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Abstract
This project involves the comprehensive testing and calibration of the front end (FE) boards in the Tevatron Ionization Profile Monitor (IPM) Front End modules. The calibration of the FE boards is performed in order to ensure that the Application Specific Integrated Circuit (ASIC) called the Charge Integrating Encoder (QIE), located on each FE board, functions according to the design specifications and to also make certain that the highest QIE charge measurement accuracy is attainable. The calibration of the boards is a tedious yet crucial process that necessitates the generation of gain plots with fitting coefficients. The plots showing the expected results versus the experimental results were created in order to determine, if any, the magnitude of variation factors.
Introduction
Fermi National Accelerator Laboratory is a world-class scientific research U.S. Department of Energy laboratory that specializes in fundamental research at the frontiers of high-energy particle physics. It is an accelerator and detector facility that houses the highest energy particle accelerator in the world. The accelerator accelerates particles (protons and antiprotons) in a four mile ring up to 1 TeV, hence its name, the Tevatron. However, for appropriate detection of particle collisions and interactions in the Tevatron, a data acquisition (DAQ) instrument called an Ionization Profile Monitor (IPM) has been installed in the accelerator. The Tevatron IPM system is used for proton and antiproton beam monitoring, identifying the size and position of the beam at a particular position in the Tevatron. 


The Tevatron IPM system has many components, the Front End (FE) system being one of them. The FE system employs the functions of a backplane, a fan-out card and an FE board, many of which must be tested for correct functionality. This ultimately allows for the smooth run of the Tevatron IPM system, and subsequently the Tevatron itself. This paper extensively describes the test processes and phases that the FE boards must undergo to be certified as ready for use in the Tevatron IPM system. 
The Tevatron IPM FE boards serve three purposes in the IPM system. First, the boards utilize an Application Specific Integrated Circuit (ASIC) called the Charge Integrating Encoder (QIE) in integrating and digitizing charge received at its input. Each FE board contains eight (8) QIE8 chips, which allow the FE board to process data from 8 detector channels simultaneously. The data from these 8 QIE8 chips is multiplexed by a Field Programmable Gate Array (FPGA) such that the data from all 8 channels can be transmitted on a single optical fiber. The boards also generate timing and error information for each bunch and transmit data to the buffer board via optical link. In the Tevatron IPM system, 32 front end (FE) boards operate together thereby allowing data from 256 channels to be processed simultaneously.

[image: image3]
Figure 1
Ionization Profile Monitor (IPM) Front End (FE) Board Overview

The QIE8 chip is a radiation – tolerant chip developed by engineers at the Fermi National Accelerator Laboratory (Fermi Lab). As mentioned earlier, the chips are responsible for integrating and digitizing charge data and preferably operate in both calibration (linear) and normal (quasi – logarithmic) non – inverting modes for use on the IPM FE board (Figure 1). The QIE8 chip uses parallel circuitry to achieve a dead timeless continuous integration.
Objectives
To test and calibrate the Front End (FE) boards

To collect and analyze charge data
Testing Process:

The board – testing process is designed to follow a structured three phase procedure and any phase may need to be repeated if a board fails that stage. The phases are listed below: 

1. Initial Functional Test

2. Charge Injection Calibration Test

3. Long Term Stability Test
Initial Functional Test

 During this stage of the testing, the boards are simply inserted into a crate, powered up and run through the simple functional test for five (5) consecutive events. The boards are carefully observed for occurrence of errors at any of the channels. If the boards pass all 5 events, the boards are logged as passing the functional test and will receive front panels.
Charge Injection Calibration Test
 During this stage of testing, a pulse generator is connected to each channel of the FE board and events are taken and stored into a log file. The peak value attained is found for each channel and the values are plotted against the expected charge amplitude. 
Long Term Stability Test
 During this stage of testing, many boards are placed into a crate and a looping acquisition is started. The looping acquisition counts the number of errors of each type on each board. 
The looping test should run for 1 hour to acquire enough statistics to be confident of the actual error rate. This test is repeated with different groups of boards.
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Figure 2
Sample board that passed Initial Functional Test; front panel is installed.
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Figure
3
Schematic Diagram of Experimental Setup
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Figure
4
Actual Experimental Setup
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Figure 5

A closer look at the actual Experimental Setup

Experimental Details
Initial Functional Test


The boards are inserted into the Euro card crate, powered up and closely monitored for errors occurring at any of the eight channels. The output signal seen on the IPM Labview program (installed on the PC), is also observed for irregularities. The boards are run for five consecutive events and the results are logged in a text file. The boards that pass this phase proceed to the Charge Injection Calibration Test phase.

