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Outline
• Part 1: Diffractive imaging of isolated molecules with X-ray 

free-electron lasers (FEL)
– State and structure selection of molecules (量子態與結構篩選)
– Mix-field orientation of molecules (分子空間排序)
– FEL x-ray diffraction of molecules (X光繞射)

• Part 2: Imaging molecular structure through femtosecond 
photoelectron diffraction on aligned and oriented gas-
phase molecules
– Photoelectron diffraction of molecules

• Part 3: Trapping single particles for imaging and 
spectroscopic applications
– Optically trapping of particles
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Motivation: study molecular 
frame dynamics

Study 1) intermolecular interaction dynamics in the 2) molecular frame of a 
complex system by using 3) controlled molecular samples

Pump
Probe

Detector
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Where is my “controller”?
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Part I – single molecule X-ray 
diffraction 

J. Küpper et. al., Phys. Rev. Lett. 112, 083002 (2014)
S. Stern et. al., Faraday Discuss. 171, 393 (2014)
T. Kierspel et. al., J. Chem. Phys. 152, 084307 (2020)
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Center for free-electron laser science 
(CFEL), DESY, Hamburg, Germany

CFEL

Inside of CFEL

德國同步輻射(DESY)

CFEL

FLASH (FEL)
PETRA
(同步輻射)

FLASH (FEL)
• 4.2 nm – 45 nm
• 50 fs – 200 fs
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People involved in this work

H. Chapman S. Stern

J. Küpper
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Motivation: molecular frame
information from X-ray diffraction

scatter

scatter

x-ray

x-ray
Spatially fixed 

2,5-diiodobenzonitrile (DIBN)

Photon detector

9



Double slit interference

10http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/slits.html#c1



Technique 1: spatial Control of molecules
(分子空間排序)

Probing scheme: Coulomb explosion ⇒Ion velocity parallel to the C-I bond
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S. Trippel et. al. (2013)
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Velocity map imaging

12
（曾建銘老師會有更精彩的介紹）



Technique 1: Laser alignment / mix-field 
orientation

Laser alignment:
Mixed field orientation:
S. Viftrup et. al., Phys. Rev. Lett. 99, 143602 (2007); L. Holmegaard et. al., Phys. Rev. Lett. 102, 023001 (2009)

1D Alignment  3D Alignment  

EYAGEYAG

Mix-field orientation

EYAG

θ
MPA
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Technique 2: state and structure 
separation (量子態與結構篩選)

Trans-3-fluorophenol
μ = 2.64 D

Cis-3-fluorophenol
μ = 0.82 D

Electric field
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Deflection force F = −∇(µ ⋅E)
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+HV

W = −µ ⋅EStark energy
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Y.-P. Chang et. al., Int. Rev. Phys. Chem. 34, 557 (2015)



Technique 2: spatial separation of 
conformers and rotational states

Neon expansion

Helium expansion

T. Kierspel, D. Horke, Y.-P. Chang et. al., Chem. Phys. Lett. 591, 130 (2014)

Molecular beam intensity profiles

W

μeff

Y.-P. Chang et. al., Comput. Phys. Commun. 185, 339 (2014)

µeff = −
dW
dE

Effective dipole moment: 

F = −∇(µ ⋅E) = µeff∇E
Deflection force:

W = −µ ⋅EStark energy

permanent 
dipole moment

E

μ
μeff

(electric field)

Theory (Stark effect of polar molecules)
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Improved laser alignment due to state
selection

F. Filsinger, J. Küpper, G. Meijer, L. Holmegaard, J.H. Nielsen, I. Nevo, J.L. Hansen, and H. Stapelfeldt, J. Chem. Phys. 131, 
64309 (2009).

State-
selected
samples

No state 
selection
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Technique 3: X-ray diffraction - protein nano-
crystals for determining protein structures

17
A. Barty, J. Küpper, and H.N. Chapman, Annu. Rev. Phys. Chem. 64, 415 (2013).



XFEL single-particle diffractive imaging pipeline 

18Henry Chapman, CFEL. Science, 2007, 316, 1444-48



Technique 3: X-ray diffractive image
pattern simulations of isolated molecules

F. Filsinger, G. Meijer, H. Stapelfeldt, H.N. Chapman, and J. Küpper, Phys. Chem. Chem. Phys. 13, 2076 (2011).

Isotropic sample

Perfectly aligned
sample

Partially aligned
sample

Partially aligned
sample

cos2θ
2D
= 0 cos2θ

2D
= 0.88

cos2θ
2D
= 0.97

cos2θ
2D
=1
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Experimental setup
Velocity map image –
for measuring
molecular orientation

pnCCD photon
detector – for recording
X-ray diffraction
patterns

Electrostatic deflector –
for state and structure
selection of samples

Molecular beam – for 
injecting DIBN + He

(2 keV, 
100 fs)

FEL – X-ray 
diffraction
YAG – laser 
alignment
TSL – Coulomb 
explosion 
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Linac Coherent Light Source (LCLS) / SLAC
National Accelerator Laboratory, US

