operate the SCLinac and the Booster at 20 Hz in the PIP-II era. 
[bookmark: _Ref106268756]Table 1:  PIP and PIP-II high level performance goals

	Beam Performance Parameter
	PIP
	PIP-II
	

	Injection Energy
	400
	800
	MeV

	Linac Particle Type
	H-
	H-
	

	Linac Beam Current
	27
	2
	mA

	Linac Beam Pulse Length
	0.03
	0.5
	msec

	Beam Capture
	Adiabatic Paraphase
	Bucket to Bucket
	

	Booster Pulse Repetition Rate
	15
	20
	Hz

	Booster Protons per Pulse 
	4.2×1012
	6.4×1012
	

	Booster Pulse Repetition Rate
	15
	20
	Hz

	Booster Beam Power @ 8 GeV
	80
	160
	kW

	Beam Emittance (6, normalized; x=y)
	<18 
	<18
	 mm-mrad

	Delivered Momentum Spread (97% full height)
	12.2 Momentum Spread (97% full 
	12.2 Momentum Spread (97% full 
	MeV Momentum Spread (97% full 

	Delivered Longitudinal Emittance (97%)
	.08
	.08
	eV-sec



Table 2:  PIP and PIP-II RF parameters

	Cavity Performance Parameter
	PIP
	PIP-II
	

	Frequency Sweep
	37 to 53
	44.7 to 53
	MHz

	Cavity Tuning (Bias Supply Max Current)
	3000
	3000
	amps

	Modulator Voltage (Max: Anode – drop)
	30
	30
	kV

	Higher Order Mode 
	< 1000 
	<1000
	Ohms

	Aperture
	~ 3 
	~3
	inch

	*Total Voltage
	1000 
	1100
	kV

	Overhead Voltage
	100
	100
	kV

	Duty Cycle
	50
	50
	%

	Cavity Q
	300 to 1250
	
	

	Shunt Impedance
	17 to 61.25
	
	k Ohms

	LCW Cooling Temp (actual)
	95 (88 – 94) 
	95 (88 - 94)
	F

	LCW Flow
	100
	100 
	PSI

	Forced Air Cooling
	
	
	


*This is based upon nominal NOvA intensities. 
Booster Tunnel and Utility 
The Booster enclosure has fixed dimensions that over the years have become increasing squeezed with cabling, plumbing and others accelerator hardware.  The present Booster cavities are situated in tight spaces with little wiggle room.  The tunnel cross section shown in figure 1 gives the general layout of a typical cavity.  The two areas that most restrictive is the back wall and the ceiling above the beam line.  These two constraints will limit cavity width and height.
The Booster offers up to 11 straight sections, each just under 5 meters long. Presently, there are two cavities in each of 9 straight sections and a single cavity in another straight section. The existing Booster cavity is 2.35 meters long plus .12 meters of flange(s); this should be taken as an upper limit for the length of a new cavity. 
Any new configuration/cavity needs to allow for replacement of the power amplifier while the cavity remains in place. 
	Maximum Height (top of PA to floor)
	Maximum Width
	Beam Line

