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Chapter 4 Dipole Magnet Design and
Manufacturing
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Functional Specification

The PRD is usually prepared by physicists responsible
Physics Requirement
Document (PRD)

for the beam optics analysis.
The specification includes:
- Beam energy and type of particles: electrons,

Magnet engineering protons, muons...
specification - Magnet type: H-type dipole, C-type dipole, Shell-
type dipole, Septum, Lambertson, Quadrupole,
Magnetic and Sextupole, Octupole, Bump, Kicker, Solenoid, etc.
mechanical design - Beam aperture dimensions;
- Field, or gradient strength in the magnet center;
Design verification by ~ N° - Magnet effective length;

beam optics analysis - Good field area dimensions, and the field quality;

- Integrated field, or gradient along the beam path;

- Separation between beams for Septumes,
Lambertsons;

Final design and - Beam bending angle;

documentation - Fringe field limitations.
for production

Prototype magnet

Yes
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Magnet Engineering Specification

Physics Requirement
Document (PRD)

Magnet engineering
specification

Magnetic and
mechanical design

Design verification by ~ N°

beam optics analysis

Prototype magnet
Yes

Final design and
documentation
for production

The engineering specification is usually prepared by

physicists and engineers responsible for the magnet

design.

In general, the specification includes:

- Magnet physical aperture dimensions;

- Beam pipe dimensions;

- Magnet total length and space slot available for
the magnet;

- Space and weight limitations;

- Magnet peak field, or gradient;

- Type of cooling: air, water, liquid Helium (Lhe),
conduction;

- Cooling system parameters;

- Power supply parameters: peak current and
voltage, AC, pulsed.

- Magnet protection and instrumentation;

- Radiation level;

- Number of magnets.
2& Fermilab
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LBNF Beamline Dipole Magnet Specification
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1.604T
10.03 T-m 6.68 T-m
50.80 mm
47 mm x 120 mm
44.45 mm x 44.45 mm
0.1%
Light blue
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Magnet Design and Fabrication Steps

Fiberglass/Epoxy
Insulation on Coil

Jumper between Top
and Bottom Coils

onnections

e Conceptual Design
e Coil
* (ore

* Internal Review

* Prototype Design (drawing package)

* Manufacturing Plan

* Prototype Readiness Review

* Final Design Review

* Production

~ 2% Fermilab
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Coil Design

Yoke

Pole Shim Coil

g - magnet gap, m

B, — field density in the gap, T

B..,, — field density in the iron yoke, T
L., — the average flux path length in the
iron yoke, m

|, — total coils ampere-turns, A

Ho= 41t x 107 T-m/A

8 7/18/2024 M. Yu | Engineering in Particle Accelerators

16

ng%
Ko

'lair

Given:
g =0.0508 m, B,;;-=1.604T

Obtain:
NI= B;‘” .g = 64842.3 A

32,422 A
16,211 A
8,106 A
4,053 A
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Coil Design_Conductor

Diameter| Area Max Max Current SO I Id CO N d uctor
Sl (mm) | (mm?) p(Q/km) Current (A) Density (A/mm?) 5
e |=J-A, =281 (A/mm?)-42.4
1 7.348 | 42.4 | 0.406392 119 2.81 5
6.543 | 33.6 | 0.512664 94 2.80 (mm?) =119 A
3 5827 | 26.7 | 0.64616 75 2.81 * Toreach 64842.27 A, we need
: 5 5 5 : 5 546 turns of AWGH#t1
38 0.102 |0.00797 2163 0.0228 2.86
39 0.089 0.00632 2728 0.0175 2.77
40 0.079 (0.00501 3440 0.0137 2.73

Hollow Conductor

* With proper cooling, the

English unit in the table conductor can carry max. 10
,,,,, , ) A/mm? current density

" 1 n " S on "D. COPPER
A - - (HOLE) [CROSS SECT. (preferable below 4 A/mm? .
TYPE 1 (ROUND) #22 $.0253+.0003| $.0281 (MAX) N/A .0005 N2 2
S #18 ¢.0403+.0004| 6.0418+.0006]  N/A iz | ¢ 1= A =4 (A/mm?)-13.34
evER #17 $.0453+.0005| ¢.0488 (MAX) N/A .00161 IN2 2\ —
INSULATION |______ 7" -
| e $.0508 (NOM.)| #.0545 (MAX) N/A .00203 IN2 (mm ) 53.36 A
414 $.0641%.0006| §.0675+.0008|  N/A 03222 | *  Toreach 64842.27 A, we
. i 14 $.0641 (NOM.)| #.0762 (MAX) N/A 00322 IN2
oLe BT 3 T 07z vow T g 0757 om0 oA T 00507 w2 need 1216 turns of hollow
#12 $.0808 (NOM.)| ¢.0847/.0829 N/A .00512 IN2 round conductor
#6 @.162 (NOM.)| ¢.1832 (NOM.) N/A .0206 iN2
N/A $.187+.002 | $.205 (NOM.)| ¢.093+.002| .02067 IN2
£& Fermilab
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Coil Design_Conductor Cont.

wpm apy W "D* “p w :
English unit in the table | A"C 7 . B (HOLE) R"  |cross ster.
#13 .072+.001 | .0740/.0780 N/A .016 .00518 IN?
TYPE 2 (SQUARE) 1 -0907+.0010 | .0938+.0010 N/A 016 _00801 IN?
#10 .1019 (NOM.) | .1079/.1039 N/A .026 .00980 In2
48 130/.127 | 135 mAx. N/A .032 01563 IN2
‘8" 46 162 NOM. | .1686/.1634 N/A .032 .01563 IN2
OVER #6 .162 (NOM.) 184 MAX. N/A .032 .02536 IN2
INSULATION 44 .204 (NoM.) | .227/.217 N/A .040 .04024 IN2
vy » 228 N/A 3.125 .040 .05061 IN2
HOLE #3 .2294 (NOM.) .2360 N/A .040 .05125 IN2
#3 .2294 (NOM.) | .244 MAX. N/ A .032 .05174 IN2
.228 (NOM.) | .249 (MAX.) ¢.125 .040 .03834 IN2
#2 .2576 NOM. | .2652/.2560 N/A . 040 .06498 IN2
#2 2576 (NOM.) | .276 (NOM.) N/A .040 .06498 IN2
VR .3249+ 003 N/A $.181 .055 07723 IN2
.3249+ 0030 | 3495 MAX. g.181 .055 .07723 IN2
.374%.003 N/A #.204 .060 | .10410 IN2
L4096+ .004 N/A $.229 .050 12444 IN2
.460+.010 N/A @.250 .031 . 15831 IN2
.635 (NOM.) N/A .250 .062 34773 IN2
635 N/A @.250 062 | 34773 12
. 730 N/A @ . 400 .062 | .40394 IN2
Square Conductor
e I=] ,,A=4 (A/mm?)-260.6 (mm?) = 1042.4 A
« Toreach 64842.27 A, we need 62 turns of hollow square conductor
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Coil Design_Conductor Cont.

