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The SLS 2.0 Upgrade: Impressions PSI

SLS key flgures today
Circumference, Energy: 288 m, 2.7 GeV
400 mA, lifetime ~12h
Injection every 5 min for 20 s
PX lll focus size before and after the SLS 2.0 upgrade

SLS 1: 137 x 21 um FWHM

SLS 2.0: 23 x 21 um FWHM
03.10.2023 03.09.2024
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The SLS 2.0 Upgrade:
Brilliance Comparison SLS

Brilliance (ph/sec/mm2/mrad2/0.1%bw)
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The SLS 2.0 Upgrade:
Soft & Hard X-ray Undulator Upgrade

Soft X-ray ‘o

PSI

Hard X-ray

» 2x UE36kn (APPLE-X knot, 2 m each) d * 1xU15 (planar, 2 modules, 1 m)

* 1x UE38 (APPLE-X, 2 m) ey * 4xU17 (planar, 6 modules, 3 m each)
* 1x UE38kn (APPLE-IIl knot, 4 m)  IXxHTSU10 (planar, HTS Bulks, 1 m)

* 1x UE9SOkn (APPLE-IIl knot, 4 m)

23, M. Tis

DESY

IPAC’26: THP2158 IPAC’26: THP2159
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y PSI

The
APPLE-X knot

Undulator

o Undulator & Magnet Design
o Shimming Strategy & Results
o Magnetic Characterization
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APPLE-X knot Undulator

Advanced Planar Polarized Light Emitting (APPLE)

Undulator

Modified PSI SwissFEL APPLE-X undulator (2, [3]

5-axis camshaft movers

Cast iron main support frame
Wedge-driven radial gap shift
Pneumatic brakes, lead shields
Motors with integrated controls

Vacuum chamber (¢ Eu-XFEL):
extruded Al, water-cooled, round

<> almost on-axis injection (!)

e | M /A

XFEL PRECISION EXTRUSION PRODUCTS
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[2] T. Schmidt and M. Calvi, “APPLE X Undulator for the Swiss-FEL Soft X-ray Beamline Athos”, in SRN, vol. 31, 3, 2018

[3]1S.C. Richter, et al., “First magnetic experience with APPLE X knot undulators for SLS 2.0”, Proc. IPAC2025
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APPLE-X knot Undulator

Manufacturing

* Demanding tolerances for thin magnets
(£4.5mm, e.g., end-fields)

* Amount/Cost: 4x8 = 32 magnets / A,
 Material: NdFeBwith B,=1.31T

((((((((((((((

Measurements and Optimization

* Electrical driving system
BECKHOFF

* 3-axes Senis Hall probe

* Laser guiding rails
* Screwdriving Robots

* Shimming w.r.t. local k;
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APPLE-X knot Undulator — why knot?

X' (mrad)
-0.5
0.0
W) [ E3gkn |1

/"'L\ Pee =175 W]

+ Symmetry of the APPLE-X with round beam pipe kn & knot
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y (mrad)

APPLE-X knot Undulator: Magnet Design

y PSI

Issue: heat load on beamlines’ optics A= 36 mm = 1.5}, =54 mm

- 2 60 % reduction by adapting a knot (kn) scheme (4, (5] , ML 20, 3h,
* Undulator period A, is combined with 1.5A, € >
* PSIAPPLE-X knot: varied scaling factor* for 1.5, *tan(30°) ~ 0.58 _ _
+ adjustment ofsmgle angles NEENNZENDE RN RN RSN
1.07 e = =
SN SN 227N e PSIN 2 2SN [N
_ o9 P beam
1.0f °'1°N; E 0.0l Iyp:gfgg: E;gg; Type D: 30° (150°, 210°, 330°)
008 & > ype =: Type E: 60° (120°, 240°, 300°)
0.5 g _osl Type C: 45° (135°, 225° 315) (3]
ool "2 The PSI knot ‘o | - P
004 & 1y T SF\U LH — By
g 0.5} J ]
0.
-1.0k n n = S
210 -05 00 o .0 e ol B ~
" i x (mrad) i 1 \E/ 00r _2' 4 « E 0.0 ‘4* ‘ I ’ N '! H U
. MIH{ {l
e orbit '
%0 05 00 05 100 -05 00 05 10 T em)” T ol
x(mrad) x(mrad) 05 1.0 15 2.0
[4]1S. Sasaki, A. Miyamomo, S. Qiao, “Design study of Knot-APPLE undulator for PES-beamline at SSRF”, Proc. PAC2013 Longitudinal position (m)

