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List of projects 2013-2018

Compact Linear Collider (CLIC)

New H- linear accelerator LINAC 4

High resolution spectrometer DIRAC

MedAustron - centre for ion-therapy and research

Proton Synchrotron (PS) transfer line upgrade

AWAKE- plasma wakefield acceleration

Watt balance Mark Il Experiment

3GeV ring upgrade of Synchrotron Light Source, MAX IV Lab
ATLAS upgrade



Magnets for accelerators
Iron dominated (Dipoles, Quadrupoles, Sextupoles, Combined Function Magnets etc.)

NC Electromagnets Permanent magnets o Hybrid magnets

Field of expertise:

* Magnet design: 2D/3D FEM modeling, engineering parameters(electric, hydraulic etc.)

* Cost estimate

* Documentation for tender (Technical Specification, Spec. Drawings, Technical
qguestionnaire, etc.)

* Control of the manufacturing process (Contract follow up)

» Acceptance tests / Magnetic measurements
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Plasma Wakefield Acceleration Experiment (AWAKE)

The AWAKE collaboration at CERN successfully accelerated electrons for the first time using a wakefield generated by protons zipping through a
plasma. The electrons were accelerated by a factor of around 100 over a length of 10 metres: they were externally injected into AWAKE at an
energy of around 19 MeV and attained an energy of almost 2 GeV (200 MV/m). Aim is 1 GV/m.

Design & Production follow up
® H/V correctors

® Quadrupole

® Dipole

opera

Relative integrated field errors at Imin= 8.1 A

177

Errors [ %1071 ]

_35 = No ficld clamps.Y=0 mm
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An example of a magnet design/ follow-up /tests :
Quadrupole magnet

Functional specification (requirements and constrains)
*  Beam Optics

*  Vacuum

*  Power Supply

*  Alignment /Support / Installation

Units to be produced 11+ (1) Installed + (spare)
Electron beam energy range 10-20 MeV
Full aperture O =70 mm
. 0.01(10% in) —

Integrated field gradient range 0.1 8£20 (;; 2122; T
Effective length 70 mm
Good field region radius 20 mm
Integrated field gradient qualit

ntegrated field gradient quality < 240 uniits
AlGdz/[G g ,dz
Operational mode DC
Overall magnet length <200 mm
Overall magnet width x height <400 mm
Power converter current / voltage <10/<10 A/V
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Electromagnetic design / FEM modeling / preliminary

mechanical design

Aperture R=35 mm, Leff=70 mm => B’(0)=(0.14 — 2.57) => NI,
Coil (water / air cooled)=> Copper conductor(VonRoll) => Nw/pole (Current, Voltage)
Yoke material low Hc(residual field, Bpole(min)=50 Gauss) / (solid / laminated)

Yoke length

o~

2D modelling:

Pole profile optimization

Coil position optimization 2

Yoke cross-section optimization

Harmonic analysis / 2D gradient - -
homogeneity inside GFR 1

Opera 2D model

| | |
MO £00 600 B0 1000 1200 1400 1600 180D 2000 2200 2400 2600
X{mm]

0§
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bn [units]@20 mm

AWAKE EMQ Gradient homogeneity [units] @ R=20 [mm] w.r.t. B2/R
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3D modelling / optimization

3D modelling :

Magnetic length
Update of the electrical parameters
2.8
e 053 A
= /f""\ e 593 A [
2
T [ 1]
T . [
T 12
i AR
/ by
0.4
0 A-cx:"'/ i Wi P .
-200 -100 0 100 200
z [mm]
[ (p2)02 - [ B2 Pz
Error @r =20mm = J_B @ r , where B, - main quadrupole field compone
27dz
r

Integrated field / field gradient
Pole ends chamfer profile optimizatio
Harmonic analysis(integrated field)
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From Electromagnetic design =>
Mechanical design / Technical Specification

Main Parameters / Mechanical Tolerances / 3D mechanical model => Specification drawings=> Technical

Specification
Parameter Value Unit Parameter Value Unit
BASIC Number of coils per magnet 4
Number of magnets 12 Number of pancakes per coil 1
Nominal field gradient 2.54 T/m L EET @i BT ey A Ll
Aperture diameter 70 mm Conductor I?ngth per coil ~43 m
. i Conductor size on copper 3.0x2.8 mm x mm
FIELD QUALITY (for information only) Conductor edge rounding radius 0.5 mm
Integrated field gradient range [Gd| 0.01-0.18 i Min. conductor insulation thickness 0.06 mm
Magnetic length 71.8 (i) Max. conductor size with insulation 3.2x3.0 mm x mm
Good field region diameter 40 mm Ground insulation thickness 1.5 mm
Integrated  gradient homogeneity <*5-10* Electrical resistance per coil at 20°C 98+1 mQ
AfGdl/ [GdI
ELECTRICAL PARAMETERS
Nominal current | . 9.3 A
Maximum current | . 10 A
Current density at |, 1.2 A/mm?
Dissipated DC power at |, 34 W
Resistance at 20°C 391 mQ
Inductance 48.1 mH
Voltage on magnet U, ., (DC) 3.64 \Y
COOLING
Cooling method Air, natural convection
DIMENSIONS AND WEIGHT
Yoke length 40 mm
Overall length ~156 mm
Overall width ~395 mm
Overall height ~342 mm
Total magnet mass ~23 kg
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Technical Specification

Contents of the Technical requirements

TECHNICAL REQUIREMENTS

3.2
3.3
3.3.1
3.3.2
3.3.3
3.34
3.3.5
3.3.6
3.3.7
3.3.8
3.4
34.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6
3.4.7
3.4.8
3.4.9
3.4.10
3.5
3.5.1
3.5.2
3.5.3
3.54
3.6

Pre-series magnet

Materials (Specific Material Requirements)
Copper

Glass-fibre tape

Epoxy resin

Anodized aluminium

Bronze CuSn8

Bronze CuSnl12

Plastics and non-metallic materials

Cable insulation materials

Yoke manufacture

Steel sheet supply

Stamping of the laminations

Stacking of the yoke quadrants
Measurements on the stacked yoke quadrants
Identification of the yoke quadrants
Pre-assembly of the magnet yoke

