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Scientific Application in General
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Special application in different wavelength range
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Meet the needs of multidisciplinary frontier research.




Advanced Light Sources

More than 60 SR and 10 high-gain FEL facilities in operation and

under.construction around the world.
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Elements of Measurements in Advanced Light Sources

O Bright source:
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. % Y Flg Advanced accelerator technology
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%% ¢ AR New radiation mechanism
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Yoy, , £ ’ O X ray/EUV optics:
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Transportation
Manipulation
Diagnosis

O Experimental measurement:
Sampling
Detection
Time resolved

O Data:
Accumulation and storage
Analysis and utilization
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Overwew of Dalian Coherent Light Source
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Unique Free electron laser facility in
the VUV and EUV range

» Tunable Wavelength : 50 - 150 nm
> Pulse Energy : >100 uJ (1 mJ) AP TINSUL BB LE
> Pulse length: 100 fs /1 ps

» Bandwidth : Close to Fourier transform limit L;g;i“f*

> Jitter: <30 fs NSFC | Foundationof China
> Rep Rate: 50 Hz
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EUV Light Source (10-120 nm)

The material world is made of atoms and molecules. Molecule detection by ionizing is a essential
method for studying the relevant systems. One photon ionization by Extreme ultraviolet light is the
most effective way, combination with ultrashort.
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Limited Wavelength tunability
~uJ pulse energy
~ns Pulse duration

Limited Wavelength tunability
~nJ pulse energy
~fs Pulse duration

~nJ pulse energy
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DCLS is a FEL user facility in EUV range that provides high-
brightness, ultrashort-pulse, wavelength--tunable laser.



DCLS Layout

First lasing in December 2016
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LINAC based on copper structure

Emittance Measurement 45
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Seeded FEL based on HGHG mode
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Transportation and diagnosis of DCLS
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Cooperation with Prof. Qiuping Wang at USTC



2012.03
2013.08
2013.12
2014.10
2016.04
2016.09
2016.11
2016.12
2017.06
2018.07
2020.12
2021.08

Starting of DCLS

Review of TDR of DCLS
Prototype of Undulator

Starting of Construction

LINAC installation

Undulator spontaneous emission
FEL SASE lasing

FEL HGHG lasing

First user experiment

Project acceptance and operation
2"d FEL line installation

First lasing of 2" FEL line
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DCLS Operation Statistics

Total User Percentage of user Percentage of
beamtime beamtime beamtime delivery

2019 5979.5 3428.6 57% 76%
2020 6319.2 5601.8 88% 94%
2021 5795.4 3028.5 52% 90%
2022 7380.2 5897.6 80% 93%
2023 7030.4 5968.6 85% 92%
2024 (planed) 6888.0 5304.0 77% 90%

FEz.ZI:)azczil)ity LCLS FLASH  FERMI  SwissFEL  SACLA PAL

User beamtime 4260 3408 2568 5916 4608

Total 6768 5904 5472 — 5928

beamtime




High gain FEL user facility in the word

First proposal to build an
XFEL at SLAC (USA)

FLASH (Germany) — first FEL
operating in the XUV and soft
\ ray ’l")'ll'l ."l}”l\ user

operation

LCLS (USA) — first hard XFEL

SACLA (Japan) begins
FERMIi@Elettra (Italy) user operation

begins user operation

PAL-XFEL (South Ko

'll‘lj”l\ user operation

‘in
European XFEL (Germany) 3 1\ " \
begins user operation ﬁ" 9’ F' P &
Completion of the DCLS . r&-‘z ﬁlj“
VUV FEL (China) SwissFEL (Switzerland) =

begins user operation

LCLS-Il (USA) expected

to begin operation

Photon energy

a vUu SHINE (China) expected
s A to begin operation
0O Soft X-ray
O Hard X-ray

i Ol N

Dr. Ma%sm'

New facilities are expected to begin is considering the scientific case
operation in the next 5 years in for an XFEL.
the USA and China, and the UK lulia Georgescu

B The first high gain FEL user facility in China.

B Unique FEL user facility focusing in VUV-EUV range in the world.



Higher Pulse Energy

Tapering the undulators DCLS Gain Curve (Tapering) PD2@120nm
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By slightly tapering the undulators, the magnetic

field gradually become weaker so as to maintain 10 3

the resonance condition with the electrons losing

energy through FEL radiation. Compared with

FEL Pulse Energy (uJ)

regular setup without tapering, the FEL pulse

energy using tapered undulators can be

enhanced by a factor of three.
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More than 5x10'4 photons per pulse within 0.1% linewidth



X-band linearizer

An X-band linearizer significantly improves the electron beam quality by making the current
distribution more uniform as well as reducing the energy dispersion by 60%. The resultant
spectral width has been reduced by a factor of two.
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Temporal distribution diagnosis system

Time resolution: Principle diagram
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Temporal distribution diagnostics ~ The time resolution is about 12fs
of FEL light@130nm



