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Abstract; Coincidence Momentum Imaging (CMI) is a powerful imaging technique that can determine the

full momentum vectors of all particles released from a single parent molecule in coincidence and thus provide

detailed information on transient molecular structures. So far, the CMI technique has been extensively

employed for investigating a variety of molecular reaction dynamics induced, e.g., by particle collisions,

intense laser fields and synchrotron radiation. In this article, we first introduce the principle of the CMI

technique, which is followed by several typical experimental designs of the CMI systems realizing the

coincidence momentum detections. We then present representative examples of studying molecular reaction

dynamics using the CMI technique.
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1 Introduction

The Coincidence Momentum Imaging (CMI)
technique''’, with which the full three-dimensional
(3D) momentum vectors of electrons and/or ions
ejected from an ionizing or a fragmenting molecule
can be measured, has been an extensively employed
imaging tool for studying various molecular reaction

2-5]

dynamics over the last 20 years'>’. For example, by

utilizing its unique properties

momentum resolution, large solid angle collection,

including  high

and coincidence measurement, the CMI technique has
been successfully employed to gain detailed insight
into the molecular fragmentation channels'® | infer
electronic structure of molecules from the emission
', identify the
pathways'® and so forth. Moreover, with this

patterns of electrons'’ ionization

technique, molecular reaction dynamics in various
experimental conditions such as intense femtosecond"”’
7 light fields,

and attosecond" charged particle
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11-12] [13-14]

impact' , synchrotron radiation

[15]

, and free
electron lasers can be studied. This gives rise to
tremendous progress in the development of the CMI
technique and consequently a variety of the CMI
systems have been designed, e. g., with different

spectrometers [2-5,16-18] | 19-33]

[34-47]

detectors' and other

devices in order to increase count rate and
detection efficiency, improve multi-hit capability,
discriminate false coincidence events and thermal
momentum uncertainty, obtain better resolution, and
minimize the effect of the extraction field in electron-
or ion-impact schemes etc.

In this paper, we will review recent progress in
the CMI technique. We begin with a brief introduction
to the basic principle of the momentum coincidence
measurement, based on which different CMI systems
have been designed. We will then present an overview
of recent advance in the CMI systems designed, e.g.,
with different spectrometers, detectors and gas-jet
targets. Finally, we will give several representative

examples of investigating molecular reaction dynamics
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using the CMI technique.
2 Principle of the CMI Technique

In this section, take the typical CMI apparatus
shown in Fig.1 for instance, we will briefly introduce
the principle of the CMI technique that enables the 3D
momentum measurements of photon-electron and
photon-ion in coincidence. The CMI apparatus in
Fig.1 is assumed to be in a high vacuum chamber with
a background pressure up to the regime of 107'°-107"
mbar, and it is composed of a molecular beam, a
laser beam interacting with the molecular beam in the
interaction area, a spectrometer equipped with a set of
electrodes producing a weak homogeneous electrostatic
field and a set of coils producing a weak homogeneous
magnetic field, and two multi-hit time- and position-
sensitive detectors equipped respectively at the two
ends of the spectrometer.

Molecular beam

Coils
PSD
B
Laser beam Electrodes

Fig. 1 A typical CMI apparatus for photon-
electron and photon—ion detection (PSD.

position-sensitive detector) [**

In the CMI measurement with a laser as the
excitation source, the laser beam is usually crossed
with the molecular beam at right angles to induce
various molecular reactions such as ionization,
dissociation and fragmentation. The polarization
direction of the laser beam is set parallel to the
detection plane. The density of the molecular beam is
controlled to make the number of ionized molecules
per laser pulse less than one unity. The spectrometer in
the CMI technique is used to extract and guide
generated ions and electrons from the interaction
region towards the two multi-hit time- and position-
sensitive detectors by the weak homogeneous
electrostatic field generated from the electrodes when a
suitable voltage is applied on. A weak homogeneous

magnetic field can also be produced in parallel to the
.2

electrostatic field by several separate coils with proper
currents applied on them, in order to confine the
resultant electrons and ions in the spectrometer. Both
the fields are perpendicular to the molecular beam
direction and the laser propagation direction. The
fields are chosen such that a solid angle of detection of
up to 47 can be achieved for the electrons and ions at
the same time.

The  multi-hit
detectors are applied to obtain each particle’s 3D

time- and  position-sensitive

momentum information by recording its two-
dimensional (2D) position (x,y) where the particle
hits the detector, and its arrival time ¢ at the detector.

