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• Molecular science: spectroscopy & dynamics


• Why Vacuum Ultra-Violet (VUV) laser ?


• The chemical reaction dynamic of molecular with VUV. 



Measure the mechanisms of chemical reaction

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 dynamic dynamics



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.

https://en.wikipedia.org/wiki/Quantum_chemistry
https://en.wikipedia.org/wiki/Molecular_physics
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Max_Born
https://en.wikipedia.org/wiki/J._Robert_Oppenheimer
https://en.wikipedia.org/wiki/Wavefunction
https://en.wikipedia.org/wiki/Molecule


Reaction dynamics
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By  considering  the  energy  of  the  system  at  various  A‐B‐C  separations,  we  now  know  enough  about 
molecular interactions to be able to predict the form of the complete potential energy surface.  The short‐
range  repulsive  interactions mean  that  the  energy will  be  high when  either  or  both  of  the  rAB  and  rBC 
distances are very small, and the energy will be lowest when rAB and/or rBC are at their equilibrium distance 
(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.   

 

The minimum  energy  path  across  the  surface  follows  the  base  of  the  ‘half  pipe’,  and  is  known  as  the 
reaction  coordinate.   Note  that  the  transition  state  appears  as  a  ‘hump’  along  the  reaction  coordinate, 
which  the  reactants must  surmount  to  form products.   As  shown below,  if we plot  the potential energy 
along the reaction coordinate, we recover the familiar reaction potential energy profile. 
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Reaction dynamics

from Dr. Chi-Kung Ni’s note

IAMS and Berkeley 

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



Measure the mechanisms of baseball game

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



Supersonic gas jets 

• very low divergence
• high density
• well defined velocity (cold beam: a few K)
• rather complex apparatus (vacuum system)

Λ

Gas expands from high pressure (P0 1-100 bar) 
through a small nozzle into high vacuum (P1)

What happens ?

• acceleration to supersonic speed
• formation of a shock front

(finite pressure P1 in the chamber)
• internal energy (temperature) is 

transformed into kinetic energy

P0 , T

Nozzle zone of 
silence

Shock frontP1

Λ < d
Λ < L

P1

P0

Ref. AAMOP WS 2011/2012 Experimental methods



The real result:
without magnetic field with magnetic field

Stern-Gerlach’s experiment

What Wikipedia 
says:

Ref. AAMOP WS 2011/2012 Experimental methods



Reaction dynamics



Crossed molecular beams

Y. T. Lee, Nobel lecture 1986, Molecular beam studies of elementary chemical processes

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

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

(1) heated effusive 
F atom beam source

(2) velocity selector

detector chamber.

(4) D2 or H2 supersonic beam source 

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

(7) skimmer

10-4

10-6

10-7

10-9

10-10

10-11

Ref. AAMOP WS 2011/2012 Experimental methods



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

from Dr. Chi-Kung Ni’s note

Only IAMS 

The third generation: high vacuum 

C6H6 → CH3 + C5H3 
 
CH3 + e   → CH3

+  + 2e 
CnHm + e  → CH3 + + … - - 



Reaction dynamics

from Dr. Chi-Kung Ni’s note

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 

 



Photodissociation

from Dr. Chi-Kung Ni’s note

CH2IBr → CH2I + Br 
  → CH2 + I + Br 



Photodissociation

from Dr. Chi-Kung Ni’s note

Advantages of VUV photoionization 
 
1.  Reduce fragment cracking 
 

  CH3 + e-  → CH3
+  + … 

    → CH2
+ + H… 

    → CH+ +2H … 
 

 C2H3 + e-  → C2H3
+  + … 

    → C2H2
+ + H… 

    → C2H+ +2H … 



Photodissociation

from Dr. Chi-Kung Ni’s note

IAMS and Berkeley 

The third generation: high vacuum and VUV light source 



Photodissociation

from Dr. Chi-Kung Ni’s note

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

     HCCCH3   











Using the VUV light to ionize the photofragments



Photodissociation

from Dr. Chi-Kung Ni’s note

Medium size polyatomic molecules have 
many dissociation channels  
       

         C6H6 + hv  → C6H5 + H 

        → C6H4 + H2 

       → C5H3 + CH3 

       → C4H4 + C2H2 

       → C4H3 + C2H3 

       → C4H2 + C2H4 

       → C3H3 + C3H3 



Photodissociation

from Dr. Chi-Kung Ni’s note

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 



Photodissociation

from Dr. Chi-Kung Ni’s note

  



Photodissociation

from Dr. Chi-Kung Ni’s note

movie 



Photodissociation

from Dr. Chi-Kung Ni’s note

Photodissociation of aniline  
@ 193 nm 

-HCN   m66 

-NH3   m76 
-NH2   m77 
-CH3     m78 

Delay 11 us 

Delay 15 us 

-H2   m91  -
H    m92 

C6H5NH2+hv → C6H5NH + H 

             → C6H3NH2 + H2 

             → C5NH4 + CH3 

             → C6H5 + NH2 

             → C6H4 + NH3 

             → C5H6 + HCN 

-NH3   m76  -
NH2   m77  -
CH3     m78 

CH3   m15 

NH3   m17 

NH2

J. Am. Chem. Soc., 126, 8760 (2004) 
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PES: potential energy
surface

at FLASH, and pulses <7 fs have been demonstrated at LCLS, with realistic prospects to penetrate
the subfemtosecond regime for 1-Å photons—the key for time-dependent structural investigations
with both time and position resolution at the atomic scale.

1.1.4. Coherence. The coherence of FEL radiation in the transverse direction has been measured
at FLASH to be ∼300 µm (15), i.e., fully coherent across the entire focus diameter even for weak
focusing conditions, and similar measurements have recently been performed at LCLS. In the
longitudinal direction, owing to the SASE principle, the pulses show a spiky structure in time
as well as in the Fourier-transformed energy domain, with typical coherence lengths of a few
femtoseconds recently measured at the FLASH (16, 17) and SCSS test facilities (18) and lengths
of hundreds of attoseconds at X-ray energies calculated for LCLS.