[image: image8.png]Fle Edt Fomat Vew Hep

Board #21

May 25,2007 -- MB

-- Board 21 exhibits no sign of errors; Passed Functional Test.





Figure 6

Sample board log after Initial Functional Test.
Charge Injection Calibration Test

The PC contains the buffer board and timing card which implement all the intelligence and control for the Tevatron IPM DAQ system. The timing card sends signals to the euro card crate (containing the FE boards, fan – out card and backplane) on a single CAT5 cable. These signals include the PROTON and PBAR (antiproton) markers which provide an accurate and simple trigger for data storage. Upon arrival, the signals are duplicated by the fan – out card and passed to the FE boards. The fan – out card also ensures that the signals arrive at each FE board in the crate at the same instant. The backplane simply serves as a medium for power supply. The Field-Programmable Gate Array (FPGA) implements all the control functions and time multiplexing of the digitized QIE8 outputs. The GOL is a radiation – tolerant ASIC that serves as a serializing (the process of saving data onto a storage medium) element. 
Ready for testing are fifteen (15) test boards, each fitted with eight (8) QIE8 chips. Each FE board also has eight input channels linked to each QIE8 chip on it. The boards are tested individually by first connecting it to the backplane (serving as host to a pair of capacitors) which supplies power to the single euro card crate, and by connecting the optical link and clock distribution cables to the FE board as well. There is a PC (which contains a timing card and buffer board) connected to a screen to enable us read the output signal.

The process of calibrating the FE boards starts with the injection of some amount of charge (voltage, produced by a pulse generator) at each channel of the board. A resistor is connected to the pulse generator via a cable which in turn is connected to one end of another cable, carrying charge to the channels of the board. The channel selector determines what channel charge is being injected into. The pulse charge being injected is seen on an oscilloscope as a pulse that takes the form of a cosine/sine wave (figure 5). The initial input voltage (pulse height) and amplitude widths at both the peak and trough are recorded. The QIE8 chip integrates and digitizes the charge which is then seen through an IPM Lab view program (figure 7, figure 8) on a connected computer screen. The output signals for five events are observed for each channel, each time recording the signal peak value. After all channels have been tested and all data have been recorded, we proceed with the data analysis. 
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Figure
7
Screenshot from the Tevatron IPM Lab view Program showing integrated and digitized output signal
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Figure
8
Screenshot from the Tevatron IPM Lab view Program showing integrated and digitized output signal
Charge Injection Calibration Test Data Analysis

The charge generated by the pulse generator is in form of voltage, and because there is a resistor connected to the pulse generator, there is a conversion to current, using ohm’s law. The expected output charge is then determined by calculating the area under the pulse, at which time the amount of charge injected is compared to the observed output charge. However the output peak signal recorded from the computer is in what is called a QIE code, so there is another conversion from QIE code to charge (coulomb) value, by referring to a conversion table. Values are also recorded for two more resistor values as well as two more amplitude widths to allow for enhanced analysis and observations.
	QIE code
	Charge Value (fC)

	43
	112

	44
	117

	45
	122

	46
	127

	47
	132

	48
	142

	49
	152

	50
	162

	51
	172

	52
	182

	53
	192

	54
	202

	55
	217

	56
	232

	57
	247


Figure
9
A section of the QIE code to Charge conversion table
Board #21
	Channel 0 (fC)
	Channel 1 (fC)
	Channel 2 (fC)
	Channel 3 (fC)
	Channel 4 (fC)
	Channel 5 (fC)
	Channel 6 (fC)
	Channel 7 (fC)

