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Executive summary

We present in this document the design of HL-LHC beam separation dipole magnets, called MBXF, focusing in particular on coil lay-out, magnet cross section and support structure. Development status of the 2 m long model magnet is also reported.
1. Introduction
A major upgrade of LHC to increase the data production by a factor of ten is planned around 2023 to exploit its full potential [1], [2]. To achieve a higher luminosity, superconducting and conventional magnets for the insertion regions at both sides of the ATLAS and CMS experiments will need to be replaced to provide a smaller beam size at the interaction point through a reduction of * [3]. KEK has participated in the design study of the High Luminosity LHC (HL-LHC) upgrade within the framework of the CERN-KEK collaboration and has been leading the design study of the new separation dipole magnet (D1) including development of the short model magnets. In the HL-LHC machine, the resistive D1 magnets will be replaced by superconducting dipole magnets, so called MBXF. For the HL-LHC, four MBXF production magnets with two spares will be needed.
Taking into account of the tungsten shielding in the beam pipe required to protect the magnet, the coil bore was fixed to 150 mm in May 2013. A new layout of the insertion region in the HL-LHC requires a higher field integral of 35 Tm (currently 26 Tm) for the D1 because the distance between the D1 and D2 becomes shorter in order to insert the new element of crab cavities in the matching section. The MBXF magnet needs to fulfil these requirements. So far, a series of conceptual design studies on the MBXF as well as the short model development has been carried out at KEK with a support of CERN [4]-[8].
2. design concept 

Main design requirements for the new beam separation dipole magnet, MBXF, are the coil aperture of 150 mm and the field integral of 35 Tm [3]. Fig. 1 shows a cross section of the MBXF magnet (ver. 3.0) and Table I summarizes the main design parameters of the 2-m-long model magnet and the production magnet. Actually, both magnets have the same coil end shape, which is optimized for the production magnet. Nominal dipole field has been set around 6 T and the whole mechanical magnet length below 7 m, since the MBXF magnets have to be tested in the 9-m-deep vertical cryostat at KEK. Nominal field beyond 7 T is not considered since it would lead to a significant design difficulty while the benefit of a shorter magnet length would be marginal. In particular, due to the large aperture, and despite the nominal field of only 6 T, the control of iron saturation effects on the field quality and magnitude of the stray field present some design challenges. This is also complicated by the limited transverse space available in the LHC tunnel imposing an upper limit to the magnet size. The field design already accounts for the contribution of the iron steel cryostat as a flux return [6].

Other important design requirements are the radiation heat load and the cooling capability. The total heat load of the cold mass and the local peak heat load in the coil are estimated to be 90 W and 1.3 mW/cm3, respectively, at the HL-LHC design luminosity of 5 ( 1034 cm-2 sec-1. The magnet design must be compatible with an ultimate peak luminosity that is 50 % higher than the design one. For this reason, the design parameters of the total heat load and the local peak heat load are set to 135 W and 2 mW/cm3, respectively. The magnet must be operated to withstand a total dose of 25 MGy in its lifetime [9].

[image: image10.png]The following is the design guideline of the MBXF magnet.

· Use of spare unit lengths of the LHC Nb-Ti superconducting cable from the main dipole (MB) outer layer, wrapped with the polyimide insulation.

· Operational temperature of 1.9 K by superfluid helium cooling while operating around 75 % of short sample current (i.e. 25 % margin on the load-line).

· A single layer coil to increase the iron yoke contribution to the main field and to reduce the fringe field, and for better cooling capability.
· A “collared yoke structure”, with thin collars  like RHIC magnets [10] and LHC MQXA quadrupoles [11] to increase the iron yoke contribution to the main field and to reduce the fringe field.

· [image: image11.jpg]A yoke outer diameter of 550 mm, same as J-PARC SCFM [12], enabling reuse of the assembly jigs and relevant facilities at KEK.

· Use of radiation resistant materials (able to withstand 25 MGy) for the coil parts: wedges, end spacers.

Specification of the superconducting strand and cable for the MBXF are listed in Table II [13].
3. [image: image12.jpg]Magnetic design
3.1. 2D Magnetic Design
3.1.1. ROXIE model and field optimization
The magnet cross section including the conductor layout and the iron yoke shape is designed in 2D using ROXIE [14]. A coil cross section in the straight section of the MBXF and a side view at the return end are shown in Fig. 2. ROXIE 2D model including the ferromagnetic cryostat is shown in Fig. 3. Four coil blocks subdivided by wedges give sufficient freedom to optimize the field quality. In order to insert the median plane shim for mechanical robustness of the coil and good electrical insulation, the first conductor in the coil block 1 (CB 1) is laid in parallel with the median plane and the distance from the median plane is kept more than 1 mm including the coil to coil polyimide insulation 0.25 mm thick. In terms of the yoke shape, the diameter of the heat exchanger hole of 60 mm is given by the cooling design study but its position has to be accommodated with the other corrector magnets right next to the D1 because the continuous heat exchanger pipes need to go through both the D1 and the corrector magnets. It was decided that two 60 mm diameter heat exchanger holes should be located at 190 mm from the center along vertical axis. A notch at the pole region on the inner radius of the yoke and 40 mm diameter holes for stack tube, resulting non-magnetic voids of 34 mm in a diameter, to connect the yoke sheet lamination are important features to control the iron saturation effects on field quality. The triangle notch also provides an alignment feature of the collared coil with respect to the iron yoke.