1.2. Novel Challenges and Opportunities
Based on the above features, in combination with advanced detection and preparation techniques
for molecular samples, fascinating possibilities and challenges in ultrafast and photochemistry
emerge. Owing to the high intensities and short pulse times, FELs now allow researchers to
perform ultrafast pump-probe experiments in the VUV to X-ray regime. Thus, for example,
short wavelength pump pulses enable us to directly populate and therefore investigate ionic or
exotic, highly excited states. Moreover and even more important, having coherent probe pulses at
hand extending into the X-ray domain has several major consequences, some of them of potential
breakthrough character as outlined below.

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

    

Pump Vis 
probe 

Reaction coordinate R

En
er

gy
P 

VUV 
probe 

Time 

Project
the NWP 

No spectroscopic
knowledge needed   

Probe:
  - all along R
  - perturbative

TD 3D electron
holography  

TD electron
wave function  

Figure 2
General scheme of a pump-probe experiment with a ground state, nuclear wave packet (NWP) dynamics
along the reaction coordinate R on various excited potential energy surfaces, and a time-delayed, soft or hard
X-ray probe pulse (blue arrow) as compared with a low-energy probe (red arrow). (Left inset) Calculated
time-dependent (TD) 2D positions of carbon atoms in a benzene ring extracted from a simulated
photoelectron holographic image. (Right inset) Time-independent 3D photoelectron momentum
distribution from CO molecules. Inset images adapted from References 20 and 21, respectively.
Abbreviations: VUV, vacuum ultraviolet; vis, visual.
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General scheme of a pump-probe experiment with a ground state, nuclear wave packet (NWP) dynamics along 
the reaction coordinate R on various excited potential energy surfaces, and a time-delayed, soft or hard X-ray 
probe pulse (blue arrow) as compared with a low-energy probe (red arrow). (Left inset) Calculated time-
dependent (TD) 2D positions of carbon atoms in a benzene ring extracted from a simulated photoelectron 
holographic image. (Right inset) Time-independent 3D photoelectron momentum distribution from CO 
molecules. Abbreviations: VUV, vacuum ultraviolet; vis, visual.

Pump-probe experiments

Vis 
probe

VUV 
probe

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



Angular Distribution of photoion

Photofragment Angular Distribution 
 
1. Transition dipole moment and photon polarization 

fieldelectricofonpolarizati

jiPij

:

cos~~ 2
2

ε

θµε >⋅<

E 



Photodissociation
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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 
parallel (�� = 0) or perpendicular (�� = �1) to the bond.   
 

The preferred direction of recoil is thus either parallel 
or perpendicular to �. 
 

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

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



Photodissociation

Dissociation rate: fast 
Parallel transition:β=2  

 

 

 

Perpendicular transition:β =-1 

 

 

 

 

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

 

 

E 

E 



Measure the mechanisms of baseball game



Photodissociation
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MEASURING � VALUES 
 

The most direct methods use a position sensitive  
detector to record a 2-D projection of the 3-D velocity  
distribution; the full 3-D distribution can be  
reconstructed using a mathematical transform. 
 

Photofragment Ion Imaging involves: 
  (i) photolysis using linearly polarised laser pulse. 
 (ii) ionisation of (quantum state selected) fragment of  
interest, 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



Photodissociation

Velocity map ion imaging (VMI imaging)



Photodissociation

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

O+ ion image in the course of 
O2 + hv (255 nm) Multi-photon dissociation/ionization 

Cross molecular beam experiment Photodissociation experiment



CHEMICAL PHYSICS

Observation of the geometric phase
effect in the H + HD→ H2 + D reaction
Daofu Yuan1*, Yafu Guan2*, Wentao Chen1, Hailin Zhao2, Shengrui Yu3,
Chang Luo1, Yuxin Tan1, Ting Xie1, Xingan Wang1†, Zhigang Sun2†,
Dong H. Zhang2†, Xueming Yang2,4†

Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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the theoretical angular distributions obtained
with the GP effect included agree well with the
experimental results, with the calculated angular
oscillations exactly in phase with the experimen-
tal results. This agreement suggests strongly that
the GP effect can be seen in the adiabatic picture
for this benchmark reaction at this high collision
energy. Similar comparisons were made for ad-
ditional H2 product levels (fig. S6), and results
were consistent with the above conclusion.
Because the collision energy of this experi-

ment is 0.24 eV above the CI, the question arises
whether the adiabatic excited state (or the upper
cone of the CI) has a significant effect on the
reaction dynamics. We therefore developed ac-
curate diabatic PESs for the H3 system and
used them to carry out state-to-state quantum
dynamics calculations. To construct the diabatic
PESs, we obtained the derivative coupling be-
tween the two lowest 2A′ states by performing
MR-CISD (multireference configuration interac-
tion, with all single and double excitations) cal-
culations using the COLUMBUS program (41)
with active space comprising three electrons
distributed in nine a′ and two a″ orbitals and
basis of standard aug-cc-pVQZ (42). The deriv-
ative couplings were then fitted using an arti-
ficial neural network method (43). The ground
adiabatic PES of H3 was taken as the well-known
BKMP2 PES, but the energy difference between
the ground and excited states was calculated
using theMOLPROpackage (44) and fitted using
the artificial neural network method. See the SM
for more details. The DCSs for the title reaction
were then calculated using the diabatic PESs for
the products H2 (v′ = 0, j′ = 7) andH2 (v′ = 1, j′ = 9
and v′ = 2, j′ = 3) and are compared with the
corresponding adiabatic GP results in Fig. 3.

