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• Molecular science: spectroscopy & dynamics
• Why Vacuum Ultra-Violet (VUV) laser ?
• The chemical reaction dynamic of molecular with VUV.
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H (Rydberg) atom tagging - spatial map
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VUV free electron laser

Measure the mechanisms of chemical reaction
• Chemical dynamic dynamics

http://www.saudiaramcoworld.com/issue/201001/the.world.s.fastest.scientist.htm

Chemical Reaction Mechanism
governed by Potential Energy Surface

The reaction mechanism
= Nuclear Wave Packet (i.e. nuclear motion) + Electronic Potential (binding force)

Chemical Reaction Mechanism
governed by Potential Energy Surface
Potential Energy Surface — 維尼熊與蜜蜂
In quantum chemistry and molecular physics, the Born–Oppenheimer (BO) approximation is the
assumption that the motion of atomic nuclei and electrons in a molecule can be separated.
The approach is named after Max Born and J. Robert Oppenheimer. In mathematical terms, it
allows the wavefunction of a molecule to be broken into its electronic and nuclear (vibrational,
rotational) components.
Computation of the energy and the wavefunction of an average-size molecule is simplified by the
approximation.

potential energy surfaces of this form.

Chemical Reaction Mechanism
governed by Potential Energy Surface
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(corresponding to the minimum in the curve above). The energy increases again as we move out to large
separations where there are no attractive interactions between the atoms. The resulting potential energy
surface is shown below as a contour plot (on the left) and as a 3D plot (on the right). The surface resembles
a curved ‘half pipe’; keen skateboarders or snowboarders might be familiar with analogous gravitational
potential energy surfaces of this form.

Ref. Molecular Reaction Dynamics Lectures 1-4
by Claire Vallance
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Reaction dynamics
Transition state

Reaction dynamics

Excited State Hydrogen Transfer (ESHT)
A new paradigm

phenol

indole

pyrrole

Photostability:
πσ* repulsive states trigger an ultrafast internalconversion process, which is essential for the photostability of
biomolecules.

Excited-state dynamics of isolated bio-molecules:
amino acids, DNA bases and their chromophores

Non-statistical energy randomization
in the ground state (S0) dissociation !?

Excited State Hydrogen Transfer (ESHT)
A new paradigm

Multi-dimensional (> 20 degree-of-freedom)
Potential Energy Surface (PES)
phenol

indole

pyrrole

Photostability:
πσ* repulsive states trigger an ultrafast internalconversion process, which is essential for the photostability of
biomolecules.

Excited-state dynamics of isolated bio-molecules:
amino acids, DNA bases and their chromophores

S1 and S2 PESs and their conical intersection for phenol
photodissociation, C6H5OH + hv → C6H5O + H

Excited State Hydrogen Transfer (ESHT)
A new paradigm

How do people proof πσ* repulsive states
experimentally?
phenol

indole

pyrrole

Measure the photofragment translational
energy distribution.
➡➡➡

Produce two radical fragments
with fast recoil velocity

Excited State Hydrogen Transfer (ESHT)
How do people proof πσ* repulsive states experimentally?
➡➡➡

Measure the photofragment translational energy distribution.

Total Kinetic Energy Release (TKER)

Ref. Chem. Sci., 2014, 5, 1698

The multi-mass ion imaging technique - spatial map

Mass axis

Velocity axis

The partitial pressure of photofragments (free radicals, carbene, et. al. ) is about 10-8 ~10 -9 torr
---> Intense Vacuum Ultra-Violet (VUV) laser is needed
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Excited-state dynamics of phenol
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intersection

predissocia*on,

UV

Photofragment translational energy distribution
C6H5OH + hv (248 nm) → C6H5O + H
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Reaction dynamics

The
third generation:
high vacuum
and VUV light
In NSRRC
U9 VUV beamline,
coordinated
bysource
李世煌博⼠士

IAMS and Berkeley

from Dr. Chi-Kung Ni’s note

photofragment translational spectroscopy - spatial map
In NSRRC U9 VUV beamline, coordinated by 李世煌博⼠士
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photofragment translational spectroscopy

Only part of the fragments can be detected.

detector

Measure the mechanisms of baseball game

Knowing the dynamic between pitcher (ball) and hitter (bat)
→Measuring the angle and velocity distribution

Reaction dynamics

Stern-Gerlach’s experiment

What Wikipedia
says:

