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Abstract - New high gradient quadrupole with the 250 T/m field gradient in 70 mm bore is developed for the Large Hadron Collider (LHC) interaction regions and for the Tevatron interaction region upgrade.  The magnet design is based on the SSC type niobium-titanium superconducting wires and operation in superfluid helium.  The effect of the conductor parameters (critical current density, upper critical magnetic field, copper-to-superconductor ratio) on the magnet critical parameters and operating performance are analyzed.  Based on presented analysis the new conductor specifications are formulated. 





1.  INTRODUCTION





	The current design of the LHC interaction regions (IR) is based on the eight high gradient superconducting (SC) quadrupole magnets.  The main required parameters and operating conditions to those magnets are presented below /1,2/:





	- operating field gradient                                            		            235 T/m


	- peak field in coil                                                 		               8.6 T


	- maximum field gradient                                          		            275 T/m


	- load line margin                                                       		               85%


	- inner coil diameter                                                   		             70 mm


	- magnetic length                                                        		              5.5 m


	- beam induced heat load                                            		              45 W


	- operating temperature                                              		              1.9 K





	As follows from above data, the main features of the LHC Low-( quadrupoles are the high field gradient, large aperture and big operating margin. The 70 mm aperture has been chosen taking into account both field quality and beam induced heat depositions considerations.  The significant operating margin is required for the magnet reliable operation at the expected radiation heating load of 45 Watt per magnet /2/.  These last conditions (the load line margin and beam induced heating) are still the subject of further research and optimization.





2. REVIEW OF SC QUAD DESIGNS





	Several desingns of the superconducting quadrupole magnets have been developed and studied within the frame of different superconducting accelerator/collider projects.  The parameters of some of them which have been developed for the  RHIC /3/, HERA /4/, UNK /5/ superconducting ring as well as for the SSC /6/ and TEVATRON /7/ interaction regions are presented in Table 1.  All theose magnets have the large coil bore, are made of the Nb-Tiniobium-titanium superconductor and have been designed for the operation in a leiquid helium at the temperature of 4.3-4.6 K. 








Table 1. SC Quadrupole Parameters.
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	Analysis of the data, presented in Table 1, shows that to increase the field gradient in the quadrupole both high critical current density and at list two layer coil design are required.  Highest operating field gradient of 141 T/m (maximum value is about 165 T/m) has been achieved in Tevatron Low-( quadrupole magnet (LBQ) at 4.6 K with athe help of two-layer wide coil and the high critical current density superconductor (jJc=3.1 kA/mm2  inat  5 T atnd 4.2 K). 





	It is well known that critical current density in the superconductor can be increased by decreasing of the operating temperature.  Extrapolation of the parameters for the quads presented in Table 1 to the operating temperature 1.9 K shows that the maximum field gradient which could be achievttained in those magnets does not exceed of 200-210 T/m.  This is below the required value. and t This means that new high gradient quadrupole design based on the Nb-Ti superconductor has to be developed.  Further increase of the superconductor critical parameters current density in high magnetic field are also required.





3.  LHC IRQ DESIGN





	Fermilab, in collaboration with LBNL and BNL, has begun to develop the new design of the high gradient superconducting (SC) quadrupoles for the LHC Interaction Region (IRQ).  The FNAL/LBNL high gradient quadrupole cross section is shown in Figure 1.  





	The design concept of the presented high gradient quadrupole magnet design is based on the following  starting pointsconsiderations: 





	- two layer graded coil;


	- two cable types, based on the SSC composite superconducting wires;


	- large layer/cable width;


	- closed cold iron. 





	The Mmain magnet parameters are presented in paper /38/.  It consists of four, two layer coils connected in series.  The coils are mechanically supported by means of the aluminum collar laminations, cold iron yoke and stainless steel helium vessel shield.  TheCoil inner diameter of the coil 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.  Nominal IRQ length is  5.5 m.





	The Ccoils are wound from the flat keystoned Rutherford-type superconducting cables having high aspect ration ( cable width to cable thickness ratio) and based on the SSC type composite superconducting wires.  The use of the SSC type superconducting wires allows one to start immediately the cable and coil modeling utilizing  existing SSC superconductors.  The Iinner and outer cable parameters are presented in Table 2.

















Table 2. Cable Parameters


________________________________________________________________________





			         	                  Inner cable                                     Outer cable  


________________________________________________________________________





 Strand type                                                    SSC                                                 SSC





 Strand diameter, mm                                    0.808                                                0.648





 Number of strands                                          38                                                     46





 Cable width, mm                                           15.5                                                 15.5





 Cable mean thickness, mm                           1.456                                               1.146 





 Cable aspect ratio                                          10.6                                                  13.5


________________________________________________________________________





	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.  Both cables are based on the SSC type superconducting wires.  The 38 strand cable is made fromof the SSC inner layer superconducting wires, 0.808 mm in diameter and 1.3:1 copper-to-superconductor ratio.  The 46 strand  cable is made fromof  the SSC outer layer wiressuperconducting wire, 0.648 mm in diameter Cu/Sc=1.8:1.





