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QUENCH-TESTS ON NB3SN CABLES - RUN 1
L. Imbasciati, P. Bauer, G. Ambrosio, S. Mattafirri

Fermilab – Technical Division / Test and Development Department

J. Miller, G. Miller

NHMFL, Magnet Development Group

Abstract:

Fermilab is developing 10-12 T Nb3Sn dipole magnets in view of a future Very Large Hadron Collider. In the case of quench, the high stored energy in the magnet and the high current densities in the conductor can cause a high temperature rise in the region where the quench originally started. The thermo-mechanical stress generated in the winding during the fast temperature rise can result in cracks to the epoxy impregnation of the coils or even permanent damage of the brittle Nb3Sn. Although the critical current degradation of Nb3Sn strands due to mechanical strain is well established, little is known about how to apply the strain limitations to the case of a cable thermally expanding in a magnet during a quench.  To define the maximum temperatures that can be accepted in the coils during a quench, an experimental program was launched within a collaboration FNAL-NHMFL. In this note we describe the experimental setup, the procedure, and the analysis of the results of this first run.

1
INTRODUCTION

In the R&D effort towards a post-LHC hadron collider, Fermilab is developing 10-12 T Nb3Sn dipole magnets using several design approaches. In the case of quench, the high stored energy in the magnet and the high current densities in the conductor can cause a high temperature rise in the region where the quench originally started, if the proper protection measures are not taken. Quench process simulations show that the peak temperature during the quench in VLHC magnets strongly depends on a fast and effective quench protection system [
]. It is necessary therefore to define the maximum acceptable temperature after a quench. An upper temperature limit is given by the melting point of the soldering (~500 K), since the quench might start near the conductor joints. For impregnated coils, a second limit could be the glass transition point of the insulation, which occurs at about 400 K for epoxy resins. At that temperature, the epoxy becomes soft and, even if the transition is reversible, the changes in its electrical properties increase the probability of a short circuit. In the case of magnets using Nb3Sn superconductor, an additional limit is introduced via the brittleness of Nb3Sn, which can, under the effect of stress, be permanently degraded in its current carrying capability. First estimations indicate limiting temperatures in the range of 400-500 K, but it is very difficult to calculate the stress distribution in the strands of a Rutherford-type cable, in a rapidly heating magnet. 

To estimate the effect of magnet quenching and the ensuing thermo-mechanical stress on the critical current of brittle Nb3Sn conductor an experimental program was launched.  The experimental model was presented in a previous note [
]. The description of the experimental setup and the results of the first set of measurements are reported in this note. 

2
CONCEPT OF THE EXPERIMENT

In a setting similar to that of critical current measurements of cables, induced quenches can be used to heat the cables to a chosen temperature. For that purpose the quench is left propagating along the sample instead of switching off the current immediately, using a pre-defined delay that allows a well defined amount of heating of the cable, due to the current in the normal-conducting matrix. Since the process is very fast, the metallic structure surrounding the samples (i.e. the sample-holder) remains at a lower temperature, inducing the sought thermo-mechanical stress. To have an idea of the time scale, we can look at the adiabatic calculation (MIIts calculation) of the hot spot temperature for the samples used in these tests: at 8 kA it takes about 400 ms to reach ~500 K. On the other hand, characteristic times of heat propagation through the sample holder are of the order of some seconds.

Repeated measurements of the cable critical current after every excursion to high temperature allow assessing the critical current degradation as a function of the peak temperature during a quench.

Summarizing, the experimental procedure consisted of the following steps:

· Critical current measurement at B= 8T, 20 MPa transverse pressure;

· Current ramp to a constant current below the critical current;

· Quench initiation with a spot heater;

· PS ramps current to zero after a programmed delay time;

· Analysis of the voltage data to estimate temperatures reached in the cable;

· Critical current measurement.

This sequence was repeated, increasing the delay time in steps of 50 ms, until peak temperatures of the order of 400-500 K were reached.

