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Abstract Understanding the mechanism of a chemical reaction is essential for 
controlling selectivity and yields of products or designing a novel molecular func-
tion, which is one of the ultimate goals of chemistry. Since a chemical reaction 
can be defined as nuclear dynamics driven by the change in electron motion, time-
resolved molecular orbital imaging would open the door not only to gain a deeper 
insight into molecular dynamics but also to advance and extend frontiers of science 
and technology. In this chapter, two experimental techniques that aim to visualize 
the changing molecular orbital pattern during a chemical reaction are described in 
detail. One is the attempt to tackle the issue in momentum space, and the other is the 
attempt to do the same based on laser tunneling ionization. It is demonstrated that 
these two techniques are each applicable to short-lived excited states, thereby both 
offering opportunities for investigating the driving force behind chemical reaction. 
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6.1 Introduction 

When a molecule in its ground state absorbs a photon of light of the appropriate 
wavelength, the molecule is raised to an electronically excited state. Such molecular 
excited states are usually short-lived, as they may subsequently undergo, within a 
short period of time, deactivation reactions involving isomerization, dissociation, 
radiative, nonradiative, and energy-transfer processes. Furthermore, since molecules 
in excited states are more reactive than those in their ground state, a lot and variety 
of chemical reactions in which molecular excited states participate can be found 
in literature. For these reasons, the study of excited-state molecular dynamics is a 
topic of growing interest owing to the fundamental importance as well as potential 
application in many areas [1]. 

The excited-state molecular dynamics or unimolecular chemical reaction can be 
regarded as a successive series of rearrangements of atoms in molecules. Since the 
molecular structure is continuously changing during the chemical reaction that often 
involves the breaking and formation of chemical bonds, several approaches to observe 
such nuclear dynamics in real time have been proposed and demonstrated in the last 
decades. From the most fundamental point of view, however, the nuclear dynamics 
is driven by the change of electron motion, so real-time observation of electron 
dynamics is essential to reaching one of the goals of chemistry, that is, complete 
understanding, control and design of a chemical reaction. Furthermore, if the frontier 
orbital theory [2] is applied to the electron dynamics, spatial pattern of the highest 
occupied molecular orbital (HOMO) of the transient, evolving system would serve 
particularly as the key to understanding of the direction and underlying mechanism 
of the chemical reaction. In this respect, it should be noted, on one hand, that there 
have not yet been any experimental techniques that enable one to look at molecular 
orbitals changing rapidly during chemical reaction. For instance, although the widely-
used time-resolved photoelectron spectroscopy provides accurate information about 
binding energy values of the molecular orbitals of a transient system [3, 4], spatial 
patterns of the orbitals are beyond the reach of this experimental technique. On 
the other hand, quantum chemistry theory can, in principle, predict the direction 
and underlying mechanism of a chemical reaction as well as the spatial patterns of 
the orbitals by numerically integrating the time-dependent Schrödinger equation. 
However, such full quantum dynamics calculations are not practically feasible for 
systems having more than three atoms, due not only to computational cost problem 
but also to the difficulty in constructing the high-dimensional and coupled global 
potential energy surfaces. In order to overcome these theoretical impediments, the 
trajectory surface hopping method [5, 6] has been developed, but there is at present 
a severe limitation in the number of degrees of freedom that it can handle. 

Under the above-mentioned situations, one may desire to have an experimental 
technique that makes it possible to look at molecular orbitals changing rapidly 
during a chemical reaction. The key for this challenge is to develop time-resolved 
versions of the existing molecular orbital imaging techniques such as (e, 2e) elec-
tron momentum spectroscopy [7–13], laser tunneling imaging [14–24], and laser
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high-order harmonics generation [25–28]. Indeed, such attempts have already been 
undertaken along that line, and they are the subject of this chapter. Here, two kinds 
of attempts are described. One is the method to tackle the issue in momentum space 
and the other is the method to do the same based on laser tunneling ionization. 
Their experimental principle and current status are discussed in Sects. 6.2 and 6.3, 
respectively. Finally, this chapter is concluded in Sect. 6.4. 

6.2 Molecular Orbital Imaging in Momentum Space 

6.2.1 (e, 2e) Electron Momentum Spectroscopy 

Over the last five decades, electron momentum spectroscopy (EMS), also known 
as binary (e, 2e) spectroscopy, has been developed as a powerful means to provide 
unique and versatile information on the electronic structure and electron correlation 
effects in matter [7–13]. It is a kinematically complete high-energy electron-impact 
ionization experiment with large momentum transfer and large energy loss, in which 
both the inelastically scattered and ejected electrons are detected in coincidence. The 
(e, 2e) reaction that ionizes the target molecule M can be described by 

M + e− 
0(

E0, p0
) → e− 

1(
E1, p1

) + e− 
2(

E2, p2
) + M+ 

(Erecoil,q) 
(6.1) 

