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The BLM System design goal is to measure beam losses from a maximum 1% local loss down to a 1 W/m operating loss tolerance. In fact, resolution of 1 % of  the 1 W/m threshold has been requested. This amounts to a dynamic range of about 2 x 106 for the system, which would require at least 21 bits digitizing range. The approach taken is to exploit the difference in bandwidth between the 2 limits (the low end only requires low frequency monitoring) to reduce the noise and allow additional gain.

Estimate of the 1 W/m Dose Rate

The estimated dose rate corresponding to a 1 W/m loss ranges from 80 – 115 mR/hr at 1 foot. For simplicity a value of 100 mR/hr, which corresponds to the allowable dose rate for hands-on maintenance, will be used here. Note that this represents the beam-off activation dose rate. At BNL a multiplier of 1000 (based on “folk law”) has successfully been used for design purposes to estimate the “beam-on” dose rate from the activation. 

Thus the Beam-On Dose Rate is:






1000 x 100 mR/hr = 100 R/hr

or, since there are 2.16 x 105 pulses per hour,
      =  0.463 mR/pulse.

Thus, during the 1 msec beam pulse the dose rate will be 0.463 R/sec peak at 1 ft.

Using the typical BLM sensitivity of 70 nA/R/sec,  the 1 W/m loss corresponds to 32.4 nA peak BLM signal current during the pulse.

Estimate of the Upper End Loss Signal

The upper-end loss limit of 1% at a single location might be expected at such “Controlled Loss” points as the Collimators and Beam Dumps. For a 2 MW beam, a 1% loss would be 20 kW.  Estimating the fast loss signal is complicated by the difference in transit times between the electrons and ion in the detector. Electrons will be collected within a few microseconds while the ions may travel for hundreds of  microseconds. To be conservative only the electron signal will be considered, reducing the BLM sensitivity to 35 nA/R/sec. Then the upper end signal would be:






I Max= 16.2 x 10-9 x 2 x 104





       =  0.324 mA

Note that this assumes that the upper end loss occurs uniformly throughout the 1 msec beam pulse. Clearly 1% loss in the RTBT line will result in significantly higher signal current. The RTBT detectors will require additional loading capacitance at the front end to soak up the huge charge generated by such a high loss.  Similarly, in the Ring, a local loss of 1% of the beam over a few turns late in the accumulation will generate excessive signal. Here the signal can’t be slowed down  without sacrificing required risetime. For such a large loss saturation of the input stage will occur but the signal to the MPS should shut off the beam within 10-20 μsec.

Estimate of the Front End Impedance

Let us assume a standard cable length of about 100 m or 300 feet. For a capacitance of 16 pF/ft this gives 4.8 nF. If we use 2.2  “RC’s” as the rise time an require a 5 μsec rise, then the input load must be:




2.2 x RC = 2.2 x Ri x 4.8 x 10-9 = 5 x 10-6

and






Ri = 450 Ω

We will use 470 Ω as the input resistance. Since the actual cable lengths vary it may be necessary to load the inputs with capacitors or to equalize the cable lengths to give equal rise times, however, the net effect on the risetime is small (< 1 μsec) . If it is decided to do this balancing it should be done external to the circuit board to minimize changes when exchanging modules. A BLM-Cable Interface Panel containing these balancing capacitors and providing a transition between the coax from the detectors and mass termination connectors to the electronics modules is proposed. This same panel will house the input capacitors for the RTBT line channels.

Estimate of the Feedback Resistance

Assuming a maximum input voltage for the ADC of 5 V, the feedback resistor will be chosen so that the signal will not exceed 2 V for a 1% (uniform) beam loss.

Then



Rf = 2 V/0.324 mA = 6.17 K Ω

Estimate of the Noise

Note that the environmental noise voltage gain is set by the resistors Rf and Ri, 6200/470 = 13.2, but the signal is only set by Rf, since the ion chamber may be considered a true current source.

