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(
The purpose of this report is to show what do we have to consider when we design a long (or high inductance) magnet.

(
To know this we need knowledge about differences between a long real magnet and a short prototype magnet. 

(
The last half of this report describes some discussions on “how to suppress temperature in a long magnet.”

(
The simulation in this report is a variation of the program described in TD-00-022, TD-00-041 and TD-00-042. The first results of this simulation were reported in TD-00-055, and Applied Superconductivity Conference 2000 (See References). 

(
All of the simulations were carried out for Nb3Sn superconducting cable. Another superconducting material will show quantitatively different results, but should be the same qualitatively.

1. Introduction 

(
To prevent a serious failure of superconducting magnet operation, we have to design the magnet as stable as possible. To design a stable magnet, we need to study the stability of the magnet and the superconducting cable.

(
However, even if the magnet has a good stability, The magnet can fail in operation (quench).

(
Therefore, we also need to consider the behaviour of the magnet when it quenches. The most important thing we have to consider is temperature of the hottest spot. Designing a quench protection system means preventing the magnet from overheating, which can burn the magnet.

1.1 Basic idea 
(
The original program (described in TD-00-022, TD-00-041 and TD-00-042) is for calculating parallel strands. It is necessary to modify the program to fit the purpose of this report.

(
Figure 1 shows the calculation model.

(
As shown in Figure 1, the magnet is treated as a long cable (wire). To mimic the transverse heat transition, it is necessary to set thermal contacts between elements with a certain distance (length of one turn). 

(
For the first step, inductance calculation routines were taken out (Of course, the total inductance is used for the current calculation.). This gives a good approximation because the cable is treated as a single thick wire, and there is no parallel wires in this simulation. Without the inductance calculation, we can reduce the calculation time greatly.
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Figure 1
Calculation model of the magnet. A magnet is considered as a long cable with superconductor and matrix. The thermal contacts between layers are taken in account. 

1.2 Quench protection system

(
When the total voltage reaches a certain voltage (100 mV in these calculations), the quench protection system closes the switch to dump resistor and activates the heater attached on the magnet. 

(
However the dump resistor and the heater have time delay. The delay of the dump resistor is mainly caused by the switch and is less than 2 ms and the delay of the heater is less than 80 ms. (For the LHC dipole, 80 ms is taken as the worst case value for design) 

(
As typical values, the delay is set to 2 ms for dump resistor and 50 ms for heater in this report. Also 30 ms and 80 ms heater delay are calculated to see the effect of the delay.

(
The heater is attached on the outer 14 layers of the magnet (the magnet has 25 layers). Heating energy is given in Watt per area (a typical value is 55 W/cm2). The contact area between the heater and the cable is calculated by the edge surface area of the cable.

(
Figure 2 shows the location of the heater and quench origin in the simulation.
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Figure 2
Location of the heater for magnet protection, and quench origin in the simulation. 

1.3 The cases for simulation

(
Dump resistor : 0 ( and 20 m(.

(
Heater energy : 0 (no heating), 55W/cm2.

(
Short and long magnets: 1m, 1.42 mH for short magnet and 10 m 14.2 mH for long magnet. 4,7 and 13 meter magnets are also calculated. Inductance is 1.42 mH per meter.

(
Big and small cable (These two cable have the same amount of superconductor)


Big cable : 20.00 mm ( 1.867 mm cross-section, Cu/SC ratio is 1.6.


Small cable : 16.64 mm ( 1.55 mm cross-section, Cu/SC ratio is 0.8.

(
Table 1 summarises the specifications of the superconducting cable and magnet. 

Table 1
Specifications of the superconducting cable, magnet and quench protection system for the simulation.

