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Abstract—In this technical note, we provide some guidelines for making an optimum choice for parameter A-Length that is used in program BEND for the design of cosine-theta magnet ends. 

1. Introduction
Program BEND is used at Fermilab for the design of cosine-theta type superconducting magnet end parts. Although this program is very powerful and provides the user with several input and output options for design optimization, there is no documentation available for this program. This leads to a very long learning curve for a new user learning to use this program effectively. It is the author's intent to write several technical notes on the different aspects of this program and then to later compile everything in a single master document. This would perhaps help to shorten the learning curve for using this program. In one of our previous notes [
], we had discussed the effect of BEND parameters-Shift and Blunt on the design of end parts. In this note, we focus our attention on another BEND parameter—A-Length and provide guidelines for an optimal choice for this parameter. Note that the BEND parameters A-Length, Shift, and Blunt, along with the YZ plane conductor inclination angle and Offset Length, are important parameters in the design of magnet end parts and are documented for the first and the second high-field dipole models in references [
] and [
] respectively. The effect of the conductor YZ-plane inclination angle on the design of end parts has also been discussed previously [
], [
].

2. A-Length and Offset Length

Parameter A-Length is the magnitude of the largest Z-coordinate of any (inside, outside, or guiding) group surface defined for points that lie on the outer surface of the tube in the final YZ-plane. For our purposes, we place the guiding strip at the inside surface of a given conductor group and specify the inside group A-length. Note that the BEND parameter A-Length is similar to the ROXIE parameter B0 (see Fig. 1). 
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Figure 1: BEND parameter A-Length is similar to the ROXIE parameter B0 .
The relative positions of the conductor groups in a coil end can be optimized to minimize the integrated end harmonics. “The 0,0,0 origin of a group does not have to be coincident to the 0,0,0 origin of the coil end, an origin difference may be applied. The origin difference of a group is the distance the X,Y,Z coordinate system of the group is translated along the Z-axis from the 0,0,0 origin of the coil end, effectively lengthening the straight section for that current block [
].” This origin difference or the offset length is similar to the ROXIE parameter Z0 (as shown in Fig. 2).
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Figure 2: BEND parameter offset length is similar to the ROXIE parameter Z0 .
To further clarify these definitions, Fig. 3 shows graphically the A-Lengths and the offset lengths for the three outer-layer, return-end conductor groups from the second high field dipole model, HFDA02 [3]. 
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Figure 3: Outer layer, return end design for the second high-field dipole model, HFDA02 [3]. The first conductor group, OR1 has an A-length of 40 mm; the second conductor group, OR2 has an A-length of 55 mm; and the third conductor group, OR3 has an A-length of 85 mm. The origin for the second conductor group, OR2 is offset from the 0,0,0 origin by 25 mm and the origin for the third conductor group, OR3 is offset from the 0,0,0 origin by 40 mm (i.e., an additional 15 mm).

3. Choice of A-Length

It is generally desirable to have the A-Length as small as possible to shorten the magnetic length of the ends. However, if the A-Length is too short then it can cause excessively large strain in the conductors. As mentioned in reference [
] too, “A group's A-length must be proven to survive mechanically. An A-length can be specified that is too short to allow the twist in the group to be smoothly distributed. An A-length that is too long can cause the free edge to bulge excessively.” 

While using program BEND, the A-Length is selected by the user. For any given A-Length, program BEND suggests an YZ-plane conductor inclination angle that is obtained based on minimization of the strain energy in the conductor groups. Note that the user is not bound to use the value suggested by the program and can use values based on his or her sound engineering judgment [4], [5]. However, it is desirable not to deviate too far from the value suggested by the program. 

Figures 4 to 7 show plots of the BEND suggested inclination angle versus the A-Length for the different conductors groups of the dipole model, HFDA02. From these figures, one can notice that if the A-Length is too short, then the user needs to use a very large inclination angle to minimize the strain energy in the conductors. In fact, for some of the very large inclination angles (such as angles greater than 50 degrees), program BEND fails to reach an acceptable solution. Some of the disadvantages of using very large inclination angles are noted in reference [5]. 

Another interesting observation from Figures 4 to 7 is that for very large A-Lengths, the inclination angle suggested by program BEND asymptotes to a constant value. This would imply that any further increase in A-Length (i.e., beyond the A-Length at which the inclination angle begins to asymptote to a constant) does not help any further in the minimization of the conductor strain energy. Note that our objective is to use an A-Length as short as possible to minimize the overall length of the ends. 

