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This note reports the results of sextupole measurements performed on the Tevatron dipole magnet TC1220 using a system developed at CERN, based on the use of Hall plates to achieve a fast read-out. First measurements with this system were performed on magnet TB0269 (see Fermilab internal note TD-03-011 for further details). 

The main motivation for the use of this probe on Tevatron dipoles is a) to obtain more accurate measurements of the b2 snapback thanks to the better time resolution of the Hall probe system, b) to provide an independent check of the measurements performed using rotating coils and c) to gain experience with Hall-probe sensors needed for the development of future magnetic measurement hardware. This work is also in the interest of Cern, because of the plans to use a similar Hall probe sensor for on-line magnetic measurements as diagnostics for the LHC.

Measurement Program

The standard current cycle for the measurement of decay and snapback in the Tevatron dipoles, together with the nomenclature of the various phases, is shown in Fig. 1. The cycle is based on the typical operation of the accelerator. The magnets are quenched to erase previous history. Nominal injection level is 663 A (corresponding to about 0.66 T) and flat-top level is 4333 A (corresponding to about 4.33 T). The ramp-rate during acceleration and ramp-down is 53 A/s, and a full energy swing (from injection to flat-top) takes about 80 s. Acceleration starts with a parabolic time dependence lasting few s, before reaching full speed. 
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Figure 1: Standard current cycle for the measurement of injection decay and snapback in Tevatron dipoles.

The parameters varied during the measurement campaign reported in this note were the following:

· flat-top current during the pre-cycle: 4333 A (standard), 4000 A and 3552 A;

· number of flat-tops: 1 (standard), 2 and 3;

· flat-top time during the pre-cycle: 1, 10, 20 (standard), 60, 120, 240, 360 and 720 minutes (as part of the so called long flat-top series);

· back-porch time: 1 (standard), 10 and 30 minutes;

· injection-porch time: 30 (standard), 60 and 120 minutes;

· temperature: 3.9 K (standard), 4.3 K;

A catalog of the measurements taken and the associated file name is given in appendix A.

All measurements reported here were performed with the probe placed at approximately 3 m from the end of the warm bore, on the magnet cryogenic return-box side. This location is well inside the body field of the magnet, and the measurements are not affected by end field contributions. Simultaneously magnetic measurements were performed with rotating coils entering the magnet from the feed-box end. Possible interference between the two measurement systems is discussed in further detail below.

 Measurement Preparation and Electronics Settings

Figure 2 shows the Hallprobe array sensor, consisting of 2 rings of three Hall-probes each. Each ring is a complete b2 array (with the sensors distributed at 120º angles around the ring). The rings are spaced by 2.5”. The two rings are read out separately as well as their sum. The purpose of having 2 rings is to integrate over the so called pattern, that is the periodic b2 modulation along the length of the magnet with a period given by the cable twist pitch. 
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Figure 2: Cern sextupole Hall probe sensor: total view including bearings, left; detailed view of two rings, right;

 The probe (rotational) position was found by maximizing the signal from the dipole (B0) probe (probe H9 in ring 2), therefore positioning the B0 probe in a flat (maximum sensitivity) position. The calibration of the amplifier gains was left unchanged from that of the previous measurements (see appendix B, C and D for the exact settings). 

Raw Data - Example

One of the main issues for the accurate direct measurement of sextupole using Hall plates arrays is the proper compensation of the dipole component in the field. Figure 2 reports the voltage readings from the single rings as well as the total voltage from the two rings plotted as a function of the voltage reading of the dipole field. The calibration factor between dipole voltage reading and dipole field is approximately 1 (see following section), hence the x scale is in practice identical to the dipole field. 

The voltage has a dependence on the dipole field, due to compensation errors, and shows a clear hysteresis that corresponds to the persistent current contribution to the sextupole error. Using the data reported in Fig. 2, it is possible to estimate the dipole bucking ratio assuming that the average reading is due to the un-bucked dipole, while the hysteresis is due solely to the sextupole. The average reading of -0.15 V at injection field (0.66 T) corresponds to a residual dipole sensitivity of -0.22 V/T. 

The reading of single, un-bucked Hall plates in the two rings in the same dipole field, and after the amplifiers in the analog conditioner, would be about –107 V/T. The dipole bucking ratio is hence of the order of 700. Although moderate (balanced rotating coils achieve dipole bucking in excess of 1000), this bucking ratio is sufficient to deduce the sextupole component by analysis, as discussed later.
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Figure 2. Example of voltage readings as obtained during the measurement of the standard accelerator simulation cycle. The voltages refer to the output of the analog conditioning electronics. The x scale is the voltage reading of the dipole signal, in practice identical to the dipole strength in (T).

