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SLHC-PP Milestone: 6.1, Qualification of magnet component

Qualification document published
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This document contains results of work in progress, reproduction or use of the data reported is not allowed without specific written authorization from the author(s)
Summary

The activity related to the qualification of magnet component has mainly targeted the following 3 items:

· The selection and development of adequate cable insulation: the heat deposition due to the particle debris coming from the interaction point could increase significantly the temperature of the superconducting cable reducing the operative margin. In order to mitigate this effect the transparency of the cable insulation (main thermal barrier) to the super fluid He shall be increased developing innovative insulation schemes. 

· The chemical composition of the candidate components: the low-β quadrupoles will become of the most radioactive elements of the LHC ring. Detailed knowledge of the material composition is key in order to prevent dangerous activation and reduce personnel exposure
· The selection of previous LHC material that could be efficiently re-used: the project is based on the use of few key and expensive components (and raw material) already used for the LHC magnets. In this task it has been verified that this solution is a viable one. 
The Cable Insulation

The results here mentioned will be published, completed with detailed scientific analysis, in the conference MT 21  (Magnet Technology conference) that will be held in China, Hefei from the October 18 to 23, 2009 http://mt21.ipp.ac.cn/. The articles that will be presented concerning these subject, thanks to the EU supports, are:

1) D. Richter, P. Fessia, P.P. Granieri, D. Tommasini, “Heat Transfer of an Enhanced Cable Insulation Scheme for the Superconducting Magnets of the LHC Luminosity Upgrade”, to be published on IEEE Transactions on Applied Superconductivity. 

2) P.P. Granieri, “A Heat Transfer Model through Cable Insulation of Superconducting Nb-Ti Magnets Operating in He II”, to be published on IEEE Transactions on Applied Superconductivity.

3) P. Fessia, A. Gerardin, P.P. Granieri, M. Guinchard, S. Luzieux , S. Sgobba, D. Tommasini, “Electrical and Mechanical Performance of an Enhanced Cable Insulation Scheme for the Superconducting Magnets of the LHC Luminosity Upgrade”, to be published on IEEE Transactions on Applied Superconductivity. 
The next generation of superconducting magnets for the LHC luminosity upgrade will be confronted with large heat loads. In order to face these severe operative conditions, an enhanced all-polyimide cable insulation scheme has been proposed [1] to increase the heat evacuation from the Nb-Ti coils towards the helium II bath. 
The proposed enhanced insulation features a larger permeability to helium with respect to state-of-the-art cable insulation schemes, thanks to an increased size of the open spaces constituting micro-channels between the insulation tapes. As shown in Figure 1, in the standard insulation scheme of the LHC main dipoles and quadrupoles the only third layer is wound with spacing to create gaps for helium, whereas in the proposed scheme all the three layers are wound with spacing. Furthermore, in the proposed insulation a direct overlap wrapping is avoided by separating the first and the last tapes by a series of polyimide strips wound counter-wise. This allows profiting of superfluidity to efficiently transfer heat from cable to helium bath, providing at the same time cooling channels and dielectric insulation. 

[image: image3.jpg]
Figure 1. Scheme of the standard insulation of the LHC main dipoles and quadrupoles (left) 

and of the proposed enhanced insulation (right). 

The qualification of the proposed enhanced insulation requires the assessment of the heat transfer, as well as of its electrical and mechanical performance, through dedicated measurements. Therefore a systematic test campaign has been launched, as described below.
Heat Transfer Measurements [2]
The test sample has been made of six cables superimposed to form a stack representing a piece of coil. The cables are resistive (CuNi) in order to generate heat by Joule heating. Their geometry is that of the inner layer cable of the LHC main dipoles. They have been insulated with the proposed enhanced insulation scheme (EI#4, see Table II), and with the standard LHC insulation scheme of the main dipoles (MB), for reference. Then the stack has been cured with a bonding cycle consisting of a pressure cycle up to 130 MPa at a temperature of 190 °C, inserted in its holder where the desired pressure has been applied, and finally installed in a Claudet-bath cryostat.