3 MEASUREMENT SET-UP

The experiments were conducted at the conductor characterization facility at NHMFL [
], which has been used in the past for critical current measurements in the frame of Fermilab’s React&Wind Nb3Sn conductor study [
]. A third run of critical current measurements was performed on the same set of cables before the quench tests. The results are reported in [
].
3.1 The magnet

The test facility at NHMFL consists of a 12 T split solenoid with a radial access port for the sample. A pressure piston acting through the bore of the magnet gives the sample mechanical support and allows the application of transverse pressure on the sample in the high field region. 
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In this test-series the pressure system was used only to support the sample against the Lorentz-forces with ~20 MPa. In this configuration, the high field region is about 15 cm long (that is the diameter of the solenoid bore), located approximately in the middle of the sample holder. 

Figure 1: Magnetic field profile normalized on peak field

 (12.3 T) along the solenoid bore (15 cm long).
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Figure 2: The 12 T split solenoid, schematic and picture.

3.2 The sample holder

The cable holder consists of a stainless steel "U" channel base containing two insulated Nb3Sn cables. The cables are spliced together in a copper case at the lower end to provide a continuous current path, and are soldered to Cu bus plates at the upper end where the connections to the test system current leads are made. Additional insulated Nb3Sn cables, that are not electrically part of the circuit, surround the Nb3Sn cable samples under test, one above and one below the active Nb3Sn pair. These additional cables are used to replicate the mechanical environment found in the magnet coil. The cable samples are vacuum impregnated with epoxy in situ in order to provide additional cable support and reproduce the magnet coil mechanical environment. The sample-holder is described in detail in [
]. Voltage taps soldered to the samples to the left and right of the high field region (20 cm spacing) allow to measure the voltage along the cable in the 15 cm high field region (where the sample crosses the solenoid bore) and thus allow the determination of the critical current. Spot heaters are glued to the cables in the middle of the high field region. The voltage taps allow also the estimation of the peak temperature, after the quench initiated by the spot heater, through the measurement of the cable resistance.
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Figure 3: Drawing of the cable sample holder: cross section (on top) and assembly.
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Figure 4 shows the sample holder prior to assembly with the “cold fingers” that allow to operate NbTi current leads above the liquid helium level. 
Figure 4: Cable sample holder assembly.


3.3 The samples

The samples tested in these measurements were ITER-type Nb3Sn/Cu cables, similar to those in the previous runs of critical current measurements (the main parameters are listed in Table 1). 

	Cable type
	Flat, Rutherford

	Strand diameter
	0.7 mm

	Number of strands in cable
	41

	Cu/non-Cu ratio
	1.42

	Packing factor
	87 %

	Length
	1 m

	Insulation thickness
	0.1 mm

	Insulation % of tot. cross-section
	34 %

	Bronze fraction in non-Cu part
	35 %

	Critical current at 8 T, 4.5 K
	~ 8000 A


Table 1: Conductor parameters.

Samples 1a and 1b, measured in sample-holder 1, were reacted straight. Samples 2a and 2b, measured in sample-holder 2, were reacted in the bent state (on a spool with 290 mm diameter) and straightened before measurement to induce bending strain. All samples had no core. Table 2 contains the list of samples that were tested in the here reported measurement series. Critical current measurements of sample 2b indicate that the cable was damaged during preparation [5]. 

	#
	SH
	Characteristics
	Comment

	1a
	1
	0.7 mm ITER strand cable, without core, reacted straight
	OK

	1b
	1
	0.7 mm ITER strand cable, without core, reacted straight
	OK

	2a
	2
	0.7 mm ITER strand cable, without core, reacted bent
	OK

	2b
	2
	0.7 mm ITER strand cable, without core, reacted bent
	Damage?


Table 2: Samples tested for the quench study and for the third critical current measurement series.
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Figure 5 shows a picture of the cross section of a reacted strand, obtained through optical microscope, to perform a metalographical analysis on the sample. The measured total area and the non-copper area of the strand are indicated on the picture. The bronze area inside and in between every the sub-elements was also measured.