Atomic, Molecular, and 
Optical Physics beamline
• λ = 620 pm (2 keV)
• Epulse = 4 mJ 
• Beam size = 30 μm 
• I0 ≈ 2 × 1015 W/cm2

• Photon flux = 1.35 ×
1013 photons/pulse 

• Pulse duration = 100 fs, 
• Repetition rate = 60 Hz 21



Determining spatial confinement of 
laser-aligned DIBN molecules

22

I+ ion angular distribution in space after 
Coulomb explosion by TSL or FEL 



Alignment at different parts of 
deflected mol. beam
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Experimental (raw) data of X-ray 
diffraction patterns

No YAG (no aligned) YAG (aligned)
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J. Küpper et. al., Phys. Rev. Lett. 112, 083002 (2014)
S. Stern et. al., Faraday Discuss. 171, 393 (2014)



Simulation of X-ray diffraction data
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DIBN 
only

DIBN 
+ He

difference

IYAG - INoYAG

Simulated intensities on pnCCD detector

Simulated diffraction difference 
pattern on pnCCD detector

difference

26S. Stern et. al., Faraday Discuss. 171, 393 (2014)



Experimental & simulation results of 
diffraction difference

(IYAG – INOYAG)
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Simulations with different I – I 
distances

d =

d αYAG = 60°

αΘ

s= sinΘ/λ
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Comparing exp. and simulated 
Intensity profiles 

29S. Stern et. al., Faraday Discuss. 171, 393 (2014)



Exploding molecules during a FEL 
pulse

30S. Stern et. al., Faraday Discuss. 171, 393 (2014)



Changing I – I distance during a FEL 
pulse

31S. Stern et. al., Faraday Discuss. 171, 393 (2014)



Outlook 1: imaging dynamics of DIBN 
photodissociation

F. Filsinger, G. Meijer, H. Stapelfeldt, H.N. Chapman, and J. Küpper, Phys. Chem. Chem. Phys. 13, 2076 (2011).

Pump-probe delay

0 fs 250 fs 500 fs 1 ps

X-ray diffraction 
pattern

Fourier 
transform
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Outlook 2: vector correlations in 
photo-fragmentation 

A. Barty, J. Küpper, and H.N. Chapman, Annu. Rev. Phys. Chem. 64, 415 (2013).

3,4-dibromoselenophene Fragmentation hologram
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Correlation vectors



Outlook 2: fragmentation holography 
experiment

A. Barty, J. Küpper, and H.N. Chapman, Annu. Rev. Phys. Chem. 64, 415 (2013).

X-ray diffraction 
pattern

Fourier 
transform

Pump-probe delay
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Part II - molecular frame information 
from photoelectron diffraction

Photon detector

Molecular frame photoelectron 
angular distribution (MFPAD)
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1-ethynyl-fluorobenzene
(p-FAB)

F

F(1s) inner shell (binding energy:
692 eV) photoionization by X-ray
(723 – 754 eV)

Scattered
photoelectron

Photoelectron from F(1s), 
kinetic energy = 31 – 62 eV

R. Boll et. al., Phys. Rev. A 68, 061402 (2013)
R. Boll et. al., Faraday Discuss. 171, 57 (2014)



Motivation: determining structures of 
transition state in photo-induced dynamics 
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People involved in this work
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Experimental setup
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LCLS, SLAC, AMO beamline
• Ephoton = 723 – 754 eV
• Epulse = 0.6 – 1.2 mJ 
• Pulse duration = 80 fs

Velocity map image – for measuring F+ ions

Velocity map image – for measuring
photoelectrons

R. Boll et. al., Phys. Rev. A 68, 061402 (2013).



Exp. results – F+ ion images
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R. Boll et. al., Faraday Discuss. 171, 57 (2014)



Exp. Results – photoelectrons
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Isotropic molecules aligned molecules

R. Boll et. al., Phys. Rev. A 68, 061402 (2013).



F (1s) photoelectron angular
distribution differences (ΔPAD)
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Positive difference Negative difference

Symbol: from non-inverted data
Area: from inverted data
Dotted line: DFT calculations



ΔPAD as a function of photoelectron 
kinetic energy
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R. Boll et. al., Phys. Rev. A 68, 061402 (2013).



Calculated PAD for different p-FAB 
geometries
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R. Boll et. al., Phys. Rev. A 68, 061402 (2013).