The real result:
without magnetic field
with magnetic field

Ref. AAMOP WS 2011/2012 Experimental methods

magnetic deflection of an atomic
beam. Despite the smearing effect of
the velocity distribution, in a strong
enough field gradient the two oppositely oriented components should
be deflected outside the width of the
original beam. Classical mechanics, in contrast, predicted
that the atomic magnets would precess in the field but remain randomly oriented, so the deflections would only
broaden (but not split) the beam. Thus, Stern thought he
had in prospect an experiment that, “if successful, [will]
decide unequivocally between the quantum theoretical
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“You look very unhappy,” whereupon I answered
fiercely, “How can one look happy when he is
thinking of the anomalous Zeeman effect?”6

Pauli, as well as Stern, had also made efforts to refine the
theory of ferromagnetism advanced in 1913 by Pierre
Weiss. That theory, still useful today, envisioned
magnetic domains within a metal. However, it implied that the average magnetic moment of an
atom in a fully magnetized sample of iron was
much smaller than the Bohr magneton—the magnetic moment of an electron, mB ⊂ (e/2mc)(h/2p)—
by about a factor of five. In an attempt to account
for the difference, Pauli invoked space quantization. In 1920, by carrying out a statistical average
over the projection quantum numbers, he concluded that the net effective atomic moment
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Reaction dynamics

Crossed molecular beams
(2) velocity selector

10-4
(4) D2 or H2 supersonic beam source

10-6

(7) skimmer

(1) heated effusive
F atom beam source

10-7

(11) ultrahigh vacuum,
triply differentially pumped
mass spectrometer,

10-9
10-10
10-11

Experiment for reactive scattering
F + D, DF + D and F + H2 + HF + H

detector chamber.

Pressures are indicated: (3) liquid nitrogen cooled cold trap, (5) heater, (6) liquid nitrogen feed line,, (8) tuning
fork chopper, (9) synchronous motor, (10) cross correlation chopper for time-of-flight velocity analysis
Y. T. Lee, Nobel lecture 1986, Molecular beam studies of elementary chemical processes

Ref. AAMOP WS 2011/2012 Experimental methods
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Reaction dynamics

The reaction F (g) + D2 (g) → DF (g) + D (g) can
produce vibrational excited DF (g) molecule

Reaction dynamics

Reaction dynamics

Reaction dynamics

Reaction dynamics

The velocity and angular distribution of the
products of a reactive collision provide a
molecular picture of the chemical reaction

Reaction dynamics
Backward Scattering

Reaction dynamics

Reaction dynamics
Backward Scattering

Reaction dynamics

The third generation: high vacuum
C6H6 → CH3 + C5H3
CH3 + e → CH3+ + 2e
CnHm + e →- CH3 + + …

-

Only IAMS

from Dr. Chi-Kung Ni’s note

Reaction dynamics

Advantages
1. Velocity resolved (whole distribution)
2. Mass resolved
3. Angle resolved
4. Momentum match
A→B+C
MBVB = MCVC
Disadvantages
B + e → D+ + X + 2e
C + e → C+ + e

from Dr. Chi-Kung Ni’s note

Photodissociation

CH2IBr → CH2I + Br
→ CH2 + I + Br

from Dr. Chi-Kung Ni’s note

Photodissociation

Advantages of VUV photoionization
1. Reduce fragment cracking
CH3 + e- → CH3+ + …
→ CH2+ + H…
→ CH+ +2H …
C 2H 3 + e - → C 2H 3+ + …
→ C2H2+ + H…
+
→ C2H +2H …

from Dr. Chi-Kung Ni’s note

Photodissociation

The third generation: high vacuum and VUV light source

IAMS and Berkeley
from Dr. Chi-Kung Ni’s note

Photodissociation

2. Structure identification
C3H4 + hv → C3H3 + H
Isomers: HC=C=CH2
HCCCH3

from Dr. Chi-Kung Ni’s note

Using the VUV light to ionize the photofragments

Photodissociation

Medium size polyatomic molecules have
many dissociation channels
C6H6 + hv → C6H5 + H
→ C 6H 4 + H 2
→ C5H3 + CH3
→ C 4H 4 + C 2H 2
→ C 4H 3 + C 2H 3
→ C 4H 2 + C 2H 4
→ C 3H 3 + C 3H 3

from Dr. Chi-Kung Ni’s note

Photodissociation

Multimass ion imaging techniques
1. Use turbo pump to reduce background
2. Use VUV laser to ionize fragment: reduce fragment cracking
3. Use 2 D detector to detect many fragment simultaneously
4. All velocity measured in center of mass frame

from Dr. Chi-Kung Ni’s note

Photodissociation

from Dr. Chi-Kung Ni’s note

Photodissociation

movie

from Dr. Chi-Kung Ni’s note

Photodissociation

Photodissociation of aniline
@ 193 nm
NH2

CH3 m15
NH3 m17

Delay 11 us
-HCN m66

C6H5NH2+hv → C6H5NH + H
-NH3 m76
-NH2 m77
-CH3 m78

Delay 15 us

-NH3 m76 NH2 m77 CH3 m78

→ C6H3NH2 + H2
→ C5NH4 + CH3
→ C6H5 + NH2
→ C6H4 + NH3
→ C5H6 + HCN

-H2 m91 H m92

J. Am. Chem. Soc., 126, 8760 (2004)
from Dr. Chi-Kung Ni’s note

In Figure 2, the general scenario for a pump-probe experiment is depicted in a reaction
Pump-probe
involving four molecular potential
energy surfacesexperiments
(PES) highlighting the new possibilities. First,
Time

