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Ultrafast Coulomb explosion of the NH3 dimer, trimer, and tetramer in strong laser fields
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This study investigates the ultrafast fragmentation of ammonia clusters, (NH3)n (n = 2, 3, and 4), by using
ion-ion multibody coincidence measurements after interaction with a strong femtosecond laser. Specifically,
the Coulomb explosion and proton transfer channels in the dimer, as well as the Coulomb explosion of tri-
and tetramers, are assigned. The kinetic energy release distributions and Newton plots of each channel are
extracted and analyzed. To gain further insights into the dissociation process, an ab initio molecular dynamics
simulation was performed to uncover the dissociation mechanism. In addition, the stretching of clusters during
the Coulomb explosion was identified using classical trajectory calculation combined with the genetic algorithm.
This combined experimental and theoretical study holds significant importance in improving the understanding
of the ultrafast Coulomb explosion process in molecular clusters.
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I. INTRODUCTION

Molecules held together by various interactions, such as
van der Waals and hydrogen bonds, play critical roles in
chemistry and biology. The impact of these bonds on the
structure and behavior of biomolecules and clusters has
been extensively studied previously [1–5]. Recently, the fas-
cinating research topics of Coulomb explosion (CE) and
ultrafast proton transfer (PT) resulting from laser interac-
tions with different molecular clusters have gained extensive
attention [6–8]. Laser-induced Coulomb explosion imaging
of clusters has shown promising capabilities in determining
the structure of molecules and clusters [9–20]. Researchers
have successfully determined the structure of various dimers,
including (H2)2, N2Ar, O2Ar, and O2Xe [21–23]. Investiga-
tions have also been conducted on the dissociation of N2O
dimer and two-body ring-breaking of Bz, where the influence
of neighboring molecules on potential energy surfaces and the
generation of new dissociation channels have been explored
[10,11]. Neighboring molecules have been used as references
to examine the lifetime between corresponding states and
measure the charge distribution of molecular cations [11,14].
Additionally, observations of time-dependent ion pair yields
and ultrafast rotation with a period time of 480 ± 60 fs
have been made in the dicationic acetylene dimer [24]. Fur-
thermore, details of sequential and concerted breakups from
the CO dimer have been studied [13,25]. Despite these ex-
tensive studies, the structure and dissociation dynamics of
clusters with different sizes is a lack of in-depth research;
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understanding the variations in behavior and properties could
provide valuable insights into their structural evolutions.

The ionization and dissociation of small-sized NH3 clus-
ters have attracted increasing interest from both experimen-
talists and theoreticians as valuable sources of information
for understanding complex phenomena [26–30]. The ioniza-
tion processes of NH3 dimers and larger clusters have been
studied by electron impact [31], single-photon [32], and mul-
tiphoton ionization methods [33,34]. The stability of (NH3)n

(n = 2, 3, and 4) clusters has been explored, revealing that
the line, triangle, and square structures are the most stable
configurations [27,28,35]. Additionally, the tetramer cluster
also has a “pyramidal” form, only about 1.3 kcal mol−1 above
the most stable square one [36]. The ionization of NH3 clus-
ters (NH3)n (n = 2–6) leads to the identification of a proton
transfer reaction channel, and the timing of proton transfer
is found to be dependent on the intermolecular distance be-
tween molecules [35]. The proton transfer in the NH3 dimer
involves the coordinated motion of several atoms, particu-
larly changing its intermolecular distance and the rotation of
the NH2 moiety [37]. In the meantime, theoretical studies
have primarily focused on the energies, structure, and proton
transfer process of ionized NH3 dimers [38–40], but only lim-
ited attention has been given to the structural dynamics after
ionization.

This work investigates the ultrafast CE and PT pro-
cesses of (NH3)2+

2 , as well as the CE channels of (NH3)3+
3

and (NH3)4+
4 by means of the multibody coincidence mea-

surements. The size-dependent nuclear dynamics during the
dissociation process are studied experimentally and theoret-
ically. Furthermore, the nuclear dynamics simulations for
dimer, trimer, and tetramer reveal the underlying dissociation
process for three clusters, and the bond stretching of clusters
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FIG. 1. The experimental setup is schematically illustrated in
panel (a). Panels (b1)–(b3) are the stable neutral structures of (NH3)2,
(NH3)3, and (NH3)4. The calculated distances between molecules are
(b1) R = 3.3 Å, (b2) R1, R2, R3 = 3.2 Å, and (b3) R1, R6, R = 3.2 Å.

with three different sizes after ionization and before disso-
ciation provides valuable information on structural change
during fragmentation.

