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Calibration of NuMI horn current readout

Jim Biggs, Ken Bourkland, Jim Hylen, Mike Kucera

This document contains calibration constants for the ACNET readout of the NuMI horn current.  They should be applied in the MINOS beam database to convert raw ACNET readings to actual horn current for analysis purposes.
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Introduction

The horn power supply is divided into 12 banks of capacitors, and the output of each bank is measured separately by a Pearson Electronics Inc. model 1423 Current Monitor.  The nominal output is 1 V/kA +/- 0.4% with 50 ohm output resistance.  The FNAL-built Analog card (9820-EE-370139) receiving this signal has a 50 ohm input resistance, so that the signal is reduced to a nominal 0.5 V/kA when received.

Three banks of capacitors are combined to drive each one of the four strip-lines to the horns.  The signal from 3 current monitors are averaged by the Strip-line card (9820-EE-370141) to give a readout for each strip-line, with nominal output 12 kA/V.  The summing circuit uses 3.01 kohm input resistors and a 1 kohm output resistor, which would make the gain 0.3322 instead of the nominal 0.3333, but this minor difference is overwhelmed by component variance and is lumped inside the calibration constant derived here.  The individual capacitor banks are labeled A1, A2, A3, B1…, and the strip-line outputs are labeled SLA, SLB, SLC and SLD.  The card also produces an overall sum of channels; the sum is called ILOAD and has nominal gain of 0.08.    

The output of the strip-line card is fed to a sample-and-hold chassis.  The sample time is set by the accelerator timing signal E:NUSHTD, which is currently set to event $A5 plus 1.240300 seconds; it is adjustable in steps of 0.1 msec.  The held signal is digitized by IRM (Internet Rack Monitor) Node 558, address 131.225.23.185.  The IRM provides the digitized signal to ACNET as the four strip-line channels E:NSLINA, E:NSLINB, E:NSLINC, E:NSLIND.

The calibration consists of measuring (i) the calibration of the commercial current monitor, (ii) the droop rate of the commercial current monitor, (iii) the gain through the combination of Analog card and  Strip-line card,  (iv) the gain of the Sample-and-hold plus IRM digitization, and (v) a sweep of the timing signal E:NUSHTD across the horn pulse peak.  The gain of spare Analog and Strip-line card combinations were also measured.

(i) gain of the current monitors.

The gain of the current monitors was measured by Chris Waters, Pearson Electronics Inc., on 3/17/00, and a certificate of calibration was issued for each monitor as summarized in Table 1.  The standard model 1423 was modified to increase the maximum product of current and time to 110 A-sec, and is referred to as model 6750.  The amplitude error is defined as positive if the signal output of the monitor is greater than nominal for a given current.  The current monitors were assigned in a balanced way to strip-line banks so that the average amplitude error for each strip-line is 0.41% to within 0.01%, but the assigned accuracy of the amplitude error test is only 0.1%.  The test power supply (Test-PS) is a lower current device in MI-8; the operational power supply (Op.-PS) is the one in MI-65 powering the horns.

	Serial

  No.
	Cert.

 No.
	Amp.Error

      %
	Droop Rate

    %/ms
	Usable rise-time

Micro-seconds
	Assigned

Location

	95520
	5080
	-0.17
	0.7
	0.29
	Test-PS Cell 1

	95521
	5081
	0.16
	0.63
	0.29
	Test-PS Cell 2

	95522
	5083
	0.24
	0.73
	0.29
	Op.-PS: B-2

	95523
	5168
	0.12
	0.57
	0.29
	Test PS Cell 4

	95524
	5084
	0.21
	0.51
	0.29
	Op. PS: A-2

	95525
	5085
	0.19
	0.66
	0.29
	Op. PS: C-1

	95526
	5086
	0.31
	0.59
	0.29
	Op. PS: D-1

	95527
	5087
	0.24
	0.57
	0.29
	Test PS Cell 3

	95528
	5088
	0.36
	0.60
	0.28
	Op. PS: D-2

	95529
	5089
	0.54
	0.61
	0.28
	Op. PS: D-3

	95530
	5090
	0.57
	0.44
	0.29
	Op. PS: A-1

	95531
	5091
	0.55
	0.64
	0.29
	Op. PS: B-3

	95532
	5092
	0.52
	0.46
	0.29
	Op. PS: C-3

	95533
	5093
	0.44
	0.59
	0.29
	Op. PS: B-1

	95534
	5094
	0.45
	0.64
	0.29
	Op. PS: A-3

	95535
	5095
	0.52
	0.45
	0.29
	Op. PS: C-2


Table 1 Summary of  Pearson Current Transformer  calibration constants.

(ii) Droop rate of current monitors.

The average droop rate of the 12 monitors used in the Operational Power Supply is 0.58%/ms from Table 1.  An analytic integration over a sin wave weighted by this droop rate to the peak at 1 ms gives an output of 0.9963.  Rather than calculate the droop for each power supply bank separately, we will apply this calibration across the board.

(iii) gain of Analog + Strip-line cards.

A voltage calibration source was applied to the three inputs for a bank.  The outputs of the Analog card was measured (which also provides the input for the Strip-line card), and the outputs of the Strip-line card were measured.  Gain for strip-line channel “x” is calculated as SLxout / (x1input+ x2input+ x3input).  The calibration constant is the gain over the nominal gain of 0.3333.  The SLx outputs turn out to be about 0.5% lower than nominal.  A+SL cal. gives the calibration factor for the combined Analog and Strip-line cards.

