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Executive Summary

This document describes the Fermilab ILC Low Level RF (LLRF) development program. It includes a list of objectives and the approach to meet these objectives. The emphasis is on near-term R&D required to meet FY2006/07 deliverables required by the ILC program at Fermilab, but it also includes a section on long-term R&D needed to satisfy the ILC LLRF requirements.

The Fermilab ILC LLRF development program is conducted as a collaborative effort among three divisions (Accelerator, Computing, and Technical) and collaborations with other laboratories and universities. This document outlines the current structure of these internal and external collaborations to help understand how this work is organized.
The LLRF systems required to support ILC-related test programs at Fermilab during FY06 are for a single cavity driven with a dedicated Klystron. The frequencies are 1.3 GHz and 3.9 GHz. Two complete stand-alone, single-cavity LLRF systems are available to support FY06 ILC-related testing: one based on DESY’s Simcon 2.1 FPGA board, and another based on an SNS production system modified for 1.3 GHz operation. These two systems, with relatively small modifications are expected to be sufficient to meet the FY06 requirements. However, their level of performance, automation, diagnostics, and integration with the control system are not expected to be adequate for production or long-term applications.
For FY07, the first ILC cryomodule will be delivered and it will require a LLRF system capable of operating 8 cavities driven from a single Klystron. Such a system is not yet available at Fermilab, so an important FY06 R&D effort will be to develop a multiple-cavity LLRF system with an adequate level of performance, automation, diagnostics, and integration with the control system. In addition, the A0 photoinjector is expected to be upgraded and moved to the New Muon area to provide beam for the first ILC cryomodule. The photoinjector upgrade will require multiple (up to five) single-cavity LLRF systems fully integrated with the control system.
On a longer ILC LLRF R&D term, it is essential to clearly understand the tight ILC LLRF performance requirements. Included in this document is a table of our current understanding of ILC LLRF specifications, although these specifications will be subject to further analysis and reviews. Work on multiple disciplines needs to be coordinated and integrated for an effective and efficient ILC LLRF R&D program. Examples of these disciplines are simulations, electronics, firmware, software, and controls.  Fermilab strongly supports collaborations with other laboratories and universities as a means to accomplish the ILC LLRF development program. This document describes the status and plans of collaboration efforts with DESY and Warsaw University, SNS, and University of Pennsylvannia. Other collaborations are possible in the future.
Objectives

The objectives of the Fermilab ILC LLRF Program are:

1. To deliver LLRF systems needed to support ILC test programs at Fermilab
2. To conduct R&D towards LLRF systems capable of satisfying the ILC requirements

3. To support collaborations with other laboratories and institutions

Each objective is elaborated in a corresponding section further below in this document.

Organization

At Fermilab, overall ILC RF Systems direction is provided by the ILC Associate Director Sergei Nagaitsev. Helen Edwards provide overall SCRF Accelerator Systems direction expertise. ILC LLRF Technical Direction is provided by the Accelerator Division LLRF Group Leader Brian Chase, and ILC LLRF Program Coordination is provided by the Technical Division Test & Instrumentation Department Head Ruben Carcagno. Three Fermilab Divisions contribute to the ILC LLRF Program: Accelerator Division, Computing Division, and Technical Division (see Figure 1). Representatives from each division work with division line management and team members to secure the necessary resources and identify any potential conflicts in terms of priorities or competing resource assignments. Tasks associated with this program will be clearly defined and task leaders appointed. For each task, a team will be assembled with members from each division with the necessary skills to accomplish the task. For this organization to work, it is essential that line management of team members are supportive of this effort and allow people to spend effort related to this program. 

A key component of this program is external collaborations between Fermilab and other laboratories and universities. A LLRF collaboration with DESY has been established and has been active for nearly a year already. Other informal LLRF collaborations include University of Pennsylvania and SNS, and more collaborations are possible in the future. Figure 1 shows these collaborations and how they integrate with the Fermilab LLRF organization, and more details included in the document section describing Objective 3.
It is anticipated that there will be at times a conflict in terms of what is the best approach to follow or the desire to pursue additional development paths. Given the scarcity of available resources, it will not be possible for this program to support all proposed development paths. A peer review of LLRF experts will be used to provide recommendations to this program when needed. These experts should come from other laboratories (e.g., SLAC, SNS, DESY, LBL, JLab) and have experience with the issues at hand. It is the responsibility of the person(s) proposing a new or different direction to assemble a panel of objective experts who will provide a recommendation to the ILC RF Systems Director (Sergei Nagaitsev) who will ultimately decide which paths will be pursued.

