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1. 
2. Introduction

Fermilab’s Recycler Ring is an 8 GeV storage ring constructed of permanent magnets. It will increase Tevatron collider luminosity in two ways:

1. Maintain high antiproton production rate in the Accumulator by periodically sending its stack to the Recycler ring, and 

2. By recycling the “unused” antiprotons at the end of a store from the Teavatron to the Recycler, and further cooling it, before injecting again in the Tevatron.


The Recycler operation includes protons and anti-protons (which circulate in opposite directions in the ring). The Recycler is designed for the purpose of antiproton accumulation and cooling; protons are used for setup and for machine studies. Normally, protons and antiprotons will not circulate simultaneously in the Recycler.  However, during anti-proton operations, protons will be injected into the ring for transfer tune-up while anti-protons are circulating. 
The Recycler Ring has two BPM detectors per half-cell. There are a total of 422 BPMs for the 3320 meter ring. The associated beamlines have an additional 26 BPMs. The current recycler ring BPM system consists of 30 cm long elliptical split-pipe detectors matching the Recycler beam pipe shape, with axis dimensions of 9.6 cm by 4.4cm (Drawing ME- 341064). In the straight sections, the Recycler uses round split-pipe BPM with a 10 cm aperture (Drawing ME-341066). The signals are pre-amplified in the tunnel and the signal processing is done in the service buildings.



This document specifies the required functionality and performance of the Beam Position Monitoring system for the Recycler Ring and transport lines to support machine commissioning, operation, and diagnostics.
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2. BEAMS IN THE RECYCLER
3. 
The Recycler will have up to three partitions of beam at a time: cold “debunched” beam, warm “debunched” beam, and injected or to be extracted beam with 2.5MHz/7.5MHz RF structure.  See Figure 1.
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 TIME STRUCTUREs
3.6.1 2.5 MHz 

The 2.5MHz beam is comprised of four bunches in successive 2.5MHz RF buckets (396 ns spacing). Bunch lengths range from a gaussian sigma of 25ns to 50ns. Bucket-to-bucket transfers of beam with this structure are made into and out of the RR. 
3.6.2 
3.6.3 
3.6.4 
3.6.5 
3.6.6 
3.6.7 7.5 MHz

The 7.5MHz beam is comprised of 12 bunches in successive 7.5MHz RF buckets (132ns spacing). Bunch lengths range from a Gaussian sigma of 8ns to 17ns. This scenario is expected when the Tevatron goes to 132ns bunch spacing mode. In this case, the 7.5MHz functionality of this structure replaces that of the 2.5MHz structure.


3.6.8 “De-bunched” Beam Inside barrier Buckets / stored pbars 

Each partition of debunched beam will be contained between RF barriers created by the wideband RF system as shown in Figure 1. The width of a typical barrier pulse that defines the end of a partition is 906ns (48/53MHz) (shown in the example); however, operationally the width may be as small as 679ns (36/53MHz) or as large as 1132ns (60/53MHz). Edges of a debunched beam distribution will typically extend halfway into the barrier on each end. The time between “cold beam” barriers, that is the nominal bunch length of the “cold beam” will vary from 1824 to 11172ns.  The time between “hot beam” barriers, the nominal bunch length of the “hot beam” may also vary from 1824 to 11172ns. These de-bunched beams will have no intentional modulation structure over the length of the bunch. The Fourier spectrum of the beam current varies depending on the barrier positions. 
 

3.6.9 53 MHZ 

Beam with 53MHz structure is not normally expected in the ring, but may be present at some time.
4. Functional specifications and requirements 

4.1 General 
4.2 
4.3 system pErformance Requirements 
The BPM system is required to measure proton beams and to measure anti-proton beams. There is no requirement for any measurement in the ring when protons and anti-protons are circulating simultaneously. The BPM system shall be capable of making measurements of beam in any one partition in the presence of beam in the other partitions for barrier widths of 679ns (36/53MHz) or greater. There are no requirements for simultaneous measurement of beam in more than one partition.

Any pre-amp or other attachment to a BPM electrode shall be designed to withstand the signal presented by 53MHz beam at 1E12 particles total in 40 bunches.



4.3.1 Dynamic Range 
The BPM system shall measure beams in the following intensity ranges:
1. From 0.5E10/bunch (2.0E10 total) to 7.5E10/bunch (30E10 total) particles for 2.5 MHz structure beam, with bunch length ranging from a Gaussian sigma of 25ns to 50ns.
2. From 0.2E10/bunch (2.4E10 total) to 4.0E10/bunch (48E10 total) particles for 7.5 MHz structure beam, with a bunch length ranging from a Gaussian sigma of 8ns to 17ns.

