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The ionization-dissociation of methyl iodide in intense laser field has been studied using a reflection
time-of-flight mass spectrometry �RTOF-MS�, at a laser intensity of �6.6�1014 W/cm2, �
=798 nm, and a pulse width of 180 fs. With the high resolution of RTOF-MS, the fragment ions
with the same M /z but from different dissociation channels are resolved in the mass spectra, and the
kinetic energy releases �KERs� of the fragment ions such as Iq+ �q=1–6�, CHm

+ �m=0–3�, C2+, and
C3+ are measured. It is found that the KERs of the fragment ions are independent of the laser
intensity. The fragments CH3

+ and I+ with very low KERs ��1 eV for CH3
+ and �0.07 eV for I+� are

assigned to be produced by the multiphoton dissociation of CH3I+. For the fragments CH3
+ and I+

from CH3I2+, they are produced by the Coulomb explosion of CH3I2+ with the interaction from the
covalent force of the remaining valence electrons. The split of the KER of the fragments produced
from CH3I2+ dissociation is observed experimentally and explained with the energy split of I+�3P2�
and I+�3P0,1�. The dissociation CH3I3+→CH3

++I2+ is caused by Coulomb explosion. The valid
charge distance Rc between I2+ and CH3

+, at which enhanced ionization of methyl iodide occurs, is
obtained to be 3.7 Å by the measurements of the KERs of the fragments CH3

+ and I2+. For the
CH3In+ �n�3�, the KERs of the fragment ions CH3

p+ and Iq+ are attributed to the Coulomb repulsion
between CH3

p+ and Iq+ from Rc�3.7 Å. The dissociation of the fragment CH3
+ is also discussed. By

the enhanced ionization mechanism and using the measured KER of Iq+, all the possible Coulomb
explosion channels are identified. By comparing the abundance of fragment ions in mass spectrum,
it is found that the asymmetric dissociation channels with more charges on iodine, q� p, are the
dominant channels. © 2007 American Institute of Physics. �DOI: 10.1063/1.2424703�

I. INTRODUCTION

The dynamics of molecules in an intense laser field has
remained a hot topic and has been extensively studied in the
past decades.1–3 But the understanding of the molecular dy-
namics in an intense laser field is obtained only for small
molecules, especially for diatomic molecules.4,5 Niikura
et al. studied the dynamics of nonsequential double ioniza-
tion of H2 and observed the electron recollision at a
sub-laser-cycle.6 Theoretical and experimental results indi-
cated that the laser-induced Coulomb explosion of diatomic
molecule occurred at a critical internuclear distance Rc, at
which enhanced ionization processes happened.7–12 How-
ever, in the case of ionization-dissociation of polyatomic
molecules involved in laser intensities with an intermediate
range �1013–1015 W/cm2�, the situation is much complicated
and many fundamental questions still remain unanswered.13

Methyl iodide, as one of the simplest alkyl halides, was
used extensively in the study of photodissociation.14–18 The
experimental results showed that the photoexcitation of the
CH3I and CH3I+ reached the dissociative A band firstly, then

the C–I bond of methyl iodide was broken to produce CH3

�or CH3
+� and I �or I+� fragments. With the advent of the

picosecond and femtosecond lasers, the examinations of the
real time dynamics of the photodissociation event become
possible. Using femtosecond time-resolved mass spectrom-
etry, Zhong et al.19,20 studied the CH3I dissociation by the
kinetic-energy-resolved time of flight mass spectrometry
�TOF-MS� and measured the dissociation time of CH3I to be
about 150 fs. It is known that the dissociation of CH3I fol-
lowed by the ionization of neutral fragments �ladder switch-
ing� is the dominant process in a weak laser field with a
longer pulse duration �approximately nanoseconds�. But in
an intense laser field with a shorter pulse duration �picosec-
ond or femtosecond�, the mechanism of multielectron disso-
ciative ionization �MEDI� is used to explain most of the
experimentally detected fragment ions of CH3I produced by
Coulomb explosion. Recently, Graham et al.21 studied the
angular distributions of fragment ions generated from the
Coulomb explosion of methyl iodide ions with 50 fs intense
laser pulse �1016 W/cm2�. Multiply charged iodine fragment
ions �up to I7+� were detected and the kinetic energy releases
�KERs� of the In+ were measured, but the detailed assign-
ments of the dissociation channels were not given. Siozosa�Electronic mail: zctang@dicp.ac.cn
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et al.22 studied the MEDI process of CH3I in a strong pico-
second laser field �1015 W/cm2�, and found that the KERs of
the In+ ions were much lower than those obtained by an
intense femtosecond laser. So they suggested that the high
charged In+ ions �n�3� in the picosecond laser field were
produced from the further ionization of low charged I+ and
I2+ ions in the early part of the laser pulse. Later, the same
group reported their new results of CH3I in the intense pico-
second laser field, with improved resolution of the time-of-
flight �TOF� mass spectrometer.23 They assigned some Cou-
lomb explosion channels and measured the KERs of CH3

+

ions from different channels, while no reports about the as-
signments of H+, Cn+, CH+, and CH2

+ fragments generated by
the Coulomb explosion of CH3I in the intense laser field
have been found.

