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Terms and Definitions
	Term
	Definition

	CDD
	CERN Drawing Directory

	EDMS
	Engineering Data Management System

	B
	Magnetic field

	h
	Heat transfer coefficient

	Ic
	Critical current

	
	

	κ
	Thermal conductivity

	κNbTi
	NbTi thermal conductivity

	κpoly
	Polyimide thermal conductivity

	κG10
	Epoxy glass thermal conductivity

	κSS
	Stainless steel thermal conductivity

	κHeI
	He I thermal conductivity

	Quench
	A transition of the superconductor from the superconducting to the normal state. Such a transition invariably occurs if one of the three parameters: temperature, magnetic field or current density, exceeds a critical value.

	RRR
	Residual Resistance Ratio

	ΔT
	Temperature margin

	THe
	Liquid helium temperature (4.3 K at atmospheric pressure)

	THeII
	Superfluid helium temperature

	Tb
	Bath temperature

	Tc
	Critical temperature

	
	


1 Introduction
The high beam intensities in the LHC [1]
 require a careful control of the beam losses around the LHC ring. The beam losses, involving significant numbers of particles, may have severe consequences for 
the accelerator equipment [2]
. Several systems are designed to ensure safe operation of the LHC, such as beam dumps, collimators and beam absorbers, beam instruments and magnets protection [3]
. The time constant for particle losses ranges from a few (s to several seconds depending on the specific failure [4]
. Protection from multiturns beam failures relies mainly on fast monitors that detect beam losses early enough to issue a beam dump request immediately if the losses exceed the acceptable level.
This note presents the results of a study of beam losses simulation in the MQM insertion quadrupole magnet [5]
 which has to be found as a critical one. MQM magnet is designed as twin-aperture structure and use NbTi superconducting cables for its coil. MQM operate in superfluid helium at 1.9 K temperature

and in liquid helium at 4.5 K. Cable 4 is used in all MQM type quadrupole. MQM magnets are installed, for example, in the long straight section (Q5, Q6 and Q7) [6]
. 

In the note a network model [7]
 of the MQM magnet is showed. For the creation and development of the network model we are taking advantage of a well-known method, when an electrical circuit is used to model the thermal quantities [8]
. Next we are using a PSPICE program to simulate electrical circuit and obtain the results. The experimental setup is presented in the note as well.  To simulate beam losses a stainless steel tape installed in the cold bore and is used as a heat source. In the note only steady-state condition is considered. The results of the simulation are useful for a quench limit calculation for the MQM magnet. The model can be used for the quench limit calculation of MB, MQ and MQY magnets, as well.

1.1 Heat transfer

In either steady-state or transient condition, the first principle of energy conservation law must be satisfied at any instance,
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Eq. 1
where Ein is the thermal input energy, Eout is the thermal output energy, Egen is the thermal generated energy. The rate of change of energy stored within the control volume is designated as dEheat/dt. Since the magnet layers (insulation, cables, helium channels), to which a heat sink, are assumed to be the sole heat dissipation path to the heat reservoir, heat conduction downwards and aside is considered in this thermal modelling. Heat convection is ignored by the application of adiabatic boundary condition. This is a reasonable assumption because, in general, the magnet is enclosed by thermally insulated package materials. Heat radiation is simply too small to be taken into account. Therefore, the heat transfer process can be quantified by the rate equation known as Fourier’s law:
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Eq. 2
Where q( [W/m2] is the heat flux and κ [W/m·K] is the thermal conductivity.
1.2 Hadronic cascades

The energy of proton 
2  Electrical equivalent model for thermal properties
The power dissipation in magnet components will lead to a complex process of combined heat conduction, convection and radiation. In case of superconducting magnets the dominating process is the heat conduction. In many cases a simple model for heat transfer is sufficient. It is used a well-known method, where an electrical circuit is used to model the thermal quantities. The analogy between electrical and thermal circuits is shown in the Table 1.
Table 1 The analogy of the equivalent thermal circuit
	
