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Schedule

12/4 (Mon)
- Introduction
- Theoretical background

12/6 (Wed)
- Experiments : NH3, NO2

12/11 (Mon)
- Experiments : H3

- Future directions



Introduction

In molecular orbital theory, 
correlation diagram

:  which states would be bound 
or repulsive

:  which potential curves would 
have humps or other 
interesting feature



Introduction

Vibrational Autoionization
- Coupling of electronic and vibrational motion in molecules

- Radiationless transition

- mode-selective process

- depends on the electronic symmetry of the Rydberg electron



Introduction

Experiment
- double-resonance laser techniques

- photoelectron spectroscopy
: characterizing product vibrational state distribution and the product 

rotational state distribution

- comparing with theoretical model : multichannel quantum 
defect theory (MQDT)



Introduction
- highly excited molecule decays into the ionization 

continuum 
→ resulting in a free electron and an ion

- vibrational energy → electronic energy of the electron



Theoretical Background

MQDT
- Multichannel Quantum Defect Theory

- provided a new perspective on the spectroscopy and 
dynamics of molecular Rydberg states 

- simulate the photoionization spectrum of molecules 
involving autoionizing Rydberg state

- the principle parameters of the autoionization process
: geometry-dependent body frame quantum defects 

: related to the correlation diagrams and Walsh diagrams



Theoretical Background
Quantum defect model
- quantum defect matrix 

: describing all of the interactions between the 
electron and the core

: depending on the nuclear coordinates
: accounting for the nonspherical nature of 
the molecule

For each configuration Qi

(Qi : mass-weighted displacement 
Qi=0 at the equilibrium geometry)

For each total electronic molecular symmetry Γe



Theoretical Background
Vibraional Autoionization Rate

- autoionization width of a diatomic molecule

R: internuclear distance

μlλ(R): R-dependent quantum defect

l : the orbital angular momentum of the Rydberg electron

λ: projection of l on the molecular axis

R: Rydberg constant

νi: the effective principle quantum number of the initial state

Χv: the vibrational wavefunction of the vth vibrational level of the ion

Re
+: the equilibrium internuclear distance of the ion



Theoretical Background

- Rydberg formula with R-dependent quantum defect

μlλ(R): R-dependent quantum defect

Vlλ(R): potential energy curve for the neutral Rydberg state

V+(R): potential energy curve for the corresponding ion 

R: Rydberg constant



Theoretical Background

- Polyatomic molecules
: containing l-mixing interaction
→ off-diagonal elements of the quantum defect matrix

Qi: mass-weighted displacement vanishing at the equilibrium geometry

l’: the symmetry of the ejected electron

Гe: the rovibronic symmetry of the molecule



Theoretical Background

- autoionization width

- normalization factor
- proportional to the probability of finding 

the Rydberg electron at close range 
to the molecular ion core

- Electrons only at close range can affect 
the motion of the nuclei



Theoretical Background

- derivative of the quantum defect matrix element, 
evaluated at the equilibrium geometry of the ion

=0  → potential curve of the Rydberg state is 
parallel to that of the ion at the equilibrium 
geometry

- related to the amplitude of the vibration
- vanishes unless Δvi=±1

→ propensity rule Δvi=-1



Theoretical Background

When electronic states combines with normal modes for 
which the Rydberg orbital energy show the strongest 
dependence on the normal coordinate near the 
equilibrium geometry of the molecule

→ Fast vibrational autoionization



Schedule
12/4 (Mon)
- Introduction
- Theoretical background

12/6 (Wed)
- Theoretical background
- Experiments : NH3

12/11 (Mon)
- Experiments : H3

- Future directions



Theoretical Background
Rydberg atom
: the outer electron sees a nucleus with only one proton

behaves like the electron of a H atom
High energy levels in the H atom

R: Rydberg constant
T: ionization limit

Defects
: orbits of Rydberg electron pass through the core of shielding electrons
: electron sees the whole nucleus
: correlation term – quantum defect δ



Theoretical Background
Quantum Defects

- low angular momentum state : high quantum defect
- High angular momentum state : low quantum defect