II. EXPERIMENTAL AND SIMULATION METHODS

The interaction of NH3 clusters with a strong femtosecond
laser beam (800 nm, 1 kHz, ∼40 fs) is depicted in Fig. 1(a),
where (NH3)2, (NH3)3, and (NH3)4, as shown in Figs. 1(b1)–
1(b3), were generated by expanding a 1:3 mixture of NH3

and Ar seeded gas through a supersonic jet at 1.8 bar. The
experimental setup utilized cold-target recoil-ion-momentum
spectroscopy [41,42], enabling multibody coincident mea-
surements for clusters of different sizes. Additional details can
be found in our previous publications [10,11,43]. To minimize
potential variations in ionization probability among different
isomers of NH3 clusters, a circularly polarized laser was
employed [44]. The resulting ionic fragments were extracted
towards a time- and position-sensitive particle detector using
a static electric field, performing coincidence measurements.
The count rate per laser pulse was limited to less than 0.4.
The distinction between the CE and PT channels was based
on the ratio R, defined as R = Px/Cx + Py/Cy + Pz/Cz, where
Px,y,z are the total momentum and Cx,y,z are the center-of-mass
(c.m.) momentum along the x, y, and z axes. The R value
gives the difference in momentum coincidence between the
channel’s total momentum and c.m. momentum, representing
the momentum coincidence degree. R = 0 indicates the best
coincidence degree for the signals.

All the simulations were carried out under the GAUSSIAN

09 [45] software package. The most stable neutral struc-
tures were optimized with the MP2 method under the basis
set 6-311 + +g(d, p). The structures of CE channels from
(NH3)3

3+ and (NH3)4
4+ were reconstructed using classical

trajectory calculation combined with the genetic algorithm
[44]. The dynamic simulations were conducted using ab initio
molecular dynamics (AIMD) simulations. For these calcula-
tions, we considered the optimized structures starting from
the global-energy minimum geometry [see Figs. 1(b1)–1(b3)].

The AIMD simulations were performed in two steps: In the
first step, the initial conditions, including the geometries and
velocities of every atom, were based on the neutral structure.
The initial conditions were sampled using Born-Oppenheimer
molecular dynamics, in which the populations of the initial
vibrational states were determined by Boltzmann distributions
with the sampling temperature set at 50 K. In the second step,
the dynamics simulations of the doubly charged dimer, the
trication trimer, and the tetramer losing four electrons, all start
from the same structures as neutral systems. Each molecule
shares one charge after removing electrons from the highest
occupied molecular orbital of the monomers, and the charge
distribution (δ) on each atom is given in Figs. 1(b1)–1(b3).
The dynamical simulations were performed using the ex-
tended Lagrangian molecular dynamics scheme, adopting the
atom-centered density matrix propagation method [46–48].
We employed the B97XD method, which is a long-range cor-
rected hybrid density-functional theory, with the 6-31g basis
set. Propagation was performed for 1000 fs with a time step
of 1 fs.

III. RESULTS AND DISCUSSION

The CE and PT channels of (NH3)n+
n (n = 2, 3, and 4) were

measured coincidentally as depicted by the time-of-flight co-
incidence maps in Figs. 2(a)–2(c):

(NH3)2+
2 →NH+

3 + NH+
3 , (1)

(NH3)2+
2 →NH+

2 + NH+
4 , (2)

(NH3)3+
3 →NH+

3 + NH+
3 + NH+

3 , (3)

(NH3)4+
4 →NH+

3 + NH+
3 + NH+

3 + NH+
3 . (4)

The coincident time-of-flight of ionic fragments provided
valuable insights into the dynamics of (NH3)2+

2 . We can
identify and separate both a direct CE channel (1) and a
PT channel (2) from dimers. The leaf-shaped structure seen
in Fig. 2(b) corresponds to the three-body CE channel (3)
from the trimer, while the four-body CE channel (4) from
the tetramer shown in Fig. 2(c) exhibited a slightly, broader
leaflike shape. Figures 2(d)–2(f) present both experimentally
measured and theoretically simulated kinetic energy release
(KER) spectra for the two-, three-, and four-body dissoci-
ation channels. In the two-body CE channel of (NH3)2+

2 , a
peak KER value centered at 3.9 eV was observed [Fig. 2(d)],
and this value agrees with the observation from electron
collision-induced CE [26]. The KER of the PT channel from
(NH3)2+

