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The Low Level RF system encompasses the programming and regulation of the cavity field amplitude and phase as required by the longitudinal beam dynamics in the machine. It also controls or interfaces to the ancillary equipment that is involved in the generation of RF. Hardware and software modules include Cavity Field Controller, Resonance Frequency Controller, Master Oscillator, Phase Reference Line, LO distribution, Transfer Synchronization to Booster, Beam Chopper Waveform Generator, and the interface to interlocks, timing systems and the control system (see Figure 3.33).  The LLRF will also be involved in longitudinal phase space painting into the Booster. 
The Linac is constructed with accelerator sections with the following frequencies; 162.5 MHz, 325 MHz and 650 MHz. Additionally 1300 MHz is provided for instrumentation and local clock generation. The basic configuration is that one RF amplifier will drive one cavity with the exception that two amplifiers will drive the RFQ. There is a mixture of warm copper cavities (the RFQ and buncher cavities) and five types of SRF cavities (see table 2.6). This necessitates three four-cavity stations at 162.5 MHz, 13 four-cavity stations at 325 MHz, and 15 four-cavity stations at 650 MHz. There is also a mixture of CW systems with the HWR and SSR1 cavities and pulsed systems for the rest of the linac.
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Figure 3.33: Four cavity RF system including LLRF rack. 
LLRF Regulation Strategy 
The requirements for the linac beam energy stabilization are determined by the Booster RF bucket height and, requirements related to the static longitudinal painting in the course of multi-turn beam injection (see Section 2.3.2.3) which result in the linac rms energy stability being better or about 0.01%. The strategy to reach this extremely tight goal is based on a two-step energy stabilization.  First, the voltage of each individual cavity is stabilized to 0.1 % and 0.1 degree. Second, the beam based feedback, which uses a few last linac cavities, stabilizes the linac energy to 0.01%. To achieve that, the beam-based energy feedback has to be sufficiently fast. For given cavity bandwidths it requires that the correcting signal has to be back to the linac cavities with less than 4 microsecond delay.  The beam energy and phase measurements are used in two ways, first to make real time corrections using select cavities and, secondly, to provide input to the adaptive feed-forward system. The adaptive feed-forward system greatly reduces the RF stability requirements for time periods greater than 1 s by correcting for cable delays and electronic system drifts.
The same regulation accuracy of about 0.01% rms is required for the Booster magnetic field at the injection. It can be achieved with the scope extension of the new Booster cogging system which is presently under commissioning. In particular, the feedback system can be based on the magnetic field measurement in the Booster reference magnet with subsequent average magnetic field correction by Booster dipole correctors – similar to the new cogging system. 
The beam current, cavity field gradients, Lorentz Force Detuning (LFD) and worst-case microphonics determine the loaded cavity Qs, bandwidths and RF power requirements (see Section 2.1.3.3). Precision corrections of the LFD and microphonic disturbances through Resonance Frequency Control, are required for gradient regulation without exceeding the available RF power overhead.  Resonance control to meet these requirements requires a large coordinated research, development, and engineering effort including both mechanical and electrical designs.  Resonance control is covered below in more detail.  
Phase Reference Generation and Distribution
The phase reference system starts at the Linac frontend with a 162.5 MHz Master Oscillator (see Figure 3.34).  The 162.5 MHz Master Oscillator is inside a temperature controller chassis and generates the 182.8 MHz local oscillator signals for the LLRF up-converters and down-converters for the 162.5 MHz linac section. The 162.5 MHz is driven into a closed loop phase averaging reference line that is located alongside the accelerating structure.  The reference line is tapped providing signal to cables run alongside the cavity probe cables providing first order cable temperature compensation.  This first reference line provides signal for the main timing system, instrumentation and the beam chopper controller.
