ience

Center for Accelerator Sc

and Eng

Si

ol

.t

Y i
i ..m-wﬂ. f
3x il W
...W..W W...ﬂ...o‘ﬁ.....‘ Wi g
e 13 .u..%-m.ﬂ. e

g Wn.u. &&nﬁﬂn A .-:_..r&..m.m.‘
R I e

i gk

. -ﬂnl . 8o
o3 .
Y. U et
el ¥4 3 e ]
Yig L i et T
ol ty g BV STES

agnets
e
urc

et
n

.
.
s %

ot
.
.

de Vi

ioli, V. van’

ICC

Coils for th

ineering

ing of Permanent M

Duda, T. Ernst, G. Montenero, R. R

Bad Zurzach, 08/10/2024

Vi

r, M

Zolle
IMMW?23

Measurement of Electromag
Upgrade of the Swiss Light So

and Tun
based on Rotating
(SLS2)

C.



Outline

4 Context
Rotating coils measurement system
Exemplary results electromagnets
Exemplary results permanent magnets

Conclusion

SLS2 magnets installed in the tunnel



Context: Upgrade of the Swiss Light Source (SLS2)

PSI

More information see
presentations of
® Increase electron beam energy from 2.4 GeV to 2.7 GeV * S.Sanfilippo
e M. Aiba
* R. Riccioli
® Maintain locations of undulator based beam lines and circumference 287.25 m e @G. Montenero
and visit of SLS2 on
Wednesday

Aim:

®* Improvement in emittance and brightness by factor 40

Resulting challenges for magnets:

® Extremely dense Multi Bend Achromat lattice arrangement with

» 888 electromagnets
* 450 permanent magnets
e 2 superconducting magnets

® Installation of all magnets in the tunnel until end of 2024

SLS2 magnets installed
in the tunnel
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Measurement system: Rotating Coils (RC)

 PCB with 5 radial coils (1 spare), each 120 turns (in
collaboration with Elettra Synchrotron Trieste)

« Shaft with hexagonal cross section
* Reference radius: 18 mm
e Active coil length: 500 mm

* Digital bucking of dipole and quadrupole field
components

i $i }'}.ﬂ%‘fﬁ'ﬁlﬁ
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Conclusion

SLS2 magnets installed in the tunnel



Specs electromagnets (EM)

S0Q = HS2F-SXQ SS2A-CH(S)/CV
HS2-A/B/G/H/K/L/M and OS2-
A/B/E[F

Subtypes 8 HS2i and 4 OS2i 2 CH(S) and 1 CV

Length / mm 230= 90 (SX) + 50 (OC) 140, 90 (SX) 105

fg—ydl/me . - 3.6
¢

B
2

Amount

Y/ T/m?

Drawing




PSI

easurement program EM:

 Some magnets: Pre-heating of magnet (cooling water, nominal current) over night

* Some magnets: Measurement of magnet position on bench with FARO or laser tracker
Some magnets: Degaussing
Measurement of Loadline (O A -> +/- nominal current -> 0 A)

* Measurement of roll angle, reference position, nominal current

Measurement of roll angle, flip position, nominal current

File  Home Insert  Pagelajout  Formulas  Data  Review View  Aulomate  Add-ins  Help  Acrobat O Comments | | 8 Share
= - -
Eﬁ fg } Calibri General - ﬂ g;‘:‘; B z %? /O @ Dlll

EE e SR = S E ] L [ I

Clipboard Font 1) Alignment N Number ~ Styles. Cells Editing Analysis Add-ins Adobe Acrobat ~
Al M % || Resultoverview -~
A A | B | c D E F | & H 1 [4]
1 [Result overview Jsis2
2 [Name of magnet.fun 0524 _id19.0C

3 |Date of measurement 231102

4 |Location of raw data ..\SLS_2.0\Electro_Magnets\Octupole\OS2A 0S2A_015\OC\RollA_LI\OS2A_019_231102_124507

5 |Referenceradius Rrefinm  Load line

6 | 0.0088

7

2 [linA Transfer Function TF (Tm/m#3/A) calculated as BAABS/Rref~3/1 Field integral G4 (Tm/m#32) calculated as BAABS/Rref*3 dx_coilMag (um) dy_coilMag (um)