2 displayed a two-peak distribution, with the main
peak aligned well with the CE channel, and a secondary
peak accounting for half the counts of the main peak, which
appears at 4.6 eV. However, there is one peak distribution
centered around 4.0 eV observed in the electron collision PT
channel [26]. This secondary peak is most likely generated
by the sequential ionization of dimers during PT. After the
dimer is single-ionized by the laser, the structure of the cation
deforms, causing the distance of the N-H bond to decrease
by 0.58 Å compared to the neutral NH3 dimer [37], and then
the second electron is ionized sequentially by the laser pulse.
And the energy release also comes from the proximity of the
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FIG. 2. Time-of-flight coincidence map corresponding to (a) the
two-body dissociation paths of (NH3)2+

2 , (b) the three-body disso-
ciation channel from (NH3)3+

3 , and (c) the four-body dissociation
channel from (NH3)4+

4 . (d) The KER spectra of the CE channel (1)
(represented by the black square line) and the PT channel of channel
(2) (represented by the red circle line) from (NH3)2+

2 . Panels (e) and
(f) display the KER of CE channels (3) and (4) from (NH3)3+

3 and
(NH3)4+

4 . The yellow slash histogram is the obtained KER distri-
butions from the theoretical simulation of (NH3)2+

2 , (NH3)3+
3 , and

(NH3)4+
4 .

two molecules before PT dissociation. Due to the shortened
distance between two molecules, the resulting KER becomes
larger when the CE occurs in the double-charged states. The
small peak at 5.1 eV of the simulated results originates from
the proximity of the two NH3 molecules before dissociation
in the CE channel of the dimer, while the main peak at 3.9 eV
corresponds to the direct dissociation of the two fragments. In
the three-body CE of (NH3)3+

3 , the KER spectrum [Fig. 2(e)]
exhibited a single-peak structure with the most probable en-
ergy appearing at 11.2 eV. The four-body CE channel of
(NH3)4+

4 , shown in Fig. 2(f), has the peak energy closely
located at 20.8 eV. The KER distribution obtained from the-
oretical simulations closely matched the experimental values
but was slightly larger. The obtained most probable energies
for three channels are 4.0, 11.4, and 21.6 eV, as depicted
in the column distribution in Figs. 2(d)–2(f). An asymmetric
distribution towards lower energies in the KER spectra in the
measured results may be caused by the non-Coulomb interac-
tions; the interaction of three-body and four-body fragments
and the population of vibrational states after ionization will
be more complicated [49,50], leading to a larger KER shift
spread. The agreement demonstrates the reliability of the sim-
ulation and can reveal the underlying dissociation dynamics.

FIG. 3. Panels (a) and (b) are the experimental Newton plots
obtained for the three-body and four-body dissociation channels.

The experimental Newton diagrams of (NH3)n (n = 3 and
4) clusters are presented in Fig. 3. In the three-body CE chan-
nel, the momenta of one of the NH+

3 ions were normalized to
1 atomic unit (a.u.) using a normalization factor of 89. During
the three-body CE process, the average Coulomb repulsive
force resulted in a triangular momentum distribution in the
Newton diagram, as shown in Fig. 3(a), which indicates that
the three-body CE from triple-charged trimers occurs through
a concerted dissociation process. In the four-body CE channel
[Fig. 3(b)], the momentum distribution was normalized to one
of the NH+

3 ions (red ball), and the normalization factor was
105. The large, uniform momentum distribution suggests a
concerted dissociation process, while a small portion of the
circular distribution may arise from sequential dissociation.

To interpret the CE dynamics, the simulations provided
time-dependent c.m. distances between each fragment, as pre-
sented in Figs. 4(a)–4(c), offering direct indications for the
dissociation process. In the CE channel from (NH3)2+

2 , the
distance between two NH3 molecules shows a monotonic
increase with the evolution time as shown in Fig. 4(a), indi-
cating that the system would dissociate into two intact NH+

3
ions once ionized to dication states. Before the PT process
occurs, there are also some trajectories that exhibit a long
time-delayed structural oscillatory process, resulting in the
bond length asymptotically approaching 0.5 a.u. in Fig. 4(a).
The PT process of (NH3)2+

2 occurred through two dissocia-
tion pathways: (i) Initially, two separate N atoms from NH+

3
formed a covalent bond, followed by the breaking of the N-N
bond after a period of vibration and rotation. Subsequently,
one of Ha or Hc transferred to the neighbor molecule as
marked in Fig. 1(b1), resulting in the formation of protonated
products NH+

2 and NH+
4 . (ii) Another process involved the

direct transfer of Hb onto another N atom, leading to the
formation of protonated products within around 10 fs. The fast
separation of (NH3)3+

