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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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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.

Chemical Reaction Mechanism 
governed by Potential Energy Surface

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
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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

Transition state
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Excited State Hydrogen Transfer (ESHT)

phenol indole pyrrole

A new paradigm

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

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

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



Excited State Hydrogen Transfer (ESHT)

phenol indole pyrrole

A new paradigm

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

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

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

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



Excited State Hydrogen Transfer (ESHT)

phenol indole pyrrole

A new paradigm

How do people proof πσ* repulsive states 
experimentally? 

➡ ➡ ➡  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 

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



photofragment translational spectroscopy - spatial map

Rotating 
source 

chamber

Main 
chamber

Detection 
chamber

In NSRRC U9 VUV beamline, coordinated by 李世煌博⼠士



photofragment translational spectroscopy
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2nd generation translational spectrometer 



photofragment translational spectroscopy

detector 

Only part of the fragments can be detected. 



Measure the mechanisms of baseball game

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



Reaction dynamics



The real result:
without magnetic field with magnetic field

Stern-Gerlach’s experiment

What Wikipedia 
says:

Ref. AAMOP WS 2011/2012 Experimental methods



Stern-Gerlach’s spatial quantization (Spin)

The demonstration of space quantization, carried out in
Frankfurt, Germany, in 1922 by Otto Stern and

Walther Gerlach, ranks among the dozen or so canonical
experiments that ushered in the heroic age of quantum
physics. Perhaps no other experiment is so often cited for
elegant conceptual simplicity. From it emerged both new
intellectual vistas and a host of useful applications of
quantum science. Yet even among atomic physicists, very
few today are aware of the historical particulars that en-
hance the drama of the story and the abiding lessons it of-
fers. Among the particulars are a warm bed, a bad cigar,
a timely postcard, a railroad strike, and an uncanny con-
spiracy of Nature that rewarded Stern and Gerlach. Their
success in splitting a beam of silver atoms by means of a
magnetic field startled, elated, and confounded pioneering
quantum theorists, including several who beforehand had
regarded an attempt to observe space quantization as
naive and foolish.

Descendants of the Stern–Gerlach experiment (SGE)
and its key concept of sorting quantum states via space
quantization are legion. Among them are the prototypes
for nuclear magnetic resonance, optical pumping, the
laser, and atomic clocks, as well as incisive discoveries
such as the Lamb shift and the anomalous increment in
the magnetic moment of the electron, which launched
quantum electrodynamics. The means to probe nuclei, pro-
teins, and galaxies; image bodies and brains; perform eye
surgery; read music or data from compact disks; and scan
bar codes on grocery packages or DNA base pairs in the
human genome all stem from exploiting transitions be-
tween space-quantized quantum states. 

A new center for experimental physics at the Univer-
sity of Frankfurt was recently named in honor of Stern and
Gerlach (see figure 1). The opportunity to take part in the
dedication prompted us to reenact the cigar story, as told
to one of us (Herschbach) by Stern himself more than 40
years ago. Here we briefly trace the antecedent trajecto-
ries of Stern and Gerlach and the perplexing physics of the

time, which brought them to collabo-
rate in Frankfurt. We also describe the
vicissitudes and reception of the SGE,
before and after the discovery of elec-
tron spin, and report how cigar smoke
led us to a “back-to-the-future” depo-
sition detector.1 Mindful of the memo-
rial plaque at Frankfurt, depicting
Stern and Gerlach on opposite sides of

their split molecular beam, we also invite readers to reflect
on the later trajectories of these two fine scientists—im-
pelled in opposite directions by the tragic rise to power of
Adolf Hitler. 

From osmotic soda to atomic beams
Otto Stern received his doctorate in physical chemistry at
the University of Breslau in 1912. In his dissertation, he
presented theory and experiments on osmotic pressure of
concentrated solutions of carbon dioxide in various sol-
vents—just generalized soda water. His proud parents of-
fered to support him for postdoctoral study anywhere he
liked. “Motivated by a spirit of adventure,” Stern became
the first pupil of Albert Einstein, then in Prague; their dis-
cussions were held “in a cafe which was attached to a
brothel.”2 Soon Einstein was recalled to Zürich. Stern ac-
companied him there and was appointed privatdozent for
physical chemistry. 