[image: image2.png]List of people in DE

, WUT-ISE and TUL-DMC

Last Name First Name cmail Laboratory Act
I [Ayvazyan [Valeri Faleri ayvazyan@desy de DESY
2 |Bartkicwicz [Karol (Piotr) ot bartkiewicz@desy de [DESY [DSP/FPGA programmer
5 [Brandt Alexander hlexander brandif@desy.de [DESY peration/automation and high level
lapplications
4 |Bucholc [Stefan buchole@elka pw edu pl [WUT-ISE
5 [Cichalewski _ [Wojtek [woiciech cichalewski@desy.de |TUL-DMCS_|Kystron lincarization, operation automation
l6|Czarski Tomasz [Comasz czarski@desy de [WUT-ISE__|control algorithms development
7 [Fafara [Przemek lorzemyslavw fafara(@ desy de [WUTISE _DOOCS programmer
5 [Giergusiewicz__Wojeicch [vojciech giergusiewicz@desvde WUT-ISE__|rardware design, VHDL programmer
0 [Grecki Mariusz Imariusz greckif@desy de [TUL-DMCS|hardware design, VHDL and C++ programming,
Matlab modelling
10 [Herb Steve fieve herb@desy de DESY Hata management
11 |Hoffmann [Markus markus hoffmann@desv de DESY Jcontrol algorithms development
12 [Tablonski Grzegorz fewi@dmes p.lodz.pl [TUL-DMCS [hardware design, VHDL and C++ programming.
Matlab modelling
15 |falmuzna [Wiciech [volciech imuzna@desvde  WUT-ISE__[VHDL programmer
14 [Jezynski [Tomasz. tomasz jezynski@desy de [TUL-DMCS  hardware design, VHDL and C++
rogramming
15 [Koprek [Waldemar [waldemar koprek@desy de [WUT-SE__|[VHDL programmer
16 [Koseda [Boguslaw lboguslow koseda@desy.de [TUL-DMCS_|FSM. operation automation
Linczuk [Macicj Inlinczuk@elka pw cdupl [WUT-ISE__|Matlab modelling, DSP expert
17 [Makowski IDariusz ldariusz makowski@desy.de [TUL-DMCS  |hardware design, VHDL and C++
rogramming, Matlab modelling
18 [Matthiesen [Karl-Fieinz arlhein matthiesen@desy de
19 [Morozov lPeter ctrmorozovi@desy de [DESY [VHDL programmer
0 [Piotrawski Adam lkomam@dmes p lodzpl [TUL-DMCS_[VHDL and C++ programming
P [Praygoda [Konrad lkprzygoda@dmes p lodzpl [FUL-DMCS  |hardware design, VHDL and C
rogramming programming
[22_Jpetrosyan Gevorg evorg@sn32a desy de [DESY IDSP programmer
[23_|Pozniak [Krzysatol ozniak@ise pw cdupl [WUT-ISE__[VHDL programmer
4 [Pucyk [Piotr [Piotr puevki@desv de WUTISE  [Control software, DOOCS programmer,
[PowerPC programmer
[25_[Sekalski [Przemyslaw rzemvla sekalski@desy de |TUL-DMCS _[Matlab modelling
126 [Simrock Stefan fstefan simrock@desy.de IDESY Group leader
Strzalkowski __[Pawel lbestyia@o2 pl [WUT-ISE__[VHDL programmer
7 [Szewinska Naroslaw szewins@elk pw cdupl [WUT-ISE _[PowerPC expert, C/C-+ programmer
28 [Tamowski [Szymon lizvmon@dmes p lodzpl [TUL-DMCS |hardware design, VHDL and C-+
rogramming
9 [Vogel [Efmar lelmar vogel@desy de DESY [Software coordinator, control algorithms
Mevelopment
50 [Wojtowski Marcin Imarcin wojlowski@desy.de [TUL-DMCS |data management, C++ programming





Figure 1: Fermilab ILC LLRF R&D Organization 
LLRF System Scope and Interfaces

The scope of the LLRF system includes the following subsystems:

· Controller (feedforward, feedback, exception handling, automation, resonant control)

· RF Hardware (e.g., Vector Modulator, Downconverters, etc)

· Fast data logger (cavity forward power, reflected power, and RF pickup, klystron forward power and reflected power, reference phase signal and possibly beam signal for feed-forward)

· Tuner Control
· Fast tuner (e.g., piezo, magnetostrictive)

