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Abstract

The Coulomb explosion reactions of N , N Ž pqq .q ™ N pqqNqq, caused by the irradiation of intense laser light2 2
Ž 2. Ž .0.73–6.9 PWrcm were investigated by high-resolution time-of-flight TOF mass spectroscopy and by the mass-resolved

Ž . Ž . Ž . Ž . Ž . Ž . Ž .two-dimensional momentum imaging MRMI method. Six explosion pathways p, q s 1, 1 , 1, 2 , 1, 3 , 2, 2 , 2, 3 and
Ž . Ž . Ž .3, 3 in addition to 0, 1 , 0, 2 dissociation pathways were identified, whose assignments were securely performed both
from the momentum matching between the fragment pair and their correlation with the laser-field intensity dependence. The
MRMI method, which visualizes the radial and angular momentum distributions of mass-selected fragment ions on a
two-dimensional momentum plane, was used to correlate ion fragments produced after the Coulomb explosion. By
examining theoretically synthesized MRMI maps, it was found that the momentum distributions of the fragment ions in a
wide momentum range can be extracted by the MRMI technique. The relative yields of the explosion pathways at six
different laser-field intensities were evaluated from the three-dimensional integration of the MRMI maps, and the intensity
dependence of the formation of singly and multiply charged parent N Ž pqq .q ions prior to the fragmentation was derived.2

q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

In an intense laser field of several tens of
2 Ž 2 15 2 .petawattrcm 1 PWrcm s10 Wrcm , the

magnitude of the electric field generated by the laser
light pulse becomes as large as that of the Coulom-
bic field felt by an electron in an atom. When such a
strong oscillatory field interacts with molecules, an
interaction between a molecule and the laser-light

) Corresponding author. E-mail: kaoru@chem.s.u-tokyo.ac.jp
1 Dedicated to Professor Ikuzo Tanaka on the occasion of his

70th birthday.

field cannot be treated in a perturbative manner,
because it should be included as one of the dominant

w xterms of a total Hamiltonian 1,2 . Recent advances
in high-power, ultrashort-pulse laser technology has
enabled us to investigate the behavior of molecules
in such intense laser fields. For example, the

w xCoulomb explosion phenomena 3–36 and the align-
ment and manipulation of the molecular beam in the

w xintense laser fields 37,38 have been studied both
experimentally and theoretically.

It has been known that molecules are formed in
their highly multiply charged state in the duration of
the ultrashort laser pulse, and subsequently, the bond
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fission process occurs to generate multiply charged
photofragments having very high kinetic energy. This
phenomenon called the Coulomb explosion in an
intense laser field was first reported by Codling and

w xFrasinski 3 in 1987, and has become one of the
fascinating research targets in these several years. It
may be worthy to remark here that the Coulomb
explosion phenomena were also observed in the

w x w xbeam-foil 39 , single photon impact 40,41 and
w xelectron impact 42,43 experiments. It was also

reported that the Coulomb explosion of molecules
occurs after the collision of multiply-charged atomic

w xions with target molecules 44–46 .
For the molecular Coulomb explosion in an in-

w xtense laser field, Frasinski et al. 4 introduced a
covariance mapping technique in order to correlate
multiply charged fragments produced after the explo-
sion reactions. For the Coulomb explosion of N2

molecules, they demonstrated that fragment ions with
a certain charge number are produced from parent
molecules with different charge numbers; for exam-
ple, Nq can be formed from both N 2q and N3q

2 2

from the explosion reactions, N 2q ™ NqqNq and2

N3q ™ NqqN 2q. For polyatomic molecules, it has2

also been shown that the covariance mapping tech-
w xnique 5,8 and its variation called the double correla-

tion mapping technique introduced by Cornaggia and
w xNormand 20–22 are useful to correlate multiply-

charged photofragments produced after the Coulomb
explosion.

It has also been reported that molecules are aligned
along the laser polarization direction. The angular
distribution of the ejected ion fragments after the

w xCoulomb explosion was investigated for H 27 , I2 2
w x w x28 , and CO 7,19 by measuring the ion signal
intensities at different laser polarization angles with

w xrespect to the detection axis. Hatherly et al. 7 and
w xNormand et al. 19 reported the narrower angular

distribution of CO for the atomic ion fragments with
a larger charge number. Similar techniques were
adopted recently for the investigation of the Coulomb

w xexplosion of CCl , CHCl , and CH Cl 30 .4 3 2 2

Recently, we introduced a new method called
Ž .mass-resolved momentum imaging MRMI to inves-

tigate the angular distribution of the ion fragments
w xproduced after Coulomb explosion reactions 24 . It

has been demonstrated that the high resolving power
in the mass spectral measurements is crucial for

identifying the correlations among the fragment ions.
The MRMI maps for N at 3.5 PWrcm2 exhibited2

the clear angular distributions of the fragments on
the momentum plane. The different-charge channels
having the same momentum distributions are corre-
lated with each other using both the kinetic energy
release and the angular distribution projected on the

Ž .MRMI map, and consequently, the p, q pathways
of the Coulomb explosion, N Ž pqq .q ™ N pqqNqq,2

were identified. The MRMI method has also been
applied to the Coulomb explosion of SO in the2

Ž 2 .intense laser field 5.4 PWrcm , from which the
fission pathways were investigated. As has been
shown in our recent report, this MRMI method based

Ž .on the high-resolution time-of-flight TOF mass
spectroscopy afforded the clearest imaging picture of
the angular and radial momentum distributions of the
fragment ions produced after the Coulomb explosion.
The MRMI approach is promising to investigate the
Coulomb explosion pathways, which is complemen-
tary with the previous procedures such as the covari-

w xance mapping 5 and the double correlation mapping
w x20 , in which statistical events of the simultaneous
formation of the ion fragments were accumulated to
correlate these fragment ions.

