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AC Losses and Temperature Rise in RHIC Dipole Magnets 

Preface

An error has been found in the field components which are the basis of all ac loss calculations in Reports 1 to 4.  The error occurred in converting from Cartesian to polar  components of field and had the effect of increasing the transverse or ‘’ component of field, particularly near to the poles, thereby increasing the total loss by about a factor 2.  Peak losses were increased by larger factors, giving a greater over-estimate of the peak temperature.   Corrected field components are presented in this report.  Changes have been made to the main body of the report plus Appendices 1, 7, 8 and 9 (the previous versions of which should please be destroyed); Appendices 2 – 6 are unchanged.  

1. Introduction

One possibility for the proposed fast-pulsed synchrotron at GSI is to use RHIC dipole magnets, suitably modified to accommodate the fast ramp rates required.  This report calculates the ac losses and consequent temperature rise in RHIC dipole magnets when they are pulsed with the required duty cycle, which is taken to be:


maximum field 
3.5T


injection field 
0.35T


ramp time
0.88s

Using field shape data supplied by BNL, the RHIC field is first analysed in terms of its components Br and B, ie perpendicular and parallel to the cable.   It is found that the parallel component is essentially constant across the width of any cable, whereas the perpendicular component may be well represented by a constant plus gradient term.  New theories have therefore been developed for the coupling loss in a Rutherford cable exposed to transverse gradient field.

Loss are then calculated for the following effects:


a) inter-wire coupling via crossover resistance in transverse fields 


b) inter-wire coupling via adjacent resistance in transverse fields


c) inter-wire coupling via adjacent resistance in parallel  fields


d) inter-filament coupling within each wire


e) hysteresis loss within each filament

For the existing RHIC cable, it is found that a) dominates completely and makes the loss far too high for practical use.  Alternative cable designs are therefore explored, particularly using a resistive core foil to increase the crossover resistance.

Finally the resulting temperature rise is estimated for cables in the existing RHIC dipole winding configuration.  

All the detailed work of the report is consigned to Appendices, with only the important results presented in the main body of text.

2. Field Shapes

Appendix 1 presents the RHIC dipole field data supplied by Ramesh Gupta of BNL and converts it from Cartesian Bx By into polar Br B components, working at 1 degree intervals around the magnet aperture, using the transformations:
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(note the minus sign was missing in version 1)
Fig 1 shows the component B, ie perpendicular to the face of the cable.  Using the Excel routine LINEST, this data is fitted by a constant plus a gradient term.
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Fig 1: Azimuthal component of field B on the cable as a function of radius and angular position around the magnet aperture.

3 Cable Losses via crossover resistance in transverse gradient fields.

Changing fields transverse to the cable induce currents to flow around diamond shaped loops like that shown in Fig 2.
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Fig 2: current loops induced by changing fields transverse to the cable; current flows from red wires (top of cable) downwards through the crossovers to blue wires (bottom of cable)

Appendix 2 presents a derivation of the losses coming from inter-wire coupling via the crossover resistance in a transverse field which contains a gradient term.  First of all the current around an elemental loop is calculated.  All such current loops are then summed to find an effective magnetization (magnetic moment per unit volume expressed in units of H).  The loss per unit volume Ptc is then calculated to be:
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where Bm is the field at the centre of the cable,  a and b are the half width and thickness of the cable as sketched in Fig 3, p is the twist pitch and rc is the crossover resistance per unit area, which is related to the resistance per crossover Rc by:
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where N is the number of wires in the cable
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Fig 3: nomenclature for cable in transverse field  
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In fact, it turns out that this result, obtained with so much complication, is the same as the result for a cable in a uniform field Bm.   This result was derived in an old Rutherford Laboratory Memo attached as Appendix 3 (please note that the nomenclature was different to that used elsewhere in this report).

4 Cable Losses via adjacent resistance in transverse gradient fields.

The other pattern of coupling in transverse fields is where the current flows between wires in the same layer through the adjacent resistance as shown in Fig 4.   In this case, there are similar, but independent, current patterns on the top and bottom faces of the cable. 

[image: image9.wmf]
Fig 4: coupling currents flowing between adjacent wires on the top face of the cable

Appendix 4 presents a derivation of the currents, magnetization and consequent ac losses for adjacent wire coupling in a transverse gradient field.  The power loss per unit volume is found to be:
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where G is the field gradient and x is the effective resistivity along the cable via the adjacent resistance:
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where ra  is the adjacent resistance per unit area.

In this case the gradient field does make a difference, displacing the electric centre towards the high field side of the cable and adding the second term in the brackets of eq 4. 

5 Cable Losses via adjacent resistance in parallel uniform fields.

In parallel fields, the inter-wire coupling currents flow along one face of the cable and return along the other as shown in Fig 5. 
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Fig 5: Coupling current in parallel fields

The theory of these current is worked out (with different nomenclature) in Appendix 3.  With unified nomenclature the loss per unit volume is:
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where B`p  is the rate of change of parallel field.