Two-color VUV FEL pulse with tunable delay

« Seed laser: 300nm

2

« 4 modulators @ 150nm ApgL = 2_;‘2 1+ 7)

« 2 modulaors @ 75nm
Drive laser 260nm

Seed laser 300nm

@150nm 5., @75nm
Chicane
L3 ~ L6 (

Modulator Undulators

Linac > FEL radiator >

. . Phase shift curve of DCLS PS4 @ 150nm
Realize the phase shift of two-color laser pulses 0

with #4 phase shifter
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By tunning the phase shifter between the two undulator sections, the relative phase
of the two-color VUV laser pulse can be precisely controlled, providing a new tool for
atomic physics researches



Double pulse lasing

. Double FEL pulse energy
Double drive laser (H. & V.) — Double electron bunch — Double FEL pulse
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¢ A double pulse lasing experiment was conducted to enhance the FEL \\\
intensity by employing a double drive laser with a time separation of ~2.5 ns.

7
‘ FEL pulse »
/

lst‘——’

\\ Double bunch energy distribution

A

g ——" 15t

€ Nearly identical configurations were collocated for these two
laser/bunch/FEL pulses. /
¢ A 1.6-fold enhancement in FEL intensity was achieved with the double pulse ]st + 2nd

compared to the single pulse (~200pJ vs. 330J).




The 2nd FEL beamline with variable polarization

FEL-2 first lasing on 2"d August 2021
» FEL-1 &2 running simultaneously to serve more users
> Variable polarization, ultrashort VUV pulse ~100fs
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Source

Polarization diagnosis of VUV FEL

Based on the direct optical measurement technology, the polarization diagnosis

system for DCLS covers the entire VUV range with high precision and services in

routine operation. Polarization
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FEL optimization via machine learning

> It only takes 20 minutes to automatically tune FEL energy from zero to saturation.

Seed laser
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1. Spectroscopy and ionization

»Spectroscopy: Electronic state excitation; Photoelectron emission

Molecule electronic state excitation Atomic absorption
»Photon ionization: detection with high sensitivity and selectivity

CH;CHO CH;COOH CH3;COCH; NH; CeHs BF; Cco ClO2 CeHi2 CH:NH:, BzHs CeH4Cl:  (C2Hs):NH

10.23 10.66 9.7 1016 9.24 1556 14.01 1036 9.86 9 11.38 9.06 8.01
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Spectroscopy
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Photoelectron emission

Interface Optical Pump+XUV Probe Gas Phase
Photoelectric Effect
_— XUV/SX
‘%%%\XUV/SX Probe ] — —
n 1 e e
v, 410141 | (electron)
[;%.%%\UV Pume Magnetic-bottle '; bho

spectrometer Y

o ey

Molecular-beam Vb
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dump

VB V
Water/ N
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Molecular-beam|
chamber

MCP (ion)

Photoelectron spectroscopy is one of the most direct experimental techniques
for measuring the electronic structure of matter. Light sources in the extreme
E,=ho -k, —¢ ultraviolet(10-40 eV) are suitable for the study of surface interface processes
and gas-phase reactions due to the low energy of the spilled electrons, e.g.,
probing the molecular orbitals of adsorbates, the valence band structure of
p, =hki=2mE, sin@ semiconductors and heterojunctions, and the structure of gas-phase
molecules or clusters.

Energy reservation

Momentum reservation




Detection by EUV one photon process

lonization Photon ionizing energy spectrum
Electron bomblng vs one photon | | | |
sk Ethenol 9.33 eV Acetaldehyde 10.23 eV
= 1 A . ’ " benzene fragments ., Hﬁ '::_ET i : Sggzg?heeﬁol 166,58 mm t :
§ 2 2t W .
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1. Less fragment’ easy to analysis 1. Selecti\’ity, same mass with different PIE
2. Short-live intermediates and radicals 2. Sensitivity, large cross section of
3. cOmpleX System_operando condition |Onlzat|0n, pUIsed Sample with pUISEd Ilght,

1074 photons/pulse can detect single atom

Single Photon lonization Detection: Highly Sensitive, Tracing Short-Lived Intermediates and
Free Radicals in Chemical Processes
Anal. Chem. 717, 2218-2226 (2005)



2. Ultrafast process

Molecular beam

1. Laser flash.
triggers reaction 2. Laser flash takes

instantaneous "snapshots" ‘r

right, 1878, by MUYBRIDGE MORSE'S Gallery, 417 Montgomery St., San F

THE }"IURSE I N /?OTIUN‘
Tlhust

rated by
MUYBRIDGE A MATIC B
“SALLIE GARDNER,” owned by LELAND STANFORD; running at_a 1.40 gait over the Palo Alto track,

R g

19th June, 1878.

fs-ps pulse laser in EUV range at DCLS



Ultrafast measurement in EUV range

Dynamics of molecule in

highly excited electronic state The whole PES observation

A A probe A 'T
EUV probe
\
\
EUV pump \1\
> >
Reaction Coordinate Reaction Coordinate