	

	Thermal circuit
	Electrical Circuit

	(
	[K]
	Temperature
	V
	[V]
	Voltage

	Q
	[J]
	Heat
	Q
	[C]
	Charge

	Q
	[W]
	Heat transfer rate
	I
	[A]
	Current

	Κ
	[W/Km]
	Thermal Conductivity
	Σ
	[1/Ωm]
	Electrical Conductivity

	RΘ
	[K/W]
	Thermal Resistance
	R
	[V/A]
	Resistance

	CΘ
	[J/K]
	Thermal Capacitance
	C
	[C/V]
	Capacitance

	
	


The analogy between electrical and thermal circuit can be expressed in following:

· steady-state condition

 Temperature rise     (      Voltage difference
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· transient condition
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[image: image6.wmf]t

V

RC

V

t

C

R

¶

¶

=

Ñ

Û

¶

Q

¶

=

Q

Ñ

Q

Q

2

2


Figure 1 shows an example of the electrical circuit, which represents thermal circuit, with a thermal resistance and capacitance. In figure 1 current source iΘ describes the power dissipation in the heater (quench heater) and node viltages uΘ represent the differences between the actual and the ambient temperature.


In the model, it is used an electrical equivalent circuit for describing the thermal behaviour of the components. In the simulation we are used for the simulation of the steady state only resistance, capacitance does not play a role. 

2.1 Thermal resistance and capacitance
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Eq. 3
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Eq. 4
where  ΔV=w· d· l is a volume, ρ – is the material density, Cp is the specific heat.

Generally thermal resistance is expressed in [K/W].

2.2 Thermal resistance calculation for the MQM magnet

In 2-dim model heat source and resistance are normalized to 1 m in the 3rd dimension
, so the heat source is in 
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For 2-dim model thermal resistance of solid elements and He I is calculated as follow:
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Eq. 5
where l – is the length and w – is the width of the sample and R( is expressed in units [m(K/W]. 
The He II thermal resistance is calculated as follow [9]
:
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Eq. 6
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Eq. 7
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Eq. 8
where 
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 and q is expressed in Watts.
3 Network Model

3.1 Superconducting cables

A photo and schematic cut view of the superconducting cable cross section is presented in Fig. 1. The wires are made of NbTi filaments inserted inside a Copper matrix. The Helium occupies the space between 
the wires and between the wires and insulation. A detailed characteristic of the cable and insulation 
is presented in [7]. 
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Fig. 2 Superconducting cable photo and schematic cut view

The thermal contact between two cables is poor due to the insulation which is a barrier to the heat transport. Heat transport out of the cable is dominated by the flow of helium through the insulation. Fig.3 shows model of the cable with insulation. The μ-channel, which is occupied by the liquid helium is indicated in the figure. The μ-channel plays important role in the heat extraction for the magnets which operate in superfluid helium at 1.9 K temperature. For the magnets which operate in liquid helium 
at 4.5 K the heat conduction is comparable with the insulation, so the μ-channels are less efficient.
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Fig. 3 Insulated cable. Arrow indicates a μ-channel by which heat could be extracted from the outer layer of the superconducting cables.

Table 2 shows a basic information about cable type-4 whereas table 3 summarizes information about polyimide insulation used in the cable type-4.
Table 2 Cable characteristic
	Cable type
	Strand type
	#strands
	A-cable
(mm2)
	Cu 
(mm2)
	NbTi 
(mm2)
	He
(mm2)
	Insulation

(mm2)

	Type-4
	5
	36
	6.646
	4.229
	2.417
	0.429
	1.885


Table 3 The insulation of cable type-4. Layer 1 and layer 2 overlaps by 50%, layer 3 is a strip layer with 
a 2 mm space occupied by liquid helium.
	Insulation 
	Units
	Cable Type-4

	layer 1
	mm
	0.025

	layer 2
	mm
	0.025

	layer 3
	mm
	0.056


In fig. 4 a detailed network model of the superconducting cable is showed. The cable have been artificially shared in thermal resistance element to show the heat flow inside the cable. Table 4 summarizes the values and input parameter for calculation of the resistance for each of resistor in the network model
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Fig. 4 Superconducting cable model (left) and equivalent electrical circuit (network model). Each element of the cable model is described in table 4.
Table 4 Values used in calculation of thermal resistance for cable type-4 at temperature T=4.6 K.