The alignment of CH3I molecule in the intense laser
field was found to depend on the durations of laser pulse.
CH3I molecule can dynamically align in the intense picosec-
ond laser field23 but cannot dynamically align in the intense
femtosecond laser field.21,24 The different situations were ex-
plained by the large moment of inertia and long rotational
period ��1 ps� of CH3I. The alignment of CH3I along the
direction of the laser field within a scale of femtosecond laser
pulse was though to be impossible. The anisotropy of the
measured fragment ions is due to an angle-dependent
ionization-dissociation. This is similar to the case of some
diatomic molecules �I2 and N2� where the ionization-
dissociation has a maximum rate when the molecular axis is
parallel to the laser E field.25 When the plane of the detector
is perpendicular to the laser field, the observed ions are
maximum. However, the detailed ionization-dissociation pro-
cesses of methyl iodide remain unclear.

In this paper, we report our study on the ionization-
dissociation of methyl iodide in an intense laser field of
180 fs and �6.6�1014 W/cm2, detected by a home-built re-
flection time-of-flight mass spectrometer �RTOF-MS�. Based
on the high resolution of our RTOF-MS, the KERs of the
fragment ions are determined with high precision. It is found
that both the multiphoton dissociation of CH3I+ and the Cou-
lomb explosion of CH3In+ �n�1� coexisted in the experi-
ments. The sequential two-body separation or direct multiple
fragmentations in the Coulomb explosion of CH3In+ are dis-
cussed. For the dissociation of CH3I2+ in the intense laser
field the contribution of the covalent force of the valence
electrons is considered. The valid intercharge distance be-
tween the virtual CH3

p+ and Iq+ is discussed and Rc is defined
for methyl iodide. The enhanced ionization mechanism is
used to explain the Coulomb explosion of CH3In+. The laser
intensity effect on the KERs of fragment ions is studied, and
it is confirmed that the enhanced ionization of methyl iodide
in the intense laser field really happened. Finally, by com-
parison of the abundance of different fragment ions in mass
spectrum, the charge distributions of methyl iodide prior to
the Coulomb explosion are discussed.

II. EXPERIMENT

The laser system used in this study is a mode-locked
Ti:sapphire femtosecond laser with an oscillator �Coherent,

Mira-seed� pumped by a cw second harmonic of a Nd:YVO4

laser �Coherent, Verdi-5�. As a seed pulse, the 798 nm laser
pulse �80 fs� is stretched and led to an eight pass Ti:sapphire
amplifier �Quantronix, Odin� which is pumped by the second
harmonic of a neodymium-doped yttrium lithium fluoride la-
ser �Quantronix, DPH-527� operating at 10 Hz. The ampli-
fied laser pulse then is switched to a parallel grating pair to
be compressed back to the short pulse duration �180 fs�. The
energy of the amplified laser pulse can reach 0.5 mJ/pulse.
The amplified laser beam is focused by a lens of f =80 mm
and is led into the acceleration region in a home-built RTOF-
MS. In front of the lens, a half wave plate is used to change
the polarization direction of a linearly polarized laser pulse,
or a � /4 wave plate is used to produce a circularly polarized
laser pulse. The intensity of the laser at the focus area is
determined from the thresholds of charge states of Xe
ionization26,27 and from the calculation using the known
pulse parameters. The four charged states of xenon observed
in mass spectrum are consistent with the calculation. Differ-
ent laser intensities are achieved by absorptive neutral den-
sity filters.

A detailed description of the RTOF-MS was given in our
previous reports.28,29 In this experiment, CH3I �analytical re-
agent� was vaporized and seeded in helium �purity of
99.999%� in a vacuum stainless steel bottle �volume of about
2 cm3� to yield a total pressure of 200 kPa. The calculation
of CH3I in the mixed gas was less than 0.1% in mole. The
mixed gas passed through a pulsed valve supersonic ex-
panded into the source chamber of RTOF-MS. After passing
a skimmer �diameter of 1 mm�, the mixed gas entered the
reaction chamber, where it was intersected with the focused
femtosecond laser beam to generate the ionization-
dissociation. Following ionization-dissociation, the ions were
accelerated with a dual stage electrostatic field to fly in the
direction perpendicular to both the molecular beam and the
laser beam. The ion products experienced two sets of deflec-
tors and einzel lenses, and then were reflected by a reflector
to reach the detector, a dual microchannel plate �MCP�. The
output signal from the MCP was recorded and analyzed by a
digital oscilloscope �Tektronix TDS5052�. The timing se-
quence of the pulsed valve and the laser shot was optimized
by a digital delay pulse generator �Stanford Research
DG535�. Typically, the final digitized mass spectrum was
obtained from the average of 1000 laser shots. The mass
resolution of the mass spectrometer �M /�M� is better than
2000, so the splits of the same mass peak caused by the
Coulomb explosion can be resolved. The source chamber, the
acceleration region, and the reflection region were all
pumped with turbomolecular pumps. The corresponding op-
erating pressures were 10−2, 10−4, and 10−5 Pa, respectively.

III. RESULTS AND DISCUSSION

A. Mass spectra

In Fig. 1 the mass spectra of the fragment ions produced
from CH3I at a laser intensity of 6.6�1014 W/cm2 for �a�
parallel laser polarization and �b� perpendicular laser polar-
ization with respect to the TOF axis are presented. In both
spectra, the prominent parent ion peak, the doubly charged
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parent ion peak, and the fragment ion peaks �such as In+

�n�6�, CHm
+ �m=0–3�, C2+, H2

+, and H+� are all recorded.
The He+ ions with very intense peaks produced from carrier
gas are also presented. The peak denoted with asterisk origi-
nates from the residual water in the vacuum chamber. In Fig.
1�a�, the C3+ ions from the Coulomb explosion are detected
with weak peaks on one side of the He+ peak, while at the
other side of He+, C3+ ion peaks are immersed due to the
disturbance of the high frequency oscillation of the strong
He+ signals. The CH3I+ and CH3I2+ peaks presented in Fig. 1
have no splits because these ions are only from the ionization
of CH3I. By measuring the full width at half maximum of the
CH3I2+ ion peak and the He+ peak, the mass resolution
�M /�M� of the RTOF-MS is obtained to be higher than
2000, and the corresponding energy resolution is better than
0.01 eV.