[5]1F. Ji, et al., “Design and performance of the APPLE-Knot undulator”, in Journal of Synchrotron Radiation, vol. 22, 4, 2015
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APPLE-X knot Undulator: Magnet Design
Photon Spectra Calculation

@20 m, linear horizontal (H1, LH, SLS2.0)

* More peaks than usual —— UE44

* Superposition of two A, | UE38
e “Sub-harmonics” — UE38kn

- Potential: |
Access to lower/higher
energies with the same harmonic

3x10'5

wn
X

-
o

- Interesting:
Usable polarization
of sub-harmonic

Flux (ph/s/0.1%B.W.)
o !
X
S

1.5x10%5}

 Noreal higher harmonics

* j.e., notusable mﬁ M /\ )
. | Wl JJ_J LJL/\\_L ,..Jj/ L/ AJL/LL/L’&*/)\/\_\O\QX

e Polarizations = 98.5 %

1 1 1 1
500 1000 1500 2000
Energy (eV)

Comparison for a 4m-long APPLE-X undulator
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APPLE-X knot Undulator: Optimization @ Ps
Defining K
Ay B . )\u K
K o )\—2—72<1‘|—7>
Doing justice to the superperiod of 3A, :
100 N i | ' . —By
: — Bx] _1 623>\u2/ 20 N\ g
05| HH , l ‘H ‘H 3)\_2—’Y2[3)\u+(%) /0 ([ (2) + (%)) dz
= 00 ‘( ," L | | | o r " with I, (2) = /_z By (2)dz
- T HH‘HIHH\HW s
j € 2 3)\u / / /
1.0/ : h= ’mc\/S)\u 0 [(2) + [(=1)dz
_ 0.5 1.0 15 2.0 _
Longitudinal position (m)
13 Sebastian C. Richter — Paul Scherrer Institute PSI: ID26 [6] M. Calvi, S.C. Richter, Magnetic Assessment of 15.05.26

a Knot Apple X Undulator, PSI Internal Report, 2024



APPLE-X knot Undulator: Optimization
Defining K

D Psl

2') + I2(2')dz

e 2 [
- I2
mc \/SAU /0 2

Longitudinal posmon (m)
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1500+ calculation
S 1000;
L
LLIQ.
500}
. ° monochromator calibrated |
o . at401.1eV (07.11.2025)

10 15 20 25 30

Courtesy of A. Kleibert
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APPLE-X knot Undulator: Optimization

§ PSI

Goals:
* Making the field as uniform as possible
= Minimizing the phase error
e Reducing kicks to the beam

6 shimming knobs per superperiod A = 34,
* Each moves a pack of 4 magnets
* Different ”fingerprints”
* um-precise adjustment

Keeper BR

W [N AKX R 3| A AR (SN | X

% % % % L g

2 3 4 5 6
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APPLE-X knot Undulator: Optimization

* g % *
“Decoupling” of the axes for simplified reference frame 1 2 3 4 5 6

coordinate system transformation
of a -45 ° rotation around z (x 2 +)

The (n, ¢)-B-fields:

3A, 0 A 2, 3A,

0.6} 0.6}

0.4 0.45

x k6 b
0.2}, _0.2p: k4
0.0" S o0

B, (T)

. N M I. [l
o 2:_ |I :
0.2} 0.2 " k3
-0.4; 0.4 L K1

-0.6¢ -0.6¢

0 Au 2/\U 3AU

Longitudinal position (m)

Longltudlnal position (m)

14 mm gap
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APPLE-X knot Undulator: Optimization