Under Einstein’s influence, Stern became interested
in light quanta, the nature of atoms, magnetism, and sta-
tistical physics. However, Stern was shocked by the icon-
oclastic atomic model of Niels Bohr. Shortly after it ap-
peared in mid-1913, Stern and his colleague Max von Laue
made an earnest vow: “If this nonsense of Bohr should in
the end prove to be right, we will quit physics!”3 When Ein-
stein moved to Berlin in 1914, Stern became privatdozent
for theoretical physics at Frankfurt. World War I soon in-
tervened, but even while serving in the German army,
Stern managed to do significant work, including an un-
successful but prescient experiment, an attempt to sepa-
rate by diffusion a suspected hydrogen isotope of mass two. 

After the war, Stern returned to Frankfurt and be-
came assistant to Max Born in the Institute for Theoreti-
cal Physics. There began Stern’s molecular beam odyssey
(see figure 2). He had learned of the rudimentary experi-
ments of Louis Dunoyer in 1911, which demonstrated that
“molecular rays” of sodium, formed by effusion into a vac-
uum, traveled in straight lines. Stern was captivated by
the “simplicity and directness” of the method, which “en-
ables us to make measurements on isolated neutral atoms
or molecules with macroscopic tools. . . [and thereby] is es-
pecially valuable for testing and demonstrating directly
fundamental assumptions of the theory.”4

Born strongly encouraged Stern to pursue molecular
beam experiments. Indeed, in 1919, Born himself undertook,
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Bretislav Friedrich (bretislav.friedrich@fhi-berlin.mpg.de) has 
recently moved from Harvard University in Cambridge, Massa-
chusetts, to become a senior scientist at the Fritz Haber Institute
of the Max Planck Society in Berlin. Dudley Herschbach
(hbach@chemistry.harvard.edu) is a professor in the department
of chemistry and chemical biology at Harvard.

The history of the Stern–Gerlach experiment reveals how
persistence, accident, and luck can sometimes combine in
just the right ways.

Bretislav Friedrich and Dudley Herschbach

Stern and Gerlach: 
How a Bad Cigar Helped 
Reorient Atomic Physics

Copenhagen said to me in a friendly manner,
“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 im-
plied that the average magnetic moment of an
atom in a fully magnetized sample of iron was
much smaller than the Bohr magneton—the mag-
netic 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 quantiza-
tion. In 1920, by carrying out a statistical average
over the projection quantum numbers, he con-
cluded that the net effective atomic moment
should indeed be much smaller than the Bohr
magneton. Pauli’s basic model was wrong, as it
considered only orbital magnetism; spin, still
undiscovered in 1920, has a major role both in fer-
romagnetism and in the anomalous Zeeman effect.
Nevertheless, Pauli’s appeal to space quantization
of atomic magnets helped make colleagues, in-
cluding Stern, mindful of the idea. 

For Stern, the immediate stimulus for the
SGE was a property implied by space quantization
of the Bohr model that had not been observed. The
model appeared to require that a gas of hydrogenic
atoms would be magnetically birefringent, be-
cause the electron would orbit in a plane perpen-
dicular to the field direction. Stern recalled that
the birefringence question was raised at a semi-
nar. The next morning he woke up early, but it was
too cold to get out of bed, so he “lay there thinking
and had the idea for the experiment.” 7

He recognized that, according
to the Bohr model, the space quan-
tization should be only twofold, as
the projection of the orbital angular
momentum was limited to ±h/2p
(although Bohr, among others, had
become uneasy that his model ex-
cluded a zero value). The twofold
character made feasible a decisive
test of spatial quantization using
magnetic deflection of an atomic
beam. Despite the smearing effect of
the velocity distribution, in a strong
enough field gradient the two oppo-
sitely 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 re-
main 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

Figure 2. Otto Stern (1888–1969),
cigar in hand, working in his molec-
ular beam laboratory at the Institute
for Physical Chemistry in Hamburg,
about 1930. (Photo courtesy of Peter
Toschek.)
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Figure 3. Walther Gerlach (1889–1979), cigar in
hand, in his laboratory at the Institute for Physics in
Munich, about 1950. (Photo courtesy of W. Schütz,

