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Superconducting quadrupole magnets with nominal field gradient of 215 T/m in a 70 mm bore, operating in superfluid helium at 1.9K, are being developed at Fermilab and KEK in the framework of the CERN-US-KEK LHC Accelerator Project for the interaction regions (IR) of the Large Hadron Collider (LHC). Fermilab will be responsible for the electrical scheme and thus the bus-bars for the complete interaction region. This paper reports the results of a study of the electro-thermal characteristics of different bus-bar prototypes for the interaction region (IR) quadrupoles. The busbar samples consisted of a superconducting cable used as well for the inner layer of the Fermilab IR quadrupoles, soldered to 2 similar cables as stabilizer. In one case the superconducting cable was insulated from the stabilizer with a polyimide foil. The different designs are motivated by the attempt to find the right compromise between sufficient stability to avoid quenching during normal operation and sufficient instability to cause strong enough signals in case of quenching to facilitate quench detection. The samples were characterized with respect to quench propagation velocity, temperature profile during normal zone growth and general performance.

1) Introduction

The most conservative approach to bus-bar design is unconditional stability of the Stekly type. According to it, cooling (here through Kapton insulation) should always and everywhere exceed Joule heating of the transport current in the matrix. A Stekly-stable LHC IR quadrupole busbar in operating conditions would require a copper cross-section of >13.4 cm2:
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(linear heat transfer coefficient through a double 50 (m Kapton insulation wrap, assuming gaps in the outer layer and neglecting outward heat transfer through the large edge: ainsu=75W/m2/K(
), maximum temperature Tc=9.2 K, bath temperature T0=1.9 K, operation current Itot=11.1kA, cable width w=15.4mm, copper resistivity Cu=1.83(10-10m). However, it is possible to reduce the stabilizer fraction below the Stekly criterion because it is excessively conservative. Furthermore the LHC IR-magnet bus-bars have to be mechanically flexible to allow bending them into extension loops. For the latter reason a bus-design with a maximum copper cross-section of ~60mm2 was proposed. Away from unconditional stability, the trade-off becomes that of enough stabilizer to avoid excessive heating in case of a quench and “easy” quench detection which demands a lower stabilizer fraction. Preliminary calculations showed that the proposed design is a possible compromise. Prototypes of bus-bars were submitted to a test to measure the temperature development during a quench, the quench propagation velocity and to observe if they were susceptible to spontaneus quenching in operational conditions. The samples were made from an inner type LHC IR qadrupole cable (38 0.808 mm diameter NbTi/Cu strands with 1.3 Cu/NbTi ratio) soldered to two stabilizer of exactly the same type. In one case all three cables were soldered together, whereas in the second case the sample had a thermal insulation (10 mil Kapton) between the superconducting sub-cable and the stabilizer. The two samples were assembled together into a fixture, forming a single current loop, and mounted into the FNAL Vertical Magnet Test Facility. 
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Figure 1: LHC IR bus-bar prototypes: superconducting cable (38 strands with diameter 0.808 mm, Cu/Sc ratio 1.3) soldered to the stabilizer (left), and thermally insulated from the stabilizer (right).

2) Preliminary Calculations 

The following calculations are based on the bus-bar design using 2 pure copper stabilizer. The bus-bars operate in no external field (only self-field). The geometrical and electrical/thermal characteristics of the LHC IR bus-bar prototypes (operation current Itot, RRR, self field Bself, copper resistivity Cu, maximum heat generation i2gc, and Stekly factor i2 calculated with a heat transfer coefficient of 100W/K/m2 and assuming a cooled perimeter fraction of 50%) are given in Table 1 and Table 2, formulas are given below.

 branch
mid thick [mm]
Pack. factor [%]
A [mm2]
ACu [mm2]
Cu/Sc

superconducting composite
1.456
91
20.4
11.5
1.3

pure copper + solder
2(1.456
100
44.8
40.8
(

bus bar total
3(1.456
-
65.2
57.4*/52.3
7.35

Table 1: Geometrical aspects of the LHC IR busbar prototypes (*including cross-sectional area occupied by solder).