Here the Ej’s and pj’s ( j = 0, 1, and 2) are the kinetic energies and momenta of the 
incident, inelastically scattered, and ejected electrons, respectively. Similarly, Erecoil 

and q represent the recoil energy and recoil momentum of the residual ion M+. Since 
the thermal energy of M as well as Erecoil is negligibly small compared with any of 
Ej’s in the (e, 2e) reaction under consideration, one has the following conservation 
laws of energy and momentum, 

Ebind = E0−E1−E2 (6.2) 

q = p0− p1− p2. (6.3) 

Here, Ebind is the electron binding energy (ionization energy). Furthermore, since 
the experiment is performed under the high-energy Bethe ridge conditions [11, 13], 
where the collision kinematics most nearly corresponds to a collision of two free 
electrons with the residual ion M+ acting as a spectator, the momentum of the target 
electron p, before ionization, is equal in magnitude but opposite in sign to q, 

p = −q = p1 + p2− p0. (6.4)
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Fig. 6.1 Symmetric 
noncoplanar geometry for 
the study of the EMS 
reaction 
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The EMS signal can thus be measured as a function of Ebind and p. Figure 6.1 shows 
the widely used symmetric noncoplanar geometry, in which two outgoing electrons 
having equal energies (E1 = E2) and making equal scattering polar angles (θ 1 = θ 2 
= 45°) with respect to the incident electron beam axis are detected in coincidence. 
In this kinematic scheme, the magnitude of the target electron momentum p is given 
by 

| p| = 
/

(p0 − 
√
2 p1)2 + ( 

√
2 p1 sin(∆φ/2))2 (6.5) 

with∆φ being the out-of-plane azimuthal angle difference between the two outgoing 
electrons detected. 

The most widely used scattering model for EMS is the plane-wave impulse approx-
imation (PWIA) with the weak-coupling approximation [11, 12] that describes EMS 
cross-sections as 

d3σPWIA 

dE1dΩ1dΩ2 
∝ Sα 

1 

4π

ʃ
dΩ|ψα( p)|2 . (6.6) 

Here, ψα(p) is the momentum-space representation of the quasiparticle or Dyson 
orbital which can be defined as 

√
Sαψα( p) =

⟨
pψN−1 

f

||
| ψN 

i

⟩
(6.7) 

Here, ψN 
i and ψN−1 

f are the N-electron initial neutral and the (N − 1)-electron final 
ion wave functions of the target, and Sα is a quantity called pole strength, also known 
as the spectroscopic factor. (1/4π)

ʃ
dΩ is the spherical averaging due to random 

orientation of gaseous molecular targets. 
In this way, EMS has a unique ability to measure momentum densities of each 

target electron with different binding energies or to look at individual molecular 
orbitals in momentum space. Since the position- and momentum-space molecular
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orbital functions are uniquely related by the Dirac-Fourier transform, an expansion of 
a molecular orbital in position space corresponds to a contraction of it in momentum 
space. This is the material reason why EMS has proven sensitive to the behavior of the 
outer, loosely bound electrons that are of central importance in chemical properties 
such as bonding, reactivity, and molecular recognition. 

6.2.2 Time-Resolved Electron Momentum Spectroscopy 

EMS has a history since 1970s. Nevertheless, EMS experiments had long been limited 
to studies on stable targets in their electronic ground state, except the early pioneering 
experiment of Zheng et al. on excited sodium atoms prepared using a cw ring dye 
laser [29]. This is due partly to the difficulty of performing EMS experiments that 
require the coincident detection of the two outgoing electrons produced by high-
energy electron-impact ionization at large momentum transfer, where the (e, 2e) 
cross-section is generally quite small compared with those at small momentum trans-
fers. In addition, an ultrashort-pulsed incident electron beam, which is the primary 
requirement of conducting EMS experiments on short-lived transient species, may 
suffer from the space charge effect; the more intensity an ultrashort-pulsed incident 
electron beam has, the more space charge effect may significantly broaden not only 
the temporal width but also the energy spread of the electron packet. In this respect, 
however, highly encouraging was continuing efforts for progress of the EMS exper-
imental techniques [7–13], one of which has eventually improved the instrumental 
sensitivity as much as possible [30, 31] by covering almost completely the available 
azimuthal angle range for the symmetric noncoplanar EMS reaction (Fig. 6.1). Under 
these circumstances, time-resolved EMS (TR-EMS) has been proposed in 2008 [13], 
and the first-generation apparatuses [32–34] have been developed recently. 

