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Abstract—As part of the Run II Project, Fermilab is exploring the option of replacing standard Tevatron dipoles with new magnets with stronger bending field, as a means of generating space in the Tevatron for additional electrostatic separators.  The new magnets and separators are to be ready for the summer 2006 shutdown.  The new magnets must interface with existing Tevatron components, which place restrictions on their powering, cryogenic interfaces, and overall size.  Two design proposals are discussed here, with the constraints on each design and possibilities for further optimization once a better understanding of the constraints is known.

Introduction
For the purposes of the study, we have assumed the following:

· The electrostatic separator to be installed is the current ‘standard’ separator

· The new magnets should operate at the same current as the Tevatron dipole

· The new magnets should operate in the existing Tevatron cryogenic system

· The new magnets should have a physical aperture equal to the Tevatron

· The new magnets should be ready for installation in summer of 2006

The time constraint itself means the design chosen must be conservative.  Typically the long lead items in magnet fabrication, like cable, take on the order of 9 to 12 months to procure.  Furthermore, a limited production run of ~10 magnets will take on the order of 2 years to build and test, so that to hit the summer 2006 date we must use known, NbTi technology, and a conservative design with a very high chance of success, without an R&D program.

For the separator, we assume that the current lattice slot length of 2.975m is needed for the device, based on recent production experience.  Furthermore, a warm bypass for utilities to go around the separator occupies another 0.730m, for a total ‘needed’ length to be generated of 3.705m.  We have 2 proposed solutions for this, one in which 2 Tevatron dipoles are replaced, and another where 3 Tevatron dipoles are replaced.

For the new magnet designs, we have used a 76mm coil bore, identical to the Tevatron, and the Tevatron operating current.  The transfer function non-linearity matches that of the Tevatron to within 0.016% in the operating range.  

The A0 drop was measured at 9.119m (29’11”).  A horizontal drop of the new magnet through this hatch is assumed, and thus places a length constraint on the new device.

Case 1.  Replacing 3 Tevatron Dipoles with 2 New Dipoles
In the first scheme, 3 Tevatron dipoles are removed, and replaced with 2 new dipoles, a warm bypass, and a separator, as shown in Figure 1.
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Figure 1.  Exchanging 3 Tevatron dipoles for 2 new dipoles.

The figure shows 3 Tevatron magnets, with the magnetic and mechanical length for each.  The difference between the two is the length at the end of the magnet to accommodate the coils ends, and the pipe and vacuum interconnects.  Included in the strong dipole layout are the required lengths for each magnet coil end, 2 times 219mm for each magnet, and the required cryostat end length for each magnet, 2 times 370mm for each.  The warm bypass (in two parts) and the electrostatic separator are shown at the right side of the Figure.  A standard Tevatron interface is assumed.

Working backwards from the available 19.203m, a magnetic length of 6.571m for the new dipoles is reached.   The required central field for the new magnet is then 4.33T * (3* 6.1161)/(2* 6.571), 6.05T or 40% higher than that of the Tevatron.

A two-layer design has been made which approaches this criteria (Figure 2).  It utilizes a graded NbTi coil, supported by a thick collar and surrounded by a cold iron yoke. The irons inside radius and outside radius have been sized to match Tevatron transfer function as shown in Figure 3.  

The field quality of the body of the magnet is notably better than that of a Tevatron dipole (Figure 4 and Table 1).  The sextupole variation is controlled to better than 1 unit over the whole excitation cycle by the proper sizing of holes in the iron yoke, top and bottom (Figure 5).  

The uppermost hole also serves as the two-phase heat exchanger for the magnet.
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Figure 2.  Strong Dipole Variant 1 (SD 1) cross-section design.
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 Figure 3.  SD1 transfer function compared to the Tevatron transfer function.
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Figure 4.  SD1 body field quality


[image: image4.wmf]-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

I, kA

b

3

, 10

-4


Figure 5.  SD1 sextupole as a function of current. 

Table 1.  SD1 body systematic harmonics (ref radius = 1 inch)
	b3
	b5
	b7
	b9
	b11

	0.0037
	-0.8190 
	-3.0942 
	-3.3704
	1.4935 


A very preliminary cryostat design using a 220mm iron outside radius shows the magnet just fitting within the height constraint of the Tevatron tunnel; once positions are selected, a careful survey of each installation region will be needed.  Further optimization of the yoke and cryostat will be pursued and is discussed later.
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Figure 6.  SD1 preliminary cryostat end view. 