Pole-end shimming

Tests of the pre-assembled magnet yoke
Protection of the yoke quadrants

Handling, transport and storage of the yoke at the contractor’s premises
Excitation coils

Coil characteristics

Manufacture/Assembly

Handling, Transport and Storage

Inspection and test requirements

Magnet assembly

A.C. Bopoxuos

© © 00 N

10
10
10
10
10
10
10
11
11
11
12
12
13
13
13
13
14
14
15
15
15
17
17
18



06/02/2019

3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.6.8
3.6.9
3.6.10
3.6.11
3.7
3.7.1
3.7.2
3.7.3
3.8
3.8.1
3.8.2
3.8.3
3.8.4
3.8.5
3.8.6
3.8.7
3.8.8
3.8.9
3.8.10
3.8.11
3.8.12

Technical Specification

Content of the Technical requirements

Mounting of the coils onto the yoke quadrants
Assembling of the magnet
Electrical connections

Grounding bolt

Thermal protection and interlock
Alignment system interface
Magnet support

Lifting interface

Protection covers

Magnet identification

Tests on the complete magnet
List of samples

Lamination samples

Bond strength samples

Insulation samples

Information and Documentation
Documentation Format
Preliminary Design Report (PDR)
Final Design Report (FDR)
Fabrication and Test Schedule
Subcontractors

Quality Control Records (QCR)
Drawings

Manufacturing File (MF)
Information to be provided before starting the magnet manufacturing
Non-conformity report (NCR)
User's manual

Magnet safety sheet

A.C. Bopoxuos
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Production follow-up
Quality Control Record (Colils)

TESTS BEFORE IMPREGNATION

COIL DIMESIONAL CONTROL BEFORE IMPREGNATION

No Test Approval criteria Passed / Result Comment No Test Approval criteria Passed / Result Comment
1 No of turns 137 turns & Yes O No 1 Dimension A 255
5 Coil dimensional control, Dimensions within tolerances & Yes O No 2 Dimension B 55
see page 2 COIL DIMESIONAL CONTROL AFTER IMPREGNATION
3 Electrical resistance Measured value at 20 °C 928 m No Test Approval criteria Passed / Result Comment
Corrected value at 20 °C 28 mQ 3 | Dimension C <57 mm 56.85
Resistance at 20°C Resistance is within £1% of the 1* . . —
4 compared to 1* coil coil (93.0 m2) @ Yes O No 4 Dfmens!on D <1204 mm 1203
5 | Coil inductance at _ Hz 1.419 mH 5 | Dimension E <110.4 mm 110.3
6 Inter turn insulation test No signs of short circuit between & Yes O N 6 | Dimension F 63.2+0.1 mm 63.2
1250 V peak L ¢ - 7 | Dimension G 53.2+0.1 mm 53.2
A
No Test Approval criteria Passed / Result C 8 | Symmetryto A =02 AI oK
Coil serial No SPMQAWANCO1-SD- 07 9 | Symmetryto B 0.2]8 oK
Correct serial number @ Yes O No
7 Coil identification label Readable @ Yes O No A
Label beneath epoxy @ Yes O No _Ezl] I 1
8 Coil dimensional control, Dimensions within tolerances o i T
see page 2 . Yes [0 No :1‘#:::
Coil free from: sagiciis
Voids @ Yes O No © ::%5: A
sEauzmad
9 | Visual inspection Cracks & Yes O No oo
Dry spots @ Yes O No '
Other defects @ Yes O No
. . Measured value at__20 °C 926 me
10 | Electrical resistance Corrected value at 20 °C 26 mQ o i Al D -
Resistance at 20°C Resistance is within £1% of the 1* F
1" compared to 1* coil coil (93.0 mQ) @ Yes O No * -+ [A]
The coil shows no degradation after On 1t coil
12 | Thermal cycling test thermal cycling (10 repetitions of O Yes & No “D:;ym H
70 °C to ambient temperature) ‘ { 51
5kV DC, I<5 pA @ Yes O No | )
Ground insulation test, coil
’ 0.0203 .
13 | immersed in tap water After 0 hours —pA f
After 8 hour 00084 A | ) m
5k VAC , one minute @ Yes O No :
Dielectric test, coil
14 immersed in tap water SkV DG k<3 pA @ Yes O No
After 8 hours 0.0035 A
Inter turn insulation test: No signs of short circuit between
15 | Capacitor discharge turns @ Yes O No !

method, 1250 V peak
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Quality Control Record (YOKE)

Production follow-up

TESTS ON PRE-ASSEMBLED YOKE

Passed / Result
No Test Approval criteria Position No C
1 2 3
1| Inscribed di: A 70 = 0.05 mm 70.022 70.033 70.028
2 | Pole distance BO 25.46 £ 0.05 mm 25457 25450 25.450
3 | Pole distance Bl 25.46 = 0.05 mm 25482 25477 25.460
4 | Pole distance B2 25.46 + 0.05 mm 25.445 25.450 25.447
5 | Pole distance B3 25.46 + 0.05 mm 25.460 25.482 25.467
6 | Yoke length C 405 mm 40.106
7 | Side A [o]0. 03] 0.027
8 | SideB [#]0.2]A] 0.198
Gap between the matting Gap No
9 s  the quadrants <0.02 mm o | 1 | 2 3
surtaces of the quacran! 002 | <002 | <002 | <002
[S AFTER END CHAMFERS MACHINING
Approval Result
Neo Test t":‘li,l eria Yoke guadrant No C
1-1 -2 | 13 1-4
1 | End chamfer dimension Side A | 6x6=0.025mm | 5977 | so78 | 5987 | 6.004
2 | End chamfer dimension Side B | [2[0.05 ¢Z[A] [o0001 | o | 0.011]0.003
3 | End chamfers offset Side A + 0.025 mm 0.016
4 | End chamfers offset Side B + 0.025 mm 0015
Gap 1 £
£ Side B
d |-B
VI
Al H B B
=] @
(=] L)
B1
1 =====
Gap 2 H = Gap0 T
e BZ. — !
l:.] ' ‘i‘ :"ti 13

