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Status of the cross-section design of Q2pF for 2K operation

• Cross-section designed for the desired mechanical layout of turns and for some 

possible future adjustments in field harmonics (as per the discussion last week).

• Thickness for collar (yoke i.d.) as per the guidance from the mechanical analysis.

• Saturation-induced harmonics examined as a function of current for the entire 

range of EIC operation (41 GeV to 275 GeV – a factor of 6.7). 

• Impact of large holes for “tie rods” near the yoke inner surface examined. 

• Field in the hole for electron beam examined (magnitude and the harmonic analysis 

of the field inside to better examine impact of the field on beam dynamics). 

• Required thickness for yoke evaluated for choosing yoke outer radius.
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Basic Parameters of the current Q2BpF Design

Parameters used in the current design:

• Gradient: 36 T/m (revised from pCDR, current 36.8 T/m)

• Physical Length: 3.8 m

• Coil inner radius: 140 mm

• Estimated effective length: 3.8 - 0.14 = ~3.66 m

• Estimated gradient in body: 36*3.8/3.66 = ~37.4 T/m

• Cable: 15 mm

(LHC inner type)

• Cu/SC: 1.6

• Temperature: 2K
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Parameters from pCDR:

Design should be flexible to 

accommodate such changes
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Optimization of Coil Geometry (pictorial)
➢ Angle for poles for collars, two aligned layers, wedges, gap at midplane
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Optimization of Coil Geometry – ROXIE Input
• S
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Input to coil geometry
Cable 

parameters

Midplane half-gap = 0.2 mm (both layers)
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Quench Margin in the Current X-section of the 
Q2pF at 2 K (desired collar size, no tie rods)

6

➢ Operational margin = 100/58.6 = ~70%

(healthy margin) Consider a single layer design (higher current)?

Or a narrower cable (same in B1pF & B1apF also)?
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Quench Margin in the Current X-section of the 
Q2pF at 2 K (desired collar size, no tie rods)

Peak Field Enhancement

• Field gradient = 37.4 T/m

• Coil Radius = 140 mm

• Computed midplane field at coil 

radius = 140 * 37.4 = 5.236 T

• Peak field enhancement = 

6.131/5.236 = 17.1%
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Quench Margin in the Current X-section of the 
Q2pF at 2 K (desired collar size, no tie rods)
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Field Quality (Geometric Harmonics @1kA)
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➢All geometric harmonics are small

GOAL: Obtain low field harmonics in a geometry 

which is good mechanically (as per previous 

slides) at a field where persistent current induced 

or saturation induced harmonics are small (1kA)
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Saturation-induced Harmonics
(examine the impact of non-liner properties of iron at high fields)

Current nominal operating range of EIC (Holger Witte): 41 GeV to 275 GeV

Minimum to Maximum Ratio: 1 to 6.7; Max. current: 7.7 kA (1.15 to 7.7 kA)

Persistent current induced harmonics will be of little concern (as in RHIC)
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Evaluating the Impact of the Proposed Tie Rods
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• Tie rods will have impact at high fields.

• Mesh to evaluate the impact of tie rods. 

Holes modeled for them - change iron to air. 

➢ Field Gradient @7.7 kA goes down from 37.4 T/m to 

36.2 T/m (not surprising, given the location/size).

➢ This is significant (over 3.2%). However, it is more 

important to examine the impact on the harmonics.  
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Impact of Tie Rods @7.7 KA (1)
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With Tie Rods

Tie Rods increase Saturation in pole region

Without Tie Rods
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Impact of Tie Rods @7.7kA (2)

13

Little Impact on field in the hole for electron beam

Without Tie Rods
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Impact of Tie Rods on Allowed Harmonics 
Computed as a Function of Current
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With Tie Rods

Tie Rods further increase b6; little change in higher order

Without Tie Rods

Saturation-induced

b6 - Very large 

Note: Higher orders 

multiplied by 10
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Saturation-induced Allowed Harmonics in 
Earlier 2 K Designs (Holger Witte 2020)
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Saturation-

induced b6

was always 

significant

Calculations 

were done at  

the maximum 

design only

Large gap 

between the 

coil and yoke
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Measuring Impact of Cross-talk in Hole for e-beam with Bn Harmonics
(working with Bn should be a good way of communicating with accelerator physicists)
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With Tie Rods

Minor impact of Tie Rods

Without Tie Rods Harmonics 

@50 mm 

radius in 

r=75 mm hole

(e-beam size?)

B1 shouldn’t 

be an issue at 

this level. 

(most others: 

10-3 or less)
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Recap on the work presented so far on the Q2pF

• We have a very good solution for coil geometry - mechanically good geometry 

with small field harmonics and some tunability. Also, enough space for collars.

• However, the impact of non-linear yoke saturation needs to be taken care of.

• There is a larger decrease in transfer function due to tie rods from 5.1 T/m/kA@1kA

➢to 4.85 T/m/kA @7.7 kA (without tie rods), and 4.69 T/m/kA (with tie rods).

• Saturation-induced b6 goes up from 13 units without tie rods to 16 units with tie rods.

• Moreover, there is still an issue with a large field in the hole for the electron beam.

• Is there a possibility to turn-around the situation, or look for another solution?

17



Magnet Division Ramesh Gupta                Q2pF Cross-section for 2K Operation                 April 5, 2022

Holes for Tie Rods – Turning them to an opportunity 
• Strategy: Large holes for tie rods clearly make a significant impact on iron saturation. 