One of the central cables of the stack has been instrumented with thermocouples. This allows correlating its steady-state temperature increase with the power generated in the 150 mm long active part of the sample, equal to the power evacuated through the insulation towards the superfluid helium bath at 1.9 K. This investigation is also innovative because it includes for the first time a parametric analysis to assess the impact of the pressure applied on the sample. The results concerning the two above mentioned insulation schemes are reported in Figures 2 and 3, for a temperature increase up to the lambda transition and up to ~ 3 K, respectively. They refer to the case where the heating power is applied to three cables.


[image: image1]
Figure 2. Temperature increase (up to the lambda transition) of an insulated cable transferring heat to a He bath at 1.9 K. Two insulation schemes have been tested at several applied pressures. 

[image: image2]
Figure 3. Temperature increase (up to ~ 3 K) of an insulated cable transferring heat to a He bath at 1.9 K. Two insulation schemes have been tested at several applied pressures. 
The results of this study show that the proposed insulation scheme provides a major increase of heat transfer compared to the standard one used in the main LHC magnets, allowing evacuating about 4 times more power. This is also true after the cable overcomes the lambda temperature, defining the transition between superfluid and liquid helium.

The higher the applied pressure the lower the heat transfer, as expected, and this effect is more evident at lower pressures, when the largest reduction of the size of the micro-channels occurs. Nevertheless, Figures 2 and 3 clearly show the increased heat evacuation of the proposed insulation with respect to the LHC standard one even at high pressures, definitely confirming its reliability.

Furthermore, a model is being developed to correlate the heat transfer through different cable insulations to the size of the micro-channels and the path of the heat flux [3].

Electrical Measurements [4]

The interturn breakdown voltage has been measured on samples made of two insulated LHC dipole inner layer cables [5]. The samples have been cured according to the standard bonding cycle of the LHC main superconducting magnets, and a pressure of 50 MPa has been applied during the measurement.

These electrical tests must be completed, because the tested layout of the enhanced insulation has been modified following this first test campaign, to optimize the wrapping of the tapes around the cable and the coil winding in a semi-industrial environment. However, the measured discharge values of the enhanced insulation are between 8 and 19 kV, depending on the layout and thickness of the different alternative insulations tested. The dielectric strength is hence reduced with respect to the standard LHC insulations, whose measured values are between 18 and 30 kV, but still higher than the required interturn breakdown voltage (3 - 4 kV).

Mechanical Measurements [4]

The preparation of the samples for the mechanical measurements is the same as for the heat transfer measurements, only differing because they are made of ten cables. Several schemes of enhanced insulation have been studied and compared to the standard LHC insulation. In particular, the considered insulation schemes are that of the LHC main dipoles (MB), that of the LHC main quadrupoles (MQ), and different types of enhanced insulation (EI#1-4). Their features are reported in Table I. 
Each insulation scheme has been wrapped around two different cables: the inner and outer layer cable of the main dipoles (type 01 and 02, respectively); furthermore, each insulation scheme has been cured with two bonding cycles: up to a pressure of 80 and of 130 MPa.

The following measurements have been carried out at room temperature, for a pressure cycle consisting of an increase from 0 up to 110 MPa followed by a decrease to 0 MPa:
· thickness of the stacks. The thickness measurement of stacks made of bare cables has then allowed obtaining the thickness of the insulation itself;

· elastic modulus of she stack.

They are summarized in Table II. In particular, the reported insulation thickness corresponds to a pressure of 50 MPa during the pressure decrease, whereas the reported elastic modulus refers to the linear part of the stress-strain curve during the pressure increase from 70 to 110 MPa. Both the insulation thickness and the elastic modulus of the proposed enhanced insulation schemes do not differ significantly from those of the LHC standard insulations.

	Insulation
	1st layer

(polyimide)
	2nd layer
(polyimide)
	3rd layer

(adhesive polyimide)

	MB
	11 mm wide, no gap
50 μm thick
	11 mm wide, no gap
50 μm thick, 50% overlap with the 1st layer
	9 mm wide, 2 mm gap

69 μm thick, cross wrapped with the other layers

	MQ
	11 mm wide, no gap
50 μm thick
	11 mm wide, no gap
37.5 μm thick, 50% overlap with the 1st layer
	9 mm wide, 2 mm gap

