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Å SLS2.0 series Magnets : Context and the  measurement challenge
Å The measurement strategy
Å Two Selected Results and lessons learned
-Triplet measurements
-Magnetic coupling electro & permanent magnets



Magnets for the Upgrade of 
the Swiss Light Source



x 35 

Brilliance

The upgrade of the Synchrotron Light Source - SLS2.0
https://www.psi.ch/fr/media/sls -20

SLS 2.0: ex = 157 pm.rad

First light: 2025

EӀШΞЮΠӛΞЮΤШGeV

Phase 1

Phase 2

Stored beam in January2025!



ARCs : Pre-assembly and 
Installation Plan
(courtesy J. Wickström )
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Pre-assembly in a dedicated hall and installation : 2 arcs per month from May 2024
Parallelisation of magnetic measurementsmandatory



ÅFields above 1 T and  increased field gradients
ÅCombined function magnets 
ÅTight tolerances  (field quality ΜЮΜΝвЮΜЮΝШӖбШaligment below 30 micrometers)
ÅThree types of magnets (electro/permanent /superconducting)
ÅHigh number of magnets , 16 different types
ÅDense packing  of magnets  (Cross-talk effects). 
ÅTight schedule for the design, production and measurements.

SLS2.0 magnets : the challenges

Triplet

Lack of 
space !



Magnets for the SLS upgrade

Electromagnets

QP 55 Quad
QPH 53 Quad
SXQ 24 6-Poles
SX 264 6-Poles
OC 264 8-poles

SOQ   264
CHV 112 Steering

Total: 780

Permanent Magnets*
BN 56 Dipole
BS 4 Dipole
VB 96 Quad
VBX 24 Quad

Triplet 60
AN 120 Quad
ANM 24 Quad
BE 24 Dipole
VE 24 Quad

Total : 372

1152 (phase 1)+ two 5 T superconducting superbends (phase 2)

34 000 NdFeBblocks
16.6 tons

* Reduction  of the magnet  power consumption  ~60 %



SLS2.0 permanent magnets
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Dipole BN (56)

1.35 T; L=405 mm; G=22 mm

VB (120) 

0.84 T 

40.6 T/m 

Quadrupole AN(M) (148)

72.5-78 T/m ; Ø=22 mm
Quadrupole VE (24) 

45.8 T/m; Ø=22 mm

Triplet VB/BN/VB (60) , 0.861 Tm 

2.1 T Superbend(4)
Gap =14 mm; L=405 mm



SLS2.0 electromagnets
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Quadrupoles (110)

93T/m-98 T/m

Ø=21 mm

SteerersCH/V 

44 mT; 31.4 mT

Sextupoles(288-6 types)

5093T/m2-5840 T/m2

Ø=22 mm

Combined functions 

Octupoles (264-2 types)

SOQ (264)SextupolesSXQ (24)



Å 2 superconducting  Superbendmagnets will replace the PM-based ones.
Å 2 operating scenarios: 3T and 5T peak field.
Å Superbenddelivery planned between July and fall 2025
Å 2 new VBS yokes are required (normal VBs are too weak);
Å Power tests and magnetic measurements with till  end of 2025

Cold mass test at SIGMAPHI

5T NbTi Superbend тphase 2



Measurement strategy and 
implementation



SLS2.0 Magnet qualification 
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Challenge : 100 % of magnets are measured at PSI

7 measuring test benches operational since September 2023

Accuracy  (wire) : 1-2 units

Reproduciblity : 1 unit

Axis : < 30 micrometers

Systems
( X benches)

Electro
magnets

Permanent
Magnets

3-5T
superbend

Rotating 
coils (2)

Field Strength
Multipoles

Field Strength
Multipoles

Magnetic axis

Moving 
Wires (2)

Magneticaxis
(reference magnet)

Triplet:
Field Strength

alignment

Vibrating
Wires (2)

Magnetic
Axis(SOQ)

3D Field
Mapper

Field Strength
& Maps

(cross talk)

Field Strength
& Maps

( BE & cross talk)

