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FEL-II Endstation Layout
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SES Overview
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SES Overview
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Vacuum
Unit: mbar

beamline beamline beamline
SES-KB shutter+ m_imager12 SES-WFD to SES-PAM +
SES-KB to shutter m_imager12 to SES-TAP SES-TAP | | SES WFD SES-PEM SES-PEM || Beamstop2
1.4E-9 1.3E-9 2.0E-8 - - baking 3.0E-9 -
---------------- L Z0es
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Controlled by Beamline

Dual interlock

Controlled by SES endstation




SES Overview

B Lower table: fs laser system
B Top table: High power sub-ps laser system & Test laser
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SES Overall Progress

SES has moved from installation into integrated commissioning

June-July August Early September End-September
® ® ® ®
TAP bakeout leted
areoL compiete First ARPES band structure SES experimental section PEM vacuum chambers have

NEG pumps activated
main-chamber bakeout

been installed.

from low-temperature tests fully connected under _
main-chamber bakeout

vacuum

reached 2 x 10-"9mbar reached 3 x 10~ ° mbar

A CCVCRRRRVCCYRRRRRYEELS ST

L Bealinebonnetion ) )
TAP commissioning between SES-KB and TAP PEM integration
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SES TAP Progress (April)

o

A,

o

2026.Q1 2026.Q2 2026.Q3
v TAP motion control v' System bakeout
v Interlock system v ARPES test with lasers 2026.10
ETA of XFEL beam
SHINE

Set up pump-probe lasers
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SES TAP Progress (October)
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2026.Q1 2026.Q2 2026.Q3
v" TAP motion control v' System bakeout
v Interlock system v' ARPES test with lasers 2026.10
ETA of XFEL beam
S H I h! E = Set up pump-probe lasers
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SES PEM Progress (April)

% 10400 mm
1

2+ Il

["Laserand X-

9000 mm

2026.Q1 2026.Q2 2026.Q3 2026.Q4

v' Components arrive v' System installation

v" POs for components out
2026.10

ETA of XFEL beam

!
S H I h. E =  System test



SES PEM Progress (October)

% 10400 mm
1

& |

["Laserand X-

9000 mm

2026.Q3 2026.Q4

2026.Q1 2026.Q2

v" POs for components out v' Components arrive v' System installation
2026.10

ETA of XFEL beam

S H I h! E =  System test



SES Commissioning: Rep-rate ~ 10Hz

Day 1:

> Spot size and focal position at the sample.

» Photon-energy calibration across 0.2-3 keV.

» Photon resolution / bandwidth test.

Day 2:

» Flux and transmission measurement vs energy.

> Detector linearity / MCP-analyzer response / dead-time checks.

> Damage threshold / charging threshold / drift tests.

> Pulse-to-pulse normalization workflow using gas monitor / intensity monitor signals.
Day 3:

» Space-charge test: linewidth and Fermi-edge broadening vs pulse energy.
» Timing-jitter characterization between pump laser and XFEL.

» Pump-probe timing scan on a benchmark sample with a large response.

SHINE



SES Commissioning: Rep-rate 2 100KHz (Laser or Seeding mode)

Test on benchmark sample to
Determination of temporal, momentum and energy resolution
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SES Commissioning: Rep-rate 2 100KHz (Laser or Seeding mode)

Test on benchmark sample to
Determination of temporal, momentum and energy resolution

Ultrafast Charge Ordering Dynamics
Charge ordering dynamics TbTe, Charge ordering dynamics 1T-TiSe,
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S H I h.l. E fz &Cg)miﬁ, et. al., Science , 321, 1649 T. Rohwer, et.al., Nature, 471, 490 (2011)




SES Commissioning: Rep-rate 2 100KHz (Laser or Seeding mode)

SHINE

Floquet Physics
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Y. Wang, et. al., Science, 342, 453 (2013)
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SES Commissioning: Rep-rate 2 100KHz (Laser or Seeding mode)

Ultra-fast Topological Phase Transition (TPT)