For polyatomic molecules, the Coulomb explosion can
follow sequential two-body charge separation channels or
nonsequential multiple fragmentation channels.30,31 In the se-
quential two-body processes, there might be two dissociation
patterns. One is as follows:

CH3In+ → H+ + �CH2I��n−1�+, �1a�

�CH2I��n−1�+ → H+ + �CHI��n−2�+, �1b�

�CHI��n−2�+ → H+ + �CI��n−3�+, �1c�

�CH2I��n−1�+ → �CH2��p−1�+ + Iq+, �1d�

�CHI��n−2�+ → CH�p−2�+ + Iq+ �n = p + q� . �1e�

Because the fragment ions such as CH2I+, CHI+, CH2I2+,
CHI2+, etc. are not observed in our experiments, all of the
above dissociation channels are excluded. The other pattern
is

CH3In+ → CH3
p+ + Iq+ �n = p + q� . �2�

The fragment CH3
p+ ions can undergo sequential dissocia-

tions into smaller fragment ions. The observed CH3
+ ions in

the mass spectrum can only be produced from two-body
channels, shown in channel �2�, so channel �2� is a real dis-
sociation channel in the experiments. In the nonsequential
process with multiple fragmentations, methyl iodide ions can
be dissociated as follows:

CH3In+ → mH+ + �CH3−m��p−m�+ + Iq+ �n = p + q� . �3�

Some high charged parent precursors are also possible to
fragment directly through the Coulomb explosion via Eq.
�3�, which will be discussed in Sec. III B.

Figure 2 is the enlarged mass spectrum of typical ion
peaks extracted from Fig. 1. For the case of parallel laser
polarization, the mass peaks are intense and each mass peak
profile exhibits a clear symmetrical double peak structure as
a result of the KER of the fragment ions, while for the case
of perpendicular laser polarization, the intensity of the mass
peaks is lower and exhibits no symmetrical double peak
structures. This prominent difference is due to the fact that
the fragment ions have maximum distributions along the di-
rection of laser polarization, and the ions with velocity
around the TOF axis are energy resolved. In our experiment,
the laser pulse used is 180 fs, much shorter than the rota-

FIG. 1. Mass spectrum of CH3I irradiated at a laser intensity of 6.6
�1014 W/cm2 with �a� laser polarization parallel to the TOF axis and �b�
laser polarization perpendicular to the TOF axis.

FIG. 2. The enlarged typical fragment ion peaks extracted from Fig. 1,
which shows the difference between the CH3I molecule at parallel laser
polarization �upper� and perpendicular laser polarization �lower�.
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tional period of CH3I. So the results are similar to those
reported by Ma et al.24 That is, geometric alignment of mol-
ecules in the intense laser field is dominant and the dynamic
alignment can be negligible. This conclusion has also been
demonstrated in our experiments by the comparison of
ionization-dissociation of CH3I using circular and linear la-
ser polarizations, respectively. It has been shown that the
mass spectra obtained with circular and parallel laser polar-
izations have no substantial difference, indicating that the
dynamic alignment of molecules in the intense laser field is
not important.32 Some detected fragment ions are much sup-
pressed in the case of perpendicular laser polarization due to
the limits of the acceptance angle of the detector. It can be
seen clearly that C+ and C2+ ions in Fig. 1�b� are much
weaker than those in Fig. 1�a�, and C3+ ions are observed in
Fig. 1�a� but not in Fig. 1�b�.

As shown in Fig. 2, when the laser polarization is per-
pendicular to the TOF axis, the mass peaks of I+ and CH3

+

ions have shoulder structures. It is known that the fragment
CH3

+ or I+ is produced in the direction of the C–I bond, so the
shoulder structures indicate that the CH3I with the C–I bond
perpendicular to the laser polarization also have substantial
ionization-dissociation rates. This result is another evidence
for the lack of dynamic alignment of CH3I in the intense
laser field.

B. Kinetic energy release and dissociation channels

With the high mass resolution of RTOF-MS, the frag-
ment ions of same M mass number but from different disso-
ciation channels can be all resolved clearly in the case of the
parallel laser polarization shown in Fig. 2. The KER of the
fragment ions can be calculated by the formula22

KER �eV� = 9.65 � 10−7�t2q2F2

8M
, �4�

where F is the static electric field �F=168 V/cm�, q is the
charge, M is the mass in amu of the fragment ions, and �t
represents the time difference in nanoseconds between the
backward and forward components of the fragment ions
from the same dissociation channel. The mass spectrum of
typical fragment ions obtained with the parallel laser polar-
ization in Fig. 2 is fitted by a sum of Gaussian distributions
displayed in Fig. 3, and the KERs of the fragment ions cal-
culated are listed in Table I. The above method with a Gauss-
ian function has been applied to the case of the N2 Coulomb
explosion by Hishikawa et al.33,34 and Nibarger et al.,35 and
is proved to be appropriate to represent the mixture of the
contributions from the fragment ions. The H+ ion peak in
Fig. 2 is not well resolved because H+ ions come from too
many channels and the disturbance from water, so only a
maximum KER of 11 eV is obtained. For H2

+ ions, the maxi-
mum value of KER is about 8 eV. The KERs of I6+ and C3+

are calculated approximately from Fig. 1�a� without fitting.
In the following, we try to assign the dissociation chan-

nels by the high resolved mass spectrum as well as by the
calculations. For this purpose, the ionization-dissociation of
CH3I is studied using different laser intensities, and the

conservation of momentum and energy are used. The mark
�p ,q� is used to represent the two-body dissociation channel,
CH3In+→CH3

p++Iq+ �n= p+q�. The detailed discussion is
presented below.