Let’s try to make use of those large holes as a tool of opportunity!
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Mission: “Make Mike Anerella Happy” – don’t complain; give him twice of what he wants !

Note: Field in yoke iron at the aperture – it has become higher all around (more uniform)
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Holes for Tie Rods – Turning them in to an opportunity 
• Strategy: Large holes for tie rods clearly make a significant impact on iron saturation. 

Let’s try to make use of those large holes as a tool of opportunity!
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Note: (m-1)/(m+1) in the yoke near i.r. has now become more uniform

Original Optimized
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Tie Rods to Reduce Saturation-induced Harmonics
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Optimized Iron: Major reduction in saturation induced allowed harmonics (order of magnitude)

Finer optimization not yet performed

Notice a change in scale

Field Gradient @7.7 kA goes down from 36.2 T/m to 35.7 T/m for 2X holes (controlled saturation)

Original Optimized
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Tie Rods to Reduce Field in Hole for Electron beam
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Finer optimization not yet preformed

Note: Reduction in the field in the hole for e-beam (less green)

Original Optimized
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Tie Rods to Reduce Field in Hole for Electron beam
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Finer optimization not yet preformed

Note: Significant reduction in the field inside the hole for e-beam

Also see a change in the shape.

Original Optimized
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Field inside the e-beam Hole @50 mm radius
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Finer optimization not yet preformed

½ mT can be easily shielded 

with mu-metal or cryopermNotice a change in scale

Original Optimized
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Tie Rods to Reduce Field in Hole for Electron beam
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Optimized Iron: Major reduction in the field in the hole for e-beam
Finer optimization not yet preformed

Harmonics 

@50 mm

(where is the 

e-beam?)

B1 shouldn’t 

matter at this 

field level.

Other Bn‘s are 

<10-4

Notice a change in scale

Original Optimized
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Parametric IRON File for ROXIE
(can be used for any IR Quad)

25

Need to give parameters 

of only one tie rod hole. 

Others are created for 

quad symmetry.
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Choosing Yoke Outer Radius 
Field on X-axis @I=8kA (gradient = 36.8 T/m)

Outer radius = 550 mm           Outer radius = 600 mm         Outer radius = 650 mm

26

Outer radius of 600 mm is chosen 
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Holes for e-beam at two ends of the Q2pF
@366.28 mm from Q2pF center                                    @423 mm from Q2pF center

27

New locations are a bit further out (less challenging). We are covering a large range.



Magnet Division Ramesh Gupta                Q2pF Cross-section for 2K Operation                 April 5, 2022

Holes for e-beam at two ends of the Q2pF
@366.28 mm from Q2pF center                                    @423 mm from Q2pF center

28

~½ mT

can be 

easily 

shielded 

with mu-

metal or 

cryoperm, 

if needed 
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Holes for e-beam at two ends of the Q2pF field @r=50mm

@366.28 mm from Q2pF center                                    @423 mm from Q2pF center

29

~½ mT

can be 

easily 

shielded 

with mu-

metal or 

cryoper, 

if needed 
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Tie Rods to Reduce Field in Hole for Electron beam
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Optimized Iron: Major reduction in the field in the hole for e-beam
Finer optimization not yet preformed

Harmonics 

@50 mm

(where is the 

e-beam?)

B1 shouldn’t 

matter at this 

field level.

Other Bn‘s are 

<10-4

X=366.28 mm X=423 mm
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Summary
• A reasonably good coil cross-section optimized. It has small geometric harmonics, 

good mechanically geometry, and has some tunability for adjusting harmonics.

• The cross-section has the collar thickness as requested by the initial mechanical 

analysis. A further increase can be accommodated, if needed.

• Operating margin is ~70%. Can be reduced, if desired, with a single layer design 

(higher current) or with a narrower cable which can also be used in B1pF & B1apF.

• Relatively large holes for tie rods near the yoke inner radius included. They have a 

large impact on saturation-induced harmonics. Location and number of those holes 

are used in reducing the impact of non-linear iron saturation on field quality.

• These holes are also used in reducing field in the hole for the electron beam.

• The field in the hole has become so low (~ ½ mT) that either the solution can be 

used as such (low Bn’s) or can be further reduced with a mu-metal shield.

• Bn (not bn) harmonic method is suggested to communicate with accelerator 

physicists so that they can examine the impact of these non-linearity on e-beam.
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Extra Slides
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LHC Style Cable used in Quad & Dipole 
(based on full keystone for Q2pF and B1ApF)

34

LHC

LHC

EIC

EIC

 Keystone angle for cable width << coil readius

Q2pF B1ApF

Cable height 15.1 15.1

Cable mid-thickness 1.9 1.9

Insul (one side) 0.12 0.12

Coil i.r. 140 185

Avg Rad 147.55 192.55

dt 0.2190 0.1678

Width_i 1.790 1.816

width_o 2.010 1.984

Cables considered for EIC: “EICLHCB2K” and “EICLHCQ2K” (EICLHCB and EICLHCQ)

Similar to LHC inner: “YELLONIN” (CABLE01)

Note: Keystones are 

reduced for EIC
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Impact on Non-allowed Harmonics in Q2pF

35

With Tie Rods

Small non-allowed harmonics (computational errors)

Without Tie Rods