English unit in the table

TYPE 3 (RECTANGLE)

1

— MAN ]

COFPER

INSULAT I ON

Rectangle Conductor
| = J:A=4(A/mm?):2445.2 (mm?) = 9780.8 A

AT "B AT "B-1" (HOLE) "R*  |cRoss SEeT.
750 312 N/A N/A é.187 060 20345 IN2
793 654 N/A N/A ¢ 325 .062 43236 IN2
825+ .000/-.010 | .625+.000/-.,010 N/ A N/A @.250 .062 L 46324 IN2
.900 535 N/A N/A 3.250 062 42911 In2
.92+.00/-.01 | .57+.00/-.01 N/A N/A $.250 062 47201 IN2
1.000 565 N/A N/A $.250 062 51261 IN2
1.000 565 N/A N/A é.350 062 46549 IN2
1.023+.000/-.010 |.559+.,000/~.010 N/ A N/A @.250 .062 .52970 IN2
1.055£.010 | .937%.010 N/A N/A é.500 062 . 78888 IN? |
1.096+.007 | .922+.010 N/A N/A $.340 063 91642 IN2
1.096+.007 | .922+.010 N/A N/A b.455 .062 84462 IN?
1.113£.010 | .670%.010 N/A N/A . 400 062 . 61675 IN2
1.140 955 N/A N/A % .500 062 88905 IN2
1250 1.000 N/A N/A $.375 094 1.1320 IN2 |
11.330+.610 | .955+.01C N/A N/A é.500 156 1.0529 In? |
1.500 625 N/A N/ A $.375 094 81947 In2
1.569 1.313 NA N/A %.500 125 1.8503 IN2
1.750 625 N/A N/A @ 375 125 96988 IN?
1.855 1.375 N/A N/A $.610 125 2.2449 IN2
4.000%.01¢ 1.000 N/A N/A $.500 125 3.7902 IN2
241/.239 | 141,139 | .251/.249 | 151,149 |  N/A .Oié”mwwf65§h9|NiH

* With 8 turns, we can achieve the target, with ] = 3.3 A/mm?
* How to fabricate the coil with such a “giant” cable ?

7/18/2024 M. Yu | Engineering in Particle Accelerators
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Magnet Temperature

12

If a solid conductor is used in a magnet, heat is generated due to the
magnet power P = [?R (w), and the magnet is then air-cooled during the
operation. Simulation may be needed to verify the magnet is not over-
heated.

If a hollow conductor is used, the magnet is water-cooled. The following
formular can be used to estimate the magnet temperature rise.

p.dljg, where p is the water pressure (unit in kg/cm?), d is

— Water velocity v =

the conductor cooling hole diameter (unit in mm), and L is the length of the coil
(unit in m), the unit for v is calculated in m/s.

— Water flow rate Q = S x v X 1073, where S is the cross-section area of the
cooling hole (unit in mm?2), the unit for Q is then Liter/s.

0.24><P’ where P = I?R (kw)is the magnet power,

— The temperature rise AT =
the unit of the temperature is °C.

2% Fermilab
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Yoke Material_Soft Magnetic Materials

13
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'_
0g 77 Permalloy sheet
0.4 Soft ferrite _
n%llgllt %mlzlll”‘lrltlllll S I o 1
1] 100

10 0 1000 10 000
H, A/m

For accelerator magnets, use low carbon steel: AISI 1006, AISI 1008, AISI 1010
with the low coercive force Hc < 2 Oe (160 A/m).

Sometimes Vanadium Permendur is used for fields close to 2 T.

Electrical type of steel is used in AC magnets has up to 4% Si to reduce AC
losses. The lamination thickness for the yoke is 0.35 - 0.5 mm for 50-60 Hz

applications.

2& Fermilab
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Ferromagnetic Material Properties

Flux Density — B (T)
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The typical steel is saturated when B is greater than 1.5 T

T
|

{  B-H Curves for Various Metals |

Magnetic Field Strength -
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The magnetic properties B-H Curve can be measured through the sample
ring for solid yoke, and a closed magnetic circuit formed by thin steel strips

for lamination-stacked yoke.
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Yoke Design_ Pole Dimensions

4+ Iron Yoke
\ y 4

useful field region ) \

1} ey
2-110“ \ * \

useful field region ] h
___\\_ d —
[) L
241 0—4 X

_______ o \ X
! \ Shim
Good field area
For the shim size:
. The ratio of w/g is good from 0.2 to 0.6. Given as requirement:
*  ShimareaS=h-w=0.021%d* o e Good field size 44.45 mm, AB/B < 0.1%
. If B, is over 0.8 T, the shim will need to be optimized
smoothly to reduce the iron saturation effects in pole * Pole gap 50.8 mm
edges and shim areas. e Aperture dimension 47 mm x 120 mm
Calculate:
e r=m-d->b=2m=2(r+d)=2-(r+g/2) =95.25 mm
w/o shims m-d m-2d (if there is no aperture requirement)

with shims m-d/2 m-d e Shim width w/g =0.5, w = 25.4
e b=120+w=145.4 mm

2& Fermilab
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Yoke Design_ Yoke Dimensions

* Pole effective width: X ,=b + g
* Pole effective length: L =L, +g

7
= *  Pole effective area: S =X, L,
L /

v * Total flux in yoke: ® =B, S,

3 L

o + 1o - * Yokelegarea:S, =a-L,
Current
Gauss’s Law
Flux Lines

Noral fo * Flux density in yoke leg: B,,,, = ®/2-S,,,

Flow Lines

Given:
b=145.4mm, g=50.8 mm, B,,, = 1.604 T,
Integrated field 10.03 T'm

Calculate:
Xp =196.2 mm, Lp =6.25m,L_=6.2m,
Sp =1.226m2, @ =1.97 Wb

If, a=X,/2=98.1mm
B.,,=®/(2-aL,)=1.62T (Saturated)

£& Fermilab
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Define B

BT

Flux Density —
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| B-H Curves for Various Metals | ‘r
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H

Magnetic Field Strength - H (At/m) -

Use B-H curve (blue) for solid yoke and B-H curve (red) for lamination-stacked yoke to defined

Bi,on needed for the magnet parameters estimation.
For lamination-stacked yoke, the flux density in the yoke is reduced due to the stacking factor
k., (0.96-0.98), the formula is AB = (B-u,H)(1/k.-1)

=B,—AB=117T

Iron

B, = 1.2T, for lamination-stacked yoke, B
a=Q/2-B,,,L,)=132 mm

iron

2% Fermilab
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Magnetic Field Simulations

¢ Build or transfer from the CAD 2D or 3D model geometry;
**Input data for material properties and current sources;

“» Specify type of field analysis: steady state, transient, current
flow, motion, levitation, particles tracking;

“» Specify multi physics combination: field-stress, field-thermal,
quench for superconducting;

¢ Build the surface and volumetric meshes;
*» Field calculation;
*+ Results analysis;
» Design Validation

General 2D and 3D magnetic field simulation codes based on Finite

Element Method. Commercial codes: OPERA, COMSOL, ANSYS,
elc.
£= Fermilab

18 7/18/2024 M. Yu | Engineering in Particle Accelerators m{g



Yoke Lamination Drawing
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Magnet Drawing
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Drawing Package

IDA Magnet/Beam Tube Assembly (ME-318523)

Support Bracket-lon Pump (MC-318241)  Insulator-lon Pump BRKT (MC-318266)  Support Bar-lon Pump (MC-318240) 1DA Magnet (ME-274896 & ME-274924)  Beam Tube Assy. (MD-331589) Beam Tube Support Block (MC-318672)  Beam Tube Support (MC-274687)

rsible End Cover Assy. (MD-331898)  Center Plug Assy. (MB-331897)

Par\phera\‘Pans
Union 3/4" (MA-318488) (t. 2)

Caplug-1" (MA-125284) (Qt. 2)

Washer, Sitfos (MA-274608) (Qt. 2)
Connector, Sleave (MB-274734) (Qt. 2)

Ring 0.625 0D x 0.5 ID {MA-101987) (Qt. 2)
Ring 11/16 OD (MA-274796) (. 6)

Washer Sitfos (MA-274795) (Qt. 2)

Plug (MA-274057) (Qt. 2)

Solder Silfos (MA-225143) (Gt. 1ft)

Paint, Marlin Blue (MA-318630) (Qt. 1/2 Gal.)
Tie Plate (MB-274079) (Qtt. 30)

Generic Mag. Ident. Label (MA-318450) (Qt. 2)
Key 1/2 Dia. x 70.75" LG (MB-312489) (Ot 6
Insulator G10 (MB-274665) (Qt. 16)

Insulator G10 (MB-318353) (Qt. &)

