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Abstract - The energy stored in a superconducting (SC) magnet is dissipated after a quench in the normal zones of the coil,  heating the coils and producing a voltage drop between the turns inside the magnet and between the coil and  the ground. Quench heaters installed in the magnet help to distribute  this energy deposition through out the coil, protecting the coil from overheating and preventing insulation damage  from the high voltage. The situation varies, depending on the conductor and magnet parameters, heater design and operation scheme, quench detector and quench circuit operation and many other things. This note presents some results of the analysis of  the LHC interaction region quad quench protection  problem. 





1. INTRODUCTION



	High gradient superconducting quadrupoles for the LHC Interaction Region (IR)  are designed now at CERN /1/ and FNAL /2/. These magnets will operate in high radiation environments /3-5/ and they have to be reliably protected during a quench.  The main dangers for the superconducting magnet during a quench are  coil overheating and mechanical overstress as well as high voltage between the turns inside the magnet and between the magnet coil and ground.  In some cases these factors can change the magnet operating parameters or  destroy it. So the cable parameters and parameters of the main elements of the quench protection system should be chosen and optimized in such a way to provide  reliable magnet protection during a quench.



	This report presents the results of the analysis of the IRQ quench protection problem. Some recommendations  concerning heater design and operation as well as requirements of the conductor parameters, cable and coil insulation are formulated.



2. LHC IRQ DESIGN



2.1. Coil Design



	The Fermilab/LBL IRQ cross section is shown in Figure 1. It consists of four, two layer coils connected in series. The coils are mechanically supported by means of the collar laminations, cold iron yoke and helium vessel shield. Inner diameter of the collared coil block is 70 mm.  Each coil consists of 30 turns, 14 in the inner and 16 in the outer layer,  and two spacers, one in the inner and one in the outer layer, which divide the coil into four blocks. The coils are numbered in Figure 1 as #1 - #4. A schematic of the coil connection is shown in Figure 2.



	The maximum IRQ design gradient is  260 T/m at the current in the coil 14 kA. The nominal magnet length is  5.5 m  with an  inductance of 3.5 mH/m. 





2.2. Conductor Parameters



	Coils are wound from flat, keystoned Rutherford-type superconducting cables. In both  blocks of the inner coil and the pole block of the outer coil 38 strand cable is used. The second block of the outer coil is made from 46 strand cable. The 38 strand cable is made from  SSC inner layer strand, 0.808 mm in diameter. The 46 strand  cable is made from SSC outer layer wires, 0.648 mm in diameter. The main IRQ conductor parameters are presented in Table 1.



Table 1. 

____________________________________________________________________________________



    #      Parameter                                     38 strand cable                       46 strand cable

_____________________________________________________________________________________



    1.     Cable width, mm                                 15.19                                    15.19



    2.     Cable mean thickness, mm                   1.456                                   1.146

    

    3.     Strand diameter, mm                            0.808                                   0.648



    4.     Cable cross-section, mm2                      19.48                                   15.17

    

    4.     Copper-to-superconductor ratio             1.3:1                                    1.8:1



    5.     Residual resistivity ratio (RRR)              100                                      100

_____________________________________________________________________________________



2.3. Quench Heaters



	To protect the quadrupole magnet during a quench, the outer surface of the coil outer layers are covered by four heaters. Each heater covers  half the length of all 16 turns (4 turns of the 38 strand cable and 12 turns of the 46 strand cable)  of two neighboring coils. The length of each heater is equal to double the magnet length, or 11 m. Four heaters are cover all outer layer turns and are able to quench all outer layer of the quadrupole. The heaters are marked in Figures 1 and 2 as H1- H4.



3. QUENCH ANALYSIS



3.1. Quench Scenario



	The normal zone in the LHC IR superconducting quadrupole will  most likely appear in the pole blocks of the coil inner or outer layer where the magnetic field is a maximum or in the inner layer turns where heat load due to  radiation is highest.  If this zone is small so that the resistive voltage drop is less than quench detection circuit threshold, it will increase in size because of  quench propagation  and cable heating for some time before the quench detector circuit will detect it.  The power supply will then be disconnected from the quadrupole coil.  The magnet is shorted and the quench heaters are fired, heating the outer layer turns. The current in the magnet will decay to zero with the growth of coil  normal resistance and the energy stored in the magnet will dissipate in the normal zones of the coil producing heating, thermal expansion and voltage drop between the turns inside the magnet and between the coil and collars,  which are connected to ground.