In RHIC the total noise (environmental and circuit) was observed to be equivalent to 10 pA for a bandwidth of  about 10 Hz. Since we will be using a 100 kSa/S ADC the bandwidth will be limited to 50 kHz. Scaling between these cases gives an equivalent noise current of 0.71 nA and an output noise voltage of 4.36 μV. Calculation of the Johnson and amplifier  noise for the circuit gives 4.1 μV.

Estimate of the Output Voltage for 1 W/m Loss

The signal current for 1 W/m was found to be 32.4 nA. With a 6.2 kOhm feedback resistor this yields an output voltage of 200 μV.

Estimate of the Voltage Equivalent to an LSB

Assuming a 16-bit (15-bit plus sign) ADC with a maximum input of 5 V, an LSB is equivalent to 152.6 μV.  Thus, a 1 W/m loss is of the order of an LSB. Since the specification calls for resolution below 1 W/m, this is not sufficient. 

Extending the Range below 1 W/m
Another 7-bits would be needed to achieve 1 % resolution of  a 1 W/m loss, but at full 50 kHz bandwidth the noise would be excessive. The signal from the input stage is split 3 way. One path is to the MPS signal sensing circuit, one to the fast output and one for the 1 W/m monitoring is sent down a separate slow data path. By filtering this signal down to 1 kHz,  the noise is reduced sufficiently to allow the measurement by sampling over many pulses. Equally important, the  low pass filter will also stretch out large, short duration losses, preventing saturation of  later times-10 gain stage and ADC. The initial design used a filter with a cut off of only a few Hz, but in this case, the amplifier offset could not be distinguished from the BLM signal, which was of similar amplitude. While the first stage offset could be compensated using a trim pot, the result would still be almost 100 μV  In addition, a 1 degree C variation in temperature would  change the offset by 50 μV  This was un-acceptable. Raising the lowpass filter cut off to 1 kHz, the baseline could be measured and subtracted from the signal while the noise would be reduced by about a factor of 7. 

Two ADCs were studied for this application: a 24-bit, 32 channel 100 kSa/s VME module, the ICS-110B, and a 16-bit, 16 channel 100 kSa/s module, the VMIVME-3123. Tests showed that the ICS-110B was able to deliver a true 18-19 bit output but suffered from thermal drift and significant thermal gain variation. The VMIVME-3123, even though delivering only 16 bits, exhibited better gain stability. Using a pulse simulator to give the equivalent of the 1 W/m signal, both units were able to resolve the signal to 1% when 600 samples were taken.   This data will be processed in the IOC. First 100 samples (at 100 kSa/s) will be taken prior to the pulse to establish the baseline, which is then subtracted from the 100-200 samples during the beam. This data will be accumulated over a 10 second or longer interval and processed to compare against a 1 W/m reference. Warnings will be sent through the Control System as this level is approached. If the 1 W/m-level loss is sustained over a several minute period then a more emphatic warning will be generated.

While both ADC’s appear to meet the design requirements the designs are now at least 5 years old and will be closer to 10 years old at the time the facility becomes operational. Will they be around for expansion or replacement much beyond that? Certainly we co buy “sufficient” spares, but that may not be practical and just delays the inevitable. Many new ADC chips are now available offering 16-bit and better resolution at tens of MSa/s rates. It might be better to design or have a commercial ADC vendor design a new board offering 16-32 channels of 100 kSa/s 16-bit ADCs. This would be a straight forward design digitally, but the problem would be in achieving a true 16-bit equivalent S/N for the analog section. Auto-routers do not take signal coupling and digital pick up into account. This can only done by skillful layout of the analog section and possibly post-acquisition processing. On the other hand, this approach  would assure the board layout being available for later SNS production and allow the possibility of assembling it with chips to replace those no longer in production with new designs.  The downside, of course, is that it will cost more and success may not come without significant effort. However, the long-term benefits must be considered. An intermediate position would be to use the existing boards now and begin a lower priority effort to design a modern replacement for future use.

Gain Changing for the AFE

The upper limit of 1% is needed to monitor the Controlled Losses expected at the Collimators, Injection and the Beam Dumps. This high a limit may not be required or desirable for the majority of channels. By making the feedback resistor of the front end amplifier jumper-selectable, those BLM channels needing less sensitivity can be accommodated. It is desirable to use a double jumper which will also set a bit which can be read by the Control System to specify the channel gain setting.