Kapton Tape 2mil x 6" (MA-274370) (Qt. 0.75 roll)
Kapton Tape 2mil x4" (MA-274451) (Qt. 1 roll)
Rubber Cement (MA-274623) (Qt. 12 0z)
Sicomet super glue (MA-274442) (Qt. 202)
silicone (MA-274682) Qt. 3)

Room Cure Epoxy Mix (MA-274596) (Qt. 1 unit)

Upper Half Core (ME-274884)

End Pack -

End Pack -

Room Cure Epoxy Mix W/Cab-o-sil (MA274595) (Qt. 1 unit)

Epoxy Paint (MA-274444) (Qt. 1/2 pt)

Epaxy Paint Catalyst (MA-274445) (Qt. 1/2 pt)
I Tape, 1" wide (MA-274291) (Qt. 1.5 Roll)
Beam Tube Support (MC-318673) (Qt. 1)
Base Block (MB-274386) (at. 10)

Support Block (MB-274387) (Qt. 20)

| Top Plate (MB-274388) (Qt. 10)

Urethane Spring (MB-274389) (Qt. 10)
Kapton, 2mil x 6. 6 (MA-274666) (Qt. 10)
Spring Shim G10 (MA-318593) (Qt. 20)

Union Elbow 1" (MA-318487) (Qt. 2)
G-10.015x4x4LG (MA-318626) (Qtt. 4]

Silver Plating Powder (MA-225557) {Qt. 0.25 oz)
Urnion Elbow 3/4" (MA-318486) (Qt. 2)

Caplug - 13/8" (MA-318628) (Qt. 1)

Parts Bag (MA-318790) {Qt. 1)

Left (MD-318166)

Trimmed Lamination #P1 (MC-318168) (Qt. 3)
Trimmed Lamination #P2 (MC-318169) (Qt. 3)
Trimmed Lamination #P3 (MC-318170) (Qt. 3)
Trimmed Lamination #P4 {MC-318171) (Qt. 3)
Trimmed Lamination #PS (MC-318172) (Qt. 3)
Trimmed Lamination #P6 {MC-318173) (Qt. 3)
Trimmed Lamination #P7 (MC-318174) (Qt. 5)
Trimmed Lamination #P8 (MC-318175) (Qt. 7)
Trimmed Lamination #P9 (MC-318176) (Qt. 9)
Trimmed Lamination #P10 (MC-318177) (t. 12)
Lamnination (ME-274020) {Qt. 51)

Epoxy Resin 826 (MA-116501) (Qt. 1000 g)
Hardner (MA-116503) (Qt. 900 g)

BDMA Curing Agent (MA-225565) (. 10g)
Right (MD-318167)

Trimmed Lamination #P1 (MC-318168) (Qt. 3)
Trimmed Lamination #P2 (MC-318169) (Qt. 3)
Trimmed Lamination #P3 (MC-318170) (Qt. 3)
Trimmed Lamination #P4 (MC-318171) (Qt. 3)
Trimmed Lamination #P5 (MC-318172) (Qt. 3)
Trimmed Lamination #P6 (MC-318173) (Qt. 3)
Trimmed Lamination #P7 (MC-318174) (Qt. 5)
Trimmed Lamination #P8 (MC-318175) (Qt. 7)
Trimmed Lamination #P9 (MC-318176) (Qt. 9)
Trimmed Lamination #P10 (MC-318177) (Qt. 12)
Lamnination (ME-274020) (Qt. 51)

Epoxy Resin 826 (MA-116501) (Qt. 1000 g)

Hardner (MA-116503) (Qt. 900 g)

BDMA Curing Agent (MA-225565) (Qt. 10 g)

Lamnination (ME-274020) (Qt. “3970)

Top Plate (MC-247888) (Qt. 1)

Side Bar (MC-274887) (Qt. 2)

Alignment Lug (MA-331902) (t. 1)

split Pin (MA-331903) (Qt. 1)

Lower Half Core (ME-318054)

End Pack - Left (MD-318166)

End Pack -

Trimmed Lamination #P1 (MC-318168) (Qt. 3)
Trimmed Lamination #P2 (MC-318169) (Qt. 3)
Trimmed Lamination #P3 (MC-318170) (Qt. 3)
Trimmed Lamination #P4 (MC-318171) (Qt. 3)
Trimmed Lamination #P5 (MC-318172) (Qt. 3)
Trimmed Lamination #96 (MC-318173) (Qt. 3)
Trimmed Lamination #97 (MC-318174) (Qt. 5)
Trimmed Lamination #P8 (MC-318175) (Qt. 7)
Trimmed Lamination #P9 (MC-318176) (Ot. 9)
Trimmed Lamination #910 (MC-318177) (Qt. 12)
Lamnination (ME-274020) (Qf. 51)

Epoxy Resin 826 (MA-116501) (Qt. 1000 g)
Hardner (MA-116503) (Qt. 00 g)

BDMA Curing Agent (MA-225565) (Qt. 10 g)
Right (MD-318167)

Trimmed Lamination #P1 (MC-318168) (Qt. 3)
Trimmed Lamination #P2 (MC-318169) (Qt. 3)
Trimmed Lamination #P3 (MC-318170) (Qt. 3)
Trimmed Lamination #P4 (MC-318171) (Qt. 3)
Trimmed Lamination #P5 (MC-318172) (Qt. 3)
Trimmed Lamination #P6 (MC-318173) (Qt. 3)
Trimmed Lamination #P7 (MC-318174) (Qt. 5)
Trimmed Lamination #P8 (MC-318175) (Qt. 7)
Trimmed Lamination #P9 (MC-318176) (Qt. 9)
Trimmed Lamination #P10 (MC-318177) (at. 12)
Lamnination (ME-274020) (Qt. 51)

Epoxy Resin 826 (MA-116501) (Qt. 1000 g)
Hardner (MA-116503) (Qt. 900 g)

BDMA Curing Agent (MA-225565) (Ct. 10 g)

Lamnination (ME-274020) (Qt. ~3970)

Top Plate (MC-318055) (Qt. 1)

Side Bar (MC-274887) (Qt. 2)

Ball Tab (MB-318058) (Qt. 3)
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Lower Coil (ME-274836)

Thru Lead,

Coil Fabrication A-Lower [ME-274800)

1x4 Conductor (MB-274019) (Qt. ~150 ft)
1x4 Conductor (MB-274019) (Qt. ~0.6 ft)
1x2-3/8 Conductor (MB-274555) (Qt. ~2.1 ft)
| Water Outlet 3/4" OD (MB-274834) (Qt. 1)
ilfos Ring, 3/4" OD (MA-274833) (@t 1)
End Plug (MA-274057) (Qt. 2)

ilfos Ring, 5/8" OD (MA-101987) (Qt. 20)
'Sleeve (MA-318245) (Qt. 5)

|Washer (MA-274016) (. 3)

A-Lower (MD-274831) (Qt. 1)

1x4 Conductor (MB-274019) (Ot ~21.10 ft]
Water Outlet 3/4" OD (MB-274832) (Qt. 2)
silfos Ring, 3/4" OD (MA-274833) (t. 2)
End Plug (MA-274057) (. 2)

silfos Ring, 5/8” OD (MA-101987) (Qt. 2)

| Wire, Silfos 15, 1/16 dia. (MA-225143) (Qt. 1 ft)

Fiberglass tape 7mil x 2" (MA-225574) (Qt. 50 Rolls)
1G10 0.15%3.75x78 (MB-318295) (. 26)

1G10 0.15%3.75x80 (MB-318295) (Qt. 10)

1610 0.15%3.75x81.135 (MB-318296) (Qt. 6)
|G10 0.15%4.00x23.75 (MB-318713) (Qt. 20)
|G10 0.15%3.75x80.50 (MB-274726) (Qt. 6)
1G10 0.15%4.00x81 (MB-274725) (. 3)