9 | 1 -684.1507999 684.1507999  -6163771725  83.01669334

10| -2 -700.5945169 1401189034 6144540378 82.24580747

1| -3 -705.1140015 2115342004 -61.61280219  82.38430474

12| -4 -706.0928549 282437142 -60.25120234  83.62253086

13| ] -705.5843802 3527.521901 558602465 85.50106835

14 -4 -716.2672883 2865.069153  -58.93387924  84.37521294

15| -3 -722.3453687 2170026106 -58.42288624  85.35798973

16| -2 -731.3515706 1462703141 -62.38393926 82.63606497

17| 1 -748.3341329 7483341329 -62.94233668  82.41109457

13| 1 -681.6478125 6816478125 6153722727 82.42540487

19| 2 -700.115275. -1400.23055 6257547144 83.29829159

20| 3 -705.2673519 -2115.802056  -63.00305314  83.30266008

21| 4 -706.4410418 -2825.764167  -62.82444737 83.498738

2| 5 -705.8838483 -3529.419242  -62.65854488 84.67045386

23| a -716.3224468 -2865.289787  -62.84803872 83.66473337

24| 3 -722.4219201 -2170.26576  -61.77795306  83.61231489

25| 2 -731.4979964 -1462.995993 -60.8243397  83.70450255 L
26 1 -748.6633976 -743.6632976  -55.02895565  83.52575831

8 » OCTF-64 | OCCMP | OCbnan@5(A) | OCRoll | SQTF-G2 | SQEMP | SQbnan@5(A) | SQAxis | .. B : [«
Ready ¢ Accessibility: Good to go i




Results 82 OC with RC  PSI

Average TF [Tm2A1]

6o Average Transfer
¢ function (TF) of OC
740
¢

720 ¢

700 $ ¢

680

660

) 4
Abs. current [A]

0.073 0.068
0.072 Av. TF of NQ 0.067
0.071 _0.066

0.07 ° % 0065
0.069 o E
0.068 ? k= 0064
0.067 s ° & 0.063
0.066 $ g 0.062
0.065 < 0.061
0.064 0.06
0.063 0.059

2 4 6

Abs. Current [A]

2 4
Abs. Current [A]

Integr. Meas. c Meas. vs.
Strength Average (unit) Sim.
(T/m2) (%)
OA/OB 3530 23 +1.5
OE/OF 3531 25 +1.7
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an and bn in 10 of main field

Results 82 OC with RC

[units]

1.5

30

25 Harmonics, OC

o smallmultolevalues

15

10

5

0

®
_5 t
-10
b5 a5 b6 ab b7 a7 b8 a8 b9 a9 bl0 al0

-15

. Roll angle, OC

( }
° o .® ° ¢
® Y [ ] .... .. P ° . [ ] o o ° ° o PY ..
oo ..o ce® d o0 ] oo ° ° %o o ® ° o
o ® ) ® ® [ J ®g o !. (X -
° ° ® o °
[ ] [ ] o [ ] . °

3A 5A 9A 11A15A13A 7A 8A 28A18A20A21A24A22A30A32A 2B 6B 14B11B18B16B 3B 4B 7B 19B21B24B 2E 4E 6E 1F 3F 5F 15F13F 7F 9F 11F 19F 21F

® Roll 0S2i [mrad] ——=upper limit —|lower limit



11

an and bn in 10 of main field

Results 82 OC with RC

30
. Harmonics, OC

20

Small multipole values

15
'E' 10
-E '.
2, 5
0 RC
-5
-10
-15
1.5
. KOll angle, UL : gher)
1 ° .
0.5 ‘ :
. Py . .. ® o
; o o ° o..o [ 2P ° o ° . . o ®,
.o °® ° ® oo o ° ° . o o ., ° . o
-0.5 Py .. ee PY ° ... ® o © e © ... °e (]
° ° L °
(] (] (] ®
-1 b o ¢
[ J
-1.5

3A 5A 9A 11A15A13A 7A 8A 28A18A20A21A24A22A30A32A 2B 6B 14B11B18B16B 3B 4B 7B 19B21B24B 2E 4E 6E 1F 3F 5F 15F13F 7F 9F 11F 19F 21F

