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Executive Summary

Preliminary considerations regarding the design of the current leads for the MICE Coupling Coil were published by Michael Green in [1] and results of the FEA of the temperature distribution at the intermediate station as well as heat loads on both the first and second stages of the cryocooler are defined in [2].
These results were used here for sizing the copper leads between the RT and the warm end of the HTS current leads, which under current design are linked to a copper terminal and to a massive copper part connected to the first stages of three cryocoolers PT415 [3, 4]. References to these documents used in this study are included in Addendum A at the end of this memo.

The general conclusion is that due to the excessive available power at the first stage of the cryocoolers 30-cm long copper current leads optimized using McFee method [5] for the 300 K to 46 K temperature drop between the RT and cold ends show stably good performance at a wide range of operating conditions including faults associated with the loss of cooling power from the cryocoolers. 

The difference between the 46 K lead cold end temperature used for the McFee optimization here and the 60 K in the Michael Green’s study [1] is due to the fact that in the present study we maintain the proper balance of the capacity of the cryocoolers and heat loads from all sources including the current leads. This balance happens to be achieved at about 46 K at the cold ends of the copper leads. 

I want to thank Alex Zhukovsky for the inspiration and very useful comments.

Modeling

The peculiarity of this design is that the magnet is expected to be used at various operating currents. Heat loads at both stages of the cryocooler are specified [2] with a wide margin of contingency. With all these uncertainties it is logical to design the current leads for the worst expected combination of parameters and then to check this design at conditions with more favorable combinations of the parameters. The purpose of this verification is to make recommendations regarding measures, which can be used for offsetting the consequences of the conservatism of the design. 

The length of the current leads is set at L=30 cm. This length conveniently complies with the 19-cm distance between the RT and the first stage flanges of the cryocooler, see Fig. A.1. Three grades of the copper are compared as candidates for the current leads, with RRR=10, 50 and 100.

The analyses are performed using program Mathematica.
1. Optimization for Nominal Steady State (SS) Operation @ Ic=210 A

A general approach to the optimization of the RT to the intermediate temperature part of the current lead is described in [5]. It is based on finding an optimum of the parameter, (L*Ic/A), where L and A are the length and the cross sectional area of the lead and Ic is the nominal current. The optimum is achieved when the SS solution provides given temperatures, T0 and T1, at the respective cold and warm ends, and the heat flux at the warm end is zero. For a lead with temperature-dependent thermal conductivity, K(T), and electrical resistivity, rho(T), this optimum is formally defined by solving differential equation,

(1)
K(T)*d2T/dx2 + dK(T)/dT*(dT/dx)2 + rho(T)*(Ic/A)2 = 0, 
with boundary conditions, T|x=L=T1, dT/dx|x=L=0, and adjusting the cross section, A, till the cold end acquires the required temperature, T|x=0 = T0.

In the present case (the properties of the copper being defined as in Addendum B), T1=300 K, T0=46 K
, L=0.3 m, Ic=210 A, calculated optimum values of (L*Ic/A), respective cross sections of the lead, A, and per-lead heat loads, Q0, at the cold end are shown in Table 1.a. Figures in Table 1.b depict the SS distribution of the temperature and the heat flux, Q= - K(T)*A*dT/dx, along the length of the lead. The cold end is at x=0, and the RT end is at x=L=0.3 m.
Table 1.a Optimized McFee Leads

	RRR
	L*Ic/A
	T0
	Q0
	A(Ic=210 A, L=0.3 m)

	
	A/m
	K
	W
	mm^2

	10
	4.0285E+06
	46
	-10.50
	15.64

	50
	4.0180E+06
	46
	-9.07
	15.68

	100
	3.9970E+06
	46
	-8.97
	15.76


Table 1.b 
	SS Temperature Distribution 
along a 30-cm Long Cu Current Lead, Ic=210 A.
	SS Heat Flux 
along a 30-cm Long Cu Current Lead, Ic=210 A.

	RRR=10
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	RRR=50
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	RRR=100
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2. Account of Cryocoolers

2.a McFee – optimized lead with account of cryocoolers
Optimization by McFee method used in p.1 assumed that the temperature of the cold end is fixed at 46 K. In reality the performance of the cryocoolers first stage is a function of its temperature. In addition to that there are temperature drops between the cryocoolers and the cold ends of the copper current leads. 
Formulae in Addendum A define Pcc, the per-lead available heat capacity of all three cryocoolers as a function of 
- T0 ,the lead cold end temperature, 
- DP415, power loads at the first stage level from sources other than the current leads and 
- DT415, the temperature drop between the first stages of the cryocoolers and the cold ends of the copper current leads
. 
This steady state temperature distribution can be calculated using equation (1) with the boundary conditions defined at the cold end as T|x=0 = T0, dT/dx|x=0 =Pcc(Tcc= T0-DT415)/(K(T0)*A). 
Let us consider two cases.