I TEDLAR 2mil x 2" (MA-116529) (Qt. 0.5 roll)
NMA Hardner (MA-116503) (Qt. ~40.5 kg)
1826 Resin (MA-116501) (Qt. ~45 k)

DIMP-30 Accelerator (MA-116500) (Qt. 675 g)

|start Tail Filler (MC-331504) (Qt. 1)

End Tail Filer (MB-331502) (Qt. 3)

Uppsrcml‘ (ME-272835)

Coil Fabrication A-Upper (ME-274795)

1xa Conductor (MB-274019) (Qt. “172 ft)
1xa Conductor (MB-274019) (Ct. “0.3 ft)
1x2-3/8 Conductor (MB-274555) (at. ~6 ft)
Water Outlet 3/4” OD (MB-274834) (Qt. 1)
ilfos Ring, 3/4" OD (MA-274833) (Qt. 1)
End Plug (MA-272057) (Qt. 2)

sitfos Ring, 5/8" OD (MA-101587) (Qt. 22)
Sleeve (MA-318245) (Qt. 10)

Washer (MA-274016) (Qt. 10)

Water Outlet 17 OD (M8-274823) (0t 1)
silfos Ring, 1" OD (MA-274824) (Ot 1)

Wire, Silfos 15, 1/16 dia. (MA-225143) (Qt. 3 ft)

Fiberglass tape 7mil x 2° (MA-225574) (Qt. 50 Rolls)
610 0.153.75x78 (MB-318295) (Qt. 28)

610 0.15x3.75%80 (MB-318285) (Qt. 12)

610 0.15x3.75%81.135 (MB-318296) Q. 2)

610 0.15%4.00%23.75 (MB-318713) (Qt. 24)

610 0.15x3.75%80.50 (M8-274726) (Qt. 6)

TEDLAR 2mil x 2" (MA-116529) (Qt. 0.5 roll)

NMA Hardner (MA-116503) (Qt. “40.5 kg)

826 Resin (MA-116501) (Qt. ~45 kg)

DMP-30 Accelerator (MA-116500) (Qt. 675 g)

Start Tail Filler (MC-331504) (Qt. 1)

End Tail Filler (MB-331502) (Qt. 1)

Hundreds of drawings for the magnet,
not including the tooling and the
equipment for manufacturing.
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Manufacturing Plan

‘Oct 24 IJan 25 ‘Apr 25 ‘Jul ‘25 IOct ‘25 ‘Jan ‘26 IApr ‘26 IJuI ‘26 ‘Oct ‘26 ‘Jan 27 ‘Apr 27 ‘Jul 27 ‘Oct 27 ‘Jan 28 IApr 28 ‘Jul ‘28 ‘Oct 28 ‘Jan 29 ‘Apr 29 ‘Jul 29 ‘Oct 29

* . rYS ¢ * * * * o —
| e S T~ N | \ I — )
Steel Coil Steel Lamination Lamination Magnet First PBE Installation Coil Magnet Second PBE Installation

Coil Fabrication Vendor
_— "- | UpperHalf
CConductor Magnet

Lower Half

Upper Core Magnet

» Lamination
Peripheral Parts:
¢ Tie Plates

Steel Vendor Lamination Lower Core
Fabrication Vendor

* Keys
H Magnet Assembly at FNAL
¢ Beam Tube Support
Steel Plates to hold Copper Conductor Components
magnet together - Cooling tube
Jumper between Top and / )
Bottom Coils 1 coupplings
* Others

Laminated
Iron Yoke

s IDAL (6 m): Qt. 13 + 2 spares
+ IDDL (4 m): Qt. 12 + 2 spares

Coil Spacers

Fiberglass/epoxy
Water Insulation on coil

Connection

Holes for Water
Cooling

Electrical Power
Connection

Magnet Poles

£& Fermilab
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Manufacturing: Coil

23

An Impregnated Coil

7/18/2024 M. Yu | Engineering in Particle Accelerators

The coil fabrication requires annealing and
winding (conductor bending to shape),
conductor joint brazing, insulation wrapping
and coil epoxy impregnation.

Risk: Each coil has as many as 9 brazing
joints, any defect in the brazing joint will
result in coil failure.

The plan to reduce this risk is to use the
design and in process QC, including
approved induction brazing process, and do
ultrasonic inspection on the brazing joints,
helium leak check and water leak test with
hydraulic pressure of 500 psi after the
conductor sections are wound and brazed
together.

Electrical Test (Resistance and Inductance
Measurement, Hipot Test and Impulse Test).

2% Fermilab




Manufacturing: Core

* The core laminations with 1.5 mm thickness
are stamped using a stamping die.

* More than 4,000 laminations are stacked
using hydraulic stacker to a half core and
then the core is welded along its sides.

* Note that the core is not straight but curved
to match the beam trajectory with the
sagitta of 16 mm, which makes the
fabrication process complicated.

Dipole

Entranc Exit

A Stacked and Welded Core

£& Fermilab
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Manufacturing: Magnet Assembly

* The individual coil is placed to a half core (Upper
and Lower, pay attention to the sagitta)

* Assemble the upper core and the lower core with
coils inside using Hydraulic Clamping Table.

*  Weld the strength plates along the two sides of
the magnet.

* Electrical test (including coil resistance and
inductance measurement, 5 kV Hipot to ground
test and 100 V Ring test)

* Manifold assembly and brazing, and water flow
test.

Lower Coil

Silfos Washer 1 X 2 3/8"
MA-274608

Silfos Ring 625" O.D. X 500 1D, Upper Coil

MA-274796

Plug
MA-274057 Silfos Ring 11/16" O.D.
MA-274796

Silfos Washer
MA-274795

Connector Sleeve
MB-274794

Manifold Assembly (Typical)

£& Fermilab
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Manufacturing: Magnet Test and Beam Tube Install

- -
e The magnet is powered fOI’ magnetic measurement.

* The oval beam tube is due to protons of slightly different
momenta bending differently in the magnetic field.

 Under vacuum, the beam tube’s smaller dimension decreases to
enough under 2.000 inches to allow its insertion into a magnet
aperture and then to allow bending to match the beam sagitta.

2& Fermilab
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PIP Il LBHB Quadrupole Prototype 1

vz
£& Fermilab
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Chapter 5 Quadrupole Magnet Design and
Manufacturing

2& Fermilab
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LBNF Beamline Quadrupole Magnet Specification

29

Recycler \
Main Injector /

Half Cell
!’ \

N [ )
Target Hall - - : . - '
{ngfshown} L [ Dipole | [ Dipole | | D || Dipole || Dipole | [ F |c]

- S
Y
Cell

Start of Primary Beam enclosure
LBNF exits Ml enclosure
LBNF Lambertson magnets

e
e

LBNF kicker magnets are further upstream and not shown in this view.

7/18/2024 M. Yu | Engineering in Particle Accelerators

16.546 T/m 17.082 T/m
50.43 T-m/m 26.03 T-m/m
77.2 mm
minimum 72 mm
Orange

2= Fermilab



Coil Design

2ugNI
a2

g:

Given:
g=16.546 T/m, a=38.6 mm

iron yoke

Obtain
Nl = -=-aq?=9810 A
2u0
n
1,226 A
16 613 A
28 350 A
40 245 A

e # Fermilab
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Conductor

TYPE 2 (SQUARE)

J'I'B [ ——
OVER
INSULATION

HD "
HOLE

HR "

AWG # "AT "B* (HoDLE) R*  |croSS SECT.
#13 .072+.001 .0740/.0780 N/A .016 .00518 IN2
#1171 .0907+.0010 | .0938+.0010 N/A .016 .00801 IN2
#10 .1019 (NOM.) | .1079/.1039 N/A .026 .00980 In2
#8 1307127 . 135 MAX. N/A .032 .01563 IN2
#6 L1682 NOM. .1686/.1634 N/A .032 .01563 IN2
#6 .162 (NOM.) 184 MAX. N/A .032 .02536 IN2
#4 .204 (NOM.) \2277.217 N/A .040 .04024 IN2

.228 N/A @.125 .040 .05061 IN2

#3 2294 (NOM.) .2360 N/A .040 .05125 N2
#3 .2294 (NOM.) | .244 MAX. N/A .032 .05174 IN2
.228 (NOM.) | .249 (MAX.) @.125 .040 .03834 IN2

#2 .2576 NOM. | .2652/.2560 N/A .040 .08498 IN2
#2 2576 (NOM.) | .276 (NOM.) N/A .040 .06498 IN2
.3249+.003 N/A @.181 .055 .07723 IN2
.3249+.0030 | .3495 MAX. @.181 .055 L07723IN2
.374+.003 N/A @.204 .080 L .10410 IN2

4096+ . 004 N/A @.229 .050 12444 IN2
.460+.010 N/A @.250 .031 . 15831 IN2

.635 (NOM.) N/A @.250 .062 .34773 IN2

635 N/A @.250 .062 .34773 1N2

. 730 N/A @.400 .062 .40394 N2

e 28 turns of .4096” hollow square conductor
* J=350(A)/80.28 (mm?) =4.36 A/ mm?