3. From 20E10 to 400E10 particles for de-bunched (“hot” or “cold”) beam with barrier bucket size varying from 1824ns to 11172ns.
If and when operation with stored beam in excess of 400E10 particles should occur it is expected that a one-time shift of the BPM system operating range will be made.  The dynamic range, that is the ratio between maximum and minimum operating limits, shall not be required to change. For justification please see appendix section 12.5. 
 
4. 

4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 measurement precision over the full dynamic range

This is a 3 (sigma) requirement on the precision over the full dynamic range. It implies that 99.73% of the measurements should be within these limits as defined in the table below. For justification please see appendix section 12.6.

Table 1 – Required Measurement Precison for 2.5MHz, 7.5MHz, and 
 “DEBUNCHED” beam FLASH over the full dynamic range.


	ABSOLUTE – True position of the beam relative to the center of the BPM. 

[Covers long term stability,  

intensity dependence and spectral dependence.]


	( 1.0 mm ( 5% of the actual position.

	RELATIVE -  Difference between two measurements on subsequent pulses with stable beam. 
[Covers short term stability and resolution.]

	( 0.40 mm ( 5% of the actual difference



1. 
2. 
4.4 Ion CLEARING

Besides providing signals for beam position measurement, the BPM electrodes are also used for ion clearing.  The electrodes and everything with DC connection to the electodes must withstand +-500V DC operating clearing field voltage.


5. measurements

The following four measurements – FLASH, CLOSED ORBIT, TURN-BY-TURN (TBT) and BACKGROUND FLASH, are needed to understand the beam behaviour in the Recycler. The data from these measurements will be written in separate buffers.
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 FLASH Measurement
A FLASH mode measurement is the single turn measurement of the beam position at each BPM location in the ring (or in a transfer line).  Flash measurements are particularly important for observing the first turn of the injected beam or the last turn before extraction.
A FLASH measurement shall be initiated by an application program (ACNET generated) request and triggered by a RR Beam Synch Clock event. Data will be collected at a delay from the turn marker specified by the MDAT system [please see section 9.1, point f]. FLASH data shall be transient, over-written by the next FLASH data. The system shall return to background mode upon completion of the measurement. The measurement will timeout if it is waiting for a RR Beam Synch Clock Event, which does not occur within 5 minutes.
A FLASH measurement may be implemented as the first turn of a TBT measurement (see section 4.3 below)


5.9 CLOSED ORBIT MEASUREMENT 

A CLOSED ORBIT mode measurement is the measurement of the machine’s closed orbit position at each BPM.  It shall be obtained by averaging a programmable number (1 to 1024) of FLASH mode measurements at each BPM location in the ring. A CLOSED ORBIT measurement may be implemented by averaging a TBT mode measurement over the required number of turns.  
A CLOSED ORBIT measurement shall be initiated by an application program (ACNET generated) request and triggered by a RR Beam Synch Clock Event. Data will be collected at a delay from the turn marker specified by the MDAT system [please see section 9.1, point f]. Closed orbit data shall be transient, over-written by the next orbit. The system shall return to background mode upon completion of the measurement. The measurement will timeout if it is waiting for a RR Beam Synch Clock Event, which does not occur within 5 minutes.


1. 
2. 
3. 
5.10 TURN-BY-TURN (TBT) MEASUREMENT

A Turn-By-Turn mode measurement is the measurement of beam position at each BPM location for 1 to 1024 successive turns.  Turn-by-turn measurement is required at all ring BPM locations on the same turns.
The system may always acquire 1024 successive turns provided that it is possible to read any subset of turns. A FLASH measurement may be implemented as a special case of a TBT measurement. 
A TBT measurement shall be initiated by an application programme (ACNET generated) request and triggered by a RR Beam Synch Clock event. Data will be collected at a delay from the turn marker, specified by the MDAT system [please see section 9.1, point f]. The TBT data shall be transient, over-written by the next TBT data. The system shall return to background mode upon completion of the measurement. The measurement will timeout if it is waiting for a RR Beam Synch Clock Event, which does not occur within 5 minutes.
5.11 
5.12 
5.13 
5.14 
5.15 
5.16 
5.17 
5.18 
5.19 
5.20 
5.21 BACKGROUND FLASH MEASUREMENT 
In BACKGROUND mode the system takes FLASH data periodically. The rate should be programmable and capable of updates at the highest practical rate greater than or equal to 200Hz. Background FLASH data will be stored in a circular buffer with a length of 16384 consecutive measurements. The most recent position data will be output on request as an ACNET plotable device.

