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1 Specifications and design approach 
The interaction region layout of the high-luminosity LHC (HL-LHC) requires replacing the 

recombination dipole magnets (D2) with new ones [De Maria13, Todesco14]. The following baseline 

specifications were established for the preliminary magnetic design of D2 magnet.  

Table 1 Main parameters of the Nb-Ti recombination dipole for HL-LHC [WP3]. 

Item Unit Value 

Magnetic length m 10 

Integrated field strength Tm 35 

Aperture mm 105 

Operation temperature K 1.9 

Coil aperture mm 105 

Beam separation mm 186 

Nominal field  T 3.5 

Load-line margin % 30 

 

The dipole field direction is identical in both apertures. The main design challenge is to decouple the 

magnetic field in the two apertures and ensure good field quality [Todesco14]. The design approach 

adopted for the recombination dipoles currently installed in LHC [Willen00, Brüning04], using iron yoke 

as a shield between two apertures, leads to large saturation effects [Gupta13, Todesco13, Todesco14]. A 

different approach is proposed here, where the iron yoke is designed primarily for low saturation effects, 

and the resulting large but current-independent cross-talk between apertures is corrected with an 

asymmetric arrangement of the conductor blocks between the left and right side of each aperture. This 

method is conceptually similar to the one used in the past for combined function magnets [Nakamoto04], 

but in this case it is used to cancel the higher order multipolar components rather than introduce them. 

Full symmetry of the coil and yoke is preserved for the overall twin-aperture magnet with respect to both 

the horizontal and vertical center lines. The cryostat is concentric with the circular outer surface of the 

iron yoke. The coil design is based on the LHC dipole cable.  

We provide calculations of expected field harmonics for geometric, saturation and persistent current 

effects, and compare with the error tables used for dynamic aperture studies [Todesco13]. The fringe field 

as a function of the outer diameter of the iron yoke is also presented. The feasibility of increasing the 

operating field from 3.5 T to 4.5 T, with a corresponding decrease in magnetic length, is discussed.  

The report is arranged as follows. In section 2, an initial coil block layout is presented as the starting point 

of the analysis and the definition of field errors is given. In section 3, a simple iron yoke geometry is 

optimized to give an acceptable level of saturation effect. With the selected yoke geometry, the reduction 

of field errors through asymmetric coil block design is demonstrated in section 4. Due to the dependence 

of the saturation effect on the coil block layout, a further iteration on the yoke geometry is performed to 

reduce the b2 in section 5. With the resulting coil block layout and yoke design, a final optimization of 

field errors is performed with Roxie and the results are given in section 6. In section 0, the expected field 

errors are analyzed based on the optimized coil block layout. The contribution from the geometric, 

saturation, persistent current and random coil block positioning are calculated. The field errors are 

compared to the latest field error table established for the recombination magnet. In section 8, we discuss 

the fringe field and perform the parametric study on the impact of the yoke OD and the shell thickness. In 
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section 9, a prospect of the operation at 4.5 T is discussed in terms of field errors and fringe field. We 

summarize the major results in section 10.  

2 Initial layout and field error definition 
In order to assess the potential of the proposed approach, a simplified iron yoke design is used. It has a 

circular outer surface (OD of 560 mm) and a central window frame characterized by its width and height 

(Figure 1).  

 

Figure 1 The iron yoke with 560 mm OD and the central window frame (one quadrant is shown). The half width (w) and half height (h) 

of the central frame are shown. The top half of the coil blocks in the right aperture are shown. 

In addition to the dipole field direction, the magnitude of the main field and field errors must be identical 

in both apertures (except the opposite signs for the even-order normal harmonics which will be discussed 

later). Thus, the magnetic field quality will be referred only to the right aperture in this report. The 

magnetic field in the right aperture can be expressed as a series expansion, 

       ∑   (
    

    
)
    

   
, 

where Cn = Bn + iAn is the complex multipole coefficient in Tesla at the reference radius Rref [Jain98]. Bn 

is the normal and An is the skew coefficient of the multipole field of order n with n =1 corresponding to 

the dipole field. The field errors are typically normalized to the main field and amplified by a factor of 

10000 due to their small amplitude compared to the main field, as given by  

        
      

  
    , 

where bn is the normal and an is the skew harmonic of order n in units for a dipole magnet.  

Analysis was first performed with a 3-block design based on the RHIC dipole cable. At 3.5 T, the 

preliminary analysis without detailed optimization shows that b2 can be controlled to 26 units and the low 

order harmonics up to n = 5 can be controlled to be within ± 5 units, the high-order harmonics are on the 

order of 10 to 20 units. In addition, the operation point is at 85% of load line at 3.5 T, higher than the 

desired load-line ratio of 70% due to the reduced iron. Based on this feedback, a 5-block design based on 

LHC dipole outer layer cable was adopted. The initial 5-block layout as the starting point of the analysis 

is shown in Figure 2. In each aperture, the coil block has full top-bottom and left-right symmetry. In total, 

we have 32 cables in each quadrant of one aperture.  
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Figure 2 The initial layout of the two apertures with the 5-block design based on the LHC dipole outer layer cable. The polarity of the 

magnet current is differentiated by the cable color. Block numbers in quadrants 1 (1 – 5) and 2 (11 – 15) in the right aperture are shown. 

The scale unit is mm. 

In addition to the radius, two angles are used to characterize the coil block positioning. One is the 

positioning angle (φ) and the other is the inclination angle (α), as shown in left aperture in Figure 2. The 

convention is that the angle increases from the mid-plane to pole, as defined in Roxie [Russenschuck10]. 

The coil block parameters for the initial layout are given in Table 2. 

Table 2 Coil block parameters for the initial 5-block design. 

Block 
Cable 

numbers 

Positioning angle 

(degree) 

Inclination angle 

(degree) 

1 12 0.546 0 

2 8 24.5 24.5 

3 5 42.5 42.5 

4 4 55.7 55.7 

5 3 72.2 72.2 

 

Due to the top-bottom symmetry, the skew harmonics are always zero. With the left-right symmetry with 

respect to the center vertical line between two apertures, the even order harmonics have the same 

amplitude but opposite signs between two apertures whereas the odd order harmonics are identical in both 

apertures.  