(four pole pairs)
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Position No 1 2 3

-
o\ 133
~ o017
[5]
0018 - T
N |16
] 8|
4 N 0017
0.018 23 m
[} - 2
0.016] T P - i |
'[r.k 0.016
surface [B]
[+ [He-0el side Al side A
¥ (I
4
= — 1
te-7]0. 02
@& <
<
k."/[o.llA] __ BER
. .1]8]
surface(C] ¢ Ulotlsld
Llo-08]alBj— {):';[c;‘yrlnc[n'l[a 8| L
- Passed / Result
No TEST Appro::: ucentena/ C
Quadrant No: 1-1 | Quadrant No: 1-2 | Quadrant No: 1-3 | Quadrant No: 1-4
1 | Dimension AA 115 mm 115 115 115 115
2 | Dimension BB 115 mm 115 115 115 115
3 | Surface (Side A) /]0.02 0.01 0.01 0.01 0.01
4 /0.1 A .| X A .
|2 Surface (Side A1) / | 0.01 0.01 0.01 0.01
5 |1lo.18lc 0.01 0 0.02 0.01
6 | Surface B []0.04[a] 0 0.02 0.03 0.03
7 | Surface C [Llo.04[aB 0.01 0.01 0.01 0.01
8 | Pole surface from X to Y | |=[0.04]A[B[A-B| 0 0 0.01 0
9 | Packing Factor >97% 95.5% 95.5% 95.5% 95.5%
Packing Factor with
10 | respect to the nominal 95.5% + 0.2% O Yes O No @ Yes O No | & Yes O No | & Yes O No
value:(PF of the 1* stack)
POINT No POINT No POINT No POINT No
11 | Yoke length L 4042°mm L [a[3TafrJ2]3Tafr]2]35Ta4a]1[2[3T4
40.103_| 40.102 [40.095 [ 40.107 [40.100 [ 40.106 [ 40.100 [40.106 [ 40.099 ] 40.092 ] 40.107 [40.096 | 40.001 [ 40.088 40.087 [ 40.007
Yoke length with respect
12 | tothe length of the 1 yoke £0.1 mm OYes ONo |@Yes DONo @ Yes DONo | @& Yes ONo
quadrant
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Production follow-up
Quality Control Record (MAGNET)

SPMQAWANAP-SD-0000 |
Description: Yoke quadrants serial No:
A\VA,K_E Specification Drawing:
SPSMQAAWA0001 11 | 12 | 1-3 | 1-4
quadrupole Coils serial No:
'srum\\ .urol.sn-wlsr,\lmu .urol-sn-alsr\lonu.an.sn- 8 [SPMOAWANCDLSD- 19
Document prepared by: Date: Document approved by: Date: Revision No I
MR GINESTET 121122016 | |
No Test Approval criteria Passed / Result Comment
1| visual in ion i{: ::gh;'or damage on any part of & Yes O No
2 | Magnet data plate Plate present O Yes @ No | Asmes mropontion com
Dimensional control according
3 | to Quadrupole Yoke Dimensions within tolerances O Yes @ No | ommsoe. ne
Dimensional Control tcmplate
. Mcasured valucat 4 °C 36334 med
M resista —_— —
4 fagnet e Corrected value at 20 °C 371.9 m
" . Magnet resistance is within 2% of i i
Magnet resistance at 20°C the sum of coil resistances & Yes O No
compared to the sum of the
5 | resistances of the coils No: Sum of coil resistances at 20°C 370.8 mQ
07 09 18 19 Magnet resistance at 20°C 3719 mQ
6 | Magnet inductance at 50 Hz 40.1%2 mH
Magnet inductance compared to e o
7 | the nominal value (inductance gﬂmﬁ“ Rl 423 ot the O Yes & No |aimant
of the pre-serics magnet) prototype
5 kV DC for two minutes, 1< 5 / :
8 | Coils-to-yoke insulation test i DA @ Yes O No
measurcd value of lcakage current 0.08% pA
b - m -
Temperature risc measurement At [=9.3 A, until a stable %
9 on the coil surface temperature is reached (~ 1 hour) [T ot Sortaes™ V87C 10A
Time=3 hour
= 81 >
After temperature risc measurement I“; : ; ::_'
10 | Thermo switch test increase current slowly until T“‘_ o °C +1°
thermal switches swatch off Tm: =
84— 61 ol
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Compact Linear Collider (CLIC)

Compact Linear Collider (CLIC) -electron-positron linear collider project.

Max. energy - 3 TeV. Accelerating gradient of 100 MV/m.

Two-beam acceleration concept: the 12 GHz RF power is generated by (Drive Beam).

Drive Beam is decelerated in special Power Extraction and Transfer Structures (PETS),
generated RF power is transferred to the Main Beam.

More than 60’000 “warm” magnets of 100 different types
The biggest families :

MBQ, - 4’000 units

DBQ - 40’000 units

797 klystrons . P 797 klystrons
circumferences
ACC.STRUCTURE COOLING COMPACT VACUUM  MB 1SMW.139ps | | | delay loop 790 7 | | | 15MW.139ps
VACUUM (BRAZED DISKS) CIRCUIT LOAD IONPUMP QUAD STABILIZATION drive beam accelerator CR12922m drive beam accelerator
MANIFOLDS - s UNIT R S< 5} N1 < — CR2438.3m
2.5km 2.5km
delay loop > < delay loop

1 & W | | = N ] @ @ decelerator, 24 sectors of 876 m
SPHERE : w - D Bczm W - X
b P 4 100A A N M ps M !”H- u!” b !m!.‘ !!!!!

