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Abstract.

This paper describes how beam position in Tesla style Super Conducting RF cavities can be measured by using Higher Order Modes. Moreover, FPGA based HOM digitizer that can be used for this measurements is described. Block diagrams, results of testing and debugging of digitizer are presented.

1. SCRF Cavities and Higher Order Modes.
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Tesla style superconducting RF cavity is shown on fig. 1. It consists of nine cavity cells, power and two HOM couplers. Modes in cavity cell can be characterized by their azimuthal dimension as monopole, dipole, quadrupole and so on. Modes with frequency higher than fundamental mode are called Higher Order Modes (HOMs). Examples of monopole and dipole modes are shown on fig. 2. 
Monopole mode with frequency 1.3 GHz is used for accelerating purposes. Power coupler provides this mode from external source into the cavity. But when beam passes through cavity wakefields are generated, and it leads to exciting of HOMs. HOMs can cause various instabilities. Two HOM couplers are used to remove HOM power  from the cavity.

HOMs can be used as instrument for beam position monitoring: dipole modes are excited with an amplitude proportional to bunch charge, and to:
· Transverse position relative to the cavity axis.
· Transverse angle relative to the cavity axis. 
· Bunch tilt, with amplitude proportional to the bunch length.

So, these properties of dipole modes can be used to measure beam position. Also HOM couplers are used for obtaining HOM signals from cavity. 
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2. Beam Position Determination.
At DESY FLASH facility dipole mode TE-111 was used for beam diagnostic purposes, because it coupled strongly to beam. There are two orthogonal polarizations of this mode, but frequencies are spitted because of imperfections. Also calibration tone with frequency 1.7 GHz presents in signals from couplers, it is added for diagnostic purposes. So, signals from couplers have six constituents. It is difficult to obtain decay times and frequencies (also this parameters are different for each cavity) of modes. Therefore Singular Value Decomposition (SVD) is used to find orthonormal basis for data sets. Intuitive modes can be present as linear combination of SVD modes. If orthonormal basis is known, amplitudes of SVD modes can be determined as:
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Where V – matrix consists of rows of mode vectors, i.e. orthonormal basis, j can take a value approximately from 100 to 1000, X – signal from coupler, A – amplitudes. So, after amplitudes determination, beam position can be obtained using equation:
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Where M is calibration matrix that shows correspondence between amplitudes of modes and beam position. Calibration procedure that is shown on fig. 3 is used to determine matrix M. For calibration beam is steered, then raw HOM signals are recorded by using electronics.  The beam position is also recorded by using Beam Position Monitors (BPMs). From HOM signals we can obtain amplitudes of HOMs. From this results matrix M can be obtained by using linear regression. 
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3. FPGA Based Digitizer.
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FPGA based board (fig. 4) is used to digitize signal and calculate dot product. The core of board is Stratix II device. Also there are ADCs, DACs, digital inputs and outputs, interfaces for communication with other devices and other stuff for different purposes. Digitizer has two clock sources: 25 MHz onboard crystal and external 108 MHz RF signal that is synchronized with cavity fundamental mode.  FPGA gives next advantages as flexibility – algorithms can be changed depended on requirements, high speed, because of parallel calculations and dedicated blocks, satisfaction to timing requirements, because of pipeline structure.
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Before processing the signal from coupler is mixed with 1.68 GHz signal, than the obtained IF signal with frequency ~20 MHz is digitized by ADCs (fig. 5). The resulting dot product is the sum of dot products from two channels, as amplitude sum from both couplers  is used to determine position.
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Block diagram of design that is used for dot product calculation is shown on the fig. 6. ADC gives 12-bit data with frequency 108 MHz. This data is grouped by ADC interface to packet. Each packet consists of four 12-bit words. Packets from ADC interface follow with 27 MHz frequency. Then ADC data is distributed to RAM for storing (that is provided by TestRAM interface) and also going to multiplier-accumulator. This data should be multiplied by components of mode vectors. Distribution of mode vectors from RAM (as four packets of 16-bit data with 27 MHz frequency) is provided by CalRAM interface. RAMs for storing mode vectors and digitized data can be managed via VME interface. Multiplication and accumulation (dot product) is going in MULTACC. There are several blocks such as described above – six for each channel. All of them are processed in parallel.
4. Testing and Debugging.
The start point was a code that has being developed using AHDL language. This code has being written, but haven’t tested on real hardware. Then code has being rewritten using VHDL language and next improvements have being added:
1) Read clocking of RAM interfaces have being changed:
For TestRAM interface:
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This is necessary, because VME interface operate at 25 MHz and read clock should be synchronized with this frequency. Otherwise data will be read from RAM not correctly. 

For CalRAM interface:
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Additional 25 MHz signal has being for reading RAM via VME interface. Why the inverse 27 MHz signal is used will be covered below. 

For TestRAM testing 10 MHz sine signal was put to digitizer input. Then stored data was analyzed, and we can see that it is also 10 MHz signal (fig. 7). For CalRAM testing any data was written to RAM. Then data was read back. Written and read data was the same that is CalRAM interface works correctly. This test has been made 10000 times without any failures.
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2) Four cycles delay was added between dot product calculation start signal and reading mode vectors from RAM, because MULTACC doesn’t begin to multiply and accumulate immediately. There four cycle delay is presented. Also writing to TestRAM begins after the same delay.
3) Some clocks in ADC interface and in CalRAM interface have being changed to inverse (fig. 8).
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This is necessary because data from ADC interface output should be stable until multiplying and accumulating is going on. CalRAM interface clock was changed to inverse due this reason. 

4) For calculation test sine and cosine signals with frequency 10, 15, 20 MHz were used. They were generated as shown below:
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where f – frequency, t – number of count. Board calculations have been checked independently by reading data from TestRAM and performing calculations in SciLab 10000 times without failures. Results of dot products of sine, cosine mode vectors and 10, 15, 20 MHz signals are presented in table. When frequencies are the same, result is more then two order of magnitude higher then in opposite case.  
	                 Mode vectors

Input signal
	10 MHz
	15 MHz
	20 MHz

	
	sin
	cos
	sin
	cos
	sin
	cos

	10 MHz
	-1.0 dB
	-6.8 dB
	-49.7 dB 
	-70.4 dB
	-51.1 dB
	-54.9 dB

	15 MHz
	-48.0 dB
	-51.3 dB
	-0.2 dB
	-13.5 dB
	-51.4 dB
	-50.0 dB

	20 MHz
	-97.1 dB
	-48.0 dB
	-46.3 dB
	-46.9 dB
	0.0 dB
	-39.7 dB


5. Conclusion.
During this work SCRF cavity and HOM basics, which can be used for beam position monitoring, have being studied. FPGA based board has being used to develop prototype of HOM digitizer, which is responsible for calculation of HOMs amplitudes that are used to determine beam position. Digitizer developing included developing of firmware for FPGA using VHDL and AHDL languages, simulation and tests of hardware. Tests have demonstrated that device works correctly.          
Fig.1 Tesla style SCRF cavity.





Fig. 2 Examples of modes





Fig. 4 Blocks diagram of digitizer board





Fig. 5 





Fig. 6 Diagram for dot product calculation 





Fig. 7 Results of TestRAM testing 





Fig. 8 ADC output clock is inverse, MULTACC input clock is not inverse
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Fig. 3 Calibration procedure.
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