operating current 

Itot[kA] / i=Itot/Ic[%]
RRR
max self-field 

Bself peak [T] at Itot
residual Cu resistivity

resCu (B=0/Bself)[m]
max heat generation

i2gc (0T) [kW/m2]
Steklyi2 

11.1 / 7.2
100
0.28
1.69(10-10/1.83(10-10
14.6
20

Table 2: Electrical/thermal characteristics of the LHC IR busbar prototypes.
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The first approach to bus-bar design is to define a peak temperature and to determine from this limit how many MIIts are available for the quench detection period, given that the total quench integral in the process is 10-6(I02tqdet+I02/2)MIIts, with  the electrical time constant of the magnet system and tqdet the quench detection time. The quench integral versus peak-temperature plot for the above described bus-bar is shown in  Figure 2. The quench integral is calculated (see equation 6) from the heat balance equation in adiabatic conditions ( is the Cu/Sc ratio, cp the total specific heat of the composite). From this plot a safe temperature limit of 200 K can be related to a MIIts limit of 290. Given an electrical time-constant of the system of ~300 ms the quench of the magnet will consume ~ 20 MIIts. This leaves a MIIts budget of 270 MIIts available before magnet quench detection. A quench in the bus has to be detected before the bus has generated a quench integral of 270 MIIts. Therefore the quench propagation velocity (and thus the rate of voltage change) and the quench detection voltage (being at least bigger than the typical noise level in the magnet network) have to be well chosen. The quench propagation velocity can be influenced by the design of the bus-bar (mainly its Cu/Sc ratio and its copper cross-sectional area) and the quench detection voltage is given by the chosen quench detection circuit (including or excluding the magnet,..) and technological limits (signal to noise ratio, time resolution,..). Figure 3 shows the results of a calculation of the quench detection voltage versus quench propagation velocity for a quench integral of 270 MIIts for a bus of the above indicated design, using a simple model. For a given current these curves simply represent the voltage the sample can develop within the time related to the MIIts limit (at a given current) at a given quench propagation velocity. The model used for the calculated voltage curve shown in Figure 3 assumes the cable after the quench-process (that is when the MIIts-limit has been reached) as being heated to Tmax in the zone which initially quenched (here arbitrarily an approximated Minimum Propagating Zone (MPZ) Length of 3 cm has been chosen) with the normal zone spreading out to xmax=vq(MIItsmax106)/I2. The model voltage equation is given in (7). The first term in equation (7) describes the voltage generated in LMPZ, assuming that the temperature along the MPZ is Tmax(MIItsmax). The second term describes the voltage generated in a normal zone shaped such, that it has Tmax(MIItsmax) in its center. This second term requires an integration of (MIIts) between 0 and MIItsmax.  In Figure 3 it was assumed that the quench spreads only to one side. The voltage generated in the cable at the MIIts limit for a spread to both sides would be increased by approximately a factor 2 (see equation 7). Since the MIIts calculations assume adiabatic conditions (no cooling) the temperature in the real case (for a given amount of MIIts) will be less than in the real case. However, this argument is a “double edged sword” for the quench protection case, since it means less voltage generation (=harder detection) but at the same time less peak temperature (=less danger) for a given MIIts limit. 
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An important parameter in equation 7 is the quench propagation velocity. The quench propagation velocity in adiabatic conditions computed from equation 8(
) is 5.8m/s (L0=2.45x10-8W/K2, Tc0=9.2K), whereas with cooling the calculated quench propagation velocity  (9)(1) drops to 0.7 m/s (linear heat transfer coefficient a=75W/m2/K, 50% cooled surface ratio, average cp of  9000 J/K/m3 and conductivity of 50W/K/m).


[image: image9.wmf](

)

(

)

2

1

0

0

0

0

'

'

-

ú

ú

û

ù

ê

ê

ë

é

=

ò

c

b

T

T

p

c

p

c

tot

adia

q

dT

T

c

T

c

T

L

A

I

v







      (8) 


[image: image10.wmf](

)

45

.