[image: image13.jpg]


Regarding the field quality, design target of allowed multipole coefficients is within 1 unit (1/10000 with respect to the main field of B1) at the nominal current at the reference radius of 50 mm corresponding to the 2/3 of the coil inner radius. In this report, the magnetic field in the coil aperture can be expressed by the following formula using multipole coefficients:
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To obtain good field quality at the collision energy, the coil cross section and the yoke shape are adjusted by iterative calculations using ROXIE while variation of the multipole components due to the iron saturation during the excitation is kept within an acceptable range. Fig. 4 shows 2D field distribution of the MBXF magnet in the cylindrical cryostat. Table III summarizes the field harmonics and the peak field of the MBXF and the transfer function is shown in Fig. 5. A set of the coil cross section and the yoke shape for ROXIE in this section is identified as design ver. 3.0. The peak field of 6.44 T at 12 kA is located at the coil block 3 (CB 3 in Fig. 2). Very high saturation in the iron yoke can be seen around the pole region in Fig. 4. It should be noted that the iron yoke cannot keep the all flux and the maximum field in the cryostat reaches around 2 T at the nominal current. At the outer surface of the cryostat, the maximum field is 50 mT. Evidence of the iron saturation and the stray field can be seen in Fig. 5: decrease of the transfer function even starts around 6 kA and reduction at the nominal current is more than 10 %.
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Fig. 6 shows variation of the multipole coefficients at ramp up and down. Thanks to the optimized iron yoke shape, drifts of field harmonics during the excitation were reduced by more than a factor of ten. Although there are still some variations of several units due to the iron saturation and the stray field, it would be acceptable for the operation.
3.1.2. [image: image16.emf]
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Impact of design parameters
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Since some design parameters are not fully ﬁxed, impact of possible design changes on ﬁeld quality is checked. In this section, the baseline 2D model is ver. 2.1 where the heat exchanger hole with a diameter of 50 mm is located at 185 mm from the center.

Fig. 7 shows three ROXIE 2D models with different heat exchanger hole design variants. The diameters of heat exchanger hole are varied from 50 to 70 mm while keeping the same coil cross section and the hole position is accordingly shifted so that width of iron yoke between the hole and the triangle notch is kept constant. They are named as “Original”, “Case B” and “Case C”, respectively, as shown in Fig. 7. The results are listed in Table IV. In addition, impact of an outward position shift of 10 mm with same diameter of 50 mm is calculated as “Case A”. In comparison between “Original” and “Case A”, impact of the position shift of 10 mm is significant in b3: a negative change of −5 unit is observed. Interestingly, positive changes of b3 of +2 and +4 unit are seen in “Case B” and “Case C”, respectively, even though the hole positions are similarly shifted outward. It should be noted that impact on b5 or higher field harmonics is quite small. 

We confirmed that shift of b3 up to 8 unit at least can be corrected by re-optimization of coil block arrangement with small changes in position and of inclination angles: we do not need to change the number of the cables in the coil blocks, the shape of the collar or toolings and only slight modification of the wedges is sufficient to obtain the required field quality. 
[image: image18.emf]
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In terms of the cryostat, there is a possibility to adopt the elliptical cryostat for ensuring enough space for piping in the cross section. A ROXIE 2D model with elliptical cryostat having inner/outer diameter of 890/1112 mm with a thickness of 12 mm is shown in Fig. 8 and the results are given in Table V. The coil cross section and the yoke shape are same as the original case (ver. 2.1) in Fig. 7. As one can see, b3 is shifted by −2 unit. Further design study suggests that this negative increase of b3 can be cancelled by increasing the thickness of the cryostat. For instance, if the thickness of the cryostat is increased to be 16 mm, shift of b3 is only +0.19 unit. This indicates that the elliptical cryostat will not have a large impact on field quality if the thickness can be appropriately chosen.

3.1.3. Possible systematic errors

[image: image19.emf]
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Some additional factors, which can bring about variation of b3 at a level of 1 unit, are considered. These can give rise to systematic errors, that is, they can shift multipole coefficients from the designed values.

The iron yoke consists of the main body and slot regions having different packing factors. The iron [image: image20.emf]
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yoke is assembled as a stack of the 5.6 mm-thick yoke plates with key slots and 6.0 mm-thick spacer yoke plates, as shown in Fig. 9. Packing factor in the slot region is 96.6 % (
[image: image2.emf]
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) of that of the main body. Packing factor in the main body has to be around 98 % to secure the sufficient cooling channels to the heat exchanger for removing heat deposition into the coil. Normal allowed multipole coefficients as a function of packing factor (PF) in the main body and slot region are summarized in Table VI. In the baseline design, PFs of 0.983 for both the main body and the slot region are adopted. If we assume PF=1 for both regions, b3 can be increased by +0.27 units. On the other hand, if lower PF of 96.6% with respect to the main body in the slot region is taken into account, b3 can be increased by −1.2 units. This suggests that lower packing factor in the slot region has to be considered in the ROXIE model. 
A nonmagnetic stainless steel of NSSC 130S will be used for the collar. As a first approximation in the baseline model, a relative permeability, r, of the stainless steel collar was assumed to be 1. But r of NSSC 130S at 4.2 K is recently determined to be 1.0020 by the measurement. This measured value gives changes in b3, b5, and b7 by −0.58, +0.29 and −0.12 units, respectively, as listed in Table VII.
[image: image21.emf]


 










 

