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1. Introduction


HFDA03M is a special mirror magnet which was completed on November 26th, 2002. The magnet was installed into the VMTF dewar and it was electrically checked by the end of December 6th , 2003. The VMTF dewar was filled with liquid helium on December 15th.  First test cycle of the magnet has been completed on December 18th.  The magnet was removed from the dewar in order to change the leads to use a new set of splices. The magnet was re-installed into the VMTF dewar, cooled down, and electrically checked out by January 21.  The second test cycle was finished on January 24th. 

2. Quench Testing

hfda03a began life as a cosθ magnet, hfda03.  The salient feature of the hfda03 test was that all quenches originated in a voltage tap segment adjacent to an external lead splice (Nb3Sn to NbTi).  In fact, the quench origin was determined to be very close to the voltage tap common to the initiating segment and the lead splice segment.  The quench currents were limited to 8-9kA with no discernible training.  Lowering the temperature from 4.5K to 3.3K did not result in any significant increase in quench current.  These currents are far from the expected short sample limit and, coupled with a localized quench start location, were suggestive of possible conductor damage in that region.

hfda03 was rebuilt built with one original half coil while the other half coil was replaced by iron to form the ‘mirror’ magnet, HFA03A.  The active half coil contained the region associated with quench origins and modifications were made to the coil to allow detailed study of the suspect region.  Specifically, a second pair of current leads was soldered to the coil beyond the region indicted by the voltage taps as the quench source.  In addition, short pieces of conductor, were soldered to the midplane turns of the inner and outer coils near the return end to provide ‘shunts’ to allow current sharing among strands.

The test plan called for two initial test cycles:  the first cycle would use the original leads; the second test cycle was to use the new set of leads, unless startling improvement was observed in the first cycle.  A drawing of the coil layout as well as photographs of the coils showing the new leads can be found in the report “Nb3Sn Shell-Type Mirror Magnet, HFDA-03A  Production Report”, TD-03-001.  We discuss the two test cycles in separate sections below.

Test Cycle 1 (‘old splice’) Quench Origins

Initial quench tests of HFDA03A were performed at the canonical ramp rate of 20 A/sec.  After three quenches in the 6100 – 6900 A range, a modified ramp sequence was employed: 20 A/sec to 6000A and then 5 A/sec to quench.  A slightly lower quench current of 6063A was obtained.  Studies returned to the 20 A/sec ramp rate for four additional quenches and then higher ramp rate were studied.  In all of the 20 A/sec (or lower) ramp rate quenches, the quench origin was in segment QISnL1_QISoL2, the same segment observed in the tests when HFDA03 was in a full magnet configuration.  The significant change was in the quench current:  HFDA03 quenched at currents in the range of 8000 – 9000A, more than 2kA higher.  Since HFDA03A  has a significantly lower field than its predecessor, the large drop in quench currents is very surprising.

Studies at higher ramp rates (≥200A/sec) resulted in quenches at lower currents in the range 3600-4700A.  These quenches all originated in the voltage tap segment QILE8_QI1CR.  At a ramp rate of 100A/sec, the quench origin returned to the 20A/sec location: QISnL1_QISoL2.  At the highest ramp rates, small voltage rises were observed in the inner coil new splice segment (ISpnLE2 - ISpnLE1) and the inner coil return end shunt segment (QISR2_QISR1).  A more detailed discussion of these quenches is included below.

A summary of the quench testing for Cycle 1 is presented in the first part of Table 1 below.

Test Cycle 2 (‘new splice’) Quench Origins

Following a warm up to room temperature, the magnet was reconfigured to be powered from the new splices, bypassing the old splices and the adjacent cable segment which was the origin for all of the low ramp rate quenches.  As with the previous test cycle, quench tests began at the canonical ramp rate of 20 A/sec.  The initial quench current was 11625A, a significant increase over the limiting current of about 6900A in the first test cycle, and well above the limit of about 9200A in the original test of HFDA03...  Subsequent quenches at 20A/sec, numbers 2 through 8, varied only slightly in current from 10943A to 11720A with no discernible training.  All of the 20 A/sec quenches occurred in the same multi-turn voltage tap segment, OSR1_IOLE1, where IOLE1 is the tap separating the inner and outer coil sections.
It is interesting to note that the quench start times (given in Table 1) are very small, indicating rapid quench development.  The voltage signal reaches the 500 mV trigger threshold in a few milliseconds which indicates either very rapid quench development and/or a large region of conductor going normal in a very short time.  Quench propagation data is limited due to the paucity of voltage taps in this region of the coil.

A series of tests followed in which the ramp rate and the ramp profile were varied in an attempt to understand the cause of the limiting behavior.  Three different ramp sequences were tried:

(
ramp at 20 A/sec to 10800A; 2 A/sec to quench

(
50A – 3000A ‘sawtooth’ repetitive ramps at 300-350A/sec for 25min; wait 5min; ramp to quench at 125 A/sec

(
20 A/sec ramp to 10000A; dwell 3 hours; ramp to quench at 20 A/sec

None of these sequences had an appreciable effect on the quench current obtained relative to the 20 A/sec values(.

The quench behavior at higher ramp rates (≥200A/sec) was identical to that of Test Cycle 1:  lower currents in the range 3600-4700A, with origins in the same voltage tap segment QILE8_QI1CR.  Not surprisingly, at the highest ramp rates, small voltage rises were again observed in the inner coil splice segment (ISpnLE2 - ISpnLE1) and the inner coil return end shunt segment (QISR2_QISR1) as in the first test cycle.  (See the more detailed discussion below.)

The quench history of both test cycles is presented in Figure 1.

The ramp rate dependence of the quench current is shown in Figure 2.  A precipitous drop in quench current occurs at ramp rates above 140 A/sec along with the aforementioned change in quench origin.  

	Table 1: HFDA03AM Quench Summary 

	File


	Quench No.
	Curr (Amps)
	dI/dt (Amps/sec)
	Quench Start Time
	Quench Start Vtap Section
	Temp (K)
	Test Comment Log

	First thermal cycle - 'old' splices
	
	
	
	
	
	
	

	hfda03a.Quench.021217144422.515
	
	0
	
	
	
	4.47
	0 amp trip to check that tha data has been saved

	hfda03a.Quench.021217150855.360
	
	1.2
	
	
	
	4.47
	trip at the beginning of the ramp

	hfda03a.Quench.021217155939.090
	
	2000
	
	
	
	4.45
	2000A manual trip

	hfda03a.Quench.021217165354.735
	
	2000
	
	
	
	4.45
	2000A manual trip

	hfda03a.Quench.021217173116.243
	
	2000
	
	
	
	4.45
	another 2000A trip

	hfda03a.Quench.021217182833.250
	
	5000
	
	 
	
