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Ultraintense laser-cluster interactions: Effects of the cluster shape
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The disintegration of nonicosahedral rare-gas clusters in ultraintense extreme ultraviolet pulses is studied.
The clusters quickly form a nanoplasma and evolve only according to the nanoplasma’s dynamics, which are
determined predominately by the cluster’s initial shape. It is found that the cluster’s disintegration follows a
simple model that is well predicted using only the initial structure. The main finding is that the ions disintegrate

tangentially from the surface of the cluster’s overall shape. In ellipsoidal clusters, the work done on the ions near
the semiminor axis by the other particles (ions and electrons) is larger than the work done on the ions near the
semimajor axis. This leads to an inversion of the ellipsoidal axes due to the different axes expanding at different

rates.
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I. INTRODUCTION

The extreme ultraviolet regime (XUV), from about 60—
10 nm, represents a unique regime in laser-matter interactions
of rare-gas clusters [1,2]. The photon energy is sufficient
enough to ionize some of the valence-shell electrons, but not
the inner-shell electrons. Thus, Auger processes do not occur.
Further, the ponderomotive energy of electrons in this regime
is negligible [3,4]. Thus, the only communication between
the laser pulse and the irradiated matter is by single-photon
ionization. This simplifies the analysis and allows for the
decoupling of the nanoplasma’s inherited dynamics from the
laser-driven nanoplasma dynamics.

Rare-gas clusters have been measured [5], and even directly
imaged [6], to be icosahedral in shape. However, many
other manufactured shapes are possible with other materials,
such as metallic ellipsoidal clusters [5,7], cylindrical metal
or semiconductor cylindrical nanorods [8—10], and spherical
metallic clusters [10]. Other, rare-shaped clusters have also
been experimentally imaged which are roughly cylindrical [6].
Further, biological macromolecules often take on symmetries
that are very close to these simple shapes: virus capsids are al-
most spherical, GroE chaperonins that assist substrate proteins
(GroEL:GroES, complex [11], for instance) are ellipsoidal,
and coiled coils and DNA are very much cylindrical.

The ultrashort XUV pulses which are now possible exper-
imentally permit the exploration of these nanoplasmas [12].
Other work has shown that the disintegration of rare-gas
clusters in XUV pulses is a mixture of a Coulomb explosion
in the outer shell and a hydrodynamic expansion of the
core [1,13-16]. Further, work has shown that it is the outer
shells of the cluster which retain the detected high-charged
states [17-20]. The inner ions reach the highest charge state
during the life of the nanoplasma [21,22], but recombine with
electrons upon disintegration to yield low-charged states in the
time-of-flight detector [23]. This work builds on these results
to determine the effect of the initial shape of the object on the
disintegration products.

In this paper, we model the effect of the initial shape of
the cluster on its disintegration dynamics. We do this by
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considering various rare-gas cluster shapes. Since the laser
quickly photoionizes any nanomaterial, it is a reasonable
approximation to model a wide range of atoms and molecules
in these various structures in a similar manner as for rare-gas
clusters; the structure merely provides the initial positions
of the atoms [24,25]. However, different materials will have
different ionization potentials for their valence electrons. This
could be easily taken into account for a specific system,
though here we use rare-gas ionization potentials as we are
focusing our investigation on the role of the target shape.
Most of the nanomaterials or biological objects mentioned
as prototypes for each shape are roughly homogeneous as the
mass difference between many of the constituents is small (in
biological molecules, the largest difference is between carbon
and oxygen atoms which have a mass difference on the order
of the isotope mass difference within each element), except for
hydrogen which is largely uniformly distributed throughout the
sample. Thus, the dominant approximation for extending this
work to biological samples is that the details of the material are
quickly lost as the structure becomes a nanoplasma with the
shape of the initial structure dominated by the nanoplasma’s
internal dynamics [26].

