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Fragmentation dynamics in the Coulomb explosion of hydrocarbons, specifically methane, ethane,
propane, and butane, are investigated using time dependent density functional theory (TDDFT)
simulations. The goal of this work is to elucidate the distribution of fragments generated under
laser-driven Coulomb explosion conditions. Detailed analysis reveals the types of fragments formed,
their respective charge states, and the optimal laser intensities required for achieving various frag-
mentations. Our results indicate distinct fragmentation patterns for each hydrocarbon, correlating
with the molecular structure and ionization potential. Additionally, we identify the laser parameters
that maximize fragmentation efficiency, providing valuable insights for experimental setups. This
research advances our understanding of Coulomb explosion mechanisms and offers a foundation for
further studies in controlled molecular fragmentation.

I. INTRODUCTION

Coulomb explosion, a process where molecules undergo
rapid ionization resulting in repulsive interactions be-
tween charged fragments, has garnered significant atten-
tion due to its relevance across various scientific and tech-
nological domains. The advent of ultra-intense femtosec-
ond lasers has made it possible to probe this phenomenon
with high temporal resolution, making it a key subject
of both theoretical and experimental investigations. Ap-
plications of Coulomb explosion span molecular imaging
[1–26], structural dynamics [27–38], generation of bright
keV x-ray photons [39, 40], and production of highly en-
ergetic electrons [41]. In addition, fragment formation
during Coulomb explosion has been extensively studied
[36, 42–53].

Hydrocarbon molecules, particularly methane, ethane,
propane, and butane, have been used as precursors in
numerous Coulomb explosion experiments [46, 54–58].
These studies have reported key observations such as the
kinetic energies of ejected protons, emission spectra from
the resulting plasma, and fragment yields over a range of
pulse intensities. However, a comprehensive dynamical
description of the fragmentation process is often miss-
ing—there has been limited focus on identifying the opti-
mal laser pulse parameters and intensities that maximize
fragmentation efficiency for the first four alkanes in the
series.

Previous theoretical efforts to model Coulomb explo-
sions include classical models, which neglect quantum ef-
fects [3, 5, 59], semiclassical methods [11, 60], and ab
initio approaches [61–72]. Classical models often assume
purely repulsive forces between positively charged atomic
cores, lacking the attractive forces from electron densities
that could form bonds and define molecular fragments.
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In contrast, ab initio methods, such as TDDFT [73, 74],
capture these electron interactions, allowing for the for-
mation of bonded fragments that classical models cannot
represent. Given TDDFT’s proven accuracy in reproduc-
ing experimental results [62, 64–67], we have selected this
approach for our study.

In this work, we employ TDDFT simulations to com-
prehensively examine the fragmentation dynamics of hy-
drocarbons under Coulomb explosion induced by intense
laser fields. This study is motivated by recent experi-
ments that observed CH radicals and other fragments re-
sulting from the Coulomb explosion of ethene [75] and bu-
tane [76]. The results are somewhat surprising, as earlier
experiments [29, 67] primarily demonstrated that strong
laser pulses predominantly stripped protons from hydro-
carbon molecules via a CH bond stretching mechanism.
We will analyze the nature and charge distributions of
the resulting fragments, as well as the electron dynam-
ics during ionization and the post-ionization molecular
motion. Furthermore, we will identify the laser intensi-
ties that yield optimal fragmentation, providing critical
insights for designing experiments.

Our focus on methane, ethane, propane, and butane
allows us to uncover distinct fragmentation behaviors
linked to the molecular structure and ionization poten-
tials of these hydrocarbons. By pinpointing the laser
parameters that maximize fragmentation efficiency, this
study enhances the understanding of Coulomb explosion
mechanisms and lays the groundwork for future investi-
gations into controlled molecular fragmentation.

II. COMPUTATIONAL METHOD

The simulations were performed using TDDFT for
modeling the electron dynamics on a real-space grid with
real-time propagation [77], with the Kohn-Sham (KS)
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Hamiltonian of the following form

ĤKS(t) = − ℏ2

2m
∇2 + Vion(r, t) + VH[ρ](r, t)

+VXC[ρ](r, t) + Vlaser(r, t).