· Slow tuner

· Stub tuners

· Control System Front End

· Simulator

The LLRF system interfaces with the following subsystems:

· Control System (e.g., EPICS, DOOCS)

· Master Oscillator, RF reference line, and local oscillator
· Timing System

· High Power RF System

· Tuner actuators

· Machine Protection System

Objective 1: to deliver LLRF systems needed to support ILC test programs at Fermilab
The FY06/07 ILC test programs and their schedule are:
1. Capture Cavity 2 Test (1.3 GHz) – December 05/January 06
2. Coupler Processing Test Stand (3.9 GHz and 1.3 GHz) – March 06

3. Horizontal Test Stand at Meson (3.9 GHz and 1.3 GHz) - May 06
4. Vertical Test Stand at IB1 (1.3 GHz) - September 06
5. A0 Photoinjector Upgrade (3.9 GHz and 1.3 GHz) – FY07
6. ILC Cryomodule (One 1.3 GHz Klystron, 8 cavities) – February 07
7. Horizontal Test Stand at IB1 (1.3 GHz) – late FY07

Appendix A includes a brief description of each program and the required LLRF deliverable.

Overview of LLRF System Readiness to support FY06/07 ILC test programs at Fermilab
Most FY06 ILC test requirements at Fermilab can be met with the LLRF system that has been already commissioned for Capture Cavity 2 test. This system is based on DESY’s Simcon 2.1 LLRF system for single 1.3 GHz cavity control. A single-cavity SNS system modified for 1.3 GHz operation has been recently acquired and tested, can be used as a backup or monitoring system. The 3.9 GHz test requirements will be satisfied with either LLRF system plus an upconverter/downconverter box that has been already designed and is being fabricated. The level of performance, automation, diagnostics, and integration with the control system of these single-cavity LLRF systems is not considered adequate beyond FY06 applications, and these will be FY06 R&D areas to improve.
For FY07, a LLRF system capable of controlling 8 cavities driven by a single Klystron is needed for the first ILC cryomodule. Fermilab does not yet have such a system, and an important FY06 R&D effort will be to develop this capability. There is a path for the DESY LLRF system towards multiple cavity control based on their new FPGA module generation, Simcon 3.1. Fermilab recently received 3 prototypes of this new module. Substantial effort is expected to fully characterize the performance of this new module, program the control algorithms, and provide the necessary automation and integration with the control system to deliver a system suitable to support the first ILC cryomodule test. Alternative development paths have been proposed for ILC cryomodule LLRF systems. A path based on commercially available boards such as Lyrtech and a path based on the SNS system modified for multiple cavity control have been proposed. It is likely that additional paths may be proposed as we continue this effort. These alternative development paths need a technical evaluation and a clear understanding of available resources needed.

The first system requiring multiple single-cavity LLRF stations is expected to be the beam source system (i.e., the A0 photoinjector). Up to 5 independent LLRF systems are required for the A0 photoinjector upgrade (one for the RF gun, two for 1.3 GHz cavities, and two for 3.9 GHz cavities). This upgrade is expected to take place sometime during FY07. The single cavity DESY LLRF system commissioned for the Capture Cavity 2 test would require substantial additional effort to bring it to a production level with adequate automation and integration with the control system. The SNS system may require less effort because it is a mature production system with substantial built-in automation and fully integrated with the EPICS control system being considered for ILC test facilities at Fermilab. However, the SNS system does not have at the moment a clear upgrade path for controlling multiple cavities driven from a single Klystron.

FY06 R&D Tasks

Essential FY06 R&D tasks needed to meet FY06/07 deliverables are:

· 3.9 GHz coupler conditioning automation (LLRF platform independent)

· Performance characterization of the new Simcon 3.1 FPGA module designed by DESY and test at A0

· Development of Simcon 3.1 firmware for cryomodule control

· Development of Simcon 3.1 cryomodule automation software

· Integration of Simcon 3.1 with the RF control system (EPICS, DOOCS)

· Development of a real-time cryomodule simulator that can be interfaced to a LLRF system

· Evaluation of alternative LLRF development paths:

· Development of a LLRF system based on commercially available FPGA boards

· Development of a LLRF system based on the SNS LLRF system approach

· Development of a LLRF system based on new, custom designed hardware that combines FPGA and on board floating point processors

In addition to the obvious feedback and feedforward control loops, the LLRF system must incorporate several other functions related to calibration, exception handling, and automation. Examples are: Beam present, RF inhibit, beam inhibits, self diagnostics and test, resonant control, quench detection, slow turn on, coupler conditioning, forward and reflected power diagnostics, IF frequency choice, reference line distribution, LO distribution, interface to beam source, phase and magnitude error budgets.