	Analog #4 + Strip-line #1

	A1 out
	2.001 V
	
	B1 out
	2.001 V
	
	C1 out
	2.001 V
	
	D1 out
	2.000 V

	A2 out
	1.999 V
	
	B2 out
	2.001 V
	
	C2 out
	2.001 V
	
	D2 out
	2.001 V

	A3 out
	2.001 V
	
	B3 out
	2.000 V
	
	C3 out
	2.001 V
	
	D3 out
	2.002 V

	Sum 1-3
	6.001 V
	
	Sum 1-3
	6.002 V
	
	Sum 1-3
	6.003 V
	
	Sum 1-3
	6.003 V

	SLA out
	1.990 V
	
	SLB out
	1.991 V
	
	SLC out
	1.992 V
	
	SLD out
	1.989 V

	SLA gain
	0.3316
	
	SLB gain
	0.3317
	
	SLC gain
	0.3318
	
	SLD gain
	0.3313

	SLA cal.
	0.9948
	
	SLB cal.
	0.9952
	
	SLC cal.
	0.9955
	
	SLD cal.
	0.9940

	
	
	
	
	
	
	
	
	
	
	

	A+SL cal.
	0.9950
	
	
	0.9955
	
	
	0.9960
	
	
	0.9945

	
	
	
	
	
	
	
	
	
	
	

	ILOAD out
	0.487 V
	
	
	0.490 V
	
	
	0.488 V
	
	
	0.485 V

	IL gain
	0.0812
	
	
	0.0816
	
	
	0.0813
	
	
	0.0808

	ILOAD cal
	1.014
	
	
	1.020
	
	
	1.016
	
	
	1.010


Table 2 Calibration data for Analog card #4 with Strip-line card #1

 (iv) Calibration of Sample-and-hold plus IRM digitization.

A voltage calibration source (DVC 8500) was applied to the sample-and-hold channels, with the resulting ACNET readouts shown in Table 3.  The residuals from nominal are shown in Figure 1.  Resulting calibration constants are shown in Table 4.

	Vref in
	Nominal
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND

	(V)
	reading (kA)
	(kA)
	(kA)
	(kA)
	(kA)

	5.000
	60.00
	59.96
	59.97
	59.93
	59.93

	1.000
	12.00
	11.97
	11.97
	11.93
	11.93

	0.000
	0.00
	-0.03
	-0.02
	-0.07
	-0.07

	-1.000
	-12.00
	-12.04
	-12.04
	-12.08
	-12.06

	-2.000
	-24.00
	-24.02
	-24.05
	-24.09
	-24.07

	-3.000
	-36.00
	-36.04
	-36.05
	-36.09
	-36.07

	-3.100
	-37.20
	-37.27
	-37.24
	-37.26
	-37.27

	-3.200
	-38.40
	-38.43
	-38.42
	-38.48
	-38.47

	-3.300
	-39.60
	-39.63
	-39.64
	-39.69
	-39.67

	-3.400
	-40.80
	-40.83
	-40.81
	-40.90
	-40.88

	-3.500
	-42.00
	-42.02
	-42.02
	-42.08
	-42.07

	-3.600
	-43.20
	-43.23
	-43.23
	-43.28
	-43.29

	-3.700
	-44.40
	-44.43
	-44.43
	-44.49
	-44.49

	-3.800
	-45.60
	-45.62
	-45.63
	-45.70
	-45.69

	-3.900
	-46.80
	-46.83
	-46.82
	-46.91
	-46.87

	-4.000
	-48.00
	-48.02
	-48.02
	-48.07
	-48.06

	-4.100
	-49.20
	-49.23
	-49.20
	-49.28
	-49.27

	-4.200
	-50.40
	-50.41
	-50.42
	-50.46
	-50.44

	-4.300
	-51.60
	-51.69
	-51.61
	-51.68
	-51.66

	-4.400
	-52.80
	-52.85
	-52.84
	-52.89
	-52.87

	-4.500
	-54.00
	-54.06
	-54.02
	-54.07
	-54.05

	-4.600
	-55.20
	-55.21
	-55.21
	-55.28
	-55.25

	-4.700
	-56.40
	-56.43
	-56.43
	-56.49
	-56.47

	-4.800
	-57.60
	-57.63
	-57.66
	-57.70
	-57.68

	-4.900
	-58.80
	-58.84
	-58.83
	-58.89
	-58.86

	-5.000
	-60.00
	-60.03
	-60.03
	-60.06
	-60.07


Table 3 Calibration data for  sample-and-hold plus IRM digitization.
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Figure 1 Measured value minus nomial current input for the sample-and-hold plus IRM digitzation.

	
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND

	Pedestal
	-0.03 kA
	-0.02 kA
	-.07 kA
	-0.07 kA

	Slope
	0.9998
	0.9999
	1.0002
	0.9998


Table 4 Calibration constants derived from IRM measurements.

(v) timing sweep of sample and hold.