Pb,.,Sn,Te

Trivial Mechanical Strain

t= 7 t= 7

Strain induced Xc=0.4 Nontrivial

Trivial
(111) Strain i
Fu & Kane, Phys. Rev. B 76, 045302 ¢
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SES Commissioning: Rep-rate 2 100KHz (Laser or Seeding mode)

Transient superconductivity

La, g75EUq 28T 125CU0,
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AMO Overview

Momentum imaging of ions and electrons

Super sonic gas jet

'
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| COLTRIMS

Super sonic gas jet

2N e EL R
MBS: magnetic
bottle spectrometer

Experimental

parameters:
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Energy range: 0.2~3 keV
Beam spot size: <10 um
Pulse duration: 10 ~ 150 fs
Repetition rate: 100 kHz
Pulse energy: 10-300 ulJ

Wavelength: 266-3000 nm

Repetition rate: 100 kHz

Spot size: <100 um

Pulse energy: >100 ul
@fundamental

Pulse duration: 30 ~ 150 fs

Jitter: <40 fs

diagnostic tools:

Beam position monitor: Imager
Foci : imager & WFS

Pulse flux: GMD/Hamps
Photon energy: PES
Pump-probe jitter: PAM 22



AMO Laytout for the 1st beam
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AMO Current status (COLTRIMS)

lon-TOF spectrometer installed @COLTRIMS chambe
Gas needle — 3P\ @Y 3

P HAlre - L TERY Imager after 214 focus
- Differential stage

- Paw



AMO Current status (MBS)

SHINE
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AMO FEL Parameters for testing period SHINE

¢ N\
FEL Parameters TO +5 rr;rc?nths +10 rz(c))nths
FEL MODE SASE SASE SASE
Photon energy (eV) 240 100~1000 100~1000
wavelength (nm) 6.2 6.2,3.1 6.2~3.1
pulse width (fs) ~100 <100 <100
Repetition rate (Hz) 10 10k 100k
Pulse energy (uJ) =10 =10 =30
Pump-probe jitter / <50 <30
Trigger Yes Yes Yes
Bunch ID Yes Yes Yes
- y,

Based on the photon energy, the testing will be focus on Kr TOF measurement



AMO Test plan

With 4-5 days, test the spectrometer with bunchID, Time 0 and obtain intensity

dependent Ar TOF measurement 1 ¢

Ar2+

1.0

Signal intensity (arb. units)
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0 1E-4 ¢
10000 15000 20000 25000 S T
Time-of-flights (ns) 0.002 0.01 0.05
Peak fluence (uJ/pm?)
f
SH I h"E Phys. Rev. Research 7,033174 (2025) 27/




AMO Test plan

Day 1:
Day 2 :
Day 3:
Day 4 :
Day 5:

SHINE

Align the XFEL beam with imagers and get the timing sequence
Test of the triggering time zero and get ion-TOF spectrum on-line

Accumulate Data & Analyze Data along with GMD data with the same bunch ID.
Accumulate Data .

Accumulate Data .

288



AMO FEL Parameter for commissioning

> il i
FEL Parameters TO i +5 rr;rc?nths +10 rz(c))nths\
FEL MODE SASE SASE SASE
Photon energy (eV) 200 100~1000 100~1000
wavelength (nm) 6.2 6.2,3.1 6.2~3.1
pulse width (fs) ~100 <100 <100
Repetition rate (Hz) 10 10k 100k
Pulse energy (uJ) =10 =10 =30
Pump-probe jitter / <50 <30
Trigger Yes Yes Yes
Bunch ID Yes \ Yes Yes /
e g

SHINE

23



AMO Commissioning

Molecular frame photoelectron angular distribution measurement

(a) %

(@) | w1t | | O s | | ©° (14 s
LIPS P
O
XFEL , e[| , [-o0| , | -0
Photon energy 400-1000 eV KER=36eV R226au. KER=34eV R-246au. KER=32eV R-271au.
- d A ! LY 7
Pulse duration | ~100 fs @ t168s | | © G
Rep. rate ~10 kHz KM /ﬁ.
Pulse energy 210 wJ A * -
-0=0- ~0—0~

£ b £ A
KER=30eV R~3.01 an. KER=28eV R~33%9au.