1. Multiphoton dissociation of CH3I+ ions

In Figs. 3�e� and 3�f�, the CH3
+ ions with KERs�1 eV

are labeled �1,0� and I+ ions with KER of 0.07±0.03 eV are
labeled �0,1�. This assignment is done according to the fol-
lowing facts: �1� The KERs of CH3

+ and I+ are too small to
assign from the Coulomb explosion of CH3In+. �2� We stud-
ied the mass spectrum of the fragment ions of CH3I recorded
by a series of laser intensities attenuated successively about
10%, and we found that the KERs of the fragment ions were
independent of laser intensities. For example, Fig. 4 records
the mass spectrum at a laser intensity of 1.1�1014 W/cm2

with laser polarization parallel to the TOF axis, and the
KERs of channel �1,0� and �0,1� have the same profiles as the
case of a laser intensity at 6.6�1014 W/cm2 shown in Fig. 2.
This character is consistent with the photon dissociation pro-
cess where the KER of the fragments depends on the photon
energy but is not influenced by laser intensity. So we suggest

FIG. 3. Mass spectrum of typical fragment ion peaks fitted by a sum of
Gaussian distributions with the identified �p ,q�. �a� C2+, �b� C+, �c� CH+, �d�
CH2

+, �e� CH3
+, �f� I+, �g� I2+, �h� I3+, �i� I4+, and �j� I5+.
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that the fragment ions CH3
+ and I+ with low KERs are pro-

duced by multiphoton dissociation of CH3I+ ions. In early
studies on CH3I+, it was reported that CH3

+ was produced
from the state CH3I+�X 2E1/2� or the state CH3I+�X 2E3/2� by
absorbing a certain number of photons �higher than the bar-
rier energy�, while I+ could be produced via the first excited

state CH3I+�Ã� directly into I+ and CH3.16,17 The reported
dissociation channel and the needed dissociation energy
��E� are listed in Table II.

In our experiments, the 798 nm laser �about 1.55 eV�
was used. From Table II the reported �E values are all
higher than 1.55 eV, so CH3I+ needs to absorb two or three
photons for dissociation. The KERs of dissociation frag-
ments should be equal to the difference between the total
photon energy and �E. The calculated KERs based on a
multiphoton dissociation mechanism and the experimentally
measured KERs for each channel are also listed in Table II.
From Table II, we can see that the calculated KERs and the
experimental KERs are in good agreement. For CH3

+ ions,
the middle peaks in Fig. 3�e� with very small KER of about
0.03 eV should be CH3I+�X 2E1/2�+2h�→CH3

++I�2P1/2�,
and the measured CH3

+ with 0.36 eV is CH3I+�X 2E3/2�
+2h�→CH3

++I�2P3/2�. The CH3
+ with 0.91 eV can be

CH3I+�X 2E1/2�+2h�→CH3
++I�2P3/2� or CH3I+�X 2E3/2�

+3h�→CH3
++I�2P1/2�, which have similar KERs. For I+

ions, as shown in Fig. 3�f�, we only observed a pair of strong
peaks at 0.07 eV, which can be assigned to CH3I+�X 2E3/2�
+3h�→CH3I+�Ã�→CH3+I+�3P1,0�. The I+ ions from other
channels are too weak in mass spectrum and cannot be re-
solved. The I+ ions have a wide energy range of KERs, from
0.04 to 0.1 eV, and the maximum value is 0.07 eV. The CH3

+

ions have a broadened profile also in mass spectrum, similar
to the case of I+ ions. The broadened peak features of the
fragment ions CH3

+ and I+, produced from multiphoton dis-

sociation of CH3I+, are due to the frequency broadening of
the femtosecond laser pulse, which makes CH3

+ ions �or radi-
cal� present in many vibrational states.16 The unmarked
middle peak of I+ ions in Fig. 3�f� might be a small contri-
bution from perpendicular ionization-dissociation, so the
middle peak of CH3

+ ions in Fig. 3�e� also should be mixed
with the contribution of CH3

+ ions produced from perpen-
dicular ionization-dissociation.