Figure 6.2 shows a schematic picture of the experimental setup employed in the 
first TR-EMS apparatus [32]. The 800 nm output of a 5-kHz femtosecond laser 
(<120 fs, 0.8 mJ) is split into a pump path and an electron-generation path. 90% of 
the output is used to yield with an optical parametric amplifier the pump laser pulse 
(195 nm, ~120 fs, 0.8 μJ), which is subsequently used to excite target molecules 
in an effusive gas beam after the 5-kHz repetition rate being halved by an optical 
chopper. On the other hand, 10% of the 800 nm output is frequency tripled (267 nm, 
<10 μJ) and directed toward a back-illuminated photocathode in order to produce 
electron pulses via the photoelectric effect. The photocathode is made of a silver film 
of 40 nm thickness, which is negatively biased to accelerate the electron pulses up 
to 1.2 keV. The resulting ultrashort pulsed electron beam (~1 ps, ~50 pA) is then 
used to induce EMS events which are recorded by an EMS spectrometer with an 
exceptionally large spherical analyzer (mean radius of 220 mm). The energy- and 
momentum-dispersive multichannel measurement is achieved based on the well-
known property of a spherical analyzer of maintaining the azimuthal angles of the 
analyzed electrons while dispersing them according to their kinetic energies. The 
delay time tdelay between the arrival of the pump laser pulse and the probe electron
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Fig. 6.2 A schematic representation of time-resolved electron momentum spectroscopy apparatus 
[32] 

pulse is controlled with a computer-driven translation stage. Here, in order to have a 
workable signal count rate, diameters of the target gas beam, the pump laser, and the 
probe electron beam are all set to be about 2 mm, at the expense of the experimental 
resolutions for the energy (5 eV FWHM), momentum (0.4 a.u. at ∆φ = 0°), and 
time (±35 ps). Note that the time resolution is almost entirely dominated by the 
group velocity mismatch between the pump laser and probe electron pulses [35]. 
Note also that since the 5 kHz repetition rate is halved only for the pump laser, the 
TR-EMS apparatus concurrently produces two kinds of EMS data sets. One is data 
that are measured with the pump laser (laser-on), the other is reference data that are 
measured without the pump laser (laser-off). The TR-EMS data are then obtained by 
subtracting the laser-off spectrum with an appropriate weight factor from the laser-on 
spectrum. 

6.2.3 TR-EMS Study on the S2 Acetone 

The first application of TR-EMS to a molecular excited state has been made for the 
deuterated acetone molecule (acetone-d6), (CD3)2CO, in its second excited singlet 
S2(n, 3s) state [36] with a lifetime of 13.5 ps [37]. Figure 6.3a compares the laser-off 
binding energy spectrum with an associated theoretical spectrum for the acetone-d6 
ground state. It can be seen that although the employed instrumental energy resolution 
of 5 eV FWHM does not allow the spectral peaks to be identified clearly, the laser-off 
spectrum is on the whole well reproduced by the associated theoretical spectrum over 
the entire binding energy range covered.
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Fig. 6.3 Experimental a laser-off EMS binding energy spectrum and time-resolved EMS binding 
energy spectra of the acetone-d6 S2 state obtained at tdelay of b 0 ps and  c 100 ps. The broken and 
solid lines for a represent associated theoretical calculations. The solid line for b represents a band 
due to ionization from the outermost 3s Rydberg orbital. Adapted with permission from Ref. [36]. 
Copyright 2015 by American Physical Society 

Figure 6.3b shows a TR-EMS binding energy spectrum of the acetone-d6 S2 state 
at 195 nm, measured at tdelay = 0 ps. It is evident from Fig. 6.3b that a band appears at 
around Ebind = 3.5 eV which is undoubtedly assigned, from the energy conservation, 
to ionization from the HOMO (outermost 3s Rydberg orbital) of the acetone-d6 S2 
excited state. Furthermore, the 3.5 eV band disappears when tdelay is changed from 
0 to 100 ps, as can be seen from Fig. 6.3c. This is indeed in accordance with the fact 
that the acetone-d6 S2 state has a lifetime of 13.5 ps, and it undergoes the three-body 
ultrafast dissociation process to eventually produce 2CD3 and CO [37], indicating 
that the tdelay = 100 ps spectrum is largely governed by the reaction products. 

Further evidence for the successful measurement is given by examining the elec-
tron momentum distribution for the 3.5 eV band. Figure 6.4 shows spherically aver-
aged electron-momentum-density distribution for the 3 s Rydberg orbital, which was 
constructed by plotting the number of true coincidence events that formed the 3.5 eV 
band as a function of the electron momentum. Also included in the figure are associ-
ated theoretical distributions calculated for an empty 3 s Kohn–Sham orbital (DFT_ 
3s Ryd.) of the acetone-d6 S0 state or a 3s orbital of the S2 state optimized with the
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Fig. 6.4 Comparison of 
spherically averaged electron 
momentum-density 
distributions between 
experiment and theory for 
the 3s Rydberg orbital of the 
acetone-d6 S2 state. Adapted 
with permission from Ref. 
[36]. Copyright 2015 by 
American Physical Society 
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complete-active-space self-consistent-field method (CASSCF_3s Ryd.). A theoret-
ical distribution for the HOMO of the S0 state (DFT_S0 HOMO) is also included as 
a reference. 

