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Closed Orbit

The closed orbit mode of operation is used to measure the average beam position of protons and pbars over a relatively narrow bandwidth.  The upper frequency of the bandwidth for this operation should be below the transverse beam oscillation resonance or betatron frequency.  Filtering out the beam motion due to transverse resonances leaves the beam motion due to changes in magnet currents and changes in beam energy.  This mode is the default measurement mode for the system.
The EchoTek card is set up in split I-Q mode for this configuration.  Two of the Greychip channels are processing the in-phase and quadrature signals in parallel and combining them into one output.  The total decimation rate is set to 4096.  This corresponds to a data output rate of about 18kHz.  The PFIR dictates the bandwidth of the system is this configuration, and it is set up as a rolling 23 point average.  Combined with the decimation rate, this gives a 3dB final bandwidth of about 700Hz.  The Greychip has a 7 output clock tick latency before any data reaches the memory.  After that, every two PFIR taps requires one output clock tick before the taps contribute to the output.  For this configuration, the output stabilizes after 20 output clock ticks.  The system is currently set to burst 24 points for a total processing time of 1.3ms per trigger.
The position measurements are triggered at a 500Hz rate.  The 500Hz clock is sourced by the trigger module.  The clock is derived from TVBS $AA triggers.  The trigger card uses a divide by 94 counter to convert the 47kHz $AA triggers to 500Hz triggers.  Each closed orbit trigger interrupts the processor to inform the system that a measurement is taking place.  The EchoTek module interrupts the processor once the burst count measurement is completed, so the processor can safely retrieve for the measurement data.

After the EchoTek module has completed its measurement, the processor accesses the final I-Q pair (24th point) from each channel in the crate.  The raw data from each I-Q pair is stored in a 1024 point deep circular buffer.  Each channel has a separate buffer.  Each I-Q pair then goes through a correction process.  The first correction deconvolves the proton component of the pbar signal and the pbar component of the proton signal of the raw I-Q values.  Once the proton and pbar signals have been separated, the modulus of each channel is calculated. The inputs to an EchoTek module are configured so that the first two channels are connected to opposing plates on the proton side of a single BPM.  The next two channels are connected to the corresponding opposing plates on the pbar side of the same BPM.  The next four channels are copies of the first four channels, but with a different BPM.  The beam position is calculated by dividing the difference between the modulus of two opposing plates on one side by the sum of the modulus of the two opposing plates.  The ratio is multiplied by a scale factor to convert the unitless quantity to millimeters (nominally 26mm).  This position is then offset by two corrections, an electrical offset that compensates for differences in signal path attenuation, and a mechanical offset that was surveyed relative to the BPMs electrical center before the BPM was installed in the ring.  This final corrected position is stored in a separate 1024 point deep circular buffer.  Also, the sum of the two moduli is stored in a separate circular buffer.
The purpose of the abort buffer is two-fold.  One purpose is to act as temporary storage of closed orbit measurements until requested by another buffer or application.  The other purpose is to act as a post-mortem beam diagnostic when the beam is aborted non-intentionally.  When the trigger card detects an abort event (TCLK $47) it stops sending triggers to the EchoTek module and interrupts the processor to inform it to stop taking data.  Data collection into the abort buffer stops until the abort is reset and the Tevatron is ready to take beam again (TCLK $71).  This allows time for beam diagnostics applications to retrieve and plot the abort buffer data.
Also included with the beam data in the abort buffer, each data point will contain a time stamp.  This time stamp has bucket resolution and is referenced to the Tevatron is ready to take beam event (TCLK $71).  The time stamp is recorded after each closed orbit measurement.

