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Introduction

For the main LINAC there will be over 1400 quadrupoles between the accelerator structures.  To reduce costs and increase reliability adjustable permanent magnets are considered for these structures. Based on Fermilab’s experience with permanent magnets used in their Recycler, collaboration between SLAC and Fermilab is exploring designs and prototypes.

Table 1 gives the specifications for the LINAC quads:

	Item
	Value

	Aperture
	12.7 mm

	Quantity      Length
	288           324 mm

399           432mm

576           965mm

	Pole tip field
	0.62 Tesla for 324mm

0.80 Tesla for other

	Adjustment
	+0 to –20%

	Temperature stability
	0.5% at 25 ± 1 oC

	Sextupole
	b3/b2 < 0.02 at r=5mm

	Field accuracy
	±0.5% at any field 

	Center location
	To Fiducial ± 0.1mm

	Center stability
	± 0.001 mm over range of adjustment


The center stability requirement of ±0.001 mm is driven by the Beam Based Alignment (BBA) process for these quads. When a beam position monitor detects movement of the beam the position of the related quadrupole will be adjusted to bring the beam back on the correct trajectory. The BPM to quadrupole center calibration process requires that the quad strength be lowered by 20% over several seconds during which change the magnetic center must not shift by more than 1 micron.   

Magnet prototypes

So far four different styles of adjustable permanent magnets have been prototyped and tested. To achieve the high gradients required for the NLC rare earth (Samarium Cobalt and Neodymium Iron) permanent magnets have been used in the prototypes. Neodymium Iron is cheaper and has a higher energy density than Samarium Cobalt the radiation resistance of Neo is not as good as Samarium. 

The two most successful magnets are the wedge quadrupole and the counter rotating quadrupole. The wedge quad uses precision machined low carbon steel poles with permanent magnet material behind the poles and wedged in between the poles, hence the name. Figure 1 shows a cross section of the wedge quad. To achieve the 20% adjustability tuning rods made of cylindrical permanent magnets are placed behind the poles and rotated through 180 degrees. Figure 2 shows the end of the wedge quad with the rod turning fixture. Using stretched wire at Fermilab and rotating coils at SLAC the center stability has been measured to be better than 5 microns for the full range of adjustment see Figure 3. Zack Wolf and Scot Anderson at SLAC and Joe DiMarco at Fermilab have been assisting with the measurements. 

Vladimir Kashikin of Fermilab developed the counter rotating quadrupole. This consists of four separate quadrupoles (Figure 4) the inner two rotate in opposite direction to give the 20% range of adjustment. Each quadrupole has precision-machined low carbon steel poles with magnet material in between each pole to provide the field. The center stability has been measured to be on the order of 1-micron see Figure 5. 

Development works continues on these magnets both at Fermilab and SLAC. Designs for permanent magnets to be used in the damping rings and final focus have also been proposed. Cherrill Spencer, and Bobby McGee at SLAC are involved in cost comparisons between permanent magnets and electromagnets for both the LINAC and the damping rings. 

Radiation Damage

One of the major issues with permanent magnet is the effect of radiation on the magnetic strength. From the Fermilab experience with the Recycler effects of temperature variation and aging on magnet strength are understood and can be controlled. From the existing data it is clear that detail measurements needs to be made on the particular type of material that is going to be used.  James Spencer at SLAC is doing radiation measurements in the damping rings at SLAC to get a model of the radiation spectrum that would occur at the NLC damping rings. This will help in the design of magnets to be used in the damping rings. 

An LCRD proposal by Dave Pellett of University California Davis has been submitted to study radiation damage on test quadrupole magnets. The review of this grant has been very positive and funding is expected. Small quadrupoles made of permanent magnets are being designed and built at Fermilab. These quads will use magnetic material from different manufactures and with different coercivity. The quads will be exposed to thermal neutrons in a reactor at UCD and in Sacramento. These magnets are designed to fit into the ports at the reactors, so they are not the same size as the LINAC quads, but have similar load lines and material to the magnets that will be used in the LINAC and Damping rings. The data should reveal the amount of radiation that permanent magnet material can be exposed to with out significant loss of field. Further test will be made using protons at Fermilab and electrons at SLAC. 

