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Introduction

An upgrade of the Recycler Ring BPM system based on an Echotek ECDR-814GC Digital Receiver board has been recently proposed. This note describes a Matlab model of the response of the ECDR-814GC to a variety of beam conditions.

The model has been used to examine:

· The resolution of the proposed BPM system;

· The dynamic range of the proposed BPM system; and 

· Systematic position measurement errors.

BPM System Overview

Beam Conditions

Antiprotons are transferred from the Main Injector in 4 bunches spaced by 400 ns (2.5 MHz Beam).

· The bunch width can vary between 20 ns (RMS) and 50 ns.

· The bunch intensity can vary between 0.5E10 particles/bunch and 7.5 E10 particles/bunch.

The BPM system is must be able to measure:

· An average position of the four bunches (Multiple Bunch Position); and

· The position of any one of the individual bunches (Single Bunch Position).

Once in the Recycler, the antiprotons will be coalesced into a partition of unbunched beam. At any given time, the recycler may contain two partitions of unbunched beam, a “hot” partition, and a “cold” partition.

· The partition lengths can vary between 1962 ns and 8830 ns;

· The edges of the partition can vary between 340 ns and 566 ns;

· The beam intensity of the partitions can vary between 20E10 particles and 400 E10 particles.

The BPM system must be able to measure

· The position of the head of the each partition of unbunched beam;

· The position of the tail of the each partition; and

· The mean position of each partition.

Pickup

Each half-cell of the Recycler Ring contains one horizontal and one vertical elliptical split-plate BPM, a total of 422. The associated beam lines contain an additional 26 BPMs.

Preamp

The equivalent network for the proposed preamplifier is shown in Figure 1. The overall preamplifier gain has yet to be determined.
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Figure 1: Equivalent Input Network of the Preamplifier

Cable

Signals are carried from the preamps to the surface by shielded twisted pair cables. The length of these cables varies between ?? m and ?? m. The frequency response of one of the cables measured using a spectrum analyzer is shown below in Figure 5.

Clock

It has yet to be determined whether the will be clocked synchronously with the Recycler Ring RF or asynchronously. This note assumes the boards will be clocked synchronously at a frequency of 80 MHz (32(RF//21).

Trigger

All digital receiver boards will receive a trigger pulse once per turn. The trigger pulse will be synchronized to a beam marker signal.

Digital Receiver

Each ECDR-814GC digital receiver board contains 8 channels.

Each channel consists of:

· An Analog Devices AD6656 14-bit, 80 MHz ADC;

· Texas Instruments GC4016 Digital Downconverter; and

· A 128k sample FIFO.

The board is controlled and read out via VME64x interface.

Each GC4016 Downconverter consists of

· A Numerically Controlled Oscillator (NCO);

· A Digital Mixer; 

· A 5 stage Cascade-Integrate-Comb (CIC) Filter;

· A 11 coefficient CFIR Filter; and a

· A 31 coefficient PFIR Filter.

The Downconverters frequency-shift the input signals to base-band, where the signals can be processed at a lower rate. The filters on board the GC4016 can be tailored to accept signals the portion of the beam of interest while rejecting signals from other portions of the beam. The CFIR can be configured as an 11 tap asymmetric filter or a 21 tap symmetric filter. The PFIR can be configured as a 31 tap asymmetric filter or a 63 tap symmetric filter.

PowerPC

The Digital Receiver boards are controlled and read out by a Motorola 2401 Power PC board running VxWorks. The Power PC extracts calculates the position from the processed plate signals produced by the ECDR-814GC boards and relays the position data to Acnet for display on the Control Room consoles.

Matlab Model

Beam

Figure 2 shows the distribution of beam current used for most of the simulations described in this note. The ring contains 4 bunches of beam spaced by 400 ns. Each bunch contains 7.5E10 particles.

The bunched beam is followed by a two partitions of unbunched beam, the first “hot”, and the second “cold”. Each partition contains 400 E10 particles.  The three types of beam are each separated by 679 ns barrier buckets. The edges of the each partition penetrate halfway into the surrounding barrier buckets. While such a configuration may never occur in the Recycler ring, this scenario is useful for studying the effects of the each of the three types of beam on the measured positions of the others.