2. Coulomb explosion of CH3I2+ and CH3I3+ ions

The KERs of the fragment ions produced by the Cou-
lomb explosion of CH3I2+ or CH3I3+ are much larger than
those in the case of the CH3I+ dissociation. For the Coulomb
explosion of CH3In+ ions, the KERs of the fragment ions are
from the repulsive Coulomb force between the charged frag-
ments. The KERs of the two fragments CH3

p+ and Iq+ pro-
duced by the two-body dissociation channels have a relation-
ship from the momentum conservation as follows:

KER�Iq+�/KER�CH3
p+� = M�CH3

p+�/M�Iq+� , �5�

where M is the mass of the fragment ions. Since the ob-
served CH3

+ ions can be from different precursors CH3
+Iq+

�q=1,2 ,3� by the two-body dissociation channels, so the
CH3

+ ions have different KERs, giving a distribution of CH3
+

in mass spectrum. Using Eq. �5�, for each CH3
+ with the

certain KER, the KER of the corresponding Iq+ can be deter-
mined. For example, there are two groups of CH3

+ ions in
Fig. 3�e�, and the CH3

+ ions with 3.6 eV are assigned for
channel �1,1�. According to Eq. �5� the calculated KER of I+

is 0.43 eV, which is in good agreement with the experimen-
tally measured KER of I+. Therefore, channel �1,1� with the
exact total KER of 4.03 eV is identified. Similarly, the CH3

+

ion with a KER of 6.94 eV is assigned for channel �1,2� and
the corresponding I2+ ions have a KER of 0.84 eV labeled

TABLE I. The measured kinetic energy release of CH3I in the intense laser field �6.6�1014 W/cm2� determined by the Gaussian function fit of the mass
spectrum. The assigned dissociated channels and the approximate Rc are also listed.

Dissociation
channel �p ,q� Rc �Å�

KER �eV�

C3+ C2+ C+ CH+ CH2
+ CH3

+ I6+ I5+ I4+ I3+ I2+ I+

�1,0� / �0,1� 0.15 0.21 0.28 0.37 0.07
0.78 0.82 0.91

�1, 1� 3.06 3.22 3.44 3.60 0.43
�1, 2� 3.7 5.96 6.28 6.60 6.94 0.85
�2, 1� 3.7 3.95 0.86
�1, 3� 3.7 9.56 10.0 10.2 10.5 1.25
�2, 2� 3.8 9.60 1.62
�1, 4� 3.4 1.81
�2,3� / �3,2� 3.8 16.1 2.22 2.37
�2, 4� 3.7 23.5 3.25
�3, 3� 3.8 3.60
�2, 5� 3.9 32.0 3.87
�3,4� / �4,3� 3.7 36.6 5.0 4.91
�3, 5� 3.8 42.5 6.04
�4, 4� 3.7 6.59
�3, 6� 3.5 7.78
�4,5� / �5,4� 3.8 8.10 8.04
�4, 6� 3.7 9.80
�5, 5� 3.8 10.1
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�1,2� in Fig. 3�g�. It is also found that the KERs of channel
�1,1� and channel �1,2� are independent of the laser intensity.
As shown in Fig. 4, at a laser intensity of 1.1
�1014 W/cm2, the measured KERs of CH3

+ and I+ ions from
channel �1,1� are 3.6 and 0.43 eV, respectively, which
are equal to the KERs measured at a laser intensity of
6.6�1014 W/cm2.

The CH3I2+ ions are observed in our experiments. The
fact that some CH3I2+ ions are still alive without Coulomb
explosion indicates that there should be a bound potential
well in CH3I2+ ions near Re, the equilibrium C–I internuclear
distance of CH3I, to avert Coulomb explosion.2 So the KER
of the fragments CH3

+ and I+ from the CH3I2+ cannot be
simply calculated by a Coulomb repulsion between CH3

+ and
I+ at the equilibrium C–I internuclear distance. The contribu-
tion of the potential well makes the KERs lower than those
from an ordinary Coulomb explosion. If it is supposed that
one of the charges is on I atom and the other is on C atom,
the Coulomb repulsion energy can be approximated by E1,1

�eV�=14.4/Re, which is from the common formula of the
Coulomb repulsion energy of CH3

p+Iq+ at Re=2.14 Å as
follows:

Ep,q �eV� = 14.4
pq

Re
, �6�

where p and q are the charges of the two fragments, Re is the
equilibrium C–I internuclear distance of CH3I in angstrom

and Ep,q is the total KER of the given channel �p ,q�. By Eq.
�6� the calculated E1,1 is about 6.73 eV, which is higher than
the measured total energy of 4.03 eV. The fact that the mea-
sured total KER of channel �1,1� is lower than the value
calculated from Eq. �6� signifies the presence of the meta-
stable state in CH3I2+ and the contribution of the covalent
forces.

Another group of CH3
+ ions with KER of 2.8 eV is ob-

served in Fig. 4, and the corresponding I+ ions with 0.33 eV
are also found in Fig. 4. The total KER is 3.13 eV. The two
dissociation channels with KER 4.03 and 3.13 eV are ex-
plained respectively as follows:

CH3I2+ → CH3
+ + I+�3P2� �4.03 eV KERs� , �7a�

CH3I2+ → CH3
+ + I+�3P1.0� �3.13 eV KERs� . �7b�

For channel �1,2�, the parent precursor CH3I3+ ions have
not been observed in the experiments. This fact indicates that
as the number of removed electrons increases, the Coulomb
repulsion becomes much stronger than the binding forces,
and the fragment ions from precursor CH3I3+ are produced
by the Coulomb explosion. However, the measurements
show that the total KER of channel �1,2�, 7.78 eV, is much
lower than the E1,2=13.46 eV calculated by Eq. �6�. The
energy deficit of channel �1,2� is 5.68 eV �13.46−7.78 eV�
larger than that of channel �1,1�, 2.7 eV �6.73−4.03 eV�.
The result seems to be conflicting with the fact that as re-
moved electrons increase, the contribution of the remaining
valence forces is decreased and the KER should be close to
the Coulomb energy. This problem might be solved by re-
placing Re with Rc in Eq. �6�. Rc is the valid distance of the
two point charges separated in the two parts of the fragments
before explosion. It can be easily understood that during the
ionization of CH3I2+ to CH3I3+, the nuclei �C and I� have
time to move apart from each other. So the Coulomb energy
should be calculated using the valid Rc instead of Re. The
truth might be that the charges are not simply located on
carbon atom, but are distributed on the whole CH3 group.
The use of Rc just represents the valid distance between these
two point charges. Using the measured total KER 7.78 eV

TABLE II. The calculated KERs based on mutiphoton dissociation channels of CH3I+, and comparison with the
measured KERs from the experiments.