Figure 2 shows the data from stepping the time that the hold is triggered.  The smallest step one can adjust the timing generator E:NUSHTD is 100 microseconds.  The pulse shape is a damped sine-wave, but a simple sine wave is shown to guide the eye on the plot.  The maximum signal would be at about $A5 plus 1.240180 seconds, while we are normally sampling at 1.240300 seconds.  The calibration constants shown in Table 5 are derived in two steps, taking first just the ratio of the data at 1.240300 seconds to the data at 1.240200 seconds, and then a second constant which is the relative height of the sine wave between 1.240180 seconds and 1.240200 seconds.
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Figure 2 Data from timing sweep of sample and hold with respect to horn pulse.

	
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND

	Normal / Max.Meas.
	0.9877
	0.9858
	0.9856
	0.9870

	Interpolation
	0.9996
	0.9996
	0.9996
	0.9996


Table 5 Calibration constants derived from timing sweep.

Combined calibration constants.

Shows lists the calibration constants derived in each of the previous steps, and combines them into a final set of calibration constants.

	
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND

	Pedestal
	-0.03 kA
	-0.03 kA
	-.08 kA
	-0.07 kA

	Pearson monitor gain


	1.0041


	1.0041
	1.0041
	1.0040

	Pearson monitor droop
	0.9963
	0.9963
	0.9963
	0.9963

	A + SL cards
	0.9950
	0.9955
	0.9960
	0.9945

	S&H + Digitization
	0.9998
	0.9999
	1.0002
	0.9998

	Sweep in 100 us steps
	0.9877
	0.9858
	0.9856
	0.9870

	Extrap. 20 us to peak
	0.9996
	0.9996
	0.9996
	0.9996

	Slope (combined cal.)
	0.9825
	0.9813
	0.9818
	0.9813


Table 6. Combined calibration constants.  Actual current = ( E:NSLINx - Pedestal ) / Slope.

Appendix I: Calibration constants for spare Analog and Strip-line cards

This section contains the calibration data and constants for use with either the spare Strip-line card (Table 7) or the spare Analog card (Table 8).

	Analog #4 + Strip-line #2

	A1 input
	2.001 V
	
	B1 input
	2.001 V
	
	C1 input
	2.001 V
	
	D1 input
	2.000 V

	A2 input
	1.999 V
	
	B2 input
	2.001 V
	
	C2 input
	2.001 V
	
	D2 input
	2.001 V

	A3 input
	2.001 V
	
	B3 input
	2.000 V
	
	C3 input
	2.001 V
	
	D3 input
	2.002 V

	Sum 1-3
	6.001 V
	
	Sum 1-3
	6.002 V
	
	Sum 1-3
	6.003 V
	
	Sum 1-3
	6.003 V

	SLA out
	2.015 V
	
	SLB out
	2.010 V
	
	SLC out
	2.016 V
	
	SLD out
	2.018 V

	SLA gain
	0.3358
	
	SLB gain
	0.3349
	
	SLC gain
	0.3358
	
	SLD gain
	0.3362

	SLA cal.
	1.0073
	
	SLB cal.
	1.0047
	
	SLC cal.
	1.0075
	
	SLD cal.
	1.0085

	
	
	
	
	
	
	
	
	
	
	

	ILOAD out
	0.485 V
	
	
	0.483 V
	
	
	0.487 V
	
	
	0.486 V

	IL gain
	0.0808
	
	
	0.0805
	
	
	0.0811
	
	
	0.0810

	ILOAD cal
	1.010
	
	
	1.006
	
	
	1.014
	
	
	1.012


Table 7  Calibration data for Analog card #4 with Strip-line card #2.

	Analog #4A + Strip-line #1

	A1 input
	2.000 V
	
	B1 input
	2.001 V
	
	C1 input
	2.000 V
	
	D1 input
	1.999 V

	A2 input
	2.002 V
	
	B2 input
	2.000 V
	
	C2 input
	1.999 V
	
	D2 input
	1.999 V

	A3 input
	2.000 V
	
	B3 input
	2.000 V
	
	C3 input
	2.000 V
	
	D3 input
	2.000 V

	Sum 1-3
	6.002 V
	
	Sum 1-3
	6.001 V
	
	Sum 1-3
	5.999 V
	
	Sum 1-3
	5.998 V

	SLA out
	1.985 V
	
	SLB out
	1.988 V
	
	SLC out
	1.989 V
	
	SLD out
	1.985 V

	SLA gain
	0.3307
	
	SLB gain
	0.3313
	
	SLC gain
	0.3316
	
	SLD gain
	0.3309

	SLA cal.
	0.9922
	
	SLB cal.
	0.9938
	
	SLC cal.
	0.9947
	
	SLD cal.
	0.9928

	
	
	
	
	
	
	
	
	
	
	

	ILOAD out
	0.484 V
	
	
	0.487 V
	
	
	0.484 V
	
	
	0.481 V

	IL gain
	0.0806
	
	
	0.0812
	
	
	0.0807
	
	
	0.0802

	ILOAD cal
	1.008
	
	
	1.014
	
	
	1.009
	
	
	1.002


Table 8  Calibration data for Analog Card #4A with Strip-line card #1.

Appendix II: Horn current for various data samples.

Initial setting of horn currents was done using the ILOAD output and a scope.  Since the ILOAD card gain was higher than nominal, the horn currents ended up 1.6% low.