	
	2 feet
	4 feet
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Figure 1 Booster Tunnel Layout
The utilities have been recently upgraded which allow for improved LCW and air cooling.  The LCW system nominal operating temperature of 90 degrees varies by 6 degrees over the year.  The flow rate typically operates with an input pressure of 120 psi.  The present RF system uses a forced air system that takes the tunnel air through some filtering and forces it though the PA housing, the cavity body and tuners. An upgrade of the forced air system is underway with the plan to have pressure rates as high as psi?
	LCW Cooling
Low conductivity water at a nominal temperature of 95 F is available for cavity/tuner/amplifier cooling. XYG gpm is available at each existing cavity locations. Water-to-vacuum joints in any cooling path are to be avoided.  The cavity water cooling design must withstand a maximum working water pressure of 100 psi without leaks.
Booster RF Cavity Descriptions
Booster RF Cavity Frequency Requirement
The present operating frequency range of the Booster cavity is 37.80 MHz to 52.82 MHz.  The RF frequency sweeps from the minimum value at injection time to the maximum value at extraction time, 33 milliseconds later. Figure 2 shows the Booster RF frequency as a function of time. The Booster RF cavity must tune accordingly as needed. 
[image: ]
Figure 2. Booster RF frequency (Hz) versus time (seconds)
Operating Duty Cycle 
The Booster cavities must be designed to support both PIP and PIP-II modes of operation.  Which means initially it will require 35 millisecond pulses (with frequency sweep as above) at a continuous rate of 15 Hz. This corresponds to a 50% operational duty factor.  The PIP-II duty cycle will remain 50% but at a rate of 20 Hz.  This corresponds to 24 millisecond pulses.
RF Voltage Requirement
It is assumed that the total required RF voltage is provided by multiple cavities installed in the Booster. The present number of installed cavities, N, is 19 but that can vary.  There is space for 22 stations of our present two gap design. For operational flexibility, a goal is that the required total voltage be provided with two of the installed cavities idle. Historically, the Booster has operated between 830 kV to 950 kV depending upon beam requirements and cavity repair status. For beam loss mitigation at transition, it has been shown that for 4.2E12/pulse that losses start to increase with voltages below 850 kV which typically means 17operating cavities at the nominal voltage 50 kV or 25 kV/gap. If the goal for Booster vector sum RF magnitude is required to be ≥1.2 megavolts then the voltage provided by each cavity must be ≥ 1200kV/(N-2). For 16 cavities, this is 86 kV per cavity. 
This voltage must be available at frequency within the operating range and under the dynamic frequency sweep conditions specified above and the beam loading specified below. 
Cavity Tuning
The present 19 RF stations each have a 2500A, XYZ V programmable power supply that provides bias current for the ferrite tuners on the existing cavities. The capability of these power supplies should be a consideration in the design of the tuning system for the new cavity; it is highly desirable to re-use these power supplies to save cost.  The maximum current is 2500 amps at 37 volts and operating at 20 Hz with a 50% duty factor waveform.
Beam Loading and Power Requirements
Each cavity must meet the specified voltage while accelerating up to 1000ma of beam (at a synchronous phase of ~40 degrees (synchrotron definition, 90 degrees at crest)) with 2-3 of the 84 buckets empty.
The loaded cavity shall be designed to operate with up to 150 kW RF power from a CPI (EIMAC) Y-567B tetrode power tube.  Although rated to operate at higher power up to 200 kW, for lifetime considerations operating at a lower power is preferable.
Cavity Impedance and Spurious Modes
The cavity shall be designed for R/Q = 50 ohms and the impedance of all higher order and spurious modes shall be ≤ 1000 ohms. 
Multipacting
The cavity must be able to turn on and run at any voltage between 25% and 100% of the specified operating voltage over the full frequency range without operationally significant multipacting at the nominal operating vacuum pressure.
Physical Requirements and Constraints
The clear beam aperture through the cavity shall be no smaller than a three inch circle. 
Vacuum Requirement
The nominal operating vacuum pressure is 2E-7 torr. The cavity design must support an ultimate vacuum pressure of ≤1E-8 torr with a pumping speed of XYZ L/sec at one end of the beam tube. No vacuum leaks shall be detectable at the level of XYZ torr*L/sec. 
 PIP-III
There is a desire to be able to use the replacement cavities in a new Booster like synchrotron should it be built.  The idea would build an accelerator that would take 1 to 2 GeV beam from the new Linac and deliver it to the recycler.  The idea is to increase the intensity to the point where slip stacking is not required to reach > 2 MW intensity.  This would mean the new Booster would have to accelerate about 4 times the intensity as the PIP-II intensity.  Table 3 below gives some numbers to be considered in the replacement cavity design. 
Table 2 PIP-III beam parameters
	Table 3
	Booster (PIP)
	PIP II
	New RCS (PIP III)

	Pulse Intensity
	4.3E12
	6.5E12
	30E12

	Peak RF Beam Current
	.86 amps
	1.3 amps
	6 amps

	Cycle Rep Rate
	15
	20
	20

	Injection energy
	.4 GeV
	.8 GeV
	2 GeV

	Extraction energy
	8 GeV
	8 GeV
	8 GeV

	Revolution time
	2.22 to 1.59 us
	1.88 to 1.59 us
	1.66 to 1.59 us



The replacement cavity may require a dual PA system or may just require using a high power tube.  Both options need to be vetted for cost and operational feasibility.  The higher injection energy will result in a reduced frequency swing.  Table 4 gives some parameters to be considered in the design of the cavity.
Table 4 PIP-III cavity parameters
	Table 4
	Booster (PIP)
	PIP II
	New RCS (PIP III)

	Frequency Sweep
	37 to 53 MHz
	44 to 53 MHz
	50 to 53 MHz

	Peak DP/DT MeV/.1ms
	376
	470
	387

	Peak eV/turn
	606
	755
	620

	Harmonic #
	84
	84
	84 


 
The option of converting the cavity over to PIP-III operations will need to cover the feasibility of reusing as much of the hardware as possible to reduce cost.  One option to consider will be to remove some of the tuners.  Diagram 1 below, done by M. Hassan, give some indication that this is possible.
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