(1)

Here, ρ is the electron density which is defined as the
density sum over all occupied orbitals:

ρ(r, t) =

Norbitals∑
k=1

2|ψk(r, t)|2, (2)

where the coefficient 2 accounts for there being two elec-
trons in each orbital (via spin degeneracy) and k is a
quantum number labeling each orbital.
Vion in Eq. (1) is the external potential due to the ions,

represented by employing norm-conserving pseudopoten-
tials centered at each ion as given by Troullier and Mar-
tins [78]. VH is the Hartree potential, defined as

VH(r, t) =

∫
ρ(r′, t)

|r− r′|
dr′, (3)

and accounts for the electrostatic Coulomb interactions
between electrons. The term VXC is the exchange-
correlation potential, which is approximated by the adi-
abatic local-density approximation (ALDA), obtained
from a parameterization to a homogeneous electron gas
by Perdew and Zunger [79]. The last term in Eq. (1),
Vlaser is the time–dependent potential due to the elec-
tric field of the laser, and is described using the dipole
approximation, Vlaser = r · Elaser(t). The electric field
Elaser(t) is given by

Elaser(t) = Emax exp

[
− (t− t0)

2

2a2

]
sin(ωt)k̂, (4)

where the parameters Emax, t0, and a define the max-
imum amplitude, initial position of the center, and the
width of the Gaussian envelope, respectively. ω describes
the frequency of the laser and k̂ is the unit vector in the
polarization direction of the electric field.

At the beginning of the TDDFT calculations, the
ground state of the system is prepared by performing
a Density-Functional Theory (DFT) calculation. With
these initial conditions in place, we then proceed to prop-
agate the Kohn–Sham orbitals, ψk(r, t) over time by us-
ing the time-dependent KS equation, given as

i
∂ψk(r, t)

∂t
= Ĥψk(r, t). (5)

Eq. (5) was solved using the following time propagator

ψk(r, t+ δt) = exp

(
− iĤKS(t)δt

ℏ

)
ψk(r, t). (6)

This operator is approximated using a fourth-degree Tay-
lor expansion, given as

ψk(r, t+ δt) ≈
4∑

n=0

1

n!

(
−iδt
ℏ

ĤKS(t)

)n

ψk(r, t). (7)

The operator is applied for N time steps until the final
time, tfinal = N · δt, is obtained. A time step of δt = 1
as was used in the simulations.
In real-space TDDFT, the Kohn-Sham orbitals are rep-

resented at discrete points in real space. These points are
organized on a uniform rectangular grid. The accuracy of
the simulations is determined by the grid spacing, which
is the key parameter that can be adjusted. In our simu-
lations, we used a grid spacing of 0.3 Å and placed 100
points along each of the x, y, and z axes.
To enforce boundary conditions, we set the Kohn-

Sham orbitals to zero at the edges of the simulation
cell. However, when a strong laser field is applied, ioniza-
tion can occur, potentially causing unphysical reflections
of the wavefunction at the cell boundaries. To address
this issue, we implemented a complex absorbing poten-
tial (CAP) to dampen the wavefunction as it reaches the
boundaries. The specific form of the CAP used in our
simulations, as described by Manopolous [80], is given
by:

−iw(x) = −i ℏ
2

2m

(
2π

∆x

)2

f(y), (8)

where x1 is the start and x2 is the end of the absorbing
region, ∆x = x2 − x1, c = 2.62 is a numerical constant,
m is the electron’s mass, and

f(y) =
4

c2

(
1

(1 + y)2
+

1

(1− y)2
− 2

)
, y =

x− x1
∆x

.

(9)
As the molecule is ionized by the laser field, the elec-

tron density is directed towards the CAP. Additionally,
the ejected fragments carry their electron density move
towards the CAP. When any electron density into con-
tact with the CAP, it is absorbed. Consequently, the
total electron number

N(t) =

∫
V

ρ(r, t) d3x, (10)

where V is the volume of the simulation box, will diverge
from the initial electron number, N(0). We interpret
N(0)−N(t) as the total number of electrons ejected from
the simulation box.
Motion of the ions in the simulations were treated clas-

sically. Using the Ehrenfest theorem , the quantum forces
on the ions due to the electrons are given by the deriva-
tives of the expectation value of the total electronic en-
ergy with respect to the ionic positions. These forces are
then fed into Newton’s Second Law, giving

Mi
d2Ri

dt2
= ZiElaser(t) +

Nions∑
j ̸=i

ZiZj(Ri −Rj)

|Ri −Rj |3

−∇Ri

∫
Vion(r,Ri)ρ(r, t) dr,

(11)

where Mi, Zi, and Ri are the mass, pseudocharge (va-
lence), and position of the i-th ion, respectively, andNions
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is the total number of ions. This differential equation was
time propagated using the Verlet algorithm at every time
step δt. This approach has been successfully used to de-
scribe the Coulomb explosion of molecules [62, 64–67].