A second stage of gain will be available for the fast output data following the point where the signal is split. Thus only the data going to the fast output ADC will be affected by this gain stage. The gain  will be program controlled with settings of X1 and X10 and affect only the fast ADC readings. Computer readback of the gain state selected for each channel will be included.

The proposed basic circuit configuration is shown in the Figure 1. In the input stage the actual number of gains available will depend on operational considerations. Three gain states are immediately obvious: Normal Linac, Normal Ring, High Controlled loss regions such as Dumps and Collimators. The signal presented to the control system would come from the first stage through a X1, X10 viewing amplifier, which would not affect the fast loss monitoring sensitivity. A numerical value for the total loss per macro-pulse will be obtained by digital integration in the IOC. 

Fast Loss Trip Sensing (MPS Signal)

Experience at the BNL Linac and at LANSCE has shown it is more appropriate to shut off the beam based on accumulated loss during the macro-pulse rather than loss rate since hardware damage is normally due to amount of energy rather than rate of energy deposited.  Excessive uncontrolled loss levels will be sensed by the Machine Protection System (MPS) based on the output of an integrator following the first stage. One proposal is t use a “Leaky Integrator” circuit in which the integration capacitor is bridged by a resistor to drain the charge during the inter-pulse period. In this way no timing would be required to synchronize the integration,  and charge injection compensation would not be necessary.  Analysis of the circuit indicated that providing a leakage of 3 time constants would leave a residual of 4-5% while 4 time constants would leave less than 2 %, while minimally reducing the peak signal. However, this residual will vary depending on the average prior losses and cannot be compensated. Decay of  signal during the loss accumulation  period is more of a problem for lower level, longer losses than for short duration high losses, but is only a 10  (15)  % effect from 20 – 1000 μsec pulse widths for 4 (3) time constant decay. However, the large drain resistor does contribute noise and may result in a significant offset due to the high dc gain it introduces. An offset trim resistor will reduce the contribution from the integrator stage but the input stage offset will still be amplified.

An alternate proposal, which will eliminate the residual and linearity problems, is to use a an FET switch to dump the capacitor. This configuration  is shown in Figure 2. If an FET switch dump is used instead of the drain resistor then all these problems are eliminated. A quantitative comparison of both approaches is presented in a later section. The introduction of an FET dump switch is trivial but timing must now be available for the circuit. The timing pulse will have to start some microseconds prior to the beam arrival and last long enough after the beam  to allow collection of the slower ion current (100 – 1000 μsec).

In the RTBT line the beam is only 645 nsec long and, while ion transit time, cable capacitance and circuit bandwidth will extend this signal, it will still be too short to properly acquire. In addition, the loss signals will be high current pulses and could require a separate circuit design. Rather than do that it was decided to pre-integrate the signal by loading the input with lumped capacitance (0.1 – 0.47 μF) to knock down the signal to acceptable levels. Since only the total charge is of interest, the signal from the input stage will be fed to the leaky integrator using an on-board jumper, before going to the viewing gain stage.

Detailed AFE Circuit Design

Referring to Figure 1, the choice of the amplifiers is critical since the circuit is dc coupled and offsets will be amplified or integrated by the later stages. Several amplifiers were considered and the Burr-Brown OPA627BP was selected. It has a low voltage offset, Vs = 100 μV, a bias current, Ib = 1 pA and a GBW = 16 MHz. The voltage offset temperature coefficient is 0.8 μV/oC. 
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Figure 1. Prototype BLM Analog Front End Design

Resistor choices for the first stage have been made in an earlier section: R1 = 470 Ω and  R2 = 6.2 kΩ. The Linac may require a resistor 10 times this or,  R3 = 62 kΩ, and the Dump/Collimator  a smaller resistor,  R4 = 620 Ω. 