1

2

2

1

2

1

2

1

2

1

-

+

ú

û

ù

ê

ë

é

÷

ø

ö

ç

è

æ

-

-

÷

ø

ö

ç

è

æ

-

+

-

=

a

a

a

i

i

i

i

i

A

apk

c

v

p

cooled

q



   
                 (9)

Unfortunately the latter formula relies on too many simplifying assumptions to predict better than the order of magnitude. Nevertheless, the model indicates that quench propagation velocities in the >0.1 m/s range are compatible with the given MIIts limit and typical quench detection system threshold voltages (100-500 mV). To gain confidence in the model data it is important to measure the quench propagation velocities and to compare the theoretical voltage vs. MIIts relations to the experimentally found voltages. The ultimate decision about the bus-bar design, and thus a quench propagation velocity and a MIIts limit should be founded on experimental data.
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 Figure 2: MIIts versus peak temperature calculated from the heat balance equation in adiabatic conditions (equation 2) (Bext=2T).
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Figure 3: Quench voltage versus quench propagation velocity for a 270 MIIts limit at different operation currents between 2000 and 10000 A.
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3) Measurement set-up

Figure 4: Busbar test measurement setup. Measure in cm
Figure 4 shows the bus-bar measurement set-up. The two samples run down and up the 1.5 m long sample-holder. They are soldered together (with a quench stopper) on the bottom. On top a quench stopper is soldered to each lead. The quench stopper (Figure 6) is an adequately dimensioned Cu-block that prevents quenches from propagating any further. The sample-holder (Figure 5) consists of a central H-shaped G10 rail that contains the up- and down-going samples and which is clamped between two G10 cover-plates held together by bronze-beryllium bolts. The height of the samples slightly exceeds the depth of the groove in the central G10 rail, such that it is under (moderate) pressure. The central rail accomodates not only the sample but also the wiring for a large array of voltage taps (every 10 cm). The superconducting side of the bus-bar is facing the bottom of the groove to facilitate the mounting of spot heaters. The spot heaters cover the sample over the full width on approximately 3cm. They consist of a meander-shaped stainless steel strip sandwiched between 2 thin polyimide foils (typical low temperature resistance ~ 2-3 ). The insert is attached to the Vertical Magnet Test Facility(
) like a magnet. A carbon glass temperature sensor was attched to each sample in a specific point (middle - 
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Figure 5: Cross-section of bus-bar sample-holder: top and bottom sample, H-shaped G10 rail, G10 clamping fixture with bolts;
outside on the fully soldered sample and top-inside on segregated sample). Quench protection voltage taps were attached to top and bottom of each sample as well as to the portions of the current leads below the lambda plate of the VMTF. In the totally soldered specimen the lowest possible voltage response (conservative estimates: B=0 T, Tpeak<15 K) is 3 mV/kA/m. In the specimen were the superconducting cable is thermally insulated from the 2 soldered copper cables this value can become 15 mV/kA/m before current is shared to the copper branch. Using an analytical formula by Dresner(
) (with kaverage~100 W/K/m):
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an adiabatic Minimum Propagating Zone length of 2 cm (p is the cooled perimeter, A the conductor cross-section and a a film-boiling heat transfer coefficient – here 250 W/m2/K) is obtained. This result seems to underestimate the real MPZ, but it is confirmed as well by another result (~5 cm) using Wilson’s(
) :
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Based on these calculations it was decided that a specimen length of 1.5 m and 10 cm long voltage taps would be long enough to monitor quench propagation. The heaters were dimensioned to trigger a quench in the sample by raising its temperature along the MPZ (here ~10 cm) above Tc0 (=9.2 K). With an average specific heat cp within this temperature range of 6000 J/K/m3 and 50 W  heater power (typical  heater pulse duration: ~100 ms) this requirement is fulfilled. The maximum spot heater power is 1kW, giving the heater sufficient margin to operate reliably. 
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The quench stopper was designed to stay below a maximum temperature of 50 K during a quench. Using a quench detection time of t=100 ms, a heating power P~550 W, a specific heat constant of A~6.7 J/K4/m3 and the dimensions of the quench stopper (10 cm long, V=17 cm3) in equation 12 produces Tmax~30 K.

