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Skew correction quadrupoles for the Recycler transfer lines

J T Volk, G W Foster

The permanent magnet Lambertsons used to transfer protons and pbars from the Main Injector to the Recycler and back had non-zero skew quadrupole moments. To correct for this small permanent magnet skew quads were built and installed in the transfer lines. Two styles were built. The first was a Panofsky type quadrupole magnet using triangular shaped strontium ferrite and simple steel flux returns. The second skew quadrupole used rectangular strontium ferrite magnet material. The magnets could be disassembled and re-assembled around the beam pipe without breaking vacuum. The integral gradient was adjusted using shimming steel. 

I. Introduction

Permanent magnet Lambertsons1 were built for the transfer lines between the Main Injector and the Recycler2. During the prototyping and the construction of the magnets it was noted that the skew quadrupole component was dependent on the separation between the base plate and the Strontium Ferrite bricks on the side of the pole. The skew quadrupole moment increased as the distance from the base plate increased. Due to the variation in the strength of the strontium ferrite the skew quadrupole moment for each magnet was different. During construction attempts were made to null out the skew quadrupole moment. Table 1 gives the measured moment for each magnet in Fermilab units (1 unit = 1 x 10-4).

Table 1


Skew quad units

RLA001
-77

RLA002
37

RLA003
11

RLA004
  2

RLA005
-17

The skew quadrupole moment caused significant mixing of the horizontal and vertical betatron oscillations in the transfer line to the Recycler.  Initially these were cancelled by electromagnet skew quadrupoles  installed in the pbar injection line. By tuning the current in these magnets the mixing was removed.  It was decided to replace these electromagnet by permanent magnet skew quadrupoles.

II. Panofsky Quadrupoles

The use of current sheets to make a quadrupole focusing lenses was first suggested W. K. H. “Pief” Panofsky. These current sheets can also be realized by the use of permanent magnet material.

For the Panofsky style quad a square steel flux return was built and triangular shaped strontium ferrite magnets were put in the corners (Figure 1). The magnet gap, 101.6 mm by 50.8 mm, was set by the size of the beam pipe. To achieve the necessary gradient of 3.9 Tesla/meter there was more magnetic material on the top and bottom the sides. A two dimensional magnetic model was made in PANDRIA. 
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Figure 1 –Skew Quad with

Triangular Bricks

The PANDIRA code is given below:

12-18-00 Panofsky quad for fixing Lambertson skew moment

&reg kprob=0 

dx=0.1,dy=0.1,                 ; Mesh size

conv = 2.54,

      ; inches

nbslo = 0,


 

xmin=-4.0,xmax=4.0,            

ymin=-4.0,ymax=4.0,            

lmin = 10 ,ltop = 30,

 

ktype = 1,


 

nterm = 11,


 

nptc  = 1440,


 

rint  = 0.8,


 

angle = 360.0,


 

mode=0    

&po x=-4.0,y=-4.0 &      ;entire universe

&po x= 4.0,y=-4.0 &

&po x= 4.0,y= 4.0 &

&po x=-4.0,y= 4.0 &

&po x=-4.0,y=-4.0 &

&reg mat=2 &     
; top flux return

&po x =  -2.900, y = 0.0000 &

&po x =  -3.250, y = 0.0000 &

&po x =   0.000, y = 3.2500 &

&po x =   3.250, y = 0.0000 &

&po x =   2.900, y = 0.0000 &

&po x =   0.000, y = 2.9000 &

&po x =  -2.900, y = 0.0000 &

&reg mat=2 &     ; bottom flux return

&po x =  -2.900, y =  0.0000 &

&po x =  -3.250, y =  0.0000 &

&po x =   0.000, y = -3.2500 &

&po x =   3.250, y =  0.0000 &

&po x =   2.900, y =  0.0000 &

&po x =   0.000, y = -2.9000 &

&po x =  -2.900, y =  0.0000 &

&reg mat=10,mshape=1,mtid=8 &  ;