Consider the Fast Loss Integrator. For a first stage output voltage of 2 V, corresponding to a 1% (considering only the electron current), 20 μsec sustained local loss, for both the “Leaky Integrator” and the true integrator, the output would be 0.909 V for a single pulse. Twenty μsec was chosen since the MPS should shut off the beam by this time. For the Leaky Integrator the residual causes the signal to rise, reaching an  equilibrium value of 1.05 V after 3 pulses. 
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Figure 2. AFE Circuit using true integrator.

The output of the integrator will go to a comparator in the MPS. The input range of this comparator is not known but should be 1 to 5 V. When this is known, the integrator components can be chosen to match that range. Study has shown that 3 to 4 RC time constants would give a good compromise between the “leakage” during the interpulse period and the droop during the pulse. Thus the leakage resistor was chosen as 2 MΩ for the 2.2 nF capacitor shown.

Figure 2 shows the circuit implemented with the FET dump switch. The same component vales are used.

The 1 W/m gain stage is the final portion of the circuit to be designed. Here again a low pass filter is required. As stated earlier, a 1 kHz filter will be used. It will allow the BLM signal to reach its peak value in about 350 μsec. The in-situ noise observed in the RHIC BLM system, scaled for a 6.2 kOhm first stage feedback resistor and a 50 kHz bandwidth was estimated to be 0.71 nA or 4.1 μV. Including the amplifier and resistor noise and multiplying by the gain, the total noise is 6 μV output, sufficient to allow a 1% measurement of the peak 1 W/m signal. Although a simple RC-filter is shown, a more sophisticated filter may be used in the final design.

Estimates of Amplifier Offsets

We can now calculate the offsets (at 25 deg C) for the various opamp outputs. In this estimate the various contributions will be added linearly to obtain a “worst case” error, however, “typical”, rather than “maximum” parameters will be used. 

Output of the First Stage:

Vo(I1) = Vos(I1) + Ib(I1) * Rf

For the Burr-Brown OPA627BP:

Vos = 100 μV,

Ib = 1 pA

So for the highest gain case of Rf = 62 kΩ,

Vo(I1) = 100 x 10-6 + 1 x 10-12 * 6.2 x 104 = 100 μV
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Note that this is the uncompensated offset voltage. Tests on the prototype circuit have shown this can be trimmed to 1 μV and maintained at level at room temperature over many days and repeated on/off cycles. Tests in a temperature controlled oven have shown that the offset variation is only a few μV from 27 to 47 degrees C. (Figure 3.)

Figure 3. Thermal tests results for the AFE Circuit.

Viewing Gain Stage Output:

The input to the ADC used for data logging is taken through  the Viewing Gain Stage, which has gains of X1 and X10. For this analysis we will use the worst case of the X10 gain.

Vo(VG) = Vo(I3) = (Vo(I1) +  Vos(I3) ) * AVG + Ib(I3)*Rf

Where AVG = Rf/Ri = 10 and Rf = 200 kΩ. 

Four cases must be considered: using offset trimpot on the first stage, with and without  trim pots on the Viewing Gain stage, and, without trim pots on the first stage, with and without pots on the Viewing Gain stage. The results, for a gain of 10 in the second stage, are:

           Without 1st Stage Trim Pot                                 With 1st Stage Trim Pot          

	W/ 2nd Stage Trim Pot
	W/O 2nd Stage Trim Pot
	W/ 2nd Stage Trim Pot
	W/O 2nd Stage Trim Pot

	1000 μV
	2000 μV
	20 μV
	110 μV


Clearly, a trim pot on both the first and second (Viewing Gain) stages results in the smallest offset. However, even without a second stage trim pot (but with one on the first stage) the offset will be less than an LSB for a 15-bit plus sign ADC (5 V max input). Thus, a trim pot for the Viewing Gain stage may not be necessary.  If the ADC offers switchable gain on each channel, only the first stage offset (10 μV) will appear.