BDS - BDS
400 it 2.75km @ 2.75km 00K
- mai P
TAr=305m © main linac, 12 GHz, 100 MV/m, 21.02 km e* main linac TA radius = 305 m

CRADLE N o
48.3 km
CR combiner ring
TA  turnaround
DR damping ring
PDR predamping ring .
BC bunch compressor booster linac, 6.14 GeV
BDS beam delivery system
GIRDER I: idnleraclion point -
. e e injector, e* injector,
: 2.86 GeV - 3 e* e* 2.86 GeV
ALIGNMENT PETS PETS ON-OFF DR || PDR
SYSTEM DB QUADRUPOLE VAC.RESERVOIR  PETS SUPPORT MECHANISM 421 mf{398 m
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Compact Linear Collider (CLIC)

Design/Production of the following magnet prototypes
* Main Beam Quadrupole(Electromagnet)

* Drive Beam Quadrupole(Electromagnet)

* Final Focusing Quadrupole (Hybrid)

Preliminary design / cost estimate of all warm magnets “Magnets Catalogue”

® Main Beam Quadrupole (200 T/m, =10 mm, GL= 70/170/270/370 T, Max. yoke length 2 m)
® Drive beam Quadrupole (Gmax=81.2 T/m, 6=26 mm, GL=1.2T-12T)
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CLIC Final Focusing Quadrupole QDO

In order to produce a useful interaction rate with the maximum centre-of-mass energy, extremely small transverse
beam dimensions at the collision point are required. This can be achieved with a final focus optics based on very strong
magnetic quadrupoles. The most important focusing element is the last quadrupole (QDO0) before the interaction point.
This quadrupole shall be capable of producing a very strong field gradient to provide the required vertical beam size in

the interaction point.

TABLE I REQUIREMENTS FOR THE FINAL FOCUS QUADRUPOLE

s
-
s

Parameter Value
Nomuinal field gradient 575 T/m
N 1 < 1 -
ominal mte_grated field 1570 T
gradient
Magnetic length 273m
Magnet bore diameter 825 mm \ - EXtI:&iCti(m
ey Vertical benq
Good field region(GFR) s OUtEOT e 1T e
radius l mm o gomg beam Jine -
~20mrad U WIrrr—
Integrated field gradient <010
error inside GFR e
Adjustment +0 to -20%
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CLIC Final Focusing Quadrupole QDO

“Halbach” type Super Strong “Halbach” type + CoFe poles

CoFe

Gradient [T/m]

“Permendur”

Grad=2*Br*(1/Ri-1/Rf), (Ri= 4.125mm)

Grad(Rfinal), Rini=4.125 [mm]

70
65
60
55
50
45
401
35
30
25
201
15
101

cesesesreecesccenaana
.......
_______

—SmCo5, Br=0.865[T
---Sm2Col7, Br=1.[[T
-+ - Nd2Fel4B, Br=1}4[1

06/02/2019

40 45 50 55 60 65 70

Rfinal [mm]

-Fixed grad. value only

R=3.8 [mm] (no R=4.125 [mm]
chamber)

Material Sm,Co, Nd,Fe;, Sm,Co;; Nd,Fe,
7 B 4B

Grad [T/m] 450 593 409 540

“Halbach”

Grad [T/m] “Super 564 678 512 615

Strong”
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CLIC Final Focusing Quadrupole QDO

Electromagnet
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CLIC Final Focusing Quadrupole QDO
Hybrid magnet

= A conventional iron dominated quadrupole is at the basis

= Rare earth permanent magnet material placed between the iron poles.

= The magnetic flux due to the permanent magnets is directed to cancel the part of flux
produced by the coils which does not contribute to the field gradient in the magnet aperture

= Reduces the saturation effects in the iron pole

= Max. field gradient ~ 35 % larger than in a conventiona

_o uadrupole.

0 %0 400 4
Yovector. o Kimn)
0

L oo

Grad [T/m] Sm,Co,, 550
Grad [T/m] Nd,Fe,,B 615
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Hybrid QDO Final version

The presence of the “ring” decrease slightly the Grad (by 15-20 T/m) but will assure a more precise

and stiff assembly N

Coil

\\V/i

\ 7
Y 43
N

\‘.

A
N

2

Vi

ermanent magnet 4 /
material ‘ \\\<\\/<<</<<<{:/{;

Sm2Col7 or Nd2Fel4B \ l \X\\\\\\\\\

&

/

////
\

N

136
/.

Return Yoke
Steel AISI 1010

/ )

600 =
- =

o s

_ /
g 450
& 400
=17
E 250 %/
= o

L

100

50 | e SmyCoy7
-8 NdsFe) 4B

"o 1000 2000 3000 4000 5000 6000 7000 8000

Ampere-tuins per pole [ A ]
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100 mm Prototype QDO

In order to verify the conceptual design, tolerances on integrated field strength and to study the assembling procedure, a
prototype model with full-scale cross-section, working at nominal conditions, but with much shorter yoke length of 100 mm
has been built. The hybrid quadrupole prototype needs four permanent magnet assemblies of 100 mm length; each consists
of four permanent blocks of 50 mm length glued together. The permanent magnets blocks made of VACOMAX 225HR
(Sm,Co,,) and VACODYM 655HR (Nd,Fe,,B) were supplied by Vacuumschmelze, Germany. The permendur part of the
guadrupole structure was machined by wire EDM to a tolerance of + 25 um. The selected material for this part was

VACOFLUX 50 by Vacuumschmelze.

mamm Y
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Results of the magnetic measurements on QDO proto

FIELD GRADIENT [T/m]

600

—

550

.

500

y4

450

400

ya

350

300

250

y/4

200 %'

150

100 = Prototype 100 mm, Nd2Fel14B, CALCULATEDY
eee Prototype 100 mm, Nd2Fel14B, MEASURED
+—— QDO, Liron >300 mm, Nd2Fel14B

50

0
0

1 2 3 4 5 6 7
AMPERE-TURNS PER POLE [kA]

bn, an [Units|@1 mm
NOE e RN WA e N e

=
5]

Normal and Skew integrated relative field components [Units] @ Rgfr=1 mm

BNI=0.0[A]

aNI=1004.4 [A]

ONI=2008.8 [A]
BNI=2462.4 [A]

BNI=5022.0 [A]

WNI=6026.4 [A]

T — l- 'l'-l]:l-l-=

b3

b4 b5 b6 a3 a4 a5
Harmonics

ab

600,
550
500
450 7
= /
E. 400 /
E 350
0 /
a
< 300 /
o
O 250
o
: /
w200
. /
150 /
100
)
50ld— Prototype 100 mm, Sm2Co17, CALCULATED ||
@e@e Prototype 100 mm, Sm2Col7, MEASURED
0 I I I I I I
0 1 2 3 4 5 6 7
AMPERE-TURNS PER POLE [kA]
Normal and Skew integrated relative field components [Units] @ Rgfr=1 mm
16
14
12
10
8
6
£ C
® 0
z 2!
E 4] BNI=0.0[A] B
6 ONI=1004.4 [A] ||
z 8 ONI=2008.8 [A] | |
'ﬂzi‘; aNI=2462.4[A] | |
“14 ENI=3564 [A] ||
16 mNI=5022 [A] |
-18 ENI=6026.4 [A] | |
20 I
2 |
b3 b4 b5 b6 a3 a4 a5 a6
Harmonics
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LINAC 4

As the first step of a long-term programme aiming at an increase in the LHC luminosity, CERN is building a new 160 MeV
H™ linear accelerator, Linac4, to replace the ageing Linac2 as injector to the PS Booster.