Phys. Bl. 25, 343, 1969.)
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and classical views.”8

From Gedanken to Danken
After hatching his idea in a warm bed, Stern hastened to
Born, but met a cool reception. In his autobiography, Born
said,

It took me quite a time before I took this idea
seriously. I thought always that [space] quan-
tization was a kind of symbolic expression for
something which you don’t understand. But to
take this literally like Stern did, this was his
own idea. . . . I tried to persuade Stern that
there was no sense [in it], but then he told me
that it was worth a try.9

Happily, Stern found an eager recruit in Gerlach, who until
then had not heard of space quantization.10

Despite Stern’s careful design and feasibility calcula-
tions, the experiment took more than a year to accomplish.
In the final form of the apparatus, a beam of silver atoms
(produced by effusion of metallic vapor from an oven
heated to 1000°C) was collimated by two narrow slits (0.03
mm wide) and traversed a deflecting magnet 3.5 cm long
with field strength about 0.1 tesla and gradient 
10 tesla/cm. The splitting of the silver beam achieved was
only 0.2 mm. Accordingly, misalignments of collimating
slits or the magnet by more than 0.01 mm were enough to
spoil an experimental run. The attainable operating time
was usually only a few hours between breakdowns of the
apparatus. Thus, only a meager film of silver atoms, too
thin to be visible to an unaided eye, was deposited on the
collector plate. Stern described an early episode: 

After venting to release the vacuum, Gerlach
removed the detector flange. But he could see
no trace of the silver atom beam and handed
the flange to me. With Gerlach looking over
my shoulder as I peered closely at the plate,
we were surprised to see gradually emerge the
trace of the beam. . . . Finally we realized
what [had happened]. I was then the equiva-
lent of an assistant professor. My salary was
too low to afford good cigars, so I smoked bad
cigars. These had a lot of sulfur in them, so my

breath on the plate
turned the silver into
silver sulfide, which is
jet black, so easily vis-
ible. It was like devel-
oping a photographic
film.7

After that episode, Gerlach
and Stern began using a pho-

tographic development process, although both continued
puffing cigars in the lab. Still, recalcitrant difficulties per-
sisted. As inconclusive efforts continued for months,
Stern’s assessment of space quantization wavered between
conviction and rejection. Gerlach also encountered doubt-
ful colleagues, including Debye, who said, “But surely you
don’t believe that the [spatial] orientation of atoms is
something physically real; that is [only] a timetable for the
electrons.”10

Another handicap was the financial disarray that
began to beset Germany. Born was unstinting in efforts to
raise funds to support the SGE. He took advantage of the
great interest in Einstein and relativity theory by pre-
senting a series of public lectures “in the biggest lecture-
hall of the University . . . and charged an entrance fee. . . .
The money thus earned helped us for some months, but as
inflation got worse . . . new means had to be found.”8 Born
mentioned this situation “jokingly” to a friend who was de-
parting on a trip to New York; he was incredulous when,
a few weeks later, a postcard arrived simply saying that
he should write to Henry Goldman and giving the address: 

At first I took it for another joke, but on re-
flection I decided that an attempt should be
made. . . . [A] nice letter was composed and dis-
patched, and soon a most charming reply ar-
rived and a cheque for some hundreds of dol-
lars. . . . After Goldman’s cheque had saved our
experiments, the work [on the Stern–Gerlach
experiment] went on successfully.9

Goldman, a founder of the investment firm Goldman Sachs
and progenitor of Woolworth Co stores, had family roots in
Frankfurt. 