Energy

TD 3D electron
holography

TD electron
wave function

Probe:
- all along R
- perturbative

P
VUV
probe

Vis
probe
Pump

Project
the NWP

Vis

VUV probe
No spectroscopic
probe

knowledge needed

Reaction coordinate R
Figure 2
General
scheme
a pump-probe
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with
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pulse
(bluearrow)
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arrow).
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a simulated
holographic
image. (Right
inset)(Right
Time-independent
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from CO
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image.
inset) Time-independent
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momentum
molecules.
Abbreviations:
VUV,
vacuum
ultraviolet;
vis, visual.
distribution
from
CO molecules.
Inset
images
adapted from
References 20 and 21, respectively.
Abbreviations: VUV, vacuum ultraviolet; vis, visual.

Ref: Annu. Rev. Phys. Chem. 2012. 63:635–60

Angular Distribution of photoion

Photofragment Angular Distribution
1. Transition dipole moment and photon polarization
2

Pij ~ < i ε ⋅ µ j > ~ cos 2 θ

ε : polarization of electric field

E

Photodissociation
2. transition dipole moment and direction of recoil velocity ( µ , v)

1
I (θ ) =
[1 + β × P2 (cos θ )]
4π
1
P2 (cos θ ) = (3 cos θ + 1)
2

β : anisotropic parameter
β = +2 (V // µ )
β = −1 (V ⊥ µ )
β = 0 isotropic distributi on

Anisotropy Parameters

Consider fragmentation of a diatomic molecule, e.g. HI.
Assume axial recoil, i.e. that atoms recoil along a
direction parallel to the breaking bond.
(When might this assumption fail?)
For a diatomic, the transition moment must either lie
0) or perpendicular
(
= 1) to the bond.
parallel
v ( =u
v

// v parallel
The preferred direction of recoil is thus u
either
or perpendicular to .

.

Recalling eq. 1.3, the absorption probability depends on
the dot product of E0v
and (i.e. the projection of E0 onto
). Thus there will be a spatial correlation between the
fragment recoil velocity, v, and E0.

u

The measured (LAB) frame distribution
of recoil
u⊥
v
velocities about E0 is obtained by averaging the square
of the projection of Ev
over the (random in space)
0 onto
distribution of .

Photodissociation

Dissociation rate: fast
Parallel transition:β=2

E
Perpendicular transition:β =-1

E

Dissociation rate: slow (slower than rotation period):β=0

Measure the mechanisms of baseball game

Photofragment
Ion Imaging involves:
Photofragment translational
spectroscopy
(PTS)
(i) photolysis using linearly polarised laser pulse.
(ii)Imaging
ionisation of (quantum
state selected) fragment of
by Velocity mapinterest,
(VMI)
by REMPI, within a few nanoseconds of fragment
creation.
(iii) the resulting ion cloud expands (with a speed and
angular distribution characteristic of the dissociation
event), and is simultaneously accelerated (by an electric
field) so as to impact on the position sensitive detector.

Schematic diagram of a position sensitive detector

Photodissociation

Photofragment translational spectroscopy (PTS)
by Velocity map Imaging (VMI)

Reaction Dynamics (Cross Molecular Beam method)
by Velocity Map Imaging (VMI)
劉國平 院⼠
中研院 原分所

Photodissociation
Cross molecular beam experiment

Raw images of the state-selected CD3 products from the
F + CD4 → DF + CD3 reaction at Ecollision 5.37 kcal / mol.
The successive rings on each image correspond to the
labeled vibrational states of the coincident DF product

Photodissociation experiment

O+ ion image in the course of
O2 + hv (255 nm) Multi-photon dissociation/ionization
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• Molecular science: spectroscopy & dynamics
• Why Vacuum Ultra-Violet (VUV) laser ?
> soft ionization of reaction products (without dissociative ionization)
> VUV photodissociation of small molecule (Astrochemistry)

• not be mentioned today
>globally probing on the potential energy surface
(non Frank-Condon region )
> multi-photon VUV physics
• The chemical reaction dynamic with VUV FEL is just the beginning.

Thanks for your concentration.