3 in Fig. 4(b) indicated that all trajecto-
ries began to dissociate at 50 fs, with three ions dissociating in
three directions simultaneously due to the Coulomb repulsive
force of the triangular structure. In Fig. 4(c), two dissociation
pathways were observed for the CE of (NH3)4+

4 . In one path-
way, two NH3 · NH2+

3 intermediates were first generated, and
the further four-body dissociation occured after 200 fs. In the
other pathway, all four ions began to dissociate at the same
time at around 80 fs. The simulations show that the CE of
clusters with different sizes and structures present very unique
dynamics, which is very sensitive to the initial structures.
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FIG. 4. Panels (a)–(c) are the time-dependent distances between
each fragment for the fragmentation of (NH3)n+

n (n = 2, 3, and 4)
from the AIMD simulations. Panel (ai) shows the fragmentation
trajectory from the PT channel of the dimer. The cartoon plots inside
panels (a)–(c) give the most probable fragmentation trajectories from
CE of (NH3)2+

2 , (NH3)3+
3 , and (NH3)4+

4 .

The reconstructed experimental intermolecular bond
lengths of three clusters are shown in Fig. 5. The bond length
can be directly calculated from the measured KER when
assuming the CE and point charge approximation (PCA).
Actually, the potential energy surface may be distorted un-
der the PCA [49], but the effect is much smaller than the
stretching of the bond length. For the CE channel of the
dimer, the measured distance between two NH3 is 3.72 Å.
In the PT channel, there are two most probable KER peaks
observed, which correspond to the bond lengths of 3.7 Å and
a much shorter one of 3.55 Å. The measured distance between
molecules after dissociation reveals the underlying mecha-
nism of how PT happens. One of the PT channels occurs very
fast before the structure changes, while the other one takes
some time and leads to a strong structural deformation. These
are also observed in the AIMD simulation shown in Fig. 4(a).
The measured distances between molecules for trimers and
tetramers are mean values calculated by following the CE and

the point charge approximation, and the obtained values are
3.85 and 4.15 Å for the trimer and the tetramer as shown in
Fig. 5(a).

In order to acquire structural information of each distance
between molecules for trimers and tetramers through a three-
body and a four-body coincidence measurement, the genetic
algorithm and classical trajectory Coulomb explosion simula-
tion combination method proved to be a highly effective tool
for structural reconstruction. Figures 5(b)–5(e) illustrate the
reconstructed outcomes pertaining to the distances between
molecules derived from the momenta observed in three-body
and four-body coincidences. The reconstructed bond lengths
between molecules within the trimer, obtained from three-
body fragments denoted as R1, R2, and R3, were determined
to be 3.85 Å, as depicted in Fig. 5(b). These values were
slightly longer than those of the neutral ground-state structure
(R = 3.2 Å). For the four-body system, the results were as
follows: R1 = 3.8 Å, R2 = 4.1 Å, R3 = 4.5 Å, R4 = 4.4 Å,
R5 = 4.1 Å, and R6 = 3.8 Å, as presented in Fig. 5(d). Here,
R1, R2, R5, and R6 are adjacent bond lengths, while R3 and
R4 indicate diagonal distances as marked in Fig. 5(e). These
reconstructed values significantly exceeded those from the
neutral tetramer. In all three cluster sizes, distinct degrees
of bond length elongation and structural deformations were
observed during the Coulomb explosion process. Thus, the
measured KER values lower than the simulation results are
caused by these structural transformations as well as by the
ionization mechanism of the pulsed laser during light absorp-
tion, as depicted in Figs. 2(d)–2(f).

In the meantime, the trimer’s equilateral triangle structure,
as illustrated in Fig. 5(c), leads to a swift and symmetrical dis-
sociation of its three-body fragments, as depicted in Fig. 4(b).
Figure 5(e) vividly portrays the substantial structural elonga-
tion within the four-body system, facilitating the emergence
of the NH3 · NH2+

3 intermediate species, as seen in Fig. 4(c).
Analyzing the reconstructed results, particularly in the vicin-
ity of coordinates [θ1 = 50◦, 130◦, θ2 = 50◦, 130◦, ψ = 20◦,
as defined in Fig. 1(b3)], we discern that two angular distribu-
tions indicate the ionization excitation to structural changes,
suggesting the existence of “pyramidal” isomers within the
four-body system [36]. Furthermore, the energy-angle cor-
relation depicted in Fig. 5(f) reveals intriguing patterns for
the evidence of the existence of two isomers. Apart from a
concentration of data at θ12 = 94◦ associated with an energy
of approximately 5.2 eV from the stable square isomer, the
angle distribution between 110◦ and 180◦ is notably influ-
enced by the presence of the pyramidal isomer, whereas the
θ12 angle is defined in the inset of Fig. 5(f) and shows the
angle of momentum between two fragments. The bond length
of the pyramidal structure is longer than that of the square
structure, leading to the existence of a smaller KER at 17 eV
in Fig. 2(f). This analysis underscores the profound structural
transformations occurring within the clusters before dissoci-
ation, underscoring the dynamic nature of the dissociation
processes within molecular clusters.

