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Fermilab’s Logo

* Fun fact: Fermilab’s logo is a dipole plus a quadrupole — for good reason!

* Dipoles and quadrupoles are ubiquitous in beamlines since they give rise to
constant and linear fields, respectively [=> transport matrices, etc.]
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Main Goal For Today....

* Build a model of a dipole + quadrupole magnet using FEMM
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Outline (Picking Up Where We Left Off Last Time)

 FEMM magnetic example
- Problem setup: H-dipole + quadrupole, pole-tip design, combined-function magnet
- How to extract the potential/B-field from FEMM

* Pro Tips And Tricks
- Scripting in "lua’ and "python’; Jupyter notebooks; WebPlotDigitizer; etc.

 Conclusions
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FEMM Tutorial: Magnetostatics

* Open FEMM, and create a new magnetics problem
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FEMM Tutorial: Magnetostatics

* Always save your work (e.g. “femm-hdipole-v1™)
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FEMM Tutorial: Magnetostatics

- Add 4 vertices at {(10, 5), (10, 15), (20, 15), (35, 30)}. Length units in “Problem” setup.
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FEMM Tutorial: Magnetostatics

e Select all 4 vertices. Mirror about the x-axis
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FEMM Tutorial: Magnetostatics

* Select all 8 vertices. Mirror about the y-axis
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FEMM Tutorial: Magnetostatics

* Join vertices with line segments in the shape of and “H-magnet”
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FEMM Tutorial: Magnetostatics

* Join vertices with line segments in the shape of and “H-magnet”
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FEMM Tutorial: Magnetostatics

* Add materials from Materials Library to the problem definition
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FEMM Tutorial: Magnetostatics

* Add block labels for iron, air. Apply materials to block labels.
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FEMM Tutorial: Magnetostatics

* Add vertices for coils at {(11,6), (11,14), (19,14), (19,6)}. Join with lines.
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FEMM Tutorial: Magnetostatics

* Select 4 line segments of coil and mirror about x-axis, then y-axis
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FEMM Tutorial: Magnetostatics

* Add block label at (15, 10) for wires/current
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FEMM Tutorial: Magnetostatics

* Apply material “10 AWG” copper wire to block
* Create circuit property “Positive Current Density”, 1000A. Apply to block.
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FEMM Tutorial: Magnetostatics

* Mirror block label about horizontal and vertical axes. Add circuit property
“Negative Current Density”, -1000A, and apply to left-most blocks (“coils”)
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FEMM Tutorial: Magnetostatics

* Add an “open” boundary condition at infinity
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FEMM Tutorial: Magnetostatics

* Mesh and solve the problem

fgrmm - [fermem-Gpcie-v 1. FEN)
=i

1. Run mesh generator (mesh icon,
yellow)

2. Run analysis (gear icon)

3. View results (glasses icon)

2= Fermilab

20 10 Oct 19 Nathan S. Froemming | Introduction to Finite-Element Methods in Electromagnetism (Part 2)



FEMM Tutorial: Magnetostatics

* Plot the B-field from {(-20, 0), (+20, 0)} in the horizontal midplane
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FEMM Tutorial: Magnetostatics

e Qur first B-field result! =@
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FEMM Tutorial: Magnetostatics

* Increase # current wrappings to “100 turns”.
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FEMM Tutorial: Magnetostatics

* Mesh, solve, and plot B-field in horizontal midplane

JL!I

1. Select red line tool Lo Lierom
2. Press <TAB> to add points |[Sezmos e

H 7.5060-001 : 8.2560-001
3. Press ploticon a0 | 3 dokett
6.0050-001 : 6.755-001
5.2540-001 : 6.0050-001
4.5030-000 © 5.2540-001
3.7530-001 : 4.5030-001
3.0020-001 : 3.7530-001
2.7520-001 : 3.0020-001
1.5020-001 | 2.2520-001
7.5060-002 : 1.50%0-001
<1.3%20-007 : 7.506e-002