	47
	54
	55
	55
	56
	55
	56
	54

	49
	55
	54
	54
	59
	52
	54
	53

	50
	55
	54
	55
	58
	54
	52
	53

	48
	54
	55
	51
	55
	55
	54
	54

	43
	53
	54
	55
	55
	54
	55
	52


Figure
10
Initial peak values (QIE code) for channels on Board #21 using 1MΩ resistor
Board #21
	 
	 
	 
	 
	Board #21
	 
	 
	 
	 

	 
	Channel 0 (fC)
	Channel 1  (fC)
	Channel 2 (fC)
	Channel 3 (fC)
	Channel 4 (fC)
	Channel 5 (fC)
	Channel 6 (fC)
	Channel 7 (fC)

	 
	132
	202
	217
	217
	232
	217
	232
	202

	 
	152
	217
	202
	202
	282
	182
	202
	192

	 
	162
	217
	202
	217
	262
	202
	182
	192

	 
	142
	202
	217
	172
	217
	217
	202
	202

	 
	112
	192
	202
	217
	217
	202
	217
	182

	Average
	140
	206
	208
	205
	242
	204
	207
	194


Figure
11
Converted peak values (Charge value) for channels on Board #21 using 1MΩ resistor
To calculate the area under the curve, two right – angled triangles (Figure 12a, 12c) and a rectangle (Figure 12b) are formed under the curve, thus meaning the area calculated is an approximation of the actual area under the curve.
Mathematical Calculations

[image: image11]
Figure
12
Representation of input charge, showing amplitude width and height
Voltage (V) = Current (I) * Resistance(R),
Ohm’s Law
I = V
      R

7.32V = I 1.3MΩ;
1.3MΩ = 1.3 * 106 Ω
I      =
7.32V

1.3 * 106 Ω

        =
5.63 * 10-6A
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= (4.56 * 10-9s) * (5.36 * 10-6A)

= 25.6763* 10-15C

= 25.6763fC



Figure
13
Cut – out rectangle
Area of Triangle {(1/2) * base * height}


= {((5.22/2) * 10-9 s) * (5.63 * 10-6A)}

=14.6943fC * 2

= 29.3886fC







Figure 14
Cut – out triangle
Area under the curve (Expected charge value)

= Area of Rectangle + Area of Triangle


= 25.6763fC + 29.3886fC


= 55.0649fC
The above calculations are carried out for two more width and resistor values. The expected charge value for every resistor is plotted against the calculated averages for the observed charge values at each channel. The gain plots created are expected to be linear transfer functions, as seen in figure 18. The transfer functions are also expected to be very similar for the channels on the boards. However, not all the plots generated for the channels resulted in the expected result (figure 19).  
Board #21
	 
	channel 0

(fC)
	channel 1

(fC)
	channel 2

(fC)
	channel 3

(fC)
	channel 4

(fC)
	channel 5

(fC)
	channel 6

(fC)
	channel 7

(fC)
	Expected
Charge (fC)

	15ns
	140
	206
	208
	205
	242
	204
	207
	194
	55.0649

	35ns
	294
	277
	327
	289
	316
	310
	320
	265
	154.825

	55ns
	432
	377
	378
	397
	392
	417
	422
	382
	258.98


Figure
15
Table showing experimental charge data and expected charge value for 1M Ω resistor
Board #21
	 
	channel 0

(fC)
	channel 1

(fC)
	channel 2

(fC)
	channel 3

(fC)
	channel 4

(fC)
	channel 5

(fC)
	channel 6

(fC)
	channel 7 (fC)
	Expected

Charge
(fC)

	15ns
	112
	139
	136
	137
	126
	136
	145
	122
	7.1589

	35ns
	169
	175
	171
	156
	161
	173
	181
	167
	20.13

	55ns
	203
	199
	193
	186
	202
	199
	207
	194
	33.672


Figure
16
Table showing experimental charge data and expected charge value for 10M Ω resistor
Board #21
	 
	channel 0

(fC)
	channel 1

(fC)
	channel 2

(fC)
	channel 3

(fC)
	channel 4

(fC)
	channel 5

(fC)
	channel 6

(fC)
	channel 7

(fC)
	Expected
Charge

(fC)