Take home messages of part 1 & 2
• Experimental demonstration of X-ray FEL diffraction for

determining the nuclear structure of a molecule

• Diffraction of photoelectron induced by X-ray FEL for 
determining the electronic structure of a molecule

• Advantage of FEL: high brightness, very short pulse 
duration (small than the photo-damage / fragmentation 
time of molecules)

• Promise pump-probe / time-resolved experiment of X-ray 
/ photoelectron diffraction.
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Part III - Single particle measurements via 
trapping single particles for imaging applications

46

Gradient force trapping
(transparent particles)
Groups: K. Reid, R. Signorell, 
A. D. Ward … etc. Electrodynamic balance

(Charged particles)
Groups: C. K. Chan, U. K. Krieger … etc

photophoretic trapping
(light absorbing particles)
Groups: A. V. Rode, Y. L. Pan … etc



Motivation: femtosecond
crystallography of “nanocrystal”

47

3D diffraction pattern
(collect 15,000 single
shot diffraction images)

Photosystem I complex

Issue: no synchronization between 
sample and X-ray pulses 
(亂槍打鳥)



Goal: optical guide for a stream of 
microscopic particles

48DOI:10.1364/OE.21.030492 



Trapping single particles
• Optical trapping
– Gradient forces created by focused laser beams

• Beam shape: Gaussian beam or Bessel beam
• Type of particle: transparent to laser wavelength (few μm)

– photophoretic forces created by laser beams
• Beam shape: Bessel beam
• Type of particle: not transparent to laser wavelength

• Acoustic levitation
– Type of particle: only limited by its size (sub mm to few mm)

• Electrodynamic balance
– Type of particle: charged particle (sub μm to less 100 μm)



Acoustic levitation on Youtube

50
https://youtu.be/669AcEBpdsY



Acoustic levitation on Youtube

51
https://youtu.be/XpNbyfxxkWE



Optical trapping on youtube

https://youtu.be/y-Tp5oswnNA



Optical Tweezers: history
• The detection of optical scattering and gradient forces on micron sized 

particles was first reported in 1970 by Arthur Ashkin. 

• Years later, Ashkin and colleagues reported the first observation of 
what is now commonly referred to as an optical tweezer: a tightly 
focused beam of light capable of holding microscopic particles stable in 
three dimensions. 

53

• In 2018, Ashkin was awarded the 
Nobel Prize in Physics for this 
development.

• Optical tweezers have proven useful 
in other areas of biology as well.



Principle of optical trapping – gradient 
force (for transparent particles)

DOI: 10.1088/0034-4885/76/2/026401 



Use aerosol optical tweezers (AOT) to trap 
single aerosol droplets (few 𝜇m) in our lab

55

Gradient force

Gravity

Gas flow

Scattering force

Raman signals excited 
by the trapping laser

dry

20 - 90% RH



Single micro-droplet trapping observed by 
brightfield imaging

56After 9 hours(video replaying)

Droplet size = few microns



Time-resolved Raman spectra of optically trapped 
single aerosol particle (aqueous citric acid)

(interval time : 1.2 s)

C=C & C=O stretching C-H stretching O-H stretching

Progressing sharp peaks (FWHM  ≈ a few cm-1):
Whisper gallery modes (WGMs, 耳語廊模), 
resonance wavelengths depend on radius and 
refractive index of the droplet as a cavity

Molecular Raman 
scatterings:

Chemical info.:
Functional groups

Concentrations
Ionic strength

pH

Physical info.:
Radius

Refractive index

57

Evidence of light 
scatterings from 
single spherical 

particle

Frame



Whispering-gallery modes (WGMs)

58

周長 = 駐波半波
長的整數倍

Whispering gallery in St. Paul’s Cathedral
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Chang, Y.-P., Devi, Y. & Chen, C.-H., Chemistry – An Asian Journal 16, 1644 (2021).

Cavity-enhanced WGMs + Mie theory as an “ ” to 
measure the size of single microdroplet with an accuracy of nm
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Take home message: Raman spectra time series as “movie” 
of physicochemical properties of a single aerosol particle

WGMs

Radius decreasing 
during reaction

Radius keeps 
constant

61
S.-H. Hsu (徐韶鴻), F.-Y. Lin (林鳳瑜), G. G. Huang, and Y.-P. Chang, J. Phys. Chem. C, 127 (2023) 6248.
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Optical traping via Bessel beam



3D optical trap

https://doi.org/10.1063/1.4917202



Bessel beam trap + CRD: single particle 
spectroscopy

https://doi.org/10.1021/jz4008068

https://doi.org/10.1021/jz4008068


Principle of trapping non-transparent 
particles – photophoretic force

DOI: 10.1088/0034-4885/76/2/026401 



High-order Bessel beam as a vortex 
beam trap

A. V. Rode et al.



Trapping carbon nanotubes

http://dx.doi.org/10.1063/1.4963842 



Optical Funnel on a Stream of Particles 
in Air or Vacuum

DOI: 10.1103/PhysRevApplied.4.064001 





Acoustic levitation - schematic 
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Diameter = 0.2 – 2 mmApplications: combine with optical 
spectroscopy or mass spectrometry 



Acoustic Levitation - TinyLev
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http://dx.doi.org/10.1063/1.4989995 



FIDI-MS

Acoustic levitation

Grounded mass spec.HV electrode

Laser pointer(650nm)

Droplet

Application: study interface reaction 
dynamics via MS

72
http://dx.doi.org/10.1002/anie.201902815 