Methodology of local k; analysis

Ideal calculated values

|
kol
Jka/ky|
e/l
Jks/Ks|
Jke/Ky|

N

0.782
0.593
0.589
0.721
0.941

mean values

8.189
-6.410
4.857
-4.822
5.902
-7.709
0.0

4

0.782
0.593
0.589
0.721
0.941

-8.189
6.410
-4.856
4.821
-5.901
7.708
0.0

17

A WA | AT AKX X [ 3| A ALK (W [ X
b o 3 ¥ )3 ¥ %

0.6

-0.2
-0.4f
-0.6

&
%ﬁ Exp. measured values. % °
i n 4
Iky/Ki | 0.778 0.777
Ika/K| 0.589 0.588
|K4/Kq| 0.583 0.581
Ike/K| 0.715 0.714
Ikg/Ki | 0.943 0.941
0 A, 2, 3, 0 A 20, 3,
; o 0.6
A4r R 0.41"
8.2% ﬂ A A RS o.2§\‘-‘ ka © 2
S o0t H "-.‘f S 00 % 4
ke ] -0.4f ki
- | | R _0.6 | | | |
0 24, 3, 0 A 2, 3,
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APPLE-X knot Undulator: Optimization

(n, ¢)- Shimming the knobs n:

Six different knobs per
superperiod A = 3A:

e 4“good”
n:3,4,5,and 6
:1,2,3,and 6

e 2%“bad”
n: 1and?2
(:4and 5

6B, (mT/um)

¢ (um/um)

0.15
0.10- 1 5
0.05/ /p\ j%xg
0.00|
~0.05: \// \\/ \//
~0.10- 4
S0 0 0.15 0.20 0.25
n: Longitudinal position (mm)
of ]
1
T
0 )
-1l
o 4
0.10 0.15 0.20 0.25

18 Sebastian C. Richter — Paul Scherrer Institute PSI: ID26

n: Longitudinal position (m)

6B, (MT/um)

n (um/um)

A [l | NPT AKX (R0 | | A ALK (W [ X
% % b g
1 2 3 4 5 6
0.15
5
0.10r 1
= N A AL
0.00 : = \/
-0.05¢ \/ X /
-0.10¢ 4
-0
0.10 0.15 0.20 0.25
{: Longitudinal position (mm)
2 1 5
10 //,______
g &
-1k —_— 1
4
—2F
0.10 0.15 0.20 0.25

{: Longitudinal position (m)
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APPLE-X knot Undulator: Optimization

Coupling Matrices can be created for a superperiod
and then upscaled to the entire undulator:

* Influence on the two nearest neighbours
* Persuperperiod within the (n,{)-frames

o Adk;: k; variation (vector)

» Adknob;: knob height variation (vector)

mTxmm/pm
1_
6_
7_
2
181 L L :
1 67 1213 18
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mT xmm/pm mTxmm/pym
1 1+
0.6
6f 6r
7t 70
0.4
0.2
12f 12+
13f 13¢ o.
18} » . . 18] N N ‘
1 67 1213 18 1 67 1213 18
(M.
0.15
0.10f 1 5
T 0.5 m /\
=
't 0.00 \/ —
[
8 -0.05} \/ W
-0.10} 4 6
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0.10 0.15 0.20 0.25
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APPLE-X knot Undulator: Optimization PSI
mT xmm/pm mTxmm/pym
Coupling Matrices can be created for a superperiod b 1
and then upscaled to the entire undulator: .
L 6, )
* Influence on the two nearest neighbours 7 7
* Persuperperiod within the (n,{)-frames
- 12f 121
o Adk;: k; variation (vector) 137 | 13} 0
 Adknob;: knob height variation (vector)
181 18+
. _ 1 67 1213 18 : 67 1213 18
Inversing M,0)
(memm/um)'1 (mTxmm/um)™" (mTxmm/um)™"
1+ 1F 1
6r 6r 6r .h. 2
Tr Tr T+ )
A]ﬂ]Obl — X Akl i
12+ 12+ 12+
131 13+ h- 13+ -2
187‘ N L : 187‘ . L . 187‘ . o :
1 67 1213 18 1 67 1213 18 1 67 1213 18
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APPLE-X knot Undulator: Optimization

Coupling Matrices

mT xmm/um

1+ I. )
||
6 [ |
7 |
||
— = (
12
13 ..
||
||
18 B . —/
N
[ |
.I
|
[ |
n—= B
||
|
1 1 1 1 I\ 1
1 67 1213 18
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(n,Q)

n 0.6
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APPLE-X knot Undulator: Optimization
Shimming Example (63 to 69)