® Roll 0S2i [mrad] upper limit lower limit



12

Results 116 SX/SXQ with RC: exemplary HS2A and -B

-11
-11.2
-11.4
-11.6
-11.8

-12
-12.2
-12.4
-12.6
-12.8

TF [Tm1-A-1]

TF [Tm1-A-1]

[ [
= = N
(Oa] N (Oa]

=
[ER

TF, negative
polarity

20

Current [A]

TF, positive
polarity

10

20

30
Current [A]

40

40

50

60

60

—e—06A
—o—1A

9A
——38A
——3A
—e—8B
——4B
—e—3B

6B

—e—15A
—o—16A
—e—17A
—e—18A

13B
—eo—14B
—e—11B
—e—12B

—e—10B

—0—2A
—o—7A
—o—4A
—o—5A
—e—5B
—e—1B

*—9B

—e—2B

H2SA&H2SB
H2SG&H2SH
H2SF
H2SKL
H25M

Strength @50 A

Average (T/m) Spread (unit) Mea. vs exp.(%)

555.557
487.082
480.857
487.173
482.493

9.2
5.7
7.8
12.7
8.6

2.30
3.2
2.9
3.2
2.9
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Results 116 SX/SXQ with RC: exemplary HS2A and -B

an and bn in 10 of main field

an and bn in 10 of main field

PSI

Harmonics,

negative polarity

Harmonics,
positive polarity

Roll angle [mrad]
[ ]
[ ]
[ ]

6A 1A 9A 8A 3A 16A 18A 14B 12B 5B 1B 9B 2B
Magnet ID

® Roll HS2AB [mrad]  =——upper limit =——Ilower limit

e b_



PSI

Results 116 SX/SXQ with RC: exemplary HS2A and -B

18 H
T Harmonics,

Piow e
LW e

negative polarity

PNBNONDO®

an and bn in 10 of main field
[units]

Harmonics,

O
E . . . H '_E
£ positive polarity All other multipoles . . L.
“ " < 10 u, small spread B . ° ° o ® e o*
:5 —_ 2 £ .05 _— —
S E 5 £
: = 0 -1 ®
' 2 Roll angles below 0.5 mrad
- 4
z -1.5
c 6
2 1—8 6A 1A 9A 8A 3A 16A 18A 14B 12B 5B 1B 9B 2B
® :1(2) Magnet ID

14 b4 a4 b5 a5 b6 a6 b i

First magnet pI"OdUCGd, ® Roll HS2AB [mrad] upper limit lower limit

manufacturing corrected after
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TF in 103 Tm/A

TFin 103 Tm/A

Results 112 CH(S)/CV with RC: exemplary CH/CV

1.76
1.74
1.72

1.7
1.68
1.66
1.64
1.62

1.6
1.58
1.56
1.54

-1.02

-1.04

-1.06

-1.08

-1.1

-1.12

-1.14

-1.16

-1.18

Av. TF, CH

1 2 3 4 5
Abs lin A
1 2 3 4 5
TT—
)\F =
-—
Av. TF, CV
Abslin A

—@— TF CH (pos I)

—@—TF CH (neg )

—@—TF CV (pos I)
—@—TF CV (neg )

PSI
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Results 112 CH(S)/CV with RC: exemplary CH/CV

aandbinu

aandbinu

50

-100

-150

-200
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100
50
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-200
-250

harmonic nugnber

@Avbinu e@AvAainu

[ ]

e ° o o
2 3 6 7 8 9
e

Harmonics,

* CV

harmonic number

eAvbinu e@Avainu

roll angle /mrad

O. 50 180 150
® ®
® % *°° o
X Ak .
) 7Y ®
® 0.\: o ©
—— OB B
° °
®
magnet ID

® CH (CH-CV Series)

T T e @ T T T T e
L
o ® oo ° °
() ° (S ‘ '.. .
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® o0 oo
® o e o
°
® ®
0 20 40 60 80 100 120
magnet ID

® CV (CH-CV series)