Background mode measurements are made when the system is otherwise idle. Background mode measurements will cease when another measurement mode is requested. Background mode measurements are not synchronized from house to house. Data will be collected at a delay from the turn marker specified by the MDAT system [please see section 9.1, point f]. The contents of the circular buffer are undefined if the system has been in Background mode for fewer than 16384 measurements.

An external hardware pulse may stop the circular buffer. The buffer is restarted by an ACNET request. The ACNET plotable data is always available whether the circular buffer is active or stopped.



5.22 
5.23 
5.24 
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18. measurements required for each Beam STRUCTURE

18.1 2.5 MHz beam MEASUREMENTS

Capability to obtain FLASH, BACKGROUND FLASH, TURN-BY-TURN, and CLOSED ORBIT type measurements for 2.5MHz beam is required. 
FLASH, BACKGROUND FLASH, TURN-BY-TURN, and CLOSED ORBIT type measurements are required for individual bunches of the 2.5MHz beam; one bunch at a time, not all four bunches simultaneously.  It will be possible to make measurements with different bunches in four different measurements. There shall also be a mode that provides an average position for the four-bunches. Absolute and relative accuracy requirements apply only to the measurement of the entire four-bunch distribution.


18.2 7.5 MHz beam MEASUREMENTS

Capability to obtain FLASH, BACKGROUND FLASH, TURN-BY-TURN, and CLOSED ORBIT type measurements of this beam are required.  
FLASH, BACKGROUND FLASH, TURN-BY-TURN, and CLOSED ORBIT type measurements are not required for individual bunches of the 7.5MHz beam; however, sufficient signal bandwidth and sample time adjustment shall be provided to observe position changes on the time scale of three of the twelve bunches. There shall also be a mode that provides one ”centre-of-mass” position for the entire twelve-bunch time distribution. Absolute and relative accuracy shall apply only to the measurement of the entire twelve-bunch distribution.

18.3 MEASUREMENTS OF “De-bunched” Beam Inside barrier Buckets / stored pbars / “cold” beam and “hot” beam
Capability to obtain FLASH, BACKGROUND FLASH, TURN-BY-TURN, and CLOSED ORBIT type measurements of this beam is required. It should be able to differentiate the position of the “head” of the bunch from the “tail” of the bunch. Usually the BPM system will provide one “centre-of-mass” position measurement for the entire time distribution of charge within a partition.


18.4 53 MHZ beam MEASUREMENTS
There are no requirements for this BPM system to provide measurements of 53MHz beam.

18.5 BEAM INTENSITY

Every BPM shall provide a measure of the magnitude of the common mode signal (“sum signal”) from which position information is derived.  BPM-to-BPM scaling capability shall be incorporated so that relative location-to-location beam intensities can be determined to a precision of (5% on a FLASH, CLOSED ORBIT, BACKGROUND FLASH and TBT measurements. For justification please see appendix section 12.7. 

1. 
2. 
19. Tests and reliability measurements
The system must go through a rigorous testing procedure with Recycler beam in addition to lab tests made during development.  Recycler personnel will perform a series of measurements to certify that the new system meets the performance requirements.  The following is a summary of tests (except ‘i’ and ‘j’) that has been performed on the DDC based electronic test channels using the Recycler beam. 

a. Three bump scale and linearity measurement and comparison with the model.

b. BPM noise measurement.

c. BPM position stability over long time (hour, day) for the stored beam.

d. Beam position stability for repeat injection.

e. Beam position vs. Beam Intensity measurement.

f. System sensitivity to the timing of beam sampling.

g. Beam Position vs. RF Voltage Phase Error for both the injected beam and the circulating beam. For both injected and circulating beam, every time the beam passes through the RF cavity, the cavity needs to put out a 2.5MHz waveform with a correct voltage and phase in order for the beam to remain bunched. By changing this phase alignment one introduces a synchrotron oscillation. Study the BPM response to the phase misalignment or the synchrotron oscillation.  

h. System sensitivity over a large range of RF voltage (Beam Position vs. Bunch Width Measurement) for circulating beam.

i. Position of 2.5MHz beam with a large amount of de-bunched beam (up to 400E10) nearby (barrier bucket pulse between 36 to 60 RF bucket wide).

j. Test the transient (first few turns) response and TBT measurement.
1. These measurements must satisfy the requirements outlined earlier.
2. The tunnel electronics must be able to withstand beam loss radiation during normal operation without failure. The NuMI expects to begin operation in early 2005.  With 4E13ppp every 1.87secs (using 5 Booster batches) to be delivered to the MINOS and simultaneous collider operation (anti-proton production) the MI expects to accelerate  ~ 9.25E16pph or more. The BPM electronics should be able to withstand such radiation dose for at least 10 years.
3. All component failure encountered during tests is assumed to be re-occurring unless causes are understood and eliminated. 