During yoking, compressive pre-stress is applied to the collared coil. Using a finite element model, the coil block displacement induced by deformation of the collar and yoke and its influence on field quality is computed. Deformations are calculated with ANSYS as shown in Fig. 10. Symbols of A to E indicate the reference points whose displacement in the horizontal and vertical directions, are shown in Fig. 10. From these results, displacement of each coil block from the original model is estimated under linear approximation. Each coil block is represented by the centroid and its displacement is calculated. The coil blocks can be shifted by −50 m along x-axis and 30 m along y-axis at maximum. We assumed that this displacement is given to the coil blocks in four quadrants with dipole symmetry and field calculation is carried out. The results are summarized in Table VIII. As one can see, b3 and b5 increase by −0.99 unit and −0.31 unit, respectively.
3.1.4. Random geometric error

[image: image22.emf]
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During coil assembly, coil position will never perfectly agree with the nominal design. The method to incorporate such random geometric error to field calculation has been reported in [15]-[16] and we follow this method for the random geometric error study for the MBXF. Three degrees of freedom for coil block displacement such as radial, azimuthal and rotational directions are considered as shown in Fig. 11. For given maximum amplitude, d, a set of displacements along three directions are calculated by Monte-Carlo method. This calculation is repeated for a thousand different statistical seeds, and for each case, the field harmonics are calculated. Based on these results, standard deviations of normal and skew multipole coefficients are estimated for several cases of d as listed in Table IX. Standard deviations of b3 for d=10, 25, 50, and 100 m are 0.21, 0.52, 1.03 and 2.07 unit, respectively. The linear dependence of the spread of the multipoles on the tolerance is verified. The target value of random error is given in terms of beam optics and the current value listed in the error table [17] is b3=0.78 unit. There are several factors which can lead to coil mis-positioning and the tolerance of the wedges would be one of the major factors. From our calculation results, the tolerance of the wedges should be set to be 25 m to fulfill the requirement.

3.2. 3D Magnetic Design

[image: image23.emf]
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Design and optimization of the coil ends for the MBXF magnet have been carried out by using ROXIE. Initial design was conducted in accordance with the following objectives: (i) contribution to the integrated field harmonics within 1 unit, (ii) peak field as low as possible, (iii) minimizing the whole length of the coil ends with acceptable size of end spacers, and (iv) reducing the conductor strain in the winding. Fig. 12 shows the overview of the design changes of the coil end. After some modification on the initial design, design ver. 2.1 with six coil end blocks was adopted for the test coil winding. It was found in the completed test coil that the conductor tended to be more inclined in the farther coil end blocks and non-negligible difference in height between the end spacers and conductors was observed. In addition, some contactless regions between the end spacer and the coil block were found. It was then decided to modify the coil end shape so that the conductors stand more upright by elongating the coil end. The farthest coil block with 19 turns are subdivided in two sub blocks with 10+9 turns, shown as CB 1a and CB 1b in Fig. 2, to predict the coil end shape more precisely. Furthermore, curvatures of the coil end blocks are refined to reduce the strain energy in the conductor. Modified coil end design (ver. 3.0) is shown in Fig. 12. The detail can be also seen in Fig. 2. Trade-off of this modification is elongation of the coil end and it results that the magnet mechanical length becomes longer. But still the magnet can fit the vertical cryostat at KEK for cold testing.

ROXIE 3D model of the MBXF magnet is displayed in Fig. 13. The coil cross section at the straight section is same as the 2D model in Fig. 2. The model includes two coils with four leads fully covered by the iron yoke in the iron cryostat. The straight lead-out on the top of the coil layer comes out from the layer jump. Two coils are identical but it turns out that skew-odd multipoles like a1, a3 are generated along the lead end region. 

Axial profile of the multipole coefficients of the MBXF magnet (ver. 3.0) is shown in Fig. 14. [image: image24.emf]


r direction φ(position angle) 
direction 



α(inclination angle) 
direction	




φ	




α	

r	




Δφ	
 Δα	
Δr	




w	




Δr = d
Δφ =



d



r + w
2



Δα =
2d
w










r direction 

f

(position angle) 

direction 

a

(inclination angle) 

direction

	


f

	


a

	


r

	


Df

	


Da

	


D

r

	


w

	


D

r

=

d

Df=

d

r

+

w

2

Da=

2d

w

In Fig. 14, multipole coefficients are normalized by B1 at the center of the magnet. Integrated field harmonics are listed in Table X. In Table X, the averaged field harmonics over the whole magnet length are defined as follows;
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where Inom is a nominal current of 12 kA. The integrated field harmonics are tuned by adjusting the length of the straight part of the coil end block without change of the 2D cross [image: image25.emf]
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section. Since the iron yoke model has to be simplified in the 3D computation, the multipole components of b3, b5 and b7 at the centre of the magnet is different from the ones obtained by the detailed 2D model. For this reason, target values for the 3D optimization containing some offsets are specified for 
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 as listed in Table X so that these ones in the real magnet can be controlled within the requirement. Although local peaks of multipole components at the coil ends reaching several hundred unit can be seen in Fig. 14, the averaged field harmonics are successfully tuned to be within 1 unit with respect to the target values except 
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 of −1.1 units. This 
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 is mostly originated from the b15 in the 2D model as listed in Table III. In Fig. 14, some multipole components, in particular b3, are gradually varied toward the magnet centre from the ends. In the 2 m long model magnet, the coil centre is not sufficiently far from the coil ends and the current at the coil ends influences the field quality even around the magnet centre. This will results in large drifts of the integrated field harmonics in the 2 m long model. In this calculation, the coil mechanical length is tentatively set to be 6.64 m and the field integral of B1 becomes 35.4 Tm which is slightly larger than requirement. For the MBXF production magnet generating 35 Tm, the coil mechanical length can be reduced to be 6.57 m. 