55 μm thick, cross wrapped with the other layers

	EI#1
	9 mm wide, 1 mm gap

50 μm thick
	3 mm wide, 1.5 mm gap

50 μm thick, cross wrapped with the other layers
	9 mm wide, 1 mm gap

55 μm thick, 50% overlap with the 1st layer

	EI#2
	9 mm wide, 1 mm gap

50 μm thick
	3 mm wide, 1.5 mm gap

75 μm thick, cross wrapped with the other layers
	9 mm wide, 1 mm gap

55 μm thick, 50% overlap with the 1st layer

	EI#3
	9 mm wide, 1 mm gap

50 μm thick
	3 mm wide, 1.5 mm gap

50 μm thick, cross wrapped with the other layers
	9 mm wide, 1 mm gap

69 μm thick, 50% overlap with the 1st layer

	EI#4
	9 mm wide, 1 mm gap

50 μm thick
	3 mm wide, 1.5 mm gap

75 μm thick, cross wrapped with the other layers
	9 mm wide, 1 mm gap

69 μm thick, 50% overlap with the 1st layer


Table I. Features of the tested insulation schemes.
	Insulation scheme
	Cable
	Curing cycle

(MPa)
	Insulation thickness (μm)
	Elastic modulus (MPa)

	MB
	01
	80
	136
	6300

	MB
	01
	130
	128
	7925

	MB
	02
	80
	138
	6841

	MB
	02
	130
	136
	6434

	MQ
	01
	80
	107
	7507

	MQ
	01
	130
	104
	8019

	MQ
	02
	80
	115,5
	6654

	MQ
	02
	130
	113
	7491

	EI#1
	01
	80
	108
	6697

	EI#1
	01
	130
	102
	8316

	EI#1
	02
	80
	114
	6353

	EI#1
	02
	130
	110
	7298

	EI#2
	01
	80
	127
	4091

	EI#2
	01
	130
	121
	6603

	EI#2
	02
	80
	130
	5554

	EI#2
	02
	130
	125
	6308

	EI#3
	01
	80
	118
	6383

	EI#3
	01
	130
	114
	6714

	EI#3
	02
	80
	129,5
	5292

	EI#3
	02
	130
	125
	6119

	EI#4
	01
	80
	137
	5345

	EI#4
	01
	130
	132
	5573

	EI#4
	02
	80
	147
	4517

	EI#4
	02
	130
	144
	5085


Table II. Summary of the mechanical measurements performed at room temperature.
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The chemical composition of the candidate components
The results of this work have been published in the CERN ATB report XXXX

16 sensible components used in the LHC have been analysed with the following two objectives

A) Put in evidence presence of elements not recorded in the material certification and that could be activated by the proton beam. These elements would become a health hazard for the workers that will need to intervene in the radioactive machine. This aspect it extremely important for the magnets object of this study because they will be one of the elements most strongly irradiated in the accelerator ring.
B) Improve the modelling of the magnets components for the heat deposition computation, where the chemical composition of the different elements, with their cross section of scattering and capture, is one of the main input and normally the most uncertain 
The selection of the LHC material (components) that can be re-used
The results of this study can be found at page 9 of the CERN-LHC-PROJECT-Report-1163

Title: “Conceptual Design of the LHC Interaction Region Upgrade : Phase-I”. This document is available on the CERN web. This document is also part of the 1st deliverable
The study results have shown that the following existing material and components can be effectively re-used for the upgrade of phase I

1) The Nb-Ti Rutherford-type cable. The cables used will be the LHC main dipole Cable-01 and Cable-02. The available unit length is 448 m for Cable-01 and 740 m for Cable-02, which allows production of a quadrupole with an aperture of up to 130 mm and a length of up to 11.5m. The full quantity of cable for manufacture of 20 low-β quadrupoles is available at CERN.

2) Collar steel. A total of 136 t of YUS 130 austenitic steel in 3 mm thick sheets is available at CERN. This material, produced by Nippon Steel, has a thermal contraction coefficient from room temperature to 1.9 K of 2.6 10-3. The available quantity is sufficient for manufacture of 20 low-β collared coils.

It has also put in evidence that, for the magnetic yoke, the 262 t of Magnetil, produced by Cockerill, available at CERN in 5.8 mm thick sheets are not sufficient for 20 cold masses. Additional material needs to be purchased. As an alternative, purchase of 700 t required for the full production could also be considered, as it would allow uniformity of the yokes without mixing of the steel grades. 
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