	Resistance element description
	Thermal resistance

R( [m(K/W]
	Length

l [m]
	Width

w [m]
	Depth

d  [m]
	Thermal conductance 

κ [W/m(K]

	Top insulation R101
	 5.02
	4,226·10-5
	9,099·10-4
	0,82
	1,128·10-2

	Helium μ-channel * R102
	 25.15
	4,226·10-5
	9,099·10-4
	0,18
	1,026·10-2

	Insulation R201
	 121.06
	4,226·10-5
	3,774·10-5
	0.82
	1,128·10-2

	Helium μ-channel * R202
	 606.33
	4,226·10-5
	3,774·10-5
	0,18
	1,026·10-2

	Helium μ-channel * R3
	 541.48
	4,226·10-5
	4,226·10-5
	0,18
	1,026·10-2

	Top insulation R4
	 7.79
	8,0·10-5
	9,099·10-4
	1
	1,128·10-2

	Top insulation R5
	 187.92
	8,0·10-5
	3,774·10-5
	1
	1,128·10-2

	Helium μ-channel * R6
	 1025.04
	8,0·10-5
	4,226·10-5
	0,18
	1,026·10-2

	Helium ΣR7
	 21319.91
	8,8·10-3
	4,023·10-5
	1
	1,026·10-2

	Metal ΣR8
	 0.05
	8,8·10-3
	8,4·10-4
	1
	220,518

	Aside insulation - total ** ΣR9
	10776.45
	8,8·10-3
	8,0·10-5
	**
	1,128·10-2

	Helium μ-channel * ΣR10
	  112754.35
	8,8·10-3
	4,226·10-5
	0,18
	1,026·10-2

	Bottom insulation R11
	 9.21
	8,0·10-5
	7,701·10-4
	1
	1,128·10-2

	Bottom insulation R1201
	 5.93
	4,226·10-5
	7,701·10-4
	0.82
	1,128·10-2

	Helium μ-channel * R1202
	 29.71
	4,226·10-5
	7,701·10-4
	0,18
	1,026·10-2

	Interconnection resistanceR78
	4.33·10-4
	8,4·10-4
	8,8·10-3
	1
	220,518

	Interconnection resistanceR89
	0.24
	**
	8,8·10-3
	1
	1,128·10-2

	Interconnection resistance R910
	0.45
	4,226·10-5
	8,8·10-3
	1
	1,026·10-2


*      - helium μ-channel efficiency is 18% i.e. 18% space is occupied by helium, rest by insulation (see fig. 3).
** - aside cable insulation consists of 2 layers of 100% insulation and 1 layer strip insulation shared with helium μ-channel (82%)
3.2 MQM superconducting magnet
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Fig. 5 View of the MQM magnet. (CORRECT THIS PICTURE)
The MQM magnet is the unique one in LHC  ring which operate in superfluid helium at 1.9 K temperature and in liquid helium at 4.5 K, as well. Because of the heat evacuation for these two regimes of work is different, it needs more attention with a quench limit calculation. For the network model it is important to establish at first the heat reservoirs. The upper reservoir for both temperatures is collar which consists of stainless steel plates and helium channels. The reservoir for the other side of collar is helium channel for magnets which operate in superfluid helium at 1.9 K and cold bore for magnets which operate in liquid helium at 1.9 K. The calculation of enthalpy of stainless steel for temperature T=4.5K gives value of 55.23 mJ/cm3. 
Table 5 Magnet characteristic and cable types used in the production. The last column shows the results of energy margin (EM) from the SPQR program.