The paper is organized as follows. The method used is
first explained, followed by the results of spherical clusters.
A model is presented for the direction and relative size of
the average force felt by each ion as a function of its initial
position. Subsequently, an ellipsoidal cluster with the same
volume as the spherical cluster is examined. The average force
on each ion is again examined and the effects of the initial
nonspherical shape on the disintegration are explored. Finally,
the discussion section summarizes the findings and suggests
possible applications of these results.

II. METHODS

The laser-cluster interaction was modeled using a hybrid
quantum-classical approach [27], which has been successful in
reproducing the results of other rare-gas cluster experiments in
the XUV regime [4,19]. The motion of the ions and electrons
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is evaluated by molecular dynamics using a velocity Verlet
algorithm implemented using openCL and run on GPGPUS.

Three types of ionization mechanisms are included: single-
photon ionization, direct collisional ionization, and augmented
collisional ionization (ACI). The mechanism of ACI allows for
the excitation of a valence electron to a higher electronic state
by a collisional electron. The excited valence electron then has
a lower ionization potential and different cross section for a
subsequent collisional electron to ionize it (see Ref. [27] for
more details on ACI). Eight of the lowest electronic excited
states were included in this work. The ionization is evaluated
by cross sections (both calculated via quantum mechanics
codes or taken from experimental data if available). Further,
many-body recombination is also included, as detailed in
Ref. [4].

As we will show, the results are not sensitive to an atom’s
exact initial position, but rather to the overall symmetry of the
cluster. Thus, for simplicity, we consider an fcc lattice, where
the border is cut out into the desired shape.

The simulations begin with the neutral atoms at rest in the
initial configuration (fcc forming a sphere or ellipsoid). Each
atom is tested for ionization based on the increasing laser
intensity [modeled as having a sin*(wt) intensity envelope]
and the atomic cross sections with the cluster environment
accounted for [28,29]. When ionization does occur, the charge
state of the atom or ion is incremented and a new electron
is added to the system, with the correct energy relative to
the outer-ionization threshold even if it is inner ionized, as
most electrons will be. The force on each particle due to
each other (charged) particle is calculated every time step and
the particles are moved accordingly (using a velocity Verlet
algorithm). Further, electrons near (<4 bohr) a target atom or
ion will be tested to see if it can collisionally excite, ionize, or
recombine with the target. The simulation is brought to an
end once the cluster is completely disintegrated (determined
when the ion-ion interaction is less than the force caused by
a typical time-of-flight electric field of about 400 V/cm). For
the current set of parameters, 1 picosecond was found to be
sufficient for the smaller-size clusters and 3 picoseconds for
the larger clusters.

III. RESULTS

In this section, we report on several differently shaped argon
clusters irradiated by a 10 fs laser pulse at 13.7 nm, which is
above the inner-shell ionization energy of argon. An intensity
of 5 x 10" W/cm? was used to ensure that the nanoplasma is
created very rapidly and is within experimental accessibility
of current free-electron laser facilities. The structures were
propagated through a complete disintegration of the structure,
determined when the ion-ion interaction was less than a typical
time-of-flight field (400 V/cm). A constant time step of 2
attoseconds was used to ensure minimal numerical heating,
tested by ensuring the results were well converged for the
time-step size. Multiple independent runs (10 for the sphere
and smaller ellipses and 4 for the larger ellipses) were
used in sufficient number to give convergent results for all
measurements. All data presented are averaged over all the
runs with identical initial conditions.
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In this regime, only the initial placement of the atoms
can have an influence on the disintegration dynamics of the
structure. The influence of (possible) molecular bonds is
negligible [26] and, thus, not directly modeled.