	4.45
	5000A spot heater induced quench

	hfda03a.Quench.021217185124.483
	1
	6189
	20
	-0.0122
	QISnL1_QISoL2
	4.45
	1st quench at ~6000A

	hfda03a.Quench.021217191241.678
	2
	6871
	20
	-0.0087
	QISnL1_QISoL2
	4.45
	2nd quench 6868A

	hfda03a.Quench.021217193255.102
	3
	6247
	20
	-0.0111
	QISnL1_QISoL2
	4.45
	3rd quench at 6244A

	hfda03a.Quench.021217200528.380
	4
	6063
	5
	-0.0122
	QISnL1_QISoL2
	4.45
	6020A quench ramp up to 6000A with 20A/sec then wait 10 minutes and ramp up again this time with 5 A/sec

	hfda03a.Quench.021218103454.715
	5
	6303
	20
	-0.0101
	QISnL1_QISoL2
	4.42
	Quench #5 (first quench of the day) at 6303A

	hfda03a.Quench.021218105625.060
	6
	6306
	20
	-0.0109
	QISnL1_QISoL2
	4.42
	Quench #6 at 6302A

	hfda03a.Quench.021218112328.251
	7
	6142
	20
	-0.0112
	QISnL1_QISoL2
	4.41
	Quench #7 at slightly more than 6000A 

	hfda03a.Quench.021218114502.691
	8
	5759
	20
	-0.0136
	QISnL1_QISoL2
	4.42
	5760A quench number 8th

	hfda03a.Quench.021218130942.055
	9
	3880
	300
	-0.0153
	QILE8_QI1CR
	4.43
	3883A  quench number 9th at 300A/sec ramp rate

	hfda03a.Quench.021218134433.694
	10
	5645
	20
	-0.0148
	QISnL1_QISoL2
	4.43
	Quench on ramp to 6000A for spot heater test;  quench current around 5600A

	hfda03a.Quench.021218151157.322
	
	5000
	
	
	QIsh1b_QIsh1a
	4.45
	Set at nominal 5000A during setup of spot-heater margin test - just  began slow heater current ramp...

	hfda03a.Quench.021218154905.238
	
	5000
	
	
	QIsh1b_QIsh1a
	4.45
	

	hfda03a.Quench.021218160439.271
	
	5000
	
	
	QIsh1b_QIsh1a
	4.45
	5000A spot heater thermal study quench

	hfda03a.Quench.021218171944.992
	11
	4498
	300
	-0.0116
	QILE8_QI1CR
	4.45
	ramp 300 A/s I= 4500

	hfda03a.Quench.021218174607.692
	12
	3670
	390
	-0.0230
	QILE8_QI1CR
	4.45
	ramp 400 A/s, quench current 3678 A (Note: ramp rate less than target due to incorrect ramp parameters)

	hfda03a.Quench.021218180930.615
	13
	3689
	380
	-0.0188
	QILE8_QI1CR
	4.45
	3695A 13th quench (Note: ramp rate less than target (500A/s) due to incorrect ramp parameters)

	hfda03a.Quench.021218182827.432
	14
	4786
	200
	-0.0081
	QILE8_QI1CR
	4.45
	4785A, 200A/sec

	hfda03a.Quench.021218184511.839
	15
	6501
	100
	-0.0104
	QISnL1_QISoL2
	4.45
	quench at 100 A/s I= 6200

	File


	Quench No.
	Curr (Amps)
	dI/dt (Amps/sec)
	Quench Start Time
	Quench Start Vtap Section
	Temp (K)
	Test Comment Log

	Second thermal cycle - 'new' splices
	
	
	
	
	
	
	

	hfda03a.Quench.030121152816.544
	
	
	
	
	
	4.44
	1000A manual trip using DQD

	hfda03a.Quench.030121155748.991
	
	
	
	
	QIsh1b_QIsh1a
	4.45
	

	hfda03a.Quench.030121162246.335
	1
	11625
	20
	-0.0011
	OSR1_IOLE1
	4.45
	1st quench at 11624A at 4.5K

	hfda03a.Quench.030121165534.536
	2
	11292
	20
	-0.0017
	OSR1_IOLE1
	4.45
	2nd quench at TCII Iq=11290A

	hfda03a.Quench.030121172729.539
	3
	11657
	20
	-0.0017
	OSR1_IOLE1
	4.45
	3rd quench at Iq=11655A at TCII

	hfda03a.Quench.030121180056.636
	4
	11061
	20
	-0.0020
	OSR1_IOLE1
	4.45
	4th quench TCII 20A/sec

	hfda03a.Quench.030121183311.144
	5
	11386
	20
	-0.0018
	OSR1_IOLE1
	4.45
	5th quench TCII Iq=11386A

	hfda03a.Quench.030121190443.919
	6
	11720
	20
	-0.0018
	OSR1_IOLE1
	4.45
	6th quench TCII Iq=11720 A

	hfda03a.Quench.030121193535.947
	7
	10943
	20
	-0.0020
	OSR1_IOLE1
	4.45
	7th quench TCII Iq=10941A

	hfda03a.Quench.030121201546.604
	8
	11124
	20
	-0.0064
	OSR1_IOLE1
	4.45
	8th quench TCII Iq=11124A

	hfda03a.Quench.030121213603.627
	9
	3720
	300
	-0.0227
	QILE8_QI1CR
	4.44
	300A/sec ramp rate, Iq=3724A

	hfda03a.Quench.030121220131.909
	10
	4695
	200
	-0.0196
	QILE8_QI1CR
	4.44
	200A/sec ramp rate quench Iq=4697.3A

	hfda03a.Quench.030122132928.232
	11
	10597
	100
	-0.0020
	
	
	Data file corrupted - data loggers missing - not enabled

	hfda03a.Quench.030122151703.085
	12
	11538
	100
	-0.0015
	OSR1_IOLE1
	4.49
	Repeat of 100A/s quench  12th quench - 11534.7 A  -03

	hfda03a.Quench.030122154223.893
	13
	11015
	50
	-0.0097
	OSR1_IOLE1
	4.49
	50 A/sec ramp rate quench - #13 - at 11009.6A

	hfda03a.Quench.030122160607.248
	14
	5799
	150
	-0.0092
	QISR2_QISR1
	4.49
	ramp 150 A/s  quench at 5797.2 A

	hfda03a.Quench.030122165216.464
	
	
	
	
	QIsh1b_QIsh1a
	4.49
	spot heater study 6000A

	hfda03a.Quench.030122173558.839
	
	
	
	
	QIsh1b_QIsh1a
	4.48
	quench velocity study  7000 A

	hfda03a.Quench.030122180411.998
	
	
	