10% Tunable permanent magnet H/V corrector field quality optimization
g by extra turns at the coil sides

Nor-optimized coil Optimized coliExtra tums on each side
tuning block C10R steel ——

return yoke C10R steel

aluminium structure in one single wire-cut piece
precisely machined pole tip C10R steel
permanent magnet Sm,Co,

P—

Homogeneity of BX w.rt. value -0.0174557 at (0.0.0.0)
-5.0E-03 00 5.0E-03

pole unit:
2 parts - 50 mm each
glued side-to-side

” Magnetic coupling simulations
aluminium frame

Imazsr.m

case 2 case 3 case 3 case 2 ok
V* VECTOR FIELDS
<> [ 4,:“/"’(’
> s
o /' N
case | case 4 case | case 4 P o
0012
n=1 n=2 p— e /
0E0 /‘
skew skew 6.0E.03] / \
R— / |
case 1 case 4 case 2 case 3 oo % \
— i// A
o o0 00 00
0.0 00 0.0 00 0.0
28.0 2410 “o 530 <350.0
_— 2818816148891
X mal 3502888171184
case 2 case 3 case 1 case 4

n=3 n=3



High resolution spectrometer for DIRAC

THE one of the aim of the DIRAC experiment is the observation of the long-lived i atoms, using the proton beam of
the CERN Proton Synchrotron. The dipole magnet will be used to identify the long-lived atoms on the high level
background of m*rt pairs produced simultaneously with m+m- atoms.

—~ SFD

15t version of PM DIPOLE(BL=10 mTm) based on NdFeB material, 50% of flux lost after 1st
year of operation due to irradiation

Iron Return Yoke
150 x 80 x 60

Magnets
70 x 60 x 5t

New PM Dipole BL=2 mTm based on Sm2Co17

20 70 20
Table 1: Requirements for the dipole magnet /—2
Parameter Units W 1‘]‘
a 60 b 1
Overall length mm < 66 B o -
Overall width x height mm x mm | 170 x 130 ./
L—3
Yoke length mm < 60 E S = o I
Horizontal full aperture mm 60
Integrated field strength [B,(0,0,zdz Txm 0.02 | | /‘4
Good Field Region(GFR) X x Y mm x mm [ 20 x 30 i 4
S
Integrated field quality AfB.dz/[By(,0,z)dz inside GFR % <+2 3
Reference:

Design, manufacture and measurements of permanent dipole magnets for DIRAC, DIRAC-NOTE-2013-04 https://cds.cern.ch/record/1622178?In=sv.

Vorozhtsov, A (Dubna, JINR) ; Buzio, M (CERN) ; Kasaei, S (Inst. Stud. Theor. Phys. Math, Iran) ; Solodko, E (Dubna, JINR) ; Thonet, P A (CERN) ;
Tommasini, D (CERN)

06/02/2019 A.C. BopoxuoB



PM Dipole Sm2Co17

1) Permanent block Type 1
(Sm2Col7)

2) Permanent block Type 2
(Sm2Col7)

3) Pole (AISI 1010)

4) Return yoke (AISI 1010)

5) Central insert (stainless steel)

6) Cover plates
(aluminum)

7’3o

170
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MedAustron - centre for ion-therapy and research

The centre comprises an accelerator facility based on a synchrotron, for the delivery of protons and light ions to irradiation
stations, for cancer treatment and for clinical and non-clinical research. The accelerator complex consists of the injector with ion
sources and an ion linac that will accelerate particles up to the synchrotron injection energy of 7 MeV/u. This is followed by a
synchrotron capable of accelerating particles to the planned extraction energy, ranging from 60 MeV to 250 MeV for protons and
120 MeV/u to 400 MeV/u for carbon ions, suitable for the medical application.

EM design / Production follow up / 2D and 3D
modelling, Coupled EM / Stress analysis

® H/V corrector MCX-B

® Scanning magnets MSH/V-E

® Main Synchrotron Dipole MBH-C (final design)
® High Energy Beam Transfer Line (MBH-E)

® 90° dipole MBV-F

® Betatron Core

® Gantry magnets (quadrupoles, 58° dipole)

Noncommercial use only

|Cmnponem BMOD
8.43756E-05 0964588507 1.989204839
f

il mmu' i )

u i T e i

i mm\u&l‘liw:li‘%'{'xl'ﬁ“i%%?u'5“"
i Iy mﬂm
i NG
THl Al i

il
i
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Watt balance Mark Il Experiment

Watt balance: establish a link between electrical and mechanical quantities via power equivalence
static phase / weighing mode

dynamic phase / velocity mode

— m 4
B ' GBI = Tg == = | Ul=mgv @
1S T ¥
] P / \ ’
> static |dynamic i | i
ey —— o electrical mechanica == =
F vy power power o
]J.dEXB = mg Only if magnetic field is stable and l]f"d = 3 J.CMXB
does not depend on the current

Using the expressions from quantum physics (QHE & JVS)
U=C,.U,=C,n, . 1,
2e

m=C lefJZ h
gV

R=C, R, =C,—"

52
n,e

c=EntnCrtiyy ity

4C,
06/02/2019

courtesy of Blaise Jeanneret (METAS)
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Impact of Magnetization Errors on Ei,gld Quality 3,4,

Watt balance Mark Il Experiment

1. Permanent magnet (SmCoGd)
2. Coil (Cu)

3. External cylinder (Fe)

4. Top cover (Fe)

5. Pole (Fe)

6. Bottom cover (Fe)

7. Centering cylinder (Brass)

8. Saturable shunt (Fe-Ni)

*Sm2Col17Gd

Br=0.83 T, HcB=622 kA/m temperature coefficient a = -0.001% / °C
*The yoke - low carbon steel AlISI 1010
*saturable shunt Ni30%Fe alloy, Curie temperature of 55 °C.