	15ns
	557
	542
	527
	542
	512
	537
	527
	537
	715.896

	35ns
	898
	878
	938
	928
	968
	833
	918
	948
	2013

	55ns
	1130
	1205
	1215
	1200
	1225
	1150
	1285
	1245
	3367.2


Figure
17
Table showing experimental charge data and expected charge value for 100KΩ resistor
For each of the eight (8) channels on each front end (FE) board, charge data was recorded for three different resistor values at three different pulse widths, but with constant amplitude.


[image: image12]
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Figure 18 shows the gain plots for all the channels on board #21, while figure 19 shows those for board #23. These plots, as mentioned earlier and as seen in the figures are a graph representation of the expected charge values versus the observed charge value. An evaluation of the attained results shows that the average experimental values observed generally reduced, as the resistor values increased, and increased as the amplitude widths increased. Although these results conform to the increase and decrease pattern expected, they differ by certain factors as shown in figure 20. 

	 
	100kΩ
	1MΩ
	10MΩ

	15
	0.747
	3.645
	19.97

	35
	0.454
	1.936
	9.097

	55
	0.359
	1.543
	6.366


Figure
20
Table showing the factors by which experimental results differ from the expected results.
The difference that occurs in the readings is mainly due to the variation in the experimental setup from the advised specifications for the QIE8 chip. The chip was originally designed to function at the Large Hadron Collider (LHC) at CERN, but because it is now used in the Tevatron IPM DAQ system as well, there have been modifications to its specifications. The clock integration period (the time it takes to integrate and store charge data) at which the QIE8 operates in the Tevatron is 66ns (15.17MHz), as opposed to 25ns (40MHz) in the design specification. A longer clock integration time is necessary here at the Tevatron at Fermi Lab because of the difference in particle spacing. Another reason for the variation in the results is the bias resistance value of 750kΩ being used in the QIE circuitry (to bias the QIE amplifiers), instead of the specified 220kΩ.   
Long – Term Stability Test
The boards that pass the first two test phases undergo the Long Term Stability Test. A group of FE boards are inserted into the Euro card crate and powered up. As mentioned above, a looping acquisition is run for about hundred or more events to allow enough room for the errors on the boards to be determined and to also clear any uncertainties about the count of errors that the IPM Labview program returns. This data is once again logged and the boards that pass this final test are ready for use in the Tevatron IPM system.


[image: image14]
Figure
21
Screenshot from the Tevatron IPM Lab view Program showing integrated and digitized output signal
Conclusion

Observing the gain plots generated for the 15 test boards, I was able to see that the majority of the channels have a similar linear transfer function, as expected, classifying most of the front end boards as good. Some channels on some test boards are dead (figure 19), and therefore did not generate the transfer functions of interest. There will be modifications made to several components of the channels and the boards will be re – tested until the desired result is attained.
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Figure	19      Gain plots generated for Board #23 





10a





10b





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





7.32 * 10-6A





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





6b





8a





7.32V / 7.32 * 10-6A





5.22ns





5.22ns





4.56ns





4.56ns





15.0ns





� EMBED Excel.Chart.8 \s ���





a





b





c





Computer Screen





Pulse


Generator





Oscilloscope





Euro card Crate





Backplane





Fan-out card





Trigger Output 





Pulse (Voltage)


Generator





Channel selectors





Pulse-carrying


 Cable





Power supply





Computer screen





� EMBED Excel.Chart.8 \s ���





� EMBED Excel.Chart.8 \s ���





Pulse


Generator





Backplane





Euro card Crate





FE Boards





CAT5 Cable





Bias Resistor





Optical wire





Charge – carrying 


Cable





Channel Selectors





Clock


Distribution





Figure	18     Gain plots generated for Board #21
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