	
	QIsh1b_QIsh1a
	4.48
	spot heater study for quench velocty  9000 A

	hfda03a.Quench.030122184217.761
	15
	10962
	20
	-0.0080
	OSR1_IOLE1
	4.48
	quench 18  ramp 20A/s  Iq=10961.6A (note: incorrect quench number entered online)

	hfda03a.Quench.030122190809.072
	
	10000
	
	
	QIsh1b_QIsh1a
	4.48
	10000A spot heater induced quench

	hfda03a.Quench.030122193809.832
	
	11000
	
	
	QIsh1b_QIsh1a
	4.48
	11000A spot heater induced quench

	hfda03a.Quench.030122201209.449
	
	11000
	
	
	QIsh1b_QIsh1a
	4.48
	spot heater study for quench vel  11000A  delay dump 100 ms

	hfda03a.Quench.030122205421.980
	
	11000
	
	
	QIsh2b_QIsh2a
	4.48
	11000A spot heater #2

	hfda03a.Quench.030122213109.626
	
	10000
	
	
	QIsh2b_QIsh2a
	4.48
	10000A spot heater 2

	hfda03a.Quench.030122215713.883
	
	6000
	
	
	QIsh2b_QIsh2a
	4.48
	6000A spot heater quench #2

	hfda03a.Quench.030123101127.863
	
	8000
	
	
	QIsh2b_QIsh2a
	4.43
	8000A spot heater induced quench

	hfda03a.Quench.030123114649.753
	16
	10032
	125
	-0.0045
	OSR1_IOLE1
	4.45
	125A/sec, Iq=10030A

	hfda03a.Quench.030123141756.273
	
	5000
	
	
	QIsh1b_QIsh1a
	4.49
	5000A temp. margin measurement spot heater 1

	hfda03a.Quench.030123150805.960
	
	7000
	
	
	QIsh1b_QIsh1a
	4.47
	7000A temp margin measurement

	hfda03a.Quench.030123160913.728
	
	9000
	
	
	QIsh1b_QIsh1a
	4.44
	Temperature studies: 9000A, quench at 9.57K (LI standard measurement)

	hfda03a.Quench.030123171929.225
	
	10500
	
	
	QIsh1b_QIsh1a
	4.44
	10500A spot heater1 quench  temperature margin meas. 9.2K

	hfda03a.Quench.030123182604.663
	
	10500
	
	
	QIsh2b_QIsh2a
	4.45
	spot heater 2 quench  10500A  Temperature quench 8.95K

	hfda03a.Quench.030123191422.566
	
	9000
	
	
	QIsh2b_QIsh2a
	4.45
	9000A spot heater 2  temperature quench 9.3K

	hfda03a.Quench.030123195829.871
	
	7000
	
	
	QIsh2b_QIsh2a
	4.45
	7000A spot heater 2  temperature quench 9.73K

	hfda03a.Quench.030123204235.120
	
	5000
	
	
	QIsh2b_QIsh2a
	4.45
	5000A  spot heater 2  temperature quench 10.3K

	hfda03a.Quench.030123212333.269
	17
	11152
	140
	-0.0027
	OSR1_IOLE1
	4.45
	140 A/sec ramp rate Iq=11000A

	hfda03a.Quench.030124110615.832
	18
	6345
	150
	-0.0070
	QILE8_QI1CR
	4.48
	Ramp rate study:  150A/sec  Quench at 6343A.

	hfda03a.Quench.030124144652.623
	19
	11049
	20
	-0.0060
	OSR1_IOLE1
	4.50
	Quench at 11050A following 3hr dwell at 10000A before 20a/s ramp to quench

	hfda03a.Quench.030124151439.352
	20
	5142
	175
	-0.0123
	QILE8_QI1CR
	4.49
	Ramp rate study: 175A/sec quench at 5141A


[image: image22.png]



Figure 1.  Quench Current vs Sequence Number
[image: image2.wmf]
Figure  2.  Quench Current vs. Ramp Rate

A comment on quench characteristics:

As discussed above, the high ramp rate, low current (≤ 4000A) quenches originate in an inner coil multi-turn section (QILE8_QI1CR) and rapidly exceed trigger threshold.  Also observed in these quenches are small voltages ((10 mV) in both the inner turn new lead splice and the inner turn return end shunt without voltage in the intervening segments.  These voltages arise earlier than the quench and do not display characteristic quench development features.  There is no evidence for longitudinal quench propagation connecting these segments and the results of spot heater studies (reported in Section 4) indicate the time scale is much too short to be consistent with transverse propagation times at these currents.  Details of one such quench are presented below.

Photographs of the new lead end splices and the return end shunts are shown in Figures 3 and 4, respectively.  The lead end splices begin at a position roughly parallel to the end of the inner coil island and extend into the body;  similarly, the return end shunts also begin parallel to the end of the inner coil island at the return end and extend into the body of the coil.  In both cases, a roughly 10 cm length of solder filled conductor extends into a high field region of the coil and during high ramp rate tests could be subject to significant eddy currents.  It is also interesting to note that the inner coil splice (segment ISpnLE2 - ISpnLE1) has a resistance of more than 2 nΩ, roughly twice that of the outer coil splice;  see the section on Splice Resistance Measurements below.
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Figure 3. Lead End New Splice Joints
Figure 4.  Return End Shunts/Splice Joints
There has been considerable discussion of quench development mechanisms associated with the high ramp rate/low current quenches.  A plot of the relevant voltage traces for one of these quenches (Quench #13, test cycle 1) is presented in Figure 5.  The quench current was 3663A at a ramp rate of roughly 380A/sec.  The voltage signals of the larger segments – QILE8_QIL1CR, QILE8_QISR2, and QILE3_QILE8 – have been reduced by a factor of 10 for purposes of comparison with the small voltages in the splice and shunt taps(.  Voltages appear in the splice and shunt traces (labeled 4,5) prior to the voltage responsible for the quench trigger in the multi-turn segments QILE8_QIL1CR, and QILE8_QISR2.  Note that the two voltage tap segment overlap in coverage due to wiring associated with the individual strand taps (1CR, 7CR, 14CR, …etc.); they start at the tap ILE8 and and end along the midplane turn at either the first strand tap, 1CR, or the shunt tap ISR2.  The fact that the signal is in both segments means that it is not in the region between 1CR and ISR2.  Traces labeled 6 and 7 are tap segments adjacent to the splice and shunt regions: no voltage appears indicating no quench development or propagation.  However, the segment QILE3_QILE8 displays a resistive voltage rise following roughly 20-25 msec after the quenching segment which shares the voltage tap ILE8.  Hence, it is reasonable to conclude that the quench originated somewhere near ILE8 in the QILE8_QIL1CR, segment.

[image: image5.wmf]
Figure 5.  Voltage Tap Data for Quench #13, Test Cycle 1

The low ramp rate (20 A/sec) quenches in Test Cycle II were at currents in the 11kA range and were typically located in a segment which includes voltage tap IOLE1/IOLE2, which defines the inner-outer coil boundary.  They were characteristically very fast rising to the trigger voltage (500 mV), with times of 4-3 msec between onset and quench detection.  Figure 6 below displays voltage tap segments of interest for Quench #5 which occurred at 11386 A with a ramp rate of 20 A/sec.  The quench originates in segment OSR1_IOLE1 which encompasses all of the outer coil turns except for the midplane segment from the end of the straight section to the new lead.  As in the previous plot, the signals for the multi-turn voltage tap segments have been scaled down by a factor of 10 to facilitate comparison and inductive voltage offsets before t=0 have been substracted.  Both the inner and outer coil splice and shunt voltage tap segments have been included in the plot:  no voltage rise is observed at the 2 mV level in these segments. 