The time and position information data can be
written event by event into a list mode file (LMF) for
further online/offline data analysis. The measured
flight time and position for each particle in an event
can be transformed to reconstruct the 3D momentum
components in any desired coordinate frame. For
example, supposing the Cartesian lab-coordinate
system is desired, one can define the system as
following; the molecular beam propagation direction,
the laser beam propagation direction and the
electrostatic field are along the x, y and z axis,
respectively. The three momentum components of the
ith ion gained from the laser molecular interaction,
P = (pi, pi ,p.) , in the laboratory frame can be

expressed as

Pi— =m; Ax/t (1)
p, = m; Ay/t (2)
pr=m L/t = (1/2)qE 1 (3)

where g, and m, are the charge and mass of the ith ion
respectively, and Ax, Ay are the displacements of the
ion from the position where the ion with p = p = 0
would hit, ¢ is the time-of-flight of the ion from the
reaction volume to the detector, [, is the travelling
distance of the ion in the z-axis direction, and E| is
the magnitude of the homogenous electrostatic field of
the spectrometer.

The three momentum components of the electron
gained from the laser molecular interaction, p* = (p!,
p,.p. ), in the laboratory frame can be expressed as

pS = t{eB/[2sin(a/2) ]} [ - x -cos(a/2) +

y sin(a/2) ] (4)

p, = {eB/[2sin(a/2) ]| [« -sin(a/2) +
y -cos(a/2) ] (5)
pi=ml,/t - (1/2)eE t (6)

where m, and e are the mass and the charge of the

electron respectively, B is the magnitude of the
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homogenous magnetic field, and « depends on the
ratio of the time-of-flight ¢ to the electron orbital
period T, with the following relation

a = mod(t, T,)x360° (7)
where T;,=2wm,/eB. For details of expressions of the
full 3D momentum vectors for both ions and electrons
in the CMI technique, the readers are referred to
Ref.[3].

Under the momentum conservation condition, a
particular ionization or fragmentation pathway of
molecules from one particular charge state of interest
can be uniquely identified by selecting sets of particles
IP.1=0. As a
result, false coincidence events resulting from multiple

whose sum-momentum P, fulfills
parent molecules in the reaction zone can be removed.
3 Recent Progress of the CMI Technique
Because of the superiority of the CMI technique
for investigating molecular reaction dynamics, much

effort has
performance, such as enhancing the resolution of CMI

been made so far to improve its
detection in time, position, momentum, angular, and
energy domains, increasing count rate and detection
efficiency, improving multi-hit capability, discriminating
false coincidence events and thermal momentum
uncertainty, eliminating the effect of extraction field
in electron- or ion-impact schemes and so on. In this
section, we will give an overview of typical
experimental CMI systems with different spectrometers,
detectors, gas-jet targets,
designs.

3.1 Spectrometer in CMI Systems

The most often employed spectrometers in the

electron- and ion-impact

CMI “Reaction

Microscopy” spectrometers. The Reaction Microscopy

technique are the so-called
spectrometer has two types of electric field designs,
i.e., cold target recoil ion momentum spectroscopy
( COLTRIMS )"** |  and mapping
coincidence imaging ( VMI)'"*'. The COLTRIMS
a combination of a weak
field and a
homogeneous magnetic field, as shown in Fig.1. The

velocity
spectrometer adopts

homogeneous electrostatic weak
use of the homogeneous magnetic field is to confine
the electron trajectories, enabling electrons to arrive
on the detector because the electrons usually are more
energetic than the ions. Therefore, the trajectory of
electrons in 3D space is spiral shaped between the

reaction region and the detector plane. It is the shape

of “spiral” that extends the detection solid angles of
4 to higher electron energies and unlimited length of
the spectrometer for electrons as well. Meanwhile the
magnetic field has only tiny influence on ions’
trajectories due to the large mass of ions.

