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Dynamic Acceleration Effects in Explosions of Laser-Irradiated Heteronuclear Clusters
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Intense, femtosecond irradiation of atomic and molecular clusters can initiate Coulomb explosions,
generating particle energies sufficient to drive nuclear fusion. Last and Jortner have proposed, based on
particle dynamics simulations, that heteronuclear clusters with a mixture of heavy and light ions will not
explode by the simple, equilibrium Coulomb model but that dynamic effects can lead to a boosting of
energy of the lighter ejected ions [Phys. Rev. Lett. 87, 033401 (2001)]. We present experimental
confirmation of this theoretically predicted ion energy enhancement in methane clusters.
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In recent years, there has been much activity in studying
high intensity, ultrashort laser pulse interactions with
atomic clusters. At high intensity (> 1016 W=cm2), the
physics governing the laser cluster interaction is funda-
mentally different than in previous optical studies on clus-
ters. Femtosecond pulses are comparable to or shorter than
the disassembly times of a cluster in the laser field, and so
the entire laser pulse interacts with an inertially confined
body of atoms. The most dramatic consequence of this
unique interaction has been the observation of high charge
states and very fast ions [1–3], which can be exploited to
drive nuclear fusion [4–7]. Most studies have centered on
single species homonuclear clusters such as van der Waals
bonded rare gas or hydrogen clusters. For large, high-Z
clusters subject to intense IR, optical or vacuum ultraviolet
irradiation, and moderate intensity, the space charge forces
in the cluster prevent complete escape of electrons photo-
ionized in the cluster forming a nanoplasma which exhibits
a variety of collective electron oscillation effects [8,9]. In
contrast, at high enough intensity, particularly in smaller,
low-Z clusters, an intense, ultrashort laser pulse can ionize
and expel most of the electrons from the cluster. This
results in a pure Coulomb explosion, in which the ions
expand nearly isotropically by mutual repulsion in the
charged sphere, gaining kinetic energies simply related to
their initial potential energy at their equilibrium position in
the cluster [10]. If the electron extraction occurs on a time
scale shorter than that for significant ionic motion, the
outer ionization is termed cluster vertical ionization
(CVI) [11–13]. Several models have also been developed
for the intermediate regime, where a core of electrons
remains bound to the cluster and can give rise to asymme-
tries in the explosion [14–16].

With this developing understanding of laser driven ex-
plosions in homonuclear clusters, the question exists as to
whether mixed species, heteronuclear clusters behave in
the same manner under intense ultrafast laser irradiation.
Previous experiments have studied heteronuclear molecu-
lar clusters driven with modest intensity ( � 1015 W=cm2)
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laser pulses [17,18] as well as HI clusters at high intensity
[19] and nuclear fusion in CD4 cluster plasmas [6,7]. The
motivation for studying Coulomb explosions of mixed
species clusters has been advanced through simulations
conducted by Last and Jortner [11–13] that indicate two
advantages of heteronuclear over homonuclear clusters.
First, the energy of the light ions is boosted because the
presence of the multicharged ions increases the potential
driving the Coulomb explosion of the fully stripped het-
eronuclear cluster. This has been verified by comparing
CD4 and D2 clusters through fusion neutron studies in
Ref. [6] and ion energy measurements in Ref. [7].
Second, the acceleration of the light ions can be enhanced
if they overtake heavy ions during the expansion and are
thus more strongly repelled, which occurs if the kinematic
parameter for species A, �A � qAmB=qBmA, is greater
than 1 (where q and m are the charge and mass of the light
ion A and heavy ion B). In this case, the light ions explode
in an outer shell with an average energy higher than what
would be expected from the purely energetic argument
based on the initial potential energy of the ions. Such a
kinematic enhancement is an isotope effect and cannot be
identified by a comparison of CD4 and D2 clusters as in
previous studies [6,7].

In this Letter, we present an experimental confirmation
of the second prediction of the theory by measuring energy
spectra from laser induced explosions of the methane iso-
topes CH4 and CD4. Our laser intensity of � 1017 W=cm2

is sufficient for the clusters of radius � 3 nm to be inner
ionized to a charge state of (C4�A4

�) and for the CVI
approximation to be valid [13]. As such, the cluster under-
goes a symmetric Coulomb explosion as described by the
Last and Jortner heteronuclear cluster model [11–13]. We
observed a large difference in the energy spectra which is
unambiguous evidence of a dynamic acceleration effect
during the ion expansion, since the initial potential driving
the cluster explosion is the same in both cases.