31 7/18/2024 M. Yu | Engineering in Particle Accelerators
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Yoke Design_ Length

Given:
g = 16.546 T/m
Integrated gradient: 50.43 T-m/m

Calculate:
L=3.048 m

£& Fermilab
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Yoke Design_ Yoke Pole Dimensions

\ Iron Yoke

x‘l’

f a-cutoff angle

Good field area

* The ideal quadrupole field is generated by a hyperbolic pole profile: x -y = a?z

* Assume the radius of the good field region is r,, initially set b=a +r,

* Adding shims to compensate the pole cutoff. At « = 18°, the first undesired 5% order
multipole vanished. r,;=1.122a.

* Need simulation to design the 2D shape of the yoke.

£& Fermilab
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Magnet Drawing

34

VIEW A-A

[E556-me-331205 ¢ |
Toas 4T g """ﬂ'__
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Drawing Package

Hundreds of drawings for the magnet,
not including the tooling and the
equipment for manufacturing.
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Manufacturing Plan

‘Jul ‘24 ‘Oct ‘24 IJan 25 ‘Apl 25 ‘Jul ‘25 ‘Oct 25 ‘Jan ‘26 ‘Apl 26 ‘Jul ‘26 ‘Oct ‘26 ‘Jan 27 ‘Apr 27 ‘Jul 27 ‘Oct 27 ‘Jan ‘28 ‘Apr ‘28 ‘Jul ‘28 ‘Oct 28 ‘Jan ‘29 ‘Apr ‘29 ‘Jul 29 ‘Oct ‘29
L

& & & & & & 1
A d hd $ & A

| | | | —
Steel Maanet Steel First PBE Installation ~Magnet Second PBE Installation

Outsource the entire package . 1/4 Yoke & Coil
[ Assy Quad 1

BN 1/4 Yoke & Coil
" Assy Quad 2

1/4 Yoke & Coil
Assy Quad 3

Steel Vendor

G
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i 1/4 Yoke & Coil
Assy Quad 4

* 3Q120(120”): Qt. 17 + 2 spares
+ 3Q60 (60”): Qt. 4 + 2 spares




Manufacturing: Coil

e G-10 G-10 ) G-10
WA MB-331800 MB-331799  Outer Coil  \B_331800
fan (5 turns) .

* The cable is wound around the winding
tooling in two layers to a coil (inner and
outer).

* Wrap the inner and outer coil into a half
coil using fiber glass insulation.

*  Wrap two half coils together.

£& Fermilab
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Manufacturing: Magnet Assembly
Quadrant 2

Quadrant 3

Quadrant 1

P

Quadrant 4
Quadrant assembly (total 4) I
Two quadrants assembly (total 2)
* Quadrupole magnet assembly with beam tube in the center using
Hydraulic Clamping System
* Manifold assembly and magnet impregnation

e # Fermilab
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Manufacturing: Final Magnet

oy ]

2% Fermilab
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Chapter 6 Solenoid Design and
Manufacturing

2& Fermilab
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PIP 1l SSR Solenoid

\\\l = SSR1 & SSR2 Cryomodules
N mm 40
T2:m 32845
m 0.185
« Integrated field strength: I, = | B 2dz where % 5~ 100
B, is axial magnetic field in a solenoid, ‘X/ s i
calculated ~5 T. 2 xandy
= Yes
. . . . mT-m =>4.5& >6.0
* Fringe field requirement: Fringe magnetic mm 24
field on walls of superconducting cavities in 3 22
% -100 - +100
the cryomodule must be less than 10 gauss. ] oC
A/s =5

Physics Requirement _
£& Fermilab
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Coil Design

Integral path
for Ampére's Law

First, without considering the fringe field

42

B inside =~

Given:

* [=50A
 B=5T

e [=0.185m

requirement,
N Bl 5x0.185 147727
= = = turn
Ul 4mx1077x50
- I
Area = - = —— = 17.86 mm?
7~ 280
Diameter| Area Max Max Current
AWG (mm) | (mm?) p(Q/km) Current (A) | Density (A/mm?)
1 7.348 42.4 | 0.406392 119 2.81
6.543 33.6 0.512664 94 2.80
3 5.827 26.7 0.64616 75 2.81
38 0.102 |0.00797 2163 0.0228 2.86
39 0.089 |0.00632 2728 0.0175 2.77
40 0.079 |0.00501 3440 0.0137 2.73

o AWG 4 with diameter 5.19 mm satisfies the
max. current density.

* 0.185 m solenoid length needs 35 turns per
layer by 420 layersathaOD of the solenoid

x

will be over 4 m.

7/18/2024 M. Yu | Engineering in Particle Accelerators
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Coil Design Continues

First, without considering the fringe field requirement,

IT G BL__5x0185
uJ  4mx1077x50 i

*  With limited space, consider the superconductor NbTi
wires with the diameter of 0.44 mm.

* 0.185 m solenoid length needs ~400 turns per layer by ~36
layers, the OD of the solenoid will be around 78 mm.

*  The coil requires cryogenic temperature as low as 2 K.

Integral path
for Ampére's Law

Y

B, . 3 HONI 450 - Luvata OK636 (0.4mm bare dia) NbTi Wire Data :..:qu
inside =~ 400 meoBaar
----- A S e
. <
Given: z
* |=50A S
L
« B=5T ;
e [=0.185m

Temperature (K)
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Coil Design Continues

When considering the fringe field requirement, we need bucking coils at both ends
of the main solenoid. (simulation) to compensate the field at 0.5 m from the end of

the Solen_oid.

To steer the beam or quadrupole correction

> Corrector Coil

el > Main Solenoid Coil
> Bucking Cail
==
VAR
. ,// Q(‘
/ s
/‘/I/ \\
0.1 N
—/// //' \\ \,\\~
E 0.01 e - / \\ T~ ~—a
N s : \ =~
" 7 10 Gauss N
g 7 N\
/ \
0.0001 - \ ———
N ,/ \ s
1e-05 \; V4
Opera

-0.7 -0.6

-0.4

-0.3

-0.2 -0.1 o 0.1 0.2 0.3 0.4 0.5 0.6
Axial Distance [m]
= Only MC Powered On = MC+BC powered on
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1
0.7

Main Coil

Bucking Coil

Corrector Coil

18550

3600

300

46

20

Surface contours: B
1.616421E-04

1.500000€-04
1.400000€-04
| = 1.300000€-04
= 1.200000€-04
| =~ 1.100000€-04
H- 1.000000E-04
=~ 9.000000€-05
- 8.000000€-05

': 7.000000E-05
6.265871E-05

(

137 mm

203 mm
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Magnet Design

45

Conduction-cooled
SSR magnet

e
(NbiTi SCwire) MAIN COIL (3 )

SECTION A-A
(FOR BOBBIN)

(©-10) INSULATION( 2

r
/

(sTvcasT) RESIN 4\)—/ /
@/

1 )BOBBIN (S5
= LY

/
(Nb/Ti SCwire) CORRECTOR  COIL QS/}— /

iimimimi

_ﬁ\) BUCKING COIL (Nb/Ti SCuire)
N

\_® CONDUCTION PLATE (AL5N)

14
(sTvcasT) RESIN ( B

(AL 1050) HEAT SINK @

A non-magnetic magnet bobbin with Cu plating for good surface thermal conductivity.
Main coil is wound around the bobbin. Correct coils are housed inside an accurately
machined cages. Bucking coils are wound on top of the cages. Room temperature epoxy
is applied during coil fabrication.