LHS Pole Brick field pointing out                      

&po x = -2.000, y =  0.900 &

&po x = -2.000, y = -0.900 &

&po x = -2.900, y =  0.000 &

&po x = -2.000, y =  0.900 &

&reg mat=7,mshape=1,mtid=2 &  


TOP Pole Brick field pointing in                       

&po x=  2.000, y = 0.900 &

&po x=  0.000, y = 2.900 &

&po x= -2.000, y = 0.900 &

&po x=  2.000, y = 0.900 &

&reg mat=9,mshape=1,mtid=6 &  

RHS Pole Brick field pointing out                    

&po x =  2.000, y =  0.900 &

&po x =  2.000, y = -0.900 &

&po x =  2.900, y =  0.000 &

&po x =  2.000, y =  0.900 &

&reg mat=8,mshape=1,mtid=4     BOTTOM pole Brick field pointing in                        

&po x=  2.000, y = -0.900 &

&po x=  0.000, y = -2.900 &

&po x= -2.000, y = -0.900 &

&po x=  2.000, y = -0.900 &

A Br of 3800 Gauss and Hc of 3500 oresteads were used in the PANDRIA file.  The field was predicted to be 0.126 Tesla at 25.4 mm radius, with an integrated field of 0.5 Tesla-meter per meter.  The allowed 12 pole moment was predicted to be 2.6 x 10-4 normalized to the quadrupole field. The magnet was measured at Fermilab’s Magnet Test Facility using a tangential coil (serial number DL 860317-14). The integrated field was found to be 0.4711 Tesla meter per meter  or 5.8% low. This may be explained as loss of field through the ends, which is not modeled in the 2‑D codes. 

To adjust the integral gradients triangular pieces of steel in the same cross-section as the upper and lower magnets (101.6 mm x 50.8mm) and 0.9 mm thick were added at both ends top and bottom to reduce the field. Figure 2 show the relation between integral gradient versus number of steel shims.
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Figure 2 – RQSP Strength Trimming

The simple linear relationship shows that the magnet can be tuned over a range of 0.1 Tesla. Beyond that range a clear saturation of the steel shims sets in.

To achieve an integral gradient closer to the desired value a second Panofsky quad was built. This magnet used bricks that were 76.2 mm in length. The measured strength was determined to be 0.3574 Tesla 1.4% higher than the predicted value. This is due to the variation in Br of the magnetic material.

One of the requirements for these magnets is that the Recycler vacuum not be opened to air during installation. This required that the magnet be split to install around the beam pipe. To accomplish this the upper and side magnet material was glued to the upper flux return using Loctite Depend™. The magnet was mounted on the test stand the top was removed and re-installed multiple times. Each time the magnet was measured. After the first opening the field change from 0.4711 Tesla to 0.4700 Tesla. Successive changes showed a variation of 0.0002 Tesla or 4 parts in 104. There was no attempt to provide precision alignment between the top and bottom parts of the magnet.

III Rectangular Skew Quadrupole

A variation of the skew quadrupole was designed. This magnet required no angle cutting of the Strontium Ferrite magnets. It did require more machine work on the flux returns. Figure 3 shows the 
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Figure 3 – Skew Quad with 

Rectangular Bricks

PANDRIA output for this magnet. The corners were clipped to allow closer positioning of the magnet to the adjacent beam line. This magnet was 152.4 mm in length with a gradient of 4.2 Tesla per meter. The magnet was modeled in PANDRIA the code follows:

12-18-00 Panofsky quad for fixing lamberston skew moment

&reg kprob=0 

dx=0.1,dy=0.1,                  ; Mesh size

conv = 2.54,

      ; inches

nbslo = 0,


xmin=-4.0,xmax=4.0 

ymin=-4.0,ymax=4.0,            

lmin = 10 ,ltop = 30,

 

ktype = 1,



nterm = 11,


 

nptc  = 1440,



rint  = 0.8,


 

angle = 360.0,


 