In our experiment, a pulsed supersonic gas jet with an
orifice of d � 750 �m directed through a skimmer pro-
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duced a low density cluster beam. The energies of the ions
created by the laser cluster interaction were determined by
measuring their time of flight (TOF) in a 1.14 m field free
drift tube. A microchannel plate (MCP) detected ions in an
angular cone of 7:8� 10�4 sr from the focus. To estimate
a mean cluster size, we employed the Hagena parameter
[20] �� � kP0 � �d= tan�	0:85=T2:29

0 , where � � 5
 is the
expansion half angle, T0 and P0 are the reservoir tempera-
ture (295 K) and pressure (532 psi), respectively, and k is a
constant related to bond formation. Assuming k � 2360
[21] for both CH4 and CD4, the cluster-size distribution is
expected to be the same. These conditions predict �� to be
almost identical to that in a previous characterization [7] of
a similar gas jet operated with CH4, so we expect a cluster
size of approximately 3 nm. To irradiate the clusters, we
utilized the Texas High-Intensity Optical Research laser,
which delivers 40 fs, 800 nm pulses with energy up to
0.75 J at 10 Hz. The laser was focused using an f=4:9
refractive graded index aspheric lens limiting the maxi-
mum energy to <0:1 J. The energy was varied between 21
and 70 mJ, providing intensities between� 9:6� 1016 and
� 3:2� 1017 W=cm2.

A measured ion distribution is shown in Fig. 1. The
original TOF data, shown in the inset, was averaged over
200 shots, normalized, and converted to an energy spec-
trum using the formula f�E	 � f�t	�dE=dt	�1. The shape
of the spectrum is consistent with that expected from
Coulomb explosion when a distribution of cluster sizes is
taken into account [5].

Figure 2 shows kinetic energy spectra at two laser
intensities comparing CH4 and CD4 data. (The low energy
components of the spectra are not shown, so the curves do
not intersect.) The difference in kinematic parameters be-
tween H� (� � 3) and D� (� � 1:5) causes a clearly
apparent isotope effect. The transformation to an energy
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FIG. 1. Averaged energy spectrum and time of flight trace
(inset) from CD4 clusters irradiated at 2:1� 1017 W=cm2.
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distribution required us to assume a certain mass, which we
set to the mass of H� or D�, according to the gas we were
shooting. The signal is a superposition from both carbon
and deuterium=hydrogen arriving at the MCP, and these
signals cannot be separated. Our simulations on cluster
explosions (see later) show, in good agreement with the
results obtained in Ref. [12], that the maximum energy EC,
for carbon ions of mass mC, is approximately 2.5–3 times
the maximum energy of the lighter species. We can then
estimate a minimum TOF for the heavier carbon ions
which corresponds to a maximum energy in the energy
spectrum obtained using the mass of the lighter ion species
mA. Any signal above this energy Emin � ECmA=mC, de-
noted in Fig. 2 by the dotted lines, can be caused only by
the detection of H� or D� ions. In the energy ranges
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FIG. 2. Energy spectra from CH4 and CD4 clusters at a laser
intensity of (a) 1:2� 1017 W=cm2 and (b) 3:2� 1017 W=cm2.
Dotted lines indicate Emin, above which signals are assumed to
be solely due to the light ion species.

3-2



FIG. 3. Simulated energy distribution for H� (dotted line) and
D� (solid line) from the Coulomb explosion of a �C4�A4

�	2109

cluster. Inset: Theoretical energy distribution from a homonu-
clear Coulomb explosion.
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attributed solely to the lighter ion species, the H� energies
always exceed the D� energies, indicating a higher average
energy in the proton distribution and validating the theory
predicting kinetic energy enhancement. Although the MCP
response will not be the same for H� and D�, we opti-
mized the operating parameters to minimize signal depen-
dence on ion mass and found a signal difference of at most
10%, which is negligible compared to the observed differ-
ence in signal, which is about an order of magnitude.

This interpretation is based on the highest energy ions,
which certainly originate at the most intense part of the
focus where the intensity is sufficient to initiate pure
Coulomb explosions and demonstrate energy enhance-
ment. We also expect a flux of ions to be detected from
cluster interactions induced in the lower intensity regions
of the laser focus or from laser pedestal and prepulse.
However, these explosions would have been considerably
less energetic, and hydrodynamic forces would likely play
a more significant role, meaning the accelerated ions would
not lie in this high, multi-keV region of the energy distri-
bution. The fact that we see an energy difference is, in
itself, evidence that the ions must be driven predominantly
by Coulomb forces, since, in a hydrodynamic scenario, the
plasma expands at the sound speed cs � �ZkBTe=m	1=2,
where Z and m are the ion charge and mass, respectively,
and kBTe is the electron temperature. The cluster con-
stituents would, therefore, gain the same energy 1