Fig. 15 shows the peak field of each coil end block in the return end of the MBXF magnet (ver. 3.0). Benefit of modification with elongation of the coil end and subdivision of the farthest coil end block can be seen: the coil peak field is reduced to be 6.59 T located in the coil end block of CB 3b. This peak field corresponds to the load line ratio of 76.6 % while the one in the previous design was 78 %.
4. Mechanical design

An exploded view of the MBXF magnet (ver. 3.0) is shown in Fig. 16. A single layer coil consists of 44 turns of the Nb-Ti superconducting cable from the LHC MB outer layer with wedges and end spacers made of newly developed BT-S2 glass fiber reinforced plastic (GFRP). GFRP wedges were utilized in the recent accelerator superconducting magnets [11], [12] and are cost-effective in a small number of magnet production like the MBXF magnet for the new D1. The insulated superconducting cables will be supplied by CERN. An LHC-MQXA type insulation with radiation resistant prepreg was considered for the cable insulation in the beginning. However, the standard cable insulation scheme for the LHC MB outer layer using APICAL and PIXEO polyimide tapes supplied by KANEKA was chosen for the MBXF coil because of its cooling capability around a few mW/cm3 [18]. In addition to adhesive cable insulation of PIXEO, cyanate ester resin (BT2160RX by Mitsubishi Gas Chemical) is used for the adhesion of the coil parts such as wedges and end spacers. For the electrical insulation to ground, two sets of double layer of 0.125 mm thick polyimide sheets (Upilex-RN by UBE Industries) surround the coil in accordance with the traditional method, as illustrated in Fig. 17. For each layer, insulation is separated to have a gap of 1 mm. This important feature allows that the oversized coil can be assembled with the insulation at the initial stage of the assembly and that the insulations are not even overwrapped after the assembly process where the coil is shrunk to be the nominal size under azimuthal compression.
Four-way split collars are utilized to pre-assemble a pair of the top and bottom coils in order to provide a minimal azimuthal pre-stress around a few MPa, and the final pre-stress is given by the following yoking process [11]. Usually, superconducting dipole coils were assembled with a pair of vertically spilt collars. But this concept seems to be inadequate for the MBXF magnet where the collar azimuth would be quite longer while the width is kept narrow. An unwanted warp of the collar may arise in the blanking process and compromise the final dimensions. Due to this, the four-way split collar concept with a moderated aspect ratio is [image: image26.emf]


 










 

adopted for the MBXF. A sub-stack of the collars is alternately laminated by the 2.3-mm-thick “fixing collar” and the 2.6-mm-thick “spacer collar” and four sub-stacks surrounding the coils are connected by the lock-pins through the holes at the end of the fixing collar, as illustrated in Fig. 18. The collar serves to align the pole of the superconducting coil with respect to the magnet structure: the triangle notches at the top and the bottom of the inner [image: image27.png]


circle of the iron yoke determine the position of the coils. Outer surface of the right and left collars has the alignment feature around the median plane, not shown in Fig. 18, to orient the collar with respect to the triangle notch of the yoke during the yoking process. Mechanical behaviors mentioned above was demonstrated by the mechanical short model study prior to the model magnet fabrication, as reported in Chapter 6. The collars are made of non-magnetic stainless steels (NSSC-130S, formerly known as YUS-130S) showing a very low and stable permeability ratio of 1.002 at 4.2 K. The stainless steel collars are utilized at the coil straight section and the return end. At the lead end, however, the pole lead including the ramp box beyond the coil layer is clamped by the GFRP collars. The iron yokes are made of low carbon steels (EFE by JFE steel) showing a yield strength of 240 MPa. 
[image: image28.emf]
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A sub-stack of the iron yokes is about 200 mm long and is made by alternately laminating the 5.6-mm-thick “fixing yokes” having three key slots for each side and the 6.0-mm-thick “spacer yokes”. The laminated iron yokes of the sub-stack are firmly connected with stacking tubes by a cold shrinkage fit through holes introduced in the yoke to control the iron saturation effects. The horizontal median plane of the iron yoke has a taper of 0.15 mm and the key slots of the fixing yoke are off-centred by 0.15 mm as well. When the top and bottom iron yokes are compressed through the loading flats by the hydraulic press, the yoke arc is deformed like a cantilever. The median plane gap is eventually closed and the key slots of the top and bottom yokes are aligned to enable the insertion of the lock keys [11], [12]. The coil pre-stress is kept by the lock keys after the release of the press. Finally, two halves of stainless steel shells are longitudinally welded to complete the pressure vessel.
Finite element simulation results by ANSYS for the azimuthal coil stress during the fabrication processes, cooling down, and excitation up to 110 % of nominal current are shown in Fig. 19 and Fig. 20. The coil pre-stress at the pole at assembly is designed to be 80 MPa so that the coil is under compression at the pole even at the excitation. The performed ANSYS simulations have not revealed any major issue in the magnet structure.