20. NUMBER of BPMS



3. 
4. 
21. 
The RR has 104 half cells per plane with approximately 900 phase advance. We are proposing to modify a BPM at each half-cell. This is using the same algorithm as the Tevatron and the Main Injector. The modified horizontal BPM will be at the focussing locations and the modified vertical BPM will be at the de-focussing locations. This is needed:

1. To observe maximum orbit excursions

2. To determine all possible orbit motions unambiguously (to see the sine and cosine terms), &

3. To verify the operations of the correctors. [At present the RR has one corrector every half-cell.]
We need 211 BPM (104 Horizontal and 107 Vertical) in the Recycler Ring, and 26 BPM in the transfer lines, a total of 237 BPM. [At present the RR has 422 BPM and the associated transfer lines have 26 BPM.]
21.1 Transfer line BPMs
Beams in the transfer lines shall be of the 2.5MHz or 7.5MHz type and of the same intensity as described above. Transfer line BPMs are not required to measure beam of the “de-bunched” type. All single pass (FLASH) mode specifications of the RR BPMs shall equally apply to the transfer line BPMs.

21.2 Integration and installation
The existing system must be maintained until replaced by the system specified by this document. Designated representatives of the MI/RR and Instrumentation Departments shall coordinate installation, integration, and commissioning of this new system.  After the new system is fully operational, remaining parts of the old system shall be maintained until the MI/RR Department decides those parts should be declared un-necessary.

21.3  LIST of BPMs to be modified   (TOTAL 237)                                                                                                                                             

1. Every Even Location  – Horizontal BPMs –   A total of 104 BPM to be modified. 18 in MI-10, 15 in MI-20, 18 in MI-30, 15 in MI-40, 19 in MI-50 & 19 in MI-60.

2. Every Odd Location   – Vertical BPMs    –    A total of 107 BPM to be modified. 18 in MI-10, 15 in MI-20, 20 in MI-30, 16 in MI-40, 19 in MI-50 & 19 in MI60.

3. 3.  Transfer Lines – Every single BPM – A total of 26 BPM to be modified.

22. system calibration (Absolute bpm calibration)

A calibration system must be provided to allow the required position and intensity precision as defined earlier to be verified and maintained. 

This system shall provide means to check and calibrate hardware from the pre-amplifier to the front-end electronics in the service buildings, to testing the software, and to store calibration data in a user-friendly manner.
The calibration system must be capable of delivering an equivalent charge (up to 3E11 simulated intensity) to the BPM electrodes to simulate positions of –20mm, 0mm, and +20mm to be read out through the entire chain. Accuracy of the calibration system must be adequate to assure position accuracy of (0.25mm(1.25% and ~2% in intensity.



1. 
23. BPM FRONT-END FUNCTIONALITY

In general the functionality of the front-end should be similar to the existing front end. In order to make measurements, the system will generally need to know the following information:

23.1 Input Parameters
a. Beam Type: Proton or Antiproton beam

b. Measurement Type: CLOSED ORBIT, TBT, FLASH, or BACKGROUND FLASH. Background Mode is selected by default (after reboot, or when the system is idle, or after a time-out of another mode)

c. Time Structure of the Beam: 2.5MHz, 7.5MHz, or Barrier Bucketed Beam.

d. Number of Turns: CLOSED ORBIT average, TBT total number, Background interval between measurements.

e. Trigger Information: RRBS event & delay, house delay, & BPM delay - The house delay and the BPM delay can probably be independent of measurement type, but the RRBS event and delay will depend on the measurement type.
f. Data Collection Information: MDAT type, a delay, and an interval - The MDAT will specify the beginning of a particular beam partition. The “delay” will give the time interval from the beginning of the beam partition (MDAT information) to the beginning of the piece of beam of interest. The “interval” will give the size of the beam segment to be measured.
23.2 Measurements
The system is not expected to make measurements in more than a single mode at one time. The system is not expected to support multiple users (more than one application program at a time). The Closed orbit and the TBT modes are entered by program control and triggered by Recycler beam-synch clock events. When a command to change mode is received, any measurement in progress is interrupted and the data may be lost. It is reasonable to expect that if the system is in data acquisition mode, it will finish the data acquisition, store the data properly and follow the next command. The whole process should not take more than a fraction of second or at best a second. But, for any reason if the system is waiting for a trigger which might or might not happen, it is expected to follow the latest command from the ACNET. Background mode is entered by default, when the system is otherwise idle. Background mode is also entered when the circular buffer is reset. Background mode data acquisition begins at a delay from the turn marker specified by the MDAT system [please see section 9.1, point f]. 
Separate buffers are maintained for FLASH, CLOSED orbit, TBT, and BACKGROUND mode. Each buffer can be read separately and the last measurement shall be returned. Reading the background mode circular buffer is only defined if the buffer is stopped.
23.3 READBACK
The system should provide read back of all settable parameters as well as detailed status information.