Calibration of the Hall-Probe Readings

The following discusses the mathematical procedures used to calibrate the Hall-probe data on the rotating coil data. The calibration procedure reported here was applied to the sum voltage (sum of ring 1 and ring 2) data. If necessary the same procedure could also be applied to the single ring data which are stored with the data files. As a result of this procedure the Hall probe b2 data refer to the standard Tevatron reference radius (1”).

The rotating coil data used for the calibration were the standard case (20 min FT, 1 min BP, 30 min IP) for the 3.9 K measurements and the 60 min FT case for the 4.3 K measurements. The following plots show the rotating coil measurements of the hysteretic b2 loops together with the fits used for the calibration.
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Figure 3: Rotating coil hysteresis data on up (left) and down (right) ramp for 3.9 K (upper plots) and 4.3 K (lower plots). Also indicated are the quadratic fits used and the range in which the fits were applied (calibration range).

The Hall plate sensitivity of the B0 probe is close to 1 T/V after amplification with a gain of 4.66. To obtain the exact sensitivity factor C0 (see equation 1), the data were compared to the rotating coil data at the injection porch, which give 0.660 T. Note that the rotating coil system was never accurately calibrated, but that it is believed to be good to the 10-3 level. In the case of TC1220 this procedure yielded a sensitivity C0 of 0.9314 T/V (D0=0 T). 
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The Hall plates data from the b2 arrays is reduced using the following conversion formula:
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where b2 is the normalised sextupole (at 1”), V2 is the sextupole voltage from the analog conditioning electronics (e.g. the voltage from each of the two rings or the sum of the two rings), V0 is the voltage from the dipole Hall plate, B0 is the dipole field strength (deduced from the dipole voltage V0 using the conversion factor C0 discussed above), Voffset is the electronics offset from the amplifiers, K2 is the calibration constant for the voltage of the sextupole read-out, Kbucking is the dipole voltage bucking ratio and Knon-linear is a parabolic correction for the Hall plate non-linearity as a function of field. The parameters Voffset, Kbucking, Knon-linear and K2 are obtained by an unconstrained optimization procedure that aims at minimizing the root mean square of the difference among Hall-plates reading and rotating coils results throughout the cycle. 

Appendix E contains a table with the these parameters for the ring 1&2 sum signal for all measurements presented in this report. The average values of these parameters are given in Table 1. The case-to-case variations from the average values as evidenced in the tables and plots of appendix E correspond to b2 variations of less than 0.5 %.

Table 1: Average calibration parameters as determined from the TC1220 data series.

	V offset 

(V)
	K bucking 

(-)
	Sensitivity 

(T/V) 
	K-nonlinear

 (1/V)
	Temp

(K)

	0.19
	-0.35
	-0.0096
	-0.08
	3.9

	0.15
	-0.265
	-0.00935
	-0.14
	4.3


Data Analysis Procedures

Once calibrated, the b2 data were baseline corrected in order to extract the “pure” dynamic effects. To extract the snapback data from the data the underlying hysteretic b2 was subtracted. The b2 baseline was found on a case-by-case basis by fitting the b2 data between 0.7 and 0.8 T B0 field with a line. Appendix F shows the fitting parameters for all cases. The average slopes of the base-lines at 4.3 K / 3.9 K were 9.1 / 10.7 (units/T). The average offsets of the baselines at 4.3 K / 3.9 K were –6 / –7.8 units.
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Figure 4: Example of b2 baseline fit for determination of snapback in TC1220.

Measurement reproducibility

In Figure 5 we report four measurements of the snapback points in TC1220 after a 30 min injection porch following a standard powering pre-cycle (20 min flat-top time and 1 min back-porch time), revealing a good reproducibility of the measurements. 
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Figure 5: b2 snapback after 30 min on injection porch in TC1220 after a standard pre-cycle (20 min FT, 1 min BP).

Measurement of the Effect of the Pre-cycle Back-porch Duration

Figure 6 shows snapbacks measured with Hall-probes (and rotating coils) after a 30 min dwell on injection porch for different pre-cycle back-porch durations. The agreement between Hallprobe and rotating coil data is excellent. 

When plotted as a function of time, as reported in Figure 6, the picture is not as clear. There is little difference in the total time needed to resolve the snap-back. This is due to
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Figure 6: b2 Snapback in TC1220 after 30 min at injection for different pre-cycle back-porch times. Rotating coil data are also shown for comparative purposes.
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Figure 7: b2 Snapback in TC1220 after 30 min at injection for different pre-cycle back-porch times. Data are plotted versus main field.
the fact that the current ramp accelerates quickly after a few secs from the start, and all field changes in the range of 10 s are compressed with respect to the beginning of the ramp. This fact would advocate for a time-based scaling, as presently used at the Tevatron. Figure 7 shows the same data with respect to the main field, clearly showing that the larger the drift amplitude (for the shorter drift amplitude) the more field ramp is required to resolve the snapback.