» quasi time-resolved imaging

Challenges from the background electrons
& multi-fold coincidence measurements

SHINE Phys. Rev. X 10, 021052 (2020) 30



AMO Commissioning

Molecular frame photoelectron angular distribution measurement

_ T 60 2
Double core-hole state related measurements il 5
— : % 100 . -éa
£ o000 B g “ 2
8 E 30
XFEL : 4000 § 60
Photon energy | 400-1000 eV Z " 20
: 2 2000 :
Pulse duration <35fs = : : : 20 10
Rep. rate ~100 kHz 0 20 40 60 80 100 120 ok _
Pulse energy 230 W SSDCH: Electron energy [eV] 55 -~ g
50 =
250 2
0, + 2hv = 051 (K2) 4+ 2e™ — 207+ 4 4™, = 4 2
& 200 E
TSDCH: é = 150
35
O, +2hy - 05T (KK ) 4+ 2¢~ - 20* +4e-. 0

SHINE

50

o R e AR ST Yo R s e
0 20 40 60 80 100 120
Electron energy [eV]

Phys. Rev. Lett. 125, 163207 (2020) 31




AMO Commissioning

Time resolve measurement of bond breaking, isomerization ...

Reference Experiment

XFELZ 4 S
Photon energy | 200-1000 eV :
Pulse duration | <35fs e’ 90 - "
Rep. rate ~100 kHz Cross-correlator q@@m
jitter <35fs = e
Pulse energy 230 w

SHINE

Intensity N;j‘.'Nz- [arb. units]

= s =351s+ 50s/fwhm=831Is% 1115 4
-400 -200 0 200 400 BOO
Delay [fs]

Schorb et al., Appl. Phys. Lett. 100, 121107 (2012)

isomerisation Coulomb expl.

o0 g 08,
* + 3+ -
[HCCH] [CCH,] [CCH,] v

ion detector

Jiang et al., Phys. Rev. Lett. 105, 263002 (2010)
32
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SSS: Overview

Acoustic,
optical phonons
Many-body absorplion, A
bi-magnons, multiphonons,
topological gaps
Detector & 0-1 eV
su ortin Electronic
slates,
pp 8 };g;&’ Signal
magnons
CT. Mott 001 eV
gops g dd
Core-valence 1-2'eV
excitation y .
300-1000 eV Diffraction

Envrgy loss Momentum

« Time resolved (sub-ps): RIXS,
RES, XAS

Optics
Hatch wall chamber « Energy resqlved (<50.meV): |
charge. spin and orbital dynamics

Standard Time Front End

peripheral cizrr?lll))l:r peripheral >

device device

element diagnosis Fﬁcustl)ng
target . tool CUAHDEL
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SSS: Overview (October)




SSS: Summary of updates

Detector and supporting

Signal arm
Optical chamber

Sample chamber

End peripheral device
X-ray & laser coupling chamber
Standard element chamber

P Laser alignment chamber

Center conf.: ~40pm & ~60um
Height variation: ~ 60pum
Loading deformation: ~ 15 um

In production

Mechanics was ready; optics problem

Fixed ports: In production
Sliding seal: pre-FDR

In production
N/A
In production

N/A

Status in Oct

Vibration: amplification 1 + 3%j;
Motion accuracy tested;
Project closed

Installed; vacuum tested;
Tuning rotation

Optics problem solved;
Installation in Dec

FAT done; installation in Dec
In production; delivery next year

Delivery in Nov.
Delivery in Oct.
Installed; Project closed

Delivery in Oct.
o/



SSS: Construction progresses —_—

Construction - Detector and supporting Construction — signal arm o Construction — in-chamber PDs
D_u-Z 128.60 113.87 D_d-Z 142.62 106.20 T { - e - — =
—| 1.002 0.999 ‘R 182.1° '
GZ 123.81 117.85 GZ 137.49 11040 :
D_u-E 114.01 103.01 Lois D_d-E 130.99 92.78 Lot PD2 i 107.1 .
GE 111.53 10233 GE 129.23 93.85 :
D_u-N 103.01 10743 D_d-N 105.3 92.69 E
1.034 1013 8
GN 102.39 10115 GN 106.77 89.16 1