It can be seen from Fig. 6.4 that the experimental result exhibits a maximum at the 
momentum origin and its intensity drops off rapidly with the increase in the electron 
momentum. This behavior can be understood by considering in momentum space 
the nature of the 3s Rydberg orbital. Since the angular part of a wavefunction is 
invariant under the Dirac-Fourier transform, a certain molecular orbital in position 
space has similar shape in momentum space. On the other hand, the radial part of a 
wave function is largely affected by the Dirac-Fourier transformation; high density at 
large r leads to high density at small p and vice versa. Thus, the diffuse 3 s Rydberg 
orbital in position space possesses the sharply peaked momentum distribution. The 
associated theoretical calculations support this observation. This achievement can 
thus be recognized as having demonstrated that EMS measurements of short-lived 
molecular excited states are certainly feasible [38, 39]. 

6.2.4 TR-EMS Study on the S1 Toluene 

The first molecular orbital imaging experiment for a molecular excited state discussed 
in Sect. 6.2.3 [36] is not enough to show the potential capability of TR-EMS; its obser-
vation was limited only to the energetically well-separated HOMO of the acetone S2 
state. TR-EMS should be able to observe spatial distributions, in momentum space, 
of not only the HOMO but also all other, more tightly bound orbitals of a molecular 
excited state. The limitation in the first TR-EMS experiment [36] is due to the fact 
that the acetone S2 state decays faster than the employed time resolution (±35 ps). 
Thus, the experiment on the higher-binding-energy region shown in Fig. 6.3b had to 
be affected by its subsequent decay process. The potential capability of TR-EMS to
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observe individual orbitals of a molecular excited state has then been demonstrated 
by changing its target to the toluene molecule in the S1(π, π*) state at 267 nm [40]. 
Since the toluene S1 state has a lifetime of 86 ns [41], much longer than the time reso-
lution of ±35 ps, a TR-EMS experiment without any contributions of the subsequent 
intramolecular relaxation processes can be made while the whole valence electronic 
structure must be observed in the binding energy spectrum. 

Figure 6.5a, b shows TR-EMS binding energy spectra obtained for the toluene S0 
(ground) and S1 (excited) states, respectively. The former is the laser-off spectrum, 
while the latter was obtained at tdelay = 0 ps. Also included in the figures are associated 
theoretical spectra calculated by using the symmetry adapted cluster configuration-
interaction (SAC-CI) method [42]. It can be seen from Fig. 6.5a that the employed 
instrumental energy resolution of 5 eV FWHM only allows the spectral peaks to be 
identified as two broad bands centered at around 14 and 24 eV, which are a group of 
peaks due to the outer-valence and inner-valence ionization, respectively. It is also 
seen that the experiment is on the whole well reproduced by the theoretical spectrum 
over the entire binding energy range that the SAC-CI calculations covered. 

As for the S1 spectrum in Fig. 6.5b, there are two additional features. One is the 
appearance of a very weak band at a lower binding-energy region centered at 4–5 eV 
which is assigned to the ionization from the excited π* orbitals of the toluene S1 
state. The weak band intensity originates mainly in the electron occupation number. 
Indeed, the SAC-CI wave function of the toluene S1 state can be approximated as a 
linear combination of two electronic configurations, 0.70 × [(3π )−1(1π*)1] + 0.63

Fig. 6.5 Comparisons of 
binding energy spectra 
between the experiments and 
SACCI calculations for the 
a S0 and b S1 states of 
toluene. The dashed lines 
show the contribution of 
each transition and the solid 
line is their sum. Vertical 
bars represent pole strength 
(>0.05). Reprinted with 
permission from Ref. [40]. 
Copyright 2016 by American 
Physical Society 
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× [(2π )−1(2π*)1] in which the two 1π* and 2π* excited orbitals are almost equally 
occupied by one electron. Thus, the energetically close-lying transitions from the S1 
state to the ground (D0[(3π )−1]) and first excited (D1[(2π )−1]) states of the toluene 
cation appear with small pole strength values. 

Another feature of the S1 spectrum in Fig. 6.5b is a shift of both the outer-
and inner-valence bands towards higher energy by about 3 eV compared to those 
at ~14 and ~24 eV in the S0 spectrum. This observation can be understood by 
extending the ionization propensity rule of EMS to molecular excited states. Namely, 
only one-electron processes are allowed, but two-electron and other multi-electron 
processes are all forbidden. For instance, as shown in Fig. 6.6, the ionization to the 
D2[(15σ )−1] state is forbidden from the S1 state, as it is a two-electron process, 
whilst it is allowed from the S0 state. On the contrary, transitions from the S1 state 
to higher-energy ionic states of two-hole-one-particle (2h1p) configurations such 
as [(15σ )−1(3π )−1(1π*)1] and [(15σ )−1(2π )−1(2π*)1] are allowed, although those 
from the S0 state are forbidden. The same argument can be made for all other, more 
tightly bound molecular orbitals. It was found from the SAC-CI calculations that 
most of the allowed 2h1p configurations have the 1π* or 2π* orbital occupied by 
an electron. Thus, the outer- and inner-valence ionization bands of the S1 state are 
expected to shift towards higher energy approximately by the difference in the π–π * 
excitation energy between the S0 and D0 states, i.e., E D0 

ππ∗ − E S0 ππ  ∗, respectively. The 
calculated value for E D0 

ππ  ∗ − E S0 ππ  ∗ is 2.9 eV, and this is in good agreement with the 
experimental value of ~3 eV. 