Field
Strength

Maps

Integrated Field Strength Moving Wire Rotating Coil Compact Field Mapper

Uncertainty vs ref. (units) Reference <5 units ~10 units

Reliable and accurate measurement systems

1 unit= ρπ

1 unit= 0.01 % relative 
meas. field



Rot. Coils

Vibrating Wires
Moving Wires

Field Mapper

Vibrating Wires
Moving Wires

Field Mapper

Infrastructure for SLS2.0 magnets: 
Magnetic Measurement Lab 
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Seven magnetic  measurement  benches are operational  
since september  2023

Assembly  & Measurement
 & Support teams  for  SLS2.0 

in 2024 ~ 22 people



Magnetic measurements (phase 1)

One team of 4 persons

Triplet measurements and alignment
with Moving Wires
Team of 4 persons

Sextupoles &Octupoles axis measurement 
with vibrating wires
Team of 4 persons

Magnetic coupling studies with Hall  mapper
Team of 2 persons



Two challenging 
measurements

results & lessons learned

- Triplets measurements 
- Magneticcoupling 



Alignment and tuning of the triplets : a multi step process

Simulation including cross-talk (once for all)
a. Extract the nominal field integral of the stand 

alone dipolefor magnet shimming
b. Extract the horizontal & vertical field gradient 

componentsGhor, Gverand the nominal 
integrated field gradient G for stand alone quads.

Single magnet measurement and optimization 
a. Dipole field integral  (wire1) and shimming to 
ҝ.1dl=-0.5699 (Tm)

b. Nominal integrated field gradient and shimming to 
ҝGdl=7.0184 (T)and multipoles (Rotating coil)

c. Magnetic axis position of each Quad (wire 1)

Triplet assembly and alignment
1. The dipole mechanical axis (MECH) define the 

nominal axes of triplet magnets 
2. Quads are positioned on the drawer; a preliminary 

alignment is carried out on the two Quads vs. the 
nominal axes (wire 2)

3. Dipole is installed on the triplet; final tuning of the 
drawer and Quads  (wire 2)- error less than 20 mm

4. The resulting integral of the assembled triplet is 
recorded as control parameter (wire 2)

Machine specifications: max 0.2 % 
relative uncertainty of the triplet field

ciro.calzolaio@psi.ch, giuseppe.montenero@psi.ch



Integrated field strength before optimization  : 1.74 % above the machine value in average  and 
spread  of 22 units- very good manufacturing quality and efficient PM blocks sorting! 

Optimization with (0.75 -1 mm thick) shims +moderator plates successful т~1 unit level

Single magnets measured/optimized with 

the moving wire (Field Strength)

Total tuned  BN at target  value: 33 
Total BN tuned  for  VBXI/VBXO: 7

Individual measurements
Dipole optimization with moving wire

Field Integral Not Optimized 
(BN for VB)

Optimized 
(BN for VB)

Attenuation

Average -0.5823 Tm -0.5724 Tm 174 units

s (unit) 22 1.5



Individual measurements (2)
VB measurements with rotating coil (48 magnets)

Strength : 7.7 % above the target value but optimization works (shims, mod.plates ) 
Field Quality : b3 and b4 as high as expected, small skews, stable during production
Roll angles up to 1.6 mrad; large uncertainty of the mag. axis position with the Rot. Coils

Optimization of the axis position with the moving wire mandatory!

Single magnets Field Strength
optimized with the rotating coils

Field 
integral

Before 
optimization 

After 
optimization

D (average)
(meas. vs 

target)
(unit)

+ 769

s (unit) 26 <2

2 mm low C steel  shims

Axis shift of ~ 30 mm

Not enough  accurate



Triplet assembly, alignment and  Field Integral tuning

Average measurement rate today : 3 Triplets every 2 weeks 
Series measurements in Schedule : Last triplet delivered End of October 2024

Assembly, Alignment according individual meas.