Figure 6: Quench stopper with busbar sample.
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4) Measurement Results and Analysis

A preliminary series of tests allowed to determine the signals caused by the power supply shut down (Figure 7) and the heater current pulse (Figure 8). The power supply shut down (triggered by the quench detector) occurs with a time-constant of ~60ms. Although the voltage induced in the sample by the power supply shut down is of the same order of magnitude as the typical quench propagation signals, it does not affect the measurements because it occurs after quench detection. On the other hand the signal induced in the sample by the heater power supply discharge occurs during quench formation. Luckily, as can be seen in Figure 8, the signal is small and restricted to the vicinity of the heater.

The first quench propagation measurements at 4.5 K revealed the basic patterns which were found throughout the measurement series. Figure 9 shows the quench propagation in the monolithic {“fully soldered”) sample (8 kA transport current, 4.5 K). The initially heated zone within segment tap0 grows at constant speed and gradually spreads over the sample. The fact that the voltage stays on a plateau once the full length of the voltage tap has turned normal, indicates that the temperature in the sample is below 15 K. A rough estimation of the magnetic diffusivity /µ0 indicates a characteristic electric diffusion time of some millisec. The fast current sharing from the superconducting cable to the stabilizer explains the smooth (“spike-free”) onset of the quench in the monolithic sample. A similar behavior was found at 1.9K. The higher current cases (like in Figure 10) show a voltage rise above the plateau, indicating that the temperature is running away in these cases.
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Figure 7: Power-supply ramp-down signals (I=5000 A, T=4.5 K): The ramp of the PS (trigger at t=0s) induces voltage in the bus-bar samples. The difference in magnitude of the inductive pick-up between the two samples (negative and positive bus) is related to the wiring.
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Figure 8: Signal induced by heater current: The heater current induces a weak inductive signal in the voltage tap on the sample part above the heater (bottom, negative) but not in the other taps along the sample. This measurement was made without transport current in the sample, charging the heater PS capacitors to 50V.
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Figure 9: Quench propagation in the “fully soldered” bus-bar sample at 8 kA, 4.5 K. Quench origin in 0, propagates through taps (1,(2,(3 and (4 (+/-..up/down). Since the heater is not exactly in the center of 0 the quench arrives earlier at the lower voltage taps. 
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Figure 10: Quench propagation in the “fully soldered” busbar sample at 12 kA, 1.9 K. Quench origin in 0, propagates through taps (1,(2,(3 and (4 (+/-..up/down). Since the heater is not exactly in the center of 0, the quench arrives earlier at the lower voltage taps. 

Unlike the monolithic sample the “segregated” sample (where stabilizer and superconductor are separated by a polyimide foil) shows a spike in the voltage segment surrounding the heater during the spot heater discharge. Figures 11 - 15 show the quench voltage traces of the segregated sample at 4.5 K / 9 kA and 1.9 K / 8, 10, 12 14 kA. The voltage spike along the initially heated superconductor exceedes the voltage level expected for the whole central voltage segment being normal at T<15 K by a factor 1.5 to 2. The spikes in the plots indicated above reach 21, 17, 22, 40, 40 mV versus the calculated voltage (1.5 mV per kA along the 10 cm tap) 13.5, 12, 15, 18 and 21 mV. This can only be explained by a strong temperature rise within the initially heated section. The copper resistivity increases by a factor 1.5 or 2 at 31.5 or 37.5 K. Regarding the sample as a parallel network of a 1.5 m long copper and an equally long superconductor branch, which has turned normal along 10 cm, a calculation of the current sharing time constant according to equation (13) (self-inductance L=1.5 µH (measured), mutual inductance 
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M=0.5 µH (calculated), resistance in the stabilizer RCu=6 µ and resistance in the superconducting branch RSc=1.5 µ gives =500 ms. The typical duration of the initial voltage spike is 100 ms. We therefore believe that the quench voltage traces of the segregated sample can be explained in the following way:

The initial heat pulse drives the superconducting branch normal along ~10-20 cm. The peak temperature in the initially heated zone rises to 30-40 K. The appearance of resistance along the superconducting branch causes a current redistribution to the stabilizer. Distinctively from the “fully soldered” sample the current sharing is a relatively slow process (magnetic diffusion time), giving rise to the significant temperature increase in the superconducting branch. During the initial phase of current sharing the voltage over the sample drops to a minimum, which in the low current cases can be almost a recovery of the superconducting state. The current sharing process slows down the quench for a short period, but with the stabilizer slowly starting to heat and the superconducting branch not recovered and still carrying an important fraction of the current the quench runs to completion. The quench in the segregated sample starts faster before current sharing and finally propagates the same way as in the fully soldered sample.