The calculated DCS using the adiabatic ground-
state PES including theGP effect agreeswell with
the DCS calculated using the diabatic coupled
PESs, and the calculated diabatic DCS is also in
good agreement with the experimental result,
demonstrating that the dynamics of the reac-
tion canbe accurately describedusing the diabatic
theory without considering the GP effect, as ex-
pected. Therefore, the GP effect associated with
the CI in a molecular system exists only in the
adiabatic picture. The present results also verify
that the adiabatic theory including the GP can be
used to describe the detailed dynamics of this
chemical reaction at this collision energy as pre-
cisely as the diabatic theory does. This, we be-
lieve, has important implications for dynamics
studies of complicated quantum systems with
CIs using adiabatic theory when diabatic treat-
ment is very difficult or not possible.
There are some small differences in the for-

ward scattering peak between the diabatic and
the adiabatic GP results for the H2 product (v′ =
1, j′ = 9 and v′ = 2, j′ = 3) (Fig. 3B), implying that
the excited state might play some small role at
this collision energy. To assess quantitatively
the effect of the excited state, we have calculated
the time-dependent population of the adiabatic
ground (V1) and excited (V2) states for H + HD
at the collision energy of 2.77 eV for differential
partial waves J = 0, 10, 20, 30, and 40. The
calculated results show that the J = 0 popula-
tion on the adiabatic excited state V2 reaches its

maximumat ~46 fs, which is still less than 0.09%
of that on the adiabatic ground state (see fig.
S7A). In addition, we have also computed the
time-independent wave function as a function
of hyperradius r in hyperspherical coordinates
for J = 0 with the two hyperangular coordinates
integrated out (45). The results show that the
wave function of the adiabatic excited V2 is dis-
tributed in a very narrow region around the CI,
with peak value less than 1% of that on the adia-
batic ground state V1 (see fig. S7B). By integrating
the |y|2 distribution in fig. S7B, we estimated
that the population on the excited state is only
about 0.053% of that on the ground state for the
J = 0 partial wave. For partial waves with larger
J value, the excited-state contribution becomes even
smaller. The excited-state dynamics are different
from those on the ground state, thus likely causing
the small difference between the adiabatic + GP
and the diabatic calculations. These quantitative
analyses confirm that the excited state plays a very
minor role in theH+HD→H2+D reaction at the
collision energy of 2.77 eV, suggesting the reaction
process occurs predominantly on the ground state
and thus ensuring that the reaction at this col-
lision energy can be adequately treated using adia-
batic calculations on the ground state PESwithGP.
It is intriguing that the GP effect on the H +

HD → H2 + D reaction can be seen so clearly in
the forward scattering direction. According to
the topological argument proposed by Althorpe
and co-workers (19, 23) for the H + H2 reaction,

Yuan et al., Science 362, 1289–1293 (2018) 14 December 2018 3 of 5
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Fig. 3. Comparison between diabatic and
adiabatic with GP calculations for H2

product in specific quantum states. (A) H2 (v ′ =
0, j ′ = 7); (B) H2 (v ′ = 1, j ′ = 9 and v ′ = 2, j ′ = 3).

Fig. 4. A cut view through the H + HD PES.The positions of the three H + HD geometric
arrangements, transition states (T), and CI (×) are shown. On the surface, representative one–
transition state (path 1) and two–transition state (path 2) reaction paths are shown. The cut was
calculated using hyperspherical coordinates (45) at a given overall separation r of 3.60 bohr without
consideration of the mass difference between H and D atoms.
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Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
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The HD molecular beam was produced by supersonic expansion through a second 

pulsed valve (Even-Lavie valve) horizontally mounted in the rotatable source chamber. 

The stagnation pressure of HD (97% purity, purchased from Spectra Gases Inc) was 13 

bar. HD molecules in the valve were cooled to the liquid nitrogen temperature before 

the supersonic expansion. In the HD beam, about 97% of the HD molecules are 

populated in the j=0 level. The measurement of the HD rotational state population was 

performed by using the (3+1) resonant enhanced multiphoton ionization (REMPI) via 

the HD(C1Π,v =3X1Σ+,v=0), R(0) and R(1)) transitions near 285.6 nm. The velocity 

of the HD molecular beam is 1240 m/s with a speed ratio (v/v) of 30. For the study of 

the H+HD→H2+D reaction at 2.77 eV, the pulsed H atom beam and HD molecular 

beam were collimated by skimmers, and then entered the scattering chamber where the 

two beams collided at a crossing angle of 160. 
 
 
 

 
Figure S2. Schematic of the experimental setup for high resolution crossed beams 
studies in this work. 

 
 

The D atom products of the H+HD→H2+D reaction, produced in the collision zone, 

were detected by a two color (1+1′) (vacuum ultraviolet (VUV) + ultraviolet (UV)) 

threshold ionization method. The two excitation lasers used for (1+1′) ionization of the 

D products were generated by the scheme displayed in Fig. S2. The VUV excitation 

laser beam was generated by the two-photon resonant (2ω1-ω2) four wave mixing in a 

gas cell filled with krypton (47). The laser light at ω1 (212.5 nm) was generated by the 
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above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
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frequency-doubled output of the first tunable dye laser (Cobra-Stretch, Sirah), pumped 

by the 355 nm Nd:YAG (Continuum Powerlite DLS 9020) output. The energy of two 

photons at ω1 is resonant with the transition between 5p and 4p level of krypton. The 

laser light at ω2 (846.5 nm) was produced by the fundamental output of the other tunable 

dye laser (Cobra-Stretch, Sirah) pumped by the 532 nm output of the same Nd:YAG 

laser. The UV ionization laser beam at ω3 (364.5 nm) was generated by the doubled 

output of a third dye laser (Cobra-Stretch, Sirah) that was pumped by another Nd:YAG 

detection laser (Continuum Surelite II). BBO crystals were used in the frequency 

doubling process, enabling the generation of ω1  and ω3. 
 
 
 
 

Ionization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3. The D atom energy levels in the ionization process. 
 
