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4. Introduction


HFDM02 is a mirror magnet made from newly wound and cured Nb3Sn cable (see construction report). The magnet was completed on May 25th, 2003. After it was installed into the VMTF dewar it was electrically checked out by May 30th , 2003. The VMTF dewar was filled with liquid helium on June 3th, 2003.  This magnet went trough only one test cycle which has been completed on June 11th.   

2. Quench History and Quench Locations
The first quench of the magnet was at relatively low current value (11656A), about 40% of the critical current value calculated on the basis of short sample critical current measurements.  The magnet exhibited erratic quench behavior and practically no training was observed.  After quenching the magnet ten times at canonical 20A/sec ramp rates we moved to the next step of the test plan which called for ramp rate dependence studies. The quench program was completed with temperature dependence studies. The quench summary is shown in Fig 1. and the details are described in Table 1. 
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Fig. 1. Quench history of HFDM02 is shown.
Table 1. Quench summary details.
	File
	Quench No.
	Current
	Ramp Rate
	t0
	MIITs
	Quench Trigger
	1st Vtap Segment
	T(K)
	Log Comments

	hfdm02.Quench.030603092852.607
	 
	2019
	0
	-0.004
	0.23
	GndRef
	QC9c_QOS3
	4.5163
	2000A manual trip to check signals

	hfdm02.Quench.030603095600.914
	 
	11
	0
	0.000
	0.00
	GndRef
	QC9c_QOS3
	4.5161
	fake trip

	hfdm02.Quench.030603100320.985
	 
	2017
	0
	0.001
	0.22
	GndRef
	QC9c_QOS3
	4.5157
	Another 2000 manual trip using DQD

	hfdm02.Quench.030603101443.154
	 
	5029
	0
	-0.031
	1.81
	WcoilIdot
	QC9c_QOS3
	4.5181
	5000A heater induced quench

	hfdm02.Quench.030603104220.844
	1
	11656
	20
	-0.017
	7.32
	HcoilHcoil
	QI1av_QI1bx
	4.5249
	1st quench I=11611A, 20A/sec, 4.3K

	hfdm02.Quench.030603112554.230
	2
	12108
	20
	-0.009
	7.05
	HcoilHcoil
	QI1az_QI1bx
	4.5388
	2nd quench I=12062A, 20A/sec, 4.3K

	hfdm02.Quench.030603114514.908
	 
	12
	0
	0.000
	0.00
	GndRef
	QC9c_QOS3
	4.5394
	trip

	hfdm02.Quench.030603120652.342
	3
	12157
	20
	-0.004
	6.14
	WcoilIdot
	QC9c_QOS3
	4.5434
	3rd quench, I=12114A, 20A/sec, 4.3Kina

	hfdm02.Quench.030603133721.584
	4
	12367
	20
	-0.002
	6.08
	HcoilHcoil
	QC9c_QOS3
	4.5436
	4th quench, I=12321A, 20A/sec, 4.3K

	hfdm02.Quench.030603141147.014
	5
	11685
	20
	-0.005
	5.92
	HcoilHcoil
	QI1az_QI1bx
	4.5509
	5th quench, I=11640A, 20A/s, 4.3K

	hfdm02.Quench.030603144647.019
	6
	11754
	20
	-0.015
	7.43
	WcoilIdot
	QC9c_QOS3
	4.5488
	6th quench, 11709A, 20A/sec, 4.3K

	hfdm02.Quench.030603152239.449
	7
	11778
	20
	-0.005
	6.15
	HcoilHcoil
	QI1av_QI1bx
	4.5491
	7th quench, I=11732A, 20A/sec, 4.3K

	hfdm02.Quench.030603160043.521
	8
	11848
	20
	-0.002
	5.66
	HcoilHcoil
	QC9c_QOS3
	4.5499
	8th quench, 20A/sec, 4.3K, I=11804A •


	hfdm02.Quench.030603163323.488
	9
	11468
	20
	-0.009
	6.26
	HcoilHcoil
	QC9c_QOS3
	4.549
	8th quench, I=11426A, 20A/sec, 4.3K

	hfdm02.Quench.030603171252.929
	10
	12083
	21
	-0.008
	6.80
	HcoilHcoil
	QC9c_QOS3
	4.5455
	10th quench, 12038A, 20A/sec, 4.3K