Integrator Stage Output:

To estimate the static offsets of the “Leaky Integrator” consider it as a heavily rolled-off amplifier, in which case its output would be:

Vo(LI) =  ( Vo(I1) + Vos(I2) ) * Rf/Ri + Ib* Rf 
Using Ri = 20 KΩ and Rf = 2 MΩ, the offsets are:

           Without 1st Stage Trim Pot                                 With 1st Stage Trim Pot          

	W/ 2nd Stage Trim Pot
	W/O 2nd Stage Trim Pot
	W/ 2nd Stage Trim Pot
	W/O 2nd Stage Trim Pot

	10 mV
	20 mV
	202 μV
	10.1 mV


The results of the thermal tests in Figure 3 show an offset of nearly 50 mV for the case of a 1st stage trim pot, no 2nd stage pot. This was due to a damaged PC board which bad excessive leakage into the integrator stage. However, the variation with temperature  is still only a few mV.

For the switched integrator case, the feedback capacitor is shorted except during the integration time. The offsets of both the 1st stage and 2nd stage are integrated. In addition there is now a contribution from charge injection due to unbalanced capacitive coupling through the FET switch junction. This 5 pC, for the DG411 switch. Schemes for compensating this area available but complicate the circuit. It is better to simply treat it as a static offset to the output. Considering a 2 msec integrate time. Then with a assuming a 1st stage trim pot exists and the offset is trimmed to 1 μV, the output of the integrator will be 4.5 mV without a 2nd stage trim pot and 45 μV if one is used. The contribution from charge injection is 2.27 mV.  So assuming a trim pot is used and the offsets of both stages are trimmed to micro-Volts, the net offset will be 2.32 mV for the DG411 switch.

1 W/m Output Stage:

The 1 W/m loss is only considered significant if it occurs over an extended time period. Since the fast beam loss signal is limited by noise, the slow response can be used to advantage by limiting the bandwidth of the 1 W/m section of the circuit and using a high resolution ADC. Choosing a 1 kHz bandwidth results in a signal rise and fall of about 350 μsec. This will allow a measurement of the baseline prior to the beam pulse from which the offset can be subtracted from the signal. It would be desirable to have the offset as small as possible to minimize the errors. An X10 gain inverting amplifier will be used to increase the signal to the ADC. Another OPA627BP will be used here. As before, it is assumed that the first stage and the buffer will use a trim pot to get low offset voltage, resulting in a total offset of  20 μV.

The data would be analyzed in the IOC but should not present a computing burden since the base line data would only be acquired for 1 msec before the pulse, and the signal data for 2 msec during and after the pulse, a total of 300 samples per channel. Even for an installation of 80 channels (Ring) in one crate, this would amount to 72 kbytes per pulse. The processing would consist of  averaging the baseline data, summing the signal data and taking a single difference between the two. The result would then be stored and used to compute a many-pulse average against which the 1 W/m threshold would be applied.

Gain Control and Readback

The first stage amplifier gain is set by means of ganged jumpers which select the feedback resistor and indicate which has been chosen. Four different feedback resistors will be provided. Jumpers will be used because the selection is intended to be “permanently” associated with the specific BLM location and not to be changed with different operating conditions. In this case it is only necessary to know value of the gain, so only a read back of the selection is required. Since channels on the same board may require different gains due to local shielding or high controlled loss conditions, individual channel readback is required.

To allow for different operating conditions, a computer controlled gain stage has been included in the design. This is the Viewing Gain stage, with fixed gains of 1 and 10 available. This gain is selectable via computer control and also requires a readback. 

There are a number of ways to provide the required readback and command bits. In the most straight forward approach each gain state has an associated readback bit. However, this is not efficient and for a single 8-channel board would require 40 readback bits and 8 command bits. Alternatively, the readback bits could be combined channel-by-channel (5 states requiring 3 bits) and encoded, resulting in 24 readback bits and 8 command bits per board.

Another approach would be to combine the bits across the board regardless of function. Thus, all gain bits, whether 1st Stage or View Gain readback, would be encoded. This would result in the 40 Readback states for an 8 channel board being reduced to 6 encoded bits. Similarly, the 8 control lines for the Viewing Gain commands would require only 3 encoded bits. This is the most efficient solution in terms of minimizing the number of bits but can be confusing to the programmer and technician.