Figure 5: cross section of a reacted strand. Indicated 

are the total area and the non-copper area.
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3.4 Power supply 

Figure 6 shows a sketch of the sample power supply network. A DCCT-signal (so called “process variable”) of 10 V refers to a current of 20 kA. It has to be noted that the DCCT reads the total bus-current. To obtain the actual current in the sample the current through the 22.3 m parallel protection circuit (RD) has to be subtracted. The power-supply voltage limit is set to 50 V, so that the shunt resistor can safely limit the circuit current to about 2 kA in the case the sample were completely damaged.
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Figure 6: Sketch of sample powering system in the NHMFL cable test facility

An electrically independent circuit activates the spot heaters. NHMFL has provided a capacitor bank power supply, which can be set to operate with a capacitance of ~ 0.375 F, and voltages up to 20 V. A simpler way to activate the spot heaters is to use a DC current supply, and to manually ramp up the current. This was the method used in this series of tests. In fact, we first thought that the bank capacitor discharge induced voltage spikes in the sample, triggering prematurely the quench detection signal. The analysis of the heater effect was complicated by the fact that the data acquisition system routinely used for Ic testing turned out to be inadequate (seconds acquisition rate instead of required ms resolution), making it difficult to determine if the heaters quenched the samples. A second, adequate, acquisition data system showed that the use of the capacitor bank is also possible, but the DC heater power supply was still preferred. With a fixed voltage limit of 10 V, the current was slowly increased up to 0.2-0.3 amperes.

3.5 Quench detection system 

[image: image11.wmf] 

The quench detection system has been designed at NHMFL. It provides 4 channels with gains in the range 1-2000 and threshold voltages (after amplification) of 1 to 7 Volts. This sets the possible quench detection voltage range to 0.5 mV ( 7 V. Voltage taps covering the high field region (Ic taps), and the go and the return branch of the sample, were connected to the quench detection box. When a quench is detected the device sends a signal to the power supply control unit, by releasing a solid-state relay closure. In the case of a usual Ic measurement the quench signal goes immediately to the PS control unit, starting the current ramp down. During the quench test, the quench signal is first intercepted by another electronic box. This box contains an analog RC circuit board, which sends the signal to the PS after a programmable delay time. Selecting times requires setting several switches, one for 50 ms, another for 0.1 s, another for 0.2 s, etc., up to one second.

Figure 7: Measurement hardware.


3.6 Data acquisition system 

NHMFL provides two data acquisition systems. 

The first system - used for the Ic measurements – reads the data through voltmeters, which are connected through GPIB buses to a Labview-based software. A channel-list has to be defined, assigning GPIB addresses of the voltmeters to the software channels. The data acquisition window allows live monitoring of the different measured magnitudes. One channel can be defined as the timestamp using an internal clock. There are several trigger options. The fastest data acquisition speed is of 4 readings per second, but the voltmeters’ filtering usually reduces the acquisition rate further. During the quench tests the acquisition speed of this system was about 1-2 seconds per reading. This system, although sufficient for Ic tests, is not adequate for the quench tests.

The second data acquisition system is based on an AD card, which digitalizes the voltage signals coming directly from the samples, without any voltmeter. The data are then acquired through a Labview program. The acquisition rate we used was of 1000 scans per second. The precision of the voltage value is determined by the precision of the software (16 bit precision) and the scale range. If for example a voltage range of ± 10 V is needed, then the voltage precision is of 20 V / 216 ~ 0.3 mV. Since the data acquired with this system are not filtered, we were concerned about the electromagnetic noise. The noise level, with activated PS, resulted to be ± 2 mV (not counting some less frequent and larger spikes of ~1Hz, 0.1-0.5 V). Large noise signals are induced during the PS ramp down, but this does not affect the measurement of the peak temperature, that is inferred from the peak voltage, before the current ramp down. 

The slow, DVM and GPIB based system is less noisy and is therefore used in the Ic tests when microvolts precision is required. The acquisition software interfaces for Ic and quench test measurements are shown in the appendix. 
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Figure 8: Measurement hardware with digital acquisition data card.

4 MEASUREMENTS DATA ANALYSIS

4.1 Data analysis description

In this chapter a quench test is described in detail to exemplify the data analysis method. The test was performed on sample two, at 7.5 kA, with a programmed delay time of 300 ms. The spot heater connected to the DC current source was the one on the bottom sample.

The data acquired are the DCCT signal, the voltage over the protector resistor (“snake”), and five voltage signals over the sample (see table 3). 