Temperature compensation

1200 - 2.0 Z [mm]
z [mr"n] 120.0
80.0 100.0
40.0
80.0
0.0
-40.0 60.0
-80.0 40.0
-120.0 20.0
0.0 0.0
40 /
R
0.E+00 . - S 30 —
?: ”/ = \ .. g 0 /'
= LE0s yd AN g -
- Z N 5 10
= b \ =
5 I/ \‘ § 0 e
[ - ol \
N 2E-05 A’ —Ideal case \ g 10 /l'/
& / - -Easy axis errors = 2 5
— 3505 T T 1 1 g 20 |
40 8 6 4 2 0 2 4 6 83 10°© 0 01 02 03 04 05 06 07 08 09 1
vertical position, z ( mm ) Ni30%Fe shunt thickness ( mm )
06/02/2019 A.C. BopoxuoB

AZ

ColL SIGNAL

Zccoil

Weail

Dcoit

Relative Bl deviation

-1E-08
-2E-08

-3E-08

3E-08

2E-08

1E-08

Mx

\=a~iv)

o
Too

3 Case 2: vertical displacement 10 pm (scale 1:10)
© Case 3: lateral displacement 10 um

—Case 4: rotation 100 prad
-#-Case 5: thermal expansion

8 6 -4 -2 0 2 4 6 8 10

ZCcoil (mm )



ATLAS detector

*  Calculation of the field perturbation due to the magnetic * Protection(shielding) of the equipment, sensitive to the magnetic field
materials => Field reconstruction

\L

—
/‘ m Ring

* Prepare the LS2 (2019), JD disc / Small Wheel upgrade /New HUB

Total field on JD surface & JD forces

- -
L]

“as built™ AM e

Ver. @ -9 ium--
Ver. 2 3 P

HUB Iron contribution at R=800 mm, a=10°

Mu=1.1
me Mu=1.2 e?

e
Y

Biron [Gauss]
.

|
02 — ]
.-I".-. ‘/
— T T - s ey
VL=, 7 "7 72 73 74 75 76 77 18 19 8
1 P 4 B K g £
Bmax.=2.451T
Z[m]
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High gradient magnets for the synchrotron light
source MAX IV

. 1:11 - MAXPEEM 1:12 - FinEstBeAMS
LINAC (3.4 GeV): various type of NC magnets, 112 magnets SR S
~300m
1.07 — FlexPES 3:03 - NanoMAX

3:04 — DanMAX

1.5 GeV lattice: 12 achromats, "magnet block”
concept, 156 magnets

SDi “5Fi SDi

U |
iy

3:12 - MicroMAX

SCi

3:08 - Balder

i2
2 DIP
" ’vlsco 12
[ m Iy 3:11 - BioMAX
p | 3:10 - CoSAXS,
6 8

x[m)

3:09 - ForMAX

3 GeV ring lattice: 20 achromats, "magnet block”
concept, 1320 magnets

y[m] ucs
uct uc? =lcz ey

20 MC e TS
A g Iy e

| g W | , '07_,
\ 5 \ 10 - 15 20/ 25

LongStr ShortStr ShortStr LongStr

courtesy of M. Johansson
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3 GeV ring upgrade

Existing lattice: 7-bend achromat:

y [m] e Uc U
uct e e, -Uct
i MC e it ; Y -M¢ *  Five unit cells and two matching cells.
- r—"-“ [ . : A’\ * 20 achromats x 7 cells = 140 cells total
- - L -y .
“t \ f x”. * Min. magnet aperture @= 25 mm
x T : > .

T T T Horizontal emittance 300 nm rad
\ 5 \ 10 15 zn/ /25

% [m]
LomgSir ShortStr ShortStr LangStr

Proposed future lattice: 19-bend achromat *:

e 17 unit cells and two matching cells.

20 achromats x 19 cells = 380 cells total
* Min. magnet aperture @= 11 mm

* Horizontal emittance 20 nm rad

18°

* Achromat length = 26.4 m
* Ring circumference =26.4x20=528 m

[1] Future Development Plans for the MAX IV Light Source: pushing further towards higher brightness and
coherence. Pedro Fernandes Tavares, Johan Bengtsson and Ake Andersson. MAV IV Laboratory, Sweden
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“Magnet block” concept 3 GeV Ring

The main structural parts of the g4,

magnet blocks are the yoke bottom
and yoke top halves. Material: Armco
low carbon steel.

Gradient dipole pole, quad. and
corrector pole roots machined out of
the block, pole tips mounted over the
coil ends.

6pole and 8pole magnet halves
mounted into guiding slots in yoke
block.

Half-yoke cross section = 350 x 128 mm
Lengths =~ 2.3 m (M1, M2), ~ 2.4 m
(U1- U5),~3.4m (U3)

Weights(half block) = ~450 kg (M1,
M2), ~490 kg (U1,...), ~620kg (U3)

Magnet aperture= @25 mm, total
power consumption ~300 kW.

