







SSRL-ENG-NOTE M523

Supplementary Calculations for the SPEAR 3 Synchrotron Light Monitor 
Electron Clearing Magnet System

A. Ringwall, J. Corbett, J. Safranek, J. Tanabe and M. Rot

September 9, 2005

Summary: This note is in response to questions raised during a review of the Electron Clearing Magnet Review for the SPEAR 3 Synchrotron Light Monitor. Two concerns were raised during the review:

1. mis-alignments were not accounted for in the position of the ante-chamber slot and limiting apertures in the SLM beam line.

2. the electron beam may experience additional vertical deflection as it passes through the partially energized 4BD1 dipole magnet.

3. the electron beam may experience additional vertical deflection as it passes through the partially energized 4SD1 sextupole magnet.

The report is then broken into 5 distinct Sections addressing beam trajectory issues:

Section 1: EC magnet system review report performed by J. Safranek.

Section 2: Calculations by A. Ringwall to address mis-alignment issues. Note the ‘worst-case’ ray starting at the base of the ante-chamber slot (-7.5 mm) with an upwards directed angle (+11.43 mrad) is not possible because the beam would in fact have to pass through the copper chamber to achieve such conditions. This ray is nevertheless used as a hypothetical worst-case ray to demonstrate the action of the EC system under worst-case conditions. An additional collimating aperture was also added to the beam line.

Section 3: Calculations by J. Corbett that demonstrate vertical injection errors are such that it is impossible to achieve the worst-case ray conditions assumed in Part 2. Physically, there simply is not enough phase advance between the end of the septum and the end of 4BD1 to deflect a downward-directed vertical ray to the condition of upward-directed ray. To achieve such conditions would require approximately 0.5*2 phase advance. With the dipole fully activated, the phase advance is only 0.04**2 phase advance.

Section 4: Review of magnetic calculations for the EC magnets by J. Tanabe.

Section 5: POISSON calculations by J. Tanabe for passage of the electron beam through the outboard side of the 4SD1 sextupole magnet.

Section 1: EC System Review
SPEAR3 SLM electron clearing magnet review

James Safranek

September 8, 2005

I have reviewed the design of the layout of the electron clearing magnet personnel protection system for the SPEAR3 synchrotron light monitor.  I conclude that the design is robust.  

During the course of the review three areas were identified requiring further study:

1. effect of hardware mis-alignments

2. effect of beam steering in the 4BD1 dipole magnet

3. effect of beam steering in the 4SD1 sextupole magnet

Each area was addressed to satisfaction in SSRL-ENG-NOTE M523.

The SLM uses the synchrotron radiation exit port for the injection straight.  There is a concern that if the dipole downstream of the injection straight were powered at some reduced field, the injected electrons could be sent down the SLM photon beamline and strike the M0 mirror.  Were this to happen with the maximum 5 Watts of injected beam, the calculated radiation levels outside the shielding wall would be 5 rem/hour until the BSOIC tripped.  To ensure that this could not happen, three electron clearing permanent magnets have been installed on the SLM photon beamline.  These clearing magnets would vertically deflect any electrons, so they would be lost on or before a limiting aperture (aperture #2) upstream of the M0 mirror.  The electrons would be lost for all possible incoming vertical steering of the electron beam.

The set of all possible incoming vertical mis-steers was defined by the exit of dipole chamber slot and by a limiting aperture (aperture #1) 2.691 meters further downstream.  The dipole chamber exit slot half aperture was taken to be 7.5 mm.  The half aperture is designed to be 6.5 mm, and 1 mm alignment tolerance was included.  The half aperture of aperture #1 is taken to be 23.22 mm, which is the design half aperture of 22.22 mm plus 1 mm alignment tolerance.

The clearing magnets kill the beam by steering it down, so the worst case ray that makes it past these two defining apertures is the one with the maximum y and y’ at aperture #1 – the one that leaves the dipole exit slot at -7.5 mm and reaches aperture #1 at +23.22 mm.  It is clear that this worst-case ray could actually never exist.  Immediately upstream of the exit from the dipole chamber slot, it would have y < -7.5 mm, so it would be lost in the dipole chamber.  The actual worst-case ray will be significantly smaller, and will depend on the details of the magnetic fields in the dipole.  To avoid the complication of considering all possible fields in the dipole, we’ll simply use this exaggerated worst-case ray.