On the other hand, the VMI spectrometer utilizes
an inhomogeneous electric field to realize 3D velocity
focusing. In this scheme, a three-electrode
electrostatic lens composed of three equally spaced
parallel plate electrodes is adopted, in which the three
electrodes are defined as repeller, accelerator and
ground, as shown in Fig.2'". Particles produced in
the reaction region are first pushed away by the
repeller plate, and then accelerated after passing the
accelerator plate toward the open ground electrode.
Afterwards the particles enter a time-of-flight tube
between the ground electrode and a time- and

position-sensitive  detector, which is a vacuum
enclosure usually referred to field-free drift region.
After passing through the tube, the charged particles
are detected by the time and position sensitive
detector. All particles that have the same initial
velocity vector can be mapped on the detector at the
same position, thus compensating for their initial
VMI

simultaneously achieves time and position focusing.

position of creation. The spectrometer

Sample
gas

beam

Fig.2 The VMI spectrometer produced by a three-
electrode electrostatic lens (rep: repeller
electrode; acc: accelerator electrode; G:
ground electrode) ™"

In addition to the three ring electrodes in the
above VMI spectrometer, a fourth additional ring
electrode was also applied on the other side of the
reaction area for simultaneously realizing both the
effects''®).  This
coincidence events

position and time focusing

discriminates false from the
coincidence data and enables determining with a high
resolution the momenta of fragment ions. The

discrimination of the false coincidence events also
© 3.
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helps obtain the yields of different fragmentation
channels with less uncertainties.

The spectrometer that employed both transverse
and longitudinal electric fields for the CMI system was
also developed to investigate the decomposition of
CD" ions induced by strong ultrafast laser pulses''.
This spectrometer allowed high-resolution separation
of all decomposition pathways and the measurement of
nearly zero kinetic energy release, for a parent
molecule with notable mass asymmetry at the expense
of double measurement time.

Another spectrometer for the CMI technique
using SIMION was
spectrometer can simulate both the ion and electron
trajectories. Different from the COLTRIMS and VMI
spectrometers, on the ion side of the spectrometer a
field, a
homogeneous electric field, and an electrostatic lens

designed recently' ™. This

stronger electric longer region with
are used. In front of the ion detector an extra field-free
drift region is applied. This field design remarkably
improves the determination of fragmentation channel

{81 On the electron side of the

of methyloxirane
spectrometer, only a homogenous electric field was
employed, which enables a 4 solid angle collection
of electrons that could have a kinetic energy of up to
35 eV. This indicates that this spectrometer does not
require a magnetic field to confine the electron
trajectories. However, the shortcoming of the
spectrometer configuration is that the speed of the
time-of-flight of the electrons is reduced.
3.2 Detector in CMI Systems

The CMI systems equipped with different kinds
of 3D detectors were designed, which consist of
microchannel plate (MCP) detectors with fast delay-
line anode readouts'' | cross wire detectors-?
wedge-strip detectors' > ! | dual-CCD detectors >’ |
multi-pixel semiconductor detectors'* ! fast-frame
complementary metal-oxide semiconductors ( CMOS)

27281 and so force.

camera Here we will briefly
the MCP
detectors with delay-line anodes and the fast-frame
CMOS
detectors, the readers can refer to Refs. [ 20-26].
The MCP detector with fast delay-line anode
readouts is the most widely used one in the CMI
of MCPs
registration of recoil ions and electrons via amplifying
the collected signal. A MCP is a thin fabricate plate

which includes millions of thin and conductive glass
e 4.

introduce two types of detectors, i.e.,

camera. For the information on other

measurements. A pair are used for

channels, each of which serves as an independent
secondary electron multiplier. Secondary electrons are
then accelerated by a high electric field. Afterwards
the delay-line anodes are used for the MCPs’2D
position readout with high resolution. The delay line
anode is composed of a wire array and an anode
holder. The wire array includes two pairs of delay-line
helical propagation lines which are wound around a
supporting holder. Each twisted pair consists of a
signal wire and a reference wire and is responsible for
one dimension. The detected particle position for each
dimension is encoded independently by the difference
of the signal arrival times at both ends for each
parallel pair delay-line of the signal wire. The sum of
these arrival times for each pair is a constant for each
particle due to the constant length of each wire. The
delay-line anode and its variations'® "' have enjoyed
a huge popularity as a result of the small dead time,
high count rate, as well as high temporal and spatial
resolution. Recently the delay-line anode has been
developed from dual-layer to three-layer' /. A fast
hexanode style delay-line detector, described in Fig.3,
with enhanced multi-hit capability has been realized,
which can reduce multi-hit dead times down to

Fig.3 Sketch of the hexanode ™

Recently, the fast frame CMOS camera was
CMI
. In this detection system, a conventional

presented as a detection

27]

system of the
technique'
MCP/phosphor screen ion imager and a fast frame
CMOS camera were used for obtaining the ion
positions through real-time centroiding, meanwhile a
single anode photomultiplier tube (PMT) and a high-
speed digitizer were employed for gaining the time-of-
flight spectrum of ions. The multi-hit capability of this
system is realized by the correlations of ion spot
intensity with the corresponding peaks of the time-of-
flight which has

spectrum, been demonstrated
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successfully for methyl iodide'?" .