[image: image6.wmf]
Figure 6. Voltage Tap Data for Quench #5, Test Cycle 2

3.  Temperature Margin Measurements
Measurements of the temperature margin at fixed current have been performed using the same procedure adopted for HFDB02 (described in TD-02-024). We report here briefly the procedure and the results obtained during the second thermal cycle of HFDA03A.

The current in the coil was set at a constant value, below the limiting current of ~11 kA.  Subsequently the cable temperature was raised by sending a DC current through a 2.5 cm long spot heater (covering the cable over its entire width).  The temperature rise in the cable was measured by a calibrated Cernox sensor, glued to the cable, set a few mm distant from the spot heater edge.  The heater current was raised in small steps, waiting for equilibrium conditions after each step, until a quench occurred.  Figure 7 shows the temperature recorded by all temperature sensors during the whole set of measurements. The first measurement was rejected because it was not accurate enough. Figure 8 shows a single measurement and Figure 9 is a detail of the last part of that measurement. The temperature recorded by the sensor adjacent to spot heater #1, when the quench occurred, is reported in the second column of Table II.
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Figure 7: Temperature recorded by all temperature sensors during the whole set of measurement
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Figure 8: Temperature recorded during the measurement at I = 10.5 kA in spot heater #1
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Figure 9: Detail of Figure 2 at the end of the ramp

TABLE II : Temperature at the sensor (test) and estimated maximum temperature behind the spot heater #1 (result) at quench.

	 
	TEST
	 
	ANSYS FEM
	RESULT

	Magnet
	temperature
	power
	power scaling
	power
	temperature
	Max temp.
	Max temp.

	current
	at sensor
	at SH
	factor
	in FEM
	at sensor
	at SH
	during test

	A
	K
	W
	
	W
	K
	K
	K

	7000
	10
	0.708
	0.84
	0.595
	10.05
	11.46
	11.41

	9000
	9.57
	0.627
	0.88
	0.552
	9.74
	11.04
	10.87

	10500
	9.2
	0.572
	0.84
	0.483
	9.11
	10.35
	10.44


 Due to the surrounding 4.5K helium bath, there is a temperature gradient between the local maximum (hot spot) at the spot heater and the position of the temperature sensor on the cable a short distance away.  An ANSYS model was developed to calculate  this temperature difference and estimate the true temperature at the hot spot. The reliability of the ANSYS model was checked by comparing its results with test results. The amount of power generated by the heater, when the quench occurred, was input to the model as a thermal load, and the temperature at the sensor location was compared with the one measured by the sensor during the test. A scaling factor was used in order to scale the power in the FE model until the temperature in the model and in the test was the same. TABLE I reports the measured data, those obtained with the ANSYS model and the power scaling factor. The result column shows the estimated maximum temperature behind the spot heater #1.

The temperature recorded at the sensors and the maximum temperature estimated behind the spot heater #1 are plotted in Figure 10 versus the current in the magnet during the test.
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Figure 10: Recorded temperatures and estimated maximum temperature behind the spot heater #1 when quench occurred

4. Spot Heater Studies
Quench development studies were performed by initiating quenches with spot heaters located at the mid-plane turn of the mirror magnet.  The capacitor bank of the spot heater firing unit was charged to 20V. Description of the spot heater files are summarized in Table I.  A typical spot heater quench is shown in Figure 11.  Using a time of flight technique, quench propagation velocities were calculated and the results are shown in Figure 12.

We observed that the conductor block next to the spot heater turn quenched shortly after the quench occurred in the spot heater segment.  It is reasonable to assume that this conductor block quenched due to the heat generated by the spot heater segment.  Based on this assumption we were able to measure the transverse quench propagation time as a function of the quench current.  These results are summarized in Figure 13.  At high currents, the transverse propagation time observed in the spot heater induced quenches is quite short.  This is consistent with, and helps explain, the rapid voltage rise in the coil observed in high current spontaneous quenches.
[image: image11.wmf]
Figure 11. A typical voltage trace plot using spot heater #2.

[image: image12.wmf]
Figure 12.  Quench velocities as a function of magnet current

[image: image13.wmf]
Figure 13. Transverse quench propagation time as a function of magnet current.

5. Splice Resistance Measurements

Voltage measurements across the inner and outer lead splices, as well as the “strand voltage taps”, were made at discrete current steps between 0 and 9000A  The voltages were taken with an HP3458A DMM averaging over 24 power lines cycles and recorded manually in the logbook.  The current was ramped to a set point and the DMM was attached to each set of voltage tap leads manually.  Data were taken on both the up and down ramps.  Note the units are mV so that the measured values are in the range  of a few to 10’s of μV;  thermal emf’s are non-negligible in this range 

                                              Table  III. Splice Voltages vs. Current

	Current (A)
	OSpnLE2 - OSpnLE1
Voltage (mV)
	ISpnLE2 - ISpnLE1
Voltage (mV)

	0
	0.0045
	0.0048

	500
	0.0047
	0.0089

	1000
	0.0045
	0.011

	2000
	0.0053
	0.012

	3000
	0.0065
	0.0141

	4000
	0.0075
	0.0138

	5000
	0.0084
	0.0145

	6000
	0.0101
	0.017

	7000
	0.0111
	0.0198

	8000
	0.0123
	0.0213

	9000
	0.0134
	0.0242

	8000
	0.0121
	0.0215

	6000
	0.0101
	0.0175

	4000
	0.0078
	0.0133

	2000
	0.0057
	0.0085

	1000
	0.0055
	0.0104

	0
	0.0043
	0.0078


Figure xx displays the voltage vs current for the two splices.  The data are noisy at low currents; a linear fit is made in the higher current region to extract the resistance.  The values obtained from the fits( are:


OSpnLE2 - OSpnLE1
1.14 ± 0.03 nΩ

ISpnLE2 - ISpnLE1
2.31 ± 0.10 nΩ

The inner coil lead splice resistance is nearly a factor of two greater than that of the outer coil lead splice.  The 1 nΩ value for the outer splice is typical of splice measurements made in the past; the 2 nΩ value for the inner splice is greater than what has been deemed acceptable in previous magnets.

[image: image14.wmf]

Figure 14.  Splice Voltage vs. Current Measurements
6. Voltage Spikes Prior to Quenches

Data from the digital quench detection (‘DQD’) system was reviewed for indications of voltage spikes prior to the quench trigger.  The channel examined was the ‘half coil balance’ signal, which in the case of hfda03a was formed from the inner and outer coil signals (since there is only one half coil in the mirror magnet assembly)(.  A feature of the DQD system is the ability to set a trigger level lower than the actual quench threshold and capture the data without triggering the quench protection sequence.  These events – which enabled in the data acquisition system - create separate data files, dubbed  “Snappy’s” (short for snapshots ) The threshold during these runs was set to 50 mV (the normal quench detection threshold is set between 250 mV and 500 mV).  Since the quench threshold is higher, at least one snapshot file is created for every quench (if snapshots have been enabled.)