1. Single photon excitation of high 1. Continuously detect the potential

electronic states with high efficiency energy surface.
2. Continuously tunable wavelength to 2. EUV wavelength insensitive as long

realize selective state excitation as photon energy greater than PIE

In conjunction with ultrafast infrared, visible, and ultraviolet lasers to study the
dynamics of different excited states and molecular structure evolution processes



Example : ring opening observation

= DD, (P1)

" D,/D, (P2)
XUV probe
Photoproducts
] b-q
p‘ 81 ¥
q d /™ The FEL photon energy is deliberately chosen to be well
Thiophenone s (S above the first ionization potential (IP) of the ground-state
So - molecule (~9.7 eV) but below the IP of the helium carrier gas,
ensuring that the electronic character of the target molecule
FERMI FEL can be traced throughout the complete structural evolution
Pump: UV 265 nm with only minimum background signal from the carrier gas.

Nature Chemistry (2020)

Probe: XUV 64.4 nm https://doi.org/10.1038/s41557-020-0507-3



https://doi.org/10.1038/s41557-020-0507-3
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Instrumentation at DCLS

Pump-probe Photoelectron Online:
emission O Molecule Photochemistry

O Neutral Cluster
O Free radical

*&*ﬁ ;F O Aerosol

Absorption %ﬂg O Protein MS |
Spectroscopy Mass O Molecular physics at
spectroscopy interfaces end station ()
Photodissociation Circular Dichroism......

Take the advantage of high pulse energy by pulsed sampling
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Scientific Case I:Molecular Photochemistry

Molecular photochemistry concerns the chemical evolution of atoms and molecules in
the universe, determining the chemical compositions of the interstellar clouds and planets.

Several key scientific issues related to
interstellar chemistry:

O Origin of Oxygen on the atmosphere of earth.
O Origin of water on the earth

O Origin of Interstellar amino acid

0%  10°H 1008 SZE A0ZE O Ol‘lgln Of |Ife
FE RFER A8 BRifTEE BEWVA
FHER Hi2SEH NE2M []

sgm oooooo

Rk

The VUV FEL laser is an unique tool to study molecular processes, which help
us understanding the origin of life in the interstellar space.



Molecular Photochemistry Instrumentation

Dissociation by VUV FEL and detection by table-top VUV source with four wave mixing
or REMPI

Signal out Pulsed width: 30ns| |
-200 VDC -850V 1500V 4700V
-2500 VDC Z stack MCPs S L
[ i mesh
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H*(n=30~90)
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|
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i
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|

|

Y

b 3% H,0/Ar
365 nm

X
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polarization ¥

70

o FEL VUV

nm(FWM)

O

VUV FEL - HRTOF Velocity imaging with REMPI

Rev. Sci. Instrum. 89, 063113 (2018),

J. Chem. Phys. 148, 124301 (2018) (Editor s Pick) Prof. Kaijun Yuan, DICP



H,O Photochemistry

Vibrational excited H,*(v) has been detected in shock-heated gas and in photodissociation
regions (PDRs) in space, which was formed by collisions and fluorescence excitation in PDRs.

VUV photochemistry of interstellar H,0: H,0 + hv (102-112nm) — O('S) + H,(v>0)

-0
o
1

d) 109.12 nm

P(E) (arb.units)
Q
®

e)111.48 nm

. > All of the H, are vibrationally excited;

OO edeo iedee T isbes  zobo0 > >90% of H, fragments populate in a single

-1
E,/cm

vibrational state v=3 at 112.8 nm;
This process represents a further source H,*(v) observed in the ISM, which should be recognized in
appropriate interstellar chemistry models.

Nat. Commun., 12, 6303 (2021) (Featured Article); J. Phys. Chem. Letts, 13,9786(2022) .



H,S Photochemistry

> H,S is the most abundant S-bearing gas-phase species
in the solar nebula. The S atom and SH radical densities
in the ISM linked to H,S photolysis. The measurements
of all fragmentation channels in the whole VUV region
are necessary for astrochemical modelling.

» The central atom decomposition channel for triatomic
molecules is rarely reported. By using the VUV FEL,
Such channel has been identified in several molecules,
which deepens our understanding of the evolution of
interstellar medium.
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_MAC i {»‘"T&f;’l’- S('DY+HH,(X. high v, low J") — » SCD)+2H . . = 0.0
ST N
Ryl LK;& — +SED)FHLCX, low v, high J™) [ 1 0 3000 ESO(;O “ 9000 12000
[ —NAC | 31a7 (or 214" via CI-6) —AYC + 414’ SOS)HH,(X, v", J7) 0 Counts 255 e
 3=129.95,122.95, 121.6nm HC Similar with that from R('B,)

. ROB,, 1A, 1)

»31A7 (or 214" ) —~

but no H+SH(X) channel

Chemical Science, 2023, 14, 2501 (back cover).