Measurement data consists of position and intensity information for each BPM. TBT and BACKGROUND buffers contain multiple measurements. Each buffer shall also contain the relevant measurement parameters and appropriate timestamp(s) to identify the data. It shall be possible to read only portions of the data including: position or intensity data only, one turn or a range of turns of TBT data, and measurement parameters only.
23.4 Future Improvements
We expect the improved BPM electronics to be functional as soon as possible. We also expect that the front-end in the beginning will be similar to the existing front-end system, so that very little time and effort is needed in changing the front-end. But we expect that “nothing will preclude a clock-event driven front end system in future (as it exists in MI and the Tevatron)”. This change is expected to take place after the first phase of the improved BPM system becomes operational. 
It will also be desirable to have the clock-event driven system capable of making different measurements at a time gap of approximately ~1ms, based on the switchover timing of ~300s needed among different modes.

1. 

2. 
24. application software

We are trying to minimize the software effort required by adopting the present software as much as possible. The major changes that we need are:

1. The capability to read out every BPM on TBT

2. A simple to use test of the integrity of the system. A combination exercise of the calibration and a list of non-functioning BPM.

3. Intensity.

25. SUMMARy
	Dynamic Range
	20:1 Intensity Range for any one beam type

	Location-to-location Sum Signal Accuracy
	5%



	Absolute Position Accuracy
	1.0mm(5% of the actual position. This will be a 3 measurement, or 99.73% of the  measurements should be within this error.

	Relative Position Accuracy


	0.40mm(5% of the actual difference. This will be a 3 measurement, or 99.73% of the measurements should be within this error.

	Closed Orbit Time Resolution
	10ms

	Bunch Structure
	2.5 MHz/7.5 MHz, and Barrier Bucket with 684-1140 ns Barrier Bucket edge.

	Number of BPM
	237 Total. 211 in RR, and 26 in the transfer lines

	Display Mechanism
	R39, FTP/SNP, SDA etc.


Current clearing electrode functionality need to be maintained and HV ((500V) protection must be included.
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27. APPENDIX:

27.1 WHY DO WE NEED A PRECISION BPM SYSTEM?
8. To reproducibly centre the orbit in the physical aperture of the machine, thereby maximizing acceptance and beam lifetime.

9. To verify stable orbit position from day to day, ensuring stable tuning conditions and minimizing feed down effects on machine behaviour.

10. To have an accurate turn-by-turn (TBT) lattice measurement.

11. To understand geometrical and optical defects in the ring in terms of a calibrated geometrical survey.

12. To understand and interpret the results of beam experiments which are expected to produce static or transient beam orbit changes (pinging, orbit bumps, synchrotron oscillations, MI ramp compensation, finding rolled quads via single-turn kicks, etc.)

13. To monitor and adjust the beam position in the injection and extraction lines, and the single turn orbit between the Lambertson and the kicker in the ring

14. To independently measure orbit closure and injection oscillations.
27.2 why an upgrade?
    The present BPM electronics and 7.5MHz band pass filters with logamps, do not meet the user requirement to measure the beam position with the precision, accuracy and reproducibility one needs to reliably measure a single turn or a closed orbit. To overcome those  those problem a proposal was made to upgrade the RR BPM electronics to incorporate digital receivers instead of logamp modules currently in use. This proposal has been motivated by the necessity to overcome the inherent limitations as well as the performance shortfalls of the current system.

27.3 12.3   problems and limitations of the current system
At present during beam transfer from the Main Injector to the Recycler, the beam is coalesced in the Main Injector into four 2.5 MHz buckets, which are transferred bucket-to-bucket into the Recycler.  