3.2. Coil Heating



Coil heating after a quench in adiabatic conditions is determined by 



                   t                        T(t)

 ( I(t)2dt ( N2(S2( (( (C(T)/((T)dT  ,                                                                          (1)

                  0                        Tb



where

	I(t) - current decay after quench;

	T(t) - coil temperature;

	Tb - conductor critical temperature;

	N - number of strands in the cable;

	S - strand cross-section;

	C(T) - strand specific heat ;

	((T) - strand resistivity;

	( - strand mass density.



	The magnet  current decay after quench induced by two heaters for three values of the current in the coil is shown in Figure 3. It is seen that the decay time decreases with increasing of magnet current and for Imax=13 kA the current decreases practically  to zero during only 0.1 second.



	In adiabatic conditions, maximum temperature is achieved  when t((. Dependence of the quench integral  on the left side of expression (1), vs. maximum current in the coil is shown in Figure 4. It shows that the quench integral increases with increasing  of current in the magnet and at 13 kA is equal to 9.1(106 A2(s. The quench integral is the same for all turns in the magnet quenched by the heaters. 



	Maximum temperature after quench for the 38 and 46 strand cable as function of the magnet current is presented in  Figure 5. It shows that for the same magnet current and the same quench integral for both cables, the 46 strand cable is heated to a higher temperature than the 38 strand cable.



3.3. Stress Growth in the Outer Coil



	Presence of the quenched turns in the magnet will produce a coil thermal expansion within the cold collars. As a result, the stress in the coil layers will increase. The effect is greater for the coil outer layer where all turns are quenched by the heaters into the normal state. Stress growth in the coil (((T) is determined by



		 (((T) =(((T)(E(T) ,                                                                                      (2)



where

	(((T) -relative thermal expansion of the coil; 

	E(T) - coil elasticity modulus.



	In the case of a two block coil, where each block can have a different temperature, the mechanical stress growth can be expressed as follows



       (((T1,T2) = (((T1)(E(T1) - [(((T1)(E(T1) - (((T2)(E(T2)]/{1 + (l1/l2)([E(T2)/E(T1)]} ,                (3)



where

	T1 , T2 - coil block temperature;

	l1 , l2 - block length.



	Mechanical stress growth vs. maximum temperature of the quadrupole outer layer is shown in Figure 6. It was assumed that thermal expansion  and the elasticity modulus of the coil follow a parabolic temperature dependence. As is seen, the mechanical stress achieves a maximum value when the coil temperature after quench increases to room temperature and after that starts to decrease. 



	Linear parametrizations for the coil thermal expansion and elasticity modulus and different combinations with a parabolic parametrization were also studied. No significant changes in the maximum stress value and stress temperature dependence up to room temperature were observed. Nevertheless, taking into account that there is no reliable experimental data for the temperature dependence of the coil thermal expansion (contraction) and elasticity modulus, this analysis should be regarded as qualitative. 





3.4. Voltage Drop in the Magnet



Turn-to-turn voltage Utt is a sum of the resistive UR and inductive UL voltages



Utt(t) = UR(t) + UL(t) ,                                                                                        (4) 



UR(t) = Rt(T,t)(I(t) ,                                                                                            (5)



UL(t) = -d((t)/dt ,                                                                                              (6)



where

	Rt(T,t) - turn normal resistance;

	I(t) - coil current;

	((t)= B(t)(St - magnetic flux, penetrating the turn area. 



	The diagrams of the coil-to-ground voltage distribution along the magnet after quench , induced by four, two and one heaters, are shown in Figure 7. 



	In the case of a quench induced by four or two heaters (Diagram 1) the voltage across all coils is equal to zero. Coil-to-coil voltage in those cases is also equal to zero. Maximum coil-to-ground voltage is applied to the point between the inner and outer layers of each coil. 



	In the case of a quench induced by one heater, the voltage distribution depends on the heater position in the magnet (Diagrams 2 - 4). For heater H1, which covers the outer layer of  coils #1 and #4, the maximum coil-to-ground voltage  appears at two points between coils #1 and #2  and coils #3 and #4. Maximum coil-to-coil voltage in this case is two times higher than coil-to-ground one.  



	For the heaters H2 or H4 the maximum coil-to-ground voltage appears in coils #2 or #3 at the points between inner and outer layers. In these cases, its value is approximately 40% higher than for H1. At the same time the maximum coil-to-coil voltage in this case two times less than in the previous case and 1.4 time less than coil-to-ground one. 