Figure 2: Beam Intensity Model

Plate Current

The current on the two plates was calculated from the beam current using
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where:

x is the transverse position of the beam;

r is the radius of the BPM;

L is the length of the BPM; and

(c is the velocity of the beam.

The radius of the BPM was taken to be 5 cm for the simulations described here.
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Figure 3
 shows the plate current for the beam configuration shown in Figure 2.
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Figure 3: Plate Current

Preamp Output

The voltage output of the preamplifier was calculated from the plate current by multiplying the Fourier transform of the plate current by the complex impedance of the equivalent input network of the preamp together with an overall gain of 1.9. Figure 4 shows the output voltage of the preamp. One micro-amp of white noise was added to the input current to simulate preamplifier noise.



Figure 4: Preamplifier Output

Cable Response

The signals from the preamps are carried to the digitizers by multi-conductor twisted pair cables. Table 1 lists the parameters assumed for the cable. The attenuation of the cable was calculated using the formula:
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where L is the length of the cable in meters; and
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Figure 5 shows the measured frequency response of the cables compared to the Matlab model. The agreement is good over the frequency range of interest. Figure 6 shows the calculated impulse response and Figure 7 shows the simulated output voltage of the cable.

	Parameter
	Symbol
	Value

	Characteristic Impedance
	Z0
	95 (

	Velocity
	v0
	0.590c

	Resistance Per Unit Length
	R
	5.0e-4 (1/2(/m

	Conductance Per Unit Length
	G
	6.1E-13( (-1/m


Table 1: Parameters Used to Model the Cable



Figure 5: Measured and Modeled Cable Attenuation



Figure 6: Cable Impulse Response



Figure 7: Cable Output Voltage
Digitizer

The signal from the output of the cables was sampled every 12.5 ns (80 MHz) and quantized to 14 bits with full-scale range of ( 0.75 Volts. The output of the simulated digitizer is shown in Figure 8.



Figure 8: Digitizer Output

Downconverter

Figure 9 and Figure 10 show the real and imaginary components of the down-converted signal respectively. The components of the signal from the bunched beam are predominantly positive while the components of the signal from the unbunched beam are oscillatory. When these signals are low-pass filtered in the following stages, the oscillatory signals will be suppressed.



Figure 9: Real Component of the Down-converted Signal



Figure 10: Imaginary Component of the Down-converted Signal

CIC Filter

Figure 11 shows the output of the CIC filter for bunched and unbunched beam.  Even though relatively small decimation factors have been used here, some suppression of the unbunched signal (and vice versa) in the bunched channel is visible. The lag of the output of the unbunched filter relative to the output of the bunched filter is due to the different decimation lengths.



Figure 11: Output of the CIC Filter for Bunched and Unbunched Beam


Table 2
 lists the decimation factors and filter coefficients used to process the signals from the three different types of beam discussed in this note.

Table 2: CIC Decimation Factors

CFIR Filter

Figure 12 shows the output of the CIC filters for bunched and unbunched beam. Further suppression of the unbunched signal in the bunched filter (and vice versa) is apparent.



Figure 12: Output of the CFIR Filter for Bunched and Unbunched Beam

Table 3: CFIR Filter Coefficients

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


PFIR Filter

 Following this filter, the unbunched signal in the bunched filter is strongly suppressed (and vice versa). The arrow in Figure 13 indicates the output sample used to calculate the position for the bunched beam. For the unbunched beam, the samples at the peak were used.

Figure 13
 shows the output of the PFIR filter for bunched and unbunched beam. Following this filter, the unbunched signal in the bunched filter is strongly suppressed (and vice versa). The arrow in Figure 13 indicates the output sample used to calculate the position for the bunched beam. For the unbunched beam, the samples at the peak were used.



Figure 13: Output of the PFIR Filter for Bunched and Unbunched Beam

Table 4: PFIR Coefficients

Position Determination

The appropriate samples from the A and B plate PFIR signals are extracted and the ratio of the difference over the sum gives the position:
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Results

Resolution

A series of simulated measurements were made to determine the resolution achievable as a function of beam intensity for each of the three types of beam. Only one type of beam was simulated at a time. For each of the multiple bunched, single bunched, and unbunched beam, the position of the beam was scanned between –2.5 cm and 2.5 cm in 0.25 cm steps.  This was repeated for 10 different intensities covering the expected range of operation of the Recycler for that type of beam. At each of the intensities, the standard deviation of the difference between the reconstructed and the generated positions was determined.