	Name
	Description: Voltage between taps …
	Length between taps 

	Totloop
	…attached to the leads 
	 ~ 2 m

	TopIc 
	…for Ic measurements of top sample (a)
	 0.2 m

	BotIc
	…for Ic measurements of bottom sample (b)
	 0.2 m

	Tottop
	…over the whole top sample (a)
	 ~ 1 m

	Totbot
	…over the whole bottom sample (b)
	 ~ 1 m


Table 3: Voltage data description.
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Figure 9: Example of data analysis: all voltage signals and zoom of the Ic signal, at the quench beginning.

As shown in figure 9, the quench starts in the bottom sample at the time t = 115 ms. The voltage rises in the beginning almost linearly for ~ 20 ms, and then continues to rise with a reduced slope. The first rise corresponds to the quench propagation in the high field region, from the spot heater towards the voltage taps in both directions. When the whole high field region is driven normal, the voltage rises slowly because the resistivity function is almost flat at low temperatures (voltage plateau). As the resistivity increases the voltage slope starts to rise fast again, until the current starts ramping down. At t = 150 ms, the voltage signal of the top sample starts to rise also, according to the pattern described previously. The quench in the top cable is induced by the heat transfer from the other sample, quenched by the spot heater 35 ms before. Figure 10 shows that the current in the sample remains almost constant, decreasing up to ~ 7 kA at t = 500 ms, while the current in the snake starts from 40 A up to 430 A at the end.
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Figure 10: Example of data analysis: current in the sample and in 

  the protector resistor at the end of the quench process.
Main goal of the data analysis is the calculation of the peak temperature. For that purpose the resistance obtained from the voltage and current data was compared to the conductor resistance as a function of temperature, calculated from the material properties [
] and the geometrical factors. Since there is a significant fraction of bronze in the conductor cross-section (see table 1), the total resistance was at first calculated using the resistance of a composite consisting of copper and bronze. The comparison of resistance at room temperature shows that the bronze fraction does not contribute significantly to the current transport. It is likely that the impurity level in the bronze largely increases its resistivity. The resistance therefore was calculated considering only the copper fraction. 

The temperature values calculated via the resistivity function were also compared to the temperatures calculated with the MIIt method: the MIIt value -obtained from the squared value of the current integrated in time- is compared to the quench integral function calculated from the material properties (see equation 1, page 15). Since this approach is based on the adiabatic assumption, the results overestimate the peak temperature.

It’s important to note at this point, that the effective delay times, the time intervals from the beginning of the quench until the beginning of the current ramp down, are longer than the programmed delay times. The effective delay times are also derived from the voltage data, for each quench test.

From the Ic-voltage plot at the beginning of the quench process, other information can be extracted. In particular, it is possible to measure the quench propagation time from one cable to the other, which corresponds to the turn-to-turn propagation time in a magnet. For the case in figure 11 (that shows the resistivity obtained from the Ic-voltage data of figure 9), the transverse quench propagation time is ~ 35 ms.
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Figure 11: Example of data analysis: resistivity plot.

In addition, from the slope of the voltage curve during the initial phase of the quench, we estimated the longitudinal quench propagation velocity, and from the voltage plateau, we calculated the RRR of the conductor. In the top sample, the resistivity grows faster in the beginning and reaches the plateau after 21 ms at 4.68·10-10 ohm·m, which corresponds to a RRR of 100. The transition between the two regions is not sharp, and therefore the RRR estimation is not precise, especially for the sample with the spot heater (the bottom one in this case). The longitudinal quench propagation velocity is also not well defined, because of the smooth transition of the curve before the plateau phase. The quench propagates faster in the beginning and slows down before covering the whole Ic-region. Causes of this behavior can be the non-homogeneity of the field (see fig. 1) and the asymmetry of the position of the spot heater with respect to the position of the voltage taps. Figure 12 shows the calculated velocity for the top sample. From this plot, the quench propagation velocity is determined to be 10 m/s. 
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Figure 12: Example of data analysis: longitudinal quench propagation velocity.
4.2 Summary of results

A summary of the main results is presented in table 4. We notice that: 

- The effective delay time is of about 100 ms longer than the programmed delay time. 