The Coulomb explosion of N in an intense laser2
w xfield was first observed by Frasinski et al. 3 in 1987

using the intense picosecond laser at 600 nm, and the
kinetic energy releases of the Nq, N 2q, and N3q

Ž . Ž . Ž . Ž .fragment ions in the 1, 1 , 1, 2 , 2, 2 , and 2, 3
w xpathways were reported. In 1989, Boyer et al. 23

analyzed their TOF spectra, and found that the
charge-asymmetric fragmentation pathways such as
Ž . Ž .0, 2 and 1, 3 were abundant at 248 nm. From the

w xcovariance mapping technique, Frasinski et al. 4
Ž .identified the weak asymmetric 1, 3 pathway as

Ž .well as the prevalent charge-symmetric 2, 2 and
Ž . w x3, 3 at 600 nm. In 1991, Cornaggia et al. 17
measured TOF mass spectra at 615 nm, and reported
that N3q with the release energy of 9.5 eV origi-

Ž .nated from the asymmetric 1, 3 channel. However,
w xin 1991, Codling et al. 9 reported that no assignable

Ž .signal was found for the 1, 3 pathway in their
covariance maps at 305 and 600 nm. In 1993,

w xStankiewicz et al. 13 was not able to identify the
Ž .1, 3 pathway either in their covariance maps ob-
tained at 305 and 248 nm, though the other pathways

Ž . Ž . Ž . Ž . Ž .such as 1, 1 , 1, 2 , 2, 2 , 2, 3 , and 3, 3 , were



( )A. Hishikawa et al.rChemical Physics 231 1998 315–329 317

identified. The history described here tells us that the
consensus has not been reached regarding the exis-

Ž .tence of the asymmetric 1, 3 pathway.
In the present study, we investigate the Coulomb

explosion of N by varying the laser-field intensity2

in order to derive the secure assignments of the
Coulomb explosion pathways in an intense laser
field and their laser-field intensity dependence. Pre-
viously, we were able to identify the asymmetric
Ž .1, 3 explosion pathway from the high-resolution
TOF spectrum. These assignments are confirmed by
the intensity dependence of the relative yields of the

Ž .explosion pathways including the 1, 3 pathway, as
well as by the information of the radial and angular
distribution contained in the MRMI map. On the
basis of the present assignments, the relative abun-

Ž .dances of the p, q fission pathways are derived as
a function of the laser-field intensity for the first
time through the three-dimensional integration of the
MRMI maps. Furthermore, a method to construct
theoretical MRMI maps is introduced, in which a
finite ion-detector size is taken into account. From
the simulation of the MRMI maps, it is explained
how the dynamical information is encoded in the
two-dimensional MRMI map. The procedure to read
the information about the ultrafast Coulomb explo-
sion dynamics from the MRMI is also discussed.

2. Experimental

Some of the details of our experimental set up
w xhave also been reported in Ref. 24 . Femtosecond

laser pulses at 795 nm with a typical pulse duration
of 52 fs were generated by a mode-locked Ti-sap-

Ž .phire laser Spectra-Physics Tsunami which was
pumped by a frequency-doubled output of a diode-

Žlaser-pumped Nd:YVO laser Spectra-Physics Mil-4
.lennia . The output of the Tsunami was introduced to

Ža regenerative amplifier system BM-Industry Alpha
.10BrS , in which the two sequential bow-tie ampli-

fier stages were used to amplify the output of a
regenerative amplifier, to obtain high-power low-rep-

Ž .etition-rate 10 Hz short-pulsed laser light. After the
pulse compressor, the duration of the amplified laser
pulse t was 100 fs, measured by an auto-correlatorL
Ž .MC2 Femtoscope , and the total energy reached as
high as 50 mJrpulse.

The light beam was focused by a quartz lens
Ž .fs152 mm at 795 nm onto a pulsed molecular
beam between the extraction parallel repeller plates

Ž .of a linear time-of-flight TOF mass spectrometer
Ž .Jordan Linear-TOF with a flight length of 1400
mm. The singly and multiply charged atomic and
molecular ions produced after Coulomb explosion
were extracted by the repeller field through a meshed

Ž .aperture 10 mmf , and after the acceleration, they
Ž .were detected by a microchannel-plate MCP detec-

tor placed at the end of flight tube. The diameter of
the aperture is sufficiently large so that the ion-
acceptance angle was determined by the size of the
MCP detector. The extraction and acceleration volt-
ages were 372 and 3811 V, respectively. The spacing
between the repeller plates was measured carefully
with a cylinder gauge to be 12.45 mm, which yields
the extraction electric field of 298.7 Vrcm. Typical
mass resolution of mrDmf620 achieved under
these experimental conditions was much higher than
the previous studies for the molecular Coulomb ex-
plosion and enabled us to resolve the ion species
produced after different multiply-charged states of a
parent diatomic molecule. The TOF mass spectra
were recorded and averaged over 1=103 shots by a

Ž .digital oscilloscope LeCroy 9370 with a 1 GHz
sampling rate. In deriving the MRMI map, a zero-
order half-wave plate was introduced after the com-
pressor stage of the Alpha-10 system in order to
rotate a laser polarization plane with respect to the
detection axis of the TOF mass spectrometer.

By assuming a Gaussian spatial profile, the spot
size of the laser beam at the focal point was esti-
mated to be 2w s13 mm in diameter. This means0

Ž 2 .that the laser-field intensity defined as E r pw tL 0 L

becomes 7 PWrcm2 at the molecular beam when the
output of the regenerative amplifier system E is 1L

mJrpulse. The main chamber and the TOF tube
were differentially pumped by two turbo molecular

Ž Žpumps BalzersrPfeiffer Vacuum TMU 520 520
. Ž .lrs for the main chamber and TMU 260 210 lrs

.for the TOF tube . Each of the two turbo molecular
pumps was backed up by an oil-free scroll pump
Ž .Anest-Iwata ISP-250; 250 lrmin to achieve oil-free
vacuum conditions. The nitrogen gas was introduced
into the main chamber through a pulsed valve. When
the pulsed valve was not operated, the background
pressure in the main chamber was ;1.2=10y8
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Torr and that in the TOF tube was ;1.0=10y8

Torr. After the collimation by a skimmer, a molecu-
lar effusive beam was introduced into the laser–
molecule interaction region located 120 mm down-

Ž .stream from the nozzle orifice 0.5 mmf . During
the experiment, the pressure in the main chamber

Ž y7 .was kept sufficiently low -1=10 Torr in order
w xto avoid the space charge effect 16 .