Table 9 shows a summary of horn pulsing data taken during the LE-10-170 special run from 12:55 July 29, 2005 to 14:00 Aug. 1, 2005, where horn current was set to a nominal 170 kA.  The data analyzed is actually every third pulse of the run, for a total of 28239 pulses.  The total spread was 0.6%, and the standard deviation was only 0.05%.  Applying the calibration, the actual average horn current was 167.3 kA, or (1.6 +/- 0.5)% lower than nominal.

	 
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND
	Total

	Minimum (kA)
	-41.34
	-40.94
	-41.28
	-41.30
	 

	Maximum (kA)
	-41.11
	-40.71
	-41.06
	-41.08
	 

	Raw Average (kA)
	-41.23
	-40.83
	-41.18
	-41.20
	-164.45

	Standard Dev. (kA)
	0.02
	0.02
	0.02
	0.02
	 

	(Max-Min)/Ave
	0.56%
	0.57%
	0.53%
	0.55%
	 

	StDev/Ave
	0.05%
	0.05%
	0.05%
	0.05%
	 

	 
	 
	 
	 
	 
	 

	Calib. Ped.
	-0.03
	-0.03
	-0.08
	-0.07
	 

	Calib. Slope
	0.9825
	0.9813
	0.9818
	0.9813
	 

	 
	 
	 
	 
	 
	 

	Ave. after calib. (kA)
	-41.93
	-41.58
	-41.86
	-41.91
	-167.29


Table 9  Data from LE-10-170 run with calibration applied.

Table 10 shows a summary of horn pulsing data taken during the LE-10-200 special run from 14:00 Aug. 1, 2005 to 18:45 Aug. 3, 2005, where horn current was set to a nominal 200 kA.  The data analyzed is actually every third pulse of the run, for a total of 23874 pulses.  The total spread was 0.5%, and the standard deviation was only 0.05%.  Applying the calibration, the actual average horn current was 196.8 kA, or (1.6 +/- 0.5)% lower than nominal.

	 
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND
	Total

	Minimum (kA)
	-48.63
	-48.14
	-48.54
	-48.57
	 

	Maximum (kA)
	-48.36
	-47.90
	-48.28
	-48.33
	 

	Raw Average (kA)
	-48.49
	-48.02
	-48.42
	-48.46
	-193.39

	Standard Dev. (kA)
	0.03
	0.03
	0.03
	0.02
	 

	(Max-Min)/Ave
	0.57%
	0.50%
	0.54%
	0.48%
	 

	StDev/Ave
	0.05%
	0.05%
	0.06%
	0.05%
	 

	 
	 
	 
	 
	 
	 

	Calib. Ped. (kA)
	-0.03
	-0.03
	-0.08
	-0.07
	 

	Calib. Slope
	0.9825
	0.9813
	0.9818
	0.9813
	 

	 
	 
	 
	 
	 
	 

	Ave. after calib. (kA)
	-49.32
	-48.90
	-49.24
	-49.31
	-196.78


Table 10 Data from LE-10-200 run with calibration applied.

Table 11 shows a summary of horn pulsing data taken during the LE-10-185 running from 14:24 May 20, 2005 to 12:46 July 29, 2005, where horn current was set to a nominal 185 kA.  The data analyzed is actually every one-hundredth pulse of the run, for a total of 17,446 pulses analyzed from the 1.7 million pulse run.  The standard deviation was 0.08%.  Applying the calibration, the actual average horn current was 182.1 kA, or (1.6 +/- 0.5)% lower than nominal.

	 
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND
	Total

	Minimum (kA)
	-45.10
	-44.69
	-45.03
	-45.05
	 

	Maximum (kA)
	-44.73

	-44.09
	-44.13
	-44.70
	 

	Raw Average (kA)
	-44.89

	-44.45

	-44.80

	-44.84

	-178.98


	Standard Dev. (kA)
	0.03
	0.03
	0.09
	0.03
	 0.14

	(Max-Min)/Ave
	0.82%
	1.34%
	2.02%
	0.78%
	 0.88%

	StDev/Ave
	0.07%
	0.07%
	0.19%
	0.07%
	 0.08%

	 
	 
	 
	 
	 
	 

	Calib. Ped. (kA)
	-0.03
	-0.03
	-.08
	-0.07
	 

	Calib. Slope
	0.9825
	0.9813
	0.9818
	0.9813
	 

	 
	 
	 
	 
	 
	 

	Ave. after calib. (kA)
	-45.66
	-45.27
	-45.55
	-45.62
	-182.10


Table 11 Data from LE-10-185 2005 May-July run, raw and with calibration applied.

Table 12shows a summary of horn pulsing data taken during the LE-10-185 running from 18:46 August 3, 2005 to 23:30 February 25, 2006, where horn current was set to a nominal 185 kA.  The data analyzed is actually every one-hundredth pulse of the run, for a total of 54,105 pulses analyzed from the 5.4 million pulse run.  The standard deviation was 0.12%.  Applying the calibration, the actual average horn current was 182.1 kA, or (1.6 +/- 0.5)% lower than nominal.