Meanwhile, Stern had moved to the University of Ro-
stock as a professor of theoretical physics. In early 1922,
he and Gerlach met in Göttingen to review the situation
and decided to give up. However, a railroad strike delayed
Gerlach’s return to Frankfurt, giving him a long day to go
over all the details again. He decided to continue, im-
proved the alignment, and soon achieved a clear splitting
into two beams.5 Stern recalled that his own surprise and
excitement were overwhelming when he received a
telegram from Gerlach with the terse message: “Bohr is
right after all.”11 Gerlach also sent a postcard to Bohr with
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Figure 4. Gerlach’s postcard,
dated 8 February 1922, to
Niels Bohr. It shows a photo-
graph of the beam splitting,
with the message, in transla-
tion: “Attached [is] the exper-
imental proof of directional
quantization. We congratu-
late [you] on the confirma-
tion of your theory.” (Cour-
tesy AIP Emilio Segrè Visual
Archives.) 
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rather than just bad breath, might have been missed 40
years later in the telling (or the hearing) of the cigar story.7

The reenactment inspired us to try a silver coated sil-
icon wafer as a deposition detector for molecular beams,
using an optical microscope backed by a charge-coupled de-
vice camera to read the images. In work carried out with
Doo Soo Chung, a professor of chemistry at Seoul Univer-
sity in Korea, and Sunil Sheth, an undergraduate student
at Harvard University, we found that the setup provided
a simple means to detect beams at monolayer intensities
with spatial resolution of a few microns. The detector is
not limited to sulfur compounds; it responds well to hy-
drogen bromide and other halogens and likely will work
well for many molecules that react with silver. 

Abiding legacy amid bitter ashes
Late in 1922, Stern became professor of physical chemistry
at the University of Hamburg. There he undertook an am-
bitious program to develop molecular beam methods.8 The
program included major tests of several fundamental as-
pects of quantum mechanics.13 His crowning achievement,
in collaboration with Immanuel Estermann and Otto
Frisch, was the discovery of the anomalous magnetic mo-
ments of the proton and deuteron in 1933. That discovery
astounded theorists and had a profound impact on nuclear
physics: It revealed that the proton and neutron were not
elementary particles but must have internal structure.
The experiments were far more difficult than the original
SGE, because the magnetic moments of nuclei are a thou-
sand times smaller than those for electrons. Moreover, as
Estermann describes it, the work had to be done “with the
sword of Nazism hanging over our heads.”5 Stern and his
colleagues soon had to emigrate; Stern came to the US but
never regained a pacesetting role in research. That role
passed to I. I. Rabi, who had become imbued with molec-
ular beams as a postdoctoral fellow at Hamburg.14,15

Gerlach, his reputation enhanced by the SGE, also did
much further enterprising research. However, after study-
ing the magnetic deflection of bismuth and several other

metals, he did not continue using molecular beams. Rather,
he pursued a major series of experiments to elucidate mys-
terious aspects of the radiometer effect. Already by 1923,
he and his student Alice Golsen had made the first accu-
rate measurements of radiation pressure. In accord with
classical theory, their results showed that the pressure was
proportional to the light intensity and independent of the
wavelength. Much of his later research dealt with chemi-
cal analysis, ferromagnetism, and materials science. In
1925, Gerlach returned to Tübingen as professor of exper-
imental physics; there he inherited the chair that had been
held by his mentor Friedrich Paschen. Four years later,
Gerlach moved on to Munich as successor to Wilhelm Wien
and continued there until retirement in 1957. 

During the Third Reich, Gerlach steadfastly resisted
fanatics who attacked Einstein and “Jewish science”; he
never joined the Nazi party. Yet in 1944, he became head
of the German nuclear research program. At the end of the
war, Gerlach was among the ten leading German scientists
detained at Farm Hall by Allied forces. When news came
of the nuclear bomb dropped on Hiroshima, Gerlach “be-
haved like a routed general and apparently suffered a
nervous breakdown of sorts;” some colleagues even feared
he was contemplating suicide.16 Later, he contributed
much to the rebuilding of German science and campaigned
to ban nuclear weapons. 

Stern became a US citizen in 1939 and, during World
War II, served as a consultant to the War Department
(since renamed). In 1945, he retired and settled in Berke-
ley, California. He often traveled to Europe, but “never re-
visited Germany and refused to collect the pension due
him, expressing in this way his abomination for Nazism.”11

He kept in touch with some German friends, and during
the postwar trauma sent them care packages. 