Nat. Sci. Rev., 2023, 10: nwad158;
JACS Au, 2023, 3, 2855 (Editor’s Choice)
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SO, Photochemistry

SO,(R)—S('D)+0,(a'A,), 132-138 nm

FOAE 0 6 » The first direct dynamical evidence of roaming for
photodissociation of a triatomic molecule from a
highly excited electronic state;

» Such roaming dynamics may well be the rule rather
than the exception for molecular photodissociation

via highly excited states;

» This study opens the door for roaming from a highly

%9 8Pl ok &

=G .
s (}ﬁ ,i Mﬁ , excited products, which react very differently in the
| atmosphere, space and in combustion.

excited electronic state to produce electronically

Science, 2024, 383, 746.



Scientific Case ll;: Cluster Science

Clusters bridge the gas and condensed phases and exhibit interesting
size-dependent physicochemical properties.

For example: what is the structure of water?

Photolysis Laser Polanzation

Water molecule Water clusters Solvation effects

However, neutral clusters have presented major experimental challenges,
because the absence of a charge makes size selection and detection difficult.



IR spectrometer of neutral clusters at DCLS

Vibrational
state

A

IR
Excitation

lon
(Mass Spec)

One photon
lonization

neutral

t,-30ns t cluster

Features:
1) Direct detection of confinement-free neutral complexes

2) Near-threshold ionization with high sensitivity and size-selectivity

3) Recording of well-resolved vibrational spectra of size-selected neutral clusters

Reflectron TOF

VUV-FEL

Presenting a new paradigm for the study of vibrational spectra of a wide variety of neutral
clusters with the relevance of catalysis and atmospheric chemistry.

Rev. Sci. Instrum., 91, 034103 (2020) Prof. Ling Jiang, DICP



Water Cluster

Soft near-threshold Striking spectral change in Str : S

. uctural complexit
ionization of (H,0), avoids  the OH stretch region from - P Yy  Identification of new
extensive fragmentation tetramer to hexamer of ice-like clusters water octamer cubes

K

. od b = d,‘,og% > Q{ 4 ] ;

Two-dimensional Three-dimensional

2D 3D -0
(d) T. Zwier (Science, 1994) ( ) ( ) %8% C&) M v ‘ ‘

(H,0),
Jﬂ“Ju i

(c) F. Huisken (JCP, 1996)

(b)Y. T. Lee (CPL, 1984) g 1 ‘
* & (H20)7 | . ‘ ‘
(@) L. Jiang (JPCL, 2020) B k] S o D_F
c 2800 3000 3200 3400 3600 3800 | Bt
(H,0), D A Wavenumber (cm™')
L B A A e e B T T T T T T T T T T T T EXP
3400 3500 3600 3700 3800 3000 3200 3400 3600 3800
Wavenumber (cm™") Wavenumber (cm™') J. Am. Chem. Soc" 144, 21356 (2022) 2800 3000 3200 3400 . 3600 3800
J. Phys. Chem. Lett., 11, 851 (2020) Proc. Natl. Acad. Sci,, 117, 15423 2020) o Rep- Phys. Set., 3, 100745 (2022) W N
. Phys. Chem. Lett., 11, roc. Natl. Acad. Sci., 117, .
4 - ( Chin. Chem. Lett., 34, 107702 (2023) Nat. Commun., 11, 5449 (2020)
o >
n=2 n=3-6 n=7 n=8 n=...

n: Number of water molecule in the cluster



Scientific Case lll: Precise Characterization of Protein Dynamic Structure

Challenge: precise characterization of non-covalently

Existing Mass

spec(t“rn%n)netry regulated dynamic structures and interactions
Structre | Structye  Structure Stucture. Technical Difficulties:
o L Highly dynamic, difficult
zlly % m m ?33 in localization and
L:. f ) Fff quantification
:l.: Solution: XUV-FEL + MS
I ; : . .
Amino acid Local Overall Protein 1) ngh phOton energy, efﬂCIently
sequence conformation protein fold complex dissociating protein backbone
Covalent bonds Protein dynamic structure, and protein-protein, covalent bonds
determine protein-ligand interactions are regulated by 2) Ultrafast pulses, non-covalent
protein noncovalent bonds including hydrogen bonding, salt

bonds retained in photofragments

sequence bridge, and hydrophobic interactions.



XUV-FEL Mass Spectrometry

» Introducing the XUV-FEL into commercial MS with modification by beamline scientist.

------------------------- Focused protein ions

L

adaptation device,

i | XUV, MS dissociation
i three-level vacuum Ib---_I

trap, protein ion trinity

) 3 |
. S — I @ - .
2 tem : | | : :
XUV-FEL mode 50-150 nm | System = , , Nitrogen buffer gas Nondenaturing static
Undulator v i ’,—---0--\ : electrospray ionization source
acuum —— |
Accelerat ~ S

Electron gun Accelerator ﬁ 106 Pa :1 f y ] :
Q) ; e @ A

1 :

I Precisely control the nanoscal

1

! nozzle and nano-electrospra

I .
-~ | to reduce the interference o

:

1

1

< @

—h
oo oooooooe

Excimer laser and XUV-FEL !
combined system, wavelengthI
adjustable within the range of 50-
200 nm, achieving wavelength-

Optical path

regEonierEe . g @ hydration peak and spra

current thermal effect.