Tables 1 & 2 list the DQD and snapshot files created during the two test cycles.  In Test Cycle I, all the snapshot files are associated with quench files thus no spikes greater than the 50 mV threshold were observed.  During the first part of Test Cycle II, there were two snapshots triggered independent of quench detection.  Unfortunately, following a system re-boot on 1/22/03 and the snapshot system was not re-enabled: there were no snapshots recorded for the remainder of the cycle.( 

The voltage spikes are seen predominantly in the low current, high ramp rate data.  Figures 15-18 show the DQD half coil balance signal for quenches at (11569A, 20A/sec), (3880A, 300A/sec), (1152A, 140A/sec), and (4786A, 200A/sec).  Finally, Figure 19 displays the DQD half coil balance signal for Quench #7 – 8269A,300A/sec – from the initial test of HFDA03.  One voltage spike of ~50mV is visible above the background noise.  Comparison of these data with the previous plots shows a decided improvement in the noise (which can most likely be attributed to the new power supply system.)  Voltage spikes of this type were first observed during the test of hfdb01 as shown in Figure 20.  The spikes in the hfda03a data, however, display significantly longer time constants ( ≥10’s of msec) than those observed in hfdb01.

Table IV. DQ and ‘Snappy’ Files, Test Cycle 1

	Date/Time
	File

	12/17/02 14:45
	hfda03a.DqdCfs.021217144422.515

	12/17/02 15:09
	hfda03a.DqdCfs.021217150855.360

	12/17/02 16:00
	hfda03a.DqdCfs.021217155939.090

	12/17/02 16:54
	hfda03a.DqdCfs.021217165354.735

	12/17/02 17:31
	hfda03a.DqdCfs.021217173116.243

	12/17/02 18:29
	hfda03a.Snappy.021217182833.230

	12/17/02 18:29
	hfda03a.DqdCfs.021217182833.250

	12/17/02 18:52
	hfda03a.Snappy.021217185124.473

	12/17/02 18:52
	hfda03a.DqdCfs.021217185124.483

	12/17/02 19:13
	hfda03a.Snappy.021217191241.672

	12/17/02 19:13
	hfda03a.DqdCfs.021217191241.678

	12/17/02 19:33
	hfda03a.Snappy.021217193255.093

	12/17/02 19:34
	hfda03a.DqdCfs.021217193255.102

	12/17/02 20:06
	hfda03a.Snappy.021217200528.371

	12/17/02 20:06
	hfda03a.DqdCfs.021217200528.380

	12/18/02 10:35
	hfda03a.Snappy.021218103454.709

	12/18/02 10:36
	hfda03a.DqdCfs.021218103454.715

	12/18/02 10:57
	hfda03a.Snappy.021218105625.052

	12/18/02 10:57
	hfda03a.DqdCfs.021218105625.060

	12/18/02 11:24
	hfda03a.Snappy.021218112328.243

	12/18/02 11:24
	hfda03a.DqdCfs.021218112328.251

	12/18/02 11:45
	hfda03a.Snappy.021218114502.679

	12/18/02 11:46
	hfda03a.DqdCfs.021218114502.691

	12/18/02 13:10
	hfda03a.Snappy.021218130940.391

	12/18/02 13:10
	hfda03a.DqdCfs.021218130942.055

	12/18/02 13:45
	hfda03a.Snappy.021218134433.682

	12/18/02 13:45
	hfda03a.DqdCfs.021218134433.694

	12/18/02 15:12
	hfda03a.Snappy.021218151157.302

	12/18/02 15:13
	hfda03a.DqdCfs.021218151157.322

	12/18/02 15:49
	hfda03a.Snappy.021218154905.218

	12/18/02 15:50
	hfda03a.DqdCfs.021218154905.238

	12/18/02 16:05
	hfda03a.Snappy.021218160439.251

	12/18/02 16:05
	hfda03a.DqdCfs.021218160439.271

	12/18/02 17:20
	hfda03a.Snappy.021218171944.983

	12/18/02 17:21
	hfda03a.DqdCfs.021218171944.992

	12/18/02 17:46
	hfda03a.Snappy.021218174607.672

	12/18/02 17:47
	hfda03a.DqdCfs.021218174607.692

	12/18/02 18:10
	hfda03a.Snappy.021218180930.582

	12/18/02 18:11
	hfda03a.DqdCfs.021218180930.615

	12/18/02 18:29
	hfda03a.Snappy.021218182827.426

	12/18/02 18:29
	hfda03a.DqdCfs.021218182827.432

	12/18/02 18:46
	hfda03a.Snappy.021218184511.831

	12/18/02 18:46
	hfda03a.DqdCfs.021218184511.839


Table V. DQ and ‘Snappy’ Files, Test Cycle 2

	Date/Time
	File

	1/21/03 15:28
	hfda03a.DqdCfs.030121152816.544

	1/21/03 15:58
	hfda03a.DqdCfs.030121155748.991

	1/21/03 16:23
	hfda03a.Snappy.030121162246.335

	1/21/03 16:24
	hfda03a.DqdCfs.030121162246.335

	1/21/03 16:56
	hfda03a.DqdCfs.030121165534.536

	1/21/03 17:28
	hfda03a.Snappy.030121172729.539

	1/21/03 17:28
	hfda03a.DqdCfs.030121172729.539

	1/21/03 17:58
	hfda03a.Snappy.030121175804.809

	1/21/03 18:01
	hfda03a.Snappy.030121180056.635

	1/21/03 18:01
	hfda03a.DqdCfs.030121180056.636

	1/21/03 18:31
	hfda03a.Snappy.030121183039.516

	1/21/03 18:33
	hfda03a.Snappy.030121183311.143

	1/21/03 18:34
	hfda03a.DqdCfs.030121183311.144

	1/21/03 19:05
	hfda03a.Snappy.030121190443.919

	1/21/03 19:06
	hfda03a.DqdCfs.030121190443.919

	1/21/03 19:36
	hfda03a.Snappy.030121193535.947

	1/21/03 19:36
	hfda03a.DqdCfs.030121193535.947

	1/21/03 20:16
	hfda03a.Snappy.030121201546.602

	1/21/03 20:17
	hfda03a.DqdCfs.030121201546.604

	1/21/03 21:36
	hfda03a.Snappy.030121213602.853

	1/21/03 21:36
	hfda03a.DqdCfs.030121213603.627

	1/21/03 22:02
	hfda03a.Snappy.030121220131.893

	1/21/03 22:02
	hfda03a.DqdCfs.030121220131.909

	1/22/03 13:29
	hfda03a.DqdCfs.030122132928.232

	1/22/03 15:17
	hfda03a.DqdCfs.030122151703.085

	1/22/03 15:42
	hfda03a.DqdCfs.030122154223.893

	1/22/03 16:06
	hfda03a.DqdCfs.030122160607.248

	1/22/03 16:53
	hfda03a.DqdCfs.030122165216.464

	1/22/03 17:36
	hfda03a.DqdCfs.030122173558.839

	1/22/03 18:05
	hfda03a.DqdCfs.030122180411.998

	1/22/03 18:42
	hfda03a.DqdCfs.030122184217.761

	1/22/03 19:08
	hfda03a.DqdCfs.030122190809.072

	1/22/03 19:38
	hfda03a.DqdCfs.030122193809.832

	1/22/03 20:12
	hfda03a.DqdCfs.030122201209.449

	1/22/03 20:54
	hfda03a.DqdCfs.030122205421.980

	1/22/03 21:31
	hfda03a.DqdCfs.030122213109.626

	1/22/03 21:57
	hfda03a.DqdCfs.030122215713.883

	1/23/03 10:12
	hfda03a.DqdCfs.030123101127.863

	1/23/03 11:47
	hfda03a.DqdCfs.030123114649.753

	1/23/03 14:18