Densty Piot: 18], Tesa

1 (X X |
et Troe

T~ write data to teat {le

~ Flle Formattng
[Memctiorm 1est af legesd

X-Y Pot of Feld Values

=

B iemasere P femmosevian [

i

2% Fermilab

24 10 Oct ‘19 Nathan S. Froemming | Introduction to Finite-Element Methods in Electromagnetism (Part 2)



FEMM Tutorial: Magnetostatics

» Wow, this is starting to look pretty good! <&
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FEMM Tutorial: Magnetostatics

* Pro Tip: Increase mesh density in field region of interest for increased field quality
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FEMM Tutorial: Magnetostatics

* Mesh, solve, and plot B-field in horizontal midplane
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FEMM Tutorial: Magnetostatics

* Increasing mesh density in region of interest increases numerical field quality
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FEMM Tutorial: Magnetostatics

* Pro Tip: Generally speaking, avoid sharp corners. Use “radius tool”
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FEMM Tutorial: Magnetostatics

* Plot the By vs. x from {(-20, 0), (+20, 0)} in the horizontal midplane. Save
data to text file for future comparisons of pole-tip designs.
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% Column @: Length, inches
% Column 1: B.n, Tesla

0.00000000e+000
2.66844563e-002
5.33689126e-002
8.00533689e-002
1.06737825e-001
1.33422282e-001
1.60106/38e-001
1.86791194e-001
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1.79616649%e-002
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2.07963716e-002
2.13633130e-002
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FEMM Tutorial: Magnetostatics

* Now let’s change the pole tips to modify the B-field profile.

* First, save a fresh copy of your work (“femm-dipole-v2”). Add 8 vertices for
pole-tip edge shlms and shift by Ay = =1 length units
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FEMM Tutorial: Magnetostatics

* Mesh, solve, and plot B-field in horizontal midplane as usual
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FEMM Tutorial: Magnetostatics

* |s the field uniformity improved at all? Hmm, looks like | was a little too
aggressive...let’s split the difference. First, save a “v3.”

weran - (L)

1L ple Bt Vew wiskow el a2
Ol
)
w
2 - This should be flat!
|B|, Tesla
1.5
1
0.5 1
0 .
0 10 20 30 40
Length, inches

B _remigoe ) T feewggcie-gans 10 tetned |

2= Fermilab

33 10 Oct 19 Nathan S. Froemming | Introduction to Finite-Element Methods in Electromagnetism (Part 2)



FEMM Tutorial: Magnetostatics

* Split the difference —looks pretty good! Save the B-field in the horizontal

midplane to text file for plotting later.
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hans-MacBook—Pro:~/Desktop head femm—Bdipole—v3-ByVsX. Lxt
% Column @: Length, inches

% Column 1: B.n, Tesla
0.00800008e+808 —7.32304461e-001
2.66844563e-002 1.83764543e-002
5.33689126e-002 1.88956621e-002
8.0053368%9e-002 1.94148695e-002
1.86737825e-001 1.99340768:2-002
1.33422282e-001 2.04532842¢-002
1.60106738e-001 2.09724916e-002
]1.86791194e-001 2.14916989e-002
__|nfroemm@Nathans-MacBook-Pro:~/Desktop
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FEMM Tutorial: Magnetostatics

* Compare B-field profiles (I quickly plotted our saved B-fields using python'.)

35

FEMM H-Dipole Magnet Design: By, vs. x
1.0 -
0.8 -
T
S 0.6
':, .
o A
04 £
mems Design 1
0.2 wes Design 2
wesss Design 3
0.0 1 | I I I 1 I
-15 -10 -5 0 S 10 15
x (inch)
10 Oct ‘19 Nathan S. Froemming | Introduction to Finite-Element Methods in Electromagnetism (Part 2)

2= Fermilab



FEMM Tutorial: Magnetostatics

* Combined-Function Dipole-Quadrupole Magnet (@Fermilab’s “Booster”
machine). Need to add a “slant” to the pole faces. First, save a “v4”.
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FEMM Tutorial: Magnetostatics

* Dipole = constant B-field, quad = linear B-field. Looks pretty good!