PSI

Local K corrections 400 _ LocalKcorrections
400_ ' ' ' ' ' ' ' ' ' ' ' = 300,
I = 200}
—~ 300¢ g 100
5 200! n P
N - ? f £ 100
(7)) I o 1 )
'5 : a 1 & _200!
L L -
'CI-J 100 ' i ; ~309, 64 66 68 70
— : i Knob number (&)
-S) 0 - il a , - 400 ch;(c):aln}zl?or?;ctions
) i o o .
i - - o ] E 300t
© —100:- | I = 200,
(@) i il é 100¢
Q -200¢ % 0
300. ,, |
62 64 66 68 70 ~20%
-300 ‘ ‘ ‘
62 64 66 68 70
Knob number (&) Knob number ()
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APPLE-X knot Undulator: Optimization
Shimming Example Groups  LocaiKoorectons

' PSI

400}
E .
Local K corrections 2 200
= Ll o oo o o [
_I T T T T T T T T T T T T T T T T T T T T g 0 8] % Dﬂamuumq, q::;_num “,h;,m"hu “D‘E
2 ! g I
400¢ = i %-200— I -
~~ i 5
S n n ] ~ 400/
= 200- @ i a 0 20 40 60 80 100
» oo 9 og o o 400} ]
M - o o oo a a 1 —
(@) oo o ! Duu i P § 1
| - oo o o o oo oa o ﬂﬂsnnu ~ 200t
E o B u"'un 8 oy o o a 17| alfatddt 4
Or S & e @g Rl Tea L IRRRRN it L . CGEUT & S i g ol o] AE
E da| oo ogl ga I Bg g oo oy B oo :ﬂn a nuﬂn B | = 0 1] | s i 1%
(@] a o . l:'|:| a :- '% e -
o _ s o B 8 o | 2 o _ < 2000 |,
.C i a o I nﬂ a o | °
o —200 Ll . | I _ 400/
C_g_ 4000 20 40 60 80 100]
I - .
—-400; I = 200/
_1 . . . I . . . I A L A I L L L I L L . I g IR i “uu"um S
S ol Llarlaltiisee oo o 1T R Y A AT
0 20 40 60 80 100 £ H[ K [ R
S !
< _g00 , °
Knob number (H) 2 g
~400]
0 20 40 60 80 100

Knob number (&)
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APPLE-X knot Undulator: Optimization
Trajectories in x-y and n-¢

 PSI

60 T T T T T T T T T T T T T T T T T T T T T y T T T 60 T
| Manual shimming of knobs
40+ ] 401
— [ 1 €
S L 3
2 20 -
X [ X
= [ z
L o z
5 I a3
o) : o]
‘20f
-80
40} 40! z(m)
— [ €
IS L 3
= 20f o 20|
T =
5 0 r o
= [ e
o) : o]
‘20f -20r
—607}::::}::::}::::}::::}:::: —BOF e e
0.0 0.5 1.0 1.5 2.0 p.0 0.5 1.0 1.5 2.0
40} z (m) ] a0l z(m)
E | ] g
2> 20+ 1 . . o 20F 1
z . Decreased orbits and kicks ¢
L W’T’ I
5 07 RYA/ANA- AR B ol ] g 0
© 1 j IS
-20¢ 1 -20+
_407\‘“‘\““\““\““\““7 40— e e e
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
z(m) z(m)
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APPLE-X knot Undulator:
Magnetic Characterization

 Main Field: Qualitative agreement (here: B,)

* KnotField: Very sensitive to roll angles (here: B,)
* Negligible deviations detected

- IDs deliver the defined output (flux, polarization)

Measurement Calculation
1.0}
0.5f
1l i "‘|’ et = 0.0 | ‘l | _ W{‘““1 i ‘! SIS
A ® (1t IR
‘ “\"\,‘\; | u‘;\r“‘\‘ |
| (T -0.5) T Il
_ -1.0f
0.0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Longitudinal position (m) 11.5mm gap Longitudinal position (m)
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APPLE-X knot Undulator:
Magnetic Characterization

Measuremen t Results UE36kn @ 11.5 mm gap

,HH)HlllIHHHHHHHHllHHtHUHHH

: vrwmxmuwwmww

‘ A AAA AN
‘rl\v \!v IH’\’ ‘Y\U
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Summary
& Outlook

27

Sebastian C. Richter — Paul Scherrer Institute PSI: ID26

15.05.26



PSI

Summary & Outlook

* SLS 2.0 commissioning is going well — exciting new IDs!