Note that the critical role of 2h1p configurations is an indication of the inherent 
capability of TR-EMS of being able to observe spatial distributions, in momentum 
space, of not only the HOMO but also all other, more tightly bound orbitals of 
a molecular excited state. This is because in primary ionization to such a 2h1p 
configuration the Dyson orbital is always of either the fully occupied orbitals or the 
singly occupied orbital of lower energy, which could be separately observed if the 
energy resolution were improved to the desired extent.

1h config. 
2h1p config. 

S1 

11a’ (3π) 

12a’ (2π*) 

7a” (2π) 
6a” (15σ) 

8a” (1π*) 

D2[15σ1] [151 3π1 1π*1] 
Initial neutral state 

allowed allowed 

+ 
forbidden 

[151 2π1 2π*1] 

Final ionic state 

Fig. 6.6 EMS ionization schemes for transitions from the toluene S1 state to several ionic states 
within the frozen orbital approximation, showing their occupation with electrons (closed circles) 
or holes (open circles). Adapted with permission from Ref. [40]. Copyright 2016 by American 
Physical Society 
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6.3 Molecular Orbital Imaging by Ultrafast Laser 
Tunneling 

Thanks to recent developments in laser technology, it is now possible to generate 
ultrashort intense laser fields from a table-top laser system. Due to the large elec-
tric fields, molecules in intense laser fields show a variety of characteristic features 
that are hardly observable in a weak field regime. In this section, we describe an 
approach to visualize electron distributions in molecules by utilizing one of such 
processes, laser tunneling ionization. The application to electronically ground and 
excited molecules is presented with illustrative examples on a small molecule, nitric 
oxide (NO) [23, 24]. 

6.3.1 Laser Tunneling Ionization 

When molecules are exposed to intense laser fields (typically ~1014 W/cm2), the 
electron binding potential is deformed due to the large electric fields as shown in 
Fig. 6.7a. The electron tunnels through a potential barrier thus formed into continuum 
states. This ionization process is called “laser tunneling ionization”. The tunneling 
electron comes mainly from the outermost molecular orbital, typically HOMO, which 
has a thinner potential barrier than lower lying molecular orbitals such as HOMO-
1 and HOMO-2. The rate of laser tunneling ionization depends on the shape of 
molecular orbital along the laser polarization direction. When the lobes of a molecular 
orbital face the laser polarization direction, the tunneling ionization is expected to be 
enhanced because of the large electron densities along the laser polarization direction. 
Since HOMO of NO has the π symmetry, the tunneling ionization is expected to 
become prominent when the molecular axis is oriented at 45° with respect to the laser 
polarization direction as shown in Fig. 6.7b. On the other hand, when the laser electric 
fields are applied along the nodes, the tunneling ionization should be suppressed due 
to small electron densities. This corresponds to the parallel orientation of the NO 
molecular axis (Fig. 6.7c). Thus, the angular dependence of laser tunneling ionization 
reflects the electron distribution in the molecular frame, or the shape of the molecular 
orbital. This feature is examined by various theoretical approaches [43–47], and the 
roles of various factors in tunneling ionization such as the permanent dipole moment, 
distortion of molecular orbital, and contributions from the lower lying orbitals are 
discussed.

There are several experimental approaches to obtain the angular dependence of 
ionization probability. For aligned or oriented molecules, it can be obtained as a 
function of the polarization direction of laser fields in the laboratory frame [14– 
16]. Alternatively, electron–ion coincidence momentum measurements can be used 
for randomly oriented molecules, to record molecular frame photoelectron angular 
distribution in circularly polarized laser fields [17–19]. Laser high-order harmonics
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Fig. 6.7 a Schematic of laser tunneling ionization. Field-free electron binding potential (grey 
broken line) is deformed by applying external electric field F. Electron tunnels through the potential 
barrier (black solid line). b, c Orientation dependence of tunneling ionization probability of NO with 
respect to the laser polarization direction ε. Tunneling ionization rate of b 45° oriented configuration 
is higher than that of c parallel configuration due to π symmetry of the HOMO of NO

generation by recombination of tunneling electron to the parent ion is another inter-
esting approach capable of determining phase of molecular orbitals [25–28]. Here, 
we employ ion momentum imaging of fragment ions produced by dissociative ioniza-
tion or Coulomb explosion [20–24]. As illustrated in Fig. 6.7b, c, tunneling ioniza-
tion of a molecular orbital determines the alignment or orientation of the resultant 
molecular ions. Thus, it is possible to capture the orbital shape from the fragment 
angular distribution under the axial recoil approximation. The simple experimental 
setup allowed us to explore the application of laser tunneling ionization imaging to 
molecular photoexcitation. 