Rydberg formula with R-dependent quantum defect

μlλ(R): R-dependent quantum defect

Vlλ(R): potential energy curve for the neutral Rydberg state

V+(R): potential energy curve for the corresponding ion 

R: Rydberg constant



Theoretical Background

Vibrational autoionization
- Interaction of vibraional and electronic degrees of 

freedom
- Normal coordinate dependence of the quantum 

defect matrix elements



Experiment
Studying the mode dependence of vibrational 
autoionization in polyatomic molecules

ion Rydberg state neutral ground

- vibrational branching fractions
: shows the relative autoionization rate



Experiment

• Collecting electrons by magnetic field

• Kinetic energies of photoelectrons
- determined from their time-of-flight 

to the detector



Vibrational Autoionization of NH3

Jet-cooled condition
- 10% NH3 in He
- Backing pressure: 0.5~2atm
- Temperature ~ 10K

Two-color, two-photon resonant, three-photon 
excitation

monitoring photoelectron signal as a function of 
the probe laser wavelength



Vibrational Autoionization of NH3

Vibrational modes of NH3

v1: symmetric stretch
v2: umbrella bend
v3: in-plane asymmetric stretch
v4: in-plane asymmetric bend



Vibrational Autoionization of NH3

NH3 pump transition

- ground electronic state of NH3

: pyramidal structure
: HOMO - 1a2

’’ lone pair
- Rydberg states

: planar D3h geometry
: favorable for the excitation of non-totally symmetric 
umbrella mode v2



Vibrational Autoionization of NH3

NH3 pump transition

• transitions involving excitation of the symmetric stretching mode are 
significantly less intense than those involving only excitation of the nontotally
symmetric out-of plane mode.



Vibrational Autoionization of NH3

Two-color wavelength spectra
• the two-color double-resonance ionization spectra obtained by 
pumping the                                                   transition and probing 
between the                            and (1300) thresholds.

- Assignment of the principal 
quantum numbers, n 

: by using the Rydberg formula



Vibrational Autoionization of NH3

Rydberg electron of the planar C’1A1
’ state

- occupies a 3pz orbital perpendicular to the 
plane of the molecule

- transition from this state to higher Rydberg 
states with l=0 or 2 is more intense than other 
values of l

- dominant series of FIG. 2 correspond to ns(l=0) 
or nd(l=2) Rydberg series



Vibrational Autoionization of NH3

The assignment of the rotational 
quantum numbers
- upper Rydberg state (N,K)
- ion cores (N+, K+)
- on the basis of angular momentum 

conservation
: the allowed values for N+ and K+

N+ = N + 1
K+ = K + 1



Vibrational Autoionization of NH3

The photoelectron spectra

• Photoelectron ejected 
from 

by 532nm photons

• based on selection 
rule

is dominant



Vibrational Autoionization of NH3

Photoelectron spectra 
obtained by pumping the

state and exciting the 
n=11~14 resonances



Vibrational Autoionization of NH3

• Production of those rotational 
levels indicates the dominant 
autoionization mechanism results in 
the ejection of odd partial waves

A number of weaker photoelectron peaks
: redistribution of vibrational energy during the autoionization of 
(1300) Rydberg state
- alternative decay paths
( indirect electronic autoionization process, predissociation, etc.)



Vibrational Autoionization of NH3

Vibrational branching fractions
autoionization via  state

These branching fractions indicate that the 
mechanism involving the loss of one quantum from 
the umbrella mode v2 is approximately 25 times more 
efficient than the mechanism involving loss of one 
quantum from the symmetric stretching mode v1



Vibrational Autoionization of NH3

Possible mechanisms
- Rydberg orbital 

: nd electron (nda1
’, nde’’, nde’ orbital)

- at short range Rydberg orbitals of n=11~14 
: similar to the low n Rydberg orbitals
: 3da1

’, 3de’’ – accessible from
: 3de’ – not allowed



Vibrational Autoionization of NH3

ground electronic state of NH3
+

: by removing an electron from the 
nonbonding 2pz orbital of the ground NH3

: charge of the ion is localized on the N atom

3d orbitals of NH3 will look like atomic 
orbitals centered on the N atom
3dz2 : 3da1

’

3dzx , 3dzy : 3de’’