3.3 Gas-jet Target in CMI Systems

Normally the CMI technique requires the gas-jet
target at very low temperatures, since at room
temperature the momentum measurement of recoil ions
would be very insensitive to the scattering process
because of the thermal momentum spreading. Pre-
cooling of the gas-jet target can slow down the gas-jet
velocity in order to lower the initial target momentum.

In the VMI technique,
normally not pre-cooled. The sample gas can be sent

the gas-jet target is

into the sample vacuum chamber by a variable leak
valve through a micro-syringe and then skimmed by a
skimmer (with a typical diameter of ~500 pm) to
form an effusive molecular beam in an ultrahigh
vacuum chamber. The spectrometer design with the
three ring electrodes in this technique can realize a
high spatial resolution.

In the COLTRIMS technique, benefiting from
the design of a supersonic gas-jet, the gas sample is

pre-cooled in order to lower the thermal spreading,
3-4]

resulting in a higher resolution " "'. The well localized
internally cold gas-jet target is generated by supersonic
expansion of the gas sample through a small nozzle
with a typical diameter of ~10 pwm. A skimmer with a
typical diameter of ~100 wm is put in a zone of
silence'*’ after the nozzle to achieve a well localized
supersonic gas-jet with a small transversal momentum
to the direction of the gas-jet, meanwhile not to break
down the ultrahigh vacuum state of the reaction
chamber. The transmitted internally cold gas target
then passes through a small aperture with a size of
~1.0 mm into the reaction chamber. The usage of the
aperture is for the gas beam collimation. A second
aperture was also applied for further collimation, as
shown in Fig.4"*',

Skimmer Collimation

Gas
—J———
| |

Nozzle

Aperture Aperture

Fig.4 The gas-jet target with two apertures in the
COLTRIMS apparatus'**

Increasing the number of the skimmers in
COLTRIMS also helps
thermal momentum of gas-jet targets. Two skimmers

lower the uncertainty of

have been used experimentally to reduce the gas-jet

[35-36]

diameter at the interaction region . The second

skimmer lowers the momentum  uncertainty
perpendicular to the direction of the beam propagation
and decreases the spatial target extension of the sample
in this direction. The use of the two skimmers can also
minimize the uncertainty of thermal momentum of the
molecular gas-jet in the direction perpendicular to its
propagation.

For atomic gas-jet target, the combined setup of
a magneto-optical trap ( MOT ) with a reaction
microscope has been designed for investigating atomic

break-up processes
37]

in a kinematically complete
way'”"). The MOT pre-cools atoms and allows for the
performance at a typical much lower temperature of
<1 mK. With this novel combination, the momentum
vectors of the produced lithium ions were measured in
coincidence over the full solid angle. The achieved
momentum resolution was excellent, which is
comparable or little better than that in the conventional
COLTRIMS measurements.
3.4 Different Designs for Electron- and
Ton-Impact

When the molecular dynamics is induced by
charged particle impact, the CMI system should be
carefully considered to eliminate the influence of the
extraction field on the incident electron or ion beam.

In the electron-impact case, a particular electron

optical lens **"

was applied to avoid the extraction
field influence. However the deviation of the electron
beam was eliminated to a certain degree but could not
be completely eliminated. A pulsed electric field was
employed in a spectrometer recently to extract the
recoil ions meanwhile to avoid the extraction field

influence on the electron beam' ™!

. Furthermore, a
combination of a static extraction field with deflection
plates was also employed *’. The use of the static
extraction field can avoid the effect of the field
switching blurring on the measured kinetic energy
release to some extent that exists in the pulsed
extraction case. Meanwhile the deflection plates can
balance the deflection from the static extraction field,
as shown in Fig. 5. The Faraday cup was used to
measure the current, with which the deflection plate
voltages can be adjusted to gain the maximum current
and to optimize the count rate.

In a recent electron-impact experiment, single or

multiple ionizations of target molecules was induced
41]

by a pulsed electron beam " . One advantage of using

the pulsed electron beam is that the background can be
. 5.
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significantly reduced because the birth of ions can only
be within the electron pulse duration. The other
advantage is to realize the coincidence measurement
by using the electron gun trigger as the start signal. In
this experiment a pulsed extraction field was also
applied to avoid the extraction field influence.