In each simulation, the ion velocities are initialized us-
ing a Boltzmann distribution corresponding to 300 K.
In typical Coulomb explosion experiments, molecules are
introduced into the chamber via a cold molecular beam,
and the intense laser field rapidly heats them to high
temperatures. Since the molecular temperature changes
dynamically during the process, initializing the velocities
at 300 K serves as a practical approach to facilitate the
exploration of diverse fragmentation pathways. If the ion
velocities were held constant, the simulations would yield
identical fragmentation outcomes, thus constraining the
statistical variability of the results. To ensure a compre-
hensive distribution of data, more than 50 simulations
were conducted for each molecule, allowing for the for-
mation of CnHm fragments in several instances across
all tested molecules. Due to limited computational re-
sources, no further simulations were performed.

Each molecule in the simulations was positioned at the
center of the simulation box, with its longest molecular
axis aligned along the x-axis and its shortest axis ori-
ented along the z-axis. In every simulation, the electric
field was polarized along the x-axis to maximize ioniza-
tion [62]. In experimental settings, this precise molecular
alignment can be achieved depending on the alignment
scheme and the molecule’s polarizability [2].

In the following section, we present the results from a
substantial number of simulations conducted on the first
four alkanes: methane (CH4), ethane (C2H6), propane
(C3H8), and butane (C4H10), using a laser intensity de-
termined to optimize fragmentation. The laser param-
eters, including wavelength and duration, were modeled
after the pulse described in [76], which follows the func-
tional form outlined in Eq. (4). Thus, for all simulations,
the wavelength was set to 890 nm, and the laser pulse
duration was set to 7.8 fs (FWHM). The only varying pa-
rameter in our simulations was the laser intensity, which
was adjusted to explore the ionization, fragmentation,
and dissociation ranges for the selected alkanes.

A. Methane (CH4)

The electron densities and molecular dynamics of a
CH4 molecule during a Coulomb explosion simulation are
illustrated in Fig. 1. These snapshots are from one of
the 71 simulations conducted using CH4 as the precur-
sor molecule. Initially, the snapshots show how the laser
field rips the electron density away from the molecule,
triggering rapid ionization. As shown in the figure, sig-
nificant ionization begins when the electric field magni-
tude reaches approximately 5.5 V/Å at 14 fs. The ion-
ization process concludes when the laser field falls be-
low 6 V/Å at around 24 fs, leaving the molecule with
5.3 valence electrons. This near-triple ionization creates

strong Coulomb repulsion between the resulting frag-
ments, causing them to separate rapidly.
In our calculations, the electron density is integrated

over a finite volume, resulting in non-integer elec-
tron counts. Non-integral electron numbers are well-
known artifacts of local and semi-local approximations in
TDDFT (such as the ALDA functional), where the ex-
act exchange-correlation (xc) potential is approximated.
Exact xc potentials, unlike local or semi-local approxima-
tions, contain steps and discontinuities that enforce in-
teger electron preferences during molecular dissociation.
When these discontinuities are absent, as in ALDA, dis-
cretization of the wavefunction can lead to fractions of
electrons being ejected, especially under ionization dy-
namics [62, 64–67].
This phenomenon can be interpreted in several ways.

One explanation is that approximately 5.3 electrons re-
main localized within the molecular region during the
simulation, with the fractional charge either recombin-
ing with the ionized electron cloud or dissociating over a
longer simulation period. Alternatively, a more practical
interpretation is that the non-integer charge represents
an average: some molecular fragments may retain 5 va-
lence electrons while others retain 6, and 5.3 reflects the
mean electron count per fragment. For example, if a hy-
drogen atom were ejected with a charge of 0.6+, it would
imply that 60% of the time it is detected as a 1+ ion and
40% as a neutral hydrogen atom.
The ejected hydrogen fragments are observed mov-

ing toward the CAP, where their electrons are absorbed,
leading to a further (artificial) reduction in the number
of electrons. After the ionization, the remaining frag-
ment (CH2) undergoes structural rearrangement. Fig. 1
depicts the CH2 fragment transitioning from a right-bent
geometry at 70 fs to a linear conformation at 103 fs, and
finally to a left-bent structure at 120 fs. The laser pulse