3dxy , 3dx2-y2 : 3de’



Vibrational Autoionization of NH3

Change of the energy of 3dz
2 orbital

- along the symmetric stretching
: little change

- along the umbrella normal mode
: brings charge localized on the N atom into a region 
of higher electron density
: makes substantial change in orbital energy



Vibrational Autoionization of NH3

Change of the energy of 3dzx , 3dzy orbital
- along the symmetric stretching
: takes place in a nodal plane of the orbitals
: NH bonds also lie in the nodal plane
: little change

- along the umbrella normal mode
: moves the N atom in a nodal plane passing NH bond 
through the lobes of these orbitals



Vibrational Autoionization of NH3

Change of the energy of 3dxy, 3dx2-y2 orbital
- along the symmetric stretching
: pushes(pulls) lobes of opposite signs together(apart)
: significant change

- along the umbrella normal mode
: the motion of N atom is in a nodal plane 
: little effect



Vibrational Autoionization of NH3

In summary
- the umbrella mode has bigger effect on the 
orbital energy than the symmetric stretch

- the umbrella mode induces faster vibrational 
autoionization



Vibrational Autoionization of NH3



Schedule
12/4 (Mon)
- Introduction
- Theoretical background

12/6 (Wed)
- Theoretical background
- Experiments : NH3

12/11 (Mon)
- Theoretical background
- Experiments : NO2



Vibrational Autoionization
Rovibronic coupling 

- Hund’s case b (at low total energy)

: Rydberg electron angular momentum l couples 
to the molecular axis

: labeling electronic states nlΛ
( Λ: projection of l on the molecular axis )

- Hund’s case d (at high total energy, N+)
: nlN+ ( N: combination of rotational angular momentum and the 
angular momentum of the Rydberg electorn l )



Vibrational Autoionization
two-color, double resonance
- identifying suitable transitions to 

3pσ2Σu
+ state

- Fix first laser & Scan second laser 
(promotes ionization)

- Find intermediate states with large 
cross-section

three-color, double resonance
- Fix first, second laser, Scan third laser 

→ select a specific resonance
- Fix third laser, Scan first laser 

→ select specific rotational states
- Scan third laser

→ spectra of autoionizing states



Vibrational Autoionization of NH3

Selection rule
- Rydberg electron of the planar C’1A1

’ : 3pz orbital
→ Intense transition : Δl=±1 (l=0(s), l=2(d))

- Favoring the assignment of the dominant transitions 
as memebers of nd Rydberg series

Rovibronic selection rule
- Hund’s case d (at high total energy, N+)
- Vibronic symmetry of excited state

- ν1 mode(A1’): A1’
- ν2 mode(A2’’): v2=even → A1’

v2=odd → A2’’
- Vibronic symmetry of NH2

+ X2 A2
’’ H (1300) : A1’



Vibrational Autoionization of NH3

accessible state from the C’1’A1
’ (1300) 

: nda1’ orbital, doubly degenerate nde’’ orbital 
: nde’ oribtal – not allowed



Vibrational Autoionization of NO2

Experiment condition
- NO2 : O2 : He = 1:1:20
- backing pressure: 1000~1500 torr

Vibrational modes of NO2
- ν1: symmetric stretch
- ν2: symmetric bend
- ν3: asymmetric stretch



Vibrational Autoionization of NO2

three-color experiments
- first color: transition from the bent 2A1
ground state to a vibronic level in a 
complex region containing three strongly 
interacting electronic states (482nm 
fixed)

- second color: transition from this 
selected level to a single vibronic level 
of the 3pσu Rydberg state (275nm fixed)

- third color: transitions from the 3pσu
state to the autoionizing Rydberg states 
(495-460nm tuned)



Vibrational Autoionization of NO2
Three-color ionization spectrum of NO2

via the 3pσ2Σu
+(110)

- autoionizing resonances: nsσg, ndσg, ndπg Rydberg series



Vibrational Autoionization of NO2

Δν1=-1 is faster than Δν2=-1
Vibrational autoionization via 
the symmetric stretch is 
strongly favored
Quantum defect matrix 
elements show strong 
dependence along the 
symmetric stretching coordinate 
and a relatively weak 
dependence along the bending 
coordinate