There are four other closed orbit buffers.  The snapshot buffer, the display frame buffer, the profile frame buffer, and the fast time plot buffer.  Manipulation between buffers is handled as memory copies from the fast abort buffer to the rest of the buffers.  Transfer between the buffers is handled by interrupts from the trigger card that is decoding TCLK events.  The snapshot trigger is user configurable.  The user can select a TCLK event and delay that is programmed into the trigger card and interrupts the processor to copy the top data values in the abort buffer to the circular snapshot buffer.  Also, the user can make an immediate data request from the processor to copy data into the snapshot buffer.  The display frame buffer receives its data on a fixed event (TCLK $78).  The display frame buffer is not circular, and its pointer gets reset on a fixed event (TCLK $C1).  The profile frame buffer is very similar to the display frame buffer, but the data event (TCLK $75) and reset event (TCLK $C2) are different.  The fast time plot buffer is a single valued buffer that is updated by request from ACNET for fast time plot data.
The data for all of the buffers are saved to ACNET variables.  For ACNET variable definitions, X – A or P (antiproton or proton), Y – H or V (horizontal or vertical), Z –  A – F (sector designation), NN – 11 - 49 (house and section designation), W – A or B (plate designation).  The closed orbit buffer is labeled T:ZNBXFA[] with indexes that go the depth of the buffer.  The profile frame buffer is labeled T:ZNBXPR[] with indexes that go the length of the buffer.  The snapshot buffer is labeled T:ZNBXSS, and the display buffer is labeled T:ZNBXDF.  The raw data FTP devices are T:YXZNNW[0,1] where index 0 is in-phase value and index 1 is quadrature value.  The processed position FTP devices are T:YXXZNN[0,1] where index 0 is position and index 1 is intensity.
The application program(s) must be capable of accessing all ACNET variables and also be capable of parsing and displaying requested metadata.  The basis for the BPM data display program will be the BPM/BLM Plots/List application on T39.  This application already has access, indexing, and displaying of most of the previous buffers working.  Modifications include adding event and delay options to the snapshot acquisition and changing data processing to recognize low amplitude as “no beam”, adding access to the abort buffer after an abort has occurred, and remove the flash data reference.  The application must also be modified to handle antiproton positions.
First Turn
The first turn mode of operation is used to capture the immediate position of the beam at each BPM as the beam travels its first revolution around the ring immediately after injection.  This position information is used to diagnose errors in injection position and angle in order to tune the magnets in the injection beam lines.  The key to successful first turn acquisition is a well timed trigger and timely conversion of closed orbit data quickly after injection.  The closed orbit data must be collected before there are changes to the Tevatron injection lattice.  This is a relatively short period of time, because the “injection bump” magnets that are used for each injection are only activated briefly.
The Greychip must operate at a high bandwidth, initially, in first turn acquisition mode.  Once the data is acquired, it must switch back to closed orbit mode as quickly as possible.  It is important to compare the first turn orbit to the closed orbit with the injection bumps activated.  There is some question as to whether all of the BPMs can be configured to run in closed orbit mode quickly enough to measure the closed orbit before the injection bumps are deactivated.  To be safe, instead of trying to change the mode of operation quickly after the first turn is acquired, the system will be placed in a first turn/turn-by-turn mode.  It will continue to take wideband position measurements every turn, for 8192 points.  From this data, the first turn position will be retrieved, and the data will be averaged by the processor to determine an injection closed orbit.

The EchoTek card is set up in split I-Q mode for this configuration.  Two of the Greychip channels are processing the in-phase and quadrature signals in parallel and combining them into one output.  The total decimation rate is set to 16.  This corresponds to a data output rate of about 4.65MHz.  The PFIR dictates the bandwidth of the system is this configuration, and it is set up as a rolling 13 point average.  Combined with the decimation rate, this gives a 3dB final bandwidth of about 360kHz.  The Greychip has a 7 output clock tick latency before any data reaches the memory.  After that, every two PFIR taps requires one output clock tick before the taps contribute to the output.  For this configuration, the output stabilizes after 14 output clock ticks.  The system will be set to burst 20 points for a total processing time of 4.3(s per trigger.  The Greychip will be programmed to only output the last point into memory to preserve the total EchoTek memory and achieve 8192 point storage before data is transferred to the processor.  
The default mode of operation for the system is dictated by a Tevatron states device V:TBPMM (Tevatron BPM Mode).  There are two possible states for this device:  closed orbit data collection, or no beam.  An OOC will drive the BPM states device.  When the OOC sees a clean-up event (TCLK $4B) it will change states to no beam.  It will set itself to closed orbit mode after some fixed delay from a proton injection event (TCLK $4D).  The system needs time to prepare all of the EchoTek modules and trigger cards for first-turn measurement.  It will arm itself for first turn measurement if it receives a $4D and the BPM states device is in no beam mode.  The $4D occurs about 2.5 seconds before injection and is enough time to prepare the system for injection turn-by-turn acquisition.  