	 
	E:NSLINA
	E:NSLINB
	E:NSLINC
	E:NSLIND
	Total

	Minimum (kA)
	-45.15
	-44.69
	-45.08
	-45.09
	 

	Maximum (kA)
	-44.66

	-44.22
	-44.61
	-44.63
	 

	Raw Average (kA)
	-44.89

	-44.44

	-44.82

	-44.85

	-179.01


	Standard Dev. (kA)
	0.05
	0.05
	0.05
	0.05
	

	(Max-Min)/Ave
	1.10%
	1.07%
	1.05%
	1.03%
	 

	StDev/Ave
	0.12%
	0.12%
	0.12%
	0.12%
	 

	 
	 
	 
	 
	 
	 

	Calib. Ped. (kA)
	-0.03
	-0.03
	-.08
	-0.07
	 

	Calib. Slope
	0.9825
	0.9813
	0.9818
	0.9813
	 

	 
	 
	 
	 
	 
	 

	Ave. after calib. (kA)
	-45.66
	-45.26
	-45.57
	-45.63
	-182.13



Table 12 Data from LE-10-200 August 2005 – February 2006 run, raw and with calibration applied.
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Figure 3 Horn current (raw, kA) during LE-10-185 run May 2005 - Feb. 2006.  Mean is –179.01 kA and fitted Sigma is 0.17 kA.

Figure 3 shows the distribution of raw horn current during the LE-10 running, provided by Mary Bishai from the MINOS readout data stream.  The horn current decreases (becomes less negative) as the stripline warms up at the start of each extended period of operation, which is probably the explanation for the non-symmetric tail.

In principle, one should luminosity-weight the horn current measurements to apply them to the MINOS data set.  In practice, the horn current has been stable enough that that is not necessary.

Page 1 of 11

_1185365374.xls
Chart3

		60		60		60		60

		12		12		12		12

		0		0		0		0

		-12		-12		-12		-12

		-24		-24		-24		-24

		-36		-36		-36		-36

		-37.2		-37.2		-37.2		-37.2

		-38.4		-38.4		-38.4		-38.4

		-39.6		-39.6		-39.6		-39.6

		-40.8		-40.8		-40.8		-40.8

		-42		-42		-42		-42

		-43.2		-43.2		-43.2		-43.2

		-44.4		-44.4		-44.4		-44.4

		-45.6		-45.6		-45.6		-45.6

		-46.8		-46.8		-46.8		-46.8

		-48		-48		-48		-48

		-49.2		-49.2		-49.2		-49.2

		-50.4		-50.4		-50.4		-50.4

		-51.6		-51.6		-51.6		-51.6

		-52.8		-52.8		-52.8		-52.8

		-54		-54		-54		-54

		-55.2		-55.2		-55.2		-55.2

		-56.4		-56.4		-56.4		-56.4

		-57.6		-57.6		-57.6		-57.6

		-58.8		-58.8		-58.8		-58.8

		-60		-60		-60		-60



residual A

residual B

residual C

residual D

Nominal current (kA)

Residual = Meas.-Nominal (kA)

-0.04

-0.03

-0.07

-0.07

-0.03

-0.03

-0.07

-0.07

-0.029

-0.015

-0.066

-0.066

-0.04

-0.04

-0.08

-0.06

-0.02

-0.05

-0.09

-0.07

-0.04

-0.05

-0.09

-0.07

-0.07

-0.04

-0.06

-0.07

-0.03

-0.02

-0.08

-0.07

-0.03

-0.04

-0.09

-0.07

-0.03

-0.01

-0.1

-0.08

-0.02

-0.02

-0.08

-0.07

-0.03

-0.03

-0.08

-0.09

-0.03

-0.03

-0.09

-0.09

-0.02

-0.03

-0.1

-0.09

-0.03

-0.02

-0.11

-0.07

-0.02

-0.02

-0.07

-0.06

-0.03

0

-0.08

-0.07

-0.01

-0.02

-0.06

-0.04

-0.09

-0.01

-0.08

-0.06

-0.05

-0.04

-0.09

-0.07

-0.06

-0.02

-0.07

-0.05

-0.01

-0.01

-0.08

-0.05

-0.03

-0.03

-0.09

-0.07

-0.03

-0.06

-0.1

-0.08

-0.04

-0.03

-0.09

-0.06

-0.03

-0.03

-0.06

-0.07



Analog and Stripline card

		Analog #4		Input		summing circuit		measured gain calib		expected gain calib from resistor selection		corr gain from table		corr gain/meas gain