	hfdm02.Quench.030604084725.167
	11
	10984
	301
	-0.093
	16.06
	HcoilHcoil
	QC9c_QOS3
	4.3976
	11th quench, I=10967A, 300A/sec, 4.3K

	hfdm02.Quench.030604092041.255
	12
	10735
	301
	-0.324
	42.46
	HcoilHcoil
	QI4au_QI9au
	4.4011
	Quench #12, I= 10787A, 4.4K, 300A/sec – ramp rate studies

	hfdm02.Quench.030604095711.442
	13
	10756
	301
	-0.018
	6.69
	HcoilHcoil
	QC9c_QOS3
	4.4007
	Quench #13, I=10717 A, 300 A/sec ramp rate, quench around 10 kA (comment box  obliterated it…)

	hfdm02.Quench.030604102912.256
	14
	10857
	200
	-0.020
	7.03
	HcoilHcoil
	QC9c_QOS3
	4.4031
	Quench #14 Iq=10817A, ramp rate = 200 A/sec  QD

	hfdm02.Quench.030604105547.159
	15
	10688
	200
	-0.020
	6.88
	HcoilHcoil
	QC9c_QOS3
	4.4049
	Quench #15, Iq=10648A, ramp rate =200A/sec

	hfdm02.Quench.030604112508.064
	16
	11451
	200
	-0.015
	7.02
	HcoilHcoil
	QC9c_QOS3
	4.406
	Quench #16. Iq= 11410A, ramp rate = 200 A/sec

	hfdm02.Quench.030604121341.518
	17
	11638
	100
	-0.003
	5.63
	HcoilHcoil
	QC9c_QOS3
	4.4113
	Quench #17, Iq= 11595A, ramp rate = 100 A/sec

	hfdm02.Quench.030604141259.026
	18
	10715
	100
	-0.005
	5.08
	HcoilHcoil
	QC9c_QOS3
	4.4632
	18th quench, 100A/sec, Iq=10677A

	hfdm02.Quench.030604144447.985
	19
	10643
	100
	-0.023
	7.05
	HcoilHcoil
	QC9c_QOS3
	4.4798
	19th quenh, Iq=10604A, 100A/sec, 4.3K

	hfdm02.Quench.030604152515.508
	20
	11687
	50
	-0.016
	7.34
	WcoilGnd
	QC9c_QOS3
	4.4924
	Quench #20, Iq= 11639A, ramp rate= 50 A/sec

	hfdm02.Quench.030604155417.929
	21
	11342
	50
	-0.005
	5.65
	HcoilHcoil
	QC9c_QOS3
	4.4961
	Quench #21, Iq= 11295A, ramp rate= 50 A/sec

	hfdm02.Quench.030604161812.235
	22
	11633
	50
	-0.005
	5.81
	WcoilIdot
	QC9c_QOS3
	4.4981
	Quench #22,  Iq= 11584A, ramp rate= 50 A/sec

	hfdm02.Quench.030604172617.715
	23
	12110
	4
	-0.002
	5.85
	HcoilHcoil
	QC9c_QOS3
	4.5013
	Quench# 23, Iq = 12062 A, ramp rate = 5 A/sec

	hfdm02.Quench.030604180906.669
	24
	11971
	4
	-0.004
	6.05
	HcoilHcoil
	QC9c_QOS3
	4.5017
	24th quench, Iq=11923, ramp up to 10000A with 20A/sec then to quench with  5A/sec, 4.3K

	hfdm02.Quench.030604184903.765
	25
	11567
	4
	-0.009
	6.52
	HcoilHcoil
	QC9c_QOS3
	4.51
	25th quench, Iq=11519A, ramp to 10000A with 20A/sec and with 5A/sec  to quench, 4.3K

	hfdm02.Quench.030609121724.526
	 
	5030
	0
	-0.057
	2.57
	WcoilGnd
	QI1bx_QI1bz
	4.3896
	5000A, spot heater study, SHFU=20V

	hfdm02.Quench.030609125326.368
	 
	7038
	0
	-0.021
	3.15
	WcoilIdot
	QI1bx_QI1bz
	4.3881
	7000A spot heater quench, 4.3K

	hfdm02.Quench.030609133750.544
	 
	9046
	0
	-0.011
	4.27
	HcoilHcoil
	QI1bx_QI1bz
	4.39
	9000A spot heater induced quench at 4.3K