	For the heater H3, which covers the outer layer of coils #2 and #3 and quench the magnet central  part, the maximum coil-to-ground and coil-to-coil voltages are highest. The maximum coil-to-ground voltage appears in coils #2 or #3 at the points between inner and outer layers and its value is as in the case of the heaters H2 or H4. The maximum coil-to-coil voltage is as in the cases of heater H1.



	The time dependence of the turn-to-turn, coil-to-coil and coil-to-ground voltage after a heater induced quench is presented in Figures 8 and  9. The figures show that the electrical voltage in the magnet after a quench is increasing with time to its maximum value and then drops down to zero.



4. RESULTS AND DISCUSSION



	As was seen, all quench parameters ( quench integral, coil temperature, voltages in the coil, mechanical stress ) increase when the magnet operating current increases. In this section the results for the IRQ maximal operating current Imax=13 kA are presented. Protection of the magnet at maximum operating current means that it will be reliably protected at lower currents too. In the case of one operating heater the case of the H3 operation is considered.



4.1. Effect of  the Number of Operating Heaters



	Results of the calculations of the maximum values for the turn-to-turn, coil-to-coil and coil-to-ground voltages as well as coil heating and  additional mechanical stress in the outer layer after a heater induced quench by four, two or one operating heaters are presented in Table 2. Basic cable parameters are the same as in Table 1. The reduction in the initial value of RRR=100, due to the magnetic field in the pole block  (38 strand cable) to 35 and  in the second outer layer block (46 strand cable) to 50 was taken  into account. In the case of one operating heater the maximum stress on the stress-temperature curve is presented.



Table 2. 

_____________________________________________________________________________________



   Number                        Utt,                  Ucc,                 Ucg,                 Tmax,               (Pmax,

 of heaters                        V                    V                     V                     K                    MPa

_____________________________________________________________________________________



        4                         -13*/63**               0                   540                92*/182**               23



            2                                       -8*/50**                0                   435              133*/267**               36

      

        1                          23*/108**          1900                1290              195*/393**               37

_____________________________________________________________________________________ 

*) - 38 strand cable;

**) - 46 strand cable.



	As is seen from the above table, four or two heaters provide reliable protection of the magnet after quench from the viewpoint of the maximum coil temperature, mechanical stress and voltage drop in the magnet. In the case of the quench induced by only one heater, the coil-to-coil and coil-to-ground voltage significantly exceeds 1 kV, and together with the high temperature and mechanical overstress of the outer layer can damage the electrical insulation of the magnet.



4.2. Effect of the  Conductor Residual Resistivity Ratio (RRR)



	As was mentioned above, the 38 and 46 strand cables have in the magnet coil different residual resistivity ratio because of the magnetic field effect. Cable residual resistivity ratio can be also affected by using the wires with different initial value of RRR.  Effects of the different initial values of RRR in the 38 and 46 strand cables on the maximum values for the turn-to-turn, coil-to-coil and coil-to-ground voltages as well as coil heating and  additional mechanical stress in the outer layer after a heater induced quench are shown in Table 3. The last two columns show the initial RRR values in the 38 and 46 strand cables and the change caused by the magnetic field.









Table 3. 

_____________________________________________________________________________________



   Number         Utt,           Ucc,           Ucg,             Tmax,             (Pmax,                RRR

 of heaters         V              V              V                 K                 MPa        B=0 T         B(13 kA)

_____________________________________________________________________________________



        4         15*/50**          0            507          121*/166**           21          70*/200**         30*/70**



        2         10*/40**          0            405          175*/240**           35          70*/200**         30*/70**               

   

           1         45*/93**       1760         1200          254*/351**           39          70*/200**        30*/70**

_____________________________________________________________________________________ 

*) - 38 strand cable;

**) - 46 strand cable.



	As is seen from  Table 3, usage of the conductors with different RRR for the 38 and 46 strand cables allows one to decrease  the maximum values of the coil outer layer overheating and voltages in the magnet by 10% and to achieve more uniform heating of the coil outer layers. Maximum values of coil-to-coil and coil-to-ground voltage are also decreased.





4.3. Effect of the Cu/Sc Ratio



	Expected increase of the critical current density in the superconducting wires for the LHC IRQ from 2750 to 3400 A/mm2 at 5 T and 4.2 K allows one to decrease simultaneously Cu:Sc ratio in the 38 strand cable from 1.3 to 1.1. This will increase the maximum field gradient and the coil inner layer stability to the short heat pulses. 