Nominal current refers to the current with which the nominal dipole field, e.g., 3.5 T, is generated. The 

injection level is 0.225 T, scaled from the nominal current assuming the injection energy is 450 GeV and 

the collision energy is 7 TeV.   

The field errors for the initial layout are computed at 9500 A at Rref = 35 mm with Roxie. The normal 

terms in the right aperture are given in Table 3. The normal terms in both apertures have the same 

amplitude but opposite sign for even-order terms. The skew terms are zero as expected due to the 

symmetry.  

Table 3 The computed normal harmonics in the right aperture at 9500 A, Rref = 35 mm, initial 5-block coil layout. The main field is 3.483 

T. The skew terms are all zero. 

Harmonics units 

b2 240.783 

b3 -207.097 
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Harmonics units 

b4 36.937 

b5 48.859 

b6 1.841 

b7 6.220 

b8 0.069 

b9 6.082 

b10 0.004 

b11 -0.559 

b12 0.000 

b13 0.554 

b14 0.000 

b15 -0.235 

3 Yoke frame size and saturation effect 
Using the initial coil block layout, the saturation effect is computed as a function of frame size. Here we 

define the saturation effect as the difference between the field errors at the nominal field (3.5 T) and the 

injection level (0.225 T) where the geometric effect dominates. The lower bound of the width and height 

of the central frame is determined by the coil block and collar size. For the case of LHC 15 mm wide 

cable (see section 11 for detailed parameters), the coil block reaches 160.5 mm in the mid-plane, which 

gives the lower bound of 175.5 mm for the half width of the central frame assuming the collar is 15 mm 

wide. In the vertical direction, the coil block reaches 67.5 mm, which gives the lower bound of 82.5 mm 

for the half height of the central frame. The upper bound of the central frame size is determined by the 

mechanical configuration of the magnet cross section. It also affects the load-line ratio and the fringe field 

as a larger central frame results in less iron available to enhance the central field and return the magnetic 

flux.  

For this analysis we focus on the b2 and b3 components as higher-order harmonics and their saturation 

only depend weakly on the yoke geometries. Figure 3 shows the saturation effect of b2 and b3 based on 

the initial coil configuration. A few patterns can be observed. For a given height of the frame, the 

saturation of b2 becomes larger with wider frames. For a given width of the frame, the b2 saturation 

decreases with higher frames. These changes are not monotonic as some local minimum can be found 

(e.g., the small b2 saturation with w = 180 mm and h = 100 mm). On the other hand, for the same frame 

size, the saturation of b3 has a different pattern compared to those of b2. For example, the b3 saturation 

tends to decrease with wider frames. The frame with minimum b2 saturation does not yield a minimum b3 

simultaneously.  
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Figure 3 Saturation effect as a function of yoke frame size: (a) b2 and (b) b3. The bubble area is proportional to the saturation value. Solid 

circles correspond to the positive values and open circles correspond to the negative values. The saturation values with w = 195 mm and h 

= 115 mm are shown. Rref = 35 mm. 

The field errors at the nominal field also depend on the size of the yoke frame, as shown in Figure 4. 

Small harmonics at the nominal field are desirable.  

   

Figure 4 Field errors at the nominal field as a function of yoke frame size: (a) b2 and (b) b3. The bubble area is proportional to the field 

error amplitude. Solid circles correspond to the positive values and open circles correspond to the negative values. The field errors with 

w = 195 mm and h = 115 mm are shown. Rref = 35 mm. 

The following criteria were used to select the yoke frame size: 1) Saturation effect (change of the 

harmonics level) assuming the harmonics can be corrected by adjusting the coil block positions 2) 

Harmonics at the nominal field (limited correction by varying block positions) and 3) Sensitivity of 

harmonics to coil block displacement. Based on this, we select w = 195 mm and h = 115 mm as the initial 

frame size for the following design iterations. 

4 Coil block positioning and field errors at nominal field 
A basic coil block design is established as an input for the saturation effect study. With the saturation 

effect controlled by the iron yoke, coil block positioning is designed to control the field errors at high 

field. To compensate the large low-order harmonics as shown in Table 3, coil block positioning is 

adjusted in two steps. The first is to move individual turns from one conductor block to the neighboring 

one as they transition from the positive to the negative quadrant at the return end. For simplicity of 

winding and end part fabrication, this shift is limited to a maximum of one turn per block. This operation 
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leads to an asymmetric coil layout within each aperture, similar to the combined function magnet intended 

to generate certain low-order harmonics [Nakamoto04] but preserves the overall symmetry with respect to 

the horizontal and vertical centerlines of the magnet. The second step is to move specific coil blocks to 

reduce the harmonics due to their linear dependence on the small block displacement which can be shown 

as part of the sensitivity analysis for dipole magnets [Redaelli00]. A baseline cross section with 5 blocks 

of LHC cables is presented.  

4.1 Asymmetric coil layout 

4.1.1 Impact of individual turns 

As a first step to optimize the coil layout, we plot the harmonic contribution from each individual turn. 

For example, if the cable group as shown in Figure 5 is removed (the 1
st
 cable in block 2, or the 13

th
 cable 

counted from the mid-plane), b2 in the right aperture will reduce by 50 units. The results for each turn are 

shown in Figure 6. The red data points correspond to the prime cable in quadrant 1 and the blue data 

points correspond to primary cable in quadrant 2. Since the amplitudes of field errors are identical in both 

apertures (except for the sign for even order terms), only the errors in the right aperture are shown.  

 

Figure 5 The 1st cable (black cable) removed in block 2 and the associated blocks in the symmetry group are shown as an example. 
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Figure 6 Change in the field errors in the right aperture when one cable group is removed. The red data points correspond to the cables 

in quadrant 1 of the right aperture and the cables in the associated symmetry groups. The blue data points correspond to the cables in 

quadrant 2 of the right aperture and the cables in the associated symmetry groups. 

The individual turn contributions are different between quadrants 1 and 2 due to the physical distance and 

cross-talk between two apertures. The difference becomes smaller as the cable moves from the mid-plane 

toward the pole with reduced coupling of dipole fields from two apertures. The cross-talk in the low-order 

terms (b2, b3 and b4), in particular for the cables in the mid-plane, is more significant compared to the 

higher order terms. The contributions from each quadrant tend to cancel each other for the even-order 

terms, consistent with their non-allowed nature for a dipole magnet with a single aperture.  