Figure 14 shows the resolution determined in this way for the multiple-bunched beam, a single bunch, and the unbunched beam. For each type of beam, the resolution varies from several tens of microns at the highest intensities to several hundreds of microns at the lowest intensities.

The resolution of the tail of the unbunched beam is noticeably poorer than the resolution of the head. Figure 15 shows the difference between the reconstructed and generated positions for both the head and the tail of the unbunched beam for the highest intensity. The reconstructed position of the tail shows a systematic bias as the position of the bunch is varied. This is most likely due to dispersion of the signal from the head of the bunch by the preamplifier and cables. This dispersion might be corrected by further processing of the signals in the PowerPC.



Figure 14: Resolution for Multiple Bunch, Single Bunch, and Unbunched Beam



Figure 15: Systematic Position Offset of the Tail of the Unbunched Beam

Systematic Position Bias

A second series of simulated measurements were made to examine the systematic effect of the position of one type of beam on the position determination of the others. 

Single Bunches

To determine the systematic effect of the position of other bunches on a the position determination of a single bunch of beam, the position of the second bunch was varied between –2.5 cm and 2.5 cm in 0.25 cm steps while the positions of the other bunches one, three and four were fixed at –1 cm, 0 cm and 1 cm respectively. The standard deviation of the difference between the reconstructed and generated positions of each bunch over the entire scan was determined. 

Figure 16 shows the output of the PFIR filter when the four bunches are at –1, 2.5, 0 and 1 cm respectively. The differences between the A and B plate signals across the output of the PFIR at the points marked by triangles reflect the different position of the four bunches.

Figure 17 shows the reconstructed position for each of the four bunches as the second bunch is scanned. The first and last bunches are not noticeably affected by the position of the second bunch, but the reconstructed position of the third bunch changes noticeably as the position of the second bunch is scanned.  Since the third bunch is affected while the first is not, this is likely due to dispersion in the analog processing stages. Again, corrections for dispersion could be applied during further processing in the PowerPC.
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Figure 16: Output of the PFIR Filter for Single Bunches of Beam
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Figure 17: Reconstructed Bunch Position
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Figure 18: Difference between the Reconstructed and Generated Bunch Positions

Figure 18 shows the difference between the reconstructed and the generated positions for each bunch. The reconstructed position of the second and third bunches are systematically biased. The bias depends approximately linearly on the position of the second bunch.

Bunched Beam

For each of the bunched beam, hot unbunched, and cold unbunched beam types, the position of one type of beam, for example, the bunched 2.5 MHz beam, was scanned between –2.5 cm and 2.5 cm in 0.25 cm steps while the position of the two other types of beam, for example, the hot and cold unbunched beam, were kept at zero. At each scan point, the average difference between the reconstructed and generated positions of each type of beam were determined from ten trials. The standard deviation of the position difference trials was also determined.

Figure 19, Figure 20, and Figure 22 show the reconstructed positions of the three types of beam as the bunched beam, the hot beam, and cold beam respectively are scanned between –2.5 cm and 2.5 cm. In Figure 19, the position of the bunched beam has little effect on the reconstructed position of either the bunched or the unbunched beam.  



Figure 19: Reconstructed Beam Position vs. Bunched Beam Position
Unbunched Beam

In Figure 20, the tail of the hot beam and the head of the cold beam show a systematic bias as the position of the hot beam is varied.



Figure 20: Reconstructed Beam Position vs. Hot Beam Position

Figure 21 shows the difference between the reconstructed position and the generated position of the three types of beam as the position of the cold beam is varied. The degraded position resolution is due to an approximately linear systematic bias in the reconstructed positions of the tail of the hot beam and the head of the cold beam.



Figure 21: Position Difference vs. Hot Beam Position

In Figure 22, again the position resolution of the tail of the hot beam and the head of the cold beam are most affected as the position of the cold beam is varied. Figure 23 shows the difference between the reconstructed position and the generated position of the three types of beam as the position of the cold beam is varied. Again, the degraded position resolution is due to an approximately linear systematic bias in the reconstructed positions of the tail of the hot beam and the head of the cold beam.