The currents flowing in the stabilizer at the time of the voltage minimum are approximately 800, 1200, 1700 and 2500 A in the 1.9 K 8, 10, 12, 14 kA cases. Therefore the superconductor (although normal along part of its length) carries a considerable fraction of current throughout the process.
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Figure 11: Quench propagation in the “segregated” busbar sample at 9 kA, 4.5 K. Quench origin, exceptionally (non conform to Figure 4) in middle tap-0, propagates down the sample through taps (1,(2,(3.

Figure 12: Quench propagation in the “segregated” busbar sample at 8 kA, 1.9 K. Quench origin on top in 0, propagates down the sample through taps -1,-2,-3.-4.
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Figure 13: Quench propagation in the “segregated” busbar sample at 10 kA, 1.9 K. Quench origin on top in 0, propagates down the sample through taps -1,-2,-3.-4. 
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Figure 14: Quench propagation in the “segregated” busbar sample at 12 kA, 1.9 K. Quench origin on top in 0, propagates down the sample through taps -1,-2,-3. 
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Figure 15: Quench propagation in the “segregated” busbar sample at 14 kA, 1.9 K. Quench origin on top in 0, propagates down the sample through taps -1,-2. 
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Figure 16: Temperature profile of the segment neighbouring the initially heated segment in the segregated sample at different currents. 

As shown in Figure 16 the temperature in the segment of the superconducting branch adjacent to the initially heated segment of the segregated sample rises during the firing of the heater. Finally, when the segment has become fully normal, the temperature rise slows down (at 8, 13, 15, 16 and 18 K at 6, 8, 10, 12 and 14 kA). From that moment on, the temperature slightly decreases at lower currents (6-8 kA), stays constant at intermediate currents (10 kA), and slightly increases at high currents (12-14 kA). The temperature of the stabilizer in the segregated sample remains unchanged during this time. It rises only after a long time-delay, which actually is reached only in the 6kA measurement. Interesting are the kinks in the temperature curves at 2.1 K and 4.2 K indicating the enhanced cooling in superfluid and during the transition  to film-boiling.

The quench propagation velocity was deduced from the data by the time of flight method (v=time it takes quench to travel through voltage segment divided by the length of the segment) and from the slope of the voltage curve in the current sharing regime (see equation 14 with ACu the copper cross-sectional area in the superconducting branch, ISc the current in the superconducting branch and dV/dt the voltage along the segment which is turning normal). Both methods gave identical results. 
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Figure 17: Quench propagation velocity measurements on the LHC IR quadrupole busbar prototypes. 

Since the measurement time window in the high current cases became shorter the high current quench propagation velocities were derived from the voltage data of only one tap and therefore less reliable. The uncertainty of the measurement in theses cases is indicated in Figure 17 by an error bar. The “segregated” sample, that is the sample with the insulating foil between the superconducting cable and the stabilizer, and the “fully soldered” sample have roughly the same quench propagation velocity at 1.9 K. The following table resumes the measurements on the HGQ busbar prototypes. The results roughly agree with the predictions in chapter 2 although the calculations were based on a design with Cu stabilizer instead of mixed NbTi/Cu stabilizer.

RRR
Cu [m]
vq @ 11.1 kA
stability
MIITs-limit

100
1.96(10-10
0.65 m/s
no spontaneous quench at operation
not reached in test

Table 3: Results of the experiments on the LHC IR quadrupole busbar prototypes.
The experimental confirmation of the quench propagation data allows to address the problem formulated in  
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Figure 3
: In the current range 6-10kA a quench detection threshold voltage of 0.35 V is sufficient to detect the quench and ramp down the current in the circuit without reaching the maximum temperature of 200K in the bus-bar.  Since the bus-bar in the design discussed above approaches unconditional stability at lower currents (I<4 kA) it can be concluded that it should be protected as well at lower currents. Despite the differences in the initial phase of the quench both samples finally resume to the same quench propagation behavior. This means that there is no reason to prefer the fully soldered to the unsoldered configuration.
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