Triggering is critical for accurate acquisition of first turn data.  There is a Tevatron beam synch event (TVBS $7C) that corresponds to the same main injector beam sync event that fires the kickers for main injector to Tevatron transfer.  This event will always occur at the same time relative to the TVBS $AA marker.  It will move relative to the injected beam if the injected beam goes to different buckets in the Tevatron.  The BPM trigger cards are configured to listen for the $7C event and start a train of 8192 $AA based sync triggers for the EchoTek card.  We can assume that the delay timing of the $AA markers is set so that the EchoTek cards sample bunch 1 correctly every time there is a trigger.  However, it is also important that the memory index that refers to the first turn of beam be consistent from house to house.  The way to accomplish this is to strategically delay the $7C event on a house by house basis, so that the BPM at F0 is the first BPM to see an $AA trigger after a $7C and then sequentially from F0-downstream to F0-upstream through F, A, B, C, D, and E sectors.
After the 8192 samples have been taken, the EchoTek card interrupts the processor to tell it that it completed the measurement.  It is very important that the system be returned to closed orbit mode as soon as possible.  My proposal for minimizing the amount of time between first turn acquisition and closed orbit is to set up the Greychip to operate with all 4 channels in split I/Q mode.  One pair of channels is set-up for closed orbit decimation, and one set is set up for turn-by-turn decimation.  During closed orbit operation, the turn-by-turn channel output is deactivated.  After an abort, the processor deactivates the closed orbit outputs and activates the turn-by-turn outputs.  After the measurement is complete, the processor reverses the process and reactivates the trigger card for closed orbit sample rates.  This keeps the integrity of the turn-by-turn data on the EchoTek memory while closed orbit measurements take place, allowing the processor to retrieve the data at its earliest convenience.
There are two final parameters associated with the first turn data acquisition:  the first turn position and the first turn closed orbit.  The first turn position is the first index of the 8192 samples that has beam.  This index should be consistent from house to house if the timing is set up correctly.  The first turn closed orbit is the derivation of the injection closed orbit from the first turn array.  This position is defined as the average position of the first 64 turns after the 500th turn with beam (approximately the same resolution bandwidth of closed orbit mode).  Both the first turn position and the first turn closed orbit are stored in single value buffers that remain valid until the next first turn injection.  The device names could be T:A3BPFP (A3 BPM Proton First-turn Position) and T:A3BPFC (A3 BPM Proton First-turn Closed orbit).  Both would be array devices with an index for each pickup in the house.  The 8192 samples would be stored in the first turn data devices and would be overwritten by any subsequent first turn measurement.
There are two applications that will make use of the first turn data in Tevatron applications.  The first application to make use of the data is the Tev Orbit Closure application.  This application only requires the first turn position and the first turn closed orbit to calculate the necessary magnet changes to correct steering errors from the transfer lines into the Tevatron.  It is important that the program is updated to take advantage of the new database devices.  The second application that will use the first turn data is the BPM TBT CNTL/DSPLY application.  Since there will now be a full set of turn-by-turn data for each first turn injection, we need a means of displaying and analyzing it.  The application will need to be modified to allow for the option of displaying data from either the turn-by-turn buffer or the first turn buffer.
Turn-by-turn

The turn-by-turn mode of operation for the Tevatron BPMs is very similar to the first turn mode of operation.  The major difference between the two modes is that first turn mode occurs only when the first protons are injected, and turn-by-turn acquisition can occur at any user specified event.  During turn-by-turn acquisition, the BPM system samples the position of the beam at every BPM, at every revolution for 8192 turns.  Data from these arrays of points is analyzed to determine Tevatron lattice information such as beta functions, phase advance, local coupling, etc.  Normally, for turn-by-turn measurements, there is only one proton bunch in the machine, and some kicker magnet is fired synchronously with the trigger of the turn-by-turn measurement.
The EchoTek card is configured in the exact same way for turn-by-turn mode and first turn mode.  The mode is armed by a user configurable TCLK event and delay.  The delay must be set long enough to allow time for the system to change modes before triggering.  A separate Tevatron beam synch event (TVBS $DA) triggers the system to start taking data on the next turn marker.  This trigger is also based on a user configurable TCLK event and delay.  It is advisable to make the arm and trigger reference be the same TCLK event and adjust the relative delays so that the system has enough time to set up.  The $DA trigger should be timed the same way as the $7C trigger in the first turn acquisition mode.  This ensures consistent correlation between data arrays of different houses.
The only application that currently uses the turn-by-turn data is the BPM TBT CNTL/DSPLY application.  This application should be modified to allow entry of the TCLK event and delay for triggering of the $DA event.  The application will automatically calculate and set the delay for the arm event to allow enough time for the system to change modes.
Diagnostics

