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Overview
Study of field harmonics in electron quad (Q1eF) and in 

ion quad (Q1BpF) to evaluate cross-talk between the two

• Step by step approach

1. Field harmonics in both quads at low fields

2. Field harmonics in both quads as a function of current

3. Field harmonics in  both quad as separation changes

4. Sensitivity of correctors on harmonic reduction

• The goal is that harmonics remain low in both quads 

• To develop and optimize a good approach for reducing 

harmonics as quickly as possible, first proceed with 2-d 

analysis (although different locations gives a 3-d flavor)
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Basic Model to Demonstrate that 
Cross-talk in e-quad can be reduced
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Field Harmonics at Low Excitation 
in Ion Quad

With a reasonable mesh, low field harmonics are close to zero.

Note: b6 and b10 are allowed harmonics and they may be real
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Field Harmonics at Low Excitation 
in electron Quad

With a reasonable mesh, low field harmonics are close to zero

b6 and b10 are allowed harmonics and they may be real
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Harmonics as a function of 
Excitation in e-quad

Design gradients

▪ ion-quad (pGrad): 66.2 T/m

▪ e-quad (eGrad): 8 T/m (?)

Harmonics are reasonably small in a design 

optimized as a proof-of-principle design only 

(with a corrector, as presented earlier)

Can be reduced in a more optimized design
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Next design phase

• Harmonics along the length in both quads

➢ Start with 2-d simulation along the length 

(faster and helps in developing strategies)

➢ Then perform 3-d simulation and finer 

optimization

• Harmonics in p-quad as a function of excitation

➢ Next few slides
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Harmonics as a function of Excitation 
in ion-quad (in an unoptimized design)

Design gradients
▪ ion-quad (pGrad): 66.2 T/m

▪ e-quad (eGrad): 8 T/m (?)

Harmonics become large due to uneven 

saturation (not surprising)

Needs to be controlled, as mentioned

@~design

(+6)
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Non-uniform Saturation in Ion Quad
(expect large saturation induced harmonics) 

@~design
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Modified Yoke to Force a More 
Uniform Saturation in Ion Quad 

Important region for 

reducing saturation 

induced harmonics 

is yoke close to coil
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Field Contour in a yoke design with a 
More Uniform Saturation in Ion Quad 

Important region for reducing saturation 
induced harmonics is the yoke close to coil

@~design
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Field Distribution at the Low Field 
and at the Design (High) Field 

Low 

Field

High 

Field
Note: The field distribution 

around ion quad may look 

very different but if mu is 

high, it woudn’t matter
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Harmonics as a Function of Excitation 
in a Magnetically “Symmetrized” Yoke

Electron quad

Ion quad (design 66.2 T/m)
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Recap – Yoke Optimization 
for ion-quad @”near end”

Note: A big difference in 

change in harmonics 

b3              b4               b5               b6            b7               b8   

b3              b4               b5               b6            b7               b8   

@~design

@~design
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Far Side with the Maximum Separation 
between e-quad and ion quad (no corrector)

No corrector
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Far Side with the Maximum Separation 
between e-quad and ion quad (no corrector)

Field in iron ring around 

the electron quad is 

already low (should 

provide enough shielding)

@~design
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Far Side with the Maximum Separation 
between e-quad and ion quad (no corrector)

e-quad: very little change despite no correction

ion-quad: very little change
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Far Side with the Maximum Separation 
between e-quad and ion quad

• Since there is a little change in e-quad harmonics 

without corrector, no corrector is needed

• But how about if we energize the full-strength 

corrector? That will examine the sensitivity. Low 

harmonics in both cases means low sensitivity

• Remember that this is a different type of 

corrector. They are not used to correct the field 

errors. They are used to control the iron 

saturation. If “mu” remains somewhat high, it 

would provide shielding irrespective of anything.
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Far Side with the Maximum Separation 
between e-quad and ion quad (full corrector)

Full-strength 

correctors

(Note: low field 

in yoke around 

e-quad)

@~design
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Far Side with the Maximum Separation 
between e-quad and ion quad (full corrector)

e-quad: very little change despite full-strength corrector

ion-quad: very little change
Means: works well whether 

correctors are present or not
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Recap – There is sufficient shielding 
irrespective of the strength of corrector

Note: A big difference in the appearance 

of iron magnetization but remains below 

1.7 T, providing sufficient shielding

NO current  

in corrector

Max current 

in corrector

1.7 T

1.7 T

@~design

@~design
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e-quad and ion quad halfway through 
the magnet (corrector strength 70%)

@~design
Field in iron ring around the 

electron quad is low (should 

provide enough shielding)
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e-quad and ion quad halfway through 
the magnet (corrector strength 70%)

Electron quad

Ion quad (design 66.2 T/m)
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e-quad and ion quad halfway through 
the magnet with thicker iron ring 

around e-quad (No corrector)
Field in iron ring around the 

electron quad is ~2T. We may 

NOT have enough shielding, 

but shouldn’t be terrible either

@~design
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Electron quad

Ion quad (design 66.2 T/m)

e-quad and ion quad halfway through 
the magnet with thicker iron ring 

around e-quad (No corrector)
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Summary
➢ A novel technique is being developed to reduced cross-talk 

between two quads in a single yoke, placed in tight space. Iron 

saturation is controlled with proper cutouts and small coils.

➢ It is based on controlling the yoke saturation (experience from 

RHIC magnets - now standard around the world), where we 

reduced saturation from 40+ unit of sextupole to just a few units.

➢ Even though the solutions are not yet fully optimized, the 

harmonics remain small both in electron quad and proton quad at 

different level of excitation and at different axial locations (based 

on 2-d) analysis. 

➢ The corrector strength doesn’t have to be controlled too well.

➢ Next step: verification with the 3-d modelling but all signs are 

promising.
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Harmonic Analysis

e-quad

ion-quad