 
The D atom products were excited from n=1 to n=2 state by the VUV laser beam at 

121.6 nm, and subsequently pumped by the UV laser beam at 364.5 nm to an energy 

which is just above the ionization limit as shown in Fig. S3, and thus ionized. The recoil 

velocity of the D+  is less than 5 m/s in this ionization scheme. The ionized D atom 

(1+1′ ) Ionization 
limit n=30~90 

n=3 
364.5 nm 

n=2 

121.6 nm 

n=1 
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translational energy distributions were derived. Fig. S4 shows the D atom product 

translational energy distribution in the forward scattering direction. 
 

 
Figure S4. Product translational energy distribution of the D atom products in the 
forward scattering direction (T = 0q). 

 
 

The DCSs of the H2(v′=0, j′=7) and other ro-vibrational states shown in Fig. 2 and 

Fig. S5 were obtained from the fitting of translational energy distributions shown in Fig. 

S4. As can be seen from Fig. 2 and Fig. S5, in the forward scattering direction, the H2 

rotational states are well resolved, in particular, the H2(v′=0, j′=7) is very pronounced 

and very well separated form adjacent peaks. It was possible to extract the state resolved 

DCS with high reliability and total error bars of about r10% (1V), after having fitted 

the P(ET) distribution with Gaussians for each H2 product state using accurate energy 

term values of the rovibrational levels of H2. 

The measurement error (due to counting statistics) in the current experiment is 

quite small (about 3% at the peaks of H2(v′=0, j′=7) in the forward scattering direction) 

due to the good stability of the experimental apparatus and the long data acquisition 
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Pancharatnam in 1956 in crystal optics (1) and by
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tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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Observation of the geometric phase
effect in the H + HD→ H2 + D reaction
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Chang Luo1, Yuxin Tan1, Ting Xie1, Xingan Wang1†, Zhigang Sun2†,
Dong H. Zhang2†, Xueming Yang2,4†

Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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Theory has established the importance of geometric phase (GP) effects in the adiabatic
dynamics of molecular systems with a conical intersection connecting the ground- and
excited-state potential energy surfaces, but direct observation of their manifestation
in chemical reactions remains a major challenge. Here, we report a high-resolution crossed
molecular beams study of the H + HD→ H2 + D reaction at a collision energy slightly
above the conical intersection. Velocity map ion imaging revealed fast angular oscillations
in product quantum state–resolved differential cross sections in the forward scattering
direction for H2 products at specific rovibrational levels. The experimental results
agree with adiabatic quantum dynamical calculations only when the GP effect is included.

I
n a system of potential energy surfaces (PESs)
connected through a conical intersection (CI),
a geometric phase (GP) must be introduced
that pertains to adiabatic motions encircling
the CI for the system to be treated properly

in the adiabatic quantummechanical framework.
The GP effect was discovered independently by
Pancharatnam in 1956 in crystal optics (1) and by
Longuet-Higgins et al. in 1958 in molecular sys-
tems (2). In 1984, Berry (3) generalized the GP
(also known as Berry phase) effect to all adiabatic
processes, after which it became a widely studied
topic in physics. Over the past three decades, the
potentially profound influence of the GP onmate-
rial properties such as polarization, orbital mag-
netism, piezoelectric and ferroelectric properties,
and quantumHall effects has become clear (4–6).
The concept of GP is now essential for a coherent
understandingofmanybasic phenomena inphysics.
CIs appear in the PESs of many molecular

systems and chemical reaction coordinates (7).
Near a CI, electronic motion and nuclear motion
are strongly coupled in contravention of the Born-
Oppenheimer approximation. When a molecular
system with a CI is treated theoretically in the
adiabatic framework, i.e., only considering the
lower energy electronic surface, the GP must be
introduced to ensure, in accord with quantum
mechanics, that the total wave function is single-
valued at each nuclear geometry. GP effects have
been investigated in detail in isolated molecules

such as the sodium trimer (8), as well as in the
phenol photodissociation process (9, 10).
The most important chemical reaction for the

study of the GP effect is the hydrogen exchange
reaction, H +H2→H2 +H, because it has a well-
defined CI and can be treatedmost accurately by
theory. In the associated set of PESs for this re-
action, the CI between the ground electronic state
and the first excited state lies at about 2.75 eV (in
total energy) (11), at which three hydrogen nuclei
form an equilateral triangular geometry of D3h

symmetry. In pioneering work on the role of GP

in the H + H2 → H2 + H reaction, Mead and
Truhlar showed that the GP would affect ob-
servables only if the nuclear wave function en-
circled the CI, and the effect could be included by
introducing a vector potential (12). In 1988, Zhang
and Miller performed full-dimensional quantum
dynamics calculations on the hydrogen exchange
reaction without considering the GP effect, which
agreed with the relevant experimental observa-
tion, suggesting the GP effect is not important in
this reaction at low collision energy (13, 14).
Kuppermann and co-workers studied the GP ef-
fect on theH+H2 reaction using themultivalued
basis functions approach (15, 16) and predicted
strong GP effects in the differential cross sections
(DCSs). Their predictions, however, were not re-
produced by later dynamics calculations (17–19)
and by experiments (20, 21). Quantum reactive
scattering studies by Kendrick and co-workers
and by Althorpe and co-workers established that
the GP effect should be negligible at total energy
below 1.8 eV (19, 22–25), becoming significant
only at total energy above 3.5 eV. Theoretical
studies also pointed out that a clear signature of
the GP effect on this reaction would be a shift of
the fast angular oscillation in DCSs in the side-
ways scattering direction (19, 26).
Over the past two decades, high-resolution

crossed beam studies using the H atom tagging
method have probed many important elemen-
tary reactions (27–30), including the H + D2 and
H + HD reactions at various collision energies
(20, 21, 31–33). No fast angular oscillations in
DCSs for these latter reactions have been ob-
served, most likely because the angular resolution
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Fig. 1. Experimental images of the D atom product from the H + HD→ H2 + D reaction at a
collision energy of 2.77 eV.The crossing angle of the two beams is 160°. F and B denote the forward
(0°) and the backward scattering direction (180°) for the H2 coproduct in the center-of-mass frame
(CM) relative to the H atom beam direction, respectively.
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Angular Distribution of photoelectron
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 NO- + hv (355 nm) → NO + e-
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Coincidence momentum imaging with delay line detector (DLD)

Decode position and time-of-arrival 
information of every particle 
(electrons and ions). 