	Magnet type
	Cable type
	Op-T (K)
	I  (A)
	Iultimate  (A)
	Pick-field (T)

	MQM
	Type-4
	1.9
	5390
	5820
	6.30

	MQM
	Type-4
	4.5
	4310
	4650
	5.04


Table 6 Values used in calculation of thermal resistance for   MQM magnet at temperature T=4.6 K. R00 is a sum of thermal resistance of quench heater, 4 layers of GPI and collaring shoe (see fig. 5 and fig. 6). 
	Resistance element description
	Thermal resistance

R( [m(K/W]
	Length

l [m]
	Width

w [m]
	Depth

d  [m]
	Thermal conductance

κ [W/m(K]

	Collaring shoe R00
	2.45
	7.0·10-4
	1.071·10-3
	1
	2.671·10-1

	GPI* R01
	10.66
	1.25·10-4
	1.071·10-3
	1
	1.095·10-2

	Quench heater R021+ R022
	17.06
	2.0·10-4
	1.071·10-3
	1
	1.095·10-2

	
	
	
	
	
	

	Interlayer insulation R031
	1.83
	1.25·10-4
	9.288·10-4
	1
	6.478·10-2

	Interlayer insulation R032
	2.12
	1.25·10-4
	1.071·10-3
	1
	6.478·10-2

	Interlayer insulation R04
	19.76
	1.6 10-4
	1.25·10-4
	1
	6.478·10-2

	
	
	
	
	
	

	Helium R05
	142.21
	1.38·10-3
	9.288·10-4
	1
	1.045·10-2

	Cold bore insulation R06
	10.82
	1.1·10-4
	9.288·10-4
	1
	1.095·10-2

	Cold bore R07
	6.05
	1.5·10-3
	9.288·10-4
	1
	2.671·10-1


* 4 layers of ground insulation in total, here one layer is calculated
Table 6 summarizes values of the thermal resistance which is not showed in fig. 3, i.e. all the element (excluded cable) which plays important role in the heat conduction as is showed in fig. 6.
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Fig. 6 Network model of segment of MQM magnet. Left part of the figure shows electrical circuit and right shows geometrical equivalent of this circuit. In the bottom there are two grounds, depends on the working temperature of the magnet.  
4 Results of simulation

The temperature margin ΔT of a superconducting magnet is in general defined at nominal current (In) as the difference between the current sharing temperature of the conductor in the design peak field (B) an the bath temperature (Tb).

The temperature margin is estimated from the following formulas:
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Eq. 9
where critical current given by formula:
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Eq. 10
with the slope s of the Ic(4.22K, B) was deduced from two measurement of Ic at 6 and 7 T and critical temperature Tc(B) is given by inverse Lubell formula:
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Eq. 11
with for NbTi: Tc0=9.2 K, and Bc20=14.5 T.

A detailed description of the algorithm for the temperature margin estimate is given in [10]
     
Table 7 Results of simulation of the current necessary to quench the MQM magnet
	Magnet current 
I [A]
	Magnetic Field 
B [T]
	Temperature margin 
ΔT (K)
	Quench Heater current 
IQH [A]

	
	
	
	calculated
	experiment

	5300
	
	
	
	

	5200
	
	
	
	

	5100
	
	
	
	

	5000
	
	
	
	

	4900
	
	
	
	

	4800
	
	
	
	

	4700
	
	
	
	

	4650*
	
	
	
	

	4310**
	5.04
	
	
	