Vibrational Autoionization of NO2



Vibrational Autoionization of NO2

nsσg, ndσg
- vibronic coupling via the bending coordinate is 

expected to be weak for these series

ndπg Rydberg seires
- doubly degenerate
- undergoes Renner-Teller interactions as the 

molecule is bent → splits into a2 and b2 orbitals
- coupling to the bending vibration is weak
- more extensive MQDT calculations including multiple 

values of l and incorporate the Renner-Teller 
interaction are needed



Vibrational Autoionization of NO2

Renner-Teller effect
- The splitting, into two, of the potential function 

along the bending coordinate in degenerate 
electronic states of linear triatomic or polyatomic 
molecules.



Vibrational Autoionization of NO2

Dominant transition from the 3pσu state
Vibrational modes of NO2
: ns σg, nd σg, ndπg Rydberg seires



Vibrational Autoionization of NO2

Dominant transition from the 3pσu state
Vibrational modes of NO2
: ns σg, nd σg, ndπg Rydberg seires
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1. INTRODUCTION 

 This review shows how studies of vibrational autoionization in small polyatomic 

molecules can provide information on how orbital energies change as a function of 

geometry near the equilibrium configuration of the molecule and how qualitative 

correlation diagrams can provide insight into vibrational autoionization in polyatomic 

molecules. 

 

① Vibrational Autoionization 

- radiationless transition  

- highly excited, quasi-bound molecule decays into the ionization continuum through 

the conversion of vibrational energy into electronic energy of the electron to be 

ejected, resulting in a free electron and an ion 

- mode-dependent process  

 : some normal modes are efficient drivers of vibrational autoionization 

- depends on the electronic symmetry of the Rydberg electron 

 

 



② Experiment 

- double-resonance laser techniques 

 : preparing the autoionizing states in a state-selective manner 

 : decay process can be studied as a function of these relevant quantum numbers 

- photoelectron spectroscopy  

 : characterizing product vibrational state distribution and the product rotational state 

distribution 

- comparing with theoretical model : multichannel quantum defect theory (MQDT) 

 

2. THEORETICAL BACKGROUND _ Rydberg State 

① Rydberg state 

  

 - one electron roams far from the nuclei and other electrons 

 - differ from valence state 

 - slow electronic motion 

 - the time scale of electronic motion is compatible to that of nuclear motion  

 - cannot be handled by the Born-Oppenheimer approximation  

② radial wave function of the Rydberg electron 

   Ψ(r) = f(r)cos(πμ) - g(r)sin(πμ) 

    f, g: Coulombic wave function 

    μ: quantum defect 

 

③ the empirical formula of Rydberg 

   En= -mz2/2(n-μ)2

    z: charge of the ion,  

    m: ratio of the electron mass 

 

 

3. THEORETICAL BACKGROUND _ MQDT 

 Vibrational autoionization can be understood in the context of multichannel quantum 

defect theory(MQDT). MQDT is used to simulate the photoionization spectrum of 

molecules involving autoionizing Rydberg states. 

 

① the principal parameters driving the autoionization process  



- the geometry-dependent body frame quantum defects related in a qualitative manner 

to the correlation diagrams and Walsh diagrams 

 

② The R-dependent quantum defect is given by the modified Rydberg formula 

 

R: internuclear distance 

Vlλ(R: the potential curves for the neutral Rydberg state  

V+(R): the potential curves for the corresponding ion 

 

③ quantum defect matrix 

- In a quantum defect model, the key element is the quantum defect matrix 

 : describes all of the interactions between the electron and the core 

- this matrix depends parametrically on the nuclear coordinates  

- nondiagonal in the orbital angular momentum l of the Rydberg electron, 

- accounting for the nonspherical nature of the molecule. 

- diagonal elements: without l-mixing interaction (diatomic molecule) 

- off-diagonal elements: l-mixing interaction (polyatomic molecule) 

 

 

④ autoionization width of H2

μlλ(R): R-dependent quantum defect  

 ( l: orbital angular momentum of the Rydberg electron,  

  λ: its projection on the molecular axis ) 

R: the Rydberg constant 

νi: the effective principal quantum number of the initial state,  

χv: the vibrational wavefunction of the vth vibrational level of the ion 

R+
e: the equilibrium internuclear distance of the ion. 