mode=0    

&po x=-4.0,y=-4.0 &      ;entire universe

&po x= 4.0,y=-4.0 &

&po x= 4.0,y= 4.0 &

&po x=-4.0,y= 4.0 &

&po x=-4.0,y=-4.0 &

&reg mat=2 &     
; top flux return

&po x =  -3.000, y =  0.0000 &

&po x =  -3.250, y =  0.0000 &

&po x =  -3.250, y =  1.1800 &

&po x =  -2.180, y =  2.2500 &

&po x =   2.180, y =  2.2500 &

&po x =   3.250, y =  1.1800 &

&po x =   3.250, y =  0.0000 &

&po x =   3.000, y =  0.0000 &

&po x =   3.000, y =  1.0000 &

&po x =   2.000, y =  2.0000 &

&po x =  -2.000, y =  2.0000 &

&po x =  -3.000, y =  1.0000 &

&po x =  -3.000, y =  0.0000 &

&reg mat=2 &     ; bottom flux return

&po x =  -3.000, y =  0.0000 &

&po x =  -3.250, y =  0.0000 &

&po x =  -3.250, y = -1.1800 &

&po x =  -2.180, y = -2.2500 &

&po x =   2.180, y = -2.2500 &

&po x =   3.250, y = -1.1800 &

&po x =   3.250, y =  0.0000 &

&po x =   3.000, y =  0.0000 &

&po x =   3.000, y = -1.0000 &

&po x =   2.000, y = -2.0000 &

&po x =  -2.000, y = -2.0000 &

&po x =  -3.000, y = -1.0000 &

&po x =  -3.000, y =  0.0000 &

&reg mat=10,mshape=1,mtid=8 &  
 LHS Pole Brick field pointing out                   

&po x =  -2.000, y =  1.000 &

&po x =  -2.000, y = -1.000 &

&po x =  -3.000, y = -1.000 &

&po x =  -3.000, y =  1.000 &

&po x =  -2.000, y =  1.000 &

&reg mat=7,mshape=1,mtid=2 &  

;Top Pole Brick field pointing in                       

&po x=   2.000, y =  1.000 &

&po x=   2.000, y =  2.000 &

&po x=  -2.000, y =  2.000 &

&po x=  -2.000, y =  1.000 &

&po x=   2.000, y =  1.000 &

&reg mat=9,mshape=1,mtid=6 &  
 RHS Pole Brick field pointing out                       

&po x =  2.000, y =  1.000 &

&po x =  2.000, y = -1.000 &

&po x =  3.000, y = -1.000 &

&po x =  3.000, y =  1.000 &

&po x =  2.000, y =  1.000 &

&reg mat=8,mshape=1,mtid=4 &  ;bottom Pole Brick field pointing in                       

&po x=   2.000, y = -1.000 &

&po x=   2.000, y = -2.000 &

&po x=  -2.000, y = -2.000 &

&po x=  -2.000, y = -1.000 &

&po x=   2.000, y = -1.000 &

A Br of 3800 Gauss and Hc of 3500 Gauss was used in the model. The field at 25.4 mm radius is 1060 Gauss. This fits with the desired field for the corrector.

The first magnet of this type used bricks that were 152.4 mm in length. The Integral gradient was measured to be 0.579 Tesla. The strength was adjusted using steel shims 25.4 mm by 101.6 mm by 0.8 mm thick. These shims were place on the face of the upper and lower bricks.  In a manner similar to the Panofsky quad a tuning range of 0.1 Tesla was found. After that saturation of the shims set in and the integral gradient could not be lowered further. Figure 4 shows the tuning range.
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Figure 4 - RQSS Strength Trimming

Final Configuration

Due to the space requirements in the tunnel and the method of assembly around the beam pipe, it was decided to use the rectangular skew quads in the tunnel. The final integral gradient values were determined to be 0.4060 and 0.2850 Tesla. Based on the experience with the first rectangular magnet. Bricks were cut to 114.3 mm and 76.2 mm respectively. 

The initial strength and final values of the installed magnets are given in table 2.


Ideal

Gauss
Design

Gauss
Initial

Gauss
Final

Gauss

RQSS001
2850
2895
3112
2793

RQSS002
4060
4341
4739
4094

Table 2 – Strengths of Installed Magnets

1) Main Injector note 231 D Harding

2) Stephen D Holmes ”Status of the Fermilab Main Injector and Recycler” 1997 Particle Accelerator Conference
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				no shims				4 shims				6 shims				8 shims
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				0.470032				0.42006				0.39978				0.37985				12		0.3594
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				0.469473
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				0.469656

				0.469618

				0.469608

				0.469631

				0.469697

				0.469695

				0.469595

				0.469601

				0.469689

				0.469703

				0.469694

		ave		0.46985

		std dev		0.00015
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