4.1.2 Field error reduction by conductor turn redistribution  

The initial layout features large cross-talk induced field errors from b2 to b5 (Table 3). A significant 

reduction of the resulting harmonics can be obtained through the steps listed below. The block and turn 

numbers in the steps refer to the right aperture. For each step, the blocks and turns in the left aperture are 

changed symmetrically.  

1. Remove block 11 turn 1 and block 25 turn 3 (the turn is counted from the mid-plane to the pole, 

same as that of coil block).  

2. Remove block 13 turn 5, block 15 turn 1, block 23 turn 5, block 25 turn 1 and other turns 

following the dipole symmetry. Increased positioning and inclination angles for block 15 from 

72.2 degree to 73.97 degree and same for the other 7 blocks following the dipole symmetry in 

both apertures. 
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The change in the main field and field errors in the right aperture in each step is listed in Table 4. The 

main field decreases with less cable turns in each step. Compared to the initial layout, the cross-talk in b2 

and b3 are reduced by 90%. The reduction in b4 and b5 is 40% and 48%, respectively.  

Table 4 Change in the main field and field errors in the right aperture in each step. The main field is in T and the field errors are in units 

with Rref = 35 mm. Transport current is 9500 A for steps. 

Step B1 b2 b3 b4 b5 b6 b7 b8 b9 b10 

0 3.48 240.78 -207.10 36.94 48.86 1.84 6.22 0.07 6.08 0.00 

1 3.40 31.30 -233.32 22.03 5.87 -13.72 6.45 -6.42 0.68 -0.47 

2 3.29 28.93 -16.37 22.82 -25.61 -14.32 4.81 -6.60 -1.99 -0.51 

 

Further reduction in the field errors of various orders would not be as straightforward to achieve by 

removing more turns. Removing turns to reduce the field error of one order would increase the field error 

of other orders. At this point, it is more effective to adjust the coil block positioning to further reduce the 

field errors. The coil block parameters resulted from step 2 are listed in Table 5. 

Table 5 Coil block parameters for the first and second quadrant in the right aperture (Figure 2). 

Block 
Cable 

numbers 

Positioning angle 

(degree) 

Inclination angle 

(degree) 

1 11 2.31 0.9 

2 8 24.5 24.5 

3 4 42.5 42.5 

4 4 55.7 55.7 

5 2 73.97 73.97 

11 12 0.546 0 

12 8 24.5 24.5 

13 4 42.5 42.5 

14 4 55.7 55.7 

15 1 73.97 73.97 

 

The cross section from step 2 gives a main field of 3.53 T with 10300 A. The harmonics are listed in the 

appendix (section 12). Higher transport current compensates the loss in the main field due to fewer 

conductors but does not affect the cross-talk. 

4.2 Coil block displacement 

The coil block positioning can be characterized by three parameters: radius (r), positioning angle (φ), and 

inclination angle (α). Field errors vary linearly with each of the three parameters if the displacement is 

rigid and small [Redaelli00]. Based on this principle, we control the field errors by adjusting φ and α as r 

is fixed for the given aperture. We start from the coil block positioning obtained from step 2 (Table 5). To 

avoid the skew terms, the coil block displacement follows the top-bottom mirror symmetry.  

4.2.1 Sensitivity of harmonics to the coil block displacement 

When the change in the coil block positioning follows the dipole symmetry, only the odd-order field 

errors (allowed terms in a dipole) will be affected. Otherwise, the even-order terms will be affected. It is 

possible to separate the harmonics into groups with each group affected by one specific displacement (or 
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step) with minimum cross-talk among groups tuned at different steps, similar to the orthogonal movement 

principle discussed in [Redaelli00].  

4.2.1.1 φ1 with dipole symmetry 

First, we change the positioning angles of block 1 and the associated blocks with dipole symmetry (Figure 

7) with Δφ1 = ±0.5 degrees with respect to the nominal value of 2.31 degrees.  

 

Figure 7 Increase of φ1 with dipole symmetry. The arrows indicate the direction of the block displacement. 

Table 6 gives the resulting harmonics for each φ1. The odd-order terms are strongly affected and they 

decrease with increasing φ of block 1 group with dipole symmetry. With 0.5 degrees increase in φ1, b3 

reduces from -17 units to 1 unit. It is not possible to tune all the harmonics to zero with the change of φ1 

due to different nominal values and sensitivities (slope) for different harmonic orders. Thus, change of the 

positioning angles for other blocks with dipole symmetry is necessary.  

Table 6 Sensitivity of the main field and harmonics to the change of φ1 with dipole symmetry. All other positioning parameters have the 

nominal values. The angle is in degree. Main field is in T and harmonics are in units at Rref = 35 mm. Slope is in units/degree. 

φ1 B1 b2 b3 b4 b5 b6 b7 b8 b9 b10 

2.81 3.525 26.61 -36.79 22.62 -42.07 -14.40 -3.66 -6.59 -5.36 -0.47 

2.31 3.527 27.40 -17.51 22.66 -25.99 -14.49 4.85 -6.67 -2.01 -0.51 

1.81 3.529 28.19 1.06 22.75 -10.37 -14.54 13.24 -6.72 1.38 -0.54 

Slope 0 -2 -38 0 -32 0 -17 0 -7 0 

 

4.2.1.2 φ2 without dipole symmetry 

To control the even-order terms, we adjust the positioning angle of block 2 and the associated blocks with 

dipole symmetry. In this case, however, the displacement of each block does not follow the left-right 

symmetry within each aperture (Figure 8). On the other hand, the left-right symmetry with respect to 

center line (x = 0) and the top-bottom symmetry are preserved.  
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Figure 8 φ2 increases in blocks 2, 7, 23, and 24 and decreases for the same amount in 12, 17, 33, and 34.  

Table 7 gives the sensitivity of the multipoles to three φ2 values. As expected, only the even-order terms 

are affected by this displacement. One may simultaneously reduce b4 and b8 to zero as shown in Figure 9. 

For example, this can be achieved with a φ2 of 25.2 degrees (φ2 increased by 0.7 degrees in blocks 2, 7, 

23, and 24 and decreased by the same amount in blocks 12, 17, 33 and 34). 