06/02/2019

A.C. Bopoxuos

U5 assembled

courtesy of M. Johansson



3 GeV ring magnets for the new lattice

Unit cell:

Matching cell:

QF QF
T +—| S0 | SF |15 |
BH ; 1 E F
IBH

06/02/2019

| Qe | ‘QM‘
e || | BV —I

Magnetic Pole Tip Field
Quadrupole Length [m] Gradient [T/m] [T]
Rbore=5.5 mm
QF 0.075 219 1.2
Qam 0.15 183 1
QFE 0.1 234
QDE 0.1 -198 1.1
. . Pole Tip Fiel
Sextupole Magnetic Gradient [T(; ;bote;.i
Length [m] [T/m?]
mm
SF 0.1 33592 1
SD 0.1 19729 0.6
G[;?s(jgt Magne[trlT(]:]Length Bending angle Bo[T] G [T/m]
Unit cell 0.3333 1° 0.52 -70.1
Matching cell 0.16667 0.5° 0.52 -30

A.C. Bopoxuos




QFE quadrupole

Requirements and constrains
Magnet aperture @ =2 11 mm

Field gradient = 234 T/m

Pole field= 1.29 T (Max. value for the conventional quadrupole 1 T+ 1.1 T)
Magnetic length =100 mm

Tuning range: £ 3 %

Good field region @= 6 mm

Integrated Grad. Homogeneity AJGdz/|Gdz: < (+ few units of 10-4)

Overall magnet height x width: < (256 x 350 - existing magnet block
dimensions)

The top half-yoke shall be easy to demount to allow the installation of the
vacuum chamber

“Magnet block” concept similar to the existing MAX IV R3 ring

06/02/2019 A.C. BoposLoB



QFE

magnet design options

“Halbach “ type Permanent Magnet Quadrupole
e Strength adjustment : Mechanical ( double ring, etc.)
* Closed ring structure: issue with the synchrotron light extraction
* Not applicable for the “Magnet Block” concept

v Conventional electromagnet

v Hybrid ( Combination of the permanent magnet and trim coils)



Conventional electromagnet

“Magnet block” concept:

Pole root machined out from the
half yokes. Material: ST1010 or
Armco

256
86

Pole profile shape and alignment:
Precise machining of the matting
surface, pole profile machining in situ

152

100

bbiid

LLLLLLL

o

DETAIL A

hkkidl

Pole Tip (separate pieces)
Material: Cobalt Iron alloy, Bs=2.35T

4 water cooled coils

06/02/2019
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Main parameters

Magnet
300 x 256 x
Overall dimensions 152 mm?
Half return yoke mass (length
100 mm) 17.8 kg
Total magnet mass 52 kg
Coil

Number of turns / coil 21

Conductor dimensions
Nominal current/ @234
T/m
Current density @ /.,
Resistance @ 20°C
Total power consumption
Voltage

Cooling parameters
Cooling circuits / magnet
Coolant velocity
Cooling flow
Pressure drop
Temperature rise

6x6@25 mm

140 A
4.6 A/mm?2

18.2 mQ
358 W

26 V

2
1.1 m/s
0.3 L/min
1.6 Bar
8 K



Conventional electromagnet

Pole Tip (CoFe alloy):
Gnom.=234T/m at 1=139.5 A (NW=2930 A)

06/02/2019 A.C. Bopoxuos




Electromagnet with Sm,Co,, inserts

%/

24}2:;
7 " Sm2Col7, Br=1.12 T 1 ///' SmaCol7, Br=12 T
7 Ul

W=7 7 l
o ’;/A, y . //

20 mm: Min. permissible value
Field quality reduction due to the field asymmetry

06/02/2019 A.C. Bopoxuos



Field gradient [T/m]

Electromagnet with the Sm,Co- inserts

280

I
— Pole Tip - CoFe
(ves Pole Tip - CoFe + PM (1 side)
==s Pole Tip - CoFe + PM (2 sides)

260

Field gradient [T/m]

140/

120
1500 2000 2500 3000

Ampere-turns per pole, NW(A)

Pole material&Configuration
Number of turns / coil

Nominal current | _ = @234 T/m

Currentdensity @ I
Total power consumption
Magnet efficiency n

06/02/2019

CoFe
21

140

4.64
358
96.4

280

260

I I
r-= Pole Tip - AISI 1010
wes Pole Tip - AISI 1010 + PM (1 side)
s+ Pole Tip - AISI 1010 + PM (2 sides)

240

220

200

180

160

A

140 /

120
15

00 1900 2300 2700 3100

Ampere-turns per pole, NW(A)

3500

Reduce the saturation of the Pole tip &
Pole root & Return yoke: give a possibility
to decrease the overall dimensions of the
magnet.

Not efficient for CoFe Pole tip @234 T/m,
but extend the linear part of the
excitation curve, possible to achieve the
higher level of the gradient

Significant improvement for 1010 pole,
but CoFe solution gives better result even
without PM inserts

Cost of the CoFe raw material < cost of
the Sm,Co,, PM blocks / magnet

AIS| 1010+PM(1  AISI 1010+PM(2

CoFe+PM(1side) CoFe+PM(2 sides) AISI 1010 side) sides) units
21 21 21 21 21
137 136 210 156 148 A
4.52 4.50 6.96 5.16 4.88 A/mm?
341 336 805 442 396 W
96.7 96.8 64 86 90.1 %

A.C. Bopoxuos



Pole profile study / Field quality

Normal relative field components b, [10*%] @R3 mm

Harm. # Profile #1 Profile #2
2D Integrated 2D Integrated
4 0.02 0.05 0.03 0.1
6 0.34 3.4 (pole chamfer required) 1.35 -2.5
10 -0.61 -0.6 -5.04 -4.7

5 mm - Min. vertical gap (Existing MAX IV R3 magnets)

Relative integrated gradient errors @R=3 mm

10 T T T T T T T T
—— Pole profile #1
----- Pole profile #2
-:Irﬁ 5F -
E Y —— S
- S Ty
— Profile #1 (V gap= 4.3 mm) g o > - -
5 N
O o e
--=- Profile #2 (V gap=5 mm) o — Ly
_5 LA
o 10 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Angle (deg)
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QFE magnet design (Hybrid magnet)

“Magnet block” concept:
Return yoke machined out from the half
yokes. Yoke shape: figure of “8” to reduce the
magnetic forces between 2 halves

Permanent magnet blocks:
Sm2Col7, Br=1.12 T, HcB=844 kA/m
100x40x10(6 units) & 20x40x10(8 units)

142

Non-magnetic spacers

@ 11 10

256

\

Main parameters

Magnet
Nominal field gradient 234 T/m
Tuning range 6/+5 %
232 x 256 x
Overall dimensions 142 mm3
Total magnet mass 40 kg
Magnetic force between
the 2 half-yokes 30 ke
Trim Coil
Number of turns / coil 60
Conductor dimensions 3x4 mm
Max. current /. 16 A
Current density @ /., 1.3 A/mm?
Total power consumption 15 W