* Acomplex APPLE-X knot magnet scheme was realized
* First automated shimming demonstrated
* Performance according to calculations
* Conventional polarization modes perform well
* On-axis power reduction of over 65 %

* Measurements and first operations look promising

Upcoming work:
* Polarization purity and on-axis power measurements
* Beamline optics alignment, then user operation (mid 2026)
* Two more IDs are planned: APPLE-IIl knot
* Incl. force compensation magnets: ~ 54 magnets / A,

Bring on the e heam! 15.06.26
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Appendix: UE36kn Main Parameters § PSI

Parameter Value Unit

Magnet material Nd,Fe 4B

Period length A, 36 mm
Super period 34, 108 mm
max. B 1 T
max. K 3.6

Min. gap 1L mm
Hor./vert. slit 3 mm
Electron energy 2.7 GeV
Photon energy 260 to 1800 eV
Magnetic length 1.836 m
Module length 2.25 m

Number of periods ot |
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Appendix: APPLE-X knot Undulator: Optimization PSI

Shimming Example (1051 to 1053)

Local K corrections 400, ocalKeomections
A00 ‘ )
| = 200/
— 300_ lg 100¢
— 200 2 o0
n i o _ ©
’6 I 7 ; Q _200r
£ 100¢ ] Qg
()] I ] 1048 1049 1050 1051 1052 1053 1054 1055
E i o o 1 Knob number (1.1)
9) 0_— o 1 400 | | LocaI‘K correFtlons
q) I a
L - = 3007}
Q _100; o | : ‘3" 200t
O I a g 100¢
S _200/ £
300. ,, 5
1048 1049 1050 (1051 1052 1053, 1054 1055 "0
-300 : : : ‘ : :
48 49 50 51 52 53 54 55
KnOb number (n) Knob number ()

32 Sebastian C. Richter — Paul Scherrer Institute PSI: ID26 15.05.26



/; e Circumference 288 m

Appendix: The SLS 2.0 Upgrade

PSI

f M& Circumference 288 m
ff}f’ e Straights: | gn%% Straights: %
é’{ 3% long, 3 medium, 6 short i 3x long, 3x medium, 6% short [
. 4 ]
' * totalstraight length ~80 m g I total straight length ~80 m
R . * Beamcurrent 400 mA { § Beam current 400 mA
§i \ e Emittance 5500 pm / ;
3 i Emittance 157 pm
%,%\\ e Beam energy 2.41 GeV géf P
"'»\*»\ ) Beam Energy 2.7 GeV
\\'\ &, :
N ‘;f «a
%; A VA . I
%?‘ "x AR G
"’e‘, s g & 8 §
g, Say g & % £
ey P W Sy, o 8
% Nt e e g e — AT - ‘A& %M-m -
33 %"'mmm——umuw"‘w - %m;w;/ 15.05.26
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Appendix: The SLS 2.0 Upgrade
Key Figures

* No change in the injector and booster synchrotron

* AlLRFinthe first half of the long straights, allowing 2 more beamlines
* close to on-axis injection = small pole width, and APPLE X
e 12-fold symmetry by additional duplets and triplets
* Tightand highlyfilledarcs S SSRENEEER

* Permanent magnets (PM)
 7BA + antibends

peryear:
-35% power consumption
24 GWh — 15.5 GWh
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Appendix: SLS 2.0 Beamlines

| Pillar 15 |

short Straight 12
(cSAXS)
medium Straight 11
(SIM)
rt-Superbend
(superXAS)
short Straight 10

(PX1)

Main Entrance
Pillar 60

long Straight 09
(XIL + PEARL)

(microXAS)

short Straight 08

normal bend
(Pollux / nanoXAS)

35

medium Straight 07
(Xtreme/Phoenix)

|
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rt-Superbend

(PX 1)

BRTL

Pillar 45

long Straight 01
(Injection)

sc-Superbend (Debye)

short Straight 02
(i-TOMCAT)

sc-Superbend
(s-TOMCAT)

12 fold symmetry due
to dubletts and tripletts

medium
Straight 03
(RIXS)

Betafunctions [m]
e
ocrNLBOOYBWEF

short
Straight 04
(MS)

normal bend
(VUV)

long Straight 05
(QUEST)

normal bend
(optics / diagnostics)

(PX 1)

short Straight 06

Betafunctions [m]

| — —

PSI

18 -
16 -
144

12 -

Betafunctions (m]

onw e
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