4. EFFECT OF THE SUPERCONDUCTOR PARAMETERS





4.1. Basic Definitions





	Dependences of the critical current density vs. magnetic field for the existing SSC superconducting wires at 4.2 and 1.8 K as well as quadrupole load line are presented on Figure 2.  According to the existing experimental data, those dependences of the superconductor critical current density vs. magnetic field atin high magnetic fields, B>5T, are practically linear.  and At given temperature, T, it can be characterized by two parameters: critical current density at given magnetic field Bo(5T and 4.2 K, Jjc(5TBo,T,4.2K), (in this case it is commonly used parameter for the superconductor current carrying capability characterisation) and effective upper critical magnetic field, Bc2(T), which is determined  here as the extrapolation of the Jjc-B dependence to B=0. 





	The temperature dependence of the Ssuperconductor critical current density and effective critical magnetic field at 4.2 and 1.8 K are connected by sertain empirical dependences at given magnetic field Bo is the parabolic function of temperature /9/ and can be represented here as follows /4,5/
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where


	Jc(Bo,To) - superconductor critical current density at Bo and To;


	To and Bo - chosen temperature and magnetic field;


	Tc(Bo) - superconductor critical temperature in magnetic field is equal to Bo;;


	To and Bo - given temperature and magnetic field.





	It is convenient to choose To = 4.2 K and Bo = 5 T.  In this case Jc(Bo,To) is a commonly used characteristic of the superconductor current carrying capability.


	


	Bc2(T) - dependence of the superconductor effective critical field vs. temperature.





	The temperature dependence of the critical temperature on magnetic field and dependence of the effective upper critical magnetic field on temperature for the NbTi superconductor isare determined by the empirical expressions /510/
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where


	Bc2(0) - superconductor upper critical magnetic field at T=0 K;


	To = 4.2 K,     Bo = 5 T,      Tc(0) - critical temperature at B=0 T.





	The relationship between Tc(Bo) and Tc(0) is determined by /10/
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	 = 9.2 K.





The critical temperature for most of the practical NbTi-based superconductors, Tc(0), is not very sensitive to the superconductor chemical content and thermomechanical treatment.  It was taken in the presented analysis equals to 9.2 K.  So, b	Soased on the formulas (1), (2) and (3), at both temperatures the dependence of the superconductor critical current density vs. magnetic field at different temperatures can be characterized by the critical current density at 5 T and 4.2 K, Jc(Bo,To), and effective critical magnetic field at 4.20 K, Bc2(0). 





	MagnetQuadrupole load line (the dependence of the maximum magnetic field in the coil, B, vs. the current density in the superconductor, j) can be represented as follows








	�                                                                                (4)


where


	k - coefficient, depending on magnet design (cross-section geometry);


	S - strand cross-section area;


	N - number of strand in the inner layer cable;


	( - cable degradation factor (typical value is 0.95); 


	Cu/Sc - copper-to-superconductor ratio of the inner-layer cable.





	As is seen, for chosen magnet design the magnet load line depends on the Cu/Sc ratio of the inner layer conductor. 





	The dependence of the critical current density vs. magnetic field for the existing SSC superconducting wires at 4.2 and 1.8 K as well as the quadrupole load line are presented on Figure 2.  The Mmaximum field gradient for the given quadrupolemagnet design corresponds to the point of crossing of the magnet load line with the superconductor critical current density - magnetic field dependence.  The other importaent parameter - critical temperature margin - is proportional to the difference between the operating and critical current density at fixedgiven operating current.  Based on the above approach, critical current  density at 5 T and 4.2 K, effective critical magnetic field at 4.20 K and copper-to-superconductor ratio have been chosen for the conductor characterization. 





4.2. Results and Discussion





	The dependence of the maximum field gradient in the LHC IRQ bore at 1.9 K vs. superconductor critical current density in the magnetic field 5 T at temperature 4.2 K for two different value of the effective upper critical magnetic field Bc2(4.2K0) is presented on Figure 3.  EThe value of the effective upper critical magnetic field Bc2(4.2K)=10.3 T Bc2(0)=14.1 T (Bc2(4.2K)=10.3 T) corresponds to the typical binary Nb-Ti (Nb-47wt%Ti or Nb-50wt%Ti) superconductors /6/.  The value of Bc2(4.2K)=11 T Bc2(0)=15 T (Bc2(4.2K)=11 T) corresponds to the ternary Nb-Ti-Ta superconductors /7/.  Copper-to-superconducting ratio in the inner cable is here 1.3:1 as in the existing SSC inner layer superconducting wire.





	The maximum value of the critical current density for the binary material, attainedachieved in the laboratory on the short samples, is 3.5-3.56 kA/mm2 /811,12/.  The results obtained in industry on the large scale lots are lower - 2.75 kA/mm2 for the SSC superconductoring wire and 3.1 kA/mm2 for the FNAL LBQ oneconductor.  Ternary material is less understood now.  Best R&D laboratory results corresponds to the critical current density of 3-3.1 kA/mm2 /129/.  The results achieved in industry for the ternary material are less impressive in compare with the binary one - only 2-2.1 kA/mm22 /10,11/.