Results 112 CH(S)/CV with RC: exemplary CH/CV

PSI

50
0 e ® & o o o o o —_—
O 1 2 3 4 5 6 7 8 9 10 . '
5 -50 Multipoles as
= sextupole ~200 units
2 _100 expected
& o
o -150 .
Harmonics,
-200 .
CH
-250 ) : )
armonic nuyber Roll angles between +
100 0 1.2
50 » 02 04 50 180 150 . .
o e ©
_ 0 e ° o o o 504 .".0.00 ¢ . T 03 (N
£ a0 1 2 3 4 5 6 7 8 9 10 E o o £ e o o
5 0 Pl due 4 50'6.*""' & .
2 -100 s c-08 ©® o o 2 0.4 e o o
® © - ;: c ® o0 oo
- s e} 1 =
o Harmonics, e . . 5 0.2 ® o 4 4
-200 ’ cV -1.2 4 0 e o o
2250 1.4 0a 0 20 40 60 80 100 120
harmonic number magnet ID ' magnet ID

eAvbinu e@Avainu ® CH (CH-CV Series) ® CV (CH-CV series)
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SLS2 magnets installed in the tunnel



Specs permanent magnets (PM)

Name AN (QS2D) ANM (QS2C) VE (QS2K)

Subtypes 10 2 2
Length / mm 140 150 240

Field/ T +0.26947 +0.27246 -0.65495
Gradient/ T/m -77.6562 -82.8733 +45.7648

Amount 120 (10x12) 24 (12+12) 24 (12+12)

Drawing
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Measurement program PM

* Pre-warming of magnets for 3 days in building, 1 night in hutch
 Mechanical preparation of magnets

PSI
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Measurement program PM

RC measurement with moderator plates at 0-position
RC measurement with shims




Measurement program PM

* Tuning of magnet (closing moderator plates) to target value +/- 3 u (10 types)
* RC measurement of harmonics, magnetic axis and roll angle in reference position

-300

22

0 ®eq
@ 20 40 60
A Y
.\
—~ .50
(¥a]
= Q ® Data
c \
3 .\ - — Fit
Z 100 \
E \
o ®
2 150 .
(@] \
c o
° \
S -200 \
S \
c
S ®
] \
<C -250 .
\

Moderator plates position (mm)

Magnet Type (AN
label)

ANO1
ANI2
ANO3
ANI4
ANO5
ANI6
ANO7
ANI8
ANOS9
ANI10

B2_Nominal

(T)
-11.43486087
-11.26424458
-11.41488081
-11.33068781

-11.4197839
-11.35074981
-11.40144712

-11.348197
-11.36359016
-11.31130482

PSI

Shim
(mm)

NO
4.5
NO
2.5
NO
2
NO
2
2
2.5
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Measurement program PM

« Measurement of magnet position on bench with
AT500 laser tracker
— Level laser w.r.t. gravity
— Adjust measurement template in Spatial Analyzer
— Align instrument -> Measure the fiducial of the
bench -> check RMS < 10 um compared to
reference magnet measurement
—Measure magnet fiducials
— Measure base plate fiducials -> check AVG Mag <
10 um and Max Mag < 15 um compared to
reference magnet measurement

PSI
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Measurement program PM

 RC Measurement of roll angle, flip position

e Perform axis transfer compared to moving wire measurement

* Export fiducialization file
* Upload information on inventory database

Datei Bearbeiten Format Ansicht  Hilfe

ﬁd, -256.882435, ©868.333685, 234.365395
Al, 256.809179, ©&eB.387674, 34.367477
A2, 256.818682, Bo0.322908, -33.648729
A3, -256.0882286, 868.348692, -33.644511

Wire_Wsb, -0.844485, 462.314598, 488.428060

Leile 1, Spalte 1 100%  Windows (CELF) UTF-8

j 20240131_AMNO34(ANIZ)_Fiducailization bt - Editor — [

Wire Ws1l, -0.814891, 462.282774, -399.691849

#Magnet Roll to be corrected (rad): -9.88633E-086

PSI

I BO WY A0 | Y {
: ASCll Import | Best-Fit | Gruppenmanager... | CAD | Inspect | Insg