3D particle information of electron-
ion momentum 

Soft X-ray

Large area (110 mm) Hex. delay  line detectors 
for 3D electron and ion momentum imaging



Coincidence electron-ion velocity map imaging

hundreds eV).11-13 MB-TOF has shown its capability to detect two (even three) electrons 
coincidently and explicitly  assign the complicated Auger decay  process. However, informations 
about electron angular distributions is lost in MB-TOF technique. Recently, the Cold Target 
Recoil Ion Momentum Spectroscopy (COLTRIMS) has successfully developed to detect 
coincidence electron and ion momentum imaging with state-of-art position sensitive delay-line 
detector. It  is able to detect the angular distributions and kinetic energy  of electrons and ions 
coincidently.14-16 Both MB-TOF spectrometer and COLTRIMS require synchrotron radiation 
operates in few bunch mode. In contract  to normal multi-bunch mode (500 MHz) of synchrotron 
radiation, the beam time for few bunch mode operation is rare (only  few weeks per year). As a 
result, duty cycle and counting rate are reduced.

Velocity map imaging technique original developed from the chemical dynamic17 was used 
recently  to achieve coincidence electron and ion momentum imaging of molecules irradiated in 
ultra-intense laser beam18 or synchrotron radiation in few bunch mode.19 Unlike the other 
coincidence techniques, the coincidence electron-ion momentum imaging spectrometer is 
capable to record high-resolution electron/ion velocity  and angular distributions simultaneously. 
Additionally, the velocity  map  imaging technique is applicable under multi-bunch mode, 
resulting high counting rate. In such circumstance, the 3D information of electron momentum 
can be obtained from inverse transformation of 2D images. Consquently, it provides three-
dimensional (3D) vectorial properties of coincidence elections and ions. The information is 
crucial to manifest the details of inner-shell relaxation process which is essentially a multi-
particle problem (at least, two electrons and two ions).

Recently, the coincidence electron-ion momentum imaging technique has been adapted to 
study reaction dynamics among advanced synchrotron facilities in Spring-8 and Photon Factory 
in Japan, ALS in U.S.A. and BESSY in Germany. We plan to set up the first electron-ion 
coincidence velocity map imaging in Taiwan for the investigation of soft X-ray core excitation of 
small polyatomic molecules. 

Methodology and Advantages

The apparatus include an effusive molecular beam, two time-of-flight mass spectrometer in 
combination with velocity  map ion /electron imaging, and a tunable soft X ray photon beam. A 
schematic diagram is shown in Fig. 3. 

Fig. 3. Coincidence electron-ion velocity map imaging spectrometer.
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Coincidence electron-ion velocity map imaging spectrometer

➡ Capable to record high-resolution electron/ion velocity and angular distributions simultaneously. 

➡ Provide three- dimensional (3D) vectorial properties of coincidence elections and ions. 

These informations are crucial to manifest the details of inner-shell relaxation process which is 
essentially a multi- particle problem (at least, two electrons and two ions).

➡ Investigation of soft X ray photoionization and photodissociation dynamics 
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Large-format, high-speed, X-ray pnCCDs combined with electron and ion imaging 
spectrometers in a multipurpose chamber for experiments at 4th generation light sources

FLASH and XFEL in Europe



Cold Target Recoil Ion Momentum Spectroscopy 
(COLTRIMS)  

A Cloud Chamber for Atomic and Molecular Physics

FLASH and XFEL in Europe



From 2013 to 2016 the German Federal Ministry of Education and Research (BMBF) will provide 7.5 
million Euro to fund 14 projects at 11 universities and one Max Planck Institute. The projects focus 
on the development of instruments, devices, and technologies for unique experiments at the 
European XFEL. The funds are available as part of a larger investment in collaborative research 
projects studying condensed matter at large research facilities.

With the X-ray flashes of the European 
XFEL and this parcticle microscope from 
Goethe University Frankfurt and the Max 
Planck Institute of Nuclear Physics, it will 
be possible to "film" electrons in single 
molecules. 

A model of the particle microscope from Goethe 
University Frankfurt and the Max Planck Institute of 
Nuclear Physics, one project that will be funded through 
the BMBF.

FLASH and XFEL in Europe



Ultrafast Extreme Ultraviolet Induced Isomerization of Acetylene Cations

Ref. PRL 105, 263002 (2010)
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(a,b) Schematic of acetylene-vinylidene isomerization. (c) Yield of the CH+

2 C+ coincident fragments as a
function of the pump-probe delay.

occurrence of isomerization is probed as a function of time by shining in a second 38-eV photon,
creating the dication depicted in Figure 9b. If isomerization has taken place, Coulomb explosion
into the C+ + CH+

2 fragments will occur and is conclusive for the process. By recording the
yield of respective fragments in coincidence as a function of the pump-probe delay, shown in
Figure 9c, the isomerization time was measured to be 52 ± 15 fs in a KER window of 5.8 eV <

KER < 8 eV, providing clear evidence for the existence of a fast, nonradiative decay channel, an
elusive aim sought after for 40 years and initially reported by G. Herzberg (72).