A brief account of the current system is as follows: In the present BPM system the capacitance of the BPM electrodes and inductors at the input of the first pre-amp form a resonant circuit at 7.5 MHz with a ‘Q’ of about 6. A second amplification stage with another 7.5 MHz resonant circuit (‘Q’~15) is used to drive the long cable runs from the tunnel to the service buildings.  In the service buildings, the signals are transformed from differential to single-ended and routed to the log-amp modules, which provide the log of A/B to the digitisers and ACNET front-end.  The output of the log-amp is a track and hold signal triggered relative to beam revolution markers.  
Since the BPM system was designed to measure beam with 7.5MHz RF structure, the measured beam position is dependent on the 7.5 MHz frequency content of the 4 bunches of 2.5 MHz beam, which is the third harmonic of 2.5MHz beam. The 7.5MHz frequency content of the 4 bunches of 2.5 MHz beam is not only attenuated but also sensitive to the phase details of the coalescing from 53MHz to 2.5MHz RF structure in the MI, and the RF bucket alignment. This has the net result of inconsistent, noisy position measurement. The position measurements also exhibit a dependence on the beam intensity.

   The current BPM system has a poor transient (first turn) response due to the log non-conformity error in the logamp modules and the overly critical need for channel matching.  One of the typical methods for orbit closure in a storage ring is to use a BPM system to compare the position of the first turn of the beam to the closed orbit and use the information to adjust the elements in the injection beamline to match to the preferred position and angle at the injection point.  This task is hindered by the poor transient resolution of the current system.  

In the current BPM pre-amp configuration, the two BPM plates also capacitively couple the two pre-amp input LCR circuits together, so mixing of the A and B signals occur in time. This results in a position measurement that decays in time, consequently the position magnitude strongly depends on the timing of sampling. 

In summary, the present BPM system with the current logamp modules displays the following problems:

9. The  system is noisy (the RMS on measured beam position could be several mm).                                                                                                   

10. The system gives poor transient (first turn) measuremnet of the beam. The measured position could be off by several mm from the actual position.
11. The system has poor consistency in measurement for repeat injection, either with the similar/identical beam intensity or varying beam intensity.
12. The system has poor consistency of measurement of the circulating beam. Even when the mean position and rms for the circulating beam does not change over a certain period of time [as confirmed with the DDC based BPM system], the present BPM system gives varying positions over time. Thus the present system has poor measurement reproducibility on longer time scale (hours, days) and the measurement cannot be trusted.   

13. The BPM system is very sensitive to the timing of the beam sampling. A sampling error of one 53 MHz bucket or 19ns causes measured beam position to change by several mm. The measured postion has been observed to change by as much as 5mm.

14. The system is very sensitive to injection phase error. A small change in injection phase error (for example one to two buckets) leads to change in measured beam position.

15. The system is very sensitive to the voltage and phase of the RF cavity for maintaining the bunched beam. For circulating bunched beam, every time the beam passes through the RF cavity, the cavity needs to put out a 2.5 MHz waveform with a correct voltage and phase in order for the beam to remain bunched. The  measured beam position is very sensitive to both the voltage and the phase put out by the RF cavity.  

16. The measured relative displacement (using three bump scale and linearity measurement) differs from the MAD model prediction by upto a factor of three. The model is expected to be correct within (10%.
27.4 Upgrade proposal 

An earlier proposal to upgrade the RR BPM system can be found at the following link: 
http://www-rfi.fnal.gov/global/DR-BPM/index.html.  The motivation for upgrade has been necessitated to overcome the inherent limitations as well as performance shortfalls of the current system.  This approach requires modifications of the pre-amps in the tunnel, and the replacement of the log-amps with commercial digital receivers (or digital down converter, DDC card) in the service buildings. The current candidate is a 8-channel Echoteck ECDR-GC814 board (serves 4 BPMs. 2 channel couple to two plates of each BPM).  In brief, the BPM system based on the digital board has the following characteristics: (Please find more details at the above mentioned link)

5. The new system uses a low pass preamp filter, which will work at 89KHz, 2.5MHz and 7.5MHz.

6. The BPM, preamp and the cable forms a band pass circuit rather than a resonant circuit.

7. Preamp input R and Cplate+Ccable set the corner frequency of 10MHz.

8. Reduces coupling at 2.5MHz and 7.5MHz by reducing the preamp input impedance.

27.5 Justification for the Dynamic Range

1. 2E10 - requires 3E10 anti-protons, a reasonable number to use for tuning and pilot shots, given the stacking rate.

2. 30E10 – maximum anti-protons extracted from the Accumulator without degrading emittances.
3. 20E10 – the lower limit for the stored/de-bunched beam in barrier bucket.
27.6 justification for the measurement precision
27.7 

1. 
2. 
27.8 
3. 1. The Recycler beam pipe radius is 22mm. A 1mm beam position error leads to a 10% loss in acceptance.