3. Momentum-scaled TOF spectra

3.1. Assignments of Coulomb explosion pathways

When the laser polarization direction was set
parallel to the TOF detection axis, all the mass peaks
of nitrogen atomic ions, Nq, N 2q, and N3q, in our
TOF mass spectrum at 3.5 PWrcm2 split to form a
doublet as seen in the lower trace of Fig. 1. These
doublets mean that the produced atomic ions trav-
elled first in the forward and backward directions,
causing a flight time difference between the two

types of fragments due to the extraction field of the
TOF mass spectrometer, i.e., the forward fragments
were accelerated further and the backward fragments
were decelerated first and changed the direction to
forward and then accelerated. The total kinetic en-
ergy release, U, for the fragmentation pathway,
N Ž pqq .q ™ N pqqNqq, was obtained from the time2

separation of the doublet peaks in the TOF spectrum
for the Nqq channel as

2 2Us D t qF rm , 1Ž . Ž . Ž .
where D t represents a half of the time difference
between the split mass peaks, F the static electric
field for ion extraction, and q and m the charge and
mass of the fragment, respectively. The initial mo-
mentum, mÕ , imposed on the fragment due to the0

Coulomb explosion can be written as

mÕ sqFD t , 2Ž .0

with the initial velocity of the fragment Õ along the0

flight axis.
From the fine structure in the doublet peaks ob-

served in the high-resolution TOF spectrum, the

Fig. 1. Lower trace: The TOF ion-mass spectrum of N at the laser-field intensity of 3.5 PWrcm2 recorded with the laser polarization2

direction parallel to the detection axis of the TOF mass spectrometer. The doublet peaks are identified for the ion species, N3q, N 2q, and
Nq. The small peaks marked with one asterisk and two asterisks are assigned to the Oq and O2q signals, respectively, from H O. Upper2

2 3q Ž . 2q Ž . q Ž .panels: The MRMI maps of N at 3.5 PWrcm for the N left , N middle , and N right channels. The scale of the intensity2

contour of each picture is normalized by the maximum intensity. The vertical arrow indicates the direction of the laser polarization vector. It
should be noted that the angular distribution becomes narrower for higher charged fragments.
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explosion fragment pathways can be identified. In
Fig. 2, the Nq, N 2q, and N3q channel regions in the
TOF spectra measured at three different laser-field

Ž 2 .intensities 2.1, 3.5, and 6.9 PWrcm are expanded
with an abscissa scale linear to the momentum im-
posed on the atomic ion fragments. In these momen-
tum-scaled TOF spectra, all the three channels exhib-
ited a partially split double-peak structure with a
small shoulder on the larger momentum side, indicat-
ing the existence of at least three Coulomb explosion
pathways for each of the three ion channels.

When the Coulomb explosion occurs starting from
multiply charged parent ions; N Ž pqq .q ™ N pqq2

Nqq, equal amounts of the momentum are imposed
on both of the ionic fragments. Therefore, by com-
paring the N 2q channel with the other Nq and N3q

channels in Fig. 2, the counterpart atomic fragments

associated with the three components in the N 2q

channel can be easily identified. The lowest momen-
Ž 3 .tum peak ;140=10 amu mrs among the three

components in the N 2q channel is formed with the
q ŽN channel, and the highest momentum peak ;

3 . 3q220=10 amu mrs is formed with the N chan-
nel. Consequently, the center peak in the three com-

Ž 3 . 2qponents ;180=10 amu mrs forms two N
fragments. It can be concluded that the three path-

Ž . Ž . Ž . 2qways, 1, 2 , 2, 2 , and 2, 3 , produce the N
fragment ion with different momenta.

Ž .In a similar manner, the 1, 1 pathway is identi-
q Ž .fied in the N channel, in addition to the 1, 2

pathway. On the lower momentum side of these two
pathways, a weak tail extending towards the lower
momentum region can be identified. This tail part is

Ž .assigned to the 0, 1 pathway, having much smaller

Ž . 2Fig. 2. Variation of experimental momentum-scaled TOF spectra open circle at the laser-field intensities of 2.1, 3.5, and 6.9 PWrcm for
3q Ž . 2q Ž . q Ž .different channels: N top , N middle , and N bottom . The laser-field intensity increases from the left to the right. In these

momentum-scaled TOF spectra, both the forward and backward peaks exhibit a partially-split double-peak structure with a small shoulder
Ž .on the larger momentum side in all three channels. The assignments of the Coulomb explosion pathway p, q was straightforward on the

Ž .basis of the momentum matching. The least-squares fit was performed by assuming a Gaussian profile solid curve for each component. In
the least-squares fit, constraints were imposed so that a pathway commonly observed in the two different ion-fragment channels, such as
Ž . Ž . Ž .1, 2 , 1, 3 , and 2, 3 pathways, has the same kinetic energy release and the same momentum distribution in those channels.
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momentum release than the Coulomb explosion
pathways. The sharp centered peak in the Nq chan-
nel is assigned to the doubly charged parent ion,
N 2q, which has the same mrq as Nq. These assign-2

ments are consistent with the previous ones obtained
w x w xby the TOF 16,17 and covariance 3,9,12,18 mea-

surements.
In our momentum-scaled TOF spectra, thanks to

Ž .the high resolving power, the 1, 3 pathway, in
which charges are distributed to the two fragment
ions asymmetrically, was identified. This asymmetri-
cal charge distribution is not explicable on the

w xThomas–Fermi–Dirac model 10 , and may be re-
w xgarded as an evidence of a charge localization 31,32 .

Ž .As described later in Section 3.3, the p, q assign-
ments of the peaks performed here were confirmed
by the laser-field intensity dependence of the peak
intensities in the momentum-scaled TOF spectra.

By assuming that a Gaussian profile in the mo-
mentum distribution of the atomic fragments the
least-squares fit to the partially resolved structure of
all the three Nq, N 2q, and N3q ion channels was
performed. The absolute values of the released mo-
mentum defined as the centers of the Gaussian pro-
files were determined with high precision. In the
least-squares fit, a constraint was imposed so that a
pathway commonly observed in different fragment
channels had the same kinetic energy release and the
same momentum distribution in those channels. Such

Ž . q 2qpathways are 1, 2 in the N and N channels,
Ž . q 3q Ž .1, 3 in the N and N channels, and 2, 3 in the
N 2q and N3q channels.

If we assign a single Gaussian profile to represent
Ž . qthe 0, 1 pathway in the tail region of the N

channel on its small momentum side, it could have a
Ž .wide momentum distribution covering the 1, 1 and

Ž .1, 2 regions. However, since it is expected that the
Ž .0, 1 pathway has lower kinetic energy release than

Ž . Ž .the 1, 1 and 1, 2 pathways, its momentum distri-
Ž . Ž .bution may not extend into the 1, 1 and 1, 2

regions. Therefore, a single Gaussian profile is not
appropriate to represent the momentum distribution

Ž .of this weak 0, 1 pathway. This broad momentum
Ž .distribution for the 0, 1 pathway may represent that

the singly charged parent Nq ions are prepared in2

the energy region where the dissociation occurs with
various fragmentation pathways having a wide range
of the kinetic energy release.