C-shaped clamps surrounding the magnet, providing the stiffness to contain the
electromagnetic forces.

Thermal straps and heat sinks around the magnet are the cooling paths.

£& Fermilab
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Wet winding with Stycast

e TP - _ .
MC1 last layer MC1 last layer with STYCAST MC2 last layer with STYCAST

2& Fermilab
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Manufacturing_Dipole Corrector Coil Installation

Core insulation with Kapton Corrector coil positioned inside cage

. - ._.. .‘J ;
+ Corrector coil housed inside
" G-10 CR cage _
£& Fermilab
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Bucking coil 2 first layer

Z& Fermilab
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Prototype Magnet Assembly _

"\4'\\

Connect all the current leads Install the diode racks for magnet protection

£& Fermilab
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Prototype Magnet Prepare for Test

T,

Install the magnet to the top head of the test stand

* Connect the HTS leads to the magnet and the test stand

* Install temperature sensors and voltage taps to monitor the magnet

* Connect the thermal straps from the magnet side to the thermal strap from the cryocooler side
* Install the instrumentations (VTs, RTDs and hall probes) e .
3¢ Fermilab
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Magnet Test

51

Install the magnet to Cryocooled Test Stand Instrumentation Rack

* Put on the multi-layer insulation (MLI) * 8 channels for temperature sensors
* Lower the top head into the test Dewar * 2 channels for magnetic hall probe
* Vacuum pump down the magnet to 1x10* mbar

* Cool down and Test Data Acquisition System

* Voltage & Current
£& Fermilab
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Test Results - o 012 (45 Lea) 4.7

* The prototype magnet was powered with
the ramp rate 0.01 A/s and quenched at
~21 A (nominal current ~45 A). The axial
magnetic field was ~¥3.5T.

* A quench is an abnormal termination of
magnet operation that occurs when part
of the superconducting coil enters the
normal (resistive) state.

* Analysis pointed out that the
temperature of the magnet current leads
very likely were above the

superconducting critical temperature. Top C1 (Top Heat Sink) 4.2K  Top D1 (MC1 thermal intercept) 12.5K
Luvata OK636 (0.4mm bare dia) NbTi Wire Data —e.5=17
450 =BeB=2T
5 =B =3T
400 & - =B = 4T
---- -~ -

350

=meB = 7T

[ S - = = «B=8T
300 il L -~

250 §

200

150

Critical Current (A)

100 -~

50

Temperature (K)

52 7/18/2024 M. Yu | Engineering in Particle Accelerators




Improvement
W e

¥

o
s A

\ ../":

s _— \
> ‘iL_~I -h

* The current leads were directed * The temperature at the current leads was
bolted to the thermal heat sink plate improved to 8.1 K, still losing ¥4 K due to
* Change the thermal straps to copper the joints.
bar at the cryocooler side. * The prototype magnet was powered with

the ramp rate 0.01 A/s and quenched at
~23 A (nominal current ~45 A).

Il Thermal transfer is very crucial to this magnet!!

2% Fermilab
I
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Pre-series Magnet 007 Quench History at FNAL

Quench Current (A)

54

55

50

45

40

35

30

25

20

15

10

0

SSR Solenoid Quench History

« Prototype * Pre-series 007

__________________________________________ i -

Ramp rate 0.05A/s

Ramp rate 0.01A/(s

- - Ramp rate 0.05A/s
A LY
MClyy s i
MCL /‘
/
/
i/

Holding far 2 hrs na quench. /
When power DC1-DC3 to 231 / :
Awith SAfs, MC2 quenched Fi : *

/ ]
J'll.’ :
Halding far § mins ne quench,

Whan power DCLDCI to 325 A
with 0.054/5, MC2 quenched

2nd Thermal Cycle

01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

5/30/2024

Quench #

DC: DC1-DC3 and DC2-DC4 were powered up to
42 A, with 5 A/s ramp rate, no quench.

MC-BC: After each quench, the system need ~2
hrs for recovery.

Start with ramp rate of 0.01 A/s, 3 quenches up
to 30 A. The first quench was at 27.5 A.

Increase the ramp rate to 0.05 A/s, 22 quenches
up to 43.5 A. The magnet was under quench
training.

Increase the ramp rate to 0.1 A/s, 2 quenches,
little detraining.

Power the magnet to 40 A with 0.05 A/s, holding
for 2 hrs (the temperature for the coils stabilized
after ~2 mins), no quench. Then power DC1-DC3
coils with 5 A/s to 22.1 A, MC2 quenched.

Power the magnet to 40 A with 0.05 A/s, holding
for 5 mins, no quench. Then power DC1-DC3 coils
with 0.05 A/s to 32.5 A, MC2 quenched.

Warm up and cool down the magnet 007 (0.7 K
warmer than the 15t thermal cycle temperature
on the coils)

2" thermal cycle test, power MC-BC coils with
0.05 A/s to 28.2 A, MC2 quenched.
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Cryomodule Installation

£& Fermilab
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Chapter 7 Superconducting Magnet Design
and Manufacturing

2& Fermilab
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LHC Nb.Sn Superconducting Quadrupole Magnet

Connection to LHC (UL)
Service gallery (UR)

——-1—

prim (&N DRHx

(10 CryoAssemblies with 20 Magnets) max

Magnet

Cold Mass
Assembly

£& Fermilab
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LHC Nb;Sn Quadrupole Magnet Specification

58

The MQXFA coil aperture at room temperature without preload is 149.5 mm...

The MQXFA nominal outer diameter without preload is 614 mm...

The MQXFA magnet must be capable of operating at steady state providing an integrated gradient of 556.9 T in superfluid helium at (Hell) bath at 1.3 bar
and at a temperature of 1.9 K

The MQXFA cooling channels shall be capable of accommodating two (2) heat exchanger tubes running along the length of the magnet in the yoke cooling
channels. The minimum diameter of the MQXFA yoke cooling channels that will provide an adequate gap around the heat exchanger tubes is 77 mm.

At least 40% of the coil inner surface must be free of polyimide.

The MQXFA structure shall have provisions for the following cooling passages: (1) Free passage through the coil pole and subsequent G-11 alignment key
equivalent of 8 mm diameter holes repeated every 50 mm; (2) free helium paths interconnecting the four yoke cooling channels holes; and (3) a free cross-
sectional area of at least 150 cm?

The MQXFA magnet shall be able to survive a maximum temperature gradient of 50 K, during a controlled warm-up or cool-down, and to experience the
thermal dynamics following a quench without degradation in its performance.

The MQXFA magnets shall be capable of operating at any ramp rate within £30 A/s.

MQXFA magnets must be delivered with a (+) Nb-Ti superconducting lead and a (-) Nb-Ti superconducting lead, both rated for 18 kA and stabilized for
connection to the LMQXFA cold mass electrical bus.

Splices are to be soldered with CERN approved materials.

Voltage Taps: the MQXFA magnet shall be delivered with three redundant (3x2) quench detection voltage taps located on each magnet lead and at the
electrical midpoint of the magnet circuit; and two (2) voltage taps for each internal MQXFA Nb,Sn-NbTi splice. Each voltage tap used for critical quench
detection shall have a redundant voltage tap.