- The peak temperature (calculate via the resistivity) has reached almost 500 K in one sample and 330 K in the other.

- The MIIt calculation overestimates the peak temperature by 10-15% at high temperatures.

- There is no sign of critical current degradation up to 420 K. 

	Sample1_8T_8kA
	1
	2
	3
	4
	5
	6
	7
	Ave
	

	Program. delay (ms)
	100
	100
	150
	200
	250
	300
	350
	
	

	Measured delay (ms)
	-
	200
	240
	287
	350
	400
	430
	
	

	Tpeak-V (K)
	-
	132
	172
	240
	340
	420
	488
	
	

	Tpeak-Miit (K)
	-
	134
	175
	237
	347
	472
	571
	
	

	T difference Miit-V
	-
	2%
	2%
	-1%
	2%
	12%
	17%
	
	

	Ic (A)
	9800
	-
	9580
	9600
	9660
	9500
	>8820
	9628
	112

	Sample2_8T_7.5kA
	1 (7kA)
	2
	3
	4
	5
	6
	7
	Ave
	

	Program. delay (ms)
	50
	100
	150
	200
	250
	300
	300
	
	

	Effective delay (ms)
	140
	200
	240
	284
	344
	400
	405
	
	

	Tpeak-Miit (K)
	72
	115
	144
	177
	261
	350
	361
	
	

	Tpeak-V (K)
	66
	101
	126
	157
	232
	329
	331
	
	

	T difference Miit-V
	9%
	14%
	14%
	13%
	13%
	6%
	9%
	
	

	Ic-top (A)
	8400
	8400
	8400
	8400
	8650
	8350
	>8400
	8433
	108

	Ic-bottom (A)
	7200
	7200
	7200
	7200
	7400
	7150
	7400
	7250
	104


Table 4: Data analysis main results.
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During the last critical current measurement of sample 1, an early quench at 8820 A occurred. The data don’t show a transition curve, it’s not possible therefore to estimate the critical current value.
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Figure 13: Critical current vs. peak temperature.
Other data analysis results are summarized in table 5. The active spot heater of the first sample was glued on the bottom side of the top cable, therefore being placed between the two active cables. The “turn to turn” quench propagation times are therefore very short. The active spot heater of the second sample was glued on the bottom active cable, on the far side from the other active cable. The “turn to turn” quench propagation times are therefore more representative of the magnet case. 
	Sample1_8T_8kA
	1
	2
	3
	4
	5
	6
	7
	Ave
	

	Turn to turn time (ms)
	5
	5
	5
	5
	10
	10
	6
	7
	2

	RRRtop
	102
	122
	106
	133
	93
	102
	123
	112
	15

	RRRbot
	111
	111
	100
	110
	105
	112
	125
	111
	5

	veltop (m/s)
	14
	12
	13
	13
	
	
	
	13
	0.8

	velbot (m/s)
	10
	10
	10
	9
	
	
	
	10
	0.5

	Sample2_8T_7.5kA
	1 (7kA)
	2
	3
	4
	5
	6
	7
	Ave
	

	Turn2turn time (ms)
	23
	20
	16
	15
	20
	30
	25
	21
	5

	RRRtop
	
	141
	145
	141
	156
	209
	110
	150
	29

	RRRbot
	
	227
	139
	106
	123
	131
	90
	136
	47

	veltop (m/s)
	
	6
	
	
	
	8
	
	7
	1.4

	velbot (m/s)
	
	6
	
	
	
	5
	
	6
	0.7


Table 5: Data analysis secondary results.

5 SIMULATION OF THE QUENCH

The following describes the model, based on a MathCAD spreadsheet, used to calculate the voltages and temperatures occurring in the sample during a quench test.