2mcs
2,

in both the CH4 and CD4 cases.
In principle, the maximum energy is determined by the

outermost particles in the cluster which never experience
the dynamic energy enhancement since they do not outrun
any heavy ions and so should be unaffected by the species
chosen. Although our data show a difference in the maxi-
mum observed H� and D� energies, it is likely that we do
not actually detect the highest energy particles, since their
flux is so weak that the signal falls below the noise level.
Hence, the apparent separation of maximum energy is still
consistent with kinetic energy enhancement. An unex-
pected feature is the increase of maximum energy with
laser intensity, since a pure Coulomb explosion is driven
solely by ion repulsion forces, and the laser conditions
beyond the saturation intensity are irrelevant. This behav-
ior is a consequence of a cluster-size distribution, since, at
the lower intensities, the larger clusters in the distribution
will not be fully stripped of their electrons.

In order to help interpret the data, we wrote a simple
particle simulation that models the Coulomb explosion of
heteronuclear clusters. Our code is based on a 5th order
Runge-Kutta algorithm with adaptive step size. All parti-
cles are treated classically. We utilize the CVI approxima-
tion [11], which assumes that on the onset of the cluster
explosion (t � 0) all of the relevant electrons are removed
from the system and do not contribute to the acting space
charge forces. This allows a separation of the time scales
between the removal of all unbound electrons and the
19500
spatial expansion of the cluster. We also assumed, as in
Ref. [11], that the remaining bound electrons are so tightly
connected to their host atoms that they do not alter the
subsequent Coulomb explosion of the cluster. Because of
these assumptions, both bound and unbound electrons are
not explicitly treated in our model, which considerably
simplifies the simulation.

Our code modeled the Coulomb explosion of methane
clusters, �CH4	n and �CD4	n, with n equals 257, 515, 925,
1419, and 2109, with the corresponding radii of 1.8, 2.2,
2.6, 3.1, and 3.5 nm, respectively. Hydrogen and deuterium
were completely ionized, and the carbon was ionized to a
charge state of C4�. The explosion was calculated on a
near picosecond time scale (0–4� 10�13 s) starting with
10�17 s time steps. The clusters were modeled as consist-
ing of uniformly distributed molecules with a C-C spacing
of 4.4 Å and a C-D or C-H distance of 1.09 Å. This
corresponds to a density of 1:2� 1022 molecules=cm3.
However, the results are not expected to be sensitive to
these simplifications of the cluster structure. The isotope
effect is well demonstrated in Fig. 3, where the calculated
energy distribution of H� and D� from a �CA4	2109

Coulomb explosion is shown. The distribution for hydro-
gen is, as expected, shifted to higher energies with respect
to the deuterium. For comparison, the theoretical distribu-
tion for a homonuclear Coulomb explosion is shown in the
inset (both on linear scale). Figure 4 displays the mean and
maximum energy of all species as a function of molecules
per cluster along with the results obtained in Ref. [12] for a
�CA4	2171 cluster. One can see the separation of mean
energy between H� and D�, whereas the maximum energy
shows no dependence on cluster species. Both maximum
and mean energy for C4� differ considerably between CH4
3-3
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FIG. 4. Simulated mean and maximum ion energies from the
Coulomb explosion of a �C4�A4

�	2109 cluster. Circles and tri-
angles denote mean and maximum energies, respectively, from
CH4, H� in (a) and C4� in (b). Diamonds and squares show
mean and maximum energies, respectively, from CD4, D� in (a)
and C4� in (b). The solid symbols represent the equivalent values
from the simulations in Ref. [12].
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and CD4. The maximum energies of the light ions (corre-
sponding to those on the surface) are fixed by the potential
energy stored in the cluster, whereas their mean energy is
enhanced as they overtake the heavier ions during the
expansion. This effect is stronger for the H� (� � 3)
compared to D� (� � 1:5) since it has a greater kinematic
parameter. Both the maximum and the mean energies of
the C4� are affected by the kinematic effect as all the ions
are overtaken by some fraction of the light ions which
originate at smaller radii. Also, the C4� from the CH4,
which has � � 0:33, suffers a greater loss of energy than
the C4� from the CD4, which has � � 0:67.
19500
In conclusion, we have clearly demonstrated the effect
of kinetic energy enhancement in the Coulomb explosion
of heteronuclear clusters as predicted in simulations by
Last and Jortner [11–13]. We have implemented a straight-
forward particle simulation code which is in good agree-
ment with this previous modeling. In methane clusters, the
average kinetic energy of the resulting hydrogen ions is
significantly higher than the energy of deuterium ions
under identical conditions. The maximum energy of the
light ions, expected to be independent of cluster species,
appeared to differ between CH4 and CD4, although we
suspect that this may be a result of detection issues at the
higher end of the energy spectrum.
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