	4300
	4,9
	0,84
	0,84
	

	4000
	4,5
	1,15
	0,97
	

	3000
	3,4
	2,11
	1,33
	

	2000
	2,3
	2,99
	1,59
	

	1000
	1,1
	3,82
	1,80
	

	100
	0,1
	4,52
	1,96
	


* - ultimate current, ** - nominal current
5 Model validation

The experiments are proposed to verify the network model of the MQM magnet and simulate of the beam losses in the magnet. There are proposed two kind of experiment. The first of them is described in section 5.1.1 and propose to use existing quench heaters (see fig. 5) and for the second one a dedicated experiment is proposed as is described in section 5.1.2.
5.1 Experimental setups
5.1.1 Experimental setup with quench heater
This kind of experimental setup can be used for the temperatures of order of 4.5 K because of limitation of quench heater current due to the cables used in the quench heater connections. A detailed quench heater connection for MQM magnet is showed in the CDD drawing nr …… whereas detailed description of the cables can be found in ….. The results of the simulation for different currents of the magnet and results of few experiments are presented in table8. There are two types of experiment with quench heater:
a. setting of magnet current on the chosen level and then change quench heater current by probing every 100 mA

b.  setting of quench heater current for the chosen magnet current below of quench limit, wait for 5 min and then ramping of magnet current with the step of 1 A/s 

From the point of view of steady state the experiment type B is better due to the long time of heating of quench heater (i.e. steady state) before ramping of magnet current.

Table 8 Results of simulation of the current necessary to quench the outer layer of MQM coil at 4.54 K.
	Tested magnet name and number
	Magnet 
current 
I [A]
	Magnetic 
Field 
B [T]
	Temperature margin 
ΔT (K)
	Simulations
	experiment
R = 13.2 Ω
p=1.35 bar

	Current
in cable

[mA]≡[mW/m]
	QUENCH LIMIT

[mW/cm3]

	
	
	
	
	Quench Heater current 
IQH [A]
	Delay time

t [s]
	
	

	
	5300
	4.28
	0.82
	
	
	
	
	

	
	5200
	4.20
	0.91
	
	
	
	
	

	
	5100
	4.12
	0.89
	
	
	
	
	

	
	5000
	4.04
	1.07
	
	
	
	
	

	
	4900
	3.96
	1.16
	
	
	
	
	

	
	4800
	3.88
	1.24
	
	
	
	
	

	
	4717
	3.81
	1.31
	
	0.0
	0
	
	

	
	4700
	3.80
	1.32
	1.66
	
	
	
	

	SSS 627
	4650*
	3.76
	1.36
	1.69
	1.65
	19
	
	0.75 / 0.72

	
	4600
	3.72
	1.40
	1.71
	
	
	
	

	
	4550
	3.68
	1.44
	1.74
	
	
	
	

	
	4500
	3.63
	1.48
	1.76
	
	
	
	

	SSS 627
	4472
	3.61
	1,50
	1.77
	1.70
	300+50+72
	
	0.83 / 0.76

	SSS 627
	4450
	3.59
	1.52
	1.79
	1.80
	42
	
	0.84 / 0.86

	
	4400
	3.55
	1.56
	1.81
	
	
	
	

	SSS 627
	4310**
	3.48
	1.63
	1.85
	2.00
	22
	3.003
	0.90 / 1.06

	
	
	
	
	
	2.00
	300+?+?
	
	

	
	4000
	3.23
	1.87
	
	
	
	
	

	
	3000
	2.42
	2.62
	
	
	
	
	

	
	2000
	1.62
	3.33
	
	
	
	
	

	
	1000
	0.81
	4.01
	
	
	
	
	

	
	100
	0.08
	4.60
	
	
	
	
	


* - ultimate current, ** - nominal current
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5.1.2 A dedicated project
An experimental setup is presented in fig.6. Beam loss cascade is about 1 m long and therefore length 
of the heating source (stainless steel tape) is 1 meter long. Other dimensions are 15 mm wide and 25 μm thick according to the standard width and thickness of quench heaters. Quench heater is insulated with polyimide tapes of 75 μm thick in total and 25 μm thick of glue. It is proposed to install 8 arcs inside the cold bore, powered in series of 4 arcs. 
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Fig. 7 Experimental setup model
The heating elements are placed on the pipe made from material with the small heat conductance and small heat capacity. 
The proposed materials, which are often used in very low temperatures, are: Stainless Steel, Copper, Aluminium or Vetronit? For our studies the best is Stainless Steel but it could be technically difficult to made this kind of construction due to the enormous high forces needed to unbend for example 
2 mm thick pipe. Vetronit has excellent mechanical, electric, chemical resistance, suitable for low temperatures.
 Table 9 Thermal parameters of proposed materials at temperature T = 4.6K