Stern and Gerlach met again only once—in Zürich in
the early 1960s. In an obituary written for Stern a few
years later, Gerlach emphasized: “Whoever knew [Stern]
appreciated his open-mindedness [and] . . . unconditional
reliability.” Then Gerlach closed with: “At his farewell from
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Figure 5. Reenactment
of the Stern–Gerlach
cigar episode by the

authors. Bretislav
Friedrich holds the slide

as Dudley Herschbach
blows sulfurous cigar
breath onto a silver-
coated glass slide to

test his hearing (or Otto
Stern’s telling) of the

story more than 40
years ago. The silver

film turns out to require
exposure to cigar

smoke (not simply sul-
furous breath) to form

any visible contrast be-
tween the masked

(light) part of the
slide—shaped in the

form of the magnet
pole pieces—and the

outer (dark) part of the
slide exposed to the

smoke (see inset).
(Courtesy of Doo Soo

Chung and Sunil Sheth.) 



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
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Reaction dynamics

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

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



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



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

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



Reaction Dynamics (Cross Molecular Beam method)  
by Velocity Map Imaging (VMI)

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,
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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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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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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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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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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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Vibrationally excited molecular hydrogen
production from the water photochemistry
Yao Chang 1,6, Feng An2,6, Zhichao Chen1,6, Zijie Luo 1, Yarui Zhao1, Xixi Hu 3✉, Jiayue Yang1,
Weiqing Zhang1, Guorong Wu 1, Daiqian Xie 2, Kaijun Yuan 1,4✉ & Xueming Yang 1,5

Vibrationally excited molecular hydrogen has been commonly observed in the dense photo-

dominated regions (PDRs). It plays an important role in understanding the chemical evolution

in the interstellar medium. Until recently, it was widely accepted that vibrational excitation of

interstellar H2 was achieved by shock wave or far-ultraviolet fluorescence pumping. Here we

show a further pathway to produce vibrationally excited H2 via the water photochemistry.

The results indicate that the H2 fragments identified in the O(1S)+H2(X1Σg
+) channel fol-

lowing vacuum ultraviolet (VUV) photodissociation of H2O in the wavelength range of

λ= ~100-112 nm are vibrationally excited. In particular, more than 90% of H2(X) fragments

populate in a vibrational state v= 3 at λ~112.81 nm. The abundance of water and VUV

photons in the interstellar space suggests that the contributions of these vibrationally excited

H2 from the water photochemistry could be significant and should be recognized in appro-

priate interstellar chemistry models.
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images, which can be directly attributed to different vibrational
states of H2(X) coproducts. It is noted that these structures
cannot arise from the other O(1S) elimination process, i.e., the
O(1S)+H+H channel, because of the insufficient photolysis
photon energy (Dth ≥ 13.703eV22). In addition, an off-axis
biconvex LiF lens was used to disperse the 212.55 nm and
835.66 nm lights from the photodissociation/photoionization
region, ensuring no secondary dissociation (e.g., the primary

OH(X/A) fragment subsequently absorbs another UV photons
and dissociates) takes place. The two-photon excitation process is
also not possible by applying the extremely low intensity of the
VUV light.

The velocity distributions of the O(1S) fragments were
determined from the radii of the resolved ring structures in the
VMI images, from which the total kinetic energy release
distributions (ET) were derived and shown in Fig. 3. In this
photodissociation experiments, the available energy (the photo-
excitation energy subtracts the threshold energy (hv−Dth)) is
distributed between the O(1S) and H2(X) product kinetic energy
and the internal energy (Eint). Then the internal energy
distributions of H2(X) fragments can be deduced from the ET
spectra by using the law of energy conservation,

hvðλVUVFELÞ--Dth ¼ Eint ½Oð
1SÞ% þ Eint½H2ðXÞ% þ ET ½Oð

1SÞ þH2ðXÞ%

ð7Þ

The energy combs representing the vibrational quantum
numbers of H2(X) fragments were labeled in Fig. 3. The
structures provide H2 vibrational distributions with vibrational
and partially rotational resolution. Best-fit simulations of these
spectra return H2(X, v) population distributions (Fig. 4 and
Table 1). It is notable that all of the H2 fragments formed at the
six photolysis wavelengths are vibrationally excited with cold
rotational excitation (J < 9, Supplementary Fig. 2), and the
inverted vibrational state population distributions mainly span
vibrational levels of 1 ≤ v ≤ 5, peaking at v= 4 at 109.12 nm and
107.65 nm, and v= 3 at other wavelengths. The most striking
finding is that more than 90% of H2(X) fragments populate to a
single excited vibrational state v= 3 at 111.48 and 112.81 nm,