4. We use orbit difference to study the lattice. The orbit differences are limited to about 3mm to avoid beam losses, and non-linear effects. We need a 5% resolution (sigma should be 5% of 3mm, or 0.15mm) to achieve 10% precision in  measurement.
27.9 Justification for the beam intensity precision
3. Since the RR does not have an independent BLM system, this ability is needed to diagnose the position of the beam loss.

4. Intensity measurement is also useful crosscheck on the validity of the measurements.

5. It could also be used to diagnose the non-functioning BPMs.
27.10 AVAILABLE SOFTWARE
The section below describes the Recycler Ring application programs that are currently being used. 
27.10.1 R39 BPM DISPLAY_PROGRAM

  This Program allows the user to obtain BPM data in the following  modes; 

· Background Flash Mode

· Flash Mode

· Closed Orbit

The DATA DISPLAY field of this program allows the user to set MDAT mode (Injected, hot or cold beam), azimuthal delay,  triggering clock event and turn number.  This field also allows the user to ENABLE_SA mode.  This feature is used to automatically update and obtain any of the above mentioned modes.  The QUERY_PLOT feature allows the user to place the console curser over the graphically represented data and report back the BPM location and value.  The REPLOT feature redisplays the last data obtained.

The PLOT SETUP filed of this program allows the user to setup the scale at which the BPM data will be displayed.  The graphics window that the data will be place in, the number of planes that will be displayed and a scale factor that can be used on the obtained data.  The particle type can also be selected in this field.

The ARCHIVE field allows the user to save obtained data.  This data can be saved in two save regions, circular and protected files.  The user can also modify the description of save data as well as compare files of the same or diff modes.

The TIMING field allows the user to set the data acquisition event trigger and delay.
The BPM STATUS field reports the mode that each of the BPM houses is currently in.
27.10.2 R38 BPM DIAGNOSTICS PROGRAM

This application allows the user to view, compare and save the physics and engineering data associated with the BPM system.   

The physics parameters data consists MDAT values, triggering events and ext for a given house and even the entire ring.

The Engineering parameter data consists of individual house delay, individual detector delay, global delay and any timers/delays associated with data acquisition.

The Circular Buffer data feature allows the user to see and compare obtained data for each of the previously described operational modes.  

The BPM MODE TEST feature tests the response of each of the BPM house.  It cycles through each of the operating modes of the BPM system at each house.  That is it verifies that each requested mode of operations is completed as requested.

27.10.3 TBT BPM ANALYSIS PROGRAM

This application program uses the Turn-By-Turn feature of the BPM system to measure the lattice functions of the Recycler along with the Tune. 

The ACQUIRING DATA feature of this program allows the user to set up the particular turn number that the data will be obtained at, the number of turns for which the data will be obtained, the clock event that triggers the process.  

The TBT & FFT feature of this program allows the user to select the BPM’s that data will be taken from.  This window also sets the range at which the data will be displayed.  It also allows the user to set the number of data point that an FFT procedure will use to calculate the tune of the machine.
27.10.4 MAGNET MOVE PROGRAM

· 
This application program allows the user to obtain orbit data that would be used to smooth the closed orbit oscillations. This program can also take saved BPM data files and conduct the same above-mentioned operations. The program can either use a BPM file or reference file to set the target positions around the ring.  This program also has the capability of correcting the Recycler as a ring or even a segment line.  One can also set the number of power elements that are used to smooth the orbit, or even which permanent magnets need to be move to correct the orbit.  The amount of correction can also be set by the user, along with the option of reverting back to the original settings as found when entering the program.  This program also gives the user the option to select the elements that will be used for this correction.
27.10.5 RECYCLER ORBIT CORR PROGRAM

This application program allows the user to obtain Display orbit data that would be used to reduce global oscillation to the closed orbit. This program uses the BPM data from both planes; it compares this data to a reference file or even another BPM file.  Once the data files are compared and the differences calculated, the program then generates a list of correction element changes that need to be implement to obtain the desired orbit. These changes are graphically displayed along with the predicted orbit change. 

This program also is used to generate a global energy shift of the machine. The horizontal trims are used to make small DC energy corrections to the beam. This program also is used to compensate the Recycler closed orbit distortion due to the Main Injector ramping.  Obtaining the Recycler closed orbit when the Main Injector is at 8GeV and at 150GeV level and then using these orbit differences to calculate the amount of correction need to maintain a fixed closed orbit.
27.10.6 R99 BPM NOISE PROGRAM

This application program allows the user to obtain Display or Flash orbit data along with RMS variations given N number samples. To obtain this data the user can set the azimuthal delay; turn number and the trigger event, number of cycles and the minimum intensity. This program takes data for both planes, but allows the user to choose the plane and scale at which the data is displayed. This program also can save the BPM data along with the observed RMS variations.