6 Inter-filament coupling losses

Losses coming from coupling between the filaments in each wire are calculated from the total field via the usual formula:
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where the coupling time constant  is given by:
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t is the effective transverse resistivity between filaments and pw is the wire twist pitch.  Experimental data indicate that this resistivity may be approximated by the Carr formula for ‘filaments not in good contact with the copper matrix’ :
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where  is the filling factor of NbTi in the wire.  This result is surprising, given that the NbTi filaments are surrounded by a thin layer of Nb, which prevents the formation of CuTi intermetallic compounds and thereby promotes good bonding between NbTi and copper.  Nevertheless, it has been verified by several experimental measurements, both at RHIC and at CERN.

7 Hysteresis loss in the filaments

Appendix 5 presents some magnetization and transport current data for RHIC conductor (supplied by Arup Ghosh).  Using the usual formula:
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where df is the filament diameter.  Even after adjustment for temperature, the two measurements of  Jc  do not match up.  On the assumption that an error in magnetometer calibration is more likely than an error in current measurement, the magnetization results have therefore been adjusted to make a smooth fit (the calibration factor is 11%) as shown in Fig 6.  Also shown in Fig 6 is a least squares fit to the data of the modified Kim Anderson function:
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where:
Jo= 4.65 x 1010 Am-2 



Bo= 0.0974 T



Ao= 0.44 x 1010 Am-2T-1



A1 = - 0.0551 x 1010 Am-2T-2
Appendix 6 presents a theory of hysteresis loss based on this formulation of  Jc(B).  For a field cycle rising from  fB  to B and back down again in a cycle time  the hysteresis loss power per unit volume is:
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Fig 6: Critical current density of RHIC wire at 4.5K, derived from magnetization and transport current measurements, plus the modified Kim Anderson function. 
8 Ac loss calculation for the RHIC magnet 

With the field shape listed in Appendix 1, the ac loss of a RHIC dipole magnet is calculated in Appendix 7, using the formulae developed in previous sections.  The loss is calculated at one degree intervals around the winding cross section, using appropriate filling factors to give the loss per unit volume of winding section, ie including insulation.  For hysteresis loss, the cable is divided into four sections radially, to approximate the effect of field gradient.   Details of the formulation used are presented in Appendix 8, which also includes an independent check of the losses calculated in Appendix 7 for the 20( position.

As well as the RHIC cable, loss calculations are also presented for two other cables ‘core 1’ and ‘core 2’, which are designed to minimize the dominant loss terms.   Both cables have a resistive foil core which increases the crossover resistance, while allowing the adjacent resistance to be reduced in order to promote good current sharing.  The individual wires are twisted more tightly to reduce inter filament coupling.  Table 1 lists the properties of all three cables.

Table 1: Key parameters of cables used in the ac loss calculations

	parameter
	symbol
	RHIC
	core 1
	core 2
	unit

	cable half width 
	a
	4.87E-03
	4.87E-03
	4.87E-03
	m

	cable half thickness 
	b
	5.83E-04
	5.83E-04
	5.83E-04
	m

	cable twist pitch
	
	p
	7.40E-02
	7.40E-02
	7.40E-02
	m

	crossover resistance
	Rc
	5.00E-05
	1.00E-03
	4.00E-03
	m

	adjacent resistance
	Ra
	3.50E-04
	2.00E-05
	9.00E-05
	W

	number of strands
	N
	30
	30
	30
	

	crossover resistance. area
	rc
	4.00E-11
	8.00E-10
	3.20E-09
	m2

	adjacent resistance. area
	ra
	2.80E-10
	1.60E-11
	7.20E-11
	m2

	effective longitudinal resistivity
	x
	2.89E-08
	1.65E-09
	7.42E-09
	m

	cable filling factor
	c
	0.826
	0.826
	0.826
	

	wire filling factor
	
	w
	0.872
	0.872
	0.872
	

	filament filling factor
	f
	0.308
	0.308
	0.308
	

	wire transverse resistivity
	t
	5.67E-10
	5.67E-10
	5.67E-10
	m

	wire twist pitch
	
	pw
	1.33E-02
	6.00E-03
	4.00E-03
	m

	wire coupling time const
	
	4.99E-03
	1.01E-03
	4.49E-04
	s

	filament diameter
	df
	6.00E-06
	6.00E-06
	6.00E-06
	m

	peak aperture field
	Bap
	3.50
	3.50
	3.50
	T

	ramp ratio Bmin / Bmax
	f
	0.10
	0.10
	0.10
	

	ramp time
	
	T
	0.88
	0.88
	0.88
	s


Results of the calculations are summarised in Table 2

Table 2: Results of the ac loss calculations

	
	RHIC
	core 1
	core2

	total loss / magnet =    
	754 W
	120 W
	58 W

	transverse crossover loss / total =
	73%
	23%
	12%

	transverse adjacent loss / total =
	0.2%
	24%
	11%

	parallel loss / total =
	0.01%
	0.8%
	0.4%

	filament coupling loss / total =
	23%
	29%
	27%

	hysteresis loss / total =
	3.8%
	24%
	50%


It may be seen that, by using the cored cables, losses may be reduced considerably below those predicted for the RHIC cable.  