Superconductor
Nb3Sn

Number of turns
25

Length of the magnet
1, 4, 7, 10 and 13 m 

Inductance of the magnet
1.42 mH per 1 meter 

Cross-sectional area of the cable
20.00 mm ( 1.867 for big cable

16.64 mm ( 1.55 mm for small cable

Cu/super volume ratio
1.6 for big cable  0.8 for small cable

Quench detection
100 mV of total voltage

Dump resistor
0 or 20 m(

Time delay of dump resistor
2 ms

Heater for magnet protection
0 or 55W/cm2 on outer 14 turns

Heater delay
30, 50 or 80 ms

2. Long and short magnets  : Amount of copper

(
Figure 3 shows the legend used in the following 2 figures (Figure 4 and Figure 5).

(
Figure 4 and Figure 5 show temperature and current after a quench. The quench is initiated by a minimal necessary energy on the quench origin point shown in Figure 2.

(
In these four figures, the time delay of the dump resistor is fixed at 2 ms, and heater delay is 50 ms.
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Figure 3 Legend for plotting results (For Figure 4 and Figure 5).

(
Figure 4 shows temperature and current of long and short magnets, when the magnets are made of small wire.

(
Without energy dumping or heating, both of the magnets show very high temperature (enough to burn the magnet). Energy dumping and heating reduces the temperature of the short magnet much. However in the case of the long magnet, dumping and heating do not help much (Heating helps a little bit, but not enough). 

(
If we use bigger cable we can reduce temperature of the long cable, as shown in Figure 5.

(
This result suggests that, we need more copper in the superconducting cable for longer magnet.

(
Figure 4 and Figure 5 also show the effect of energy extraction (dumping) and heating. This will be discussed in the following section.
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Figure 4
Short (1 meter) and long (10 meters) magnets of small cable (cable with less copper. See Table 1). 


[image: image5.wmf]1 m 

magnet                                        10 m magnet

No dump

No heating

20 

m

W 

 dump

 

No heating

No dump

With heating

20 

m

W 

 dump

 

with heating

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

0

50

100

150

200

250

0

5

10

15

20

25

30


Figure 5
Short (1 meter) and long (10 meters) magnets of big cable (cable with more copper. See Table 1).

3. Long and short magnets  : Dumping and heating

(
Figure 4 and Figure 5 show that dumping reduces temperature more in the short magnet, but heating helps more in the long magnet.

(
When the quench protection system starts operating, the current decreases with the time constant of the following rough approximation;
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(
The Lmagnet value is inductance of the magnet and given by the magnet design. The inductance of the long magnet is 10 times of the short magnet inductance in this report.

(
The Rmagnet is resistance in the magnet (resistance of the normal zone). The heater is to increase this resistance more rapidly and hence reduce the current within a shorter time.

(
A short magnet has small Lmagnet and Rmagnet values. If the Rdump value is much bigger than Rmagnet values, the effect of Rdump is relatively big. This explains that effect of the dumping is larger than that of the heating.

(
When we increase the length of a magnet, the Lmagnet and Rmagnet values are increased with approximately the same ratio.

(
If we increase the Rdump with the same ratio, we can expect the same time constant. However, increasing Rdump also increases the terminal voltage of the magnet during quenches, which is very dangerous.

(
If Rdump is fixed (at the limit given by the maximum voltage), we can expect that the effect of the dumping is very small in a long magnet.

(
Figure 6 shows that dumping has more effect when the magnet is short, and heating helps more when the magnet is long. 
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Figure 6
Effect of energy extraction and heating on the maximum temperature. The cable is made of big cable. Dump resistor is 20 m( with 2 ms of delay, heater has heating power of 55W/cm2. Nothing means 0( circuit (short circuit) without heating.

4. How to suppress temperature of a long magnet

4.1 Better cooling.

It goes without saying that a better cooling makes the temperature lower. A better cooling can be obtained by more cooling channels by the cable. The cooling channel is a space, which is designed as a path of the coolant (mostly liquid Helium). To get more cooling channels, we need to sacrifice the room for mechanical support. 