 

⑤ autoionization width of polyatomic molecules  

 



Qi : a mass-weighted displacement vanishing at the equilibrium geometry 

Γe: the rovibronic symmetry of the molecule 

l': the symmetry of the ejected electron 

 

1) normalization factor  

 

- proportional to the probability of finding the Rydberg electron at close range to the 

molecular ion core 

- Electrons only at close range can affect the motion of the nuclei 

 

2) derivative of the quantum defect matrix element, evaluated at the equilibrium 

geometry of the ion 

        

→ potential curve of the Rydberg state is parallel to that of the ion at the equilibrium 

geometry 

 

3)  

- related to the amplitude of vibration 

- vanishes unless Δvi=±1 

                → propensity rule Δvi=-1 

 

⑥ When electronic states combines with normal modes for which the Rydberg orbital 

energy show the strongest dependence on the normal coordinate near the equilibrium 

geometry of the molecule 

  → Fast vibrational autoionization 
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1. Theoretical Background 

- Rydberg atom 

 : the outer electron sees a nucleus with only one proton 

    behaves like the electron of a H atom 

- High energy levels in the H atom 

 

 R: Rydberg constant 

 T: ionization limit 

- Defects 

: orbits of Rydberg electron pass through the core of shielding electrons 

: electron sees the whole nucleus 

: correlation term – quantum defect δ 

 

- Quantum Defects 

 low angular momentum state : high quantum defect 

 High angular momentum state : low quantum defect 

 

- Rydberg formula with R-dependent quantum defect  

 

   μlλ(R): R-dependent quantum defect 

   Vlλ(R): potential energy curve for the neutral Rydberg state 

   V+(R): potential energy curve for the corresponding ion  

   R: Rydberg constant 

 

 

 



2 Experiment _ NH3

① Experimental method 

a) Electron specctrometer 

 

b) Jet-cooled condition 

- 10% NH3 in He 

- Backing pressure: 0.5~2atm 

- Temperature ~ 10K 

c) Two-color, two-photon resonant, three-photon excitation 

 

d) monitoring photoelectron signal as a function of the probe laser wavelength 

 

② Vibrational modes of NH3 

  v1: symmetric stretch 

  v2: umbrella bend 

  v3: in-plane asymmetric stretch 

  v4: in-plane asymmetric bend 

③ Results 

a) NH3 pump transition 

 



- ground electronic state of NH3 

 : pyramidal structure 

 : HOMO - 1a2’’ lone pair 

- Rydberg states 

 : planar D3h geometry 

 : favorable for the excitation of non-totally symmetric umbrella mode v2

- transitions involving excitation of the symmetric stretching mode are significantly less 

intense than those involving only excitation of the nontotally symmetric out-of plane 

mode. 

 

b) two-photon transition 

 

- the two-color double-resonance ionization spectra obtained  

 by pumping the transition  

 and probing between the and (1300) thresholds 

- Dominant line: Qa(0,0) 

   : because of little change in equilibrium geometry 

- selection rule 

 upper Rydberg state (N,K) 

 ion cores (N+, K+) 

 on the basis of angular momentum conservation 

 : the allowed values for N+ and K+ 

   N+ = N + 1 

   K+ = K + 1 

- photoelectron ejected from  



 : is dominant 

 

 

c) Photoelectron spectra 

 



- Photoelectron spectra obtained by pumping the state and 

exciting the n=11~14 resonances 

 

 

 

- These branching fractions indicate that the mechanism involving the loss of one 

quantum from the umbrella mode v2 is approximately 25 times more efficient than the 

mechanism involving loss of one quantum from the symmetric stretching mode v1 

 

④ Possible vibrational autoionization mechanism 

1) Rydberg orbitals of NH3 

- Rydberg orbital  

  : nd electron (nda1’, nde’’, nde’ orbital) 

- at short range Rydberg orbitals of n=11~14  

  : similar to the low n Rydberg orbitals 

  : 3da1’, 3de’’ – accessible from 

  : 3de’ – not allowed 

- 3d orbitals of NH3 will look like atomic orbitals centered on the N atom 



 3dz2 : 3da1’ 