6.3.2 Tunneling Ionization Imaging of NO 2π orbital 

First, we discuss tunneling ionization imaging on NO in the X2∏ ground state, 
where the electric configuration is (1σ )2 (2σ )2 (3σ )2 (4σ )2 (5σ )2 (1π )4 (2π )1. The  
experimental setup is shown in Fig. 6.8. Briefly, a linearly polarized intense laser 
pulse is focused onto a molecular beam of NO introduced into an ultrahigh vacuum 
chamber (residual gas pressure ≤ 10–7 Pa). Ions generated by dissociative ionization 
of NO, NO → NO+ + e− → N+ + O + e−, are detected by a position-sensitive 
detector (PSD) [48]. The three-dimensional momentum vector p = (px, py, pz) of  
each ion is calculated using the arrival time (t) and position (x, y) at the detector.

The N+ momentum image in one-color intense laser fields (45 fs, 800 nm, 1 × 
1014 W/cm2) is shown in Fig. 6.9a. The N+ momentum image shows a clear butterfly-
like pattern peaked at 40 and 140° with respect to the laser polarization direction, as 
expected from the shape of the 2π HOMO (see Fig. 6.7). The molecular dissociation 
subsequent to the tunneling ionization ejects the fragment ion with an offset angle 
against the laser polarization direction.
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Fig. 6.8 Schematic of the experimental setup with phase-locked two-color laser pulses. The funda-
mental femtosecond laser pulse (45 fs, 800 nm, 1 kHz) and the second harmonics generated by a 
β-barium borate (BBO) crystal are co-linearly introduced to the three-dimensional ion momentum 
imaging spectrometer. The time delay between ω and 2ω pulses is controlled by birefringent α-BBO 
crystal and a pair of fused silica wedges. The relative phase is locked by a feedback loop utilizing the 
2ω–2ω interference spectrum [50, 51]. The fragment ions produced from the interaction region are 
guided by a uniform electric field (61 V/cm) to reach a PSD through a field-free region. Temporal 
profiles of the two-color laser electric fields for the relative phases of 0, π /2, and π are shown 
in the subset. DWP: dual-wavelength wave plate; PSD: position-sensitive detector. Adapted with 
permission from Ref. [24]. Copyright 2019 by American Physical Society

Shown in Fig. 6.9b is the  N+ image obtained with asymmetric two-color laser 
fields [24], generated by a coherent superposition of the fundamental and second 
harmonic laser pulses [49–52]. The two-color laser electric field may be expressed 
as 

F(t) = Fω(t) cos(ωt) + F2ω(t) cos (2ωt + φ), (6.8)
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Fig. 6.9 Two-dimensional momentum images of the N+ fragment ions produced in a one-color 
intense laser fields (45 fs, 800 nm, 1 × 1014 W/cm2) and  b phase-locked two-color intense laser 
fields (45 fs, 800 nm + 400 nm, 1 × 1014 W/cm2, I2ω/Iω = 0.04, φ = 0.1π ). The momentum 
map represents a thin slice (with a slice width of ±0.5 a.u.) of the three-dimensional momentum 
distribution in the plane containing the laser polarization direction denoted as ε. The momentum 
components parallel and perpendicular to the laser polarization direction are denoted with pz and p⊥, 
respectively. The arrow represents the direction of the larger amplitude. Adapted with permission 
from Ref. [24]. Copyright 2019 by American Physical Society

where Fω(t) and F2ω(t) are the envelope function of laser electric fields with the 
carrier frequency of ω and 2ω, and φ is the relative phase between two laser pulses. 
As  shown in the  inset of Fig.  6.8, phase-locked two-color laser fields have asymmetric 
electric field amplitudes, which can be controlled by changing the relative phase and 
the ratio between the intensity of each field, I2ω/Iω. 

The N+ momentum image obtained with phase-locked two-color intense laser 
fields (45 fs, 800 nm + 400 nm, 1 × 1014 W/cm2, I2ω/Iω = 0.04, φ = 0.1π shows 
larger yields on the side of smaller electric field amplitude, while preserving the 
butterfly-like pattern as observed with the fundamental fields alone. The preferential 
ejection of N+ fragments to the smaller amplitude side suggests that the tunneling 
ionization occurs more efficiently from the N atom side [56], whose electron density 
is larger than that on the O atom side as shown in Fig. 6.7. 

The obtained ion images show concentric patterns associated with different disso-
ciation pathways (see Fig. 6.10). Figure 6.11 shows fragment angular distributions 
for the B1∏ component with the highest momentum (|p| ~ 50 a.u.) [57]. The fragment 
distribution strongly depends on the shape of laser electric fields, and the fragment 
asymmetry is maximum at φ ~ 0 or  π when the laser field amplitude has the largest 
asymmetry.