		A1		2.001		8.004

		A2		1.999		7.996

		A3		2.001		8.004

		Sum A1-A3				24.004

		SLA measured				23.880		0.9948341943		1.003333		0.998150305		1.00333333

		ILOAD				24.350		1.0144142643

		B1		2.001		8.004

		B2		2.001		8.004

		B3		2.000		8.000

		Sum B1-B3				24.008

		SLB measured				23.892		0.9951682772		1.003333		0.998485502		1.00333333

		ILOAD				24.500		1.0204931689

		C1		2.001		8.004

		C2		2.001		8.004

		C3		2.001		8.004

		Sum C1-C3				24.012

		SLC measured				23.904		0.9955022489		1.003333		0.998820586		1.0033333296

		ILOAD				24.400		1.0161585874

		D1		2.000		8.000

		D2		2.001		8.004

		D3		2.002		8.008

		Sum D1-D3				24.012

		SLD measured				23.868		0.9940029985		1.003333		0.997316339		1.0033333305

		ILOAD				24.25		1.0099117108

		ave 1

		ave 2

		ave 3

		ave SL meas						0.9948769297		0.998193183		1.0033333302

		ILOAD						1.0152444329





Chart-raw

		5		5		5		5		5

		1		1		1		1		1

		0		0		0		0		0

		-1		-1		-1		-1		-1

		-2		-2		-2		-2		-2

		-3		-3		-3		-3		-3

		-3.1		-3.1		-3.1		-3.1		-3.1

		-3.2		-3.2		-3.2		-3.2		-3.2

		-3.3		-3.3		-3.3		-3.3		-3.3

		-3.4		-3.4		-3.4		-3.4		-3.4

		-3.5		-3.5		-3.5		-3.5		-3.5

		-3.6		-3.6		-3.6		-3.6		-3.6

		-3.7		-3.7		-3.7		-3.7		-3.7

		-3.8		-3.8		-3.8		-3.8		-3.8

		-3.9		-3.9		-3.9		-3.9		-3.9

		-4		-4		-4		-4		-4

		-4.1		-4.1		-4.1		-4.1		-4.1

		-4.2		-4.2		-4.2		-4.2		-4.2

		-4.3		-4.3		-4.3		-4.3		-4.3

		-4.4		-4.4		-4.4		-4.4		-4.4

		-4.5		-4.5		-4.5		-4.5		-4.5

		-4.6		-4.6		-4.6		-4.6		-4.6

		-4.7		-4.7		-4.7		-4.7		-4.7

		-4.8		-4.8		-4.8		-4.8		-4.8

		-4.9		-4.9		-4.9		-4.9		-4.9

		-5		-5		-5		-5		-5



E:NSLINA

E:NSLINB

E:NSLINC

E:NSLIND

Nominal

59.96

59.97

59.93

59.93

60

11.97

11.97

11.93

11.93

12

-0.029

-0.015

-0.066

-0.066

0

-12.04

-12.04

-12.08

-12.06

-12

-24.02

-24.05

-24.09

-24.07

-24

-36.04

-36.05

-36.09

-36.07

-36

-37.27

-37.24

-37.26

-37.27

-37.2

-38.43

-38.42

-38.48

-38.47

-38.4

-39.63

-39.64

-39.69

-39.67

-39.6

-40.83

-40.81

-40.9

-40.88

-40.8

-42.02

-42.02

-42.08

-42.07

-42

-43.23

-43.23

-43.28

-43.29

-43.2

-44.43

-44.43

-44.49

-44.49

-44.4

-45.62

-45.63

-45.7

-45.69

-45.6

-46.83

-46.82

-46.91

-46.87

-46.8

-48.02

-48.02

-48.07

-48.06

-48

-49.23

-49.2

-49.28

-49.27

-49.2

-50.41

-50.42

-50.46

-50.44

-50.4

-51.69

-51.61

-51.68

-51.66

-51.6

-52.85

-52.84

-52.89

-52.87

-52.8

-54.06

-54.02

-54.07

-54.05

-54

-55.21

-55.21

-55.28

-55.25

-55.2

-56.43

-56.43

-56.49

-56.47

-56.4

-57.63

-57.66

-57.7

-57.68

-57.6

-58.84

-58.83

-58.89

-58.86

-58.8

-60.03

-60.03

-60.06

-60.07

-60



sample-hold and IRM

		Vref in		Nominal		E:NSLINA		E:NSLINB		E:NSLINC		E:NSLIND		Nominal kA				gain		gain		gain		gain						residual A		residual B		residual C		residual D

		(V)		reading (kA)		(kA)		(kA)		(kA)		(kA)																Nominal current (kA)		residual A		residual B		residual C		residual D

		5.000		60.00		59.96		59.97		59.93		59.93		60		5		0.9993333333		0.9995		0.9988333333		0.9988333333		5		60		-0.04		-0.03		-0.07		-0.07

		1.000		12.00		11.97		11.97		11.93		11.93		12		1		0.9975		0.9975		0.9941666667		0.9941666667		1		12		-0.03		-0.03		-0.07		-0.07

		0.000		0.00		-0.03		-0.02		-0.07		-0.07		0		0										0		0		-0.029		-0.015		-0.066		-0.066

		-1.000		-12.00		-12.04		-12.04		-12.08		-12.06		-12		-1		1.0033333333		1.0033333333		1.0066666667		1.005		-1		-12		-0.04		-0.04		-0.08		-0.06

		-2.000		-24.00		-24.02		-24.05		-24.09		-24.07		-24		-2		1.0008333333		1.0020833333		1.00375		1.0029166667		-2		-24		-0.02		-0.05		-0.09		-0.07

		-3.000		-36.00		-36.04		-36.05		-36.09		-36.07		-36		-3		1.0011111111		1.0013888889		1.0025		1.0019444444		-3		-36		-0.04		-0.05		-0.09		-0.07

		-3.100		-37.20		-37.27		-37.24		-37.26		-37.27		-37.2		-3.1		1.0018817204		1.0010752688		1.0016129032		1.0018817204		-3.1		-37.2		-0.07		-0.04		-0.06		-0.07

		-3.200		-38.40		-38.43		-38.42		-38.48		-38.47		-38.4		-3.2		1.00078125		1.0005208333		1.0020833333		1.0018229167		-3.2		-38.4		-0.03		-0.02		-0.08		-0.07