Measurement of the Effect of the Flat-top Duration

Figure 8, Figure 9 and Figure 10 show the snapbacks in TC1220 after a 30 min injection porch for different pre-cycle flat-top durations. The drift amplitudes saturate for flat-top durations exceeding 1-2 hrs.  All measurements for FT times below 60 min were performed at 3.9 K. All measurements for FT durations above 60 min were performed at 4.3 K (due to constraints of the test stand cryo-system). The 60 min FT measurements were performed at both 3.9 K and 4.2 K. The comparison shows small differences, which are believed to be related to differences in the calibration.
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Figure 8: b2 Snapback in TC1220 after 30 min at injection for different pre-cycle flat-top durations. All measurements were performed at 3.9 K except for the 60 min case which was performed at 3.9 K and 4.3 K. Rotating coil data are also shown for comparative purposes.
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Figure 9: b2 snapback in TC1220 after 30 min at injection for different pre-cycle flat-top durations. All measurements were performed at 3.9 K except for the 60 min case which was performed at 3.9 K and 4.3 K. Rotating coil data are also shown for comparative purposes. Data are plotted versus main field.
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Figure 10: b2 Snapback in TC1220 after 30 min at injection for very long pre-cycle flat-top durations. All measurements were performed at 4.3 K . The measurements clearly show a saturation of the drift amplitude.
Measurement of the Effect of the Injection Porch Duration

Figure 11 and Figure 12 show the snapbacks in TC1220 after 30, 60 and 120 min at the injection porch following a standard pre-cycle (20 min flat-top, 1 min back-porch). All measurements were performed at 3.9 K.
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Figure 11: b2 snapback in TC1220 after 30, 60 and 120 min at injection for standard pre-cycle conditions. All measurements were performed at 3.9 K. The measurements taken with the rotating coils are shown also.
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Figure 12: b2 Snapback in TC1220 after 30, 60 and 120 min at injection for standard pre-cycle conditions. All measurements were performed at 3.9 K. The measurements are shown versus bore field.

Measurement of the Effect of the Flat-top Energy
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Figure 13: b2 Snapback in TC1220 after 30 min at injection for different flat-top currents in the pre-cycle (20 min flat-top time, 1 min back-porch time). All measurements were performed at 3.9 K. The measurements taken with the rotating coils are shown for comparative purposes.
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Figure 14: b2 Snapback in TC1220 after 30 min at injection following one or three standard pre-cycles. All measurements were performed at 3.9 K. The measurements taken with the rotating coils are shown for comparison
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Figure 15: b2 Snapback in TC1220 after 30 min at injection following one or three standard pre-cycles. All measurements were performed at 3.9 K. The results are plotted versus bore field.

Correlation between Drift Amplitude and Dipole Field Change

The snapback data clearly show a correlation between the b2 drift amplitude (the value of b2 at the start of the snapback) and the dipole field change required for completion of the snapback (B0 at end of snapback).  The correlation can be measured using the parameters of an exponential curve fitting:
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where b2snap-back(t) is the sextupole change during snap-back, B0(t) is the instantaneous value of the dipole field, initially at the injection value B0,injection. The snap-back amplitude b2 and the dipole field change B0 are the two fitting constants.
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Figure 9. Exponential fitting of the sextupole change during snap-back. Example of 720 min FT duration measurement.

The correlation for all fitting parametersb2 and B0 in the exponential is shown in Fig. 10 for  all cycles tested in the Tevatron dipole TC-1220.
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Figure 10. Scatter plot of the snap-back amplitude b2 vs. the dipole field change B0 for all cycles tested. The plot indicates a strong correlation between the two parameters.

Conclusions 

The CERN Hallprobe array sensor was successfully used for measurements of the b2 snapback in TC1220. The measurements showed good agreement with the rotating coil data. Also successful was the simultaneous use of the Hallprobesensor and the rotating coil system. There is no noticeable interference (e.g. mechanical vibration) between the two measurement systems when placed in opposite ends of the magnet. 

The correlation between b2 drift amplitude and the B0 required for completion of the snapback seen in TB0269 was seen again in this magnet. 