Along these lines, several ongoing and proposed projects at FLASH aim at investigating
other structural rearrangement channels. Among these are isomerization of [C2H2]+ cations into
C+

2 + H+
2 ; isomerization in [C2H4]+ or in haloethanes; ring-forming and -opening in allene cations;

structural changes between closed-ring 1,3-cyclohexadiene and open-ring 1,3,5-hexatriene, the
simplest example of a photoinduced conrotatory pericyclic reaction (73); as well as tracing ultrafast
charge rearrangement in dissociating OCS, CS2, and SF6 molecules upon core-shell photoabsorp-
tion; or watching the interatomic Coulombic decay of Ne dimers, predicted to occur on a 90-fs
timescale (74) by VUV-pump–VUV-probe or THz streaking experiments. The breadth and mere
number of intended and ongoing projects impressively underline the huge potential of FEL VUV
radiation and, in particular, of the pump-probe experiments appreciated by the community, again
opening up entirely new avenues in photochemistry.

In summary, these experiments provide a first glimpse at the new possibilities for molecular
dynamics studies using intense, short-pulse VUV radiation at FELs in combination with many-
particle fragment imaging spectrometers, the reaction microscopes. Using VUV pumps generated
by splitting the FEL pulse not only allows one to efficiently access highly excited and/or metastable
states but, moreover, owing to the intrinsic time-stability between the two pulses in a pump-probe
arrangement, enables few-femtosecond and possibly future attosecond time resolutions using X-
ray split-and-delay arrangements.

652 Ullrich · Rudenko · Moshammer
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(a,b) Schematic of acetylene-vinylidene isomerization. (c) Yield of 
the CH+

2 /C+ coincident fragments as a function of the pump-probe 
delay.

focal length) that is cut into two identical ‘‘half-mirrors’’
(so called ‘‘half-moon’’ geometry). It has a reflectivity of
40%, sharply peaked around 38 eV such that higher order
harmonic radiation from the FEL is efficiently suppressed
by 3– 4 orders of magnitude to a negligibly low level.
While one half-mirror is mounted at a fixed position, the
other one is movable along the FEL beam axis by means of
a high-precision piezostage. In this way the time delay
between both reflected light pulses is adjustable within a
range of !2500 fs at a resolution of better than 1 fs. The
time overlap of both pulses was determined by detecting
the delay dependence of coincident fragments C2þ þ C2þ,
where maximum in the yield at zero delay time was
observed [Fig. 3(c)]. It provides us with the time-zero
information and indicates that structures below 20 fs can
be resolved. In a separate measurement, just done before
under the same experimental conditions, time-dependent
features of less than 10 fs [20] were observed when map-
ping the ultrafast oscillatory motion (# 22 fs) of the nu-
clear wave packet in D2

þ (1s!g). For a more detailed
discussion on the FLASH time structure and time resolu-
tions achievable, see [21,22].

During the experiment, the intensity of the incoming
FEL beam (10 mm diameter at the position of the back-
reflecting focusing mirror) was equally distributed over
both half-mirrors and the foci were merged inside a dilute
and well-localized beam (less than 1 mm diameter) of cold
C2H2 molecules in the center of REMI. With a focus
diameter of #10 "m and pulse energies of a few "J at
an estimated average pulse duration of #30 fs (see also
[21,22]), we reached peak intensities of I ffi
1013–1014 W=cm2 at 38! 0:5 eV. Ionic fragments were
projected by means of an electric field (40 V=cm) onto a
time- and position-sensitive microchannel plate detector
(diameter 120 mm, position resolution 0.1 mm, multihit
delay-line readout) and recorded as a function of the pump-
probe time delay. From the measured time of flight (TOF)
and position of each individual fragment, the initial three-
dimensional momentum vectors were reconstructed. The
energy resolution in the KER spectra is better than 50 meV
for all fragment energies detected.

In Fig. 1 the transition pathways for isomerization from
the acetylene to the vinylidene cation are illustrated, which
can be expressed by the following reaction equations:

HCCHðX1!þ
g Þ þ hvðpumpÞ

! ½HCCH(þðX2"u; A
2!gÞ þ e1

!!!!migra½H2CC(þð ~X2B1; ~A
2B2Þ þ e1; (1)

and

½H2CC(þð ~X2B1; ~A
2B2Þ þ hvðprobeÞ! ½H2CC(2þ þ e2

!!!!diss CHþ
2 þ Cþ þ e2;

(2)

with e1 and e2 being the first and second emitted electron,
respectively. In expression (1) the absorption of one photon
in the pump pulse leads to the formation of the acetylene
cation ½HCCH(þ in the ground X2"u and the low-lying
excited A2!g state. The probability for populating the
X2"u ground and the A2!g

þ dominate other channels by
a factor of more than 3 for ionization at 38 eV [18]. Here,
on the A2!g potential curve, ½HCCH(þ is unstable because
of almost no potential barriers for isomerization to

½H2CC(þ in the ~X2B1 and ~A2B2 states as illustrated in
Fig. 1. The ½HCCH(þ ! ½H2CC(þ isomerization is more
closely related to the trans-bent and CC stretch motions
than to the CH stretch motions, since during the course of
the isomerization one hydrogen must move from one
end (breaking of CH bond) to the other end of the CC
core (making of CH bonds) and the CC bond might be
varied considerably. This reaction leading to molecular
rearrangement is now mapped in real time by measuring
coincident fragments CH2

þ þ Cþ  ½H2CC(2þ as a func-
tion of the delay time, where ½H2CC(2þ is created by the
probe pulse as described in expression (2) with the CH2

þ

isomer fragment being a unique signature for H-atom
transfer.
In Fig. 2 the TOF of the first fragment is plotted as a

function of the TOF of the second one. Two diagonal lines
are clearly discernible indicating two coincident fragmen-
tation channels, namely, CHþ þ CHþ and CH2

þ þ Cþ

providing experimental evidence for the existence of iso-
merization of acetylene cations, different from previous
Auger spectroscopy measurements [14], where both chan-
nels could not be distinguished.