	hfda03a.DqdCfs.030123141756.273

	1/23/03 15:08
	hfda03a.DqdCfs.030123150805.960

	1/23/03 16:09
	hfda03a.DqdCfs.030123160913.728

	1/23/03 17:20
	hfda03a.DqdCfs.030123171929.225

	1/23/03 18:26
	hfda03a.DqdCfs.030123182604.663

	1/23/03 19:14
	hfda03a.DqdCfs.030123191422.566

	1/23/03 19:59
	hfda03a.DqdCfs.030123195829.871

	1/23/03 20:43
	hfda03a.DqdCfs.030123204235.120

	1/23/03 21:24
	hfda03a.DqdCfs.030123212333.269

	1/24/03 11:06
	hfda03a.DqdCfs.030124110615.832

	1/24/03 14:47
	hfda03a.DqdCfs.030124144652.623

	1/24/03 15:15
	hfda03a.DqdCfs.030124151439.352


[image: image15.wmf]
Figure 15. DQD Coil Balance Signal – Quench #1, TC2

[image: image16.wmf]
Figure 16. DQD Coil Balance Signal – Quench #9, TC1

[image: image17.wmf]
Figure 17. DQD Coil Balance Signal – Quench #17, TC2

[image: image18.wmf]
Figure 18. DQD Coil Balance Signal – Quench #10, TC2

[image: image19.wmf]
Figure 19. HFDA03 DQD Coil Balance Signal – Quench #7
[image: image20.wmf]
Figure 20.  HFBD01 DQD Coil Balance Signal Quench #2 -300 A/sec

7. Inter-strand Voltage Measurements

This mirror magnet had six additional voltage taps attached to different strands along the transposition pitch of the cable at the mid-plane of the magnet. The segment voltages of these taps were measured manually at several different current values using the same technique described in Section 5. Within the measurement sensitivity no current dependence of these voltages has been observed (see Figure 21.).

[image: image21.wmf]
Figure 21. Inter-strand resistance voltages are plotted as a function of magnet current. To be able to compare the results,  the average values of the measurements were set to zero.  

( If large ‘trapped currents’ (aka BICC, super currents, etc.) were present causing unequal strand current distribution, these ramp sequences were an attempt to re-distribute the current (or allow it to decay) and reduce the imbalance leading to higher quench currents.


( Offset voltage due to LdI/dt prior to t=0 has been subtracted from individual signals to aid comparison; after t=0, dI/dt is varying rapidly and the associated voltage has not been subtracted.


( If the fits are extended to include the lower current region (on the down ramp only for the inner splice) the values change only slightly:  the inner splice resistance decreases a bit to 2.15 nΩ, while the outer splice resistance is unchanged at 1.14 nΩ.





( The differing inductances of the two coils requires gain balancing to remove the offset.


( This is mentioned since spikes were observed predominantly in high ramp rate/low quench current data.  Since the time window is determined by quench detection, the spikes are examined only a currents near the quench current.
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TC-2 data

		Temperature margin measurement using spot heaters

																		scaling		ANSYS		ANSYS		corr. factor		T_max		T_sensor		DT

		Spot heater		I_Magnet		SH_I		SH_I_corr		I_heater		R_heater		P_heater				factor		power

				A		K				A		ohm		W						0.68		0.85		0.8		12.268		10.785		1.483

		I		7000		10		11.41		0.595		2		0.70805				0.8403361345		0.595		0.85		0.7		11.46		10.05		1.41

		I		9000		9.57		10.874		0.56		2		0.6272				0.8801020408		0.552		0.69		0.8		11.042		9.738		1.304

		I		10500		9.2		10.443		0.535		2		0.57245				0.8437418115		0.483		0.69		0.7		10.353		9.11		1.243

						SH_II						2		0

		II		5000		10.3				0.645		2		0.83205

		II		7000		9.73				0.605		2		0.73205

		II		9000		9.3				0.57		2		0.6498

		II		10500		8.95				0.545		2		0.59405

						Tc_low

				5000		14.04

				7000		13.23

				9000		12.45

				10500		11.75

						Tc_high

				5000		15.1

				9000		13.34

				10500		12.57

						1st run

				5000		10.15

						TEST						ANSYS FEM						RESULT

				Magnet		temperature		power		scaling		power		temperature		Max temp.		Max temp.				DT

		Spot heater		current		at sensor		at SH		factor		in FEM		at sensor		at SH		during test						SH_I_corr

				A		K		W				W		K		K		K				1.483

		I		7000		10		0.70805		0.8403361345		0.595		10.05		11.46		11.41				1.41		11.41

		I		9000		9.57		0.6272		0.8801020408		0.552		9.738		11.042		10.874				1.304		10.874

		I		10500		9.2		0.57245		0.8437418115		0.483		9.11		10.353		10.443				1.243		10.443

						SH_II		0

		II		5000		10.3		0.83205

		II		7000		9.73		0.73205

		II		9000		9.3		0.6498

		II		10500		8.95		0.59405





ss data

		WITNESS SAMPLES - WERE TOGETHER WITH SECOND GOOD DIPOLE MODEL (I. E. THIRD)

				OST 114										Extracted		from cable		SS 746-H

				Round #1		Round #2		Round #3						#1				#2				#3

																		Internal Ic - flat

				Ic		Ic		Ic		Average		n-value		Ic		n-value		External Ic		Ext. n-value		Ic		n-value

		Field		()		()

		15		363		380		383		381.5		20		339		15		57		7		25		4.5

		14				486		489		487.5		20		433		13		72		9

		13				590		605		597.5		19						98		11

		12				723		729		726		18		662				130		19		59		8

		10						1061		1061								196				80		12

		8																280

		6

		RRR		9		12		19										7				7

		average		13.33





Formula

		Arno Godeke, Dec. 1999

		The following calculations can be made:

		Ic(B,T,e_total,Material properties)				Returns the critical current in the SC at a given field, temperature and strain. I_Cu should be added to retrieve the measured Ic.

		Tc(B,e_total,Material properties)				Returns the critical temperature at a given field and strain.

		Bc(T,e_total,Material properties)				Returns the upper critical field at a given temperature and strain.