The trajectory of this worst-case ray is shown in the following excel spread sheet.  The clearing magnets bend it down, so it hits aperture #2 with y = -29.1 mm, almost 4 mm beyond the edge of the 1-inch half aperture.  Any real ray would be lost at aperture #2 or upstream, with a margin considerably larger than 4 mm.
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The calculation assumes that the only magnetic fields the electrons see after leaving the dipole are from the clearing magnets.  The electrons do see a small deflection from traveling offset through the SD just downstream of the dipole.  For details, see note by Jack Tanabe.  The SD will steer the electrons down by 0.5 mrad, enhancing the effect of the clearing magnets.  Even if the SD were wired backwards and kicked the beam up, it is a small perturbation.  Any beam making it through the dipole would still be lost on or before aperture #2.

Section 2: Worst-case rays with mis-alignment
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Section 3: Injected beam phase-space trajectories
Injected Electron Beam Trajectory at the SLM Exit Port

Jeff Corbett and Maya Rot

August 24, 2005

I. Introduction

The injection beam to SPEAR 3 passes through a vertical Lambertson septum magnet before entering standard magnet cell G4. In the advent that the 4BD1 dipole magnet is only partially energized, it may be possible for the injected beam to enter the SLM beam line (source point 14% into 4BD1). If this were to happen, the protective safety system consists of three permanent magnets that deflect the beam downward, a protective mask that forms a limiting aperture, and an aperture mask serving as final electron beam dump [1]. Using the geometry of the main vacuum chamber ‘slot’ and apertures in the SLM beam line, the worst-case vertical electron beam trajectory is taken as -7.5 mm by +11.43 mrad at the point where the electron beam exits the slot [1]. This note investigates whether a -7.5 mm by +11.43 mrad trajectory is possible by numerically propagating particles from the end of the injection septum to the exit of the slot. It is found that such a ray is  not possible so the engineering design for the permanent magnet protection system is over-designed.

NOTE: SSRL-ENG-NOTE M408 originally specified the maximum mis-steer at the exit of the slot as -6.0 mm by +10.0 mrad. Based on a system review in August, 2005, the numbers were revised to -7.5 mm by +11.43 mrad.

 II. Injection Geometry

Figure 1 shows a schematic elevation view of the electron beam injection for SPEAR 3 including the Lamberston septum, Girder 4 quadrupoles, 4BD1, the SLM beam line source point and the ante-chamber ‘slot’ that limits the worst case electron beam trajectory entering the permanent magnet system. Note that the electron beam enters the slot ~1 m downstream of the source point and that the 4BD1 dipole magnet must be operating at a very low value in order for the electron beam to enter the slot so it doesn’t get deflected away. The section of slot shown is roughly the length through which the electron beam must pass. SSRL-ENG-408 specifies the worst case position/angle error at exit of the slot as y=-7.5 mm, y’=+11.43 mrad. 

Also note that the vertical phase advance from the end of the septum magnet to the end of the 4BD1 dipole is only 0.04*2 phase advance. Hence, qualitatively, beam exiting the septum with downward directed trajectory cannot have an upward directed trajectory by the time it exits the 4BD1 magnet. This fact will be demonstrated visually with ray trace studies below. Beam exiting the septum with an upward trajectory will have positive vertical displacement in the slot.

[image: image8]
Figure 1: SPEAR 3 injection geometry

III. Septum Mis-Steering

Referring to Figure 2, the maximum vertical mis-steer angle through the septum is
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Let’s be conservative and call it 10 mrad. The worst-case vertical mis-steer conditions at the exit of the septum magnet are therefore:

	y
	yp

	+5 mm
	+10 mrad

	-5 mm
	-10 mrad


For the injected beam trajectory studies, we will use four corners of a box in phase space representing electron beam launch conditions at the end of the septum: +/- 5 mm x +/- 10 mrad.
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Figure 2: Injection septum apertures

IV. Phase-Space and Trajectory Studies

Figure 3 shows the maximum phase-space box at the end of the septum (dashed lines) and the transformation to the end of the dipole magnet assuming nominal SPEAR 3 lattice conditions (solid lines). The action of the lattice is primarily to ‘shear’ the trajectory which is indicative of drift space (very little focusing). Under these conditions, the dipole magnet is operating at full excitation so the beam would simply be deflected in the horizontal plane as usual and miss the SLM exit chamber entirely.
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Figure 3: Phase space for nominal optics. Dashed line at exit of septum, solid line at exit of vacuum chamber ‘slot’ in 4BD1 dipole magnet.