The laser field does not contribute to the electron motion
in the parameter regimes that we consider. The electron’s
ponderomotive potential is roughly equal to the cluster-bound
(inner-ionized) electron temperature [30,31],
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where Kp is the Boltzmann constant, m is the mass of
electron, ¢ is the velocity of light, T is defined as the hot
electron temperature, / is the cycle-averaged laser intensity in
W/cm?, and A is the wavelength of the laser in microns. The
estimated ponderomotive potential energy is 0.1 eV, which
is negligible compared with the electron plasma temperature
(which is solely caused by single-photon ionization) of about
30 eV. Therefore, the only influence the laser pulse has on the
dynamics is through direct photoionization during the pulse.
After the pulse, the nanoplasma will evolve independently of
any outside influences. We construct a toy model, based solely
on the structure’s shape, to explain our findings.

A. Spherical clusters

Spherical clusters represent the simplest symmetry since
the disintegration is expected to be radial. Previous work
on clusters (icosahedral structures) has shown that the outer
shells explode with the highest charge and kinetic energy
[4,12,18,19,32,33]. The electrons, upon photoionization, are
ejected along the electric-field axis of the laser. The net
momentum transfer is nearly zero since electrons come out
in both directions and, thus, the cluster evolves according to
the dynamics of the nanoplasma.

The time evolution of the ion-charge distribution (shown in
Fig. 1) for a spherical (fcc-lattice) cluster N = 530 measuring
about 60 bohr (32 A) in diameter clearly displays regular peaks
in the radial coordinate, indicating that the ions disintegrate in
roughly spherical shells. These shells are due to the fcc-initial
positions still having some radial periodicity. Any other type of
symmetry in the disintegration (including no symmetry at all)
would not give clearly defined peaks in the radial coordinate.
Thus, the regular peaks are due to the initial structure having
some radial periodicity and the disintegration retaining that
symmetry.

The last peak is clearly traveling at the highest radial
velocity. There is also a clear spread in the width of the radial
shells as the cluster disintegrates. The time cuts at 150, 300,
and 450 femtoseconds (shown in the insert of Fig. 1) show that
the initial radial periodicities remain intact, although they do
increase their radial width. The distance between the outermost
peak and the next charge peak becomes increasingly large,
owing to the fact that the outer shell has the most kinetic
energy.

A uniform charge density has a well-known characteristic
shape, which is not flat due to the volume of the spherical shell
increasing as the radial distance increases. For a fixed shell
thickness A7, the outermost spherical shell will contain a larger
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FIG. 1. The total ion-charge distribution as a function of the radial
distance from the center of the spherical argon clusters, N = 530,
irradiated by a 10 fs pulse (A = 13.7nm, / = 5 x 10" W/cm?) as a
function of time. The inset corresponds to three time cross sections
corresponding to the vertical lines in the main figure at 150, 300, and
450 femtoseconds.

volume than an inner spherical shell. The charge distribution
must change by the same amount (as a function of the radial
distance) in order to keep the charge density constant. For
spherical shells, in order to have a constant density p = C/V,
where p is the charge density, C is the total charge, and V is
the volume of the spherical shell [the ith shell is given by V; =
%n(r?H — rl.3 )], the charge C must have a radial distribution,

C xr(r— Ar), 2)

where Ar is the (constant) radial bin width. This is very close
to the shape seen in the data for the electron charge distribution
(Fig. 2), supporting the premise of an almost uniform electron-
charge distribution throughout the cluster. They (mostly) do
not concentrate around the ion shells. The time cross sections
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FIG. 2. The total electron-charge distribution as a function of the
radial distance from the center of the spherical argon clusters, N =
530, irradiated by a 10 fs pulse (A = 13.7 nm, I = 5 x 10'> W/cm?)
as a function of time. The inset is three time cross sections
corresponding to the vertical lines in the main figure at 150, 300,
and 450 femtoseconds.
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FIG. 3. The total-charge distribution as a function of the radial
distance from the center of the spherical argon clusters, N = 530,
irradiated by a 10 fs pulse (A = 13.7 nm, I =5 x 10 W/cm?)
as a function of time. The inset are three time cross sections
corresponding to the vertical lines in the main figure at 150, 300,
and 450 femtoseconds.