In the first case we assume that Ic=210 A, DP415D=37 W and DT415=0, i.e. that under working conditions the heat load is as defined in [4] with a zero contingency. This case produces the lowest temperature at the cold end, and respectively the highest heat flux through the lead. 
The length and the cross section of the lead were set as defined by optimization in p.1. Equation (1) was solved with different T0 at x=0 until the temperature of the warm end matched the RT, T1=300 K. This process converged to the parameters shown in Table 2. The heat flux through the lead at the RT end is Q1, and at the cold end it is Q0. 
Table 2. McFee (Table 1.a) with DP415=37W, DT415=0K, T1=300K, Ic=210 A

	RRR
	L*Ic/A
	Tcc
	T0
	Q0
	T1
	Q1

	
	A/m
	K
	K
	W
	K
	W

	10
	4.0285E+06
	34.720
	34.720
	-10.572
	300
	-0.3886

	50
	4.0180E+06
	34.565
	34.565
	-9.171
	300
	-1.1216

	100
	3.9970E+06
	34.553
	34.553
	-9.062
	300
	-1.1655


For the second case we assume that Ic=210 A, DP415=74 W, DT415=9 K, as defined in Addendum A as the most conservative design with a 100% contingency on the heat loads. The same as above process converges to the parameters shown in Table 3.
Table 3. McFee (Table 1.a) with DP415=74W, DT415=9K, T1=300K, Ic=210 A
	RRR
	L*Ic/A
	Tcc
	T0
	Q0
	T1
	Q1

	
	A/m
	K
	K
	W
	K
	W

	10
	4.0285E+06
	37.120
	46.120
	-10.494
	300
	0.0083

	50
	4.0180E+06
	36.905
	45.905
	-9.072
	300
	-0.0107

	100
	3.9970E+06
	36.889
	45.889
	-8.965
	300
	-0.0019


Comparing Tables 1-3 we can notice that temperature of the cold heads, Tcc, of the first stages is rather stable with respect to the variation of heat loads, DP415, and temperature drops, DT415. For these designs the McFee current leads optimized for T0=46 K as shown in Table 1 perform well at the working conditions independently of the choice of RRR=(10,50,100). Practical implications of a small power disbalance at the RT end of the leads will be discussed at the end of this memo.
3. SS Heat Leak @ Ic=0

Steady state heat load on the cryocoolers during idle periods when there is no current in the current leads, Ic=0, defines the maximum heat leak at the RT end, Q1. This power, Q1, is the maximum power requirement to the heater for avoiding formation of moisture or ice balls at the RT end of the current lead. In this case the heat flux, Q, along the current lead, the length, L, and the cross section area, A, are constant and the equation, Q=-A*K(T)*dT/dx, can be integrated so that

(2)
Q = -A/L*Integral[K(T), { T0, T1}]

The maximum heat leak occurs when the temperature drop between the RT and the cold ends of the lead is the biggest. The lowest possible temperature at the first stage, 32 K, is defined by the Cryocooler Capacity diagram, Fig. A.2.b, for an unrealistically optimistic case of zero heat loads at both stages. Assuming T1=300 K and the cold end at T0=32 K we can calculate corresponding values of the heat leak, Q1= Q0. These values are shown in Table 4. This result means that the maximum power of the heater can be about 7 W per lead.

Table 4. McFee (Table 1.a), Ic=0, T0=32 K, T1=300 K

	RRR
	L*Ic/A
	Q0=Q1

	
	A/m
	W

	10
	4.0285E+06
	-6.86

	50
	4.0180E+06
	-6.77

	100
	3.9970E+06
	-6.76


4. Cold End Temperature Rise at Cryocooler Failure
If all cryocoolers fail at the same time at full coil current the emergency current dump scenario will be initiated. At this time we are not aware of the specifics of the current vs. time scenario of for this event. Let us assume that it is safe if the temperature of the conductor grows by deltaT=50 K and evaluate how long it will take for the cold and warm ends of the lead to increase its temperature from the normal operational value, T0 and T1 to T0+deltaT and T1+deltaT respectively. Using the most conservative adiabatic assumption from the equation,
(3)
rho(T)*(Ic/A)2 = dens*Cp(T)*dT/dt

we can derive the time required for this temperature rise,
(4)
time0 = dens*(A/Ic)^2*Integral[Cp(T)/rho(T), { T0, T0+deltaT}]

time1 = dens*(A/Ic)^2*Integral[Cp(T)/rho(T), { T1, T1+deltaT}]

at the cold and warm end of the lead respectively.