¥

% TOF
X Field-free

Extraction region  Drift tube
a

Electron gun

Dellection
p'lftes Detector

—_——

[on

J

Electron
becam
Deflection

plates

Gas target ‘
' Faraday cup

Fig.5 A pulsed extraction field combined with

deflection plates wused in a CMI
spectrometer for electron-impact
scheme' !

In the ion-impact case, an electrostatic deflector
in front of the reaction zone has been applied to

separate the ion beam from state

42-47

charge
impurities' "', An electrostatic lens was added into
the spectrometer to reduce the influence of the
extended interaction region on the momentum
resolution of ions. Moreover, an on-axis Faraday cup
was placed in front of the detector and used to collect
the ion beam. It protects the detector by blocking a
small portion of the signals at the center position of
the imaging detector. Thus, the detector cannot detect
the fragments with very low kinetic energy since they
have too little transverse momentum to come out of

the ion beam.

4 Application of the CMI Technique in
Molecular Reaction Dynamics

In the last 20 years, due to its unique properties,
the CMI technique has been extensively used to
explore the reaction dynamics of molecules in various

L 9-15
conditions' ™|

experimental which have pushed
forwards current understanding on molecule behaviors
in different environments. In this section we will
present several representative examples of detecting
molecular reaction dynamics using the CMI technique.
4.1 Coincidence Imaging of Photon-Electrons

and Photon-Ions

An important application of the CMI technique is

for coincidence imaging of photon-electrons and
.6 -

photon-ions of molecules induced by intense laser
fields,
ionization process and mechanism of molecules can be

from which a variety of information on
explored. For example, experimentally measured
photo-electron spectrum can be used for extracting the
structure information of molecules. Here we will
present two typical examples.

By using the photon-electron photon-ion
(PEPICO-MI) ,

molecules  was

coincidence momentum imaging
ionization  of
[49]

single oxygen

investigated ™. Fig. 6(a) describes the coincidence
momentum imaging of O, ions and photon-electrons.
Furthermore two dimensional momentum distributions
of photon-electrons from single ionization of oxygen
molecules were obtained, as shown in Fig.6(b), in
which some typical radial structures imply the above

threshold ionization mechanism.

1
. be-1 R
= 240
55/7 e
3& 2e-1 180
g [ -
s .
2 el 120
8 e
2 K
™ 6e-1 i
0

-1

-1 -4e-1 2e-1 8e-1
Ton P (a.u.)

(a)Coincidence momentum map of O, ions and photon-electrons

2.0
16 300
240
s 12 F_
s 180

_I

= 8e-1 120
60
4e-1 A
0

0

-8e-1 -2e-1 de-1
P (au)

(b) Two dimensional momentum distributions for the photon-
electrons produced in the single ionization of O, molecules
by 800 nm, 24 fs laser pulses at an intensity of ~2X
10" W/em?

Fig.6 Coincidence momentum map of 0, ions and
photon-electrons, and two dimensional
momentum distributions for the photon-

electrons produced in the single ionization of
0, molecules by 800 nm, 24 fs laser pulses at

an intensity of ~ 2 x10" W/cm?**!
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Dissociative ionization of CH,OH in strong laser
fields was also studied via PEPICO-MI method ™.
The photon-electron energy spectrum was directly
measured in coincidence with the formation of
CH,OH", CH,OH" and CHj; ions, as shown in Fig.
7
pathways of CH; OH molecules could be confirmed.

from which the ionization and dissociation

b

Moreover the peaks in each panel can help analyze the
multi-photon ionization mechanism for each pathway

in detail.
(T)(,JIL):E) (V)
200 7 @) CHLOM"
~ 100
&
=
£ 0 ~
S 40 e
3 5 £
- L ]
= 20 g o
= i o
5 0 = §
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g E
4 g &
S E
0
Flectron energy, 5, (eV)
Fig. 7 The detected photon-electron energy

spectrum with the coincident three
CH,0H', CH,0H" and CH,’
produced by strong laser fields with
parameters of 398 nm, 76 fs, 8.9 x10"> W/

Cm2[50:

ions.

4.2 Identification of
Pathways
To identify a specific fragmentation pathway of a

Coulomb Explosion

molecule from the multi-body Coulomb explosion by
the CMI technique, the momentum of electrons can be
neglected because the momentum imposed on an
emitted electron is more than two orders of magnitude
smaller than that of the fragment ions. Here we will
of the CMI
technique for identifying molecular Coulomb explosion

introduce three typical applications

pathways induced by intense laser fields, as well as by
ion-impact and electron-impact by only recording the
fragmented ions in the CMI measurements.