	hfdm02.Quench.030609140707.671
	 
	11056
	0
	-0.006
	5.70
	HcoilHcoil
	QI1bx_QI1bz
	4.387
	11000A spot heater induced quench at 4.3K

	hfdm02.Quench.030609151325.686
	 
	11055
	0
	-0.007
	5.81
	WcoilIdot
	QI1bx_QI1bz
	4.3922
	11000 temp margin quench at 0.690A setting on the spot heater

	hfdm02.Quench.030609154620.714
	 
	9048
	0
	-0.011
	4.27
	HcoilHcoil
	QI1bx_QI1bz
	4.3824
	9000A temp margin 0.725 A setting

	hfdm02.Quench.030609161636.103
	 
	7040
	0
	-0.021
	3.17
	HcoilHcoil
	QI1bx_QI1bz
	4.3796
	7000A temp margin at 4.3K, 0.765A setting

	hfdm02.Quench.030610083042.439
	 
	5033
	0
	-0.045
	2.27
	HcoilHcoil
	QI1bx_QI1bz
	4.4417
	5000A, temp margin measurement, .08A setting, 4.3K

	hfdm02.Quench.030610090514.618
	26
	11929
	20
	-0.015
	7.67
	WcoilGnd
	QC9c_QOS3
	4.4468
	26th quench, 11883A, 4.45K, 20A/sec

	hfdm02.Quench.030610110023.765
	27
	 
	 
	 
	 
	 
	 
	 
	Quench #27, temp = 3.9K, Iq= 13711A (data lost; comments saved…)

	hfdm02.Quench.030610113042.190
	 
	1015
	0
	0.000
	0.09
	GndRef
	QC9c_QOS3
	3.9527
	1000A manual trip

	hfdm02.Quench.030610114501.225
	28
	12815
	20
	-0.005
	7.03
	WcoilIdot
	QI9au_QC9c
	3.8791
	28th quench, Iq=12764A, 20A/sec, 3.9K

	hfdm02.Quench.030610123159.786
	29
	12919
	20
	-0.003
	6.81
	HcoilHcoil
	QI9au_QC9c
	3.8886
	29th quench, Iq=12869A, 3.9K, 20A/sec

	hfdm02.Quench.030610133520.100
	30
	13497
	20
	-0.002
	7.30
	HcoilHcoil
	QC9c_QOS3
	3.3758
	30th quench, Iq=13448A, 20A/sec, 3.5K

	hfdm02.Quench.030610142337.669
	31
	13742
	20
	-0.002
	7.45
	HcoilHcoil
	QI9au_QC9c
	3.2006
	31st quench, Iq=13694A, 20A/sec, T=3.5K

	hfdm02.Quench.030610150338.755
	32
	 
	 
	 
	 
	 
	 
	 
	Quench #32, temp = 3.56K, Iq= 13821A (data lost)

	hfdm02.Quench.030610162106.725
	33
	13187
	19
	-0.005
	7.48
	WcoilIdot
	QI9au_QC9c
	2.9498
	(File partially corrupted).

	Hfdm02.Quench.030610175235.804
	 
	1013
	0
	0.000
	0.09
	WcoilIdot
	QC9c_QOS3
	2.8509
	1000A trip

	hfdm02.Quench.030610180525.681
	 
	11364
	20
	-0.219
	30.47
	SlWcoil
	QI1bv_QI4au
	2.8551
	34th quench, 11300A, 20A/sec, 3.0K  (logbook: lead trip – not a magnet quench)

	hfdm02.Quench.030610183820.016
	34
	14040
	20
	-0.005
	7.73
	WcoilIdot
	QI9au_QC9c
	2.8381
	34th quench, Iq=13983A, 3.5K, 20A/sec

	hfdm02.Quench.030610194653.233
	35
	14326
	20
	-0.005
	7.32
	WcoilIdot
	QI9au_QC9c
	2.8822
	35th quench, Iq=14270A, 3.0K, 20a/sec

	hfdm02.Quench.030610210447.602
	36
	14616
	20
	-0.002
	7.59
	WcoilIdot
	QI9au_QC9c
	2.1569
	36th quench, Iq=14558A, 20A/sec, 2.2K

	hfdm02.Quench.030610213025.184
	37
	14502
	20
	-0.001
	6.88
	WcoilIdot
	QI4au_QI9au
	2.1565
	37th quench, Iq=14445A, 2.2K, 20A/sec

	hfdm02.Quench.030610215823.842
	38
	14308
	19
	-0.010
	9.11
	WcoilGnd
	QI9au_QC9c
	2.1559
	38th quench, Iq=14251A, 20A/sec, 2.2K

	hfdm02.Quench.030610221325.604
	39
	10471
	300
	-0.010
	5.26
	HcoilHcoil
	QC9c_QOS3
	2.1562
	ryugi ramp with 300A/sec and quenched at 10431A

	hfdm02.Quench.030610222852.525
	40
	12357
	300
	-0.001
	5.63
	HcoilHcoil
	QC9c_QOS3
	2.157
	12308A, 40th quench, 300A ryugy profile