Core 1 cable is completely practical: 

· the 1 mcrossover resistance  may easily be obtained using an oxidised stainless foil of 25m thickness. 
· the adjacent resistance of 20 should be achievable using a coating of ‘Staybrite’ solder and should be low enough to promote good current sharing.
· a wire twist pitch of 6mm is agreed by the manufacturers
Core 2 cable is pushing to extremes, it may not be feasible:

· it should be possible to obtain the 4 mcrossover resistance using a more heavily oxidised stainless foil of 25m thickness. 
· the adjacent resistance of 90 should be achievable using an oxidised coating of ‘Staybrite’ solder or nickel, but it may not be low enough to promote good current sharing.
· a wire twist pitch of 4mm may produce too many breaks for economic production
If it turns out that the adjacent resistance of Core 2 is OK for current sharing, it may then be worthwhile trying to reduce to losses further by using a wire with internal resistive barriers and finer filaments.  Whether this is worth doing will depend on the relative costs of conductor and refrigeration.

9 Temperature rise in the conductor 

In the RHIC dipole winding, the superconductor is cooled by conduction through the cable to the inner surface of the winding, which is cooled by supercritical helium at 4.5K.  Appendix 9 presents an estimate of the thermal conductivity across the cable, based on the assumption the Wiedemann-Franz law holds for contact resistance.  Taken together with the thermal conductivity of the insulating wrap of Kapton, and using the highest loss power/volume calculated in Appendix 7, this estimate is used to predict the highest temperature rise of wires furthest away from the inner surface.  Results for RHIC and core 1 cables are presented in Table 3.  Note that in version 1 a very high power per unit volume was found near to the pole of the winding given a high temperature rise.  This local high power was an artefact caused by the error in field conversion.  Thus the corrected temperature rises are lower by a larger factor than the total power loss.

Table 3: Peak temperature rises in the cables.

	
	RHIC
	Core 1
	Core 2

	temperature rise across cable
	0.70K
	0.08K
	0.06K

	temperature rise across insulation 
	5.32K
	0.86K
	0.47K

	total temperature rise
	6.02K
	0.94K
	0.53K


With these lower peak temperatures, Core 1 and Core 2 could perhaps now be acceptable, although the temperature margin of the magnet is significantly reduced.  For the best performance and reliability however, it would still be preferable to devise an improved cooling scheme for the winding of a fast-pulsed synchrotron.

10 Conclusions and recommendations

The dominant loss term in RHIC cable is that coming from inter-wire coupling via the crossover resistance and this loss must be greatly reduced if the fast pulsed synchrotron is to have any chance of success.  A cored cable is the obvious way forward, because it enables a large and controlled increase in crossover resistance without any increase in adjacent resistance.  The latter is important for promoting good current sharing during the current ramp.  There have been several instances (SSC booster and fusion magnets) of quenching during the ramp being caused uneven current sharing between wires in the cable.  The reason is clear enough to see, slight differences in flux linkage make certain strands carry more current when the field changes rapidly, but no theory has yet been able to predict the size of this effect before the magnet was tested!  It is therefore recommended that a dipole magnet of about the right size be made from cored cable and tested at high ramp rates as soon as possible.

If the current sharing performance of cored cable turns out to be OK, it may be worth thinking about trying for even lower losses by using wires with internal resistive barriers and fine filaments.  Before embarking on this (expensive) course of action, a techno-economic study should be carried out to optimise the capital cost of an advanced conductor versus the capital and running costs of the refrigeration system.

Regardless of cable design, it will be desirable to develop a new winding scheme which provides for better cooling of the cable.  The main problem to be attacked is the thermal impedance of the Kapton wrapping.  Some kind of winding design which is more porous to helium permeation needs to be developed, but care will be needed to ensure that this increased porosity does not reduce the reliability of electrical insulation between turns.  

11 List of Apendices

1. RHIC Dipole Field at I = 3000A  (Excel spreadsheet)

2. Cable losses from inter-wire coupling via the crossover resistance in transverse gradient field (Mathcad sheet).

3. Rutherford report RHEL/M/A26

4. Cable losses from inter-wire coupling via the crossover resistance in transverse gradient field (Mathcad sheet).

5. Critical current density for RHIC conductor derived from magnetization and transport current data (Excel spreadsheet).

6. Hysteresis Loss - modified Kim Anderson Jc function (Mathcad sheet).

7. Calculation of losses in RHIC dipole (Excel spreadsheet).

8. Summary Sheet for RHIC Dipole Loss Calculations (Mathcad sheet).

9. Transverse Thermal Conductivity and Temperature Rise across Rutherford Cable (Mathcad sheet).
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