Table 1
a Ž .The total kinetic energies eV released after the Coulomb explo-

sion of N in the intense laser fieldb
2

Laser-field intensity 2.1 3.5 6.9
y2Ž .PW cm

2q q q Ž . Ž . Ž .N ™ N qN 6.66 7 6.73 4 6.71 22
3q q 2q Ž . Ž . Ž .N ™ N qN 13.6 1 14.08 6 13.95 22
4q q 3q Ž . Ž . Ž .N ™ N qN 21 2 22.3 9 25.2 72
4q 2q 2q Ž . Ž . Ž .N ™ N qN 24.1 2 25.23 6 26.37 32
5q 2q 3q Ž . Ž . Ž .N ™ N qN 35 1 36.7 3 39.3 12
6q 3q 3q Ž . Ž . Ž .N ™ N qN 50 10 54 3 56.3 42

a Determined from the least-squares fit to the momentum-scaled
TOF spectra in Fig. 2.
b Ž y2 . Ž 2 .The laser-field intensity PW cm is defined as E r pw tL 0 L
Ž .see text .

Ž . Ž . Ž .In consequence, only the 1, 1 , 1, 2 , and 1, 3
pathways were considered in the least-squares fit of
the Nq channel, and the momentum data smaller
than 70=103 amu mrs were not included in the fit.
Similarly, in order to reduce the influence of the
Ž . 2q0, 2 pathway in the tail region of the N channel
on its small momentum side, the momentum data of
the N 2q channel smaller than 110=103 amu mrs
were not included in the fit. The least-squares fit to
the observed profiles were performed with only small
residuals as shown in Fig. 2 for the three different
laser-field intensities. The momentum values for the

Ž . Ž . Ž . Ž . Ž .six pathways, 1, 1 , 1, 2 , 1, 3 , 2, 2 , 2, 3 , and
Ž .3, 3 , were determined with high precision, and the
corresponding released kinetic energies are listed in
Table 1. It can be found that there is a weak depen-
dence of the released kinetic energy on the laser-field
intensity; as the laser-field intensity increases, these
values tend to increase. However, the magnitude of
the shifts is comparable with the uncertainties associ-
ated with the determined released kinetic energies.

The observed width of the momentum distribution
Ž .of the atomic fragments has a contribution from: 1

the distribution of a momentum transferred after the
Ž .Coulomb explosion; 2 the initial momentum distri-

bution of the parent molecules at room temperature;
Ž .and 3 a limited velocity resolution determined by

the diameter of the MCP detector. The contribution
Ž .from 3 will be discussed in Section 4.2. Our suc-

cessful fit of the momentum distributions of the
fragment ion channels described above indicates that
the Gaussian profiles are appropriate to represent the
mixture of these three contributions.
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As shown in Fig. 2, the relative contributions of
Ž .the p, q channels have a clear dependence on the

laser-field intensity. For example, when the N 2q

channel data recorded at three different laser-field
intensities are compared, the peak intensity of the
Ž . Ž .2, 2 pathway relative to that of the 1, 2 pathway
increases clearly as the laser-field intensity increases.
This variation means that the abundance of the higher
charged parent ion, N4q, relative to the lower charged2

parent ion, N3q, increases as the laser-field intensity2

increases. It can be said that this laser-field intensity
dependence of the peak height in the momentum-
scaled TOF represents that of the formation of the
multiply charged parent ions. The quantitative analy-
sis of the laser-field intensity dependence will be
described in Section 3.3.

3.2. Intensity scaling of momentum-scaled TOF spec-
tra

It should be noted that the intensity scale along
the ordinate of the momentum-scaled TOF spectra in
Fig. 2 is calibrated with respect to the charge number
of the fragment. When the TOF mass spectrum
represented as a function of the flight time is con-
verted to the momentum distribution, the scale along
the abscissa is multiplied by the charge number, q,

Ž .of the ion fragment, according to Eq. 2 . Therefore,
in order to compare the relative yields of the frag-
ments representing the different explosion pathways
shown in Fig. 2, the observed signal intensity along
the ordinate in the TOF spectrum is divided by the
charge number. In Fig. 2, the intensity along the
ordinate represents the scaled intensity.

Even after such scaling, it was found that the peak
Ž . q Ž .represented as 1, 2 in the N channel and the 1, 2

peak in the N 2q channel had different intensities.
The total amount of the Nq ions produced from the
Ž . 2q1, 2 pathway should be equal to that of the N
ions from the same pathway. Therefore, the differ-
ence in the intensities of these peaks can be ascribed
to that in the detection efficiency of the ionic frag-
ments with a different charge number. The correction
factor to account for the difference in the detection
efficiency can be determined by the ratio of the peak

Ž . q Ž q.area of the 1, 2 pathway of the N channel, s N ,
2q Ž 2q.and that of the N channel, s N . The peak

areas were calculated from the deconvoluted Gauss-

ian profiles, which were optimized by the least-
squares fit to the partially resolved peaks in the
momentum-scaled TOF spectra. From the compari-
son of the two peak areas, the scaling factor,
Ž 2q. Ž q. 2qs N rs N , of the N channel with respect

to the Nq channel was determined to be
Ž 2q. Ž q. Ž .s N rs N s1.50 10 as an averaged value at

2 Ž .3.5, 6.9, and 10.4 PWrcm Fig. 2 .
In a similar manner, the scaling factor of
Ž 3q. Ž 2q. Ž .s N rs N s1.24 16 was obtained from the

Ž .2, 3 pathway, which is commonly observed in the
2q 3q Ž 3q. Ž q.N and N channels. Since s N rs N s
Ž 3q . Ž 2q . Ž 2q . Ž q .s N rs N = s N rs N holds,
Ž 3q. Ž q. Ž .s N rs N s1.86 26 was determined. The

similar factors were obtained for the fragment ion
channels of the Coulomb explosion processes of NO
w x25 .