Table 7 Sensitivity of the main field and harmonics to the change of φ2 as shown in Figure 8. All other positioning parameters have the 

nominal values. The angle is in degree. Main field is in T and harmonics are in units at Rref = 35 mm. Slope is in units per degree increase. 

φ2 B1 b2 b3 b4 b5 b6 b7 b8 b9 b10 

23.5 3.528 77.25 -16.47 53.93 -24.84 -17.30 5.46 -15.29 -2.10 -3.33 

24.5 3.527 27.40 -17.51 22.66 -25.99 -14.49 4.85 -6.67 -2.01 -0.51 

25.5 3.526 -22.45 -18.48 -8.61 -25.08 -11.68 5.45 1.96 -2.10 2.31 

slope 0 -50 -1 -31 0 3 0 9 0 3 

 

 

Figure 9 The even-order harmonics as a function of φ2. At 25.2 degrees, b4 and b8 are both zero.  

We also see that b6 and b10 are weakly affected, which can be remedied by the displacement in φ3 that 

primarily affects b2 and b6. 

4.2.2 Field error reduction according to the sensitivities 

The sensitivity of the harmonics to the positioning and inclination angles of all five blocks can be 

computed. The main field is not significantly affected because of the small displacement. With the 

sensitivities, we can perform the following adjustment to reduce the field errors.  
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3. φ1 decreases from 2.31 to 1.81 degrees for blocks 1, 6, 21, 22 and decreases from 0.546 to 0.046 

degrees for blocks 11, 16, 31, and 32 (dipole symmetry). 

4. φ4 increases from 55.7 to 57 degrees (dipole symmetry).  

5. φ2 increases from 24.5 degrees to 25.2 degrees for blocks 2, 7, 23, 24 and decreases from 24.5 to 

23.8 degrees for blocks 12, 17, 33, 34. 

6. φ3 increases from 42.5 to 43.7 degrees for blocks 3, 8, 25, 26 and decreased from 42.5 to 41.3 

degrees for blocks 13, 18, 35, 36. 

Table 8 Change in the main field and field errors in the right aperture in each step following Table 4. The main field is in T and the field 

errors are in units with Rref = 35 mm. Transport current is 10300 A for all steps. 

Step B1 b2 b3 b4 b5 b6 b7 b8 b9 b10 

3 3.53 28.19 1.06 22.75 -10.37 -14.54 13.24 -6.72 1.38 -0.54 

4 3.52 27.79 1.05 22.76 6.51 -14.58 5.00 -6.73 1.21 -0.54 

5 3.52 -7.18 0.37 0.82 6.94 -12.61 5.29 -0.67 1.17 1.44 

6 3.52 -41.54 0.65 2.63 7.48 0.11 4.81 -1.49 0.95 -1.34 

 

We note that the adjustment listed here is not unique to achieve the minimum field errors. In fact, in step 

5, one could reduce b4 to a negative level such that in step 6, its magnitude can be reduced. A significant 

increase in the magnitude of b2 (by a factor of 6) is a tradeoff to reduce b6.  

5 Further iteration on the yoke frame 
Since the saturation effect also depends on the field distribution in the yoke, which in turn is affected by 

the coil design, an iteration on the yoke geometry is performed after the above adjustments in coil block 

positioning to further reduce the saturation effect. Therefore, the saturation of b2 and b3 is studied by 

varying the yoke geometry around the nominal half width of 115 mm and nominal half height of 195 mm 

with the following goals: 1) to reduce the b2 value at high field 2) to maintain the low saturation level for 

all harmonics, and 3) to maintain the low harmonics at high field. To probe the sensitivity of the 

harmonics on the yoke size, we vary the yoke size with steps of 5 mm (Figure 10 and Figure 11). 

  

Figure 10 Saturation of the b2 and b3 with different yoke geometries between 1150 A and 10300 A. 

b2  b3  
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Figure 11 b2 and b3 at 10300 A with a main field of 3.5 T. The coil block parameter is given by step 6. Rref = 35 mm. 

Two candidate yoke geometries can be identified from Figure 10 and Figure 11: 1) x = 195 mm and y = 

120 mm, 2) x = 185 mm and y = 115 mm. The case with x = 190 mm and y = 120 mm is not chosen due to 

the increased b3, b4 and b5 at 3.5 T compared to the selected cases. Here we use x = 195 mm and y = 120 

mm as an example. The change in the yoke reduces b2 at 3.5 T from -41 units to -19 units (a factor of 2) 

and increases b3 from 0.65 units to 13 units (a factor of 20). Other harmonics are not significantly 

changed. To reduce b3, one can change the φ1 with the dipole symmetry as shown in Figure 7 based on the 

same sensitivity as given in Table 6. The change of the harmonics is shown in Table 9. Step 7 gives the 

harmonics from the same coil block as in step 6 but with the new yoke size (y is increased from 115 mm 

to 120 mm). Step 8 gives the harmonics due to the increase of φ1 from 1.81 degrees to 2.12 degrees (Δφ = 

0.31 degrees) for blocks 1, 6, 21, 22 and increase from 0.046 to 0.356 degrees for blocks 11, 16, 31, and 

32 (dipole symmetry). The Δφ can be determined by minimizing the weighted sum of the odd-order 

harmonics based on Table 6.  

Table 9 Change in the main field and field errors in the right aperture with the new yoke geometry following Table 8. The main field is in 

T and the field errors are in units with Rref = 35 mm. Transport current is 10300 A for both steps. 

Step B1 b2 b3 b4 b5 b6 b7 b8 b9 b10 

7 3.55 -19.20 12.50 2.88 6.70 0.07 4.90 -1.51 0.96 -1.35 

8 3.55 -19.73 0.92 2.82 -3.05 0.11 -0.37 -1.48 -1.17 -1.34 

 

The field errors up to n = 15 are compared with those from previous steps in Table 20. In the next section, 

the coil layout and yoke geometry as in Step 8 will be used as the initial layout for the Roxie 

optimization.  