If the magnet should be impregnated in epoxy, it is not easy to increase the cooling. Probably a hard material with good thermal conductance helps.

4.2 Shorter magnet.

As shown in Figure 4, Figure 5 and Figure 6 shorter magnet shows lower temperature. If you shorten the magnets you need more number of magnets to fill in the fixed length of the accelerator, and you need more corrections for the end parts, more numbers of cryogenic system and more power supplying parts, and hence the overall cost will increase much. Also you have to expect more troubles in the string operation. 

4.3 Higher critical current.

What if the cable has larger critical current? It is obvious that a cable with higher critical current is more stable than that with lower critical current. The question is that a higher critical current helps the quench protection or not. Some calculation results are shown in Figure 7.
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Figure 7
Effect of critical current on the maximum temperature during quench. The cable was heated with MQE(Minimum Quench Energy) for all of the cases. MQE of 125%-Jc- cable is approximately 125% of 100% cable and MQE of 150%-Jc-cable is approximately 150 % of 100% cable, respectively.

What we can see from Figure 7 is that a cable with higher critical current has higher temperature. At a glance, this seems to be strange, but if you think about the quench energy you will see this is not strange. A cable with higher critical current is more stable (higher MQE). Figure 7 shows results of MQE heating, and therefore a cable with higher critical current was heated by more energy, and showed higher temperature.

If you heat all three cables with the same energy (for example MQE of 150%-Jc-cable), The three curves in Figure 7 become almost the same. This result suggests that the critical current itself does not reduce the temperature. Nevertheless, it is necessary to increase the critical current. We will talk about that in the following section.

4.4 More copper.

“Small and big cable” results (Figure 4 and Figure 5) showed that a cable with more copper matrix has lower temperature. To increase the copper, the cable should become bigger. If we do not have enough space to use the bigger cable, we can consider reducing the superconductor volume. This means we need to increase the critical current density of the superconductor, which is not easy though many companies are trying to do.

Table 1 
Three strands with different copper and superconductor amount. Values are normalized by the values of the big cable (except Cu/SC ratio).

Strand in the cable
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Big cable
Small cable
High density cable

Cross-sectional area of the cable
1
0.69
0.69

Copper/Super ratio
1.6
0.8
1.6

Amount of copper
1
0.5
0.69

Critical current density (Jc)
1
1
1.45

Cable critical current (Ic)
1
1
1
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Figure 8
Cables with different amount of copper and superconductor.

4.5 Faster protection system.

There are two switches in the quench protection circuit. One is for the heater and the other is a switch for dump resistor or a bypass circuit (in the case of string operation). These switches operates within a short time (1 ~ 2 ms), but the heater has its own delay and heat transfer from heater to the cable also takes time (Typically the heater delay is 30 to 80 ms.

Reducing the switching delays should helps, but the more important one is the heater delay. As shown in  Figure 9, a faster heating suppresses the temperature. 
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Figure 9
Effect of heater delay. The cable is made of big cable. Dump resistor is 20 m( with 2 ms of delay, heater has heating power of 55W/cm2.

4.6 Higher dump resistor.

A higher dump resistor makes the current decay faster and hence the temperature lower. Only we need to take the higher voltage into account. In the case of string operation, which is usual in accelerators, it is impossible to set a dump resistor across a magnet.
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Figure 10
Effect of dump resister.

4.7 Heater on more turns.

A faster current decay can be achieved by heating more of the cable. The more cable we heat, the more normal zone (resistance) we can get, and the current decay becomes faster. One problem we can expect is that the heater also heats the quench origin, and this can cause the hottest point to have more temperature rising.
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Figure 11
Effect of heater surface area.

5. Conclusions

(
We don’t need to install a heater to protect the magnet if the inductance of the magnet is small (less than 2 mH) and if there is a dump resistor.

(
Even if a short prototype magnet operates well with a certain amount of copper in the cable, we need more copper when we build a real size long magnet.
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