FIG. 1 (color online). Energy level diagrams for the acetylene
(left) and vinylidene (right) cations as well as sketches of the
expected isomerization-dissociation processes (middle).
Numbers indicate possible time-sequenced stages of neutral
acetylene (1), acetylene cation (2), transient states to vinyli-
dene (3), ionization of the vinylidene cation (4), and Coulomb
explosion of the vinylidene dication (5), respectively. Vertical
arrows indicate photon absorptions. Energy levels were taken
from Refs. [13,18,23].
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In this article, we describe an experimental setup for studying tunable vacuum ultraviolet photo-
chemistry using the H-atom Rydberg tagging time-of-flight technique. In this apparatus, two vacuum
ultraviolet laser beams were used: one is generated by using a nonlinear four-wave mixing scheme
in a Kr gas cell and fixed at 121.6 nm wavelength to probe the H-atom product through the Lyman
↵ transition and the other beam, produced by a seeded free electron laser facility, can be continu-
ously tunable for photodissociating molecules in the wavelength range of 50-150 nm with extremely
high brightness. Preliminary results on the H2O photodissociation in the 4d (000) Rydberg state are
reported here. These results suggest that the experimental setup is a powerful tool for investigating pho-
todissociation dynamics in the vacuum ultraviolet region for molecules involving H-atom elimination
processes. Published by AIP Publishing. https://doi.org/10.1063/1.5017757

I. INTRODUCTION

The field of molecular photochemistry and photodis-
sociation dynamics has grown tremendously in the past
few decades.1–3 It now pervades many subfields in physical
chemistry from atmospheric chemistry, interstellar chemistry,
environmental chemistry to quantum chemistry. With the
developments in laser and molecular beam techniques, many
sophisticated spectroscopic techniques have been developed.
One of the useful techniques is translational energy spec-
troscopy with sufficiently high resolution, in which prod-
uct internal state distributions over a wide energy range for
state-selected photodissociation can be obtained based on the
principle of energy conservation. State-resolved translational
energy spectroscopy, which is converted from high-resolution
time-of-flight (TOF) spectroscopy, has provided rigorous tests
for first principle theoretical calculations. Traditional TOF
measurements are usually made by using an electron impact
ionization mass spectrometer.4 Due to relatively low energy
resolution achieved in electron impact ionization, it suffers
from the lack of product state resolution. This shortcoming
can be overcome by the application of the resonance-enhanced
multiphoton ionization technique (REMPI) or the H atom
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Rydberg tagging time-of-flight technique (HRTOF).5–7 Both
of these techniques are based on laser excitation, and a small
laser spot size at the photodissociation region can minimize the
uncertainty of the TOF path length. However, the space charge
broadening in TOF ion imaging measurements by REMPI lim-
its the energy resolution. The HRTOF, which involves TOF
measurements of neutral atoms in excited high-n Rydberg
states, is not subject to the space charge effect, making it
an ideal method for TOF measurements of photo-fragments
formed in photodissociation. The HRTOF technique was first
introduced in the early 1990s and now has been applied suc-
cessfully to the studies of many important unimolecular dis-
sociation processes, such as H2O,8–10 CH4,11,12 C2H2,13,14

HNCO,15–17 and NH3.18,19

Great advances have been made in molecular photodis-
sociation in the UV region (200-400 nm) during the past 30
years or so; this is largely due to the development of the
intense UV light sources using nonlinear crystals such as
KDP and BBO. However, since commercial birefringent crys-
tals are not capable of transmitting wavelengths shorter than
155 nm,20 coherent light sources in the vacuum ultraviolet
(VUV) below 150 nm employ gases rather than solids for
nonlinear frequency conversion. Unfortunately, due to the
low densities and small nonlinear susceptibilities of gases,
conversion efficiencies producing VUV light are typically
much less than 1%. Since the first experiments by Ward and
New21,22 and Young et al.,23 much effort has been devoted
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to develop mixing schemes with both increased conversion
efficiency and greater wavelength tuning range. The most com-
monly used frequency-mixing schemes in the VUV region
are those based on four-wave mixing (FWM) in a gas cell.
Noble gases (Xe, Kr, Ar, and Ne) are frequently employed
as the nonlinear media as they have appropriate energy-level
structures and are also convenient to use. Recently, VUV gen-
eration by resonant third-order difference frequency FWM
(!VUV = 2!R � !T ) in Kr has been investigated. The fre-
quency !R (�R = 212.55 nm) was resonant with the Kr two-
photon transition 4p-5p[1/2,0]. By tuning !T in the range
�T = 220-860 nm, it was possible to generate !VUV in the
wavelength range �VUV = 121-190 nm.24 For generation of the
VUV pulse below 120 nm, resonance-enhanced sum frequency
FWM (!VUV = 2!R +!T ) is employed.25,26 For specific VUV
wavelengths, for example, at 121.6 nm, phase matching by
the addition of gases such as Ar or Xe makes it possible to use
higher gas pressures and significantly enhance conversion effi-
ciency, facilitating the production of ⇠1012 photons/pulse.24

However, such phase matching is not always possible, which
means that the light intensities of VUV beams produced by
FWM are relatively low. Recently, Davis and co-workers27

reported the method to produce unprecedented intensities of
VUV radiation at specific vacuum ultraviolet wavelengths
(around 130.2 nm or 125 nm) by resonance-enhanced FWM of
unfocused laser beams in mercury (Hg) vapor. Another intense
VUV beam source is a third generation synchrotron, which
provides ⇠1016 photons/s with an energy resolution, �E/E, of
⇠1%.28,29 The quasi-continuous nature of synchrotron radia-
tion generally prohibits some applications, such as photodis-
sociation, in which the high peak VUV powers are required.
Recently, the development of Dalian Coherent Light Source

(DCLS), which is a seeded free electron laser (FEL) facil-
ity with a continuously tunable wavelength of 50-150 nm
and extremely high brightness, makes the studies of various
atomic and molecular processes possible.30 In this report, we
would like to describe a scheme to use the VUV-FEL beam
combined with the HRTOF method to study the photodissoci-
ation dynamics of molecules in the VUV region. Preliminary
results of the photodissociation study of the H2O molecule
in the 4d (000) Rydberg state using this method have been
presented.