6 Roxie-based harmonics reduction 
The coil block layout from the last step provides the start point for further harmonics reduction based on 

the optimization routine from Roxie, also taking into account the effect of iron saturation. The Extrem 

algorithm [Russenschuck10] is used to minimize the objective function ∑     
   

     where the weighting 

factors are given as w2 = 2, w3 = 5, w4 = 4, w5 = 2 and wn = 3 for n = 6, …, 12. bn is the normal harmonics 

at Rref = 35 mm at 3.5 T. The objective functions can be updated with more specific requirements on the 

field quality from accelerator physics study, e.g., with different weighting factors. Since the field errors 

b2  b3  
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are more sensitive to the positioning angles than to the inclination angles, we vary the poistioning anagles 

for each coil block in the first and second quadrants in the right aperture (Table 10). 

Table 10 The lower and upper bounds for the positioning angles (degrees) of the coil blocks in the first and second quadrants in the right 

aperture.  

φ 
Lower 

bound 

Upper 

bound 
Coil blocks 

1 1.8 2.5 1, 6, 21, 22 

2 0.046 1 11, 16, 31, 32 

3 25 27 2, 7, 23, 24 

4 23 27 12, 17, 33, 34 

5 43 46 3, 8, 25, 26 

6 41 44 13, 18, 35, 36 

7 56 59 4, 9, 27, 28 

8 56 59 14, 19, 37, 38 

9 72 80 5, 10, 29, 30 

10 72 85 15, 20, 39, 40 

 

The resulting coil blocks are shown in Figure 12 with the parameters listed in Table 11. The resulting 

field errors will be discussed in Section 7.  

 

Figure 12 The coil block layout after Roxie optimization. It has the top-bottom symmetry and the left-right symmetry with respect to x = 

0. Conductor color indicates the current polarity. 

 Table 11 Coil block parameters for the first and second quadrant in the right aperture for the Roxie-optimized cross section (Figure 12). 

The block number definition is given in Figure 2. 

Block 
Number 

of cables 

Positioning angle 

(degree) 

Inclination angle 

(degree) 

1 11 2.1207 0.9 

2 8 25.490 24.5 

3 4 44.224 42.5 

4 4 57.444 55.7 

5 2 76.740 73.97 

11 12 0.5584 0 

12 8 24.062 24.5 

13 4 42.621 42.5 

14 4 58.017 55.7 

15 1 80.491 73.97 
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At the nominal current 10500 A, the bore field is 3.521 T and the peak field in the coil is 4.126 T. This 

gives a ratio of 1.172. The load-line is plotted in Figure 13. The cable critical current as a function of 

applied field is determined based on the Jc(B) fitting [Bottura02] and strand parameters available in Roxie 

cable data file. The maximum load line working point is 54%. 

 

Figure 13 Load line for the coil layout optimized at 3.5 T. The maximum load line working point is 54%. 

7 Comparison to the WP3 field error table version 1.4 
We evaluate the 2D field quality resulting from the above optimization (Figure 12 and Table 11) and 

compare it to the WP3 field error table version 1.4, the latest version when this report is completed 

[Todesco13]. The expected main field and field errors in the magnet straight section are presented 

considering the geometric, saturation and persistent-current effects. Field errors due to random coil block 

positioning are also discussed. The nominal current is 10500 A corresponding to a main field of 3.5 T. 

The minimum current is 50 A. The injection current is 675 A given that the proton center-of-mass energy 

is 0.45 TeV at the injection and 7 TeV at the collision level per beam.  

This persistent-current effect is computed with Roxie which implemented the Nested Ellipse Model 

[Vӧllinger02] and the Jc(B) fitting for the LHC dipole outer layer conductor [Bottura02]. The calculation 

considers a current ramp sequence composed of three segments: the first up-ramp, followed by the down-

ramp and the second up-ramp. The first up and down ramps simulate the pre-cycle between the minimum 

and nominal currents whereas the field errors in the second up-ramp are relevant for the accelerator 

performance.  The persistent-current effect in this report refers to the field errors in the second up-ramp.  

7.1 Transfer function 
As shown in Figure 14, the low-current transfer function is 0.3681 T/kA. Saturation starts to be 

significant at about 2900 A. The transfer function reduces by 8.9% at 10500 A (3.5 T). At the injection 

level, the persistent-current effect during the second up-ramp corresponds to -17 units in the transfer 

function compared to its geometric value. The persistent-current effect contributes to -0.3 units to the 

transfer function at 10500 A.  
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Figure 14 The calculated main field transfer function. The contributions from the geometric, saturation and persistent-current effects 

are shown. 

7.2 Field errors 

7.2.1 Geometric, saturation and persistent-current effects 

Figure 15 shows the computed low-order field errors (n = 2, …, 5) as a function of current. The geometric 

effect is defined as the field errors at 100 A from the black data lines shown in Figure 15. Among the field 

errors up to order n = 15, the top three harmonics with the highest geometric effects are b4 (2 units), b3 

(1.8 units) and b15 (1.5 units). Similar to the main field transfer function, the saturation effect becomes 

significant around 2900 A. For field errors up to n = 4, the saturation effect increases first followed by a 

decrease towards the nominal current level, leading to a field-error peak around 6500 A for b2 and b3 and 

6100 A for b4. As a result, the variation is 14 units for b2, 7 units for b3 and 3 units for b4, even though 

they are less than 0.5 units at the nominal current level (Table 13). It remains to be clarified how the non-

monotonic variation of b2, b3 and b4 impacts the beam dynamics.  
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Figure 15 The calculated low-order field errors (n = 2, …, 5) as a function of current.  

The persistent-current effects below 2 kA are higher than 1 unit for low-order harmonics up to decapole 

(n = 5). For higher orders, the effect is less than 0.5 units. Like the geometric and saturation effects, 

persistent-current effect is expected in both odd- and even-order normal harmonics due to the cross-talk 

between two apertures and the asymmetric coil layout in each aperture. The effect at the injection level is 

given in Table 13.  

7.2.2 Random coil block positioning error 

The field errors due to random coil block positioning error are computed using Roxie. Each of the 40 coil 

blocks in two apertures is randomly displaced assuming a positioning tolerance d. In total 500 cases are 

generated and the standard deviation of the field errors from each aperture in each case is calculated. The 

calculation is repeated for different values of the positioning tolerance. The standard deviation of the field 

errors can be fitted to the following function  ( )        
 
  where α, β, and γ are fitting constants 

[Ferracin00]. For each computation, each of the 40 coil blocks in two apertures is randomly displaced 

simultaneously. The fitting constants are averaged between two apertures and listed in Table 12. The 

averaged fitting constants can be used to characterize the random field errors for d between 10 and 100 

μm.  