The MQXFA magnet coils and quench protection heaters shall pass the hi-pot tests...

After a thermal cycle to room temperature, MQXFA magnets shall attain the nominal operating current with no more than 3 quenches.

MQXFA magnets shall not quench while ramping down at 150 A/s from the nominal operating current

All MQXFA components must withstand a radiation dose of 35 MGy, or shall be approved by CERN for use in a specific location...

MQXFA magnets will operate in the HL LHC era for an order of magnitude of 10000 cycles. The long-term reliability of the design will be proven by having a
short model magnet submitted to 1,000 powering cycles during individual test.

The MQXFA magnets shall meet the interface specifications with the following systems: (1) other LMQXFA Cold Mass components; (2) the CERN supplied
power system; (3) the CERN supplied quench protection system; and (4) the CERN supplied instrumentation system. These interfaces are specified in
Interface Control Documents.

The MQXFA magnets must comply with CERN’s Launch Safety Agreement (LSA) for IR Magnets (WP3).

All travelers must be completed and delivered to CERN, and all NCR must be closed

Splice resistance must be less than 1.0 nQ at 1.9 K.

MQXFA magnets must survive at least 50 quenches

2& Fermilab
7/18/2024 M. Yu | Engineering in Particle Accelerators |’hl]r's



Superconductor Cable

|l U“' TS AN
= | S

59

40
1.525 +0.010 mm
18.15 + 0.05 mm
0.40° +0.1°
Left
109 £3 mm
316 L Stainless Steel
12 mm
0.025 mm
Biased towards the major edge
150°/m
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Cable Insulating
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Coil Magnetic Design

e The cross-section of the MQXFA is based on the cos26-
layout with two conductor blocks in each layer.

mm 75.000
mm 93.653
mm 0.660
mm 94.313
mm 112.966
mm 0.375

17

5

16

12
mm  18.150/18.363

1.525/1.594
0.40
0.145

TR
'

2073

e T

af rerimiuidap
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Coil Magnetic Simulation

kA
/Stainless-steel vessel (u,= 1.0025) %
T/m
ad (iron, BHironl in the “roxie bhdata” file) T
MJ/m
Yoke (iron, BHironl in ROXIE) K
Bladder slot (can be used for
magnetic shimming). mH / m
A/mm?
A/mm?
. MN/m
Roxie Model
MN/m
- 1000 - O
. N
- 2907 ~.
- ~ 1 [N
= - ] )
— B = 800 1 N
B s ,'2 1 N
o E 00
- o ]
= S ]
- £ 600 3
—h 5 ]
- 4
- = 500 ]
ROXIE g .
ROXIE w2 .
£ 400 -
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 :
300 -

21.24
100

168.1
14.5
1.89

1.9

8.13

2059

936

3.83
-5.68

17.89
84

143.2
12.3
1.38

5.8

8.18

1734

788

2.85
-4.08

17.49  16.47
82 78
1421 1326
12.1 11.4
1.32 1.18
6.0 6.8
8.23 8.21
1695 1596
771 726
2.74 2.47
-3.94  -3.48
- = [c(4.22K)
— —Ic(1.9K)
----- Ic (1.9 K)

16.23
76

132.2
11.3
1.15

7.0

8.26

1573

715

241
-3.41

assuming 5%
Degrad.

10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0 155 160
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Coil Design Optimization

— MQXF 1 * Generation Design ==~ MQXF 2™ Generation Design

40

-2
s
T

o]
1

cable height (mm)
I
=)

20} 15F
10
ead End (LE) )
0 TR L \ A | ‘ — ‘ : : |
0 1 00 1 20 ] 40 50 60 70 80 X(mm9)0 100 110 120

longitudmal position (mm)

* Following the feedback from winding and inspection of the 1% generation coil, the coil
ends (RE & LE) has been optimized

— to limit the peak field enhancement in the ends;

— to keep the coil end as compact as possible in order to increase the magnetic
length for a given coil length;

— to minimize the multipole content of the integrated field.
Coil cross section has also been optimized to minimize the multipole field components.

2& Fermilab
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Coil Mechanical and Fabrication Process Design

The QXFA coil is a two-layer cos-20 coil with saddle-shaped ends. The two-layer coil is wound
continuously, without a splice at transition between the inner and outer layers, using the double-
pancake technique. Both layers of the coil is temporarily cured to keep the compact shape as much as
possible for the next fabrication process.

The cured coil goes through a heat treatment cycle (reaction), the CuSn and Nb are heated to about
650-700 deg. C (require temperature homogeneity within +/- 3 deg. C) in inert gas (argon)
atmosphere, and the Sn diffuses in Nb and reacts to form Nb,Sn.

The cable of Nb;Sn is brittle after reaction, so the coil is vacuum impregnated with epoxy.

16
12
/\Q)
¢ 4529 mm
o -—
17
O, 175
-~ 5
o
/\@
Dﬁo'
/\
< L0
"N
o
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Magnet Structure Design_2D

Al shell LHe S5 vessel
Irom }rnk_e Cﬂﬂliﬂg hole
Iron pad Titanium pole
Coil
Iron master
Load key T— Welding
Bladder strip slot
location Alignment
key location
Assembly y
alignment slots Al bolted collar

ANSYS Release 1¢

BIOT M0, 1

NODAL SOLUTION | = 158 M Pa
STEP=1

SUB =1

TIME=1

5v (BVe)

-94 MPa

IRCONEEm

=.120E+08
.940E+08
.849E+08
. 758E+08
.6067E+08
.576E+08
.485E+08
.394E+08
. 302E+08
.211E+08
.120E+08

Keys Cool—down

Room Temp. Assembly Cool Down to 1.9 K
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ANSYS Model

55 skin
Al shell
Iron yoke

Iron pad
Master
Load key
Collar

Titanium Pole
Cod block

Keep the pole turn under compression
ANSYS Release 1¢
PLOT NO. 1
NODAL SOLUTION

ANSYS Release 1t
PLOT NO. 1
NCDAL SOLUTION

STEP=2 STEP=3

SUB =1 SUB =1

TIME=2 TIME=3

SY (RVG) SY (RVG)
RSYS=1 RSYS=1
PowerGraphics PowerGraphics
EFACET=1 EFACET=1
AVRES=)Mat AVRES=)Mat

DMX =.608E—-03
SN = 120E+09
SVK =.427E+08

DMX =.650E-03
SN =, 158E+09
SMK — . 6258407

— 158E+09 ZT1208+09
o -lI4IE+09 o —107E+09
B 1m0 mm _8428+08
= -l107E+09 = -leérm+08

—.905E+08 —.480F+08
— . —

736E+08 298F+08
B segr+os B 717r+08
| |
B 00RO IR
W 57507 B C07E+08

Nominal gradient

Magnet excitation at 16.5 kA
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Magnet Structure Design_3D

Segmented Al shell

Static load (load 1b)

-.102E+09

—-.900E+08

-.785E+08

.670E+08

—.554E+08

—.439E+08

—.324E+08

-.208E+08

-.929E+07

.225E+07

Endplate & axial rods

Cooldown

293 K
Al 7075 -
SS 316 -
ARMCO 98
ARMCO 246
Al 7075 280
Nitronic 50 -

-165 MPa e

-.511E+08

-.284E+08

-.567E+07

.170E+08

.397E+08
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19K 293 K 19K
= 121 273
= 82 277
152 = =
306 = =
610 320 573
= 137 333

Nominal Current

293K 19K
420 550
289 375
223 =

223 =

420 550
517 1120

-.125E+09
-.106E+09
-.860E+08
—.663E+08
—.466E+08
-.269E+08
-.716E+07

.126E+08

.323E+08

.520E+08
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Quench Protection

* The requirements for MQXFA magnets protection in operating conditions are: hot-spot
temperature < 350 K, coil-ground voltages < 670 V and, turn-to-turn voltages < 160 V.