II. METHODOLOGY

With the advent of the intense, pulsed VUV-FEL beam in
DCLS, China, translational energy spectroscopy of H atoms
from photodissociation has become feasible for wavelengths
below 120 nm using HRTOF with the supersonic expansion
beam. The schematic of the VUV-FEL beam line has been
shown in Fig. 1. The detailed description can be found else-
where,30 and here is the brief description. The VUV-FEL
facility operates in the high gain harmonic generation (HGHG)
mode,31 in which the seed laser is injected to interact with
the electron beam in the modulator. The seeding pulse at
240-360 nm with the energy ⇠170 µJ is generated by a
Ti:sapphire laser. The electron beam generated from a photo-
cathode RF gun is accelerated to the beam energy of⇠300 MeV
by 7 S-band accelerator structures, with a bunch charge of
500 pC. The micro-bunched beam is sent through the radiator,
which is tuned to the nth harmonic of the seed wavelength,
and coherent FEL radiation at �/n is emitted. With proper
optimization of the LINAC (linear accelerator), a high quality

FIG. 1. Schematic of the VUV-FEL beam line (a) and the
arrangement of laser systems for the VUV-FEL HRTOF
experimental setup (b).
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FIG. 4. Time-of-Flight spectra of the H atom product from the photodissoci-
ation of H2O at 121.56 nm with the detection axis parallel to the photolysis
laser polarization. The pulse energy of the VUV-FEL beam at 121.56 nm is
⇠10 µJ. The spectra show that the H atom intensity from VUV-FEL light
photodissociation (VUV-FEL light and VUV-FWM light both were tuned on)
is 5 times larger than that from VUV-FWM or VUV-FEL light tuning on only.

When the VUV-FEL light pulse acts as the photolysis laser and
VUV-FWM light pulse acts as the detection laser, the maxi-
mum signal can be reached. Compared with previous results at
121.6 nm photodissociation of H2O, the resolution of the
TOF spectrum is satisfactory, though the bandwidth of the
photolysis laser (VUV-FEL pulse) is much broader than that
previously used.9 All sharp peaks can be clearly resolved,
which has been assigned to the high rotationally excited state of
OH(X, v = 0) products. The peak intensity oscillation due to
quantum interference through two conical intersections has
also been observed in the spectrum. This suggests that the
experimental setup provides high intensity and high resolu-
tion of the H atom TOF spectrum for H2O photodissocia-
tion dynamics. By tuning the wavelength of the VUV-FEL
light pulse, photodissociation dynamics of H2O via high lying
Rydberg states can be studied.

It is necessary to point out that there is some subtle dif-
ference among the 121.56 nm H atom TOF spectra by FWM
only, FEL only, and FEL + FWM (Fig. 4). The reason is that
the polarization of the VUV-FWM pulse has the vertical direc-
tion, which is different from that of the VUV-FEL pulse. Thus
the perpendicular signal is recorded by FWM only, while par-
allel signals are recorded by FEL only and FEL + FWM. In
addition, the different laser spot sizes (⇠1 ⇥ 3 mm2 for FEL
pulse and ⇠1 ⇥ 1 mm2 for FWM) and different pulse durations
(⇠1.5 ps for FEL pulse and 5-8 ns for FWM pulse) may be
responsible for the subtle difference among the H atom TOF
spectra by FEL only and FEL + FWM.

Preliminary experiment has been carried out for photodis-
sociation of H2O at 105.734 nm, which is assigned as 4d (000)
 1b1 band.52 Figure 5 shows the translational energy spectra
of the H atom product from the photodissociation of H2O at
105.734 nm with the detection axis parallel and perpendicu-
lar to the VUV-FEL laser polarization. Due to large available
energy [Eavail = hv � D0(HO��H) = 53 426 ± 50 cm�1], four
dissociation channels producing H atoms can be observed:
OH(X2⇧) + H, OH(A2⌃+) + H, O(3P) + 2H, and O(1D) +
2H. The underlying broad peaks with the center at around

FIG. 5. The experimental translational energy spectra for the photodissocia-
tion of H2O at 105.734 nm with the detection axis parallel and perpendicular to
the VUV-FEL laser polarization. The threshold energies for three-body chan-
nels O(1D) + 2H and O(3P) + 2H have been marked by downward pointing
arrows.

1000 cm�1 and 15 000 cm�1 should come from the three-
body channels. The threshold energies for three-body channels
O(1D) + 2H and O(3P) + 2H have been marked by downward
pointing arrows. The sharp features around 20 000 cm�1 can
be clearly assigned to the highly excited rotational states of
OH(X, v = 0) products, while the small sharp peaks around
10 000 cm�1 can be assigned to the ro-vibrational states of
OH(A) products. The possible dissociation mechanism would
be non-adiabatic coupling from the Rydberg state 4d (000) to
the B̃ state and then dissociates on the B̃ state surface to pro-
duce OH(A) products or through B̃-X̃conical intersections at
H��O��H and O��H��H geometries to produce OH(X) prod-
ucts. From this figure, it is now clearly possible to study the
photodissociation of H2O in the entire VUV region in a contin-
uously tunable fashion. This experimental setup is also likely
applicable to the tunable VUV photochemistry of many other
molecules that has significant H atom dissociation channels.

IV. SUMMARY

We have demonstrated a new experimental setup in our
laboratory for studying photochemistry using the high resolu-
tion time-of-flight Rydberg tagging technique combined with
a broadly tunable VUV-FEL radiation source. Experimental
results for the photodissociation of H2O on the 4d (000) state
show that high-resolution photodissociation dynamics investi-
gation using this technique is clearly feasible. This technique
is also likely applicable to the photochemistry of many other
molecular systems in the entire VUV region that is important
in the atmospheric and interstellar chemistry.
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