angular 0.001degree
= 32.9°

d PD3

Construction — optical chamber

\ \t\ | W Ii Bessel support + side security protection

EEEEGE

n - M

Measurement v.s. Comsol protocol

‘ s o 50 100 150 20 250 300 350
ok
5 - —
% o s -
%o
s " o
o 50 100 150 200 250 300 3%
e forFELISHINE for Bt Gt
1
ST — Y Pt Xuarong U o srcraesetimem
2 (TP Basic e %o
4 -
0 S = & . e o 0 50 100 w0 250 00 3%
Mirrorfength (mm) X

Construction — Standard element chamber

Construction — coupling chamber & alignment chamber e q
+ 16 slots for 1| i
different element 0| — 1m0

combination.

« Marked YAG for
alignment

SHINE
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SSS: Testing progresses

Spatial and temporal overlap
“

Data collection

generate_spectrum_from_edf()

read_edf()

True

count_single_event()

* Pixels vs. spc
*_Spcimage

« Filtered_image
* Residual baseline

«  Effective background

+ baseline
Gaussian smooth?
True False
Smooth_background_gaussian()

Integrate_image_along_slope()

+ Pixels

« Photons « pixels
+ Smoothed background + photons

SHINE

False

Al assisted alignment

Convolutional Neural Network + golden-section search

osf
§

3 oF

2

é

CNNFTUAEE (

b R2 = 99.74%)

o _
EaE AR
(E#5100%IEH3)

5 10 15

20 25
Iteration Number

30 35 40 45

15 70659.0 FWHM H: 0.011076 FWHM V: 0.008260

@WWM% W*\‘W‘

initial 4 motions

JMM’\WM WIU TH”HWM

b
iE

10 motions converge
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SSS Scientific planning:

energy range: 400~1700eV energy resolution:

On day-one Design objective

100meV@930eV 50meV@930eV

Initial measurements @ resolution ~100meV, rep-rate ~ 10K:

1. Optical triggered chemical process (photosynthesis) ;

2. Quasi-elastic response & inelastic response of the orderings in electron-correlated materials;
Cuprates :

CDW, SDW, phonon coupling, charge plasmon, charge continuum etc.

SHINE
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SSS Scientific planning: local exchange v.s. charge excitation

Intensity (cnts s71)

Wandel et al. Science (2022 ) tr-RXS

200
@% Tf | S 1 E— 1 I .°
150—wT Dy 0 Q=(1695,0,0.5) , _c 0.16mJ!cm2_ 1.0 E 0.05 mJ/iem>— 1
15T d)o‘]’m@géé g ¥ 65 K . . i
100 g0@PD* 'H g s 05 H ~ S 05 ‘ :. 5
75T .h : & v 5 v e %
of ¢ boted 8. E é % 00 ; J=
T 1 s $ | k | :
S0y oV 3 | < -05 i 5
O prmmmmm e S G - 9 :
. ‘ . i : o CDW
0 50 100 150 40k i | -1.0 ; =o= optical (SC) - -1
T “1; iE . [ ; | ; ! | i | : | :
ntional RXS signal — very sloW responseétunder Tc & ??? 0 4 8
- Chang et al. NATURE PHYSICS ggﬂ%ntional RXS signal has more contriddien festh other channels - Ghiringhelli Delay (ps)
% 3{]showed that the varied signal is 10% of total.
. : — T T T T T T ] ; T T T T T T T
25, - B
A /D‘E T zgi 1 110 | Energy
i et .
20 Energy o /O‘E\] —o—0Q0K - : integrated
. resolved /° P C\J —o—=120K |
1 5 [ C[f—" \D = 1 SSK
‘ TR 1.00 !
¥8—=g i
1.0 = 4 g B e N
' : 0.25 0.30 035 0.40

Energy loss (eV)

i - .