Case 2.  Replacing 2 Tevatron Dipoles with 1 New Dipole
Figure 7 shows the layout of Case 2, where 2 Tevatron dipoles are removed, and replaced with 1 new dipole, a warm bypass, and a separator.
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Figure 7.  Exchanging 2 Tevatron dipoles for 1 new dipole.

The dimensions included in Figure 7 are the same as have been previously described for Figure 1.  

Given the resulting 7.919m magnetic length, the required central field is 4.33T*(2*6.1161)/7.919, 6.71T or 55% higher than the Tevatron.  The anticipated mechanical length of this magnet is just less than the 9.119m available at the A0 drop.  Making a magnet longer than this requires careful consideration.  Note that the above layout does not preserve the bend center of the magnets.  Some modification to the installation in the tunnel would need to be made to accommodate this change.

A preliminary design for this magnet was also done.  To get the required field, a 3 layer, graded coil is required as shown in Figure 8.  This magnet satisfies the transfer function requirements (Figure 9), and has even better field quality than the two-layer design (Figures 910/11, Table 2).  
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Figure 8.  Strong Dipole Variant 2 (SD2) cross-section design.
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Figure 9.  SD2 transfer function relative to the Tevatron dipole.
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Figure 10.  SD2 body field quality.
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Figure 11.  SD2 Sextupole as a function of current.

Table 2.  SD2 body systematic harmonics (ref radius = 1 inch)
	b3
	b5
	b7
	b9
	b11

	-0.0061
	-0.0091  
	-0.0054  
	-0.0033
	-0.1717  


However, to meet the transfer function requirement, an iron IR of 140mm is required, and an outside radius of 270mm.  Assuming a circular yoke, the cryostat design would be necessarily larger and accommodating the magnet in the tunnel would certainly require excavating portions of the tunnel floor.

Further optimization of this design would at minimum look at the iron yoke design, investigating ways by which the vertical height could be reduced.  Note this is a much more aggressive magnet design, and the technical risk is much higher than the two-layer coil previously discussed.  We should add, however, that schemes to reduce the vertical height of cold mass assemblies were considered in the design of the high-energy booster for the SSC and are currently being successfully employed on twin-aperture dipoles being built for the LHC at Brookhaven.

Summary

Two preliminary designs have been presented as potential ‘strong dipoles’ for installation in the Tevatron, with the intent of generating space in the lattice for additional electrostatic separators.  The parameters of the two designs presented here are summarized in Table 3.  At this stage of the design, there remains a mis-match between the designed central field and that required for Tevatron operation:  the two-layer design as presented is 8% below the required central field; the 3 layer design 5%.  Detail design iteration is required to increase either the magnetic field or magnetic length of the strong dipole designs to accomplish closure.

Table 3.  A comparison of the preliminary designs
	Parameter
	Units
	Design

	
	
	2-layer
	3-layer

	Aperture diameter
	mm
	76.2
	76.2

	Number of turns
	-
	160
	206

	Nominal field
	T
	5.58
	6.41

	Nominal current
	kA
	4.331
	4.331

	Nominal tr. function
	T/kA
	1.288
	1.480

	Quench field
	T
	7.24
	7.90

	Quench current
	kA
	5.620
	5.336

	Nominal inductance
	mH/m
	14.734
	23.276

	Nominal stored energy
	kJ/m
	138.2
	218.3

	Yoke inner radius
	mm
	110
	140

	Yoke outer radius
	mm
	230
	270


One relative measure of the difficulty of dipole designs is the stored energy in the aperture of the magnet.  Table 4 presents this parameter for various existing magnets, and the designs presented here.

Table 4.  A comparison of the relative difficulty of various dipole designs
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As can be seen, both of the magnets presented here are at the limit of known NbTi technology.  Case 1, the 2 for 3 swap, or SD1, requires a central field of 6T, and is strongly preferred.