		Some extra output can be retrieved (S(e), Tco and K(T)), but the user will have to look in the macro for the correct format.

		Data @ 5E-4 V/m

		INPUT						OUTPUT

		Example: Furukawa data:

		Sample properties

		I_Cu [A]		1.667				B=		5

		d_Ti [-]		-0.00215				T=		4

		d_Brass [-]		-0.00512				Ic=		434.4141355232		Calculated (includes normal current)

		Material properties						Tc=		0		Calculated

		n [-]		1				Bc2=		28.1744900328		Calculated

		p [-]		0.5

		q [-]		2

		e_0,a (remaining strain) [-]		0.00118

		n [-]		2

		C_average [AT]		9465

		g [-]		1

		Bc2m(0 K) [T]		33.28

		Tcm(0 T) [K]		17.75

		Ca [-]		38

		w [-]		3





OST_ext HFDA03A

		Giorgio, January 2002

		OST extracted strand reacted with HFDA03 (and HFDA03A)

		(material properties taken from TWA data and sligthly changed)

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3						Bc2(4.2 K, Ti) calc.																Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22				24.1																B=		12				10.9

		d_Magnet [-]		-0.0029						B [T]		Ic meas.		Ic calc.																		T		Ic meas.		Ic calc.

		Material properties								15		339.0		335.334																		4.22				662.000

		n [-]		1						14		433.0		427.323																		4.5				628.148

		p [-]		0.5						13				535.395																		4.8				590.970

		q [-]		2						12		662.0		662.000		18536.000																5.1				553.042

		e_0,a (remaining strain) [-]		0.00171		Ekin				11				810.287																		5.4				514.564

		n [-]		2						10				984.399

		C_average [AT]		56883.9						9.5				1082.814

		g [-]		1

		Bc2m(0 K) [T]		28.7

		Tcm(0 T) [K]		16.7

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation		1						Ic

								current (kA)		B[T] \ T[K]		12.45		11.75		10.44		10.44

										12		45		45		51		51

										3.933		9000		14502		26439		26439

										4.5885		5966		10500		20748		20748		I target		ref Field		4.37

										5.77		2412		5474		13204		13204		13204		ref Current		10000

		Tc @ 2.47 T, 0 A		15.18						2.47		20512		28974		46228		46228

										6.82		731		2663		8504		8504

				HFDB-02  load line (computed by ROXIE with self-field)

				B		HFDB-02 spot heater turn

				0		0

				8		18500

				B		HFDB-02				current (A)		11500.000

				0		0.0				B on LL (T)		4.973

				12		19730.0				hot spot





OST_ext HFDA03A

		0		0

		0		0

		0		0

		0		0
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		0		0
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OST_ext HFDA03A (2)

		0

		0

		0

		0

		0



Ic calc.

0

0

0

0

0



OST_ext HFDA03A (3)

		Giorgio, January 2002

		OST extracted strand reacted with HFDA03 (and HFDA03A)

		(material properties taken from TWA data and sligthly changed)

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3						Bc2(4.2 K, Ti) calc.																		Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22				24.1																		B=		12				10.9

		d_Magnet [-]		-0.0029						B [T]		Ic meas.		Ic calc.																				T		Ic meas.		Ic calc.

		Material properties								15		339.0		335.334																				4.22				662.000

		n [-]		1						14		433.0		427.323																				4.5				628.148

		p [-]		0.5						13				535.395																				4.8				590.970

		q [-]		2						12		662.0		662.000		18536.000																		5.1				553.042

		e_0,a (remaining strain) [-]		0.00171		Ekin				11				810.287																				5.4				514.564

		n [-]		2						10				984.399

		C_average [AT]		56883.9						9.5				1082.814

		g [-]		1

		Bc2m(0 K) [T]		28.7

		Tcm(0 T) [K]		16.7

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation		1								Ic

								current (kA)		B[T] \ T[K]		12.45		11.75		10.44		13.29		10.44

										12		45		45		51		45		51

										3.933		9000		14502		26439		3678		26439

										4.5885		5966		10500		20748		1885		20748		I target		ref Field		4.37

										5.77		2412		5474		13204		264		13204		13204		ref Current		10000

		Tc @ 2.47 T, 0 A		14.83						3.23		13483		20220		34352		6607		34352

										2.6		19093		27219		43860		10500		43860

				B		HFDA-03A				current (A)		7000

				2.47		5000				B on LL (T)		3.230

				4.37		10000

				DB/DI		0.00038



Giorgio Ambrosio:
cabling degradation included

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)

Giorgio Ambrosio:
10500 is 79.5% on the load line at 10.44 K



OST_ext HFDA03A (3)
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OST_vir HFDA03A HighTc

		Giorgio, January 2002

		OST extracted strand reacted with HFDA03 (and HFDA03A)

		(material properties taken from TWA data and sligthly changed)

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3						Bc2(4.2 K, Ti) calc.																		Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22				24.1																		B=		12				10.9

		d_Magnet [-]		-0.0029						B [T]		Ic meas.		Ic calc.																				T		Ic meas.		Ic calc.

		Material properties								15		339.0		335.334																				4.22				662.000

		n [-]		1						14		433.0		427.323																				4.5				628.148

		p [-]		0.5						13				535.395																				4.8				590.970

		q [-]		2						12		662.0		662.000		18536.000																		5.1				553.042

		e_0,a (remaining strain) [-]		0.00171		Ekin				11				810.287																				5.4				514.564

		n [-]		2						10				984.399

		C_average [AT]		56883.9						9.5				1082.814

		g [-]		1

		Bc2m(0 K) [T]		28.7

		Tcm(0 T) [K]		16.7

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation		1								Ic

								current (kA)		B[T] \ T[K]		12.45		11.75		10.44		13.23		11.41

										12		45		45		51		45		45

										3.933		9000		14502		26439		3968		17410

										4.5885		5966		10500		20748		2092		12959		I target		ref Field		4.37

										5.77		2412		5474		13204		339		7257		13204		ref Current		10000

		Tc @ 2.47 T, 0 A		14.83						3.23		13483		20220		34352		7000		23709

										4.9		4819		8938		18468		1449		11205		11213

				B		HFDA-03A				current (A)		7000

				2.47		5000				B on LL (T)		3.230

				4.37		10000

				DB/DI		0.00038



Giorgio Ambrosio:
cabling degradation included

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)

Giorgio Ambrosio:
10500 is 79.5% on the load line at 10.44 K



OST_vir HFDA03A HighTc
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Ic meas.

Ic calc.
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OST_ext for PLOT
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PLOT IC(B)

		Giorgio, January 2002

		OST virgin strands reacted with HFDA03 (and HFDA03A) - Parametrization with LOW Tc

		(material properties taken from TWA data and sligthly changed)

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3						Bc2(4.2 K, Ti) calc.																Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22				24.2																B=		12				10.9

		d_Magnet [-]		-0.0029						B [T]		Ic meas.		Ic calc.																		T		Ic meas.		Ic calc.