Separating the readbacks by function rather than by channel before encoding forms the middle ground. There is a small increase in the number of bits but the functionality is clear, which might be appreciated by those doing the coding or trouble shooting. In this case the 4 First Stage Gain states per channel result in 32 states or 5 bits and the 8 Viewing Gain states require 3 bits, for a total of 8 readback bits (versus 6 ) while the command bits remain the same at 3.

This last solution is proposed for implementation. A 32 to 5 line encoder and an 8 to 3 line encoder will be included for the readback bits along with a 3 line to 8 line decoder for the command bits.

Conclusions

An acceptable design for the BLM AFE can be made without resort to exotic amplifiers. Acceptable offsets can be achieved with the use of a single offset adjusting pot for each channel. However, the offset calculations are based on the manufacturers data sheets and significant deviations from these figures are expected. Prototype circuits have been built  and tested for thermal drift over a reasonable range of temperatures. The circuit should perform well for the BLM system. A decision must be made between the Leaky Integrator and the true integrator with a dump switch. 
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AFE Theraml test 6_27

		Temperature		Start Time		Test Point A (uV)		Test Point B (mV)		Test Point C (uV)		Test Point D (uV)

		28.2		16:31		7.98		-49.69		241.3		239.57

		30.2		16:41		4.79		-49.206		216.06		225.82

		32.2		16:51		7.32		-48.2		239.13		211.48

		34.2		17:02		4.42		-47.47		230.5		202.3

		36.2		17:12		6.36		-47.28		247.24		195.28

		38.2		17:22		6.52		-47.38		241.32		188.36

		40.2		17:32		7.52		-48.47		239.01		198.11

		42.2		17:42		6.79		-51.18		193.01		211.89

		44.2		17:52		8.92		-56.51		164.92		255.41

		46.2		18:03		8.39		-61.198		190.02		305.52

		48.2		18:13		8.73		-62.947		172.53		341.77

		50.2		18:23		6.52		-67.33		177.33		448.94

		52.2		18:33		-6.69		-90.59		225.52		960.28

		54.2		18:43		-12.18		-107.188		236.53		960.58

		56.2		18:53		-36.22		-92.55		248.57		739.8

		58.2		19:03		-31.22		-106.87		224.1		773.76

		60.2		7:13 PM		-39.35		-116.41		221.26		766.63

		62.2		7:23 PM		-14.73		-120.12		132.56		748.29

		1st Stage (uV)				Leaky Integrator (mV)				Viewing Gain (x1) (uV)				1 W/m Output (uV)

		28.2-48.2 deg C				28.2-48.2 deg C				28.2-48.2 deg C				28.2-48.2 deg C

		Mean		7.0672727273		Mean		-51.7755454545		Mean		215.9127272727		Mean		234.1372727273

		Standard Error		0.4484257127		Standard Error		1.7296491256		Standard Error		9.1622072659		Standard Error		14.8191626613

		Median		7.32		Median		-49.206		Median		230.5		Median		211.89

		Mode				Mode				Mode				Mode

		Standard Deviation		1.4872598355		Standard Deviation		5.7365971684		Standard Deviation		30.3876037525		Standard Deviation		49.1496022549

		Sample Variance		2.2119418182		Sample Variance		32.9085470727		Sample Variance		923.4064618182		Sample Variance		2415.6834018182

		Kurtosis		-0.4353054159		Kurtosis		0.1384815139		Kurtosis		-1.2761327557		Kurtosis		1.1827884437

		Skewness		-0.6227163534		Skewness		-1.2775008147		Skewness		-0.6627964275		Skewness		1.4036800762

		Range		4.5		Range		15.667		Range		82.32		Range		153.41

		Minimum		4.42		Minimum		-62.947		Minimum		164.92		Minimum		188.36

		Maximum		8.92		Maximum		-47.28		Maximum		247.24		Maximum		341.77

		Sum		77.74		Sum		-569.531		Sum		2375.04		Sum		2575.51

		Count		11		Count		11		Count		11		Count		11
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