(Fig. 2 inset) also show almost smooth distributions throughout
the cluster with the characteristic shape of a uniform radial
charge distribution.

The total charge distribution of the cluster (Fig. 3) shows
that the core of the cluster is not neutral and is clearly stratified
into charged shells. These become increasingly separated.
However, the electrons fill the gap between the ion shells
essentially uniformly, as observed in Fig. 2. Interestingly,
there is a thick (about 50 bohr ~26 ;\) outside layer of
electrons on the surface of the cluster for the first 150
femtoseconds. These are inner-ionized electrons (bound to the
cluster) and are a function of the electron-cloud temperature
[29]. Outer-ionized and cluster-evaporated thermal electrons
do not give a peak since they are unevenly distributed in time
(outer-ionized electrons occur only at the very start of the pulse
and cluster-evaporated thermal electrons occur spontaneously
at any subsequent time).

The cluster’s total charge as a function of the radial distance
(shown in Fig. 3) indicates, as expected, that the net charge of
the inner core of the cluster is slightly positive. However, it is
clear that the bulk of the charge of the cluster is concentrated on
the outer shell of the cluster. Further, the bulk of the electrons
are outside the cluster (evidenced by the fact that charge is
conserved in the calculations so the total charge goes to zero
asr — oQ).

1. Disintegration direction

Having looked at the particulars of the aforementioned
spherical clusters, the goal is now to model the general
behavior of the cluster’s disintegration in order to obtain
general models beyond the currently investigated situations.
Towards this end, the direction of the average force that each
ion experiences upon disintegration is examined. The direction
of the force for a spherical cluster is, as expected, largely
spherical since in the XUV regime the laser field only dictates
the photoelectron’s ionization axis, and the laser does not drive
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the electron’s subsequent motion (as is well known in the
infrared regime) [34].

We consider a toy model, where over the course of the
cluster’s disintegration each ion will feel a radially directed
average force. The direction of the average force (calculated
using the full cluster dynamics) is compared with this toy
model.

Using the initial (which is always ¥ = 0) and final (at t =
1 ps) velocity of each ion, the actual direction of the average
force for each ion is obtained (Fj, o AU, since At =1 ps
will be the same for each ion). To determine how closely the
disintegration follows the spherical symmetry of the cluster,
the angular deviation from the radial direction is calculated by

Byis = cos™! <U—f>, 3)
[v]

where 7 is the radial unit vector to the initial position of the ion,
and 7 is the final velocity of the ion. The average difference
between the calculation and the model [Eq. (3)] over the whole
clusteris 2.9 &+ 2.0 degrees (where the uncertainty comes from
using many ions from distinct runs and having 530 atoms
per run) [35]. Thus, the average force on each ion points in
the radial direction with only a few degrees of deviation (on
average). Taken together with the clear radial peaks of the ions
(Fig. 1), it is clear that when a spherical cluster disintegrates,
it retains its spherical symmetry.

2. Average force

While the direction of the disintegration may be predicted
by the initial symmetry of the spherical cluster, the average
force on the ions (and thus their change in momentum) may
also be predicted, to a large degree, using the following toy
model.

An ion in the cluster can be modeled as a charge in
a homogeneously charged sphere in order to compare the
average force on the ion as a function of its initial position.
The goal is to determine the magnitude of the average force
(throughout the disintegration) that an ion will feel based solely
on its initial position. The force an ion of charge g would
experience is assuming the charge density p is constant is

L 4k
Favz T[3qpr}"'\ (4)