		Material properties								15		381.5		374.796																		4.22				733.448

		n [-]		1						14		487.5		475.950																		4.5				696.264

		p [-]		0.5						13		597.5		594.610																		4.8				655.416

		q [-]		2						12		726.0		733.448		20536.549																5.1				613.732

		e_0,a (remaining strain) [-]		0.00171		Ekin				10		1061.0		1086.492																		5.4				571.427

		n [-]		2						9.5				1194.167

		C_average [AT]		62396.6						9				1311.331

		g [-]		1

		Bc2m(0 K) [T]		28.9

		Tcm(0 T) [K]		16.7

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation		0.912						Ic

								current (kA)		B[T] \ T[K]		4.5		11.1		14.047		11.1

										12		16024		45		45		45

										10		24548		275		45		275

										8		36578		2548		45		2548		I target		ref Field		4.37

										5.2		63962		11866		45		11866		11899		ref Current		10000

										2.47		123562		37374		5005		37374

										2		143692		46258		7880		46258

				HFDB-02  load line (computed by ROXIE with self-field)

				B		HFDB-02 spot heater turn

				0		0

				8		18500

				B		HFDB-02				current (A)		11500.000

				0		0.0				B on LL (T)		4.973

				12		19730.0				hot spot



Giorgio Ambrosio:
cabling degradation included

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)

Giorgio Ambrosio:
10500 is 79.5% on the load line at 10.44 K

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)

Giorgio Ambrosio:
7000 is 62.5% on the load line at 11.41 K
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		Giorgio, January 2002

		OST virgin strands reacted with HFDA03 (and HFDA03A) - Parametrization with HIGH Tc

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3								Bc2(4.2 K, Ti) calc.																Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22						24.8																B=		12				11.8

		d_Magnet [-]		-0.0029						B [T]		Ic meas.				Ic calc.																		T		Ic meas.		Ic calc.

		Material properties								15		381.5				380.718																		4.22				726.000

		n [-]		1						14		487.5				478.536																		4.5				694.793

		p [-]		0.5						13		597.5				592.787																		4.8				660.366

		q [-]		2						12		726.0				726.000		20328.000																5.1				625.065

		e_0,a (remaining strain) [-]		0.00171		Ekin				10		1061.0				1063.338																		5.4				589.046

		n [-]		2						9.5						1165.959

		C_average [AT]		58338.4						9						1277.529

		g [-]		1

		Bc2m(0 K) [T]		29

		Tcm(0 T) [K]		18

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation:		0.912								Ic

								current (kA)		B[T] \ T[K]		14.21		11.41		10.44		12.57		11.41

										12		45		45		645		45		45

										3.23		7000		30667		40321		19830		30667

										4.5885		2234		18402		25702		10530		18402		I target		ref Field		4.37

										6.32		115		9239		14453		4065		9239		14462		ref Current		10000

		Tc @ 2.47 T, 0 A		16.38						2.47		11821		41388		52970		28164		41388

										5.55		652		12691		18753		6412		12691		12700

												Ic=55.1%				Ic=72.6%

												at 11.41				at 10.44 K

				B		HFDA-03A				current (A)		7000

				2.47		5000				B on LL (T)		3.230

				4.37		10000

				DB/DI		0.00038



Giorgio Ambrosio:
cabling degradation NOT included

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)
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		Giorgio, January 2002

		OST extracted strand reacted with HFDA03 (and HFDA03A)

		(material properties taken from TWA data and sligthly changed)

		Sample properties

		I_Cu [A]		1.6						Ic(B) on Ti, Sample #3								Bc2(4.2 K, Ti) calc.																Ic(T) on Ti, Sample #3						Tc(13 K, Ti) calc.

		d_Ti_Ictest [-]		-0.0019		-0.0002				T=		4.22						24.1																B=		12				10.9

		d_Magnet [-]		-0.0029						B [T]		Ic meas.				Ic calc.																		T		Ic meas.		Ic calc.

		Material properties								15		339.0				335.334																		4.22				662.000

		n [-]		1						14		433.0				427.323																		4.5				628.148

		p [-]		0.5						13						535.395																		4.8				590.970

		q [-]		2						12		662.0				662.000		18536.0																5.1				553.042

		e_0,a (remaining strain) [-]		0.00171		Ekin				11						810.287																		5.4				514.564

		n [-]		2						10						984.399

		C_average [AT]		56883.9						9.5						1082.814

		g [-]		1

		Bc2m(0 K) [T]		28.7

		Tcm(0 T) [K]		16.7

		Ca [-]		39.12		39.12

		w [-]		3

										Expected Ic(B) in magnet

										cabling degradation		1

								current (kA)		B[T] \ T[K]		9.2		10		11.2		12		13		14		14.5		Iq @ 10.15 K		Iq @ 9.2 K

										6		20482		14910		7530		3625		524		45		45

										5		27951		21287		12133		6940		2062		45		45

										4.59		31715		24535		14552		8764		3080		138		45				10500

										4		38093		30073		18748		12008		5050		674		45

										3		52672		42817		28604		19848		10248		3012		789

		Tc @ 2.47 T, 0 A		15.18						2.47		63471		52293		36019		25847		14432		5301		2065		5000

										2		76105		63389		44738		32949		19489		8279		3968



Giorgio Ambrosio:
cabling degradation NOT included

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)

Giorgio Ambrosio:
computed scaling from the ref field and current
(because it's not linear!)



		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



Ic meas.

Ic calc.

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0

		0

		0

		0

		0



Ic calc.

0

0

0

0

0



		6		6		6		6		6		2.47		4.59		6		6

		5		5		5		5		5						5		5

		4.59		4.59		4.59		4.59		4.59						4.59		4.59

		4		4		4		4		4						4		4

		3		3		3		3		3						3		3

		2.47		2.47		2.47		2.47		2.47						2.47		2.47

		2		2		2		2		2						2		2



Giorgio Ambrosio:
cabling degradation included

1st thermal cycle

2nd thermal cycle

11.2

12

13

14

14.5

Iq @ 10.15 K

Iq @ 9.2 K

9.2

10

B (T)

Ic (A)

Ic(B) CABLE at several temperatures
(parametrization from extracted strand data)

7530.4581410286

3625.3483807648

524.2134384692

44.8

44.8

5000

10500

20482.0388221476

14910.2316049904

12133.259695337

6939.7642068635

2061.8085053246

44.8

44.8

27950.9738158765

21286.8403235149

14552.4254491151

8764.4750035027

3080.2369944618

137.5231695801

44.8

31715.2779535118

24535.2715991163

18748.3534076082

12008.4149630733

5049.5253855491

673.6945931668

44.8

38093.4862366302

30072.6153594744

28603.7257531023

19847.5564514005

10247.8299277878

3011.8336792309

788.6253314495

52671.7893206599

42817.0302596812

36019.3202268705

25847.2812753672

14431.5606967688

5300.5393914314

2064.8861618481

63471.2505332684

52293.31153433

44738.0698850738

32949.3492419568

19489.0446499285

8278.6087730762

3967.5408205845

76105.3365021728

63389.3925418858