To understand the origin of the phase dependence, theoretical calculations on 
tunneling ionization yields are carried out. According to the many electron weak-
field asymptotic theory (ME-WFAT) [58], the tunneling ionization rate in a static
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Fig. 6.10 Potential energy curves of the selected electronic states of NO and NO+ [53–55]. 
Arrows schematically represent the dissociation pathways. Adapted with permission from Ref. 
[23]. Copyright 2016 by American Physical Society

electric field can be expressed as 
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where β is the angle between the molecular axis and the electric field, F is the 
amplitude of the electric field, κ = (2Ip)1/2 with Ip being the ionization potential. 
The structure factors G00 and G01 consist of factors determined by the molecular 
orbital of interest and the permanent dipole difference between neutral and ionic 
states. The field factor W00 is written as 
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Here, the structure factors are obtained from the HOMO within the Hartree–Fock 
approximation using the X2DHF code in place of the Dyson orbital, which is good 
approximation for small diatomic molecules. The tunneling ionization yields are 
obtained from the calculated rates by time integration over the laser pulse. At φ = 
0.1π, the theoretical result exhibits a clear asymmetric butterfly-like structure with
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Fig. 6.11 The angular distributions of the B1∏ dissociation components for different relative 
phases φ, a 0.1π, b 0.3π, c 0.5π, d 0.7π, e 0.9π and f 1.1π. The laser polarization direction 
is along the horizontal axis. Experimental results show clear dependence on the relative phase (red 
circles). Theoretical results obtained by ME-WFAT are shown in the first and second quadrants 
(solid line) for comparison. Adapted with permission from Ref. [24]. Copyright 2019 by American 
Physical Society

the larger peak at ~135° and the smaller peak at ~45°, as shown in Fig. 6.11a, in 
agreement with the experimental results. 

The theoretical calculation reproduces the experimental phase dependence of the 
angular distribution, which shows a gradual variation of the asymmetry along the 
laser polarization direction, with the peak angles remaining essentially the same as 
shown in Fig. 6.11. The obtained results show that the fragment angular distribution 
is essentially governed by the shape of the outermost molecular orbital. It is worth 
noting that a counter intuitive angular dependence has been observed for OCS [15], 
where the large permanent dipole moment modifies effective ionization potentials 
depending on the molecular orientation. In the present case of NO, the experimental 
angular distribution has slightly narrower widths with peak angles slightly shifted 
towards the polarization axis compared with the theoretical results. These devia-
tions could be attributed to the multi-orbital effects [59, 60] discussed to explain 
the angular distributions of the tunneling ionization of CO. In addition, the electron 
recollisional excitation involved in the dissociation process could also contribute. 
Since the molecular potential of NO+ is anisotropic, the cross-section of electron 
impact excitation, NO+ + e− → N+ + O + e−, is expected to vary with the orienta-
tion of the molecular ion, which results in the modification of the angular distribution 
of the fragment ions.
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6.3.3 Tunneling Ionization Imaging of Molecular 
Photoexcitation 

Presented here is tunneling ionization imaging in the first electronically excited state 
(A2∑+) of NO, excited by a deep-UV (DUV) pulse of a wavelength of 226 nm. The 
electric configuration of the excited state is …(5σ )2 (1π )4 (2π )0 (3sσ )1, where an 
electron in the 2π orbital is promoted to the 3sσ orbital upon the photoexcitation 
(Fig. 6.12a). Here, 8-fs few-cycle intense laser pulses are used as probe pulses. 
The pump pulses are obtained by an optical parametric amplifier and its central 
wavelength is tuned to the A–X (0, 0) transition of NO. Since the amount of the 
A2∑+ state is estimated to be only 0.5% of the X2∏ state, an optical chopper is 
introduced to block the pump pulse in every other shot. The net signal from the 
excited state is obtained by subtraction of the pump alone and probe alone signals 
from the pump-probe signal. 

The ion momentum images of N+ fragments generated from the ground and 
excited states in the few-cycle intense laser fields (8 fs, 1.1 × 1014 W/cm2) are

Fig. 6.12 a The highest occupied molecular orbitals, 2π and 3sσ , in the  X2∏ and A2∑+ states. 
Momentum images of the N+ fragment ions produced by dissociative ionization starting from b 
the X2∏ state and c the A2∑+ state in few-cycle intense laser fields (8 fs, 1.1 × 1014 W/cm2). 
Symmetries with respect to the pz and p⊥ axes are utilized to reduce the statistical uncertainty. 
The probe NIR laser polarization direction is denoted with ε. Polar plots of the fragment angular 
distributions obtained for d the X2∏ and e A2∑+ initial states. The distributions are evaluated on 
the c3∏ dissociation components. Solid lines are theoretical tunneling ionization yields calculated 
by the ME-WFAT under the adiabatic approximation. Adapted with permission from Ref. [23]. 
Copyright 2016 by American Physical Society 



188 M. Yamazaki et al.

shown in Fig. 6.12b, c. To improve the data statistics, the ion momentum images 
are symmetrized along the pz and p⊥ axes. For the ground state, clear peaks are 
observed at 45° with respect to the laser polarization direction as discussed in the 
previous section. Two distinct components appear at |p| = 25 and 50 a.u., which 
are corresponding to the Franck–Condon dissociation via c3∏ and B1∏ states (see 
Fig. 6.10). Compared with the ion momentum images obtained with the 45 fs laser 
fields (Fig. 6.9), the image shows simple and sharp distributions due to suppression 
of post-ionization interaction with laser fields [23, 24]. 