Table 12 Fitting parameters for the random multipoles generated by random displacement of the coil block. 

d α β γ 

[μm] [1/μm] [-] [-] 

100 0.115609 0.719383 0.994748 

50 0.115604 0.719383 0.994748 

30 0.115586 0.719317 0.994752 

10 0.115625 0.719326 0.994749 

average 0.115606 0.719352 0.994749 

 

7.3 Comparison to the error table 

7.3.1 Systematic errors 

The normal harmonics are compared to the latest field error table established for D2 magnet version 1.4 

[Todesco13] in terms of the contribution from geometric, saturation, persistent current effects. The total 
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field errors at the injection and high-field levels are also given. The numbers in the parenthesis are from 

the error table. Only the normal harmonics are considered as all the systematic skew terms are zero due to 

the symmetry.  

Table 13 Comparison between the computed normal harmonics in units from the coil design reported here and the field error table 

version 1.4 in parenthesis [Todesco13]. Rref = 35 mm. 

bn Geometric Saturation Persistent Injection 
High Field 3.5 T 

w/o p.c. w/ p.c. 

2 -1.250 (0.000) 1.246 (25.000) -1.905 (0.000) -3.154 (0.000) -0.004 (25.000) 0.009 

3 1.771 (18.000) -1.757 (-15.000) -14.683 (-14.200) -12.912 (3.800) 0.014 (3.000) -0.476 

4 1.957 (-8.000) -1.916 (10.000) 1.233 (0.000) 3.189 (-8.000) 0.041 (2.000) 0.094 

5 0.943 (4.000) -1.012 (-5.000) 1.203 (-1.000) 2.146 (3.000) -0.069 (-1.000) -0.150 

6 0.336 (0.000) -0.367 (0.000) -0.210 (0.000) 0.126 (0.000) -0.031 (0.000) -0.018 

7 0.191 (0.800) -0.091 (-1.000) -0.005 (-0.700) 0.186 (0.100) 0.100 (-0.200) 0.071 

8 0.180 (0.000) -0.006 (0.000) 0.106 (0.000) 0.286 (0.000) 0.174 (0.000) 0.184 

9 -0.424 (0.000) -0.045 (0.090) 0.043 (0.020) -0.381 (0.020) -0.469 (0.090) -0.475 

10 -0.249 (0.000) -0.025 (0.000) -0.174 (0.000) -0.423 (0.000) -0.274 (0.000) -0.274 

11 1.282 (0.000) 0.125 (0.030) 0.149 (0.000) 1.431 (0.000) 1.407 (0.030) 1.408 

12 -1.375 (0.000) -0.134 (0.000) -0.006 (0.000) -1.381 (0.000) -1.509 (0.000) -1.508 

13 0.535 (0.000) 0.052 (0.000) -0.082 (0.000) 0.453 (0.000) 0.588 (0.000) 0.586 

14 0.089 (0.000) 0.009 (0.000) -0.021 (0.000) 0.068 (0.000) 0.098 (0.000) 0.098 

15 -1.446 (0.000) -0.141 (0.000) -0.069 (0.000) -1.515 (0.000) -1.587 (0.000) -1.589 

 

The geometric values are given by the harmonics at 100 A without including the persistent-current current 

effect. The quadrupole term (b2) is -1.25 units compared to the specified zero value. The sextupole, 

octupole and decopole are all lower than the levels from the error table. For n > 7, the amplitudes of the 

field errors are less than 0.55 units, except for n = 11, 12, and 15 where the amplitudes of the field errors 

are less than 1.5 units. The amplitude of these high-order terms would decrease fast with reduced 

reference radius [ (
 

    
)
   

]. 

For the saturation effect, the underscored numbers indicate the non-monotonic behavior of the saturation 

curves and the saturation effect here is defined as the difference between the high-field and the geometric 

values, i.e.,  the peak levels around 6 kA are neglected for the n = 2, …, 5 (Figure 15). In this case, the 

saturation effect are well below the limits specified in the error table for n = 2, …, 5. For the high-order 

terms, the saturation effect is less than 0.37 units.  

The persistent-current effect is the difference between the harmonics at the injection level (675 A) and the 

geometric values. The harmonics are linearly interpolated between two current steps, 588 A and 715 A. 

The even-order normal terms are allowed in D2 due to the asymmetric coil layout and the cross-talk 

between the two apertures. This also leads to non-zero even-order persistent-current terms [Sabbi13]. The 

most significant one is b2 with 2 units of contribution from the persistent current. The persistent-current 

effect of b3 is close to the specified level in the error table (-14.7 units vs. -14.2 units). With the smaller 

geometric value, however, the persistent-current effect is less compensated which leads to a higher b3 at 
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the injection level compared to the value in the field error table. The high-order persistent-current field 

errors are less than -0.2 units. The contribution from the persistent-current effect is not negligible for the 

low-order terms (n ≤ 5), in particular b3, but is negligible for high-order terms where the geometric effect 

dominates.  

For the field errors at high-field, two columns are included, one with and one without the persistent-

current effect. The low-order harmonics (n ≤ 5) are all significantly lower than the levels specified in the 

error table. For higher orders, the field errors are dominated by the geometric terms. 

7.3.2 Random errors 

Table 14, Table 15 and Figure 16 compare the random errors calculated above with those in the present 

WP3 D2 table (version 1.4) [Todesco13]. A uniform RMS displacement of 30 μm is used for both normal 

and skew terms of even and odd orders for the asymmetric coil layout in this report.  

Table 14 Comparison of the random errors (normal) in units. Rref = 35 mm. 

 
Error table version 1.4 This report 

Normal Injection High Field Injection High Field 

2 0.200 2.500 1.757 1.757 

3 0.727 1.500 1.231 1.231 

4 0.126 0.200 0.854 0.854 

5 0.365 0.500 0.586 0.586 

6 0.060 0.060 0.398 0.398 

7 0.165 0.165 0.267 0.267 

8 0.027 0.027 0.178 0.178 

9 0.065 0.065 0.117 0.117 

10 0.008 0.008 0.076 0.076 

11 0.019 0.019 0.049 0.049 

12 0.003 0.003 0.031 0.031 

13 0.006 0.006 0.020 0.020 

14 0.001 0.001 0.012 0.012 

15 0.002 0.002 0.008 0.008 

 

Table 15 Comparison of the random errors (skew) in units. Rref = 35 mm. 