3.3. Laser-field intensity dependence of the Coulomb
explosion pathways

By using the determined areas of the deconvo-
luted Gaussian profiles in the momentum-scaled TOF
spectra measured at the six different laser-field inten-

Ž 2 .sities 0.73, 1.0, 1.4, 2.1, 3.5, and 6.9 PWrcm , the
intensity dependences of the relative abundances of
the seven Coulomb explosion pathways are plotted
as shown in Fig. 3. As clearly shown in Fig. 3d, the

q 2q Ž .N and N channels of the 1, 2 pathway exhib-
ited almost the same laser-field intensity dependence.
A similar correlation was observed in Fig. 3b for the

2q 3q Ž .N and N channels of the 2, 3 pathway. These
agreements of the intensity dependence for the N pq

qq Ž .and N channels for the p, q pathway securely
confirmed the assignments of the explosion path-
ways performed in Section 3.1 on the basis of the
momentum matching in the momentum-scaled TOF

Ž .spectra in Fig. 2. In addition to the p, q pathways,
the center peak in the Nq channel representing the
N 2q parent ion was also fitted using the Gaussian2

profile to discuss the relative abundance of the
Coulomb explosion pathways. Furthermore, the con-

Ž .tribution of the 0, 1 pathway, exhibiting the broad
distribution in the momentum-scaled TOF spectra in
the Nq channel, was predicted by subtracting the
optimized Gaussian profiles of the N 2q pathway and2

Ž . Ž . Ž .of the 1, 1 , 1, 2 , and 1, 3 pathways from the
observed momentum-scaled TOF spectrum for the
Nq channel.
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Fig. 3. The laser-field intensity dependence of the fragment ion
yields obtained after the Coulomb explosion of N in an intense2

laser field. The ion yields were derived from the area of the
Gaussian distributions determined by the least-squares fit to the
experimental momentum-scaled TOF spectra. The detection effi-
ciencies for N 2q and N3q ions were calibrated to the Nq ion
Ž .see text . The fragment ions are classified by the change state of

Ž . 3q Ž . Ž . 3qthe parent N ions: a N from the 3, 3 pathway, b N2
Ž . 2q Ž . Ž . Ž . 2q Ž .` and N I from the 2, 3 pathway, c N I from the
Ž . 3q Ž . q Ž . Ž .2, 2 pathway, and N ` and N ^ from the 1, 3

Ž . 2q Ž . q Ž . Ž . Ž .pathway, d N I and N ^ from the 1, 2 pathway, e
q Ž . Ž . Ž . q Ž . Ž .N ^ from the 1, 1 pathway, and f N ^ from the 0, 1

pathway. The uncertainties of fit were also presented for all the
Ž . Ž .pathways except the 0, 1 pathway. The errors for the 0, 1

pathway were estimated to be within the size of the open circle.
The laser-field dependence of the fragment ion yield confirmed
the assignment of the explosion pathways proposed from the
momentum matching.

In the case of the Nq and N3q channels of the
Ž . q1, 3 pathway, the slope for the N channel is
relatively shallower than the N3q channel in the low

laser-field intensity region as shown in Fig. 3c.
q Ž .However, considering the N channel of the 1, 3

pathway exhibits relatively large uncertainties due to
its very small peak height, the laser-field intensity
dependences of these two channels are in agreement
with each other. It is interesting to note that the N3q

Ž .intensity for the 1, 3 pathway exhibits almost the
2q Ž .same dependence as the N intensity for the 2, 2

pathway in Fig. 3c. This coincidence indicates that
2q Ž . q 3qthe N from the 2, 2 pathway and N and N

Ž .from the 1, 3 pathway are produced from the same
charged state of the parent ions, i.e. N4q, and that2

Ž . Ž .the branching ratio to produce the 1, 3 and 2, 2
pathways is not influenced sensitively by the laser-
field intensity.

Ž .In a similar manner as the 0, 1 pathway, the
Ž .contribution of the 0, 2 pathway was derived from

the momentum-scaled TOF spectra for the N 2q

channel in the small momentum region. The laser-
Ž .field intensity dependence of the 0, 2 pathway is

Ž .plotted in Fig. 3e in comparison with the 1, 1
pathway. The variation of the relative yield of the
Ž .0, 2 pathway is in a good agreement with that of

Ž .the 1, 1 pathway, which supports the assignment of
Ž .the 0, 2 pathway to the weak and broad distribution

in the N 2q channel.

4. Information contained in MRMI maps

4.1. Construction of MRMI maps from obserÕed
momentum-scaled TOF spectra

The MRMI maps for the Coulomb explosion of
N were obtained by rotating the laser polarization in2

a stepwise manner. The half-wave plate was rotated
manually with an angle interval of 68, which corre-
sponds with a polarization angle interval of 128. In
total ;15 high-resolution TOF spectra were taken
to construct an MRMI map. The MRMI patterns
were constructed using all the data covering the 1808

rotation. Information obtained from the angles be-
tween 1808 and 908 should be the same as that from
the angles between 08 and 908, since a point symme-
try is expected with respect to the origin of the
two-dimensional momentum plane. The degree of
asymmetry in the observed MRMI pattern with re-
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spect to the line connecting the 08 and 1808 posi-
tions, was used as diagnostics of the variation of the
experimental conditions during the repetitive TOF
data acquisition.

As shown in Fig. 4, the MRMI map is constructed
by the contours connecting smoothly the same inten-
sity level of the momentum-scaled TOF spectra ob-
served at the different laser polarization angles, a ,
with respect to the detection axis. In the upper panels
of Fig. 1, the contour plots of the MRMI pictures for
the Nq, N 2q, and N3q channels are displayed on a
two-dimensional momentum plane. The shape of the
cross-section along the vertical and horizontal axes
in the imaging pictures corresponds with the mass-
split patterns obtained when the laser polarization
direction is parallel and perpendicular, respectively,
to the TOF detection axis.

As clearly seen in the crescent-shaped domains in
the three maps, the momentum of charged atomic
fragments increases as the charge number of the
fragment increases, and the angle spanned by the arc
along the crescent-shaped distribution tends to be-
come smaller. The increase of the momentum re-
flects the fact that the larger kinetic energies are
released after the Coulomb explosion when the charge

number of the parent N Ž pqq .q ion becomes larger.2

The decrease of the angle spanned by the arc reflects
the fact that the extent of the alignment of an N–N
molecular axis along the laser polarization becomes
larger for the higher charged parent ions. This align-
ment effect will be described quantitatively in Sec-
tion 4.2.