<

Precise optical platform with multiple degrees of
freedom, with an accuracy of 30 um.




Allosteric activation of CDK-Cyclin K complex dissociation

Inhibitor

CycK Complex

: 9 » Binding of CDK kinase to Cyclin K protein is
g Overall assembly closely related to mechanism of tumorigenesis, it

K E || | changg is key to inhibit their binding for drug development;

Q& & m'z > The method of high-throughput characterization of

the molecular mechanisms of small molecule
inhibition of dynamic interactions is missing,
which limiting rational design of CDK12/CDK13
inhibitors;

» Utilizing XUV FEL- MS instrument, inhibitor
SR4835 was discovered to activate complex's
conformational dissociation, achieving inhibition
of CDK-Cyclin K binding;

Inhibitor SR-4835 binds to the ATP pocket and induces
interfacial allostery of the complex and activates dissociation.

SR-4835 Binding pocket Allosteric regulation Assembly dissociation

¥
: \ vvvié 25 ,‘:\',.‘ > h\\

» This work has opened up new ideas for rational
design of small molecule inhibitors.

J. Am. Chem. Soc. 2023, 145, 11477



Detection and Conformational Optimization of Non-Covalent

Interactions in Disordered Peptide Druqgs

The best-selling peptide drug “Semaglutide”: the total sales volume in 2023 has reached
approximately 21.158 billion US dollars, approaching the revenue level of 21.2 billion US

dollars of "the world's best-selling drug” Humira in 2022.

GLP-1(BRSHEZEFL-1) : —MEASHERIERmRERR

| AB

o
IR
Bl ST Tt

B4 WHMEEEMSESH 5
A maEAR § mis
oV ORISR 2
P = \
v 7
k /C}\BE

’ BT pop 4 VBRI

J s CIEE

vV EEvEE LARESTH GLP-1

i DPP-4 £

Adapted from Baggio & Drucker. Gastroentero/ 2007:1322131-57

M 5
08" Ozempic* ~a .
/M il s T S
,}‘/
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i b B —dd

Semaglutide is obtained through GLP-1
peptide sequence modification

o] 0
H H
H-His—N Glu-Gly-Thr-Phe-Thr-Ser Asp-VaI-Ser-Ser-Tyr-Leu-GIu-GIy-GIn-AIa-AIa—N\)J-Glu‘Phe-l\e‘A\a‘Trp‘Leu-Va\-Arg-G\y-Arg-G\y-OH

HiC CHy

\]
DHOA/V\MNV\WOH

0

F. Wang*, C. Luo*, 2025, manuscript in preparation

Key Scientific Issues:

Lack of accurate characterization technology for dynamic
conformations, making directional optimization difficult.

1) Extreme ultraviolet photodissociation mass spectrometry
identifies key non-covalent interaction sites;

2) Endogenous metabolites are used for precise regulation of
non-covalent interactions.

3) With the same hypoglycemic and weight-loss effects, the
dosage is reduced by 75%.



Analyze and optimize the spatial dynamic conformations of GLP1-like drugs such as the best-
selling drug Semaglutide

r

Extreme ultraviolet laser dissociation to
analyze conformational characteristics

Conformational Ligand Binding Site Analysis

Difference Analysis
000 © 000000000000 © NZiR

W = 01000 0 Gesesieasiees CKif
o ° N33R
" e ecoee o oo CKiig

NRi%
............ CKim
COCOO0OCCOC0CC0C00c0 © © 0o NFKif
CKiR

| BRAETEE

Analysis of Key Non-Covalent Interactions in Aggregated Conformations
Endogenous Molecule Regulation of Assembly and Its Conformation

ZnBinding

CKi

Holo.Ex|
o

EEW%‘:‘EH‘EEE

1
SEERS EEEES #
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|

Regulate the self-assembly
conformation of Semaglutide

BEREKplus AEREEK

Thi. K%, %, E*IJEH%% 202510730966.9 47/23



Cooperation: User from world

DCLS

LeipziW\ ™. UC. Berkeley
University of Gottingen DE . Yale University
Bristol University UK - Brown University
Radboud University NL University of Colorado Boulder

------ Institutes from CAS
University of Science and Technology of China
Southern University of Science and Technology
Fudan University
Nanjing University
Dalian University of Technology
Chinese University of Hong Kong
East China Normal University
Zhejiang Normal University