The first level of diagnostics for the system involves verifying the signal path of the detectors, cables, filters, and A/D converter.  The tools for performing this diagnostic are the diagnostic signal and the filter card relays.  The diagnostic signal is a 53MHz TTL waveform that is distributed to every channel on the filter card.  There are two filter card relays per channel.  These relays can be configured for four possible states:  diagnostic signal deactivated, diagnostic signal direct to EchoTek input through attenuator and filter, diagnostic signal direct to detector, and diagnostic signal to both EchoTek input and tunnel.  Sending the signal in both directions will reduce its intensity compared to the direct connections.
There are three modes of EchoTek operation required to take advantage of the test signal diagnostics.  First, the modules can be set up in raw A/D mode.  This mode bypasses the Greychip and routes the A/D data directly into memory.  The memory values can be inspected to insure that some reasonable signal is getting into the EchoTek module with the diagnostic signals activated.  Second, the modules can be set up in standard closed orbit mode.  This mode can be used when the signal is passed through the detector before reaching and EchoTek input.  Third, the modules can be set up in a reduced gain closed orbit mode.  This mode is required for when the diagnostic signal goes directly through the attenuator and filter and into the EchoTek module.  The continuous diagnostic signal will have a much higher fundamental frequency component than the beam, and the standard closed orbit configuration will saturate in the Greychip processing.
There are four different measurements that can be made to verify the operation of a channel.  First, isolate the channel from the pickup and the diagnostic signal and verify a zero amplitude result in standard closed orbit configuration.  Second, switch the diagnostic signal into the input channel directly in reduced gain closed orbit configuration.  Verify proper operation of filter, attenuator, and A/D.  Third, activate diagnostic signal into input channel and detector cable to verify operation of A/D with different amplitude signal.  This operation also requires the reduced gain closed orbit configuration.  Fourth, connect input channel directly to tunnel and connect opposing channel diagnostic switch (channel connected to same BPM plate but opposite side) to tunnel cable only.  Verify A/D with different amplitude signal and verify cable, detector, attenuator, and filter chain integrity.
The diagnostic application program should have the ability to control the filter board switches individually.  To simplify the configuration to the user, there should be four possible relay configurations:  diagnostic off, diagnostic to EchoTek only, diagnostic to tunnel only, diagnostic to EchoTek and tunnel.  The application should also allow the tests above to be generated automatically for a single house upon a user request.  Only the magnitudes of the different channel measurements need to be recorded.  These measurements are compared to baseline measurements for possible variations that are out of tolerance.  Those measurements that are out of tolerance by more than 1% in magnitude are flagged as potentially requiring a new calibration.  The user also has the option of saving the results as the new baseline.
The next level of diagnostics for the system is monitoring and control of the VME crate.  We will take advantage of the RS232 interface on the crate to control and monitor the voltage levels and fan speeds on each of the crates.  An Ethernet to RS232 adapter will be utilized as the communication bridge to the internal crate monitoring and control.  The adapter will be powered independently from the crate to allow a remote user to power down the crate without losing communication to the adapter.  The remote control of the crates will include the ability to perform a SYSRST on the backplane, a SYSFAIL on the backplane, and power down the crate.  The application for controlling and monitoring the crate will be T?? (title?).
A third level of diagnostics for the system is the verification of proper events and triggers.  There are four types of events that need to be monitored for diagnostics purposes:  state transitions, TCLK events, the TVBS $AA marker, and the other TVBS events.  The system needs a means of monitoring the order of critical events that the timing card and processor will react to.  The timing card will keep a circular buffer of the last 256 events (TCLK, TVBS $7C & $DA, measurement complete, etc.) that it uses to generate interrupts or triggers, excluding TVBS $AA events.  The timing card does not need to record all TCLK events, only the events that it uses to generate interrupts to the processor.  The processor, in turn, will have a circular buffer of the last 256 events of interrupts that it receives from the timing card as well as any other events that it will cause a change in system configuration (change in state device V:TEVBPM, request for change into diagnostic mode, etc.).  These two buffers will be accessible from the Tev BPM diagnostics application and will be used to verify that the processor is receiving the proper interrupts and that the events are happening in the proper order.  The final event diagnostic will be $AA marker verification.  This will be done on every turn-by-turn and first turn data acquisition.  While triggering the turn-by-turn measurement, the timing card will verify that the $AA markers are being triggered every turn by comparing the time between markers with a divide by 1113 counter clocked by the 53 MHz.  If a trigger is missed, the turn number that has a skip is loaded into a buffer.  The data user can then reconstruct the proper sequence of data for analysis.
The fourth level of diagnostics is verification of the EchoTek and Greychip setup.  The diagnostic application will be able to override the default EchoTek configurations and force it into closed orbit mode, turn-by-turn mode, or raw A/D mode.  There will be a means to override the trigger card configuration as well, so that the system can be configured to trigger the EchoTek module on after an arbitrary TCLK event and delay.  The software will retrieve data from all active channels of the Greychip, from up to two EchoTek channels.  The data from separate Greychip channels will be organized and plotted after each trigger.  The application will also have the means for saving channel data for offline analysis, either by saving to a file, or e-mailing the data to a users e-mail account.
The final level of diagnostics is the ability to halt and examine all of the processor data buffers.  There will be an option on the diagnostic application page to halt data acquisition into the buffers for the EchoTek channels selected (up to two).  The application will then allow comparisons between the processor buffers and any associated ACNET variables that mirror the buffers.  Discrepancies will be flagged.