IV. CONCLUSION

Ultrafast Coulomb explosion of (NH3)n (n = 2, 3, and
4) clusters were investigated using mulitbody coincidence
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FIG. 5. (a) Experimentally measured distance between molecules from four dissociation channels. (b) Reconstructed distance between
three molecules from the three-body dissociation channel. (c) Reconstructed structure of trimer from the three-body coincidence measurement.
(d) Reconstructed distance between four molecules from the four-body dissociation channel. (e) Reconstructed structure of tetramer from the
four-body coincidence data. (f) Experimental energy-angle correlation map for channel (4), where the kinetic energy comes from one of the
four indistinguishable fragments. The red stars in panels (b) and (d) are the calculated distance of neutral structures, and the angle θ12 is marked
inside the figure.

measurement combined with the ab initio molecular dynamic
simulation and the genetic algorithm reconstruction. Two
dissociation mechanisms of the PT channel were identified
from the dimer. In the case of tri- and tetramer clusters, the
Coulomb explosion primarily occurred through a concerted
dissociation process. Our theoretical simulations revealed a
rapid direct Coulomb explosion channel and two PT channels
during the two-body dissociation of (NH3)2+

2 . Additionally,
we observed that (NH3)3+

3 exhibited simultaneous separa-
tion into three ions within just 50 fs. In the case of the
four-body Coulomb explosion of (NH3)4+

4 , we identified both
a direct dissociation channel and a channel involving in-
termediate products. Our reconstruction results pointed to
bond stretching occurring after ionization but before the final
fragmentation. This study on the dissociation mechanisms
within clusters of varying sizes provides valuable insights
that can guide future research in the field of molecular
clusters.
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APPENDIX: RECONSTRUCTION STRUCTURES
FROM (NH3)3+

3 AND (NH3)4+
4

In this section, we provide a detailed explanation of
the reconstruction process utilized to determine the struc-
ture in coordinate space based on the measured momenta
acquired during the Coulomb explosion. We conducted
Coulomb explosion simulations for various initial geometries
by numerically solving Newton’s equations of motion, and
subsequently compared the simulated momenta with the mea-
sured ones using a differential evolution algorithm to adjust
the initial structure. To assess the goodness of fit, we intro-
duced a parameter (η) defined as follows:

η =
N∑

i=1

∣∣pe
i − ps

i

∣∣ +
N∑

j>i

∣∣δpe
i j − δps

i j

∣∣,

where pi is the magnitude of the ith ion momentum vector,
and δpi j is the magnitude of the momenta difference of the
ith and jth ions. Superscripts e and s indicate the experiment
and the simulation, respectively. It is worth noting that the
accuracy of the reconstruction method has been previously
demonstrated in our study [44]. In the case of the three-
body breakup, N = 3. By comparing the magnitudes of the
vectors rather than the vectors themselves, we eliminated
rotational degrees of freedom, effectively reducing the num-
ber of parameters required for the fitting process. The trimer
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structure is characterized by three bond lengths (R1, R2, and
R3), as depicted in Fig. 1(b2). Only structures with an opti-
mized η value below 1% were considered. During the fitting
process, intermolecular bond lengths were constrained within
the range of 1 to 7 a.u. The initial structure in our Coulomb
explosion simulation was assumed to be at rest. In reality,
however, the ions acquire momenta due to the recoil of the
emitted electrons upon ionization. These initial momenta,
which are relatively small (less than 1 a.u.), were neglected
in our simulation. For the four-body breakup (N = 4), the

complexity of reconstruction increases with the number of
ions involved. In this case, six-dimensional parameters were
required to describe the structure of a group of four molecules,
considering each molecule as a particle. The tetramer structure
is characterized by three bond lengths (R1, R6, and R) and
three angles (θ1, θ2, and ψ ) as depicted in Fig. 1(b3). During
the fitting process, intermolecular bond lengths were restricted
within the following ranges: R1, 1–10 a.u.; R6, 1–10 a.u.; and
R 2–30 a.u., respectively. The angles were considered in the
range of 0◦ to 180◦.
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