 
Error table version 1.4 This report 

Skew Injection High Field Injection High Field 

2 0.679 0.679 1.757 1.757 

3 0.282 0.282 1.231 1.231 

4 0.444 0.444 0.854 0.854 

5 0.152 0.152 0.586 0.586 

6 0.176 0.176 0.398 0.398 

7 0.057 0.057 0.267 0.267 

8 0.061 0.061 0.178 0.178 
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Error table version 1.4 This report 

Skew Injection High Field Injection High Field 

9 0.020 0.020 0.117 0.117 

10 0.025 0.025 0.076 0.076 

11 0.007 0.007 0.049 0.049 

12 0.008 0.008 0.031 0.031 

13 0.002 0.002 0.020 0.020 

14 0.003 0.003 0.012 0.012 

15 0.001 0.001 0.008 0.008 

 

For the WP3 table, a symmetric coil layout was used and various assumptions were made in terms of 

determining RMS displacement for specific order of normal and skew harmonics [Bellesia06], and 

scaling of random errors taking into account the systematic values for the corresponding components. The 

random errors we provide in this report are intended as a first assessment of the asymmetric coil layout, 

but additional work is required to incorporate this information in the official field quality table.  

 

Figure 16 Comparison of the random errors in units between WP3 error table (version 1.4) [Todesco13] and this report. A uniform RMS 

displacement of 30 μm is used for both normal and skew terms of even and odd orders for the asymmetric coil layout in this report. Rref = 

35 mm. 

8 Fringe field 
The fringe field is considered with the main field at 3.5 T based on the coil block layout. The outer radius 

of the shell is fixed at 500 mm. The fringe field is computed with Roxie at a radius of 501 mm for 

comparison with a target level of 20 mT. The fringe field with a typical yoke OD (560 mm) and shell 

thickness (10 mm) is first presented, followed by the dependence on yoke OD and shell thickness.  

8.1 Yoke OD 560 mm, shell thickness 10 mm 
There are no rigid requirements for the maximum fringe field in LHC magnets. A general guideline of 20 

mT at the surface of the cryostat can be used as an initial target, but higher values can be accepted 

depending on the local conditions (nearby installed equipment, etc). With a yoke OD of 560 mm and a 
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cryostat shell thickness of 10 mm at 500 mm radius, the fringe field at the surface of the cryostat (R = 501 

mm) ranges from 24 mT to 55 mT with the main field at 3.5 T. This is above the desired 20 mT level but 

consistent with the expected fringe field in other HL-LHC magnets (e.g. QXF).  

 

Figure 17 Fringe field with the main field of 3.5 T. Yoke OD = 560 mm, shell thickness = 10 mm. 

8.2 Impact of the yoke OD and shell thickness 
The fringe field decreases with larger yoke OD and/or thicker shells. As an example, Figure 18 gives the 

fringe field at R = 501 mm for yoke OD from 560 mm to 600 mm with the 20 mm shell thickness and 3.5 

T main field. The magnet current is reduced in the calculation for each case with more iron to maintain 

the same main field. A simple linear relationship exists between the peak fringe field and yoke OD. The 

yoke OD would be about 592 mm for the fringe field to be less than 20 mT at a radius of 501 mm. This is 

consistent with the limits on yoke size established for other HL-LHC magnets (e.g. QXF).  

  

Figure 18 Fringe field at R = 501 mm with different yoke OD. The shell thickness is 20 mm and the main field is 3.5 T. Left: Fringe field 

at R = 501 mm with the yoke OD increases from 560 mm to 590 mm with steps of 10 mm. Right: Peak fringe field at R = 501 mm as a 

function of yoke OD.  

A parametric study is performed by varying the iron yoke outer diameter and the shell thickness to 

determine their impact on the fringe field. Linear relationship between the maximum fringe field and yoke 

OD is observed for several shell thickness ranging from 10 mm to 40 mm. The averaged sensitivity is 

about -0.51 mT/mm.  
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Figure 19 Maximum fringe field at R = 501 mm with different shell thickness and yoke OD with main field of 3.5 T. Solid lines are linear 

fits of the data points. 

The peak fringe field occurs around the mid-plane area (0 and 180 degrees), as expected from the dipole 

field distribution. Thus, it may be possible to locally increase the thickness of shielding for either the yoke 

or the outer shell. More in general, a yoke optimization beyond the simple window-frame considered for 

this study is expected to yield improved performance in terms of maximum field/operating margin, field 

quality and fringe field characteristics. 

9 Feasibility of 4.5 T main field 
The current block layout yields a maximum load-line ratio of 54% at 3.5 T. At 4.5 T, the maximum load-

line increases to 70%. A main field of 4.5 T reduces the magnetic length from 10 m to 7.8 m while still 

maintaining sufficient operational margin. In this section, we briefly review the field errors based on the 

existing coil block design and the fringe field at 4.5 T.  

9.1 Field errors 

By increasing the current, the field errors, in particular n ≤ 6, increase compared to the field errors at 3.5 

T, but this can be corrected by performing the cross-section optimization at the higher field level. The 

high-order terms are less sensitive to higher current. An example from the optimization at 4.5 T is given 

in Table 16 where we compare the main field and field errors between layout 1 optimized at 3.5 T and 

layout 2 optimized at 4.5 T (with a nominal current of 13850 A).  For layout 1, the field errors at 4.5 T are 

also shown. The field errors of layout 2 at 4.5 T are smaller to those from layout 1 at 3.5 T for n ≤ 6 and 

are comparable for higher order terms.  

Table 16 Field errors in units with yoke OD = 560 mm and shell thickness of 10 mm. Rref = 35 mm. Coil block layout 1 is optimized at 3.5 

T and layout 2 is optimized at 4.5 T. 