 The MQXFA is protected with a combination of quench heaters (QH) and Coupling-Loss

Induced Quench (CLIQ) system. Upon quench detection, both QH and CLIQ units are
triggered simultaneously.

e The QH units introduce a current through the QH strips attached to the coil and heat up the
conductor by heat diffusion through a thin 50 um insulation layer.

e The CLIQ units introduce oscillations in the magnet transport currents.

160 nmun

10.6 mm t

£& Fermilab
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Coil Manufacturing: Winding and Curing

67

Coil winding tension is 15-25 kg depending on turn. Ceramic binder
used at end turns to increase cable stability.

Curing cycle 150° C for 90 minutes in closed cavity with ceramic
binder.

Hydraulic cylinders apply load to close the mold.
Heated with electric cartridge heaters to cure the coil.

Y~ :

QXFA coil winding FNAL curing press

7/18/2024 M. Yu | Engineering in Particle Accelerators
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XFA Coil
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Reaction Oven & Coil in the Reaction Fixture

* Reaction cycle is in an argon atmosphere and lasts ~11 days
including ramp up and cool down.

* Witness samples are at the end of the coil. _ _
QXFA Coil after Reaction

* Reaction tooling volume is identical to impregnation tooling.
£& Fermilab
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Coil Manufacturing: Impregnation

69

Vacuum Tank & QXFA Coil in the Impregnation Fixture

The coil is vacuum epoxy impregnated at 50° C

Epoxy cure is in the vacuum tank at 110° C for 5 hours then
125° C for 16 hours using external heaters mounted on the
tooling.

Material and process control is critical to reduce the coil failure. QXFA Coil after
Impregnation

3¢ Fermilab
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Coil Manufacturing: Handling and Shipping

el o 5 A T e

Handling Shipping

= <500 micro-strain = dedicated shipping fixtures

= dedicated lifting fixtures <500 micro-strain, shocks <9 g

2 accelerometers on the LE and RE
5g and 10 g shock watches

Air ride dedicated truck

£& Fermilab
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Magnet Assembly

Al shell LHe SS vessel
Iron yoke Cooling hole
Iron pad — = . _ Titanium pole
Alignment Coil
pin location~__ : i :

Iron mg : v~ | T~ Welding
ters ) A strip slot
Load key Alignment

Bladder lg key location

cation

Assembly Al collar

alignment
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Magnet Assembly Cont.

72

Fuji Paper
Exposure shimming

Coil Pack Assembly

7/18/2024 M. Yu | Engineering in Particle Accelerators
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Prep
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Preloading Fully assembled magnet

Connectorization

£& Fermilab
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Shipping
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Magnet Testing

Test Plan

At room temperature before cool down

—  Electrical checkouts and tests

—  Magnetic measurements: integral field strength and field harmonics

After cool downto 1.9 K

—  Electrical checkouts

—  Quench test training — to 16.53 kA (nominal current plus 300 A

—  Magnetic measurements

—  Holding the nominal current plus 300 A margin for an extended period
of time

—  Quench Protection Heater tests to verify nominal operation

—  Splice measurements

At room temperature after warm-up

Vertical Test Stand at BNL
MQXFAOQ3 Training History

—  Magnetic measurements 18000 o] S
. . . 5 min hold at 16370 A Sita vain 5 hr hold at 16570 A
—  Electrical checkouts before shipping to FNAL R, . ‘“"“""““‘"‘“ oot 66708 ﬁ”‘"‘"
NO QUENCH NO QUENCH
17000
. rcesptance Coreent 18 SR KA - o g > = S :‘_ e
About magnet quench: _naen:-n_au_c_w:re:m__lgss_ogn:::___:________:::::_::::__: e
% When a superconducting magnet loses its < 16000 et sz
superconducting state and abruptly S .\ 7ampto oA s 14904/ g | 30min ol 7oA 5
.. . . . o NO QUENCH
transitions to a resistive state, leading to a g 1800
. . I
rapid release of stored magnetic energy g .
. . . . g 14000 +————— THERMAL CYCLE
and a significant rise in temperature. 3
oo i it1 i i B COIL 110 A7-AB Inner Pole Turn Transition Side Straight Secti
% This transition can be triggered by various ~ ["EEuHoA AT o oo Sk S Secion
1 + COIL111 A4-A6 | Pole Turn Non-T ition Side Straight Section + LE
factors such as excessive current, 4.COIL 111 AT-A8 Inner Pole Turn Transition Side Straight Section
magnetic field fluctuations, mechanical 12000 | —NOGUENCH o T e Trerston S swaighysecton e e iy
disturbances, or temperature variations. 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
ALL QUENCH TESTS WERE AT 1.9 K AND 20 A/S UNLESS OTHERWISE INDICATED. QUENCH #
S :
a¢ Fermilab
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5 -
b

| CM ready for Ultrasonic Inspection [EB Wrap with MLI and Insertion in Cryostat

2% Fermilab

76 7/18/2024 M. Yu | Engineering in Particle Accelerators




R ——

Cryo-assembly Testing

Room temperature electrical checkout and initial setup
Cool down and electrical checkout at 4.2 K, and high
voltage test at 1.9 K.

Perform magnetic measurements at 1.9 K for

alignment.

Setup for testing at 4.2 K and test the magnet at 1.9 K
for quench(es).

Holding current test at 1.9K.

Magnetic field measurement using hall probe.
Quench current temperature dependence study.

Warm up and cool down, and then repeat the previous
process as the 24 thermal cycle verification.

16500

16000

Current (A)

15500

15000

14500

14000

30min 32min 30min 85min 5 min 30min 75min 30 min
loom + 300 A
X £ R e
x lhom=16230 A

; X »* :

30 min : 30min (35min 30min  27min | 300min

42K 42K 19min 60 min 67 min:

b 1 TC2 Magnetic 5-hour Test
Measurements

= No Quench/Trip
® Quench

X Trip

12 14 16

Ramp number

18 20 22 24 26 28 30

7
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Failure Case during Coil Winding
o d | 8 wINDER

5,
N~y 7
P ’
X 4

Cable roped and lost, ~$250k
3F Fermilab
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Failure Case during Coil Reaction

&/

e Repaired by shifting the
splice 75 mm into the
coil.

e Tooling was replaced
for future coils.

a¢ Fermilab
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Failure Case during Coil Impregnatlon

* Black object was
impregnated into the
coil, which may cause
electric short in between

= the QH and the coil.

® * Repaired by peeling off
this section of
impregnated cloth,
patching a new
insulation cloth and re-
impregnation.

—_—
phii S b 2 (772218 25 "2(9 " 20

7585960616263646566676‘869701\”7‘11 74 5 ] ‘1!

2& Fermilab
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81

In the process of shipping preparations, it was discovered that the GPI of Q2 Coil that was
supposed to extend into the bore appeared to be folded in between Q3 Coil in two
locations.

These two coils were replaced in the magnet due to possible high stress during the

assembly. _
£& Fermilab

7/18/2024 M. Yu | Engineering in Particle Accelerators -



Fallure Case during Magnet Shipping

——— MOQXFA11 Vertical Test
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* The truck transporting the MQXFA11 magnet from LBNL to BNL was rear ended by another truck in
2022. The main hit took place on the right back corner. During the incident the truck rear axle
disengaged as displayed.

* The magnet was moved to FNAL. Upon arrival a visual inspection was performed followed by electrical
checkout, metrology survey, analysis of the fiber optic sensors and accelerometer data analysis (6-10 g
vertical shock)

* All tests and analyses were OK. Magnet was shipped to BNL for magnet testing.
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* Failure paves the way to success!

* It teaches us valuable lessons, strengthens
our resilience, and provides opportunities
for growth and improvement.

* Embracing failure as a natural part of the
journey can lead to innovation, creativity,
and ultimately, achievement.

Leaving FNAL
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