Ionization Fragmentation Dissociation
Alkane threshold threshold threshold

(W/cm2) (W/cm2) (W/cm2)
CH4 7.0× 1014 1.1× 1015 1.5× 1015

C2H6 6.1× 1014 9.0× 1014 1.5× 1015

C3H8 3.8× 1014 7.0× 1014 1.5× 1015

C4H10 4.5× 1014 7.0× 1014 1.3× 1015

TABLE I: Approximate pulse intensities required for
ionization, fragmentation, and dissociation of the first
four alkanes are presented, with a pulse wavelength of

890 nm and a duration of 7.8 fs (FWHM). Pulse
intensities below the ionization threshold result in

minimal or no dissociation of the molecular structure.
Intensities near the fragmentation threshold cause

partial molecular breakup, leading to the formation of
smaller ionized fragments. Intensities above the
dissociation threshold result in nearly complete

molecular disintegration, with all atoms being ejected
from the molecule.
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FIG. 1: CH4 Coulomb explosion snapshots resulting in the formation of one CH2 molecule and two discharged H
atoms have 1.26+, 0.62+, and 0.84+ charges, respectively (the 0.5, 0.1, 0.01, and 0.001 density isosurfaces are

displayed). The pulse electric field and the number of electrons in the simulation are shown, with vertical dashed
purple lines indicating the specific times in the simulation when each snapshot was captured.

FIG. 2: Average production frequency of each fragment generated in 71 CH4 Coulomb explosion simulations. The
darker columns represent the formation frequency of hydrogen fragments and carbon-containing fragments. The
lighter appended columns indicate the corresponding average charges associated with each produced fragment

used in the Coulomb explosion simulations of CH4 (also
shown Fig. 1) had an intensity of 1.1 × 1015 W/cm2.
This intensity was found to be optimal for inducing frag-
mentation of CH4, as lower intensities (approximately
7×1014 W/cm2 and below) led to ionization without sig-
nificant fragmentation, while higher intensities (approx-
imately 1.5 × 1015 W/cm2 and above) caused complete
molecular dissociation (see Table I). Intermediate laser

intensities, ranging from the ionization to the dissocia-
tion thresholds, were also explored. At intensities be-
tween the ionization and fragmentation threshold, frag-
mentation was less effective, often leading to partial dis-
sociation and the formation of larger fragments, such as
CH3. At intensities between the fragmentation and disso-
ciation threshold, smaller fragments, such as C and CH,
were observed with little diversity. It is important to note
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FIG. 3: Snapshots of the Coulomb explosion of C2H6, illustrating the formation of CH2 and CH3 fragments, which
carry charges of 1.18+ and 1.18+, respectively (the 0.5, 0.1, 0.01, and 0.001 density isosurfaces are shown). The bar

between the two fragments at 120 fs denotes the distance between their center of masses.

FIG. 4: Histogram illustrating the average production frequency and charge of each fragment generated in 50 C2H6

Coulomb explosion simulations.

that in experimental conditions, only part of the target is
exposed to the highest intensity of the laser pulse, while
molecules outside the focal region interact with lower in-
tensity fields. As a result, various fragmentation pro-
cesses can occur simultaneously in experiments.

Fig. 2 illustrates the distribution of fragments and their
corresponding charges resulting from the Coulomb explo-
sion of CH4. The plotted average production frequency
represents the percentage of each fragment type relative
to the total number of fragments produced. Since a sin-

gle simulation can generate multiple fragments, the to-
tal number of fragments exceeds the number of simula-
tions. The data demonstrate that the reaction yields a
range of hydrocarbons smaller than CH4. Among these
fragments, CH is the most frequently observed carbon-
containing species, appearing in 12.8% of the simulations
with an average charge of 0.9+. Hydrogen fragments
are the most commonly detected overall, with an aver-
age charge of 0.6+ (equivalent to 0.4 electrons) as they
approach the CAP. Other fragments, such as CH, CH2,
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and CH3, are also present but occur less frequently. Im-
portantly, no CH4 fragments were observed, indicating
that the laser pulse intensity was sufficiently strong to
dissociate at least one atom from the molecule in every
simulation. On average, the laser ejected 2.72 electrons
per simulation. These simulations help determine the op-
timal pulse parameters and predict the dissociation path-
ways for CH4 in Coulomb explosion fragmentation.