The first example is the Coulomb explosion of O,
molecules intense femtosecond laser
fields'*'.

0,""* — 0™ + O™ were precisely identified, as

induced by

Various Coulomb explosion pathways

shown in Fig.8 (a), in which the 3D momentum

vectors with high resolution were accurately acquired
from the correlated products, each island (n, m)
represents the explosion pathway O,"*"*—0" +0™".
According to the obtained momentum information, the
kinetic energy released from each explosion pathway
can be determined, as shown in Fig.8(b). In
Fig.8(b), the yields for (1, 2) and (2, 2) channels
are magnified by 20 and 200 for visual convenience

respectively'* .
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(a) Coincidence time-of-flight map of ions produced in the
interaction of O, and 800 nm, 8 fs laser pulses at an intensity
of 6X10™ W/ecm?
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(b) Kinetic energy release spectra

Fig. 8 Coincidence time-of-flight map of ions
produced in the interaction of 0, and
800 nm, 8 fs laser pulses at an intensity of
6 x10" W/cm?, and kinetic energy release
spectra

The second example is the investigation of
Coulomb explosion of OCS molecules which was
produced by impact of 15 keV/q Ar* and Ar*
ions'”"'.  Several fragmentation pathways from
(1,1,1) to (2,2,2), where (a,b,c) corresponds to
the production of fragments O*" + C"* + S
accessed via changing the projectile ion. Moreover

, could be
whether the pathways were concerted or stepwise was
successfully identified as well.

The third example is the demonstration of the

.7 .
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momentum spectroscopy of recoil ions from a multiply
impact of 10 keV
electrons ™. The Coulomb explosion pathways for
N,0* and N,O” ions
incomplete manners were determined from the CMI

charged N,O molecule by

[52]

in both complete and

measurements. Meanwhile whether the fragmentation
pathways were concerted or sequential was also
examined.
4.3 Determination of Molecular Isomers

The determination of molecular isomers
especially chiral molecules has recently attracted much
attention. It was a long-term challenge to identify the
absolute configuration of chiral molecules in gas
phase. In the year 2013, with the CMI technique,
direct demonstration of the absolute configuration of
individual molecules was successfully obtained by
measuring laser-induced Coulomb explosion of the
chiral molecule CHBrCIF in gas phase'™ . The
measured result, as shown in Fig.9, was a clear
evidence for the absolute configuration of the

enantiomers.

(b) (R)-CHBICIF

Fig. 9 Measured linear momenta in fivefold
fragmentation of CHBrCIF enantiomers.
The color codes correspond to: C, gray
arrow; H, white; F, green; Cl, yellow;

Br, red"

In the same year, the determination of molecular
isomers was also demonstrated experimentally by

.8 -

imaging  foil-induced Coulomb  explosion  of

isotopically labeled (R,R)-2,3-dideuterooxirane chiral
molecule in gas phase using the CMI technique ™.
The measured results show an obvious difference in
the absolute configuration of racemic oxirane and
enantiopure oxirane.

CMI

photoelectron circular dichroism of chiral molecule

Furthermore,  with  the technique,
methyloxirane enantiomers induced by a 420-nm
femtosecond laser pulse was observed as a result of a
asymmetry in the angular  distribution of
photoelectrons' ™’ | from which the chiral terms could
be isolated by comparing the difference of the full 3D
electron momentum distributions measured with the
conditions of left- and right-circular polarizations.
Moreover, the decomposition process of two isomers
2,6- and 3, 5-difluoroiodobenzene induced by soft X-

rays were also
[56]

investigated by using the CMI
technique™'. The two isomers were experimentally
distinguished by examining the momentum correlation
maps of fluorine and iodine cations in triple-ion
coincidence measurement.
4.4 Enhanced Ionization