[image: image29.emf]
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The magnet is cooled by superfluid helium at 1.9 K and two saturated superfluid helium heat exchangers (HXs) are inserted in the holes of the top and bottom of the iron yoke to absorb the maximal heat load of 135 W.  To ensure that the superconducting coil is kept under the lambda point, a longitudinal void fraction of 4% is necessary. This will serve as the cooling passage from the superconducting coil to the HXs. The collars are designed to have embosses of 0.2 mm and the laminated collar sub-stack provides the required systematic gap for the superfluid helium. Besides, two grooves are foreseen near the triangle alignment feature of the outer surface of the collar sub-stack, in order to allow the longitudinal flow. In this way, the superfluid helium to deliver the heat from the coil can efficiently reach the HXs through the gaps between the iron yoke laminations with a typical packing factor of 98 %.

5. quench protection
Initially, it was considered that the MQXF magnet would be operated stand-alone and the quench protection scheme could be based on an energy extraction by using a dump resistor without quench protection heaters. Quench integrals (MIITs) and hot spot temperatures of the conductor in the MBXF magnet as a function of the quench current are calculated with assumption of a detection threshold of 100 mV, a shutdown delay of 10 ms and a dump resistor of 75 mAs shown in Fig. 21, the maximum coil temperature is 300 K at the quench current of 13 kA (nominal is 12 kA). The maximum terminal voltage can be kept below 490 V with grounding at the middle of the resistor. This result suggests that protection without the protection heaters is viable. 
[image: image30.emf]
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However, this plan based on the energy extraction is recently cancelled because of its expensive cost. Instead, it was decided in May 2015 that the quench protection scheme should be based on the quench protection heaters. The quench protection heater is rapidly designed to be installed in the first 2 m long model magnet. Fig. 22 shows the quench protection heaters for the first model magnet. Heater traces will be provided by CERN and the basic parameters are same as the ones for the MBXF magnets. Additional works including bends, cuts and thickness compensation for having final dimension will be made by KEK. A 25 m thick, 15 mm wide stainless steel strip is placed on a 25 m thick polyimide sheet as an insulation to the coil and total thickness of the heater is 250 m. The straight heater strip covers 8 turns of the coil with a lower field. Two heater strips will be connected in series at the operation and the maximum power density of 253 W/cm2 and the maximum current of 169 A are estimated with an assumption of using a heater power supply (a capacitor bank) of 7.05 mF at ±450 V. The detailed simulation study of the quench protection heater is still underway. Although a rather simple heater design (straight, no copper plating except electrodes) is adopted for the first model magnet, the design would be changed for the second model or latter magnets depending on the first test results. A CLIQ (Coupling-Loss Induced Quench) system is also under study.
6. [image: image31.emf]
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development for 2-m-long model magnets
6.1. Radiation Resistant GFRP 

A new radiation resistant BT-S2 GFRP was successfully developed for the MBXF magnets in collaboration with ARISAWA. The GFRP is made from a lamination of the boron-free S-2 glass cloth with Bismaleimide-Triazine resin (blend of BT2160 and BT2170 by Mitsubishi Gas Chemical). The laminated prepreg cloths are cured at a maximum temperature of 220 °C.  The BT-S2 GFRP was irradiated by -rays at room temperature in vacuum at JAEA Takasaki. The radiation resistance was experimentally evaluated, as shown in Fig. 23. The flexural strength of the BT-S2 GFRP is determined as a function of the radiation dose up to 100 MGy. Each data point represents test results of three samples. The BT-S2 GFRP is functional up to 100 MGy without significant degradation for both testing directions with respect to the lamination direction. The coil wedges and end spacers made of BT-S2 GFRP for the first model magnet are shown in Fig. 24.
6.2. [image: image32.emf]
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Test Coil Fabrication
Azimuthal coil size and its Young’s modulus are quite essential properties for the assembly of the superconducting accelerator magnet. Prior to the coil fabrication, measurements of the cable size under azimuthal compressive stress in several loading patterns were carried out to characterize the mechanical behavior of the coil. Fig. 25 shows an example of the thickness measurements of a stack of 22 cables cured at the same condition as the MBXF coil. The obtained cable size and Young’s modulus were used in the computational studies and to detemine the coil size  as well as the diemensions of the wedges for achiving the target pre-stress of the coil at the assembly.
CAD/CAM modeling for the MBXF coil has been carried out by using the ROXIE output. An example is shown in Fig. 26. Validity of the machined parts, the tooling and the procedure was demonstrated by the test coil fabrication as shown in Fig. 27. Some issues found through the test coil fabrication have been tackled toward the first model magnet development.
6.3. Mechanical Short Model