B. Ethane (C2H6)

Fig. 3 presents snapshots from one of the 50 Coulomb
explosion simulations with C2H6 as the precursor
molecule. These snapshots illustrate the interaction be-
tween the electric field of the laser pulse and the electron
density of the molecule. The field stretches and com-
presses the electron density. As shown in the pulse di-
agram in Fig. 3, when the electric field exceeds 5 V/Å,
between 14 fs and 22 fs, rapid ionization occurs, reducing
the valence electron count to approximately 10.7. Follow-
ing the dissipation of the laser pulse at 40 fs, two CH3

fragments are produced. By 60 fs, due to the asymmetric
charge distribution, one of the fragments ejects a hydro-
gen atom. The ionization induces strong Coulomb repul-
sion between the resulting fragments, causing the CH2

and CH3 groups to visibly repel each other throughout
the simulation. Additionally, the snapshots reveal rota-
tional motion of the fragments, particularly within the
CH2 fragment. Between 60 and 94 fs, the CH2 molecule
rotates approximately 90 degrees about the z-axis, fol-
lowed by an additional 90-degree rotation from 94 to 120
fs.

The CH2
+ and CH3

+ fragments are well separated at
the end of the TDDFT simulation in Fig. 3. Fig. 5 shows
how the fragments move after 120 fs assuming that the
two charged fragments interact via the Coulomb poten-
tial and their motion can be described by solving the
Newton equations of motions using the Verlet algorithm.
By the conclusion of the TDDFT simulation, the centers
of mass of the molecules were separated by 6.2 Å. Fig. 5
shows that the acceleration gradually decreases and the
distance between the ions grows linearly. At 500 fs, the
distance between the molecules increased to 45 Å, with
the CH2

+ and CH3
+ groups each exhibiting velocities of

6.6 × 10−2 Å/fs (6600 m/s) and 4.7 × 10−2 Å/fs (4700
m/s), respectively. The large difference in velocity is due
to the difference between the initial velocities of the frag-
ments. In experiment, the velocity of the CH2

+ ion in
Coulomb explosion of methanol has been measured to be
4800 m/s [47], which is within the same magnitude as
in the present calculations. Considering that the laser
intensity used in the simulations is six times higher than
in the experiment, this agreement is remarkably good.

As depicted in Fig. 3, the laser pulse employed in the
Coulomb explosion simulations of C2H6 had an intensity
of 9 × 1014 W/cm2. This intensity was found to be op-
timal for inducing the richest diversity in fragmentation

FIG. 5: Distance (top) and speed (bottom) between the
CH2 and CH3 shown in Fig. 3 from 120 fs to 500 fs.

Note that 1Å/fs is 100000 m/s.

pathways of C2H6. To evaluate the effects of varying
laser intensities, additional simulations were conducted
across a broader range, extending beyond the ionization,
fragmentation, and dissociation thresholds listed in Ta-
ble I. It was determined that 9 × 1014 W/cm2 achieved
the most effective fragmentation because lower intensities
led to weak or incomplete dissociation (producing CH3 or
not dissociating at all) and higher intensities led to over-
dissociation (producing only C2 or complete fragmenta-
tion). Consequently, a pulse intensity of 9×1014 W/cm2

was selected for the 50 simulations, yielding the most
diverse range of fragmentation pathways for C2H6.

Fig. 4 shows the distribution of fragments and their
corresponding charges resulting from the Coulomb ex-
plosion of C2H6. The data reveal that the fragmenta-
tion produces various hydrocarbons smaller than C2H6.
Among these fragments, C2H3 is the most frequently de-
tected carbon-containing species, appearing in 7.7% of
the simulations with an average charge of 1.6+. Hy-
drogen fragments are the most prevalent overall, carry-
ing an average charge of 0.6+ as they are ejected from
the molecule. Other fragments, including CH, CH2, and
C2H3, are also observed but with lower frequencies. No-
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tably, no C2H6 or C2H5 fragments were detected, indi-
cating that the laser pulse intensity was sufficient to dis-
sociate at least two hydrogen atoms from the molecule
in every simulation. On average, the laser ejected 3.42
electrons per simulation.