The CMI

investigate  a

technique was recently used to

so-called  enhanced  ionization
phenomenon of molecules, in which the ionization
occurs at a critical internuclear distance R., where the
ionization rate of molecules is significantly enhanced
than that in the case of either the equilibrium
internuclear distance or a much longer internuclear
distance. The yield of multiply charged fragmenting
ethylene and acetylene molecules induced by the laser
fields with different

durations was measured'

laser intensities

57]

and pulse
, as shown in Fig.10. A
significant increase of the H' energy was observed
when the laser pulse duration increased while the laser
intensity was kept to be constant. This reveals that
longer pulse duration leads to a strong enhancement in
the yield of highly-charged parent molecular ions. The
enhancement was ascribed to the resultant higher
population of the precursor states that favors fast C-H
stretch at R, where enhanced ionization occurs. The
increase of the pulse duration leads to these precursor
states to be more efficiently populated, resulting in the
larger probability of the enhanced ionization. This
study experimentally confirmed the existence of
enhanced ionization in hydrocarbon molecules.
4.5 Dissociative Ionization Cross Sections
Recently the CMI technique has also been applied
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for investigating dissociative ionization cross sections
of molecules. The kinetic energy distribution and the
relative cross section of CH, induced by electron

©l  The ratio of

impact were experimentally studied'
the produced dissociative CH;(n = 0~3) ions to the
CH; ions was measured with incident electron energy
of 20—-200 eV. The distribution of the kinetic energy
of the ions was shown and the average KER of CH}

was obtained.
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Fig.10 Measured energy spectra of protons ejected
from acetylene (a) and ethylene [ (b)-(d) ]
induced by the laser pulses with different

intensities and durations!®”’

By using the CMI technique the cross section of
of carbon dioxide CO,

molecules by electron impact with an energy of 5 keV

dissociative ionization
were investigated'™'. The two-body and three-body
fragmentation pathways of CO>" and CO)" were
determined and the cross sections of the partial
ionization of different fragments were obtained.
Moreover the investigation of quadruple
differential dissociative ionization cross sections of of
H, by electron-impact was also reported . The H,
molecule was ionized and the H, ion was

simultaneously excited with immediate dissociation.

Results from theoretical molecular four-body distorted

wave calculations match experimental data well.

4.6 Control of Molecular Reaction Dynamics
The CMI technique has also been applied for

probing molecular reaction processes manipulated by

such as
[61]

different experimental conditions, pulse

width'®’ | wavelength® | intensity'®’, polarization
2 In the

experimental

state'®) | and shape of the laser pulses

following we will present three
observations, i.e., molecular pathway interference,
chemical bond breaking and ultrafast proton migration
by using the CMI technique.

Control of the
dissociation of H; ions by the carrier envelope phase
(CEP) of short intense fields was recently
demonstrated by using the 3D CMI technique “’. The
emission direction of fragmented H" ions relative to
showed CEP-dependent

asymmetries, which were attributed to the interference

pathway interference in

the laser polarization
of even and odd photon number pathways. It was
verified that the interference of net zero-photon and
one-photon contributes at the H* + H KERs in the
range of 0.2-0.45 eV, and that of the net two-photon
and one-photon contributes the KERs in the range of
1.65-1.9 eV.

Manipulation of chemical bond breaking was also
demonstrated recently'®*/. The CEP dependence in
the C-D bond breaking of C,D, induced by a strong
few-cycle pulse was investigated experimentally by the
CMI technique'®’. The CEP-dependent asymmetry in
the ejection direction of D* from the Coulomb
explosion, C,D}*— C,D"+ D", was observed. The
CEP dependence is exhibited to be out of phase by 7
with respect to that of C,D;.Selective bond breaking
of CO, induced by phase-locked dual-color strong
laser pulses was investigated by the CMI technique'*.
The asymmetric distributions along the direction of the
laser polarization was demonstrated for the fragment
ions CO" and O" generated by the Coulomb
explosion, CO}"— O+ CO". This reflected the fact
that although the two C-O bonds were equivalent, one
of them was selectively broken by the two-color laser
fields. It was also demonstrated that the largest
asymmetry takes place at lower field intensities.

Control of ultrafast proton migration in CH,Cl
molecules by strong laser pulses at two different laser
CMI
From the measured Kkinetic energy

frequencies was also
34]

investigated by the
technique'
release distributions, the H' migration in different

.9.
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charged parent molecules was investigated. Selective
control of H® migration in CH,Cl molecules was
realized by controlling different fragmentation
pathways using different laser frequencies, as shown

in Fig.11.

0.005 I I 800 nm

B 400 nm
0.004 +
0.003 -

-8

2 L
~0.002}
0.001 }

0 o |

CH,+HCI" H,+CHCI' H, +CCl" H,+CHCI>"
Fig. 11 The relative yield ratios of different

fragmentation pathways at different
laser wavelengths. Red: 800 nm laser
field; blue: 400 nm laser field"**

4.7 Time-Resolved
Dynamics

Molecular Reaction

Visualizing ultrafast molecular reaction dynamics
in real time is a very attractive topic. Probing complex
dynamics using time-resolved multi-dimensional CMI
of 1, 3-butadiene with 200-nm laser pulses has been

implemented experimentally ®’ .