These observations suggest that a good initial starting point for the A-Length could be the value of the A-Length for which the program BEND suggested value for the inclination angle starts to asymptote to a constant value. However, note that in reality a larger or a smaller value could be used for magnetic field optimization (minimization of the integrated harmonics) or other considerations. 

For the case of the high field dipole model, HFDA02, one of our objectives was to minimize the overall length of the ends since our complete magnet was only 1 meter long. Figures 4 to 7 show the values of the A-Length that we used for HFDA02. It should be noted that the overall length of any given end (i.e., the return end or the lead end) is determined by the length of the outer layer for that end. This fact provides some flexibility in the choice of A-Lengths for the inner layer for the purpose of magnetic field optimization. 
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Figure 4: Effect of A-length on inclination angle for inner layer return end conductor groups. Also shown in the figure are actual A-lengths used (IR1-21, IR2-45, IR3-90) for the second high-field dipole model, HFDA02 [3].

For the lead end, which is not symmetric, for each conductor group there's a distinction between the two halves across the YZ plane. Note that for the return end, the YZ plane is the plane of symmetry, as seen in Figure 3. In Figures 6 and 7, we have differentiated between these two halves as the right hand side and the left hand side half. However, note that for both these halves, we have to use a single A-Length value. Figures 6 and 7 show that for the chosen A-Length, the variation in the BEND suggested conductor inclination angle is larger for the one-conductor conductor groups (such as ilr2 & ill2, ilr4 & ill4, oll3 & olr3, oll5 & olr5), which transition the cable from the first to the next conductor group. 
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Figure 5: Effect of A-length on inclination angle for outer layer return end conductor groups. Also shown in the figure are actual A-lengths used (OR1-40, OR2-55, OR3-85) for the second high-field dipole model, HFDA02 [3].
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Figure 6: Effect of A-length on inclination angle for inner layer lead end conductor groups. Since the lead end is not symmetric, for each conductor group such as group 1, there are a left hand side conductor group (such as ill1) and a right hand side conductor group (such as ilr1). Note that the first two characters in the naming convention represent Inner Layer, the third character represents the Left hand or Right hand side, and the fourth character represents the conductor group number. Also shown in the figure are actual A-lengths used for the second high-field dipole model, HFDA02 [3].
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Figure 7: Effect of A-length on inclination angle for outer layer lead end conductor groups. Since the lead end is not symmetric, for each conductor group such as group 1, there are a left hand side conductor group (such as oll1) and a right hand side conductor group (such as olr1). Note that the first two characters in the naming convention represent Outer Layer, the third character represents the Left hand or Right hand side, and the fourth character represents the conductor group number. Also shown in the figure are actual A-lengths used for the second high-field dipole model, HFDA02 [3].

APPENDIX

1. Minimum Number of End Parts Required: Let N be the number of conductor groups in a given layer of a magnet cross-section. Then, the minimum number of end parts required for the Return End (RE) is N + 1, and the minimum number of end parts required for the Lead End (LE) is 2 * N.  This implies, that the total number of end parts required for a given layer is at least 3 * N + 1. It should be noted that a larger number of end parts would be required if any given conductor group is split into two or more conductor groups at the end.

2. We now present the inside and outside surfaces for each of the return end conductor groups of the second high-field dipole model, HFDA02 [3]. These figures were generated using program Microsoft Excel. A macro was written in Excel to automate the task of generating these figures from program BEND output data. For each conductor group, we present both the inside and the outside surfaces. It can be seen from these figures, that the chosen A-Length is for the inside surface of the conductor groups. 
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Figure 8: Inside surface for inner layer return end conductor group 1.
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Figure 9: Outside surface for inner layer return end conductor group 1.
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Figure 10: Inside surface for inner layer return end conductor group 2.
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Figure 11: Outside surface for inner layer return end conductor group 2.
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Figure 12: Inside surface for inner layer return end conductor group 3.
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Figure 13: Outside surface for inner layer return end conductor group 3.
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Figure 14: Inside surface for outer layer return end conductor group 1.
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Figure 15: Outside surface for outer layer return end conductor group 1.
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Figure 16: Inside surface for outer layer return end conductor group 2.
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Figure 17: Outside surface for outer layer return end conductor group 2.
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Figure 18: Inside surface for outer layer return end conductor group 3.
[image: image19.wmf]Outside Surface for OR3

Shift = 0 & Blunt = 0.117

0

10

20

30

40

50

60

0

20

40

60

80

100

120

Z

X

Series1

Series2


Figure 19: Outside surface for outer layer return end conductor group 3.
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