		-3.300		-39.60		-39.63		-39.64		-39.69		-39.67		-39.6		-3.3		1.0007575758		1.001010101		1.0022727273		1.0017676768		-3.3		-39.6		-0.03		-0.04		-0.09		-0.07

		-3.400		-40.80		-40.83		-40.81		-40.90		-40.88		-40.8		-3.4		1.0007352941		1.000245098		1.0024509804		1.0019607843		-3.4		-40.8		-0.03		-0.01		-0.1		-0.08

		-3.500		-42.00		-42.02		-42.02		-42.08		-42.07		-42		-3.5		1.0004761905		1.0004761905		1.0019047619		1.0016666667		-3.5		-42		-0.02		-0.02		-0.08		-0.07

		-3.600		-43.20		-43.23		-43.23		-43.28		-43.29		-43.2		-3.6		1.0006944444		1.0006944444		1.0018518519		1.0020833333		-3.6		-43.2		-0.03		-0.03		-0.08		-0.09

		-3.700		-44.40		-44.43		-44.43		-44.49		-44.49		-44.4		-3.7		1.0006756757		1.0006756757		1.002027027		1.002027027		-3.7		-44.4		-0.03		-0.03		-0.09		-0.09

		-3.800		-45.60		-45.62		-45.63		-45.70		-45.69		-45.6		-3.8		1.0004385965		1.0006578947		1.0021929825		1.0019736842		-3.8		-45.6		-0.02		-0.03		-0.1		-0.09

		-3.900		-46.80		-46.83		-46.82		-46.91		-46.87		-46.8		-3.9		1.0006410256		1.0004273504		1.0023504274		1.0014957265		-3.9		-46.8		-0.03		-0.02		-0.11		-0.07

		-4.000		-48.00		-48.02		-48.02		-48.07		-48.06		-48		-4		1.0004166667		1.0004166667		1.0014583333		1.00125		-4		-48		-0.02		-0.02		-0.07		-0.06

		-4.100		-49.20		-49.23		-49.20		-49.28		-49.27		-49.2		-4.1		1.0006097561		1		1.0016260163		1.0014227642		-4.1		-49.2		-0.03		0		-0.08		-0.07

		-4.200		-50.40		-50.41		-50.42		-50.46		-50.44		-50.4		-4.2		1.0001984127		1.0003968254		1.0011904762		1.0007936508		-4.2		-50.4		-0.01		-0.02		-0.06		-0.04

		-4.300		-51.60		-51.69		-51.61		-51.68		-51.66		-51.6		-4.3		1.001744186		1.0001937984		1.0015503876		1.0011627907		-4.3		-51.6		-0.09		-0.01		-0.08		-0.06

		-4.400		-52.80		-52.85		-52.84		-52.89		-52.87		-52.8		-4.4		1.0009469697		1.0007575758		1.0017045455		1.0013257576		-4.4		-52.8		-0.05		-0.04		-0.09		-0.07

		-4.500		-54.00		-54.06		-54.02		-54.07		-54.05		-54		-4.5		1.0011111111		1.0003703704		1.0012962963		1.0009259259		-4.5		-54		-0.06		-0.02		-0.07		-0.05

		-4.600		-55.20		-55.21		-55.21		-55.28		-55.25		-55.2		-4.6		1.0001811594		1.0001811594		1.0014492754		1.0009057971		-4.6		-55.2		-0.01		-0.01		-0.08		-0.05

		-4.700		-56.40		-56.43		-56.43		-56.49		-56.47		-56.4		-4.7		1.0005319149		1.0005319149		1.0015957447		1.0012411348		-4.7		-56.4		-0.03		-0.03		-0.09		-0.07

		-4.800		-57.60		-57.63		-57.66		-57.70		-57.68		-57.6		-4.8		1.0005208333		1.0010416667		1.0017361111		1.0013888889		-4.8		-57.6		-0.03		-0.06		-0.1		-0.08

		-4.900		-58.80		-58.84		-58.83		-58.89		-58.86		-58.8		-4.9		1.0006802721		1.0005102041		1.0015306122		1.0010204082		-4.9		-58.8		-0.04		-0.03		-0.09		-0.06

		-5.000		-60.00		-60.03		-60.03		-60.06		-60.07		-60		-5		1.0005		1.0005		1.001		1.0011666667		-5		-60		-0.03		-0.03		-0.06		-0.07

																														-0.0341923077		-0.0278846154		-0.0817692308		-0.0686923077		-0.2125384615

		Vref

		5				59.9941923077		59.9978846154		60.0117692308		59.9986923077				5		0.9999032051		0.9999647436		1.0001961538		0.9999782051

		1				12.0041923077		11.9978846154		12.0117692308		11.9986923077				1		1.000349359		0.9998237179		1.0009807692		0.9998910256

		0				0.0051923077		0.0128846154		0.0157692308		0.0026923077				0

		-1				-12.0058076923		-12.0121153846		-11.9982307692		-11.9913076923				-1		1.0004839744		1.0010096154		0.9998525641		0.999275641

		-2				-23.9858076923		-24.0221153846		-24.0082307692		-24.0013076923				-2		0.9994086538		1.0009214744		1.0003429487		1.0000544872