What is the ‘worst-case’ trajectory? Since the dipole magnet acts to focus vertically we assume it is operating at 50% power rather than very low field required for electrons to enter the SLM beam line. In addition, we flip the sign of QF to become ‘QD’. This adds additional vertical focusing. Finally, we turn up VCM [4,1] to maximum strength (1 mrad). These conditions work to produce more vertical phase advance through the cell as required to generate the ‘worst case’ ray identified in M408 (-7.5 mm negative position with 11.43 mrad positive angle at the exit of 4BD1) . The phase-space transformation is shown in Figure 4. The beam positions and angles associated with the four vertices of the phase-space box are shown in Figure 5. Clearly none of the rays come anywhere near the conditions used in SSRL-ENG-NOTE M408.

Really strange cases such as both quadrupoles wired as dipoles are not considered because you would have to completely re-do the buswork on the quadrupoles and then go through extensive QA tests and documentation to make sure you did it properly all the while your colleagues asking you what on earth you are doing and why. 

V. Conclusion

The conclusion of this study is that the worst-case vertical ray used in SSRL-ENG-NOTE M408 to study performance of the SLM permanent magnet system cannot be physically achieved due to aperture limitations in the septum magnet and low vertical phase advance as the beam passes through the magnet lattice. Even with several concurrent lattice errors the conclusion holds true.
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Figure 4: Phase space for worst-case optics. Dashed line at exit of septum, solid line at exit of vacuum chamber ‘slot’ in 4BD1 dipole magnet. Loss of symmetry in transformation is due to 1 mrad kick at corrector magnet VCM [4,1].
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Figure 5: Position and angle as a function of position in SPEAR 3 for each of four mis-steering conditions identified above. Note that none of the trajectories meets the requirement of -7.5 mm by +11.43 mrad at the exit of the 4BD1 slot. 
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This document summarizes some of the analytic computations to verify magnet computations performed by Andy Ringwall.  Andy computed the fields using ANSYS and AMPERES for EC1.  He used the same tools to iterate on the Permanent Magnet BH curve (to identify the PM material) to match the Hall probe measured values for EC2 and EC3.  In all three cases, the computations using analytic means substantially agreed with Andy’s results.  

EC1
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The permanent magnet material can be modeled as a thin current sheet surrounding the block.  
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Computing 
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 around the circuit through the iron to the magnet centerline3 (ignoring the reluctance of the iron circuit), 
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This is solved for the field in the gap;  
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Andy’s calculation, 
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We verify that the reluctance of the iron circuit is negligible by computing the flux density in the iron yoke and comparing it with iron saturation levels.  We assume that the effective width of the pole (due to flux entering the pole corners) is the pole width plus a half the half gap at either edge.  This is a conservative estimate and will overestimate the flux density in the legs.  
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EC2
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To find:  
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The equivalent “sheet” current replacing the PM material is;  
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The fields across the pole edges and the central parts of the pole are related by;  
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The total “flux” through the root of the inserts can be computed.  
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But, all the flux through the pole tip goes through the PM material;  
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Computing 
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 around the circuit through the iron (ignoring the reluctance of the iron circuit);  
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From Hall probe measurements, 
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Andy’s calculation; 
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[image: image51.wmf]

The permanent magnet material can be modeled as a thin current sheet surrounding the block.  


[image: image52.wmf]0

 

 

m

m

thick

B

I

r

sheet

´

=

 where 
[image: image53.wmf]c

r

H

B

=

 

m

.  

Therefore, 
[image: image54.wmf]0

0

 

 

 

m

m

thick

H

H

B

thick

B

I

c

c

r

r

sheet

´

=

´

=

.  


Computing 
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 around the circuit through the iron (ignoring the reluctance of the iron circuit), 
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which simplifies to 
[image: image60.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

+

=

1

1

0

2

 

1

thick

thick

h

B

H

c

m

.  