We are looking forward to have more users from the world



Instrumentation from Germany:
Molecular physics at interfaces end station

CONTINUATION PLAN
FOR THE

ELEMENTARY DYNAMICAL PROCESSES AT MODEL
i = 2 o

CATALYTIC SURFACES (EDPMCS) EXPERIMENT = -

Nd:YAG-Dye

MOLECULAR PHYSICS AT INTERFACES s '31.
INITIATIVE AT THE DALIAN COHERENT LIGHT o
SOURCE o P §
~
S R e B - Elementary dynamical processes at Prof. Alec Wodtke
" model catalytic surfaces experiment Max Planck Institute/
Y THBYEE ivswmmms. University of Gottingen
il e G Oi‘9 LY ‘ PP OFPYincdence enerey: 0.726V 8 Sy ® Max Planck Institute invest to develop this
1.0 - 88.953nm 1% I - . )
g tF ] +o246m < = experiment station
5 ! < 93.232nm o Ga ) -k
E 1 ‘ ‘ v 96.425nm n %’f&, T X
B o] ‘l 97.0080m R — B First on-line experiment was conducted in May
g 0.5 . O(3P) incidence energy: 1.06eV - %ﬁgﬁg}mﬂ
ER J N~ 2023. A super high speed Oxygen atom beam was
g 7 % ‘ . Y -‘J .", « AR R ° ° ° ° °
= I 0 obtained via the photolysis with VUV light of
0 A anmr n 5o
2500 3000 3500 4000 4500 L "W A DCLS, and was used to conducted surface

scattering experiments.



Outline

. Introduction of DCLS

Il. Experimental method
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Future plan——FELs based on SRF

NCRF accelerator SCRF accelerator

= oy 1,000,000Hz
100Hz  Lapetition rate '"°
10,000 times
10ms | Low repetition rate
g High pulse energy
High time resolution
1ps High coherence
Single on-line end station
High repetltlon rate FEL 1,000,000 Hz 1-10us

— 100uJ 4,’ '(; _>H100fs
Shaiad| MMAMMJ\MMMM

High repetition rate

High pulse energy

High time resolution

High coherence

Multiple on-line end stations

The FEL average power is 10000 times higher than the low repetition rate FELs!




Plans of high repetition rate FELs in China

100 nm 10 nm I nm 0.1lnm

| | 7 SHINE (Hard X-ray )
S3FEL (Soft X-ray)

DALS (VUV FEL)

1 1L /RE R/ 22 £ Serial Crystallography
iy 0 Coherent Diffraction Imaging (CDI) 5 /AR
IR FE/M R )
] X 49 Cell Imaging
PRI%/ KRS UWZE/BERE High Resolution - Solution A
Selective lonization Spectroscopy 15 2R/ Magnetism Chemistry i
& Mass SpCCtFOSCOpy I l I I I II I I I I I I I I
MgAl Si P Mn Fe Cu J La“Ce
I 111 i1t 1iin 1 i1 111 K
Li C N O NaMgAl SiPS Ca Fe GaGeAs
| | Water Window | |
10 eV 100 eV 1 keV 10 keV

These facilities have complementary photon energy for distinctive applications



High repetition rate VUV FEL (Dalian Advanced Light Source)

‘ /719/) —VUV photon beam line and diagnostics
,o},glhb,.. . A ,Oe{,.t —High resolution mass spectrum and imaging
y | .
oro,}ygbtheNFlIb ‘04, o Multi-dimensional photo-electron spectrum
s ) .
lo, _ ¢ e ,/UV —Ultrafine spectrum with high sensitivity
Electron beam energy 1 GeV

Repetition rate 1 MHz




Shenzhen Superconducting Soft X-Ray FEL (S3FEL)

Project goal:

Generating 1MHz soft X-ray
free electron laser light

injector

SCREF linac

Backup

+
1.2GeV, 800A, 50fs

+
2.5GeV, 800A, 50fs

BC2 EMIT L3 Backup DCP

*

Beam switchyard ;

The project has been approved

Electron beam energy 22.5GeV
Repetition rate 1MHz
Bunch charge 100pC
Photon energy 40-1200eV
Pulse energy 100 @ 1keV
LT CEEENN] Self-seeding IHNEER ‘ I
- B N~ IO N/ | HINI
. N FEL-3: EEHG(2.3-15nm)m
FEL-2: SASE(2.3-15nm)
o/ B e e o™ Photon pendstaticn b 1
) Undulators X stations
ﬁeam lines
=X FEL-1: SASE(1-3nm)  pomryomremey
2% e = RIS
Tm] Tm] FEL-4: EEHG(5-30nm) F End Station |
O %ﬂ) rgﬂ El:{!.:[:ilnil,] m
) (]
e N 1 | fannnng
- e/ emn End Station’

Length: 1.7km




Pre-research project of DALS

Key technologies

Electron gun with Ultrafast Solid-state RF SCRF Cryo-
photocathode laser power source accelerator  technology

Electron beam , _ Cryomodule manufacture
test platform <2 > and test platform

Goal: Demonstrating the key technologies of high repetition rate FEL based on
superconducting accelerators




Production of High QE photocathode

v Developed a Cs,Te cathode production system successfully

Cs,Te preparation scheme

.

e

Load the substrate into vacuum chamber

Vent the preparation chamber to 1x10-8Pa

Calibrate the vaporing rate of Cs and Te source

Heat the substrate to 80°C

Evaporate Te at 1.2nm/min for 15min

Evaporate Cs at Tnm/min

Monitor the photocurrent, and stop the evaporation when the appearance
of the flat-top of the photocurrent.