[image: image33.emf]
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In order to prove the mechanical design and magnet assembly procedure, a 200 mm long mechanical model with the MBXF cross section has been developed prior to the model magnet. Through this mechanical short model, the whole assembly including the insulation scheme, the collaring process with the collaring mandrel preventing the coil deformation, the yoking process and the shell welding. The initial trial which was unsuccessful revealed that the alignment feature of the horizontal right and left collars had to be improved: the side taper has to be extended to the median plane. In addition, the vertical top and bottom collars and the yoke also need to implement the additional rectangular convex/concave for the alignment at the initial stage of the yoking. The second trial was successful and assembled mechanical short model is shown in Fig. 28. The azimuthal coil stress determined by strain gauges at the pole of the collar is around 60 MPa while the prediction is 80 MPa. This difference maybe comes from the fact that the collars and the yokes for the second trial were made by the laser-cutting process with rather poor accuracies in comparison with ones made by the fine blanking process.
The new feature of the rectangular notch of the iron yoke influences the field quality. The ROXIE 2D calculation was made for the MBXF design ver. 3.0.1 including the rectangular notch of the yoke with the same coil layout as ver. 3.0 and some variations in b3 and b5 are observed to be +5.1 unit and −1.4 unit. Nevertheless, further calculation confirms that that b3 and b5 can be reduced within 1 unit by the slight change of the coil cross section. It should be noted that the first 2 m long model magnet will be fabricated with the design ver. 3.0.1 because the fundamental coil parts such as the wedges and the end spacers are already fabricated.[image: image34.emf]
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7. SUmmary
Design studies of the beam separation dipole magnet, MBXF, for the HL-LHC has been carried out by KEK with a support of CERN. Main requirements of MBXF magnet are a coil aperture of 150 mm and the field integral of 35 Tm. Design concept of a single layer Nb-Ti superconducting coil with the collared yoke structure is adopted for the MBXF and main dipole field of 5.6 T with a magnetic length of 6.3 m will be generated at a current of 12 kA at 1.9 K. The radiation resistant BT-S2 GFRP newly developed for the MBXF, which will be operated at the severe radiation environment, is used for the wedges and the end spacers. Development of the 2 m long test coil winding and the 200 mm long mechanical model has successfully demonstrated validity of the magnet design, the fabrication procedure and the tooling even though some minor corrections are also found. Development of the first 2 m long model magnet is underway and test results will come out soon.
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Fig. 1. Cross section of the MBXF (ver. 3.0).





TABLE I: Main design parameters of the MBXF magnet.


Design parameters�
2 m model�
Series�
�
Field integral�
9.3 T·m�
35 T·m�
�
Coil aperture�
150 mm�
�
Nominal dipole field�
5.57 T�
�
Coil peak field�
6.44 T at center, 6.59 T at coil end�
�
Load-line ratio�
75.4 % at center, 76.6 % at coil end�
�
Field Quality�
< 10-4 w.r.t the main field at Rref  of 50 mm�
�
Nominal current�
12.0 kA�
�
Operation temperature�
1.9 K�
�
Magnetic length�
1.66 m�
6.27 m�
�
Stored energy�
340 kJ/m�
�
Differential Inductance�
4.0 mH/m�
�
Number of coil layer�
1�
�
Number of turns in quadrant coil�
44 (4+8+13+19)�
�
Inner/outer diameter of iron yoke�
222 / 550 mm�
�
Magnet outer diameter�
570 mm�
�
Inner/outer diameter of cryostat�
890 / 914 mm�
�
Heat exchanger hole�
Two 60 mm holes at 190 mm from center�
�
Coil mechanical length�
2.00 m�
6.57 m�
�
Magnet mechanical length�
2.15 m�
6.72 m�
�
Cold mass weight�
3.8 tons�
12 tons�
�
Cable unit length per coil�
180 m�
570 m�
�
Lorenz force per quadrant coil


Fx & Fy�



1.53 & -0.64 MN/m�
�
Heat load�
135 W in total, 2 mW/cm3 at local peak�
�
Radiation dose�
> 25 MGy�
�









TABLE II: Specification of superconducting strand and cable.


Strand�
�
�
Superconductor�
Nb-Ti�
�
Coating�
Sn5wt%Ag�
�
Strand diameter�
0.825 mm�
�
Copper to SC ratio�
1.95�
�
Filament diameter�
6 m�
�
Number of filament�
~6500�
�
RRR�
> 150�
�
Twist pitch�
15 mm�
�
Critical current (9 T, 1.9 K)�
> 380 A�
�
M (0.5 T, 1.9 K)�
< 23 mT�
�
Cable�
�
�
Number of strand�
36�
�
Bare cable dimension at RT�
�
�
Width�
15.1 mm�
�
Mid-thickness (50 MPa)�
1.480 mm�
�
Thin/thick edge thickness�
1.362/1.598 mm�
�
Keystone angle�
0.9°�
�
Transposition pitch�
100 mm�
�
MIITs to 300 K (6 T) �
30 MA2s�
�
Critical current (9 T, 1.9 K)�
> 12960 A�
�
dIc/dB�
> 3650 A/T�
�
Inter-strand cross contact resistance�
40 �
�
RRR�
>70�
�
Insulation�
�
�
1st & 2nd layer�
APICAL (0.05 mm thick, 11 mm wide), 1/2 overwrap�
�
3rd layer�
PIXEO (0.069 mm thick, 9 mm wide), adhesive, 2 mm gap wrap�
�









�


Fig. 2. Coil cross section of the MBXF (ver. 3.0) (top) and side view at the return end (bottom). Coil block ID and number of conductors in the coil block are shown.
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Fig. 3. Cross section of the MBXF magnet (ver. 3.0) in the cryostat modelled in ROXIE.
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Fig. 4. 2D field distribution in the MBXF (ver. 3.0) in the coil (left) and in the yoke and in the cryostat (right) by ROXIE calculation. The coil layout and the iron yoke cross section are designed to optimize the field quality at the nominal current.








TABLE III: Multipole coefficients and peak field at the nominal current.