Table 5 shows that the minimum time for an adiabatic temperature rise of 50 K is about 50 seconds. This is quite sufficient for detecting the failure and starting the quick discharge sequence.
Table 5. Time for 50 K temperature rise
	RRR
	L*Ic/A
	T0
	time0
	T1
	time1

	
	A/m
	K
	s
	K
	s

	10
	4.0285E+06
	46
	144
	300
	53

	50
	4.0180E+06
	46
	221
	300
	48

	100
	3.9970E+06
	46
	249
	300
	48


Conclusions
The general conclusion is that due to the abundance of available power at the first stage of the cryocoolers 30-cm long copper current leads optimized using McFee method for the 300 K to 46 K temperature drop between the RT and cold ends show stably good performance at a wide range of operating conditions including faults associated with the loss of cooling power from the cryocoolers. 

The heating power required to maintain RT at the warm ends of the leads is less than 7 W per lead. Since RT ends of the current leads are thermally connected to the same feedthrough this means that we need to deliver the maximum of 14 W to that location. It is a very small amount of power and depending on the design thermal stabilization of the feedthroughs at the RT can be achieved without any special measures, just by the heat transfer to the supply electrical cable, to the structure of the cryostat and to the surrounding air. In case this warming power is insufficient to avoid the condensation an air fan can be used to increase heat transfer to the atmosphere.
The analyses were made for the heat loads calculated in [2] for the second stages of the cryocoolers at 4.2 K and the intermediate structure at 60 K. With the 46 K temperature of the first stages these heat loads will change, which will call for an adjustment of the analyses of the leads. Most likely these corrections of the heat loads will not exceed the range used in p.2 of this study and consequently they will not affect the design and the conclusions made here for the current set of inputs.

Would the length of the leads change due to some design considerations the balances of heat loads will change. This can result in the readjustment of the equilibrium temperature of the cold end of the lead and will require reoptimizing the leads for a different cold end temperature.
Our recommendation is to repeat the analyses for any significant revision of the input parameters.

ADDENDUM A
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Fig. A.1 PT415 Cryorefrigerator Dimensions (Cryomech [3])
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Fig. A.2.a PT415 Cryorefrigerator Capacity Curve. Certified Performance: 1.5W@4.2K with 40W@45K  (Specification by Cryomech [3].) 
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Fig. A.2.b Operating temperature diagram for the first-stage temperature T1 and the second-stage temperature T2 of a PT415 pulse tube cooler as a function of the first-stage heat load Q1 and the second stage heat load Q2. (Data taken by Florida State University [4].)




Relation between the capacity, P415, of the first stage of the cryocooler and the temperature of this stage T, [32K<T<70K]. For the second stage held at 4.2 K.

P415 = -1489.5512 + 112.47614*T - 3.10904*T^2 + 0.03844*T^3 - 0.0001770150*T^4;
Figure A.3 shows P415 as a function the temperature of the first stage of the cryocooler.
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Fig. A.3 PT415 first stage capacity, P415 [W], vs. temperature, T [K], for the second stage at 4.2 K.
The total capacity of three cryocoolers as a function of temperature their first stage flange is 3*P415.
In reality there is a temperature drop, DT415, between the cold ends of copper leads and respective stages of the cryocoolers. Let the heat load on the first stage of the cryocoolers from sources other than the current leads be DP415. Then the total power delivered to the cold ends of each of two copper current leads, which are at temperature, T0, is

Pcc(Tcc=T0-DT415)=(3*P415 - DP415}/2
where

P415 = -1489.5512 + 112.47614*(T0 - DT415) -  3.10904*(T0 - DT415)^2 + 0.03844*(T0 - DT415)^3 - 0.0001770150*(T0 - DT415)^4;

From Table A.1 we can conclude that the expected nominal heat load is about DP415=56-19=37 W. With a 100% contingency DP415=74 W.
Figure A.3 show that we can assume that DT415≈9 K.
Table A.1 Heat Loads at the First Stage of the Cryocooler [2]

	Heat loads from 300K to 60K (W)
	Previous design
	Current design

	Copper leads from 300 K
	19.30
	19.30

	Cold mass supports (intercept T=72-77 K)
	11.215
	11.215

	Radiation Heat to the Shields *
	9.756
	8.47

	Instrumentation wires
	0.092
	0.092

	He Cooling Tubes
	3.57
	2.91

	Level sensor tube
	1.03
	0.85

	Cooler SS sleeves
	9.73
	9.73

	Neck shield supports
	0.88
	0.88

	Heat shield supports
	0.69
	0.37 (longer support)