1AM | > 1557000
140204000 : 1AM+ 00
132404000 : 14020+ 000
12950+ 000 : 1. 3040+ (00
11680+ 000 : 1.2950+ 000
L0 O ¢ L4080 (00
10020+ 000 : 10000+ (00
03430000 ¢ 10020+ 000
8564000 © 0. 343000
7765000 : B.5640- 00
Z00% 0K : 20000 0N
6.2290-00¢ : 70070 00
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Building A More Realistic Example: FEMM + WebPlotDigitizer

* Can use “WebPIlotDigitizer” to get vertices of pole tips, i.e. to create a better
model. Simply navigate to WebPIlotDigitizer, load image of your choosing,
and click desired vertices

2= Fermilab
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https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/

WebPlotDigitizer

* Navigate to WebPlotDigitizer website, click “Launch Now!”

® 00 O weruDglizer -Exvractdsr X 4

< C @ sutomerisio/WeblotDigitizer w w @O
M WebPlotDigitizer oo m Donate
Web tased 100l to pxtract data from piots, images, and naps -~ K

Home Blog Tutorials Citaton Privacy

It is cften necessary 10 reverse engineer images of data visualizations % exiract the underlying numerncal data. WebPlotDigitize’ is a semi-
automated 1ool hat makes this process extremely easy:

* Works with a8 wide variety of chats (XY, bar, polar, temary, maps €lic.)

« Automaltic extraction aigorithms make it easy 10 exiracta large number of data points
« Free to usy, opensouce and cross-platiorm (web and éeskiop)

» Used in hundreds of publahed works by thousands of saers

* Also usefu for measwing distances or anghks between vanous features

« More to come soon,

Version 42 Released (April 7, 2019)

| Botease NOWeS |

PLOTCON 2017 - Oakland, CA
[Presentation Sikjes]
s
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https://automeris.io/WebPlotDigitizer/

WebPlotDigitizer

* Load the image of your choosing
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WebPlotDigitizer

* Select plot type. | chose “2D (X-Y) Plot” for the Fermilab Booster magnet

® 00 Hi wevrDiguizer -Copyright - X

« C & spps.sutomerisio/wpd) w w @O

Choose Plot Type

9 20 (X-Y)Piot
20 Bar Pot
Polar Diagram
Ternary Diagram
Map Witk Scale Bar
Image

Align Axes Cancel
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WebPlotDigitizer

* Align the plot axes. | clicked the corners of the iron of the Booster magnet,
and used the measurements WxH = 18x13 cm?

® 00 Hi wevrDiguizer -Copyight - X

<« C & spps.sutomerisiowpd « w @O

Click four known 20ints on the axes in the crder shown
Inred. Two on the X axis (€1, X2) and two on the Y
axis (Y1, Y2).

Procesd
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WebPlotDigitizer

* Click the data points you’d like to digitize

® 00 Hi wevrDiguizer -Copyright - X

¢ C & spps.asutomerisio/wpd)  w @O
File Help « 10(% Fit @ o
Image
Axes
Xy
Datasets
Detax Dataset
Moasurements
Dataset
Axes: XY H
Rerame Datase: [~10116e+1, 4.1804e-1)
Deete Dataset ‘ Manual Extraction
View Data Adjust Point (3)
Cear Data ) Delete Foint (D)
Daw Points: 25
Automate Extraction
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WebPlotDigitizer

* Export the data, copy to clipboard, plot in Plotly, etc.

® 00 Hi werruDguizer -Copyright . x [ Ploty x | @ wePhtDigtizer - Bavactdar x | +

<« C & spps.sutomerisio/wpd)

Acguired Daty
Cataset: Dafault Datasst § Sort

Variadles: X, Y Sortby: Raw
BA2ATHHIE21184, ammmuum Order: Ascendng ¢
~O.I1II0AIJ0IANNIND, -2 0MATIATAITD
-3 I9BREATME2ET7, aummmn
-AINTACAIIEIC2C4, -0.9483786IL0TIN02 Format
-2 S04 0R65902), -0 520064095 3060691
2ACTANSETIZN02TY, -0.BB0CISSBETIDTI Number FormaRring:
259195 2230654923, -0 Bi0S0279407063 39
Jece Wz, o rI20LTne Digng: S 1grace
2 78416004 800642. -0 NM2IN2 60958 '
2B732522004629757, -0.THE1213T6EAN ! Column Separaor: ,