[image: ]
Figure 3.34:  Master Oscillator and Multi-frequency Phase Reference Lines
The 162.5 MHz phase reference line also provides signal to the 325 MHz  Slave Oscillator that tightly tracks the 162.5 MHz phase. The 325 MHz oscillator generates the 345.3 MHz local oscillator signals in the same fashion as is done in the 162.5 MHz master oscillator.  A 325 MHz phase averaging reference line is setup in the same fashion as the 162.5 MHz reference scheme.  This chain of frequency multiplication is repeated for the 650 MHz sector and finally the 1300 MHz sector. The 1300 MHz master oscillator also serves as the source for a phase averaging reference line that travels back down to the lower frequency sectors, providing 1300 MHz taps for instrumentation, and it will provide for a single 1320.3 MHz clock for LLRF digital systems distributed through the Linac.
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Figure 3.35: Conceptual diagram of the LLRF control system at 325MHz.
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Figure 3.35:  LLRF four cavity control system architecture. Note that this system is showing an RF frequency of 325 MHz, with a corresponding LO of 345 MHz. The 162.5 MHz and the 650 MHz systems have an LO of 182.5 MHz and 670 MHz respectively. 
Four Cavity LLRF Control Rack
The LLRF is organized in a group of up to four cavities serviced by one rack of electronics as shown in Figure 3.33 with each module described in detail below. The group of four cavities allows for an economy of scale in the hardware design while keeping cable runs as short as possible. The signal path is kept as direct as possible with cables from the accelerator tunnel brought directly to the 8-channel down-converter. 
The down-converter is used to translate the RF signals at the various frequencies across the accelerator to a common intermediate frequency (IF) of 20 MHz. In order to achieve our regulation requirements the down-converter must be, low-noise (-168dBc), have high channel isolation (greater than 80dB), and phase stable to within 0.003 degrees above 1 Hz. 
The IF is digitized by a high-speed Analog to Digital Converter (ADC). The ADC must have a sample rate greater than 94 MS/s, and a goals of achieving -155dBc noise power density and less than 200 ns of signal latency. There are several ADCs on the market that achieve these specifications; the present choice is the AD9653 from Analog Devices. The digitizer board has 8 channels that are sent to the Field Programmable Gate Arrays (FPGA). 
The FPGA processes the digitized signals for both read-back and for input to the controller. The controller will have a closed loop bandwidth of ~30 kHz and is designed to support both CW and pulsed operation. Each controller will have the ability to run in a self excited loop where the drive frequency tracks the cavity, and in a generator driven mode where the output is at a fixed frequency. It is expected that each cavity will be operated CW during some part of commissioning and tests.  CW operation typically requires startup in a self-excited loop with a transition to a generator driven loop to align with the beam phase. For cavities with a low bandwidth, pure pulsed operation requires a complex phase trajectory program to fill the cavity with energy. A prototype system is under development for the PIP-II injector test Figure 3.35. 
It includes the LLRF four Station Field Controller Module shown in Figure 3.36. The FPGA, CPU, memory and other interface components are located on a replaceable System on Module (SOM) allowing an easy upgrade path in the future of these rapidly advancing components.  The LLRF system provides both RF waveforms and sampled values to the control system that are calibrated and highly linear.  These best represent the cavity field and directional RF signals and will be used for all data analysis.
Beam Chopper Waveform Generator and Booster Injection
LLRF will also generate the waveforms needed for the beam chopper[footnoteRef:1] and the 44.705 MHz RF signal for the Booster to lock to during the 4 millisecond injection period. The waveforms require complex pre-distortion for the chopper amplifiers which is better implemented with the entire waveforms calculated and played out from tables. There are several advantages to waveform tables: repeatability from pulse to pulse, local storage of beam waveforms in LLRF and instrumentation systems, and learning in the generator and LLRF based on beam loss patterns.  A multi-channel 4 GSPS arbitrary waveform generator is specified for this purpose. [1:  The beam chopper removes bunches on the boundary of RF buckets and forms a 3 bunch long extraction gap. ] 
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