Objective 2: to conduct R&D towards LLRF systems capable of satisfying the ILC requirements

On a long term beyond the first ILC cryomodule, it is essential to have a clear understanding of the tight ILC specifications to align the R&D effort towards developing a LLRF system capable of meeting these specifications. Sergei Nagaitsev is organizing a series of meetings with experts to understand and specify ILC LLRF requirements.

Appendix B includes a table with the current understanding of ILC LLRF specifications (This table will be reviewed and expanded after the RF Specifications meeting being planned by Sergei Nagaitsev in January 06) 
Meanwhile, simulations are being developed and used to analyze and understand the source of specifications. A real-time simulator of a cryomodule incorporating all parts of the rf system (e.g., modulator, klystron, beam loading, etc) capable of simulating various operational problems (e.g., broken tuner, beam out of phase, quench, etc) will be a very useful tool for LLRF system design and studies.
A more detailed long-term ILC LLRF R&D program will be put together with help from our collaborators and proposed to ILC management during FY06. This program will benefit from Fermilab’s experience in the fabrication and operation of LLRF systems for FY06 ILC test programs and a better understanding of LLRF specifications. It is expected to include activities in multiple disciplines (e.g., electronics, firmware, software, controls, automation, simulation, and RF hardware).
Objective 3: to support collaborations with other laboratories and institutions

An important objective of this program is to support collaborations with other laboratories and institutions in areas of ILC LLRF R&D. Appendix C, Table C-1 shows Fermilab contributors to LLRF efforts from each division (Accelerator, Computing, and Technical).
A LLRF collaboration with DESY and Warsaw University has been established and has been active for nearly a year already. There are weekly video conferences communication with our DESY and Warsaw colleagues, recent workshops, and visits to our facility by their experts. Appendix C, Table C-2 shows people at DESY and Poland supporting this collaboration. Their major objective is to develop a vector sum system for the X-FEL project on a shorter time scale than the ILC, and they already have experience running a vector sum system at TTF. Obviously this effort is well aligned with the ILC requirements and Fermilab will continue to strongly support and maintain this collaboration.

As part of this collaboration, Fermilab has received not only hardware and software products from DESY, but also schematics of their designs that have allowed us to build LLRF electronic boards both for the collaboration and for our systems. An important result of this collaboration is that Fermilab has been able to put together a single-cavity, stand-alone LLRF system based on DESY’s Simcon 2.1 FPGA generation. This system was successfully commissioned using the A0 cavity in September 2005, and it is ready to support operations at Meson for Capture Cavity 2. Fermilab has recently received three boards of the first DESY prototype of Simcon 3.1, their newest FPGA board for LLRF control of multiple cavities. There is still a significant effort in areas such as performance characterization, firmware, software, automation, diagnostics, and integration with the control system expected for this system. However, it is a low risk approach for satisfying LLRF basic controls for the first ILC cryomodule in FY07. 
Another collaboration with SNS has been established, and Fermilab recently received a production SNS LLRF system modified for 1.3 GHz operation. This LLRF system has already been used to operate the A0 cavity, and has also worked together with the DESY Simcon 2.1 system in a monitoring capacity. The SNS LLRF system is well integrated with the EPICS control system that is being planned as the main control system for ILC test facilities at Fermilab, and includes a number of automation capabilities that are of interest. It is a mature system that performs quite well for single cavity testing. However, it does not yet have multiple cavity control capabilities and such solution has to be developed.
Collaboration discussions with University of Pennsylvania have also taken place, and the main emphasis of these discussions has been in taking advantage of commercially available FPGA boards (e.g., the Lyrtech FPGA board) to provide a LLRF development platform and also work on cavity simulations. Appendix C, Table C-3 shows people at UPenn interested in this collaboration. Discussions are converging on developing a real-time simulation of an ILC cryomodule that can be interfaced to a LLRF system, providing a very useful tool to analyze ILC LLRF requirements and develop LLRF control algorithms. Such simulator could use commercially available FPGA modules and other electronics as a first step to demonstrate that such modules have the potential to meet ILC LLRF requirements.
More collaborations are possible in the future, and Fermilab is open to discussions with potential collaborators. However, the scarcity of Fermilab resources will make it difficult to support too many collaborations and it is ultimately the Fermilab ILC management who will decide how many ILC LLRF collaborations will be funded. A mechanism to formalize ILC LLRF collaborations will be established during FY06. At the moment, collaborations are established on an informal basis but as the funding and level of activities associated with these collaborations increase it will be necessary to have a mechanism to clarify and formalize how collaborations are established and funded.
Appendix A: Program Deliverables for FY06/7
Capture Cavity 2 Test (1.3 GHz) – December 05/January 06