4 air cooled trim Pole Tip (separate pieces)

coils Material: Cobalt Iron alloy,

Bs=2.35T

Pole profile shape and alignment:
Precise machining of the matting
surface, pole profile machining in situ
(15t assembly without PM)

06/02/2019
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QFE Hybrid magnet

2D & 3D modelli ng Permanent magnet blocks at

each end of the poles to
prevent the flux leakage :
20x40x10 (8 units)

1200

Yl 1100

100.0

U 400 . 1 100.0 1200 140.0 160.0

C . BMOD
Ouﬂmpunsn X

115 23

PM imperfections:
1. Direction of magnetization error £ 3%:
The effect on a field quality / strength is negligible

1. Br & HcB variations from typical to min. values Br(1.12 T ¢> 1.09T), HcB (844 KA/m T &
820 kA/m):

Field strength variation of £ 1.5 % (25 % of the trim coils capability)
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QFE Magnet design

300

160

10

256
86
|
|
|
r
|
|

i

@11

i

T

Magnet Pros Cons
type
Pure . : . .
* Less complicated manufacturing/ |* Large power consumption (running cost)
electromag . . .
net assembly * Vibration induced by the water cooling
* Assembly difficulties (magnetic forces)
Hvbrid * Low power consumption assuming the magnet block concept
y * Large capital cost (permanent magnet
magnet .
material)
06/02/2019 A.C. BopoxuoB




PS BOOSTER TL DIPOLE

PSB-PS transfer line upgrade => proton beam to be transferred
at 1.4 GeV and 2 GeV

The existing BTM.BHZ10 dipole:
*  C-type, straight, bending magnet
* Total weight: 18 tonnes (Crane capacity 10 tonnes)
*  Overall length: ~2760 mm
*  Operates in PPM mode, energy range from 1 GeV to 1.4 GeV
» Conclusion on existing magnet:
unable to provide the required field strength new coils required
unable to provide the required field quality of £5 units in the field range from 1.0 Tto 1.5 T

Installed +
Units to be produced 1+ (2 coils)
(spare)
Bending angle A, .4 0.3499 (20.0478) rad (degree)
Proton beam energy range 1.4-2.0 GeV
Beam rigidity B-p 7.144 /9.288 Tm
= - Integrated magnetic field BL,, 2.51 /3.252 T-m
— l, <> | ramp time=0.5s
Hys) m Operational mode 0 € lnom (ramp )
1) / DC
= Full aperture height 298 mm
i % Overall magnet length <2781 mm
e
o T Crane capacity <10°000 kg
< 7 N [1] Corresponds to 1.4 GeV protons
[21 Corresponds to 2.0 GeV protons
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PS BOOSTER TL DIPOLE
Pole profile

By(0,0) [T] Errors [units] ,
I[A] | Model #1[Model #2|Model #1[Model #2 —— Model 71, Non GO steel
640 1.0810 | 1.0805 +1 +0.75 e2s Model #2, Non GO steel
850 1.4240 | 1.4174 +6 + 0 45 1.75 i
900 1.5009 | 14854 | +10 //
//// M / )
1.25 /{/
=
8 1
e
5 4
- Pl
4
0.5
0.25 //

0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Excitation current [ A ]
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2D model (Grain oriented steel)
Model #1.3 : 10 regions (0, 5,10,20,35,45,55,70,75,90 deg)

By(0,0) [T] Errors [units]
| [A] Model #1 | Model #1.3| Model #1 | Model #1.3
Non GO steell GO steel [Non GO steel| GO steel
640 1.0810 1.0786 +1 +1.25
850 1.4240 1.4300 +6 +2.1
900 1.5009 1.5100 +10 +5
) M270-50A(Non-Grain oriented)
1 [ mes 2;;’
=il
1.2
0’
100.0 200.0 300.0 400.0 500.0 600.0 02 4 el
- 10 100 Hl[:: 110 1.10°
M165-35S (Grain oriented)
1 ///_‘-
1 / I /&;
. / Ll
0 L/ /
M |
A Er

H (A/m]

400.0 500.0 600.0 700.0 800.0 900.0 1000.0

Component: BMOD
0.0 11 22
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- Leff

L mag

To study and optimize the integrated field homogeneity
To define the magnetic length and respectively the bending radius of the magnet

Simplified straight 3D model

Axial pole profile Lyag [MmM] at1=640 | L., [mm]atI=846 |AL,,, [mm]
A A

Sharp edge 2393.6 2363.2 30.4

Chamfer 75 mm x452 2315.5 2304.2 11.3

Rogowski profile 2305.6 2302.9 2.7

Arc R82, Aspan=652 2305.3 2302.5 2.7

157

Vertical field distribution along the z-axis

By [T]

Lmag (curved magnet)

-]

.5

— 1.4 GeV, Sharp edge

— 2.0 GeV Sharp edge

— 2.0 GeV, Final profile{Arc R=82 mm, Aspan=65 deg)

opera
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Z [mm]

T
1,000

T
1,500




Curved 3D model
Field mapping & integrated field homogeneity=>Final design

4
‘\,‘m S Integrated field errors at [=640 A (1.4 GeV)
P o
Y Omm
4= Y =20 mm
prie Y = 40 mm
" I
: —"r_'________._—-w "\
—
: e . —— —
——
P P e + 2.7 units
= - o
- -~ T
opera A
Bt 7o NUUSUUN USRS AU ASURRUNN NUNUUSR ISR O
"I _a00 -5 200 15 -10 -5 0 5 10 15 20 25 30 35
Trajectory shift [mm]
Integrated field errors at I=850 A (2.0 GeV)
............................. F (BTSN BN
T 1 S N
R — —T
= 0 — —
z e .
E . / e el + 3.4 units
—
~ //
-2 /"/,
- /‘(
e s e o s R R
T3 2300 -25 -0 -15 =10 -5 0 5 10 15 20 25 30 35

Trajectory shift [mm]
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