	Results of the calculations of the maximum values for the turn-to-turn, coil-to-coil and coil-to-ground voltages as well as coil heating and  additional mechanical stress in the outer layer after heater induced quench for the case when Cu/Sc ratio in the 38 strand cable is reduced from 1.3 to 1.1 are presented in Table 4.



Table 4. 

_____________________________________________________________________________________



  Number                        Utt,                  Ucc,                 Ucg,                 Tmax,                 (Pmax,

 of heaters                        V                    V                     V                     K                     MPa

_____________________________________________________________________________________



        4                       -10*/61**                0                   540                92*/181**               22



            2                                     -6*/49**                0                   440              133*/265**               36

      

        1                        26*/107**            1905               1300              194*/391**               37

_____________________________________________________________________________________ 

*) - 38 strand cable;

**) - 46 strand cable.



	As is seen from the above Table the effect of the Cu/Sc ratio reduction in the 38 strand cable from 1.3 to 1.1 is practically negligible.



4.4. Effect of the IRQ Length



	It is easily to understand that magnet length affects  the value of the voltages in the coil and does not affect  the coil maximum temperature and mechanical stress after quench. Data presented above shows that in the case of four or two heaters, quench protection can be provided for an IRQ up to 11 m long. Maximum turn-to-turn and coil-to-ground voltages will not exceed 100 V and 1 kV respectively. Coil outer layer temperature and additional mechanical stress are as presented in Tables 2-4.





5. CONCLUSIONS



	1. Quench protection of the LHC IRQ with a length up to 11 m can be reliably provided with the help of four or two heaters placed on the coil outer layer. Maximum values of the turn-to-turn, coil-to-ground and coil-to-coil voltages, outer layer heating and stress after quench will be within safe limits.



	2. Operation of the quench protection system with only one heater is not recommended because of significant overheating and high overstress of the coil outer layer as well as the high voltage drop between the coils inside the magnet and between the coil and ground.



	3. Usage of  conductors with low RRR (<70) for the 38 strand cable and high RRR (>200) for the 46 strand cable allows one to reduce turn-to-turn and turn-to-ground voltages  as well as the maximum temperature of the coil outer layer by approximately 10%. Reduction of the Cu/Sc ratio in the 38 strand cable from 1.3 to 1.1 does not change the above mentioned parameters.



	4. Different types of cable insulation can be used for the 38 and 46 strand cables because of different electrical and thermal requirements and operating condition for these cables.



	5. Taking into account that the maximum coil-to-ground voltage is applied to the coil pole turns implies that the electrical insulation of these turns must withstand up to 1.5 kV and the coil-to-coil insulation must withstand up to 2  kV in both cold and warm gas helium.
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Figure 1. LHC IRQ cross-section:

#1- #4 - quadrupole coils;

H1- H4 - quench heaters.
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Figure 2. Electrical scheme of the coil/heater connections:

I - coil inner layer; O - coil outer layer; 

#1- #4 - quadrupole coils; H1- H4 - quench heaters.
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Figure 3. Time decay of the current in the quadrupole after heater induced quench (two heaters):

(((  - Imax=13 kA;   ((( - Imax=10 kA; ---------- - Imax=5 kA.        
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      Figure 4. Dependence of the quench integral vs. current in the magnet (two heaters).
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Figure 5. Maximum cable temperature in the quadrupole outer layer after quench 

vs. current in the magnet:

        -------  - 46 strand cable;  ((  - 38 strand cable. 
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Figure 6. Mechanical stress in the quadrupole outer layer after quench vs. maximum coil temperature:

		-- -- --  -  T=T2=T1;  -------  - T=T2=1.38(T1; ((   -  T=T2=2(T1.
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Figure 7. Voltage distribution in the IRQ coils after quench.
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              Figure 8. Time dependence of the turn-to-turn voltage in the outer layer after quench:

                  -------  - 46 strand cable;  ((  - 38 strand cable. � EMBED Mathcad  ���

Figure 9. Time dependence of the coil-to-coil and coil-to-ground voltage for the IRQ after quench:

 ((  -  Ucc (one heater);   ........... - Ucg (one heater);

    -(-(-(-(- - Ucg (two heaters);  ------- -  Ucg (four heaters).