 3dzx , 3dzy : 3de’’ 

 3dxy , 3dx2-y2 : 3de’ 

 

 

2) Change of the energy of 3dz2 orbital 

 - along the symmetric stretching 

 : little change 

 

 - along the umbrella normal mode 

 : brings charge localized on the N atom into a region of higher electron density 

 : makes substantial change in orbital energy 

 

3) Change of the energy of 3dzx , 3dzy orbital 

 - along the symmetric stretching 

 : takes place in a nodal plane of the orbitals  

 : NH bonds also lie in the nodal plane 

 : little change 

 

 - along the umbrella normal mode 

 : moves the N atom in a nodal plane passing NH bond through the lobes of these 

orbitals 

 

4) Change of the energy of 3dxy, 3dx2-y2 orbital 

 - along the symmetric stretching 

 : pushes(pulls) lobes of opposite signs together(apart) 

 : significant change 

 

 - along the umbrella normal mode 

 : the motion of N atom is in a nodal plane  

 : little effect 

 

⑤ Summary 

- the umbrella mode has bigger effect on the orbital energy than the symmetric stretch 

- the umbrella mode induces faster vibrational autoionization 
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1. Theoretical Background 

① Rovibronic coupling 

 - Hund’s case b (at low total energy) 

 : Rydberg electron angular momentum l couples to the molecular axis 

 : labeling electronic states nlΛ ( Λ: projection of l on the molecular axis ) 

 - Hund’s case d (at high total energy, N+ ) 

 : nlN+  (N: combination of rotational angular momentum and the angular     momentum 

of the Rydberg electorn l ) 

② Selection rule 

- Rydberg electron of the planar C'1A1' : 3pz orbital 

→ Intense transition : Δl=±1 (l=0(s), l=2(d)) 

- Favoring the assignment of the dominant transitions as memebers of nd Rydberg 

series 

- Rovibronic selection rule 

 - Hund's case d (at high total energy, N+) 

 - Vibronic symmetry of excited state 

 - ν1 mode(A1'): A1' 

 - ν2 mode(A2''): v2=even → A1' 

                          v2=odd → A2'' 

- Vibronic symmetry of NH2
+ X2 A2

'' H (1300) : A1
'

- accessible state from the C'1'A1' (1300)  

 : nda1' orbital, doubly degenerate nde'' orbital  

 : nde' oribtal - not allowed 

 

2. Experiment _ NO2

① condition 

- NO2 : O2 : He = 1 : 1 : 20 

- backing pressure: 1000~1500 torr 

 

 



② Experimental method 

1) two-color, double resonance 

- identifying suitable transitions to 3pσ2Σu+ state 

- Fix first laser & Scan second laser (promotes ionization) 

- Find intermediate states with large cross-section 

2) three-color, double resonance 

- Fix first, second laser, Scan third laser → select a specific resonance 

- Fix third laser, Scan first laser  

 → select specific rotational states 

- Scan third laser 

 → spectra of autoionizing states 

 

③ Vibrational modes of NO2 

- ν1: symmetric stretch 

- ν2: symmetric bend 

- ν3: asymmetric stretch 

 

④ Three color experiment 

 

- first color: transition from the bent 2A1 ground state to a vibronic level in a complex 

region containing three strongly interacting electronic states (482nm fixed) 

 



- second color: transition from this selected level to a single vibronic level of the 3pσu 

Rydberg state (275nm fixed) 

 

- third color: transitions from the 3pσu  state to the autoionizing Rydberg states (495-

460nm tuned) 

 

 

⑤ Three-color wavelength scan 

- Three-color ionization spectrum of NO2 via the 3pσ2Σu
+(110) 

 

 : autoionizing resonances: nsσg, ndσg, ndπg Rydberg series 

⑤ Photoelectron spectra 

1) Δν1=-1 is faster than Δν2=-1 

2) Vibrational autoionization via the symmetric stretch is strongly favored 

3) Quantum defect matrix elements show strong dependence along the symmetric 

stretching coordinate and a relatively weak dependence along the bending coordinate 
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