Figure 22: Reconstructed Beam Position vs. Cold Beam Position



Figure 23: Position Difference vs. Cold Beam Position

 The unbunched beam has little effect on the bunched beam and vice versa because the filter for the bunched beam effectively suppresses any signal from the unbunched beam and vice versa. 

Systematic Intensity Bias

A third series of simulated measurements were made to examine the systematic effect of the intensity of one type of beam on the position determination of the others. 

Single Bunches

To determine the systematic effect of the intensity of one bunch on the position determination of other bunch of beam, the intensity of the second bunch was varied between 2E10 particles and 30E10 particles while the positions of the four bunches were fixed at –1 cm,  -5cm, 0 cm and 1 cm respectively. The average difference between the reconstructed and generated positions of each bunch was determined from ten trials at each intensity point. The standard deviation of the position difference trials was also determined.



Figure 24: Position Bias vs. the Position of Bunch 2



Figure 25: Position Resolution vs. the Intensity of Bunch 2

Bunched Beam

For each of the bunched beam, hot unbunched, and cold unbunched beam types, the intensity of one type of beam, for example, the bunched 2.5 MHz beam, was the varied in ten steps between 10% and 100% of the maximum intensity. The position of the beam type whose intensity was being varied was fixed at –2.5 cm. The positions of the two other types of beam, for example, the hot and cold unbunched beam, were fixed at zero. The average difference between the reconstructed and generated positions of each type of beam was determined from ten trials at each intensity point. The standard deviation of the position difference trials was also determined.

Figure 26 shows the mean difference between the reconstructed position and the generated position as the intensity of the bunched beam is varied over the range of operation of the Recycler. There is a small systematic bias in the reconstructed position of the head of the hot beam, but the size of the bias is comparable to the position resolution for the unbunched beam.



Figure 26: Position Bias vs. the Position of the Bunched Beam

Figure 27 shows the variation of the standard deviation of the difference between the reconstructed and generated positions of the three different types of beam as the intensity of the bunched beam is varied. The intensity of the bunched beam has little or no effect on the position resolution of the unbunched beam.



Figure 27: Position Resolution vs. the Intensity of the Bunched Beam

Unbunched Beam

Figure 28 shows the mean difference between the reconstructed position and the generated position as the intensity of the hot beam is varied over the range of operation of the Recycler. There is a large systematic bias (up to a centimeter at the lowest intensities) in the reconstructed position of the tail of the hot beam, and smaller systematic biases in the reconstructed positions of the head of the hot beam and the head of the cold beam.

Figure 29 shows the variation of the standard deviation of the difference between the reconstructed and generated positions of the three different types of beam as the intensity of the hot unbunched beam is varied. The intensity of the unbunched beam has little or no effect on the position resolution of the bunched beam or the cold partition of unbunched beam.

Figure 28 shows the mean difference between the reconstructed position and the generated position as the intensity of the cold beam is varied over the range of operation of the Recycler. There is a large systematic bias (up to a 2.5 cm at the lowest intensities) in the reconstructed position of the tail of the hot beam, and smaller systematic biases in the reconstructed positions of the head of the hot beam and the head of the cold beam.

Figure 31 shows the variation of the standard deviation of the difference between the reconstructed and generated positions of the three different types of beam as the intensity of the cold unbunched beam is varied. The intensity of the unbunched beam has little or no effect on the position resolution of the bunched beam or the hot partition of unbunched beam.



Figure 28: Position Bias vs. the Intensity of the Hot Beam



Figure 29: Position Resolution vs. the Intensity of the Hot Beam



Figure 30: Position Bias vs. the Intensity of the Cold Beam



Figure 31: Position Resolution vs. the Intensity of the Cold Beam

Conclusion

The signal processing chain of the proposed Recycler Ring has been simulated using Matlab.

The proposed processing should be able to measure the position of single bunches of 2.5 MHz beam, the average position of multiple bunches of 2.5 MHz beam with a resolution between 10 (m and 100 (m depending on the intensity of the bunched beam.

The proposed processing should be able to measure the position of unbunched beam with a resolution between 10 (m and 100 (m depending on the intensity of the unbunched beam.

The position measurements may be systematically biased if adjacent bunches or partitions of beam are offset in position. The magnitude of the bias varies approximately linearly with the position offset, and is a strong function of intensity. The biases are due to dispersion in the preamplifier and the cable.
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