Fig. 1 Schematic diagram of the experimental setup. a Schematic of the VUV free-electron laser (VUV FEL) beamline at the Dalian Coherent Light Source
(DCLS). b The arrangement of VUV-pump and VUV-probe time-sliced velocity-map imaging (TSVMI) system for the water photochemistry. Tunable VUV
pumping source (λ1 ~ 100–112 nm) comes from VUV FEL beamline, and the fixed VUV probing light (λ2= 121.7 nm) is generated by the two-photon
resonance-enhanced four-wave mixing (ω(λ2)= 2ω1 – ω2) scheme with dispersing the fundamental radiations (ω1 and ω2) from the direction of the VUV
radiation. DS: dispersion section; MCP: micro-channel plate; BBO: beta barium borate crystal; HGHG: high gain harmonic generation.

Fig. 2 Wavelength dependent time-sliced velocity map images from H2O
photolysis. Time-sliced images of the O(1S) photoproducts from
photodissociation of H2O at a 102.67, b 105.52, c 107.65, d 109.12, e 111.48,
and f 112.81 nm. The red double arrow indicates the polarization direction of
the dissociation laser. The ring features correspond to the rovibrational
states of the coincident H2(X, v) products.
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suggesting peculiar dissociation dynamics. This phenomenon has
a little similarity with the previously reported ClO vibrational
distribution from OClO photodissociation39 and the OD
rotational distribution from HOD photodissociation40. Further
Analysis (Supplementary note 1) reveals that about 80% of the
available energy, or 11,450 cm−1, is released in vibration of H2 at
112.81 nm photolysis, the rest of the energy is partitioned in
translation (~18%) and rotation (~2%). As the photoexcitation
energy increases, however, almost the same energy ~11,100 cm−1

is released in vibration, e.g., at 102.67 nm, implying the
dissociation undergoes the same transition state. The excess of
the available energy tends to depositing in translation (~47% at
102.67 nm).

To further reveal this dissociation process, photodissociation of
D2O has also been investigated using the same strategy.
Supplementary Fig. S3 shows time-sliced velocity map images
of the O(1S) fragments following photoexcitation of D2O at
λ= 98.80, 100.36, 102.65, 105.21, 108.29, 111.29, and 112.71 nm,
respectively. Image analysis yields the corresponding P(ET)
distributions (Supplementary Fig. S4), and best-fit simulations
of these spectra return D2(X, v) population distributions
(Supplementary Fig. S5 and Table 1). In similarity with the H2
fragments from H2O photolysis, the D2 fragment vibrational state
population distributions mainly possess vibrational levels of
2 ≤ v ≤ 7, peaking at v= 4 at 112.71 nm, and v= 5 at other

wavelengths. The single v propensity has also been observed, with
95% of D2(X) fragments populating to a single excited vibrational
state v= 4 at 112.71 nm, which means ~11,108 cm−1 of the
available energy is released in vibration of D2.

The O(1S) ion image measurements reveal not only the ET
distribution of the photo-product channels, but also the angular
distribution of the photo-fragments, which is characterized by the
anisotropy β parameter. The O(1S) ion images display near
isotropic distributions with average parameters β= ~0–0.2 at
these photolysis wavelengths, indicating that the dissociation
process should be quite slow. All of these observations could be
accounted for qualitatively by a transition state structure in which
both hydrogen atoms are on the same side of the O atom, or the
two hydrogen atoms are close enough ensuring two O-H bonds
simultaneously break and two H atoms recombine to form H2, as
illustrated in CO2 dissociation41.