The first deliverable of the FNAL ILC LLRF program is a system capable of operating Capture Cavity 2 at Meson. This test is scheduled for December 2005 – January 2006. A LLRF system for this test has been already assembled based on LLRF technology and parts transferred from DESY. This system was commissioned by operating the A0 cavity several times since September 05. It is now undergoing lab testing to improve its performance and ease of use.
Coupler Processing Test Stand (3.9 GHz and 1.3 GHz) – March 06

After the CC2 test is complete, the next deliverable for the ILC project is a system capable of operating the 3.9 GHz coupler processing test stand. Work on this system just started, and needs more definition. In particular, a high degree of automation is expected because of the long processing time (could be up to more than a week per test).
Horizontal Test Stand at Meson (3.9 GHz and 1.3 GHz) - May 06

After processing the 3.9 GHz couplers is complete, the next ILC test activity is expected to be horizontal test of dressed 3.9 GHz cavities. The plan is to use the LLRF system previously used for the 1.3 GHz Capture Cavity test, with some modifications to allow 3.9 GHz operation. A design for this conversion to 3.9 GHz operation is complete, and fabrication of parts is in progress.
Vertical Test Stand at IB1 (1.3 GHz) - September 06

The ILC program includes funding for a new SRF vertical test facility at IB1 for FY06. This facility will require a LLRF system to operate a single cavity. Design and fabrication of this system has not started yet.
A0 Photoinjector Upgrade (3.9 GHz and 1.3 GHz) – FY07
The A0 photoinjector will be upgraded and moved to the New Muon Lab. Several new LLRF systems will be required for this upgrade: one for the RF gun, two for 1.3 GHz cavities, and two for 3.9 GHz cavities. Each one of these cavities will be driven by its own Klystron. Design and fabrication of this LLRF system upgrade has not started yet.

ILC Cryomodule (One 1.3 GHz Klystron, 8 cavities) – February 07

A significant R&D milestone of the FNAL ILC LLRF program is the delivery of a LLRF system capable of operating 8 cavities from a single Klystron. This system will be needed for the first ILC cryomodule, expected to be delivered around February 07. Therefore, development work for this system needs to start during FY06.
Horizontal Test Stand at IB1 (1.3 GHz) – late FY07

The ILC program is planning to include funding next fiscal year for a second horizontal test stand to be built at IB1. It is possible that this test stand will include up to two 1.3 GHz cavities to be driven from a single Klystron. A LLRF system capable of driving two cavities from a single Klystron will be required for this test stand. Design and fabrication of this LLRF system has not started yet.
Appendix B: ILC LLRF Basic Requirements

(This table will be reviewed and expanded after the RF Specifications meeting being planned by Sergei Nagaitsev in January 06) 
RF Frequency: 1.3 GHz

Pulsed operation

· Repetition Rate: 5 Hz

· RF pulse length: 1370 us (420 us for cavity filling and 950 us at constant gradient)

For the 500 GeV stage, nominal accelerating gradient is 31.5 MV/m with Q0 = 10^10. The RF system should be designed to provide 35 MV/m

One RF unit consists of one 10 MW klystron and 3 cryomodules each containing 8 cavities.

Bunch Compressor regulation requirements (tightest): 0.08% amplitude and 0.03 degrees phase

Fast tuner control (piezo or magnetostrictive) to cancel Lorentz force detuning (~ 3KHz range)

High degree of automation, reliability, and fault diagnosis

 Appendix C: LLRF Contributors

Table C-1: Fermilab LLRF Contributors

	Accelerator Division
	Computing Division
	Technical Division

	Brian Chase
	Gustavo Cancelo
	Ruben Carcagno

	Julien Branlard
	Luciano Piccoli
	Andrzej Makulski

	Ed Cullerton
	Ron Rechenmacher
	Roger Nehring

	Tim Koeth
	Ted Zmuda
	Darryl Orris

	Mike Kucera
	 
	Jerzy Nogiec

	Paul Joireman
	 
	Yuriy Pischalnikov

	Dennis Nicklaus
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Table C-3: UPenn LLRF Collaborators
	University of Pennsylvania

	Nigel Lockyer

	Justin Keung

	Mitch Newcomer

	Rick Van Berg

	Joel Heinrich
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