Decrease the heating power, and make the substate cooling down to room
temperature

/

~ Curve of the dark lifetime

Schematic setup of the " —

6

5.82

QE measurement

5.16 514 5

L (day)



Pulse duration
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Spectrum
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Angular Deviation [ urad]

Drive laser system

»1 Beam pointing stability

T
;

%,.] Pulse duration

FH(:}“ sﬁ‘ectrum

/ |

256.5 258.0 2595 261.0
Wavelength(nm)

Pulse Temporal Shaping

Cross-correlation FWHM. 10ps
Flattop RMS: 9.5%

Rise (2208 ABERL bt R
imporal-spatiab—
mapinQIwnug(psv ’ ’ ’

Wavelength 257.5 nm
Repetition rate 1 Hz-1 MHz
UV laser power 2W
Pulse energy stability 1.5%
(rms)
Jitter between oscillator <80 fs
and RF reference (rms)
Flat-top /

Temporal profile

Gaussian shape

Pulse width(FWHM) 30-60 ps
Rising/Falling edge <2ps
Transverse distribution Flat-top

Spot size (FWHM) 0.2-2 mm
Pointing stability (rms) 10 um

v Development of drive laser system has been completed and all parameters meet requirements.




DC high voltage electron gun

v" DC high voltage electron gun system has been operated at 330kV. Average current as
high as 1.25mA has been obtained with single bunch charge of 100pC and bunch
repetition rate of 12MHz.

Gun system 1.25mA averaged beam current
1 500 107 g 10°
——HV(kV) r 3
——](mA) i r
1 =—DCG vac(Pa) I L
1.5 ——— Radiation Dose(uSv/ 4 r L 10?

400 - l——“———\a—-ﬂ-—-—!—-‘i—ﬂ—-—w—q——" s

| 300 -

200

0.5 4

U‘U_ O_

45 5.0 5.5 6.0
t(h)



1.3GHz cryomodule in collaboration with IHEP

Specifications SRS Specifications Best
Parameters Measurement P of DALS of LCLS-Il & :fLCLS-II HE performance in
SHINE LCLS-11/-HE
128 173 209

Total CW RF voltage (MV) 191.2

Average cavity CW
gradient 23.1 16 16 20.8 25.1
E,..(MV/m)
2 K heat load of the
cryomodule @128MV (W) 83.5 130 33 / i
| A 16MV 3.8X101°  2X10%° 2.7 X10%0 3.7 X10%0
The first high Q high gradient R i /
performance medium-temperature 2 K heat load of the 133 137 115
baking 1.3GHz cryomodule cryomodule @173MV (W) / /
Average Q, @21MV/m 3.6 X 100 / / 2.7X100 3,27X10%0

v The 9-cell cavities in the cryomodule achieved an
unprecedented highest average Q, and accelerating
gradient . The results significantly exceed the specifications
of DALS and the other high repetition rate free electron

Factory acceptance was laser facilities (LCLS-II, LCLS-II-HE, SHINE, S3FEL).
completed in 8th July 2023




Electron beam test platform installation is in progress

Key devices have been delivered and the entire system is under integration

 Preliminary installation : mechanical supports, magnets, RF power source, vacuum
system, beam diagnosis, beam dumps, cryo-distribution box, electrical supply and cooling

water supply, etc.

Electrical and RF power source gallery

Tunnel
(taken in March 2024)

 March 2024)
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Installation of cryo-plant is in progress

Key devices have been delivered and the entire system is under integration. The system will
be commissioned in July 2024.




Pre-research project of Dalian Advanced Light Source

Conceptual design in 2021 Birdview in June 2024




Electron beam with TMHz, 100pC & 100MeV

> The first high repetition rate beam test has been
conducted on July 24, 2025.

> It successfully achieves electron beam with a 1TMHz
repetition rate, 100pC charge and 100MeV energy for

more than 1 hour.