Although these results have not yet been directly com-
pared to experimental data, they align closely with pre-
vious studies on the fragmentation of ethane [75]. That
study reported various products resulting from ethane’s
Coulomb explosion under different experimental condi-
tions. Our theoretical model successfully predicts most
of these fragments, except for H2, H3, and C2H5. This
discrepancy may arise because, at the fragmentation
laser intensity threshold used in our simulations (see Ta-
ble I), the model ionized an average of 3.42 electrons per
molecule, compared to the single or double ionization ob-
served in the experiments [75]. Furthermore, likely due
to the higher degree of ionization, our model predicts
smaller fragments such as C2H2, C2H, and CH, which
have not yet been observed in ethane Coulomb explosion
experiments.

C. Propane (C3H8)

Fig. 6 shows snapshots from one of the 50 Coulomb
explosion simulations using C3H8 as the precursor
molecule. These images depict how the laser pulse’s elec-
tric field interacts with the molecule’s electron density,
stretching it and expelling it from the molecule, which
leads to fragmentation. According to the pulse diagram
in Fig. 6, rapid ionization occurs when the electric field
intensity exceeds 4 V/Å from approximately 14 fs to 24
fs, resulting in the retention of 14.8 valence electrons in
the molecule. This ionization leads to the ejection of
two hydrogen atoms at 30 fs, followed by the ejection
of three additional hydrogen atoms at 55 fs. At 88 fs
in the simulation, a hydrogen atom is observed trans-
ferring from the C2H fragment to the CH fragment, in-
dicating that molecular rearrangement and bonding can
occur even after the laser-induced ionization. As illus-
trated in the figure, the resulting Coulomb explosion and
subsequent molecular dynamics lead to the formation of
C2H and CH2 fragments. The laser pulse employed in
the Coulomb explosion simulations of C3H8 featured an
intensity of 7× 1014 W/cm2 (refer to Table I for details
regarding the fragmentation pulse intensity threshold).

Fig. 7 presents the distribution of fragments and their
corresponding charges resulting from the Coulomb explo-
sion of C3H8. The data reveals the diverse set of fragmen-
tation pathways achievable with C3H8 as the precursor
molecule, among which C3H is the most commonly ob-
served hydrocarbon, appearing in 2.8% of the simulations
with an average charge of 1.2+. Hydrogen fragments are
the most frequently detected overall, exhibiting an av-
erage charge of 0.6+ as they near the CAP. Other frag-
ments, such as CH, C3, and C3H, are also present but
with a lower formation rate. Importantly, no fragments

of C3H4 or larger were found, suggesting that the laser
pulse intensity was adequate to remove at least five hy-
drogen atoms from the molecule in each simulation. On
average, the laser expelled 5.15 electrons per simulation.

D. Butane (C4H10)

Fig. 8 shows snapshots from one of the 88 Coulomb ex-
plosion simulations conducted with C4H10 in the gauche
conformation the precursor molecule These snapshots
capture the dynamic interaction between the laser pulse’s
electric field and the electron density of the molecule,
which causes the electron density to stretch and be ex-
pelled toward the CAP. As illustrated in the pulse di-
agram in Fig. 8, when the electric field intensity sur-
passes 4 V/Å (between 14 fs and 24 fs), a rapid ioniza-
tion process occurs, leaving 20.5 valence electrons in the
molecule. Similarly to the previous case, by the end of the
laser pulse at approximately 30 fs, two hydrogen atoms
are ejected. Additionally, the CH bond involving the two
hydrogen atoms at the top is significantly stretched, re-
sulting in further ejection around 45 fs. In this instance,
the system ultimately forms a charged C2H2 molecule
along with two charged CH2 fragments.
Fig. 8 depicts the laser pulse parameters used in the