Appendix A – Measurement summary

The following list contains a summary of the measurements executed and their file names. The data can be retrieved from: http://www-td.fnal.gov/~velev/tevatron/tc1220_new_data/hall_probe/
	#
	FILE
	FTCurr (A)
	# FT
	FT (min)
	BP (min)
	IP (min)
	T

(K)
	comment

	1
	Mini2003-03-20-17h40s+
	4333
	1
	20
	1
	30
	3.9
	calibration impossible?

	2
	Mini2003-03-20-19h18s+
	4333
	1
	20
	10
	30
	3.9
	BP series

	3
	Mini2003-03-20-21h08s+
	4333
	1
	1
	1
	30
	3.9
	FT series

	4
	Mini2003-03-21-08h49s+
	4333
	1
	20
	30
	30
	3.9
	data corrupted

	5
	Mini2003-03-21-11h41s+
	4333
	1
	10
	1
	30
	3.9
	FT series

	6
	Mini2003-03-21-13h47s+
	4333
	1
	20
	1
	30
	3.9
	standard

	7
	Mini2003-03-21-15h48s+
	4333
	1
	60
	1
	30
	3.9
	quench at FT

	8
	Mini2003-03-21-16h55s+
	4333
	1
	60
	1
	30
	3.9
	FT series

	9
	Mini2003-03-21-19h08s+
	3552
	1
	20
	1
	30
	3.9
	Low FTE

	10
	Mini2003-03-21-20h37s+
	4000
	1
	20
	1
	30
	3.9
	Low FTE

	11
	Mini2003-03-22-10h33s+
	4333
	2
	20
	1
	30
	3.9
	trip at FT

	12
	Mini2003-03-22-12h33s+
	4333
	1
	20
	1
	60
	3.9
	different case ?

	13
	Mini2003-03-22-15h10s+
	4333
	1
	20
	30
	30
	3.9
	BP series (repeat of 4)

	14
	Mini2003-03-22-17h20s+
	4333
	3
	20
	1
	30
	3.9
	????

	15
	Mini2003-03-31-11h03s+
	4333
	1
	20
	1
	30
	3.9
	check - standard

	16
	Mini2003-03-31-13h49s+
	4333
	1
	20
	1
	30
	3.8
	lower temperature

	17
	Mini2003-03-31-15h55s+
	4333
	1
	20
	1
	30
	3.9
	standard (RC endmeas)

	18
	Mini2003-03-31-19h01s+
	4333
	1
	20
	30
	30
	3.9
	BP series (RC endmeas)

	19
	Mini2003-04-01-08h40s+
	4333
	1
	60
	1
	30
	3.9
	FT series (RC endmeas)

	20
	Mini2003-04-01-11h11s+
	4333
	1
	20
	1
	60
	3.9
	IP series (RC endmeas)

	21
	Mini2003-04-01-15h33s+
	3552
	1
	20
	1
	30
	3.9
	FTE ser (RC endmeas)

	22
	Mini2003-04-01-18h00s+
	4333
	3
	20
	1
	30
	3.9
	# of FT (RC endmeas)

	23
	Mini2003-04-02-10h30s+
	4333
	1
	60
	1
	30
	4.3
	long FT series

	24
	Mini2003-04-02-18h19s+
	4333
	1
	240
	1
	30
	4.3
	long FT series

	25
	Mini2003-04-03-08h25s+
	4333
	1
	120
	1
	30
	4.3
	long FT series

	26
	Mini2003-04-03-17h32s+
	4333
	1
	20
	1
	120
	3.9
	IP series

	27
	Mini2003-04-11-18h55s+
	4333
	1
	360
	1
	120
	4.3
	long FT series

	28
	Mini2003-04-12-20h12s+
	4333
	1
	720
	1
	120
	4.3
	long FT series


Appendix B – Calibration of gains of the analog conditioner

The signal from the 3 Hall plates of each sextupole ring is amplified with a variable gain amplifier and sent to an adder. The variable gain of the first amplification stage was adjusted in a reference dipole magnet (at CERN) to remove the dipole component of the total signal (after the adder). The second amplification stage, the adder, has a nominal gain of 20 (selected through jumper settings). The total gain of these two amplifier stages was verified setting the input voltage corresponding to a single Hall plate to 10 mV (with the other inputs open), and measuring the output voltage. The average total gain obtained for ring 1 (after the adder) was 73.5, while for ring 2 it was 72.2. This corresponds to average gains of 3.68 (ring 1) and 3.61 (ring 2) on the variable gain input stage of the two rings.

After the compensation stage at the single ring level, the signal is added and amplified to produce an average sextupole signal readable by the data acquisition card. The gain of this stage was verified in the same manner as above, and was measured to be 3.06 when the setting for the final amplifier stage corresponded to a gain of 1 (selected through jumper settings).