The thermal model is adiabatic, relating the local cable temperature to the heat generated by the current in the normal-conducting matrix. The material properties (specific heat cp, resistivity ) used in the calculation are temperature and field dependent. In fact the thermal model is similar to the approach usually chosen for superconducting magnet protection (i.e. the temperature is calculated from the quench integral QI that is defined via the current decay profile or material properties cp and ). I is the current in the sample, A is the total cable cross-sectional surface, T(t) the temperature of the sample at time t, the subscript comp refers to the composite nature of the material (containing copper, Nb3Sn, bronze, epoxy and insulation), and thus denotes an average specific heat, calculated from the rule of mixture.
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The electrical simulation of the quench assumes a quench starting at t=0 in the center of the high field region of one cable. The quench then quickly spreads (with a quench propagation velocity of 10 m/s) over the whole Ic-region and after 35 ms the quench propagates to the second cable. The resistance of the sample is calculated in the model as the resistance of a short region (0.3 m) at peak temperature. In reality the whole cable becomes normal, but with a temperature profile that goes from peak, in the center, to bath temperature, at the ends of the sample. The approximation of the temperature profile, as being at uniform high temperature in a short region, results in a good estimation of the total sample resistance, yielding a current profile similar to that found in the experiment. The voltage limit of the PS is never reached (50 V). The 22 m protector resistor (“snake”) is taking over a small fraction of the current, with the resistance of the sample rising, hence leading to a reduction of the current in the sample. Figures 14-15 show temperature, resistance, and current as a function of time during a quench at 7500 A, calculated with the model described above, and compared to the experimental results.
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Figure 15: Current in the sample and in the snake vs. time, comparison between model (mcd in the legend) and experimental data.

THERMO-MECHANICAL STRESS CALCULATIONS

A first estimation of the stress level that can be developed inside the cable due to high temperature differences is given by a simple model of a cable restrained from expansion in the ends and being heated uniformly to temperature Tpeak. The stress is calculated from the modulus E(T), using a linear fit between measured data on cable stacks, at room temperature (44 GPa) and at 4.2 K (55 GPa), and a measured thermal expansion factor from room temperature to 4.2 K of 0.26 %, in both longitudinal and radial direction  [
].  
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Figure 16: Convention for axis labeling.

The calculation indicates that a peak temperature of 400 K causes a stress of 167 MPa, the thermal expansion being of the order of 0.35 %. 
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In the more realistic case of a triangular temperature profile with Tpeak in the center and Tbath at the cold ends, the peak thermal strain is reduced to half (namely 0.175 %).
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The total strain inside the Nb3Sn filaments (intrinsic strain) is given, in general, by the sum of several factors: 

· the pre-compression of the Nb3Sn filaments, due to the difference between the thermal contraction of Nb3Sn and of the bronze/copper matrix, from the reaction temperature (typically 650 K) to Tpeak,

· the strain induced by the anisotropic thermal expansion during the quench process, 

· the strain caused by winding after reaction (~ 0.18 % in the bent sample),

· any applied strain, as pre-stress and Lorentz forces.

The last two contributions will be neglected in this calculation in order to see more explicitly the relation peak temperature-strain. The calculation describes therefore the case of the straight sample; for the bent sample, the “winding” strain (the strain due to straightening the sample in this case) can be added to the modulus of the maximum strain at the end of the calculation, since it has both tensile and compressive components.

The critical current degradation vs. strain was measured, for strands of the same type, at 4.2 K. The resulting intrinsic pre-compression is 0.28 %, and the irreversible tensile intrinsic strain is 0.4 % [
]. 

At 400 K the intrinsic pre-compression is reduced with respect to the 4.2 K level, since the thermal contraction of the materials from the reaction temperature is reduced. The pre-compression is estimated to be reduced by about a factor 2. A more precise estimation of the intrinsic strain is very difficult, because many other factors must be taken into account, such as the temperature dependence of the elasticity modulus of all the materials inside the strand, the yielding point of the copper/bronze matrix, that depends on the previous thermal cycles, and the twist of the filaments inside the strand. 

The strain calculated through equation 2’, plus a calculated pre-strain at 400 K of 0.15 %, give a total intrinsic compressive strain of ~ 0.3 %.

This level of strain is well below the level of irreversible degradation; in fact, the material is known to be less sensitive to compressive than to tensile strain. This calculation is therefore in agreement with the measurements presented in this note, which don’t show any Ic-degradation for peak temperatures up to 400 K.