KER �eV�

Dissociation channels of CH3I+ �E hv I+ or CH3
+ �Calc.� I+ or CH3

+ �Expt.�

CH3I+�X 2E1/2�→CH3
++I�2P3/2� 2.1 2 CH3

+ 0.89 CH3
+ 0.91

CH3I+�X 2E3/2�→CH3
++I�2P3/2� 2.73 2 CH3

+ 0.36 CH3
+ 0.37

CH3I+�X 2E1/2�→CH3
++I�2P1/2� 3.04 2 CH3

+ 0.05 CH3
+ 0–0.03

CH3I+�X 2E3/2�→CH3
++I�2P1/2� 3.67 3 CH3

+ 0.88 CH3
+ 0.91

CH3I+�X 2E1/2�→CH3I+�Ã�
→CH3+I+�3P2� 2.7 2 I+ 0.05 I+

CH3I+�X 2E3/2�→CH3I+�Ã�
→CH3+I+�3P2� 3.33 3 I+ 0.14 I+

CH3I+�X 2E1/2�→CH3I+�Ã�
→CH3+I+�3P1,0� 3.54 3 I+ 0.11 I+

CH3I+�X 2E3/2�→CH3I+�Ã�
CH3+I+�3P1,0� 4.17 3 I+ 0.07 I+ 0.07±0.03

FIG. 4. Mass spectrum of CH3I irradiated at a laser intensity of 1.1
�1014 W/cm2 with laser polarization parallel to the TOF axis.
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and ignoring any initial energies, we can calculate approxi-
mately the Rc of channel �1,2� using Eq. �6� to be about
3.7 Å.

The Rc defined here �the valid interdistance between two
point charges� is somewhat different from the case of di-
atomic molecules.1 For diatomic molecules, Rc is generally
considered as the internuclear distance between the two nu-
clei, at which enhanced ionization proceeds and Coulomb
explosion occurs.8 The generation of the enhanced ionization
at Rc explains why KERs of fragment ions are actually inde-
pendent of laser intensity and wavelength.4 In the case of
methyl iodide, the enhanced ionization to produce CH3I3+ in
the intense laser field is also considered to occur at Rc as
above because the KER of channel �1,2� is independent of
laser intensity. For example, with a laser intensity of 1.1
�1014 W/cm2, the measured KER of channel �1,2� is about
7.7 eV, and with a laser intensity 6.6�1014 W/cm2 the mea-
sured KER is 7.78 eV. The result is considered as an evi-
dence that the enhanced ionization of methyl iodide in the
intense laser field happens at Rc�3.7 Å.

Figure 3�f� depicts the distribution of I+ ions in mass
spectrum. It can be resolved that one group of I+ ions has a
KER of 0.86 eV. Using Eq. �5�, the calculated KER of the
corresponding CH3

p+ is about 7.3 eV, which is very close to
the CH3

+ ions with 6.94 eV. If I+ with 0.86 eV and CH3
+ ions

with 6.94 eV is a pair of ions, the two kinds of fragment ions
should be present together in mass spectrum. But the I+ ions
with 0.86 eV are not present in some mass spectra, while the
CH3

+ ions with 6.94 eV are present. So the CH3
+ ions with

6.94 eV are assigned for channel �1,2� to produce I2+ with a
KER of 0.85 eV. For example, with a laser intensity of 1.1
�1014 W/cm2, there are no I+ ions with 0.86 eV, but the
CH3

+ ion with 6.94 eV and I2+ with 0.84 eV still coexist. We
suggest that the I+ ions with 0.86 eV is from other dissocia-
tion channels of CH3I3+, either the sequential two-body
channel CH3I3+→CH3

2++I+ followed by CH3
2+→H++CH2

+

or the nonsequential three body fragment channel CH3I3+

→H++CH2
++I+. It is difficult to distinguish experimentally

between the two channels because for the �2,1� channel, the
intermediate CH3

2+ is not observed due to dissociation into
the final products CH2

+ and H+. This means that the sequen-
tial and nonsequential channels give the same final products.
The sequential and nonsequential channels represent the two
limiting cases of fragmentation behaviors, and other physical
processes are also possible to occur; e.g., a stretching of C–I
bond is followed by a rapid dissociation of the C–H bond.
Anyway, the detailed confirmation cannot be obtained by
present experiments. In Fig. 3 for p�2, we use �p ,q� just to
represent the main two-body dissociation channels with the
proposed possible total charge numbers without concerning
the detailed mechanisms. So I+ ion with 0.86 eV is labeled
�2,1� in Fig. 3�f� The determination of the �p ,q� with a given
Iq+ is discussed in Sec. III B 4.