Final tuning on the whole assembly

BS VB
VB

VB(X) Mag axis
Measurement (x2)

Assembly of the triplet

Triplet alignment vs. the 
nominal axes (survey group)
+ final tuning

Tuning of the triplet  strength  with  the VBs moderator  plates  (up to 0.6 %)

~7 triplets /month

Tuning based on the 3 wire  position  meas. within  0.2 %



Triplets field strength  before and after tuning

(1)

(2)

(1) : Single magnet measurements and assembly on the girder
(2) : After fine tuning with moving wire measurements on the fiducialised triplets

Without triplet  measurements : error of about 0.5 % in ᷿ ὄρὨὰȟ᷿ὋὨὰ

Measurements   on  assembled  and aligned triplet  is mandatory  ! 



Å Measuring various types of triplets reveal that each triplet is unique , making it 
imperative to follow each step of the process meticulously, especially the individual 
assessments of the Vertical Bends (VBs) in terms of field quality and axis alignment.

Å The primary bottleneck is due to the complexities involved with the VBs. The
employment of Rotating Coils (RC) and Moving Wire techniques is essential for
achievingthe target strength value and for determining the magnetic axis (initially RCas
starting point and subsequently, movingwire).

ÅÑőĲШƕƨċũŔƣǃШŸŉШƣőĲШƓŸƚŔƣŔŸŰŔŰŊШŸŉШƣőĲШ7 ШĤĲƣƽĲĲŰШƣőĲШƣƽŸШé7ƚШŔƚШĦƖƨĦŔċũШӛƚƨƖƻĲǃШŊƖŸƨƓШ
expertise for alignment

Å The computed magnetic coupling effect on the VBs strength was underestimated : 
a fine tuning process reduction up to 50 units for integrated field strengths

Å Achievable : uncertainty of 20 units in the field strength and 3 triplets every two 
weeks

Å Last Triplet  was measured in schedule:  End of October 2024

Triplet: major difficulties



Computed magnetic coupling of PM dipoles and 
quadrupoles  with next neighbors

Tuning values

for each

PM dipoles and 
Quads

Account for the 
crosstalk 
effect BUT

BHcurve, simulations

Ӂ
BHcurve, real 

magnets

Mag. coupling needs 
to be corrected

Computed coupling effect :
Attenuation of Integrated Field Strength 

ranging between 2.5-3.9 %

Scenario Magnet Magnet alone Magnet with next Attenuation

sequence (T or Tm) neighbors (T or Tm)due to coupling %

1 BEI-SXQ 0.258 0.249 3.83

2 SXQ-BEO 0.253 0.245 3.16

3 ANMI-HS2G-OS2A 11.577 11.313 2.28

4 HS2G-OS2A-ANO1-CHV 8.559 8.293 3.11

5 ANI2-HS2K-OS2E 8.427 8.221 2.44

6 HS2K-OS2E-ANO3-CHV 8.545 8.276 3.15

7 ANI4-H2SK-OS2E 8.482 8.241 2.84

8 HS2K-OS2E-ANO5-CHV 8.548 8.278 3.16

9 ANI6-OS2F-HS2L 8.496 8.253 2.86

10 OS2F-HS2L-ANO7-CHV 8.535 8.262 3.20

11 ANI8-OS2F-HS2L 8.496 8.253 2.86

12 OS2F-HS2L-ANO9-CHV 8.506 8.241 3.12

13 ANI10-OS2B-HS2H 8.466 8.230 2.79

14 OS2B-HS2H-ANMO-CHV 11.680 11.350 2.83

15 VEO-SXQ 9.897 9.723 1.76

16 SXQ-VEI 9.876 9.658 2.21

Integrated Field Strength

Experimental program till December 2024:
differences between the computed values 

and the measurements

Fine tuning of the PM field integral if needed 

(discrepancies above 20 units)

+



Coupling measurements program 
October 2023-December 24

22

VE-SXQ
BE-SXQ

ANM-SOQ-
CV

AN-SOQ-
CV

Experimental program during one year and before the closing of the 

tunnel based on selected critical magnet groups 

Statistic is performed for selected configurations based on PM type