J0E5ISMIBIEA5207, 16 S42M02262T 42

SO5TS080M ST 30085 780034104687
29NQRTCMINGNE, 4 0266708200095
29758064700710904, 16ME2375T8551344
BEICIHSEI062. 1 061744 343008072
2BMIT6208T2I4, 0 DIMG6AL5550008

3..".’!211’.’.“":_%“;““ S
Copy to Clipboa'd  Download .CSV  Graph in Plotyy* Close
*Potly b4 controf

ViR Mo et )y for Getals.

Plot data direcitl .
in “Plotly” to inspect | |

—

| |

O Dpfautt Datasitesy A ShowAl X
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FEMM + “Lua” Scripting Language

* You should know that FEMM comes with lua scripting language. It can be
quite powerful. Let’s run femm42/examples/Force-vs-Position.lua

“femm42/examples/Force-vs-Position.lua’

showconsole() Finite Element Method Magnetics
clearconsole()
print("position in inches | force in 1bf") Version 4.2
open("Roters-Ch9Fig6.fem")
mi_saveas('temp.fem") User’s Manual
for n=0,20,1 do
mi_analyze() :
mi loadsolution() FEMM Reference Manual (link)
mo_groupselectblock(1) 3 LuaScripting 82
f=mo_blockinteg ral(19)/4.4482 3.1 WhatLuaScripting? . . . . . . . . 0 00 e e e e e e 82
print(@.l*n,f) 3.2 Commo.n ............................. 82
Magnctics Preprocessor LuaCommand Set . . 2. . . . .. . .. ... .. .... 84
"'9—‘3 1058(. ) 3.3.1 Object Add/RemoveCommands . . . . .. . .. ... o000 0oL 84
mi_seteditmode (" group” ) 3.3.2 Geometry SelectionCommands . . . . .. ... ... 000000 .. 81
mi_selectgroup (1) 3.33 Object LabelingCommands . .. ... ... .. ... .. ....0.... 85
mi_movetranslate(0,-0.1) 3.34 ProblemCommands . . . .. .. oiiei e e e e 86
end 335 MeshCommands . . .. ... ... .. ... ... ... 86
336 EditingCommands . . . . . . .. ... .. Lo R7
337 ZoomCommands . . . . . .. .. . .. it e e e e 88
338 VewCommands . . . . . . . .. ... .. ... .. .. ...... 8
339 Ohject Properties . . . . . . . .. . L. RR
3.3.10 Miscellaneous . . . . 0 0oL Lo oL Lo 92
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http://www.femm.info/wiki/Documentation/

FEMM + Python = pyFEMM

* We’'ll looks at two examples | coded in Jupyter notebooks: (1) cosine-theta
dipole magnet, (2) electric quad with hyperbolic electrodes

L

™ Wircen» 10 [Ronnng] R —
L] syl -- l.|. - - 0 =

.
o

0 & O covesmb *t ™ L 2 .

.': e Bh Ve Her ossd e Scdlley Sd S ard row 0
- N ofiud CoureTrhetad pobi % ln‘w'ﬂ_bmﬂﬁﬂ x
B+ X 00 » 8 T Navdbwr v
- i
. Simple pyFEMM Example: Cosine-Theta Dipole Magnet
gather mathan 4. I roamming
3 pemdl ri-oemmgnil. Qor
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D L lrwze. an Unvrwronnd Blacboevoamets przon [V Yot fic, J005)
wwhes i, e
e L7 7, o
77, Eaa s '
7y dmmun A 7
2 .77
o A e
e e e '.v-_/. ’f nes

Figure 3 Conductar Dominated Field Distribution
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ALL DONE! | Hope You Learned A Thing Or Two! THANK YOU!
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