We have not yet converged on the required central field (from slot length) and the central field presented in the designs.  SD1 is within 7% of the requirement and SD2 is within 5%.  Further optimizations of the available slot length, magnet and cryostat end lengths, and the required match to the Tevatron transfer function based on either trim power supplies or available dipole corrector strength are expected to get these values to converge.  Figure 12, a conceptual view of the end of magnet SD1, shows the mechanical spaces of the magnet end and cryostat in which the potential for further length optimization exists (note not all components which go into these spaces are shown in this figure, it’s considerably harder than it looks).

In cross section, further optimizations will occur on the overall height of the magnet and cryostat.  In particular the use of non-circular yokes could save space in the vertical dimension, and minimize what if any excavation of the tunnel floor is required.

This report does not discuss the cryogenic system in detail.  It should be noted that we believe the hole in the iron yoke is large enough that a 2-phase heat exchanger can be run through the uppermost hole.  The magnet would be expected to have a lower steady state heat load as compared to a Tevatron dipole, however the thermal mass of two SD1 magnets will double the thermal mass of a Tevatron string, and cool down times will be longer.


Figure 12.  Magnet and cryostat end regions.

Further Efforts Specific to these Designs

At this time the TD Strong Dipole study group proposes following the SD1 design, putting in 2 new SD1 magnets in place of 3 Tevatron dipoles.  Before further optimization, we have a series of questions for consideration.  Given the short time frame, we would like to converge as best we can, in the quickest possible manner.  

The items for discussion are:

· How many separators are to be installed?  This directly affects the number of magnets to be made, based on the cases listed above.

· Locations in the tunnel.  If it is possible that the warm bypass can cover several components, we can certainly use the longitudinal space.

· Given the location in the tunnel, the expected operating temperature.

· Given the location in the tunnel, the actual physical space for placing the magnet in the tunnel, particularly the height of the beam off the floor (nominally 10.5”).

· Confirmation of the necessary bore physical aperture.  Given the better field quality, could a smaller bore be used?

· Confirmation of the need for sagitta.  Given the better field quality in both the body and the ends, could a straight magnet be used?

· The required match of the strong dipole transfer function to that of the Tevatron dipole.  Could this requirement be loosened?  Are trim power supplies an option?

Further Efforts Related to potential Tevatron Upgrades

After discussion with the beam-beam separation group 9 April 2003, the outlook for implementing the strong dipole designs in the locations desired (just outside D0 and B0), looks doubtful.  For completeness, we include notes on an alternative, and a brief proposal for a short model program to reduce the technical risk of the effort should this or something like it recur in the future.

First, at the expense of physical aperture, we could consider keeping the optics the same at the B0 and D0 Low Beta Insertions, but replace the current LBQ (Q2 through Q4) with more modern versions based on the LHC magnets currently in production.  This would increase the gradient of the magnets from 140 T/m to 175-180T/m, and the same lens could be provided in a shorter length package.  Assuming the mechanical end lengths could be made the same as the LBQ, this change could generate on the order of an additional 36.4 inches between the Q2/Q3, and Q3/Q4 magnets.  This is about 1/3 the length of a standard separator, so without an optics redesign looks doubtful as well.

Second, this study is the 2nd time in several years that TD has been asked to consider a higher field dipole with a physical aperture suitable for the Tevatron.  In both cases, the technical risk associated with the magnet was noted.  We suggest that it would be useful to design, build and test a model magnet with nominal 6T central field, and 76mm bore, such that should this design, or a future design study require such a magnet, the technical risks would be better known.  Execution of this model magnet program, including test in VMTF, would be an inexpensive way to generate useful technical and planning data for future efforts.
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				Ri=110mm		Ro=220mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.8589339		10000		9.71E-11		-19.33666		1.06E-11		-1.55709		4.73E-12		-3.971793		2.57E-12		-3.811116		9.56E-13		1.623457		0.00004		0

		2000		2.579377		10000		1.03E-10		-19.33791		1.02E-11		-1.557151		5.48E-12		-3.971801		2.50E-12		-3.811123		9.63E-13		1.62346		-0.00121		-0.000061

		3000		3.868897		10000		1.05E-10		-19.35001		8.85E-12		-1.557691		4.52E-12		-3.971961		2.44E-12		-3.81129		1.10E-12		1.623531		-0.01331		-0.000601

		4000		5.15422		10000		1.07E-10		-19.50906		8.94E-12		-1.57653		4.91E-12		-3.97538		2.51E-12		-3.814501		9.15E-13		1.624883		-0.17236		-0.01944