	Material
	CP 
[J/kg K]
	κ (10-3
[W/m K]
	ρ 
[kg/m3]

	
	
	
	

	Aluminium
	0.31016
	353.29
	

	Copper
	0.11774
	330.35
	8930

	Stainless Steel
	2.1703
	0.27425
	

	Vetronit
	
	0.25
	1900

	Epoxy glass G10
	0.5573
	0.64777
	1790


5.2 Experimental setup network model
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Fig. 8 Network model of segment of MQM magnet. Top part of the figure shows electrical circuit and bottom shows geometrical equivalent of this circuit.
5.3 Power dissipated in the magnets due to the heat source .
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Eq. 12
where     P – is the power dissipated in the heater surface in [W], 
R – is the resistance in [Ω], 

I – is the current in [A], 

S – is the heater surface in [m2],
hw – is the heater width in [m], 

hL – is the heater length in [m],  
w – is the cable width in [m].
For the MQM magnet at temperature T = 4.6 K:
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6 Conclusions

The method of the beam losses presented in the note has been never used. The results of the simulation and experiment shows …..
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Appendix A: MQM magnet characteristic
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Table A.1 MQM magnet field map
	Conductor
	Field [T]
	Conductor
	Field [B]

	1
	3.2897
	16
	1.2699

	2
	3.3210
	17
	1.3385

	3
	3.3869
	18
	1.4533

	4
	3.4843
	19
	1.5953

	5
	3.6103
	20
	1.7565

	6
	3.7628
	21
	1.9327

	7
	3.9408
	22
	2.1215

	8
	4.1447
	23
	2.3217

	9
	4.3765
	24
	2.5326

	10
	4.6425
	25
	2.7540

	11
	4.4005
	26
	2.9855

	12
	4.8132
	27
	3.2262

	13
	5.2282
	28
	3.4743

	14
	5.6583
	29
	3.1381

	15
	6.1158
	30
	3.4204

	
	
	31
	3.7087

	
	
	32
	4.0198

	
	
	33
	4.3538

	
	
	34
	4.7125

	
	
	35
	5.1012

	
	
	36
	5.5308


Appendix B Thermal conductance of material used in the MQM magnet
 Table B. 1 Thermal conductance of solid materials. For NbTi the contribution to the thermal conductance from electric conductance due to the structure defects is not significant.

	Temperature
	κNbTi [W/mK]
	κpoly (10-3
[W/mK]
	κG10 (10-3
[W/mK]
	κStainless Steal(10-3
[W/mK]
	Copper (Cu) - κCu [W/mK], RRR=100

	
	
	
	