G. Ghiringhelli et al. Science 2012
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SSS Scientific planning: CDW vs E-ph coupling

(a)

(b)

LSCO17

J. Q. Lin et al. PRL 2020

(c) LSCO21 (d) LSCO25

200

100 4

Energy Loss (meV)

LSGO12
=
Low T ~ Tgc L

2 HaaeE g 7
Counts/sec

Low T ~ Tsc

s
R |
ez

SHINE

Energy Loss (meV)

60

50+

x=0.12 ‘ﬂ" ]
x=0.17 g5 o 4
x=0.21 1
x=0.25 1
x=0.21 HR :

4D T T L] T T
—-0.40 -0.35 -0.30 -0.25 -0.20

H (2n/a)

» Aclear coupling of the CDW v.s. phonon softening

» A clear mismatch of the CDW ordering wavevector
v.s. phonon softening center Q

What is the role of electron-phonon
coupling for SC in the cuprates?

42
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Lower level: Laser source (LC carbide X2 + OPA X3)

Due to the position of mirror
. have been not determined ]
Master CB3-29W & may be moved m

145uJ, 200kHz OR-NEO-ONE
1 with DFG2 and VIS

515nm, >14.5W, 200kHz
1400-2000 nm, 2100-4200 nm, 4000nm-16um

640-1000nm,1050-1350nm

640-1000nm; 1050-2600nm
320-500nm; 525-640nm

1030nm, 10.15W, | 5

200kHz, 50.75uJ OR-NEO with SH 4

1030nm, 17.4W 0

Slave CB3-20W 5"3"‘"2 l| 200Ktz 870 v ! OR-NEO-ONE %s 1400-2000nm.2100-4200nm

L2000 2 bl B 640-1000nm,1050-1350nm
SN3IHdYO 1030nm, 9.86W, 2 2

200kHz, 49.3uJ

1200mm

=
Pump: 145uJ, 200kHz | a

Name

Master :
CB3 Carbide
Slave .
CB3 Carbide
Flint

Repetition
rate

200 kHz

200 kHz

60-100 MHz

Pulse
duration

250 fs

250 fs

100 fs

Pulse energy

145 pd

145 pd

12.5nd

29 W

29 W

1W

IFvsImIRI option
'

‘- 250 mw  AUTO-PVBS 35/65 or 0/100

omht - § A

SNIHAYO
Flip mirror  BS 85715 174W

rate

ORPHEUS-
OPA-1 NEO-ONE

ORPHEUS-
Qi NEO-ONE
OPA3 ORPHEUS-

NEO (SHG)

200 kHz

200 kHz

200 kHz

640 - 1000 nm, 1050 - 1350 nm
1350 - 2000 nm, 2100 - 4200 nm
4-16 pm (> 19 THz)

640 - 1000 nm, 1050 - 1350 nm
1350 - 2000 nm, 2100 - 4200 nm

320 - 2600 nm



FiTH of 1030 nm

SHINE

Design parameters

Wavelength

~206 nm
(~6 eV)

Repetition rate

200 kHz

Pulse duration

<60 fs




Optical Rectification — OR-THz

Estimated performance

Re‘:aett'et'on Electric field Crystal

> 100
1-4 THz 200 kHz KV/icm@2 mm  BNA (cooling)
(spot size)

> 200
1-4 THz 200 kHz KV/cm@2 mm ZGP
— 4 (spot size)

SHINE




Difference Frequency Generation — DFG-THz

SHINE

Estimated performance

Repetition rate Electric field Crystal

12-42 THz

4-18

200 kHz

200 kHz

> 100
KV/em@500
um (spot size)

> 100
KV/em@500
um (spot size)

GaSe

Organic crystal
(cooling)




High Harmonic Generation (HHG) from AFS Jena

Design parameters

Photon Repetitio Pulse Energy Pulse Focusing
Energy n rate duration | resolution intensity beam size

2E+10

2666V  200kHz <150fs 150mev  Photon/s
...... | s @ focusing

_— - & point

<150 um

SHINE



Timeline of LC carbide driving Laser systems

Laser FiTH OR-THz DFG-THz HHG 26.6eV
2027.01 2027.04 2027.06 2027.07 2027.10
LC carbide Arrival Date:

2026.11.28

SHINE