		4330		5.573554		10000		9.60E-11		-19.70359		9.69E-12		-1.59647		5.41E-12		-3.979598		2.16E-12		-3.818553		9.59E-13		1.626597		-0.36689		-0.03938

				3 Layer design

				Ri=140mm		Ro=260mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.9867496		10000		1.03E-10		-16.40604		9.43E-12		-1.250727		5.12E-12		7.36E-02		2.18E-12		-0.1744977		9.40E-13		-0.2236314		-0.00004		0.000003

		2000		2.963209		10000		1.05E-10		-16.40649		1.08E-11		-1.250743		5.25E-12		7.36E-02		2.15E-12		-0.1744969		9.33E-13		-0.2236323		-0.00049		-0.000013

		3000		4.444627		10000		1.03E-10		-16.41844		1.03E-11		-1.250962		4.93E-12		7.36E-02		2.09E-12		-0.1744887		1.29E-12		-0.2236453		-0.01244		-0.000232

		4000		5.920914		10000		1.05E-10		-16.64497		9.63E-12		-1.25762		5.40E-12		7.35E-02		2.60E-12		-0.1743565		1.16E-12		-0.2239024		-0.23897		-0.00689

		4330		6.404873		10000		1.04E-10		-16.84532		1.10E-11		-1.263955		5.14E-12		7.34E-02		2.39E-12		-0.1742683		1.01E-12		-0.2241624		-0.43932		-0.013225
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Field quality

				2 Layer design

				Ri=110mm		Ro=220mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.8589339		10000		9.71E-11		-19.33666		1.06E-11		-1.55709		4.73E-12		-3.971793		2.57E-12		-3.811116		9.56E-13		1.623457		0.00004		0

		2000		2.579377		10000		1.03E-10		-19.33791		1.02E-11		-1.557151		5.48E-12		-3.971801		2.50E-12		-3.811123		9.63E-13		1.62346		-0.00121		-0.000061

		3000		3.868897		10000		1.05E-10		-19.35001		8.85E-12		-1.557691		4.52E-12		-3.971961		2.44E-12		-3.81129		1.10E-12		1.623531		-0.01331		-0.000601

		4000		5.15422		10000		1.07E-10		-19.50906		8.94E-12		-1.57653		4.91E-12		-3.97538		2.51E-12		-3.814501		9.15E-13		1.624883		-0.17236		-0.01944

		4330		5.573554		10000		9.60E-11		-19.70359		9.69E-12		-1.59647		5.41E-12		-3.979598		2.16E-12		-3.818553		9.59E-13		1.626597		-0.36689		-0.03938

				3 Layer design

				Ri=140mm		Ro=260mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.9867496		10000		1.03E-10		-16.40604		9.43E-12		-1.250727		5.12E-12		7.36E-02		2.18E-12		-0.1744977		9.40E-13		-0.2236314		-0.00004		0.000003

		2000		2.963209		10000		1.05E-10		-16.40649		1.08E-11		-1.250743		5.25E-12		7.36E-02		2.15E-12		-0.1744969		9.33E-13		-0.2236323		-0.00049		-0.000013

		3000		4.444627		10000		1.03E-10		-16.41844		1.03E-11		-1.250962		4.93E-12		7.36E-02		2.09E-12		-0.1744887		1.29E-12		-0.2236453		-0.01244		-0.000232

		4000		5.920914		10000		1.05E-10		-16.64497		9.63E-12		-1.25762		5.40E-12		7.35E-02		2.60E-12		-0.1743565		1.16E-12		-0.2239024		-0.23897		-0.00689

		4330		6.404873		10000		1.04E-10		-16.84532		1.10E-11		-1.263955		5.14E-12		7.34E-02		2.39E-12		-0.1742683		1.01E-12		-0.2241624		-0.43932		-0.013225
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		TC1220