6 MAGNET QUENCHES

Quenching of the magnet interrupted the quench test series for both samples. 
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In the case of the first (straight) sample, the quench occurred just after the Ic-measurement performed after the quench test with a temperature excursion up to almost 500 K. The sample was then extracted from the magnet, and burnt, black epoxy was discovered on the outside of the sample holder. Figure 20 shows the opened sample holder N. 1. The most damaged parts are located at the Ic-voltage taps. The insulation close to the spot heater seems to be intact. In figure 20, another spot heater was put on the sample holder to indicate the position of the spot heater on the cable. Also the G10-top plate shows burn marks, all along the sample holder. The marks seem to indicate that also the steel channel reached high temperatures.
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In the case of the second sample, the magnet quench occurred during a quench test.

 The case seems to be different from the previous one. In fact the sample extracted from the magnet after the quench does not show any sign of damage. After the quench induced by the spot heater, the quench detection system seemed to work (lights of the quench detection box on), but the PS didn’t start the current ramp down for other 40-50 seconds. We had the current signal coming from the DCCT (the “process variable”), but the signals from the voltage taps on the sample remained ~ zero. The current profile (shown in figure 21) was independently confirmed by the voltage data of the leads and the PS control system.
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There are several possible causes of the magnet quenches. Figure 22 shows a sketch of the magnet and the sample clamping system. A self-contained structure, placed in the bore of the solenoid, puts the sample holder under transverse pressure by pressing it with a piston against a rigid Anvil back-plate. The sample enters the piston housing structure through a window placed in the radial access port, and is held by the leads from above. Since the back-support sticks out of the magnet gap by 1 mm, the sample is kept apart from the magnet wall (so called “magnet former”). 

One possible cause of the magnet quenches can be heat exchange between magnet and cable sample holder. The signs of burnings on sample holder #1 support this hypothesis. The following simple analytical calculations attempt to estimate the temperature of the cable sample holder during the quench test. 

Figure 23 shows the power dissipated during the quench test, in the case of sample 2, described previously (at 7.5 kA). The peak power is ~ 72 kW. If we consider the energy dissipated over the entire sample holder (Vtot ( 1 x 0.025 x 0.06 m3), we obtain Etot/Vtot ( 5.7 MJ/m3. The temperature increase corresponding to this enthalpy difference is 40 K. Since the approximation of uniform temperature is not realistic, we looked also at the energy dissipation in the Ic-region only. The peak power is ~ 42 kW, the integrated value is 5.2 kJ, and the energy per volume (over 0.2 m) is: Etot-Ic/V-Ic ( 133 MJ/m3. The resulting temperature would be ~ 130 K. 
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We can estimate the time for the heat transfer, [image: image29.wmf]100
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considering the diffusivity of stainless steel (that is conductivity over specific heat), and the characteristic time of heat transfer (defined as length square over diffusivity). The characteristic time for heat transfer through 1 cm of stainless steel varies from 4 to 20 seconds in the temperature range of 4-100 K (Fig. 24). 

Figure 24: Diffusivity time (s) through 1 cm thick 

stainless steel plate, vs. temperature (K).
For a first estimation of the cooling time through heat exchange with liquid helium, we can consider the temperature in the Ic-region to be uniform, so that we can approximate the temperature decrease with an exponential law: 
T(t) = Tbath + (Tpeak–Tbath)(e-t/.

The characteristic time of this process is: = h(S/Cp(Vol. With S the external surface and Vol the volume of the Ic-region, and a conservative estimate of the heat exchange coefficient h = 300 W/(m2(K), we obtain  ~ 60 seconds. 

We therefore see that the quench process time (maximum 400 ms) is smaller than the heat diffusion time (minimum four seconds), and this assures that thermal gradients in the sample create stresses in the cables. On the other hand, the diffusion time is smaller than the cooling time (one minute); hence heat transfer to the magnet can be a cause of the magnet quenches.

Another possible cause of magnet quench is mechanical movement of the sample. 