	Sub-total (calculated)
	56.2629
	53.817

	Total Heat Load with 50% Contingency
	84.3944
	80.7255

	Total Heat Load with 100% Contingency
	112.526
	107.634


*Radiation heat from 300K to 60K-80K: q=1.0W/m^2; PTR415 cooling capacity at 60K: 55W-60W
Table A.2 Heat Loads at the Second Stage of the Cryocooler [2]
	Heat load from 60K to 4.2K (W)
	Previous design
	Current design

	HTS current leads ( Warm HTS end T = 64 K)
	0.15
	0.15

	4.2K Cold mass supports (intercept T=73-78K)
	0.478
	0.478

	Radiation heat to 4.2K cold mass (Shield Tave =70K) (W) (MLI layer is 20)*
	0.84
	0.832

	Instrumentation Wires
	0.00307
	0.00307

	He cooling tubes
	0.06
	0.09

	Level sensor tube
	0.02
	0.03

	Cooler SS sleeves**
	0.60
	0.60

	14 Superconducting Splices at 10 nW per splice and 210 A
	0.01
	0.01

	Sub-total (calculated)
	2.1611
	2.1931

	Total with 50% Contingency
	3.2416
	3.2897

	Total with 100% Contingency
	4.3221
	4.3862


*Radiation heat from 60K-80K to 4.2K: q=0.15W/m^2; PTR415 cooling capacity at 4.2K: 1.5W
** Test data from Michael Green
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Fig. A.3 Temperature distribution in the copper terminal connected to the first stages of the cryocoolers
ADDENDUM B
Copper Properties

Thermal conductivity at RRR=100 and 50 (W/m-K), [3K<T<300K] is defined according to NIST data [6]
K = 10^(a + c*T0.5 + e*T + g*T1.5 + i*T2)/(1 + b*T0.5 + d*T +f*T1.5 + h*T2)


Here
for RRR=100: a=2.22E+00; b=-4.75E-01; c=-8.81E-01; d=1.39E-01; e=2.95E-01; f=-2.04E-02; g=-4.83E-02; h=1.28E-03; i=3.21E-03;

for RRR=50: a=1.87 E+00; b=-4.15E-01; c=-6.02E-01; d=1.33E-01; e=2.64E-01; f=-2.19E-02; g=-5.13E-02; h=1.49E-03; i=3.72E-03

Thermal conductivity at RRR=10 is available at [7]. The following formula proposed by Luca Bottura
 presents a good fit of [7] for RRR=10 (W/m-K), [40K<T<300K]
K = 1/(RC0/24.45/T + 33.5*10^-8*T^2) + 400*(1 - Exp[-(T - TCU)/TCU])

Where RC0 = 15.53/(RRR - 1); TCU = 40
Electrical resistivity (ohm-m) , [40K<T<460K] is defined using Luca Bottura fit,
rho:=(0.000000001*(15.53/(RRR-1)+c1))*(1+0.0003046*(0.000000155*B/(0.000000001*(15.53/(RRR-1)+c1)))-0.000000000613*(0.000000155*B/(0.000000001*(15.53/(RRR-1)+c1)))^2);

where we assume field B=0 and 
c1 =-0.7219-0.00099349*T+0.00066758*T^2-0.000002808*T^3+0.0000000053448*T^4-0.0000000000038156*T^5;

Thermal capacity (J/kg-K), [50K<T<460K] is defined using Luca Bottura fit,
Cp:=-158.46+6.7456*T-0.034895*T^2+0.000082756*T^3-0.000000073995*T^4;

Material density, dens=9e3 kg/m3
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Memorandum








� The choice of the cold end temperature, T0, is a result of an iterative process of optimizing the leads for the most conservative heat loads with the account of cryocoolers as described in p. 2.a below.


� This procedure was calibrated against the classical work by McFee [5], in which the optimum for the cold end temperature of 77 K, RRR=100 and Ic=2 kA was found at (L*Ic/A)=3.5e6 A/m and Q=85.4 W. My result for the same conditions is (L*Ic/A)=3.5245e6 A/m and Q=84.2 W. 





� Here we assume that first stages of all three cryocoolers are at the same temperature, and so are the cold and the warm ends of both copper current leads.


� K at RRR=10, Cp and rho are by Luca Bottura with references to:


Luehning, Heller, Private Communication, 1989           


F.R.Fickett, Int.Copper Res. Rep. 186, 1972  


Handbook on Materials for S.C. Machinery, NBS Boulder, 1977        
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