The Kick Response feature of this program is not operational and needs to be commissioned. 
27.10.7 R90 Lattice Analysis

The R90 program is used to measure the lattice function of the Recycler Ring, the RR transfer lines, and the MI transfer lines. The measurements include but are not limited to: three bump calculations, single kick response measurements, dispersion measurements, phase advance measurements etc. This program uses loss monitor data, BPM data, and SWIC data for these measurements.

27.11 justification for MEASUREMENTS 
27.11.1 justification for CLOSED ORBIT MEASUREMENT 

Closed orbit is defined by the ring magnets and is used to close the injection. Closed orbit measurement is needed 

4. To know the beam position in day to day operation 

5. To maximise the Recycler aperture, and

6. To understand and reduce the feed down effects from the combined function magnets.

We need a time resolution of approximately 10ms. The MI ramp timing is about 1sec and the Recycler counter wave is 50ms. 10ms time resolution for closed orbit which is about 1% of the MI ramp time allows one to observe the orbit in Recycler several times during the MI ramp and its effect on the RR beam.

Why we need 100 Flashes? – Seems like a reasonable number. It could be 50 or 500. There is no fixed definition. 100 consecutive Flashes take about 1.1ms, which is much less than the expected time resolution of ~10ms.

27.11.2 justification for FLASH MEASUREMENT

FLASH orbit measures the deviation of the beam from the closed orbit because of

1. Injection Orbit - The first turn usually has the largest oscillation if the machine is not tuned well. Comparing the injection orbit to the closed orbit provides error in injection position and angle.

2. Counter Wave bumps

3. Extraction or Last Turn Orbit – To know that when the beam leaves the RR, the ring orbit remains the same and the kicker works.

4. Injection lattice and dispersion function matching, and 

5. Fast perturbations of beam for any particular turn

For FLASH orbit we need a time resolution of 132ns. A 7.5MHz clock could be used to generate the trigger with 132ns FLASH time resolution. At present a 7.5MHz clock is used to generate such a trigger. In order to resolve different parts of the beam (separate each 2.5MHz bunches), one would require about 2.5MHz bandwidth.
27.11.3 justification for BACKGROUND FLASH MEASUREMENT

BACKGROUND FLASH provides beam position at any point as a function of time. Usually the data is collected continuously at a rate of 720 Hz to monitor events such as bumps and sudden beam losses. 

This is the basic data of the BPM system. 

1. It is used to measure the effect of three bumps during aperture scans

2. It is the input to the fast time plot at any particular BPM which shows the beam behaviour in the ring, and

3. It also provides the loggable data which one can use to check the stability of stored beam position over time. For example, if the stored beam has relatively lower lifetime compared to the usual lifetime, the stored data can provide hint about the possible problem. 

27.11.4 justification for TURN-BY-TURN (TBT) MEASUREMENT

TBT measurement simultaneously at every BPM is needed

5. To measure the lattice functions of the machine by observing the betatron oscillation caused by a ping.

6. To do higher order driving term analysis, especially to measure non-linear properties of the lattice.

7. To study beam dynamics and coherent instabilities including mode number. 

8. To observe evolution of unpredictable events such as sudden beam loss or oscillations. 
9. To measure injection oscillations with bunched beam. A BLT also performs this function, so this will be just a cross check.

10. To diagnose kicker related problems either on the kicked beam, or on the circulating beam. This could also be understood partly with a BLT.
27.12 lATTICE MEASUREMENT USING TBT & CLOSED ORBIT

Lattice functions can be measured using either TBT or the CLOSED orbit.

1. Turn-by-Turn                                                                                                 

a. Measure alpha(() and beta(() lattice function per BPM

b. Get phase advance measurement directly from the TBT data per BPM utilizing the free betatron oscillation. The errors are uncorrelated and systematic free. This is the only known model independent method to measure the phase advance.

c. The measurement is insensitive to the accuracy of the kick magnitude.

d. There are few kick sources.

2. CLOSED ORBIT                                                                                                

a. Measure phase advance and beta(() lattice function per BPM

b. Due to averaging potentially better position resolution

c. Need a minimum of two kick sources, beta at the kickers and phase advance between them

d. Systematic errors also include kick strengths and BPM calibration.    
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