	
	MQM
B=6.30 T
	MQM
 B=5.04 T

	1.90 K
	12.345
	3.4839
	20.424
	96.39
	117.49
	136.44

	2.16 K
	14.031
	4.0555
	25.554
	112.40
	133.57
	155.10

	2.17 K
	14.096
	4.0785
	25.753
	113.02
	134.19
	155.82

	2.50 K
	16.234
	4.8774
	32.234
	133.58
	154.59
	179.51

	3.00 K
	19.466
	6.2249
	41.588
	165.33
	185.48
	215.38

	3.50 K
	22.688
	7.7078
	49.783
	198.04
	216.35
	251.23

	4.00 K
	25.894
	9.2914
	57.109
	231.89
	247.19
	287.04

	4.10 K
	26.533
	9.6175
	58.467
	238.82
	253.35
	294.20

	4.20 K
	27.171
	9.9462
	29.791
	245.79
	259.51
	301.35

	4.30 K
	27.808
	10.277
	61.083
	252.82
	265.67
	308.50

	4.40 K
	28.445
	10.611
	62.345
	259.91
	271.82
	315.65

	4.50 K
	29.080
	10.946
	63.576
	267.05
	277.98
	322.79

	4.60 K
	29.715
	11.283
	64.777
	274.25
	284.13
	329.93

	4.70 K
	30.348
	11.622
	65.952
	281.50
	290.27
	337.07

	4.80 K
	30.981
	11.963
	67.099
	288.82
	296.42
	344.20

	4.90 K
	31.612
	12.305
	68.221
	296.19
	302.56
	351.33

	5.00 K
	32.242
	12.649
	69.317
	303.62
	308.69
	358.46

	5.50 K
	35.373
	14.383
	74.461
	341.68
	-
	-

	6.00 K
	38.468
	16.138
	79.116
	381.29
	369.82
	429.44


Table B. 2 Helium parameters
	Temperature
	CP 
[J/kg K]
	κHel (10-3
[W/mK]
	ρHeI 
[kg/m3]
	Temperature
	CP 
[J/kg K]
	κHel (10-3
[W/mK]
	ρHeI 
[kg/m3]

	2.16 K
	11462.00
	16.524
	148.61
	4.70 K
	9254.30
	10.355
	19.82

	2.17 K
	6526.70
	16.536
	148.59
	4.80 K
	8640.00
	10.451
	18.68

	2.50 K
	2180.10
	16.946
	146.77
	4.90 K
	8172.60
	10.547
	17.76

	3.00 K
	2461.50
	17.567
	144.02
	5.00 K
	7854.00
	10.643
	16.99

	3.50 K
	3216.30
	18.187
	138.12
	5.50 K
	6873.80
	11.308
	14.12

	4.00 K
	4232.40
	18.808
	130.70
	6.00 K
	6411.00
	11.975
	12.30

	4.10 K
	4539.00
	18.866
	128.69
	6.50 K
	6127.70
	12.643
	10.97

	4.20 K
	4868.20
	16.288
	126.68
	7.00 K
	5949.20
	13.293
	9.96

	4.30 K
	5327.20
	16.275
	124.63
	7.50 K
	5736.90
	14.570
	8.42

	4.40 K
	5906.20
	16.263
	74.88
	8.00 K
	5658.70
	15.209
	7.85

	4.50 K
	10142.00
	10.448
	20.14
	9.50 K
	5589.30
	15.847
	7.33

	4.60 K
	10203.00
	10.259
	19.73
	10.00 K
	5554.50
	16.400
	6.90
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Fig.B-1 Helium I heat capacitance and heat conductivity distribution.
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Fig. � SEQ Fig. \* ARABIC �1� Network model of heat transport. Current source iΘ describes the power dissipation, RΘ is a thermal resistance and CΘ is a thermal capacitance
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� In case of helium μ-channels 0.18 m is occupied by helium, rest by insulation as showed in fig. 3. An importance of helium μ-channels is discussed in section 3.1.


� This pressure correspond the temperature of ~ 4.535 K
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Introduction – short info about 


Beam losses


network model (refer to the previous note) 


parameters calculations (Resistance), some theory?


Heat transfer – two elements of heat transfer


experiment descriptions + figures (CDD drawings), coil model – ROXIE, magnet model with insulation, enthalpy of heat reservoir


simulation of the experiment with the network model


Results





Network Model Note:


Some basic info about network model


Experiment description, CDD drawings


Resistance calculation method


Helium channels – μ-channel (efficiency 2/11=18%) and between cold bore and inner layer


Cold bore and insulation


Interlayer insulation


Field maps for all magnets – Temp. margin ΔT calculation


Quench heaters active surface


Collar, yoke, etc.


Parameters, convection, etc.
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