Results for the excited state are shown in Fig. 6.12b, exhibiting a broad circular 
distribution around |p| = 32 a.u. The increase of momentum is attributed to the shift 
of the Franck–Condon window to the steeper part of the c3∏ potential, associated 
with the change in the equilibrium internuclear distance from 1.15 Å in X2∏ state 
to 1.06 Å in A2∑+ state [61]. The ion momentum image drastically changes by 
photoexcitation from 2π to 3sσ orbitals, showing that the fragment anisotropy reflects 
the changes in the shape of the outermost molecular orbital. The polar plots of the 
angular distribution of the N+ fragments produced via the c3∏ state are shown in 
Fig. 6.12d, e for the ground and excited states, respectively. Theoretical ionization 
yields calculated based on ME-WFAT show good agreement with the experimental 
results both for the ground and excited states. This presents that the fragment angular 
distribution reflects the tunneling ionization rates of the outermost molecular orbital 
and follows the change in the electron distribution in the molecular frame upon the 
photoexcitation from the 2π to 3sσ orbitals. 

Finally, the excitation process to the dissociative state in NO+ is discussed. To 
clarify the excitation process, the fragment yields via the c3∏ state are measured as 
a function of the ellipticity of the probe laser pulse. The yields show the maximum 
at linear polarization and drastically decrease to reach near zero value with circular 
polarization for both the ground and excited states (Fig. 6.13). This ellipticity depen-
dence suggests that electron rescattering associated with tunneling ionization is 
involved in the excitation to the c3∏ state. For quantitative discussion, the ellip-
ticity dependence is calculated by WFAT and adiabatic theory [23]. The calculated 
ellipticity dependence reproduced the experimental results for both of the ground 
and excited states, thus confirming the tunneling ionization followed by electron 
rescattering is responsible for dissociative ionization under the present experimental 
conditions. Since the ground state of NO+ is singlet, electron impact excitation to 
triplet states may serve as a filter to favor tunneling rather than multiphoton ionization 
from the ground and excited states of NO.

In this section, our recent studies on molecular orbital imaging by laser tunneling 
ionization have been reviewed. The angular distribution of N+ fragments produced 
by the dissociative ionization of NO, NO → NO+ + e− → N+ + O + e− reflects 
changes in electron distribution in the molecular frame upon the photoexcitation of 
an electron, which can be considered as a model chemical reaction. Thanks to the 
ultrashort duration of intense laser pulses, the laser tunneling ionization provides a 
promising means towards the tracking of ultrafast electron dynamics during chemical 
reaction processes.
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Fig. 6.13 Relative yields of the c3∏ dissociation components as a function of the angle of a quarter-
wave plate θ QWP with the X2∏ (red circles) and A2∑+ (blue squares) states of NO as the initial 
state. The solid line is a result of the least-square fitting to the experimental data for the ground 
state, while the dashed line represents a theoretical prediction for the excited state. Adapted with 
permission from Ref. [23]. Copyright 2016 by American Physical Society

6.4 Summary and Outlook 

Two types of time-resolved molecular orbital imaging techniques have been 
discussed in this chapter, both of which would open the door to the investigation of 
the driving force behind chemical reaction. One is TR-EMS and the other is the laser 
tunneling ionization imaging. It is shown that TR-EMS has the distinctive feature 
in its potential capability to observe not only the HOMO but also all other, more 
tightly bound orbitals of a transient, evolving system during chemical reaction, with 
the rigorous orbital selection based on the energy conservation law. It is the advan-
tage of TR-EMS that the well-established knowledge about the electron-molecule 
collision dynamics for traditional EMS can be applied in a straightforward fashion to 
the time-resolved measurements of chemical reaction in a laser-field-free condition. 
However, there is ample room for improvements, mainly in data statistics and energy 
and time resolution. These have to be improved by introducing the ever-developing 
technologies that provide more intense laser, electron and molecular beams [33]. 

The ultrafast laser tunneling imaging technique can offer a unique approach to 
visualize the dynamics of outermost electrons of molecules, with a high temporal 
resolution in tens of femtoseconds or shorter. On the other hand, it is necessary to take 
into account various factors contributing laser tunneling ionization, such as dipole 
moment and multielectron effects, for proper interpretation of obtained images. 
Further investigation of laser tunneling ionization process needs to be performed 
for general applications.
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The qualitative difference between TR-EMS and the laser tunneling ionization 
imaging is that the former looks at a molecular orbital in momentum space while 
the latter in position space. On the other hand, the common strong point of the two 
techniques is that they are both sensitive to the behavior of electron moving around 
the outer region of a transient, evolving system, far from the nuclei, which governs 
its reactivity. These similarity and dissimilarity of the two techniques ensure that 
future work on why the atoms are dancing in such a way, which is at the heart of 
chemical reaction dynamics, will be tackled from multiple perspectives, when their 
paths are crossed. 
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