 Layout 1 Layout 2 

B1 3.5 T 4.5 T 4.5 T 

b2 -0.004 -6.194 0.004 

b3 0.014 -3.215 0.002 

b4 0.041 -1.256 0.035 

b5 -0.069 -0.480 -0.060 
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 Layout 1 Layout 2 

b6 -0.031 -0.122 -0.030 

b7 0.100 0.088 0.111 

b8 0.174 0.177 0.176 

b9 -0.469 -0.484 -0.483 

b10 -0.274 -0.283 -0.305 

b11 1.407 1.450 1.471 

b12 -1.509 -1.555 -1.524 

b13 0.588 0.606 0.645 

b14 0.098 0.101 0.147 

b15 -1.587 -1.634 -1.636 

 

The coil block parameters for layout 2 are given in Table 17. Compared to layout 1 optimized at 3.5 T 

(Table 11), the most significant change is the increase of the positioning angle of coil block 15 by 0.245 

degrees.  

Table 17 Coil block parameters for the first and second quadrant in the right aperture for layout 2 optimized at 4.5 T. The block number 

definition is given in Figure 2. 

Block 
Number 

of cables 

Positioning angle 

(degree) 

Inclination angle 

(degree) 

1 11 2.0806 0.9 

2 8 25.413 24.5 

3 4 44.178 42.5 

4 4 57.407 55.7 

5 2 76.803 73.97 

11 12 0.5650 0 

12 8 24.087 24.5 

13 4 42.660 42.5 

14 4 58.085 55.7 

15 1 80.736 73.97 

 

At the nominal current 13850 A, the bore field is 4.506 T and the peak field in the coil is 5.306 T. This 

gives a ratio of 1.178. The load-line is plotted in Figure 20. The maximum load line working point is 

70%. 
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Figure 20 Load line for the coil layout optimized at 4.5 T. The maximum load line working point is 70%.  

9.2 Fringe field 

At 4.5 T main field, the fringe field at R = 501 mm ranges from 45 to 105 mT at 4.5 T (Figure 21), higher 

than the 20 mT level.  

 

Figure 21 Fringe field with the main field of 4.5 T. Yoke OD = 560 mm, shell thickness = 10 mm. 

The parametric study with different values for yoke OD and shell thickness is shown in Figure 22. Again, 

a yoke optimization beyond the simple window-frame considered for this study is expected to yield 

improved performance in terms of maximum field/operating margin, field quality and fringe field 

characteristics. 
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Figure 22 Maximum fringe field at R = 501 mm with different shell thickness and yoke OD at main field of 4.5 T. Solid lines are linear 

fits of the data points. 

10 Conclusions 
The recombination dipole magnet is required to be upgraded for the High-Luminosity LHC project. The 

main design challenge for this magnet is to decouple the magnetic field in the two apertures and ensure 

good field quality. An approach to achieve this is summarized in this report. The iron yoke is designed 

primarily for low saturation effects, and the resulting large but current-independent cross-talk between the 

apertures is corrected with an asymmetric arrangement of the conductor blocks. A design study based on 

the LHC dipole cable is performed. The expected field harmonics for geometric, saturation and persistent 

current effects are given and compared to the latest error table (version 1.4, 2013). The fringe field as a 

function of the outer diameter of the iron yoke is also presented. The feasibility of increasing the 

operating field from 3.5 T to 4.5 T, with the magnetic length decreasing from 10 m to 7.8 m, was 

discussed.  

A yoke optimization beyond the simple window-frame considered for this study is expected to yield 

improved performance in terms of maximum field/operating margin, field quality and fringe field 

characteristics. 

11 Appendix: strand and cable parameters 
The LHC main dipole (MB) outer layer cable is considered in this report. The cable data is from the 

Roxie cable database (cable name “YELLONOU”). The main parameters for the conductor and cable are 

listed in Table 18 and Table 19. 

Table 18 Parameters for the Nb-Ti filament and strand. 

Item Unit Value 

Nb-Ti Filament diameter μm 6 

Strand diameter mm 0.828 

Cu/SC ratio - 1.9 

RRR - 80 

Jc (1.9 K, 5 T) A/mm
2
 1953 

 



27 

 

Table 19 Parameters for the Nb-Ti cable. 

Item Unit Value 

Height mm 15.1 

Minor edge width mm 1.362 

Major edge width mm 1.598 

Radial side insulation thickness mm 0.15 

Azimuthal side insulation thickness mm 0.13 

Number of strands - 36 

Pitch length mm 100 

12 Appendix: multipole change during coil block design 
The multipole change at various steps of coil block design is shown in Table 20. Geometric and saturation 

effects are considered. The normal harmonics in the left aperture have the same magnitude as listed with 

opposite polarity for even-order terms. The skew terms in both apertures are zero. 

Table 20 The computed normal harmonics in the right aperture at 10300 A with the cross section determined by selected steps, Rref = 35 

mm.  

 Unit 

Initial 

layout 

(Step 0) 

After 

removing 

turns 

(Step 2) 

After 

adjusting 

coil block 

positions 

(Step 6) 

With the 

yoke half 

height of 

120 mm 

(Step 8) 

Phi2 25.2 

 25.3 

deg, 23.8 

 23.7 

deg (same 

block in 

step 5) 

Roxie 

optimization 

Current A 9500 10300 10300 10300 10300 10500 

B1 T 3.4831 3.5273 3.5189 3.5469 3.5468 3.5453 

b2 unit 240.783 27.402 -41.545 -19.730 -24.760 -0.004 

b3  -207.097 -17.512 0.655 0.920 0.823 0.014 

b4  36.937 22.663 2.625 2.818 -0.352 0.041 

b5  48.859 -25.991 7.478 -3.053 -2.907 -0.069 

b6  1.841 -14.490 0.110 0.106 0.390 -0.031 

b7  6.220 4.850 4.811 -0.366 -0.275 0.100 

b8  0.069 -6.665 -1.493 -1.478 -0.606 0.174 

b9  6.082 -2.011 0.950 -1.174 -1.188 -0.469 

b10  0.004 -0.511 -1.340 -1.337 -1.052 -0.274 

b11  -0.559 0.868 3.801 3.179 3.146 1.407 

b12  0.000 -1.399 -1.484 -1.490 -1.535 -1.509 

b13  0.554 0.394 -0.109 -0.258 -0.268 0.588 

b14  0.000 0.012 0.112 0.118 0.058 0.098 

b15  -0.235 -1.116 -1.155 -1.185 -1.182 -1.587 
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