		-3				-36.0058076923		-36.0221153846		-36.0082307692		-36.0013076923				-3		1.0001613248		1.0006143162		1.0002286325		1.0000363248

		-3.1				-37.2358076923		-37.2121153846		-37.1782307692		-37.2013076923				-3.1		1.0009625724		1.0003256824		0.9994148056		1.000035153

		-3.2				-38.3958076923		-38.3921153846		-38.3982307692		-38.4013076923				-3.2		0.9998908253		0.9997946715		0.9999539263		1.0000340545

		-3.3				-39.5958076923		-39.6121153846		-39.6082307692		-39.6013076923				-3.3		0.9998941336		1.0003059441		1.0002078477		1.0000330225

		-3.4				-40.7958076923		-40.7821153846		-40.8182307692		-40.8113076923				-3.4		0.9998972474		0.9995616516		1.0004468326		1.0002771493

		-3.5				-41.9858076923		-41.9921153846		-41.9982307692		-42.0013076923				-3.5		0.9996620879		0.9998122711		0.9999578755		1.0000311355

		-3.6				-43.1958076923		-43.2021153846		-43.1982307692		-43.2213076923				-3.6		0.9999029558		1.0000489672		0.9999590456		1.0004932336

		-3.7				-44.3958076923		-44.4021153846		-44.4082307692		-44.4213076923				-3.7		0.9999055787		1.0000476438		1.0001853777		1.000479903

		-3.8				-45.5858076923		-45.6021153846		-45.6182307692		-45.6213076923				-3.8		0.9996887652		1.00004639		1.0003997976		1.000467274

		-3.9				-46.7958076923		-46.7921153846		-46.8282307692		-46.8013076923				-3.9		0.9999104208		0.9998315253		1.0006032216		1.0000279421

		-4				-47.9858076923		-47.9921153846		-47.9882307692		-47.9913076923				-4		0.9997043269		0.9998357372		0.9997548077		0.9998189103

		-4.1				-49.1958076923		-49.1721153846		-49.1982307692		-49.2013076923				-4.1		0.9999147905		0.9994332395		0.99996404		1.0000265791

		-4.2				-50.3758076923		-50.3921153846		-50.3782307692		-50.3713076923				-4.2		0.9995199939		0.9998435592		0.9995680708		0.9994307082

		-4.3				-51.6558076923		-51.5821153846		-51.5982307692		-51.5913076923				-4.3		1.0010815444		0.9996533989		0.9999657126		0.9998315444

		-4.4				-52.8158076923		-52.8121153846		-52.8082307692		-52.8013076923				-4.4		1.0002993881		1.000229458		1.0001558858		1.0000247669

		-4.5				-54.0258076923		-53.9921153846		-53.9882307692		-53.9813076923				-4.5		1.0004779202		0.9998539886		0.9997820513		0.9996538462

		-4.6				-55.1758076923		-55.1821153846		-55.1982307692		-55.1813076923				-4.6		0.9995617336		0.9996760033		0.9999679487		0.9996613712

		-4.7				-56.3958076923		-56.4021153846		-56.4082307692		-56.4013076923				-4.7		0.9999256683		1.0000375068		1.0001459356		1.000023186

		-4.8				-57.5958076923		-57.6321153846		-57.6182307692		-57.6113076923				-4.8		0.9999272169		1.0005575588		1.0003165064		1.0001963141

		-4.9				-58.8058076923		-58.8021153846		-58.8082307692		-58.7913076923				-4.9		1.0000987703		1.0000359759		1.0001399791		0.9998521716

		-5				-59.9958076923		-60.0021153846		-59.9782307692		-60.0013076923				-5		0.9999301282		1.0000352564		0.9996371795		1.0000217949





sample-hold and IRM

		





Sheet3

		





		59.96		59.97		59.93		59.93

		11.97		11.97		11.93		11.93

		-0.029		-0.015		-0.066		-0.066

		-12.04		-12.04		-12.08		-12.06

		-24.02		-24.05		-24.09		-24.07

		-36.04		-36.05		-36.09		-36.07

		-37.27		-37.24		-37.26		-37.27

		-38.43		-38.42		-38.48		-38.47

		-39.63		-39.64		-39.69		-39.67

		-40.83		-40.81		-40.9		-40.88

		-42.02		-42.02		-42.08		-42.07

		-43.23		-43.23		-43.28		-43.29

		-44.43		-44.43		-44.49		-44.49

		-45.62		-45.63		-45.7		-45.69

		-46.83		-46.82		-46.91		-46.87

		-48.02		-48.02		-48.07		-48.06

		-49.23		-49.2		-49.28		-49.27

		-50.41		-50.42		-50.46		-50.44

		-51.69		-51.61		-51.68		-51.66

		-52.85		-52.84		-52.89		-52.87

		-54.06		-54.02		-54.07		-54.05

		-55.21		-55.21		-55.28		-55.25

		-56.43		-56.43		-56.49		-56.47

		-57.63		-57.66		-57.7		-57.68

		-58.84		-58.83		-58.89		-58.86

		-60.03		-60.03		-60.06		-60.07



E:NSLINA

E:NSLINB

E:NSLINC

E:NSLIND



		



residual A

residual B

residual C

residual D

Nominal current (kA)

Residual = Meas.-Nominal (kA)



		