The sample current loop creates a dipole moment m = I(S, where I is the current and S is the surface between the two cables in the high field region: S ~ 20 cm x 1.5 mm = 3(10-4 m2. Therefore m ~ 2.4 A(m2. The mechanical moment, in a perpendicular magnetic field of 8 T, is M = m x B ~ 20 N(m. The force applied at the edge of the sample holder onto the pressure system is F = M/d ~ 600 N, with the d = 3 cm, (half of the sample holder width) being the arm of the moment. This considerable force is applied slowly as the current ramps up, and is suddenly released during the fast current ramp down subsequent a quench. This fast movement can be transferred to the magnet through the piston housing. 

A third hypothesis for the magnet quench is of an electrical origin. Supporting argument of this hypothesis is the strange electrical behavior of the sample during the last quench test (fig. 21), when the DCCT signal and the voltage over the leads showed a current of 7.5 kA (with a strange ramp down to ~ 5 kA and ramp up again to the same level), and no voltage rise was visible over the sample. In addition that current, in a normal conducting sample, for 40 seconds, could melt the metal, but no signs of damage are visible on the samples. The current could have pass through a shortcut somewhere between the leads and the sample. In addition, an electrical interference was noticed that night, between our apparatus and the apparatus of another experiment in the next cell.

To prevent all possible causes of the magnet quench, we are designing some modification of the experiment set up. A sketch of these modifications is shown in figure 25.

An additional mechanical support can be provided through a mechanism that is already available at the test station, introducing some minor modifications. In fact, the test station was originally designed for testing the strain effect on the critical current of strands and cable-in-conduit samples for the 45 T hybrid magnet. The sample can be held on the bottom of the cryostat through a clevis mechanism, and pulled from the top plate. Additional parts have to be attached to the sample holder: on the bottom side, another steel part is needed to insert the pin of the clevis mechanism, and on the top side, a threaded rod should be attached to the holder. The rod will be jacked up against the cryostat top plate with a nut and a plate. This holding mechanism should be used together with the transverse pressure system to prevent the motion under the torque force. 

Since the pressure line to the bellows now occupies the port that was formerly used for the pin-drive shaft, a new port for the pressure line would be required. To give more stability to the magnet we suggest also to retighten the bolts on the magnet and to replace the big steel block that could give the piston more mechanical inertia through additional weight.
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Another advantage of these modification is that the sample holder will be shifted to the center of the gap of the split solenoid, allowing to fix a 1 mm G10-shim on the "back-side" of the holder at the location of the piston, so that the sample holder is kept away from the magnet housing to prevent heat transfer to the magnet. 

There could still be heat transfer to the magnet via the piston, but the heat flow would be strongly hampered. In addition, the stainless steel pressure dog should be replaced by a G10 one. 
7 CONCLUSIONS AND NEXT DEVELOPMENTS

The first run of the Nb3Sn cable quench test series has been encouraging. Peak temperatures up to 420 K have been explored without seeing any critical current degradation. The experimental procedure has been validated, and improvements of the set up, required to explore higher temperatures, are being designed. 

In addition the next samples can be further instrumented, with a strain gage to measure directly the strain on the cable, and temperature sensors on the cable sample holder to know about the environmental temperature. For the next test run, the use of sub-sized cables with state of the art conductor is foreseen, allowing as well a continuation of the measurements for the React&Wind cable R&D.

Simulations of the quench in the cable sample holder will go on with the experiment as well, and a FE model will be developed to analyze the thermal mechanical behavior of the cable stack.
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APPENDIX
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Figure 26: acquisition software interface for Ic measurement.
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Figure 27: acquisition software interface for quench tests.
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To obtain the current values, the following conversions must be applied:


Total current: 	curr = DCCT * 2000


Snake current: 	Isnake = snake voltage / 0.0223


Sample current:	currS = curr – Isnake





Figure 13: Peak temperature vs. effective delay time. Continuous lines represent temperatures measured through the voltage data, and dotted lines the temperatures from the MIIt calculation.





� EMBED Equation.3  ���





Figure 14: Temperature and total resistance of the samples vs. time, comparison between model (mcd in the legend) and experimental data; t=115 ms is the quench starting time.
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Figure 20: Sample 1 after the quench tests.





Figure 21: Current in sample 2 during last quench test before the magnet quench.





Figure 22: Schematic of the magnet and the sample holding system.





Figure 23: Power dissipated during a quench test at 7.5 kA.





Figure 25: Schematic of the improved quench test system.
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