Complex temporal
behaviors were observed in time-resolved angular
distribution of photoelectrons that are sensitive to the
dynamics, and also include rich information that
makes understanding of these complex dynamics
difficult.

Using a pair of strong ultrashort laser pulses,
time-resolved probing of Coulomb explosion of CS, in
highly charged states by the CMI technique was
reported ®. It was shown that the time scale of the
Coulomb explosion proceeding of CS, is strongly
dependent on the charged states, and the explosion the
two CS bonds is mainly along the linear geometry.

Time-resolved investigations of molecules in gas
phase with free electron lasers using the CMI
technique were also reported'”’. A Nd: YAG laser
pulse at 1064 nm was used to adiabatically align the
1-ethynyl-4-fluorobenzene (C HF, pFAB) molecules,
and a second femtosecond laser pulse from a Ti;
Sapphire laser (266/400/800 nm) was used to initiate
a photochemical reaction of the aligned molecule. A
third femtosecond X-ray pulse from a free electron
laser was employed to subsequently probe the reaction

.10 -

at various time-delays via photoelectron diffraction.
Using the CMI technique, the VMI images of the
fragmented F* ions and the angular distributions of
F(1s) generated  from  the
photoionization of the laser-aligned pFAB molecules
were obtained.

Based on the KER distributions of the fragments
ejected respectively from the CH,OH**— CH; + OH;
and CH,OH> — CH; + OH" pathways, ultrafast
nuclear dynamics of CH, OH" induced by few-cycle

pulses was investigated using the pump-probe CMI
681

photoelectrons

technique'®® . As shown in Fig.12, an oscillation in
the measured KER distribution was observed for the
which

structure at ~150 fs. This observation was explained

migration pathway, shows a bifurcation
as follows. A vibrational wave packet is prepared on a
bound well around the migrated geometry, which first
oscillates along the C-O bond, and then bifurcates into

the bound well and the dissociating potential curves.
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5 Summary

In this article, we present an overview of recent
progress in the CMI technique. We first gave an
introduction to how the CMI technique can work for
detecting 3D momentum vectors of photon-ions and
photon-electrons ejected from a single parent
molecule, and thus enabling the reconstruction of
molecular electronic and geometrical structures. We
then discussed the advantages of different CMI designs
with  different

spectrometer, detector, and gas-jet target, which are

device  components including
generally required to be modified accordingly based on
the employed excitation sources, such as intense laser
pulses, ion- and electron-impact. Lastly, application
examples of the CMI technique in molecular reaction
dynamics such as identifying molecular Coulomb
explosion pathways, determination of molecular
isomers, investigating ionization dynamics including
enhanced ionization and ionization cross section,
control and time-resolved molecular reaction dynamics
were presented, which demonstrated the powerful
CMI

molecular reaction dynamics.

capabilities of the technique in studying

Despite the CMI technique has many advantages
in studying molecular reaction dynamics, it has also
some drawbacks. Firstly, it is usually destructive
because neutral molecular structure is destroyed during
ionization or fragmentation for subsequent detection.
Secondly, the application of this technique is normally
restricted to an isolated molecular system in gas
phase, and nowadays it is still limited in application to
Lastly, the CMI

technique needs a light source with high repetition rate

condensed-phase  molecules.
for a reasonable data acquisition time.

We also noticed that a novel nondestructive
scheme was recently developed. With strong pump
pulse stimulated Raman scattering is induced to
monitor structural deformations and relaxations of

69
. Moreover a new

liquid molecules in real time'
technique called femtosecond time-resolved transient
grating technique, provides an effective way for
investigating photodissociation mechanism in liquid

molecules " .

These new techniques have pushed
forward studies of molecular dynamics of materials in
liquid phase.

We expect that this article can provide readers a
the CMI

fundamental and detailed insight into

technique and thus help them make full use of the
unique characteristics of the CMI technique in their
research areas. We expect that with the rapid progress
of laser technologies the CMI technique will be
applied in many different research fields with the
matters in all the gas, liquid and solid phases. We also
expect possible combination of the powerful CMI tool
with other advanced techniques for providing great
abilities in as many as scientific study prospects, for
example a combination of attosecond pulses with

COLTRIMS, so called AttoCOLTRIMS, for attosecond

science!” .
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