3. Stepwise dissociation of CH3
+ ion

The mass spectrum in Fig. 3 shows that the fragment
CH3

+ ions have different KERs, indicating that the CH3
+ ions

come from different ionization-dissociation channels, as
marked by �1,0�, �1,1�, �1,2�, and �1,3�. The CH3

+ ions from

different channels correspond to different groups of fragment
ions CHm

+ �m=0–2�, which have KER close to that of the
corresponding CH3

+. For example, as shown in Table I, the
CH3

+ from channel �1,1� has a KER of 3.60 eV, and the cor-
responding CHm

+ : KERs of 3.06 eV C+, 3.22 eV CH+, and
3.44 eV CH2

+. The KERs of CHm
+ are found to be indepen-

dent of the laser intensity, which could be an evidence that
CHm

+ are produced from the stepwise dissociation of CH3
+

ions. After the primary dissociation, some of the CH3
+ ions

can stepwise dissociate to smaller fragment ions by dropping
H atoms. The possible dissociation channels are expressed as
follows:

CH3
+ → CH2

+ + H, �8a�

CH2
+ → CH+ + H, �8b�

CH+ → C+ + H. �8c�

In channels �8a�–�8c� each of the dropped H atoms can carry
away a small part of kinetic energy from the parent precur-
sors. So the following order of the KERs resulted:
KER�C+��KER�CH+��KER�CH2

+��KER�CH3
+�. The ex-

perimentally measured KERs of CHm
+ listed in Table I show

clearly this tendency. For channel �1,0�, the CH3
+ ions with

0.36 eV are stepwise dissociated to CH2
+ ions with 0.28 eV

and CH+ ions with 0.21 eV, while the CH3
+ ions with

0.91 eV are stepwise dissociated to CH2
+ ions with 0.82 eV

and CH+ ions with 0.78 eV. The C+ ions produced from CH3
+

ions of channel �1,0� with lower KER are not clearly re-
solved due to their very weak signals. All the fragment ions,
CHm

+ �m=0–3�, CH3I+→CH3
++I, i.e., �1,0�, are labeled �1,0�

in Figs. 3�b�–3�d�. For the fragment ions of CH3
+ ions with

3.6 eV from channel �1,1�, the corresponding CH2
+ ions with

3.44 eV, CH+ ions with 3.22 eV, and C+ ions with 3.06 eV
are all labeled �1,1� in Figs. 3�b�–3�d�, while the split from
the coupling of the spin-orbit energy of I+ via Eq. �7b� is not
resolved. For the fragment ions of CH3

+ ions with 6.94 eV
from channel �1,2�, the corresponding CH2

+ ions with 6.6 eV,
CH+ ions with 6.28 eV, and C+ ions with 5.96 eV are all
labeled �1,2� in Figs. 3�b�–3�d�.

In the stepwise dissociation of CH3
+, it is shown that the

KER difference between CHm
+ and CHm−1

+ ions in the same
channel increases as the KER of parent CH3

+ increases. This
can be explained by the fact that the energy carried away
from CH3

+ by the H atom is directly proportional to the total
energy of the parent precursor CH3

+ from the conservation of
energy and momentum. For example, for the CH3

+ with a
KER of 3.6 eV from channel �1,1�, the KER of CH2

+ is about
3.44 eV with the difference, 3.6−3.44=0.16 eV, which is
less than 6.94 �CH3

+�−6.6 �CH2
+�=0.34 eV from channel

�1,2�. The experiments also show that the CH3
+ ions with

higher KER are more easily dissociated into fragments. For
example, as shown in Fig. 3�e�, the relative abundance of
CH3

+ ions from channel �1,1� is larger than twice of CH3
+ ions

from channel �1,2�, but the relative abundances of CHm
+ ions

from channel �1,2� increase prominently in Figs. 3�b�–3�d�,
and especially the abundance of C+ ions from channel �1,2�
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is about twice that of channel �1,1�. This fact is explained
that with higher KER, the CH3

+ ions will have higher internal
energy, which leads to CH3

+ ions more active and easily
dissociated.

4. Coulomb explosion of CH3In+ ions with nÐ4

For the Coulomb explosion of the highly charged CH3In+

precursors with n�4, only Iq+ ions are identified in the mass
spectrum. The KERs of Iq+ are measured and listed in Table
I. The CH3

p+ ions with p�1 are not obtained because they
are unstable and further dissociated into the smaller fragment
ions. For this reason it is difficult experimentally to identify
Coulomb explosion channels of higher charged CH3In+ as
well as their total KER. For this purpose the following mode
is supposed.

The charge distribution on the whole methyl can be con-
sidered as a point charge p, while the charge distribution on
the I atom can be considered as another point charge q. The
interdistance between the two point charges p and q is
denoted as Rc. With the supposition, the KERs of the CH3

p+

and Iq+ can be obtained from the Coulomb repulsion between
CH3

p+ and Iq+ with the distance Rc by Eq. �6�. The
Rc�3.7 Å has been calculated for CH3I3+, and this value of
Rc can be extended to all the Coulomb explosion of CH3In+;
i.e., the value around 3.7 Å is the virtual distance between
CH3

p+ and Iq+. According to the conservation of momentum
and energy, from the known KER of the Iq+, the total KER of
CH3

p+Iq+ can be obtained by

Ep,q � 142 � KER�Iq+�/15. �9�

Using the Rc=3.7 Å, for each Iq+ peak, the corresponding
charge p of the CH3 group can be estimated by Eq. �6�. For
example, the total KER of the channel with 1.62 eV of I2+

can be calculated, Ep,2=142�1.62/15=15.34 eV. Then we
get p=1.97�2 from Eq. �6�. Therefore, channel �2,2� with
KER of I2+, 1.62 eV, is identified. Thus all the Iq+ ions with
different KERs are identified and labeled in Fig. 3.