A schematic of the conditioning electronics is reported in Fig. B-1
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Figure B-1. Schematic of the read-out electronics for the Hall-plate sextupole measurement probe with the gains of the amplifier stages (as measured in Fermilab).

Appendix C – Data acquisition settings

The data acquisition was set to read a total of 5 channels. The correspondence among channel and signal is reported in the table below. The corresponding amplifiers gains are also reported. Note that during the measurements, a voltage signal proportional to the magnet current was added to the original set of 4 channels.

	channel
	signal
	gain

	1
	dipole field
	1

	2
	sextupole-ring 1
	10

	3
	sextupole-ring 2
	10

	4
	total sextupole (ring 1 + ring 2)
	10

	5
	current
	1


With the gain set as above, the total sextupole signal (channel 4) saturated at approximately 2 T in the cycle. As the relevant measurement range was around 0.7 T, this setting was kept to maximise the signal quality. 

The data acquisition frequency for all experiments reported was set to 10 Hz, which proved a good compromise between speed and accuracy.

Appendix D – Hall plates sensitivity

The in-situ Hall plate sensitivity coefficients were determined taking the nominal values (verified at CERN on the single probes) and correcting them for a scaling factor. The scaling factor was obtained for the Hall plate 9, used to measure the dipole field, by comparison with rotating coils results.

	Hall


	S

(V/T)

	3
	0.239

	10
	0.238

	1
	0.238

	9
	0.244

	8
	0.241

	2
	0.244


Appendix E – Calibration Constants for 2-Ring Sum Voltage

The following tables summarizes Hall-probe 2-ring sum voltage calibration constants found for the case of all the measurements discussed in this report. Since a strong variation is expected for different measurement temperatures, the 3.9 K and 4.3 K cases are listed in separate tables. 

	Measurement #
	V offset 

(V)
	K bucking 

(-)
	Sensitivity 

(T/V) 
	K-nonlinear (1/V)
	Temp

(K)

	2
	0.1916
	-0.3685
	-0.0096
	-0.0692
	3.9

	3
	0.2008
	-0.3838
	-0.0096
	-0.0591
	3.9

	5
	0.1875
	-0.3514
	-0.0096
	-0.0802
	3.9

	6
	0.1738
	-0.3172
	-0.0096
	-0.104
	3.9

	8
	0.1873
	-0.3533
	-0.0096
	-0.08
	3.9

	9
	0.1861
	-0.3523
	-0.0095
	-0.0805
	3.9

	10
	0.1847
	-0.3492
	-0.0095
	-0.0821
	3.9

	12
	0.1909
	-0.3583
	-0.0095
	-0.0797
	3.9

	13
	0.1878
	-0.3555
	-0.0096
	-0.0792
	3.9

	15
	0.1889
	-0.3605
	-0.0097
	-0.0792
	3.9

	16
	0.1857
	-0.3568
	-0.0095
	-0.0804
	3.9

	17
	0.2153
	-0.4297
	-0.0097
	-0.036
	3.9

	18
	0.1884
	-0.3604
	-0.0096
	-0.0785
	3.9

	19
	0.1671
	-0.3082
	-0.0097
	-0.1097
	3.9

	20
	0.1243
	-0.1998
	-0.0097
	-0.1799
	3.9

	21
	0.1856
	-0.3572
	-0.0096
	-0.0799
	3.9

	22
	0.1054
	-0.1538
	-0.0096
	-0.2074
	3.9

	26
	0.1878
	-0.3603
	-0.0096
	-0.0782
	3.9


	Measurement #
	V offset 

(V)
	K bucking 

(-)
	Sensitivity 

(T/V) 
	K-nonlinear (1/V)
	Temp

(K)

	23
	0.148
	-0.2485
	-0.0088
	-0.1459
	4.3

	24
	0.1539
	-0.2649
	-0.0093
	-0.1392
	4.3

	25
	0.1535
	-0.2628
	-0.0094
	-0.1408
	4.3

	27
	0.1521
	-0.259
	-0.0093
	-0.1429
	4.3

	28
	0.1558
	-0.2681
	-0.0094
	-0.138
	4.3


The following plots are represent the data from the tables. The effect of the magnet temperature is clearly visible. Note, that the measurements are performed in a warm bore and should therefore be independent of small changes in magnet temperature. The figures below, however, show that the sensitivity and the offset decrease at higher magnet temperature.
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Appendix F –b2 base-line correction

The following plots show the slope and offset parameters of the linear base-line corrections for all measurements listed in appendix A.
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