The Hall probe measurement is 
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Andy Ringwall calculated 
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Section 5: Trajectory through offset sextupole fields

Off-Center Sextupole Field Analysis

for

Electron Beam Mis-steer in the SPEAR 3 Synchrotron Light Monitor
Jack Tanabe

September 9, 2005
Updated September 15, 2005

Italics text added by Jeff Corbett September 16, 2005

Introduction

This note analyzes the off-center sextupole field in the 4SD1 magnet immediately downstream of the dipole magnet 4BD1. The goal is to calculate the angular deflection of the worst case ray passing about y= -7.5 mm low and x=+150 mm to the outboard side of the magnetic sextupole axis for purposes of  understanding the impact of the sextupole on the electron beam clearing system.  Interestingly, it is found the Bx component of the sextupole field reverses sign so that instead of the ray being deflected up (nominal SD sextupole effect), it is in fact deflected down. This aids the action of the  electron beam clearing magnet system making the analysis more conservative than originally designed. The case of a reversed-field sextupole is not considered hazardous because this must happen in a simultaneous environment where the 4BD1 dipole is at very power (but not off) and the injected beam must be in a physically impossible location in y-y’ phase space.

The sextupole geometry is mapped from an old POISSON source file which mapped the vertical pole.  The coordinates were plotted in ME10, a CAD program, and the geometry was rotated to give the Cartesian coordinates for half the first pole  from 0o 30 o.  
[image: image66.emf]
POISSON Calculation

[image: image67.wmf]Ringwall Sextupole                                                                                                        
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Results


The fields plotted for the beam position from 273<x<307 mm. and y=7.5 mm., are in the sextupole yoke.  The fields plotted for the beam position from 137<x<176 mm. and y=7.5 mm., are plotted.  The sextupole is 0.25 meters long.  Therefore, the table reflects the average field multiplied by the 0.25 meter effective length.  
[image: image68.emf]Bx in the Sextupole Gap at y=7.5 mm.
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[image: image69.emf]By in the Sextupole Gap at y=7.5 mm.
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[image: image70.emf]X Y Bx By

(mm) (mm) (G) (G)

137 7.5 -1.85E+02 1.96E+03

138.95 7.5 -1.89E+02 1.91E+03

140.9 7.5 -1.92E+02 1.86E+03

142.85 7.5 -1.95E+02 1.81E+03

144.8 7.5 -1.97E+02 1.76E+03

146.75 7.5 -1.98E+02 1.70E+03

148.7 7.5 -1.99E+02 1.65E+03

150.65 7.5 -2.00E+02 1.60E+03

152.6 7.5 -2.01E+02 1.55E+03

154.55 7.5 -2.01E+02 1.49E+03

156.5 7.5 -2.00E+02 1.44E+03

158.45 7.5 -2.00E+02 1.39E+03

160.4 7.5 -1.99E+02 1.34E+03

162.35 7.5 -1.97E+02 1.29E+03

164.3 7.5 -1.96E+02 1.23E+03

166.25 7.5 -1.94E+02 1.18E+03

168.2 7.5 -1.91E+02 1.13E+03

170.15 7.5 -1.88E+02 1.08E+03

172.1 7.5 -1.84E+02 1.03E+03

174.05 7.5 -1.80E+02 9.86E+02

176 7.5 -1.75E+02 9.40E+02

Average -1.93E+02 1.44E+03 Gauss

Average -1.93E-02 1.44E-01 Tesla

Bdl -4.83E-03 3.61E-02 T-meters

Theta -4.83E-04 3.61E-03 radians

Theta -2.77E-02 2.07E-01 degrees


Bend

The 3 GeV electrons, 
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   (vertically deflected down)
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Polarities


The POISSON lattice was defined in the first quadrant.  Looking in the direction of the electron beam, the proper orientation of the sextupole should have been in the second quadrant.  In this quadrant, the positive x direction is to the left and positive Bx field is to the left. 

The first sextupole after the bend is an SD sextupole.  That is, the electron beam traversing the gap is bent away from the center of the ring.  For electrons, the magnet polarity is positive (upwards) as seen in the direction of the beam.  The POISSON run was made for a positive By field.  Thus, the Bx is negative as indicated in the graph to the right.   

The physics is that the beam is defocused both horizontally and vertically.  This apparent anomalous result is due to the fact that the field that the beam experiences is not a sextupole, but a field whose distribution is due to the arbitrary boundary conditions of the field in the gap between the two poles.  Note from the field plot above, the Bx field changes sign.  

[image: image74.emf]By at y=7.5 mm.
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[image: image75.emf]Bx at y=7.5 mm.
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This is also shown in the POISSON flux plot where the field “bulge” changes direction in the vicinity near the pole corner.  Thus, in this region, the beam is defocused both horizontally and vertically.  
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