The calculated energy diagram for the vertical excitation of
H2O and the subsequent pathways for the O+H2 dissociation
channels obtained from the potential energy surfaces (PESs) are
shown in Fig. 5, and in Supplementary note 2. According to the
previous studies35, photoexcitation at λ~100–112 nm which
populates the nd Rydberg states can undergo efficient non-
adiabatic coupling to the ~E0 and ~D electronic states. There are two
pathways leading to the O(1S)+H2 (X1Σg+) fragments. One is an

Fig. 3 Wavelength-dependent product kinetic energy distributions from
H2O photolysis. The product total kinetic energy distribution (ET) spectra
derived from the images shown in Fig. 2, in red, along with the best-fit
simulation of the spectra, in navy. The superposed combs indicate the ET
values associated with formation of the various vibrational states of H2(X).
The raw data are provided as a Source Data file.

Fig. 4 Vibrational state distributions of H2 from H2O photolysis. Relative
populations of different vibrational states of the H2(X) products in the
O(1S)+H2 channel from the O(1S) detection at six photolysis wavelengths.
The raw data are provided as a Source Data file.
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images, which can be directly attributed to different vibrational
states of H2(X) coproducts. It is noted that these structures
cannot arise from the other O(1S) elimination process, i.e., the
O(1S)+H+H channel, because of the insufficient photolysis
photon energy (Dth ≥ 13.703eV22). In addition, an off-axis
biconvex LiF lens was used to disperse the 212.55 nm and
835.66 nm lights from the photodissociation/photoionization
region, ensuring no secondary dissociation (e.g., the primary

OH(X/A) fragment subsequently absorbs another UV photons
and dissociates) takes place. The two-photon excitation process is
also not possible by applying the extremely low intensity of the
VUV light.

The velocity distributions of the O(1S) fragments were
determined from the radii of the resolved ring structures in the
VMI images, from which the total kinetic energy release
distributions (ET) were derived and shown in Fig. 3. In this
photodissociation experiments, the available energy (the photo-
excitation energy subtracts the threshold energy (hv−Dth)) is
distributed between the O(1S) and H2(X) product kinetic energy
and the internal energy (Eint). Then the internal energy
distributions of H2(X) fragments can be deduced from the ET
spectra by using the law of energy conservation,

hvðλVUVFELÞ--Dth ¼ Eint ½Oð
1SÞ% þ Eint½H2ðXÞ% þ ET ½Oð

1SÞ þH2ðXÞ%

ð7Þ

The energy combs representing the vibrational quantum
numbers of H2(X) fragments were labeled in Fig. 3. The
structures provide H2 vibrational distributions with vibrational
and partially rotational resolution. Best-fit simulations of these
spectra return H2(X, v) population distributions (Fig. 4 and
Table 1). It is notable that all of the H2 fragments formed at the
six photolysis wavelengths are vibrationally excited with cold
rotational excitation (J < 9, Supplementary Fig. 2), and the
inverted vibrational state population distributions mainly span
vibrational levels of 1 ≤ v ≤ 5, peaking at v= 4 at 109.12 nm and
107.65 nm, and v= 3 at other wavelengths. The most striking
finding is that more than 90% of H2(X) fragments populate to a
single excited vibrational state v= 3 at 111.48 and 112.81 nm,

Fig. 1 Schematic diagram of the experimental setup. a Schematic of the VUV free-electron laser (VUV FEL) beamline at the Dalian Coherent Light Source
(DCLS). b The arrangement of VUV-pump and VUV-probe time-sliced velocity-map imaging (TSVMI) system for the water photochemistry. Tunable VUV
pumping source (λ1 ~ 100–112 nm) comes from VUV FEL beamline, and the fixed VUV probing light (λ2= 121.7 nm) is generated by the two-photon
resonance-enhanced four-wave mixing (ω(λ2)= 2ω1 – ω2) scheme with dispersing the fundamental radiations (ω1 and ω2) from the direction of the VUV
radiation. DS: dispersion section; MCP: micro-channel plate; BBO: beta barium borate crystal; HGHG: high gain harmonic generation.

Fig. 2 Wavelength dependent time-sliced velocity map images from H2O
photolysis. Time-sliced images of the O(1S) photoproducts from
photodissociation of H2O at a 102.67, b 105.52, c 107.65, d 109.12, e 111.48,
and f 112.81 nm. The red double arrow indicates the polarization direction of
the dissociation laser. The ring features correspond to the rovibrational
states of the coincident H2(X, v) products.
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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.