		I, A		B0, T		B0/I, T/kA		Delta

		665.5052620366		0.6605524682		0.9925578442		0.999999843

		3550.3037809836		3.5240437411		0.9926034386		1.0000457793

		3998.3200025654		3.9674660946		0.992283282		0.9997232222

		4331.3545170144		4.2955872492		0.9917422442		0.9991781278

		Tev2L_5		Rinner=110mm				Router=225mm				50mm hole

		Icable, A		B0, T		Bpeak, T		B0/I		Delta

		666		0.859298262		0.918774		1.2902376306		0.9999997137

		2000		2.580472425		2.759079		1.2902362125		0.9999986146

		3000		3.870575469		4.138492		1.290191823		0.9999642105

		4000		5.158131976		5.515351		1.289532994		0.9994535845

		4330		5.579176999		5.965946		1.2884935333		0.9986479496

		Router=230mm

		666		0.859301226				1.2902420811		1.0000000628

		2000		2.580482214				1.290241107		0.9999993079

		3000		3.87061024				1.2902034133		0.9999700935

		3550		4.579870505				1.2901043676		0.9998933282

		4000		5.15957738				1.289894345		0.9997305505

		4330		5.581399655				1.2890068487		0.999042698

		Tev3L_1		Rinner=140mm				Router=260mm				50mm hole

		Icable, A		B0, T		Bpeak, T		B0/I		Delta

		666		0.987336273		1.012664		1.4824868964		0.9999999301

		2000		2.964970985		3.041029		1.4824854925		0.9999989831

		3000		4.447271293				1.4824237643		0.9999573449

		3550		5.261714649		4.561368		1.4821731406		0.9997882886

		4000		5.924479796		6.076837		1.481119949		0.9990778665

		4330		6.408760881		6.573951		1.4800833443		0.9983786329

		Router=270mm

		666		0.987342457				1.4824961817		1.0000001226

		2000		2.964991221				1.4824956105		0.9999997373

		3000		4.447391304				1.482463768		0.9999782583

		3550		5.262365499				1.4823564786		0.9999058875

		4000		5.927835127				1.4819587817		0.9996376258

		4330		6.414724223				1.4814605596		0.999301556
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Field quality

				2 Layer design

				Ri=110mm		Ro=220mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.8589339		10000		9.71E-11		-19.33666		1.06E-11		-1.55709		4.73E-12		-3.971793		2.57E-12		-3.811116		9.56E-13		1.623457		0.00004		0

		2000		2.579377		10000		1.03E-10		-19.33791		1.02E-11		-1.557151		5.48E-12		-3.971801		2.50E-12		-3.811123		9.63E-13		1.62346		-0.00121		-0.000061

		3000		3.868897		10000		1.05E-10		-19.35001		8.85E-12		-1.557691		4.52E-12		-3.971961		2.44E-12		-3.81129		1.10E-12		1.623531		-0.01331		-0.000601

		4000		5.15422		10000		1.07E-10		-19.50906		8.94E-12		-1.57653		4.91E-12		-3.97538		2.51E-12		-3.814501		9.15E-13		1.624883		-0.17236		-0.01944

		4330		5.573554		10000		9.60E-11		-19.70359		9.69E-12		-1.59647		5.41E-12		-3.979598		2.16E-12		-3.818553		9.59E-13		1.626597		-0.36689		-0.03938

				3 Layer design

				Ri=140mm		Ro=260mm		Rh=25mm

		I, A		B		b1		b2		b3		b4		b5		b6		b7		b8		b9		b10		b11		b3_adj		b5_adj

		666		0.9867496		10000		1.03E-10		-16.40604		9.43E-12		-1.250727		5.12E-12		7.36E-02		2.18E-12		-0.1744977		9.40E-13		-0.2236314		-0.00004		0.000003

		2000		2.963209		10000		1.05E-10		-16.40649		1.08E-11		-1.250743		5.25E-12		7.36E-02		2.15E-12		-0.1744969		9.33E-13		-0.2236323		-0.00049		-0.000013

		3000		4.444627		10000		1.03E-10		-16.41844		1.03E-11		-1.250962		4.93E-12		7.36E-02		2.09E-12		-0.1744887		1.29E-12		-0.2236453		-0.01244		-0.000232

		4000		5.920914		10000		1.05E-10		-16.64497		9.63E-12		-1.25762		5.40E-12		7.35E-02		2.60E-12		-0.1743565		1.16E-12		-0.2239024		-0.23897		-0.00689

		4330		6.404873		10000		1.04E-10		-16.84532		1.10E-11		-1.263955		5.14E-12		7.34E-02		2.39E-12		-0.1742683		1.01E-12		-0.2241624		-0.43932		-0.013225
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