In the Nq channel, outside the clear crescent-
shaped area, the less pronounced crescent can be
seen. When we compare this imaging figure with the
mass-pattern in the Nq channel in Fig. 2, the assign-
ment of these areas is straightforward. The inner and
outer crescent-shaped regions correspond with the
Ž . Ž .1, 1 and 1, 2 pathways. This kind of inner and
outer crescent structure can also be seen in the
MRMI picture of the N 2q channel. When we com-
pare MRMI patterns of the Nq and N 2q channels in
Fig. 1 expressed with the same momentum scale, the
area of the outer crescent in the Nq channel almost
overlap with the inner crescent in the N 2q channel.
Considering the discussion in Section 3.1, this coin-
cidence means that the momentum distributions of
the Nq and N 2q coincide with each other, and both
of the distributions are assigned as the contribution

Ž .from the 1, 2 pathway. As has been demonstrated

Fig. 4. Illustration of the MRMI procedure. An MRMI map is constructed from momentum-scaled TOF spectra measured with various
angles a between the laser polarization and the detector direction. The five experimental momentum-scaled TOF spectra of N 2q at 3.5
PWrcm2 with the angles of as18, 138, 258, 498, and 918 are shown on the left-hand side of the MRMI map. Each of the
momentum-scaled TOF spectra corresponds to the cross-section of the MRMI map at the angle a . In total seventeen momentum-scaled TOF
spectra were used to construct the contour MRMI map presented here.
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here, one of the advantages of the MRMI method is
that the correlation between multiply charged frag-
ments is identified securely by comparing corre-
sponding two-dimensional momentum areas having
information of both momentum and angular distribu-
tions of the fragment ions.

4.2. Theoretical synthesis of MRMI maps

When the detector size is infinitely small, an
MRMI map represents the exact probability density
distribution of the fragment ions on a momentum
plane. However, since the area of the MCP detector
is finite in practice, there is a certain limitation in the
angular and the radial resolutions of the MRMI map.
Therefore, it is necessary to know how the informa-
tion of the Coulomb explosion dynamics is encoded
in the MRMI map, and to establish a procedure to
decode the dynamical information as precise as pos-
sible from an observed MRMI map.

If we define the angular resolution as an effective
acceptance angle of the fragment ions by the detec-
tor, the angular resolution 2d , which is a function of

Ž .the detector size ds18 mmf and the flight time T
w xof the fragment ions of interest, is given as 24 :

md°
y1sin p )mdr2TŽ .0~ 2Tpds , 3Ž .0¢pr2 p Fmdr2TŽ .0

where m represents the mass of the fragment ion.
Though the effective acceptance angle tends to be-
come smaller for the ion fragments with a larger
momentum, it falls in d;108 for fast ions produced
through the Coulomb explosion. This angular resolu-

Ž .tion is comparable with the angular interval 128 of
the polarization axis. For example, the acceptance

2q 3q Ž .angles for N and N fragments for the 2, 3
pathway become d;98, while that for Nq frag-

Ž .ments for the 1, 1 pathway is 128.
If fragment ions have a constant momentum p ,0

the radial momentum resolution originates from the
time delay between the ions that reach the center of
the detector and the ions that hit the edge of the
detector. The momentum resolution D p is expressed
as:

D psp 1ycos d . 4Ž . Ž .0

For the Nq, N 2q, and N3q fragments, the radial
resolution on a momentum plane higher than D prp0

s5% can be attained when the momentum exceeds
63=103, 90=103, and 109=103 amu mrs, re-
spectively.

These results indicate that both the radial and
angular resolutions on the momentum plane are suf-
ficiently high for ions with large released momenta
produced through a typical Coulomb explosion, so
that the interpretation of the MRMI maps is rather
straightforward. However, for ions with smaller mo-

3 qq Ž .menta than ;70=10 amu mrs for N qs1–3
ions, the MRMI map would exhibit the momentum
distributions deformed considerably from its original
form by the finite resolution limited by the detector
size. The extraction of the original momentum distri-
bution function from the MRMI maps would require
simultaneous consideration of the angular and the
radial resolutions on the momentum plane as ex-

Ž . Ž .pressed in Eqs. 2 and 3 .
Since the MRMI maps are constructed from the

TOF spectra in the momentum scale obtained with
different polarization directions with respect to the
detector, it is necessary to understand first how the
momentum-scaled TOF spectrum taken with a finite
detector area is deformed from the original momen-
tum distribution. The experimental momentum-scaled
TOF spectrum can be considered as that obtained
when an ideal momentum-scaled TOF spectrum ob-
tained with an infinitely small detector area is convo-
luted with a certain instrumental function. Thus, in
order to derive the detailed information about the
original radial and angular distribution on the mo-
mentum plane, it is necessary to deconvolute the
experimental momentum-scale TOF spectra.

To find the convolution function in momentum
space, we assume that the momentum distribution

Ž .function P p, b is separable into two components,
Ž .i.e., the radial momentum distribution P p and

Ž .angular momentum distribution P b , where the
angle b is defined as the polar angle from the
polarization direction as shown in Fig. 5. Further-
more, the ejected ions are assumed to have a single

Ž . Ž .radial momentum, P p sd pyp , and the angu-0
Ž .lar distribution, P b , axially symmetric with re-

spect to the polarization vector e of the laser light. If
Ž .the momentum–space fixed frame X , Y , Z isp p p

introduced with the Z axis directed towards thep
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Fig. 5. Illustration of the coordinate system in the momentum
Ž .space X – Y – Z adopted in the present study. The Z -axis isp p p p

directed towards the direction of the ion detector of the TOF mass
spectrometer. The laser polarization vector e , which is located in
the X – Z plane, spans a polar angle a with respect to the Zp p p

axis. The momentum vector p , along which the fragment ions0

which are ejected from the origin of the coordinate system, is
Ž .expressed with the angular coordinates u , w . The angle b ,

defined as the angle between the polarization vector e and the ion
ejection vector p , can be expressed in terms of the three angle0

parameters, a , u , and w as given in text.