» The beam energy stability is better than 0.01% (RMS).

time interval of electron pulses

i e e

-0.005

electron beam parameters
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Overwew of Dalian Coherent Light Source
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Unique Free electron laser facility in
the VUV and EUV range

» Tunable Wavelength : 50 - 150 nm
> Pulse Energy : >100 uJ (1 mJ) AP TINSUL BB LE
> Pulse length: 100 fs /1 ps

» Bandwidth : Close to Fourier transform limit L;g;i“f*

> Jitter: <30 fs NSFC | Foundationof China
> Rep Rate: 50 Hz
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Representative Results 3: Precise Characterization of

Life and health

Protein Dynamic Structures and Interactions

Precise characterization of glycosylation sites and glycoforms of NMDA
Comprehensive mapping of glycosylation sites

a c
61 203 239 276 300 350 .
N1a Kl leATS-VT;-;KPNA PGTHIVT-A AAMLEMTGS NG- KESAH LEKEN- 1 TD Rvugi,gKYA RKFARIYS IM “ - . J Subunt
N2A  «++ PLDVNVVALLMJRTDP +++ TSFEDA--K +++ ARSLGLTGY +++ DWDYSLEAR -+« LEKFSYIPE +++ QFMJVTWD -+ QVHPRLVVI ‘ﬁ ] - ‘ - ] [nta
i nl e : TP
N2C PLEIQPLTVGVINTNP LGPGGPRAR AAQAGLVGP SWRLSLRQK RRQYGTLPA RHL L[V TWE LVRPTMVV " . “ . [ nea
368 440 471 491 771 B nee
N1a GIY-[GTHV KKV ICTGPPTSPG ARTMIF TYE QERVJNSNK GRFKV - -NS ATVKQSSVD PWKCIVSLS E .
380 443444 687 8 5 ’
N2A s+« GKWE[RTL- +++ RKFVKI--[[5-T- +++ SRTVKFTYD *++ K------ VN +++ GYNRNLAKG +++ GTVAJGSTE +++ PWKRQIDLA «-- . Glycosylation type
438 585 685 @ rigi-mannose
N2C GRADHGVL - RRQYIH- - TFSSGD AKVVKFSYD R-=---- VR SYNCQIL TKG GTVANGSTE HWKRA I DLA
.hybm:l
o] L L I — L LI
——T— — T ———T—— complex
b 61 203 239 276 300 350 368 440 471 491 77 o 337 438 585 685
N-Glycosylation sites in N1a-N2C di-receptor
o[ [e[1® o Qo9
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N-Glycosylation sites in N1a-N2A-N2C tri-receptor

Assisted cryo-electron microscopy to resolve structures Precise analysis of glycoform distribution

3
N1a-N2C receptor N1a-N2A-N2C receptor

» Deep and precise analysis of glycosylation sites and glycoforms;
» Theoretical basis for the structural analysis of different subtypes of NMDA receptors and

the development of subtype-selective small molecule drugs.
Nat. Struct. Mol. Biol. 2023, 30, 629



Photochemical reactions are main drivers for the evolution of

interstellar living organic molecules

> The chemical reactions of atoms and molecules driven by the interstellar radiation
field (ISRF) play an important role in the forming of the interstellar clouds and
planets.

> The initial living organic molecules (like amino acids) in the interstellar space may

come from molecular photochemical rea§isrphasgasdrhasaco pbotfabesnical reactions

Small molecules Amino acids
P
v
$¢ hv ¢
P % ¢ — /L‘O H
a o 1
v
»

Nature, 2002

The VUV FEL laser is an unique tool to study molecular photochemical processes, both in gas-
phase and surface, which help us understanding the origin of life in the interstellar space



Structural characterization of protein-material binding interface

S Protein Experimental :SS r{‘li: f\l;‘
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Nat. Protoc. 2023, 18, 2600



FEL wavefront and coherence diagnosis

A wave front and coherence diagnostic system for DCLS has been developed and validated online.
It is shown that the variance of wave front is smaller than £3nm and the transverse coherence length is 0.87mm.
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Solid-state RF power sources

Center frequency 1.3GHz 216.6MHz

v Solid-state RF power sources have Dbeen

Amplitude stability 0.1% p-p 0.1% p-p

manufactured and passed the acceptance inspection,  rhasestabiity 0.1° pp 0.1° prp

Spur suppression ratio -70dB -70dB

and all parameters meet the requirements.

Output power

(1dB compression point) S8 Al3
Band width 1MHz 1MHz
1.3GHz power source 216MHz power source 216MHz factory acceptance measurements
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High gain FEL user facility

Length (m) E energy (GeV) Wavelength (nm)

150 0.3 50
300 1.0 8
f 350 1.2 3
( | 400 1.2 3
SwissFEL 58 0
sACLA 750 5.0 0.06
PALXFEL 1100 100 01
_ 1500 013
1500

Shanghai Hard X-ray FEL __—

European XFEL ——ﬁ
Hard X-ra SC FEL




DCLS Operation Statistics

Operation (hours)

2604
356 230 132 94 117

2018.10-2019.09 2019.10-2020.09 2020.10-2021.09 2021.10-2022.09 2022.10-2023.09

~ Beam operation  ~ User operation ™ Breakdown

No. of Experiments

25

— 0 0 s

2018.10-2019.09 2019.10-2020.09 2020.10-2021.09 2021.10-2022.09 2022.10-2023.09
¥ Measurements from dosmetic user ¥ Measurements from international user
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Welcome to Dalian
Become DCLS User
Join DCLS

weiqgingzhang@dicp.ac.cn
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