	As is seen from the above plot, the best R&D laboratory results for the conductor critical current density allows one to achieveobtain the maximum field gradient in the quadrupole at 1.9 K of 255-260 T/m which is well above the value of the operating field gradient in the LHC interaction regions and close to the required maximum field gradient value.  At the same time, the practical results achivttained in industry for the binary material are better now than those one for the ternary material.  Based on the critical current density obtained onof the FNAL LBQ superconducting wire, theor maximum field gradient of 250 T/m could be achieved in the LHC IRQ. 





	The data presented on Figure 4 and 5 show the effectinfluence of the effective upper critical magnetic field and Cu/Sccopper-to-superconductor ratio on the IRQ maximum field gradient and inner layer critical temperature margin of LHC high gradient quad for  binary and tuernary superconducting alloymaterials.  The critical current density for both materials has been chosen close to the best R&D laboratory results - 3.4 kA/mm2 for binary alloy and 2.8 kA/mm2 for ternary one.  RThe easonable ranges of changes of the effective upper critical magnetic field Bc2(0) for binary NbTi material was chosen from 14 T to 14.6 T.  This range corresponds to Bc2(4.2) range of 10.3-10.8 T.  The range of changes of Bc2(0) for ternary material was chosen from 15 T to 15.6 T (or 11-11.5 T for Bc2(4.2)). Bc2(4.2K)  The reduction of theand Cu/Sccopper-to-superconductor ratio in the inner layer cable from 1.3:1 to 1:1change was regarded for both materials.  This range was chosen have been chosen based on the possibility of the practical realization. The effect of the reduction of the Cu/Sc ration on realization, conductor and cable mechanical properties and the magnet stability and quench protection considerations. 





	The dependence of the maximum field gradient in the LHC IRQ at 1.9 K vs.. superconductor effective upper critical magnetic field of the superconductor for two values of the Cu/Sccopper-to ratio in the inner cable is presented on Figure 4.  As is seen from the above plot,  the increase of the effective upper critical magnetic field and Cu/Sccopper-to-superconductor ratio in the regarding regions has practically the same effect on the quadrupole maximum field gradient in the quadrupole bore for both binary and ternary materials.  The maximum field gradient which could be achieved in the givenpresented  design of the LHC IRQ is aboutabout the required value of 270 T/m.





	The dependence of the IRQ inner layer critical temperature margin in the inner layer of the LHC IRQ at 1.9 K vs. superconductor effective upper critical magnetic field of the superconductor for two values of the Cu/Sccopper-to-superconductor ratio in the inner cable is presented on Figure 5.


  Critical temperature margin is decreased with the increase of the effective upper critical magnetic field at constant superconductor critical current density in 5 T  and 4.2 K. On the other hand, the reduction of the Cu/Sccopper-to-superconductor ratio in the inner layer cable increases the magnet critical temperature margin.  As is seen, at the same maximum field gradient in the quadrupole the binary material provides a higher critical temperature margin in compare with the ternary material.     





5. SUMMARY





	Based on the data presented above we can conclude:





	1. The use of the binary NbTi superconducting alloy for the LHC IR Quad looks more attractive and reliable from the viewpoint of magnet temperature margin and maximum field gradient.


	


	2. To meet the requirements imposed to the LHC IR quad the following parameters on the SSC type superconducting wires have to be achieved:





	- critical current density @T=4.2 K and B=5 T         		           >3400 A/mm2


					       B=8 T                  		           >1500 A/mm2





	- critical current density @T=1.8 K and B=11 T         	           >1500 A/mm2





	- critical magnetic field  @T=4.2 K   (jJc( 0)                                   >10.4 T





	3. To simplify the achievement of the required critical current density at the acceptable supercon-ductor cost,  the superconductor filament diameter can be 10 (m or less.





	4. The reduction of the copper-to-superconductor ratio  in the inner layer cable from 1.3:1 to 1:1 is desirable for the increase of the magnet stability and maximum field gradient. 
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Figure 1. High gradient quad cross-section.
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	     	Figure 2. CDependance of the critical current density (SSC  superconductor) vs. magnetic   	field  at 4.2 K and 1.9 K:                                                                                                                                                      	                                                                                                         	------ - quad load line.
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         		  Figure 3. Maximum field gradient at 1.9 K vs. superconductor critical current density at 			5 T and 4.2 K for tipical binary ( ( () and ternary ( ( ) materials. 
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		Figure 4. Maximum field gradient at 1.9 K vs. effective upper critical magnetic field  for 	binary  (( , () and ternary (( , () materials:                                                                                                                         	   (, ( - Cu/Sc=1.3:1;   (, ( - Cu/Sc=1.0:1.
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	Figure 5. Inner layer temperature margin (midplane turns) at 1.9 K vs. effective upper critical magnetic field for binary (( , () and ternary (( , () materials:                                                                                                                                (, ( - Cu/Sc=1.3:1;   (, ( - Cu/Sc=1.0:1.