Ž .detector Fig. 5 , the ion-ejection direction and the
laser polarization vectors are expressed with the

Ž . Ž .angular coordinates u , w and a , 0 , respectively.
By using these coordinates, the angle b can be
expressed as

bscosy1 sin a sin u cos wqcos a cos u . 5Ž . Ž .
Therefore, the angular intensity d I of the ions ejected
in a polar angle between u and uqdu is given as:

2p 2d Is P b p sin u du dwŽ .H 0
0

2p2sp sin u du P b dw . 6Ž . Ž .H0
0

Since the component of the ion momentum along the
detector direction is expressed as p sp cos u , thed 0

distribution density function, d Ird p is given as:d

d I 2p

sp P b dw . 7Ž . Ž .H0d p 0d

Ž .Therefore, a convolution function, g p , p , cor-a d 0

responding to the TOF spectrum for the ions with a
single momentum, p , is expressed as:0

Ž .g p , pa d 0

2p
< <Ž .p P b dw p yD pF p F pŽ .H0 0 d 0s . 80 Ž .½

< <0 p F p yD pŽ .d 0

In general, the TOF spectra in the momentum scale
may be expressed as:

`

G p s P p g p , p d p , 9Ž . Ž . Ž . Ž .Ha d 0 a d 0 0
0

which is applicable to any ion species irrespective of
the magnitude of the released momentum p . Thus,0

Ž .when the momentum distribution function P p0
Ž .and the angular distribution function P b are pro-

vided, the TOF spectra in momentum space can be
simulated for an arbitrary angle a between the de-

Ž .tector and the polarization direction by using Eq. 9 .
Since an MRMI map is constructed from the

momentum-scaled TOF spectra, the MRMI map can
be simulated in a straightforward manner from the
calculated momentum-scaled TOF spectra. A simu-
lated MRMI map for the N3q ion ejected through

Ž . Ž .the 2, 3 pathway is shown in Fig. 6a, where P p0

is approximated by a Gaussian with the peak mo-
mentum p s223=103 amu mrs and the FWHM0

D p s37.9=103 amu mrs. The angular distribu-0
Ž . ktion was approximated to be P b scos b and the

Ž .experimental result for the 2, 3 pathway as shown
in Fig. 1 was best reproduced with ks7.5.

Ž .Previously, we reported ks7.0 5 based on the
experimental MRMI map of the N3q ion produced

Ž . w xthrough the 2, 3 pathway 24 . When the k value is
estimated from the simulated MRMI map in a simi-

Ž .lar manner, ks7.15 1 was obtained instead of ks
7.5. The reduction of the k value results from the
broader angular distribution than the original one,
which is attributed to the finite angular resolution,

Žsince the radial resolution is sufficiently high D prp
.f1% in this momentum range. Therefore, the pre-

Ž .viously obtained parameter, ks7.0 5 , can be cor-
Ž .rected to be ks7.4 5 by adding the corresponding

shift in k, Dks7.5y7.15s0.35, obtained here for
the theoretical MRMI. This effect of the finite reso-
lutions in the k value is less pronounced for the
smaller k values in the large momentum range,
because the widths of the original angular distribu-
tions along the coordinate b become sufficiently
broader than the angular resolution d . Thus the

Ž . Ž .angular distribution parameters ks2.8 3 and 6.0 5
Ž . Ž .reported previously for the 1, 1 and 2, 2 pathways,

respectively, are expected to represent correctly the
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original distribution within the estimated uncertain-
ties.

Fig. 6b shows an MRMI map simulated for the
same ionic species N3q but with a small radial

Ž 3momentum distribution p s22.3=10 amu mrs,0
3 .D p s3.79=10 amu mrs , which is scaled by0

1r10 from the MRMI simulation presented in Fig.
6a. In this momentum range, the angular resolution

Ž .2d is determined to be 1808 from Eq. 3 , which
indicates that the N3q ions ejected in any directions
can reach the detector. However, as illustrated in
Fig. 6b, even in such a momentum region, the
MRMI map preserves the information of the radial
and angular momentum distribution. Such anisotropic
structures have been observed in the MRMI maps of

q Ž 3SO in slow momentum region -50=10 amu
.mrs , which was produced through the Coulomb

w xexplosion of SO in an intense laser field 24 .2

5. Laser-field intensity dependence of the Coulomb
explosion pathways

In Section 3.3, the laser-field intensity depen-
dence of the Coulomb explosion pathways was dis-

cussed in terms of the area of the deconvoluted
Gaussian profiles in the momentum-scaled TOF
spectra. In order to compare quantitatively the rela-
tive yields of the fragment ions produced through the
various explosion pathways, the difference in their
angular distributions discussed in Section 4.2 should
be taken into account.

Ž .An MRMI map, G p , represents the densitya

distribution of fragment ions on a momentum plane
in the large momentum region. Therefore, the total
yields of the fragment ions can be derived by inte-

Žgrating of the MRMI map along the angular polar
.and azimuthal and radial coordinates in the three-di-

mensional momentum space, where the z-axis in the
momentum plane is located on the laser polarization
axis.

In order to take into account the finite size of the
ion detector of the TOF spectrometer, the integration
was performed by the following procedures. First,
the azimuthal integration factor A is introduced,
which is a ratio of the azimuthally integrated area at
a certain polar angle a to the area spanned by the
ion detector in the momentum space. Using the angle
between the detector and the laser polarization direc-
tion, a , and the acceptance angle of the detector, d ,

Fig. 6. The theoretically synthesized MRMI map for the N3q ion, with the time of flight, Ts3.6 ms, and the detector size of ds18 mmf.
Ž . Ž .a The simulated MRMI map for the 2, 3 pathway: the radial momentum distribution is expressed as a Gaussian shape with the peak
momentum, p s223=103 amu mrs, and the FWHM D p s37.9=103 amu mrs, which were determined from the Gaussian fit to the0 0

Ž . kmomentum-scaled TOF spectrum as explained in Section 3.3. The angular distribution was approximated by P b scos b , with bs7.5.
Ž . Ž .The simulated MRMI shows a clear crescent-shaped region, in good agreement with the experimental MRMI Fig. 1 . b The simulated

3 Ž .MRMI map for the small momentum region below 50=10 amu mrs. The radial momentum distribution is scaled by 1r10 from a , i.e.,
p s22.3=103 amu mrs and D p s3.79=103 amu mrs. It can be noticed that the MRMI map carries the information of the original0 0

momentum distribution even when the acceptance angle for the detector becomes 1808.
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Table 2
The relative abudances of the fragmentation pathways from N Ž pqq .q produced in the intense laser field at six different intensitiesa

2

y2Ž .Laser-field intensity PW cm 0.73 1.0 1.4 2.1 3.5 6.9
q qN ™ NqN 0.43 0.35 0.29 0.19 0.16 0.132
2q 2qN ™ NqN 0.02 0.03 0.02 0.03 0.04 0.032
2q q qN ™ N qN 0.45 0.47 0.37 0.30 0.24 0.192
3q q 2qN ™ N qN 0.10 0.15 0.22 0.27 0.25 0.232
4q q 3q b bN ™ N qN – – 0.05 0.05 0.05 0.052
4q 2q 2q b bN ™ N qN – – 0.04 0.14 0.20 0.252
5q 2q 3q b bN ™ N qN – – 0.01 0.02 0.05 0.092
6q 3q 3q b bN ™ N qN – – 0.00 0.00 0.01 0.032

a Ž 2 . Ž .Defined as E r pw t see text .L 0 L
b Not identified.