Main field (T)�
5.573�
�
b3 (unit)�
-0.059�
�
b5 (unit)�
-0.097�
�
b7 (unit)�
-0.111�
�
b9 (unit)�
0.284�
�
b11 (unit)�
0.360�
�
b13 (unit)�
-0.663�
�
b15 (unit)�
-1.115�
�
b17 (unit)�
-0.788�
�
b19 (unit)�
0.399�
�
Peak field (T)�
6.440�
�
Load line ratio (%)�
75.4�
�
�


Fig. 5. Transfer function of the MBXF magnet. The transfer function starts to decrease at about 6 kA and reduction at the nominal current is more than 10 %.
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Fig. 6. Variation of multipole coefficients at ramp up and down.
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Fig. 7. ROXIE 2D models with different HX hole design variants: “Original” (ver. 2.1), “Case B” and “Case C” in TABLE IV are shown (from left to right).





TABLE IV: Impact of diameter and position of HX hole on field quality.


�
Original�
Case A�
Case B�
Case C�
�
HX hole diameter (mm)�
50�
50�
60�
70�
�
HX hole position (mm)�
R185�
R195�
R190�
R195�
�
Main field (T)�
5.583�
5.594�
5.577�
5.572�
�
b3 (unit)�
-0.190�
-5.311�
1.851�
3.842�
�
b5 (unit)�
0.013�
-0.158�
0.195�
0.386�
�
b7 (unit)�
-0.080�
-0.058�
-0.086�
-0.090�
�
b9 (unit)�
0.295�
0.301�
0.292�
0.289�
�
b11 (unit)�
0.369�
0.369�
0.369�
0.369�
�
b13 (unit)�
-0.647�
-0.646�
-0.648�
-0.649�
�
b15 (unit)�
-1.120�
-1.118�
-1.121�
-1.122�
�
b17 (unit)�
-0.786�
-0.785�
-0.787�
-0.788�
�
b19 (unit)�
0.400�
0.399�
0.401�
0.401�
�
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Fig. 8. ROXIE 2D model with an elliptical cryostat option (ID 890 mm x 1112 mm, 12 mm thick).








TABLE V: Impact of an elliptical cryostat option shown in Fig. 8.


�
Original�
Elliptical cryostat�
�
Main field (T)�
5.583 �
5.576 �
�
b3 (unit)�
-0.190 �
-2.239 �
�
b5 (unit)�
0.013 �
-0.090 �
�
b7 (unit)�
-0.080 �
-0.065 �
�
b9 (unit)�
0.295 �
0.300 �
�
b11 (unit)�
0.369 �
0.370 �
�
b13 (unit)�
-0.647 �
-0.648 �
�
b15 (unit)�
-1.120 �
-1.121 �
�
b17 (unit)�
-0.786 �
-0.787 �
�
b19 (unit)�
0.400 �
0.401 �
�
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Fig. 9. Schematic drawing of yoke stacks and ROXIE 2D model. Iron yoke is segmented in two regions as “main body” and “slot region” in this study and different packing factor can be defined for each region.





TABLE VI: Field quality variations with different iron yoke packing factors.


PFMB�
0.983�
0.983�
1.000�
1.000�
�
PFslot�
0.983�
0.949�
1.000�
0.966�
�
Main field (T)�
5.583�
5.579�
5.603�
5.599�
�
b3 (unit)�
-0.358�
-1.601�
-0.086�
-1.319�
�
b5 (unit)�
0.000�
-0.199�
-0.107�
-0.305�
�
b7 (unit)�
-0.079�
-0.103�
-0.060�
-0.084�
�
b9 (unit)�
0.296�
0.294�
0.296�
0.294�
�
b11 (unit)�
0.369�
0.369�
0.370�
0.370�
�
b13 (unit)�
-0.647�
-0.648�
-0.645�
-0.645�
�
b15 (unit)�
-1.120�
-1.121�
-1.116�
-1.117�
�
b17 (unit)�
-0.786�
-0.787�
-0.784�
-0.784�
�
b19 (unit)�
0.400�
0.400�
0.399�
0.399�
�



TABLE VII: Impact of relative permeability of stainless steel collars.


Relative permeability of SS collars�
1�
1.002�
�
Main field (T)�
5.583�
5.585�
�
b3 (unit)�
-0.172�
-0.752�
�
b5 (unit)�
-0.03�
0.262�
�
b7 (unit)�
-0.085�
-0.205�
�
b9 (unit)�
0.284�
0.326�
�
b11 (unit)�
0.377�
0.366�
�
b13 (unit)�
-0.654�
-0.652�
�
b15 (unit)�
-1.114�
-1.114�
�
b17 (unit)�
-0.791�
-0.791�
�
b19 (unit)�
0.404�
0.404�
�
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Fig. 10. FEM simulation results of structural deformation at magnet assembly.





TABLE VIII: Impact of deformed coil on field quality. FEM results shown in Fig. 10 are implemented in ROXIE model.


�
Original�
Deformed coil�
Difference�
�
Main field (T)�
5.583 �
5.583 �
-�
�
b3 (unit)�
-0.190 �
-1.176 �
-0.986�
�
b5 (unit)�
0.013 �
-0.299 �
-0.312�
�
b7 (unit)�
-0.080 �
-0.201 �
-0.121�
�
b9 (unit)�
0.295 �
0.241 �
-0.054�
�
b11 (unit)�
0.369 �
0.330 �
-0.039�
�
b13 (unit)�
-0.647 �
-0.680 �
-0.033�
�
b15 (unit)�
-1.120 �
-1.138 �
-0.018�
�
b17 (unit)�
-0.786 �
-0.778 �
0.008�
�
b19 (unit)�
0.400 �
0.401 �
0.001�
�
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Fig. 11. Coil block displacement model considered for estimation of random geometric errors. Radial, azimuthal, and rotational displacements are quantified by using the displacement parameter d.