Coulomb explosion simulations of C4H10, which included
an intensity of 7×1014 W/cm2. This intensity was deter-
mined to be optimal for achieving effective fragmentation
of C4H10. To assess the impact of varying laser intensities
on fragmentation, additional simulations were performed
across a spectrum of intensities shown in Table I. It was
found that, similar to the previous cases, that a partic-
ular intensity region centered around 7 × 1014 W/cm2

yielded the most effective fragmentation. Lower inten-
sities resulted in insufficient dissociation, often produc-
ing larger fragments like C2H4 without any free hydro-
gen dissociation, whereas higher intensities led to ex-
cessive dissociation, resulting in only individual atoms
without any bonding. Consequently, a pulse intensity
of 7 × 1014 W/cm2 was selected for the 88 simulations
to ensure a diverse range of fragmentation pathways for
C4H10.
Fig. 9 displays the distribution and charges of frag-

ments resulting from the Coulomb explosion of C4H10.
The data indicate a diverse range of fragmentation prod-
ucts. Among these, CH2 is the most frequently observed
hydrocarbon, appearing in 6.8% of the simulations with
an average charge of 0.9+. Hydrogen fragments are the
most prevalent overall, exhibiting an average charge of
0.6+ as they approach the CAP. Other fragments such
as CH, CH2, and C2H2 are also present but occur less
frequently. the laser pulse intensity was sufficient to re-
move at least three hydrogen atoms from the molecule in
each simulation, as no fragments larger than C3H6 were
detected. On average, the laser ejected 5.54 electrons per
simulation. These results are crucial for optimizing pulse
parameters and predicting the fragmentation pathways
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FIG. 6: C3H8 Coulomb explosion snapshots resulting in the formation of C2H and CH2 fragments with 2.22+ and
0.91+ charges, respectively (the 0.5, 0.1, 0.01, and 0.001 density isosurfaces are shown). The bar between the two

fragments at 120 fs denotes the distance between their center of masses.

FIG. 7: Histogram illustrating the average production frequency and charge of each fragment generated in 50 C3H8

Coulomb explosion simulations.

of C4H10 in Coulomb explosion studies.

III. SUMMARY

Fragmentation in the Coulomb explosion of hydrocar-
bon molecules was investigated using time dependent
density functional theory simulations. This approach en-
ables the visualization of the underlying mechanisms of
fragment formation, the prediction of product formation

pathways, and the identification of ideal intensities for
diverse fragmentation. We have demonstrated that at
specific regions of laser intensity, hydrocarbon molecules
dissociate into charged fragments consisting of n car-
bon and m hydrogen atoms, denoted as CnHm. Higher
laser intensities result in the complete dissociation of the
molecule, while lower intensities typically lead to the
stripping of protons or cause only ionization (refer to
Table I). The CnHm fragments can be experimentally
detected [76].
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FIG. 8: C4H10 Coulomb explosion snapshots resulting in the formation of C2H2 and two CH2 fragments measured
to have 1.12+, 0.77+ and 0.90+ charges, respectively (the 0.5, 0.1, 0.01, and 0.001 density isosurfaces are shown).

FIG. 9: Histogram illustrating the average production frequency and charge of each fragment generated in 88 C4H10

Coulomb explosion simulations.

The optimal pulse intensities that yielded the most
favorable fragmentation distributions for CH4, C2H6,
C3H8, and C4H10 were determined to be 1.1 ×
1015 W/cm2, 9× 1014 W/cm2, 7× 1014 W/cm2, and 7×
1014 W/cm2, respectively (as demonstrated in Table I).
All other laser parameters, including wavelength, dura-
tion, and center frequency, were held constant for each
molecule across their respective simulations. The electric
field strength—and consequently, the intensity—was the
only parameter adjusted for each molecule.

Notably, ionization of the molecule in each simulation

occurred only when the laser electric field exceeded a spe-
cific range corresponding to each molecule. Fig. 1, Fig. 3,
Fig. 6, and Fig. 8 illustrate the electric field of the laser
and the number of electrons in the molecule over time,
demonstrating that ionization occurs approximately 5 fs
before and after the peak electric field.

The initialization of velocities based on the Boltzmann
distribution at 300 K facilitated the distribution of frag-
ment products for each molecule using the same laser
pulse across all simulations. The statistical distributions
of fragment production frequencies provide crucial in-
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sights into predicting the probabilities of various frag-
ment formation pathways for each tested molecule. Fur-
thermore, the average charge of the fragments indicates
the likelihood of different charge states for a molecule.
Fig. 9, for example, depicts an average charge of 0.6+

for the produced CH species, which suggests that any
CH fragment resulting from the Coulomb explosion has
a 60% probability of being positively charged and a 40%
probability of being neutral.