It is noticed that channel �1,3� with KER 10.5 eV of
CH3

+ and 1.25 eV of I3+ is identified by the very weak CH3
+

signal. The fact that the CH3
+ with 10.5 eV is very weak is

coincident with the fact that the CH3
+ with large KER is

easily dissociated into small fragments, CHm
+ �m=0–2�. In

Figs. 3�b�–3�d�, the CHm
+ peaks from channel �1,3� can be

clearly identified, and the abundance is increased with the
decrease of H atoms. However, for channel �1,4�, only par-
tially resolved I4+ and the corresponding series of CHm

+ are
not observed in Fig. 3. In Fig. 3�g�, another I2+ peak with a
KER of 0.3 eV is identified, but the corresponding CHm

p+

ions are not found. This KER value of I2+ is close to that of
I+ from channel �1,1�, so I2+ ions with 0.3 eV are supposed
to be from further ionization of I+ ions.

The C2+ ions and C3+ ions are assigned as the final prod-
ucts of CH3In+, corresponding to Iq+ ions with higher
charges. The assignment can be demonstrated by the experi-
ments attenuating laser intensity. For example, Fig. 5 shows
the mass spectrum of the fragment ions of CH3I irradiated by
the laser intensity of 7.7�1013 W/cm2 with laser polariza-
tion parallel to the TOF axis. It can be seen that C2+ and C3+

ion peaks, and the Iq+ �q�3� disappear simultaneously. So

the C2+ ions or C3+ ions are only observed with the observa-
tion of Iq+ �q�3�. By the experiments with a series of laser
intensities, we find that C3+ is correlated to I5+ and I4+, and
that C2+ is correlated to I4+ and I3+. The detailed dissociation
mechanism is still unclear.

C. The charge distributions for the Coulomb explosion
of methyl iodide

As shown in Table I and Fig. 3, the parent precursor ions
of the same number of charges can have different charge
distributions and can be dissociated into different fragment
ions. The even charged methyl iodide has two dissociation
patterns. One is the symmetric channel with p=q, and the
other is the asymmetric channel with p+2=q. The fragment
ions CH3

p+ and Iq+ with p�q produced from the Coulomb
explosion of the even charged methyl iodide are not ob-
served. For the same parent precursor ions, we calculated the
ion abundance for each channel and found that the fragment
ion abundance of the asymmetric channel was larger than
that of the symmetric channel. The odd charged methyl io-
dide has two dissociation patterns. One pattern includes two
series, p=q+1 and p=q−1 �p+q=n� with similar total
KERs, and another pattern is p+3=q. For a given charged
parent precursor, the series of channels �q+1,q� are the mi-
nor channels because their ion peaks are very weak, as
shown in Fig. 3, and the series of channels �q−1,q� are the
dominant channels with very strong ion peaks. The ion abun-
dance of the channel with p+3=q is a little smaller than that
of channel �q−1,q�. All the above results indicate that in the
intense laser field, electron can be detached more easily from
iodine atom than from methyl radical, so the charge on io-
dine atom is higher than that on methyl radical in most cases.

IV. CONCLUSION

The dissociation of CH3I+ is concluded by multiphoton
dissociation mechanism, in which the excited state of CH3I+

is produced by absorbing two or three photons and then the
dissociation occurs through channel �1,0� to produce CH3

+

ions or through channel �0,1� to produce I+. The calculated
KERs of CH3

+ and I+ based on multiphoton dissociation
mechanism agree well with the measured values in experi-
ments. The CH3I2+ ions were observed in experiments, and
their dissociation to produce CH3

+ and I+ is also observed in
mass spectrum. But the measured KERs of CH3

+ and I+ pro-
duced from CH3I2+ are much lower than the calculated ones

FIG. 5. Mass spectrum of CH3I irradiated at a laser intensity of 7.7
�1013 W/cm2 with laser polarization parallel to the TOF axis.
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by the Coulomb explosion, which is explained by the exis-
tence of a bound potential well near Re of C–I for CH3I2+.
Two groups of fragment ions CH3

+ and I+ from CH3I2+ are
observed, and they have total KERs of 4.03 and 3.13 eV,
respectively. It is suggested that the difference is caused by
the energy splitting of I+�3P2� and I+�3P0,1�.

By the measurement of the KER of channel �1,2� the Rc

is introduced to explain the energy deficit of CH3I3+. Here
the Rc is defined �Rc�3.7 Å� as the valid charge distance
��3.7 Å� between I2+ and CH3

+, at which enhanced ioniza-
tion of methyl iodide happens. The fragments CHm

+ �m
=0–2� in mass spectrum are considered as the stepwise dis-
sociation of CH3

+. The dissociation rate is increased with the
KER increase of CH3

+. For the Coulomb explosion of CH3In+

with n�4, it is difficult experimentally to distinguish the
sequential two-body charge separation or nonsequential mul-
tiple fragmentation due to the lack of CH3

p+ �p�2� ions in
mass spectrum. For Iq+ �q�3� observed in mass spectra, the
Coulomb repulsion model with two point charges p and q at
distance Rc�3.7 Å is used to calculate the corresponding
charge p of CH3

p+. The correlations of final products C2+ and
C3+ with Iq+ �q�3� are examined by laser intensity experi-
ments. Finally, the charge distribution in the dissociation of
CH3In+ is discussed. By comparing the mass abundance of
fragment ions, it is found that charge asymmetric dissocia-
tion channels with p�q �i.e., more charges on the iodine
atom� are the dominant channels.
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