SA TreeBar Q

4 T 20240131_AN30_REF_ Arc10_Event2
4 75Point Groups
£2+20240124_TG_REF t«t
£2+20240131_AN30_FIDs_AxT_Arc10_Event2.txt
&+/20240131_AN_RC_FIDs_AxT_Arc10_Event2txt
4 5+ 20240131_AN30_MagAx_AxT_Arc10_Event2td
4 -+ Wire_Ws1
@ -0.0328 462.3721 -399.6918
4 + Wire_Ws6
@ -0.0624 4624039 400.4201
/. Frames
4 [ 20240202_AN001(ANO1)
R Instruments
4 75iPoint Groups
&+ LocatelnstMeas1
&+ AN0OO1_Fids
220240202_RC_AN_fids
4 & ANOO1_Axis
4 + Wire_Ws1
@ 0.0740 462.3635-359.6918
4 + Wire_Ws6
® 0.0444 462.3553 400.4201
/Vector Groups
™ Events
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Results PM, exemplary for AN

-11.6

-11.62

-11.64
-

)

-11.66

-11.68

B2/Rref (

-11.7

-11.72

-11.74

Bz/RRef'
before tuning

20 40 60 80 100
Magnet ID

® B2/Rref (T) ——Average

an and bn in 10-4 of main field

[units]

-10

-15

Harmonics

...*...’.....

*.

b3 a3 b4 a4 b5 a5 b6 a6 b7 a7 b8 a8 b9 a9 b10all



Conclusion

4 Rotating coils have proved to be the «working horse» for the SLS2 magnetic measurements
4 Successful series measurement with this RC system of
+ Electromagnets:
» 116 Sextupoles (8 types)
+» 82 combined-function Octupoles (with Normal Quad and Skew Quad) (4 types)
» 112 steerers (i.e. 112 CH(S)+112 CV)
» 55 QP+53 QPH magnets (presented during last IMMW)
+» Permanent magnets:
+» 120 AN (10 types)
» 24 ANM (2 types)
» 24 VE (2 types)

26

PSI
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Results 116 SX/SXQ with RC: harmonics

an and bn in 10 of main field [units] an and bn in 10 of main field [units)
& -

an and bn in 10 of main field [units]

N
o

b4

b4

Average an and bn values for HS2AB magnets serie

a4

b5

a5

b6

a6

b7

a7

b8

a8

b9

Average an and bn values for HS2GH magnets serie

Average an and bn values for HS2F magnets serie
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L
a3 bl0 al0
o
* L]

a9 bl0 al0

an and bn in 10 of main field [units]

an and bn in 10 of main field [units]

-10
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b4

Average an and bn values for HS2M magnets serie

b4

Average an and bn values for HS2KL magnets serie
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Transfer function 1A - 5A - —5A - —1Awith3 o

1.76
1.74
1.72

1.7
1.68
1.66
1.64
1.62

1.6
1.58
1.56
1.54

TF in 103 Tm/A

TF in 103 Tm/A
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CH (CH-CV series)

I

a/

—@— TF CH (pos I)

3 4
Abs lin A

— @ -TFCH (negl)

CHS (CHS-CV series)

—@— TF CHS (pos |)

V\

3 4
Abs lin A

— @ =TFCHS (negl)

(]

TFin 103 Tm/A

PSI

CV (CH-CV series)

=l
-1.02 0
-1.04
-1.06
-1.08
-1.1
=AL.112
-1.14
-1.16
-1.18

TFin 103 Tm/A
=
[N

Abs lin A

—@— TFCV (posl) =— @ =TFCV (negl)

CV (CHS-CV series)

Abs lin A

—@— TFCV (posl) = @ =TFCV(negl)
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Average harmonics at 5 A with min and max
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Roll angleat 5 A PSI

) CH (CH-CV Series)
CH (CH-CV Series)
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Measurement system: Rotating Coils (RC)

 PCB with 5 radial coils (1 spare), each 120 turns (in
collaboration with Elettra Synchrotron Trieste)

e Reference radius: 18 mm
* Active coil length: 500 mm

* Digital bucking of dipole and quadrupole field
components

» Shaft with hexagonal cross section

Beam
entrance

Maxon

motor
PSI Center for Accelerator Science and Engineering 07.10.2024
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