Moreover, a comparison of the histograms for all
molecules (Fig. 2, Fig. 4, Fig. 7, Fig. 9) provides valu-
able insights. For instance, the average charge of the
expelled free hydrogen is consistently 0.6+ across all pre-
cursor molecules. Notable similarities are observed in
the characteristics of the CH fragments as well. The two
smaller alkanes (CH4 and C2H6) produced CH fragments
with an average charge of 0.8+, while the two larger alka-
nes (C3H8 and C4H10) yielded CH fragments with an
average charge of 0.6+.
The snapshot diagrams from specific simulations il-

lustrate the formation of fragments and bonds follow-
ing the rapid ionization induced by a strong laser field.
These images provide crucial insights into the discharge
of electron density from the molecule and the repulsion
between the resulting charged fragments. Additionally,

the snapshots enable the study of fragment dynamics af-
ter the laser-driven ionization, including structural rear-
rangements (Fig. 1), rotations (Fig. 3), and the transfer
of atoms between different fragments (Fig. 6).

Future work could involve experimental validation of
these findings to refine theoretical models, particularly by
exploring different laser parameters and molecular envi-
ronments. Such experimental efforts will help bridge the
gap between theory and practice, providing a more com-
prehensive understanding of fragmentation dynamics of
the Coulomb explosion.
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J. Küpper, J. Lahl, J. W. L. Lee, S. Maclot, S. R.
Mackenzie, B. Manschwetus, A. S. Mereshchenko,
R. Mason, J. Palaudoux, M. N. Piancastelli, F. Penent,
D. Rompotis, A. Rouzée, T. Ruchon, A. Rudenko,
E. Savelyev, M. Simon, N. Schirmel, H. Stapelfeldt,
S. Techert, O. Travnikova, S. Trippel, J. G. Under-
wood, C. Vallance, J. Wiese, F. Ziaee, M. Brouard,
T. Marchenko, and D. Rolles, Coulomb explosion
imaging of CH3I and CH2ClI photodissociation
dynamics, The Journal of Chemical Physics 149,
204313 (2018), https://pubs.aip.org/aip/jcp/article-
pdf/doi/10.1063/1.5041381/15552547/204313 1 online.pdf.

[28] T. Endo, S. P. Neville, V. Wanie, S. Beaulieu,
C. Qu, J. Deschamps, P. Lassonde, B. E. Schmidt,
H. Fujise, M. Fushitani, A. Hishikawa, P. L. Hous-
ton, J. M. Bowman, M. S. Schuurman, F. Légaré,
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M. Kitzler, Hydrogen migration and c–c bond breaking
in 1,3-butadiene in intense laser fields studied by coin-
cidence momentum imaging, Chemical Physics Letters
484, 119 (2010).

[50] P. M. Kraus, M. C. Schwarzer, N. Schirmel, G. Urbasch,
G. Frenking, and K.-M. Weitzel, Unusual mechanism
for H3+ formation from ethane as obtained by fem-
tosecond laser pulse ionization and quantum chemical
calculations, The Journal of Chemical Physics 134,
114302 (2011), https://pubs.aip.org/aip/jcp/article-
pdf/doi/10.1063/1.3561311/13524871/114302 1 online.pdf.

[51] T. Severt, E. Weckwerth, B. Kaderiya, P. Feizollah,
B. Jochim, K. Borne, F. Ziaee, K. R. P, K. D. Carnes,
M. Dantus, D. Rolles, A. Rudenko, E. Wells, and I. Ben-
Itzhak, Initial-site characterization of hydrogen migra-
tion following strong-field double-ionization of ethanol,
Nature Communications 15, 74 (2024).

[52] S. Kwon, S. Sandhu, M. Shaik, J. Stamm, J. Sandhu,
R. Das, C. V. Hetherington, B. G. Levine, and M. Dan-
tus, What is the mechanism of h3+ formation from cy-
clopropane?, The Journal of Physical Chemistry A 127,
8633 (2023), pMID: 37813385.

[53] M. J. Michie, N. Ekanayake, N. P. Weingartz,
J. Stamm, and M. Dantus, Quantum coher-
ent control of H3+ formation in strong fields,
The Journal of Chemical Physics 150, 044303
(2019), https://pubs.aip.org/aip/jcp/article-
pdf/doi/10.1063/1.5070067/15557309/044303 1 online.pdf.

[54] S. Roither, X. Xie, D. Kartashov, L. Zhang, M. Schöffler,
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