This magnet behaved pretty much the same way as all the others. Most of the low ramp rate quenches at 4.3 K helium bath temperatures occurred close to the cable splice junction region of the magnet (see Fig 2). 
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Fig 2. Quench locations.

Some of the high ramp rate quenches however moved away from the splice region (see Fig 3.).

[image: image3]
Fig. 3. quench locations

The detailed list of the quench locations are included in Table 1 under “1st Vtap Segment”.

3. Ramp Rate Dependence

Ramp rate dependence is shown in Fig 4. Quench current decreases slightly with increasing ramp rate. Also it is important to point out that the erratic quench behavior of these magnets seems like doesn’t depend on current ramp rate. 

[image: image4]
Fig 5. Quench current ramp rate dependence.
4. Temperature Dependence 
The results of the temperature dependence studies are summarized in Fig 6. We gained some quench current by lowering the temperature and the quench locations moved away from the splice (see detailed list of quench locations in Table 1). On the other hand we still observed erratic behavior of quench currents at any temperatures. This fact makes it pretty hard to argue that the cable instability is the only cause for these quenches.  


[image: image5]
Fig 6. Temperature dependence.

5. Quench velocities

We also used spot heaters to measure quench propagation along the cable. Fig. 7 summarizes the results and compares them at the same time with previously measured magnet splice/cable test results. Quench velocities were pretty much in the same range as what we measured for the other magnets. This was expected since the transfer functions of these magnets are quite similar.

[image: image6]
Fig 7.  Quench velocities.

6. Splice Measurements

We performed current – splice voltage measurements of the splices. The fitted results are shown in Fig. 8. The obtained results show low splices resistance values. Definitely these splices are good enough and they should not generate any significant heat to initiate a quench anywhere in the magnet. 


[image: image7] 

Fig. 8. Splice measurements results.
7. Temperature Margin Measurements

This magnet was not equipped with temperature sensors next to spot heaters so we didn’t have any info about the temperature of the coil. We still used the spot heaters to warm up the coil until it quenched. We were able to record the current applied to the spot heater at the time the magnet quenched. In order to get temperature values we used HFDA03A mirror magnet temperature vs. current squared applied to the spot heaters measurement results. We used a linear approach to extend the calibration curve to higher spot heater current region. HFDA03 data and the fit is shown in Fig. 10. Obviously calibrating temperature values this way are quite inaccurate but it still can give some information about the temperature margin values. The temperature margin results are shown in Fig. 9. The magnet has a plenty of temperature margin. It is also interesting to point out that extrapolating the Tc values to 0A current we obtain about 15K which is quite unexpected since Nb3Sn Tc should be close to 19 K. 

[image: image8.wmf]
Fig 9. Calibration curve used to obtain temperature values for HFDM02 temperature margin measurements. The lines represent the current squared values used for the HDM02 spot heaters when the magnet quenched.

[image: image9.wmf]
Fig.10. Temperature margin measurement results.
7. RRR measurements

After the cold test was completed the magnet was gradually warmed up (see Fig. 11.). We used this opportunity to measure the magnet voltages (Fig. 12.) under small current (( 10A) values as a function of the magnet temperature. The obtained RRR value is 6.3. The transition temperature of the magnet was at 16.5K ( 0.5K.
[image: image10.wmf]
Fig. 11. This plot shows how the magnet temperature changed as a function of time.

[image: image11.wmf]
Fig 12. Shows the magnet voltage as a function of time. The applied current was ( 10A. Until the magnet is superconducting no voltage change can be observed (since the resistance is zero). When the magnet became resistive the voltage polarity follows the polarity of the applied current.   
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20A/s quench locations are close to the splice and cable junction. They are about 1 cm from where the splice starts, right at the voltage tap location 





One of the 300A/s quench location
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