TABLE IX: Estimated random geometric errors with the displacement parameter d of 10, 25, 50 and 100 m. Each value of the parameter corresponds to the upper limit of the displacement and 1000 sets of (r,) given by the Monte-Carlo method are calculated in ROXIE.


d�
�
�
�
�
�
Random errors (unit)�
bn�
an�
bn�
an�
bn�
an�
bn�
an�
�
Order�
2�
0.239�
0.277�
0.597�
0.693�
1.194�
1.387�
2.389�
2.775�
�
�
3�
0.206�
0.225�
0.516�
0.563�
1.033�
1.125�
2.067�
2.252�
�
�
4�
0.166�
0.181�
0.414�
0.454�
0.829�
0.908�
1.659�
1.816�
�
�
5�
0.119�
0.123�
0.298�
0.307�
0.595�
0.614�
1.192�
1.229�
�
�
6�
0.086�
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�


Fig. 12. Overview of the design changes of the coil end.





��


Fig. 13. ROXIE 3D model of the MBXF magnet (ver. 3.0).





�


�


�


Fig. 14. Axial profile of the multipole coefficients of the MBXF magnet (ver. 3.0) calculated by ROXIE 3D: b1 (top), b3 to b11 (middle) and a1 to a3 (bottom).





TABLE X: Integrated field harmonics of the MBXF production magnet.


�
Integrated Field Harmonics (T m) (cal.)�
�
Target for optimization


(unit)�
Averaged Field Harmonics (unit) (cal.)�
�
z (mm)�
Whole magnet


-4000 < z < 4000�
Lead end 


-4000 < z < -2040�
Straight section


-2040 < z < +2040�
Return end


+2040 < z < +4000�
z (mm)�
Whole magnet


-4000 < z < 4000�
�
∫B1 dz�
35.405�
6.291�
22.831�
6.282�
� EMBED Equation.3  ����
-�
10000�
�
∫B3 dz�
0.008�
-0.005�
0.014�
-0.002�
� EMBED Equation.3  ����
2.020�
2.193�
�
∫B5 dz�
0.001�
0.000�
0.000�
0.001�
� EMBED Equation.3  ����
-0.387�
0.330�
�
∫B7 dz�
-0.003�
-0.002�
0.000�
-0.001�
� EMBED Equation.3  ����
-0.054�
-0.771�
�
∫B9 dz�
-0.002�
-0.001�
0.001�
-0.001�
� EMBED Equation.3  ����
0�
-0.444�
�
∫B11 dz�
0.000�
0.000�
0.001�
0.000�
� EMBED Equation.3  ����
0�
0.032�
�
∫B13 dz�
-0.003�
-0.001�
-0.002�
-0.001�
� EMBED Equation.3  ����
0�
-0.718�
�
∫B15 dz�
-0.004�
-0.001�
-0.003�
-0.001�
� EMBED Equation.3  ����
0�
-1.085�
�
∫B17 dz�
-0.003�
0.000�
-0.002�
0.000�
� EMBED Equation.3  ����
0�
-0.736�
�
∫B19 dz�
0.001�
0.000�
0.001�
0.000�
� EMBED Equation.3  ����
0�
0.380�
�
∫A1 dz�
-0.008�
0.000�
0.000�
-0.008�
� EMBED Equation.3  ����
-�
-2.249�
�
∫A3 dz�
0.004�
0.000�
0.000�
0.004�
� EMBED Equation.3  ����
-�
1.146�
�



�


Fig. 15. Peak field in the return end of the MBXF (ver. 3.0).





�


Fig. 17. Schematic of coil insulation scheme.





�


Fig. 18. Side cutaway view of the collared coil.





�


Fig. 16. Exploded view of the MBXF magnet (ver. 3.0).





��(a) Load to yoke shoulder


��(b) Key insertion


��(c) Shell welding


Fig. 19. FEM 2D analysis by ANSYS for the MBXF magnet (ver. 2.1) during magnet assembly, cool-down and excitation up to 110% nominal current (continued).





�� (d) Cool-down to 1.9 K


��(e) 110% nominal current


Fig. 19. (continued).





�


Fig. 20. Summary of FEM simulation results of the azimuthal coil stresses at pole and mid-plane.





�


Fig. 21. MIITs estimation and predicted coil temperature at the peak field and the lowest field (i.e. zero).





�


�Fig. 22. Quench protection heater for the 2 m long model magnet: cross section view of the coil (top) and developed view (bottom).





�


Fig. 23. Flexural strength of the new radiation resistant GFRP (BT-S2) after -ray irradiation up to 100 MGy. Number of each sample is three. The data for the G10 GFRP are shown as a reference.





�  �


Fig. 24. Wedges (left) and end spacers (right) made of BT-S2 GFRP for the 2-m model magnet.





�


Fig. 25. Cable stack thickness measurement at room temperature as a function of compressive stress. The stack consists of 22 cables and was cured under the same conditions as the actual coil. Multiple loading up to 130 MPa was applied.





�  �


Fig. 26. CAD/CAM model of ramp box and end spacers at the lead end (left) and the return end (right).





�


Fig. 27. A picture of the test coil.





�


Fig. 28. Picture of a 200 mm long mechanical model of the MBXF.
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