Ž .as defined in Eq. 3 the integration factor A is
expressed as

Ž . Ž .2 sin a sin dr 1ycos d d - a
Ž .A p , a s .½ w xŽ . Ž . Ž .1ycos a qd r 1ycos d d ) a

10Ž .
Ž .By multiplying the factor, A p, a , to the every

point on the MRMI map, the integration along the
azimuthal coordinate was performed.

² Ž .:The resultant MRMI map, G p sa

Ž . Ž .A p, a G p , obtained after the azimuthal integra-a

tion, which is referred to as the azimuthally inte-
grated MRMI map, was further processed to the
two-dimensional radial and polar angle integrations.
The yields of fragment ions in a specific pathway
can be derived by integrating the corresponding re-
gion of the azimuthally integrated MRMI map along
the radial and polar angle directions. For simplicity,
the boundaries of the integration regions were ap-
proximated by constant-momentum circles on the
azimuthally-integrated MRMI map. The radius of the
momentum circle dividing the two explosion path-
ways was approximated by the momentum at the
crossing point of the two deconvoluted Gaussian
functions in the momentum-scaled TOF spectra. The
total yields of the ions derived from the three-dimen-
sional integrations of the MRMI map at the laser-field

2 Ž .intensity of 3.5 PWrcm Fig. 1, upper panels are
listed in Table 2 for the seven explosion pathways.

The integrated ion yields at five different laser-
field intensities other than 3.5 PWrcm2 were de-

Ž .rived in a following scheme: 1 the conversion
factor from the area under the optimized Gaussian
profile to the integrated ion yields was derived at 3.5
PWrcm2 for each fragmentation pathway, and then

Ž .2 the integrated ion yield for each of the five
laser-field intensities was obtained by multiplying
the determined conversion factor to the Gaussian
area for each pathway in the momentum-scaled TOF
spectra under the assumption that the conversion
factors are independent of the laser intensity. The

Ž .determined relative yields of the eight p, q path-
ways exhibited pronounced dependences on the
laser-field intensity as shown in Table 2, reflecting
the variation of the peak laser-field intensity at the
focal point as well as that of the laser focal volume.

The relative abundances of the parent ions of
N Ž pqq .q prior to the fragmentation are plotted in2

Fig. 7 as a function of the laser-field intensity. The
abundances for Nq, N3q, N5q, and N6q were de-2 2 2 2

Ž .rived directly from the relative yields for the 0, 1 ,
Ž . Ž . Ž .1, 2 , 2, 3 and 3, 3 pathways, respectively, while
those for N 2q and N4q were derived as the sum of2 2

Fig. 7. The three-dimensional presentation of the abundances of
pq Ž .the singly and multiply charged parent ions, N ps1–6 ,2

prior to the fragmentation plotted as a function of the laser-field
intensity and the charge number. The relative abundances of the
parent ions were calculated from the yields of the corresponding
explosion pathways in Table 2.



( )A. Hishikawa et al.rChemical Physics 231 1998 315–329328

Ž . Ž .the 0, 2 and 1, 1 pathways and as the sum of the
Ž . Ž .1, 3 and 2, 2 pathways, respectively. As the laser-
field intensity increases, the yields of the N Ž pqq .q

2

ions decrease monotonically for pqqs1 and 2,
while those for pqqG4 increase gradually. The
intermediate behavior can be seen for N3q, i.e. the2

yield for pqqs3 increases in the low laser-field
intensity region, and reaches maximum at 2.1
PWrcm2, and then decreases in the higher laser-field
region. It should be stressed that the procedure to
evaluate the relative yields of the Coulomb explosion
pathways from the MRMI maps introduced in the
present study enabled us to derive the laser-field
intensity dependence of the abundances of the singly
and multiply charged parent N Ž pqq .q ions relevant2

to the fragmentation processes in the intense laser
field.

6. Summary and conclusions

Ž .1 The high-resolution TOF mass spectra of the
Nq, N 2q, and N3q ions produced after the Coulomb
explosion were measured at six different laser-field
intensities ranging from 0.73 to 6.9 PWrcm2. The
dependence of the fragment-ion abundances on the
laser-field intensity supported the assignments of the
Coulomb explosion pathways proposed by the mo-
mentum matching of the fragment ions. It has been
demonstrated that the high resolving power of the
TOF spectrum is powerful to correlate the fragment
ions formed after the Coulomb explosion. In total the

Ž . Ž . Ž . Ž .six explosion pathways, 1, 1 , 1, 2 , 1, 3 , 2, 2 ,
Ž . Ž .2, 3 , and 3, 3 , were identified in addition to the
Ž . Ž .0, 1 and 0, 2 dissociation pathways.

Ž .2 Imaging techniques have been used to visual-
ize the angular distribution of the photofragments

w xproduced after the photodissociation 47–50 , and
found to be useful to investigate the mechanism of
photodissociation processes. Since a number of ion
species were ejected from the multiply charged par-
ent ions almost at the same time in the case of the
molecular Coulomb explosion, a technique for mass
selection should be combined for such an imaging
method. In the present study, by rotating a laser
polarization angle with respect to the detection axis
of the TOF mass spectrometer, the angular and radial

qq Ž .momentum distributions of N qs1–3 fragment

ions were obtained in the form of the MRMI maps.
The MRMI map visualizes angular information of a
momentum distribution of mass-selected fragment
ions on a two-dimensional plane. From the maps, the
assignments of the explosion pathways derived from
the momentum-scaled TOF spectra were confirmed
by comparing the crescent-shaped radial and angular
momentum distributions of the fragment ions in the
different charge channels.

Ž .3 A method to construct theoretical MRMI maps
was introduced, in which a finite ion detector size
was taken into account. From the theoretical simula-
tions of the MRMI maps, it has been explained how
the dynamical information is encoded in the two-di-
mensional MRMI map, and the procedure to extract
the information about the ultrafast Coulomb explo-
sion processes from the MRMI is discussed. A gen-
eral procedure was also proposed to evaluate the
relative yields of the explosion pathways from the
three-dimensional integration of the MRMI maps.
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