Thus, the average force experienced by an ion over the course
of the entire disintegration is expected to be linear in its
initial radial position with the assumptions that (i) the cluster
is uniformly charged, (ii) the shape of the cluster remains
unchanged during the disintegration, and (iii) the interaction
time (in the case of the impulse) and/or distance (in the case of
the work) is the same for all ions. For the complete spherical
cluster, the average percent difference between the toy model
[Eq. (4)] and the full calculations is 14.3 & 2.0%, where the
uncertainty stems from using multiple runs and all the ions in
the cluster [35]. The dominant source of error is from the ions
in the core of the cluster. The outer shells, however, follow
the model quite well. A percent error just under 9.8 £ 2.7% is
obtained when only the outermost shell is used (atoms within
4 A of the outer surface of the cluster). Thus, the magnitude
of the average force an ion will experience throughout the
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cluster’s disintegration is given by Eq. (4) (to within better than
15%), which is only a function of the ion’s initial position.

The agreement between the toy model and the full calcula-
tion allows for the following conclusion: The spherical cluster
disintegrates radially with a homogeneous charge throughout
the cluster.

B. Ellipsoidal clusters

To extend the model beyond spherical shapes, we now
present results for ellipsoidal clusters. Ellipsoidal clusters
represent a departure from spherical clusters in one or two
dimensions. In reducing the symmetry of the cluster, it is
demonstrated that while simple principles are at work, the
consequences of these are nonintuitive.

An ellipsoidal surface is defined by

X\ 2 y\2 Z\2
S(x,y,2) = (—) + (—) + (—) —un=0, &)
a b c
where o is the average radius of the ellipsoid, or the radial-
like coordinate in ellipsoidal coordinates. Different v values
define ellipsoidal surfaces (homeoids). These will be used
to subdivide the ellipsoidal cluster into (ellipsoidal) shells
of constant u (as was done using the radial coordinate for
spherical clusters).

A parametrization of the degree to which an ellipsoid is
nonspherical, but retains the same volume, is needed. To
accomplish this, one axis is fixed to the radius of a spherical
cluster, a. The other two axes are then adjusted to keep
the volume the same as a spherical cluster of radius a. We
introduce the sphericity parameter,

s=2=2 6)
a ¢
as a measure of the sphericity of the ellipsoid where the larger
the number the more spherical, with s = 1 being a perfect
sphere. The parameter c¢ is the semimajor axis, while the
parameter b is the semiminor axis, leavinga tobe b < a < c.
This is commonly referred to as a triaxial ellipsoid.

A 490 atom ellipsoidal cluster with the same volume as the
spherical cluster in Sec. III A with a spheroidicity of s = 0.7
(mostly spherical) is examined first (a = 15.7 A b=105A,
c =209 A).

The ellipsoidal cluster does not expand spherically, unlike
the spherical cluster. Nor does the ellipsoidal cluster expand in
ellipsoidal shells (as shown in Fig. 4), since an ellipsoidal
expansion would have strong, consistent striations, as was
seen for the spherical cluster in Fig. 1. In fact, the ellipsoidal
cluster inverts along each axis. The full width at half maximum
(FWHM) of the semimajor axis (z axis) expands at the slowest
rate, while the FWHM of the semiminor axis (y axis) expands
at the fastest rate. Examining the ion distribution of the cluster
along each Cartesian axis (Fig. 5), it is clear that the cluster,
while still expanding in all directions (note the different
horizontal ranges in Fig. 5), expands along the semiminor axis
most rapidly. This leads to an inversion of the ion distribution
(depicted in Fig. 5).

The initial shape of the cluster is that of a triaxial
ellipsoid (c > a > b, as shown in the top plot of Fig. 5).
Upon ionization, the ions closest to the center of the cluster,
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FIG. 4. The ion distribution as a function of time and the
ellipsoidal coordinate u (which defines concentric homoeiods) for
an ellipsoidal argon cluster, N =490 and s = 0.7 (with the same
volume as the N = 530 spherical clusters), irradiated by a 10 fs pulse
(A =13.7 nm, I =5 x 10" W/cm?). The initial outer edge of the
ellipse defines . = 1.

radially (demonstrated in Sec. III B 2), experience the largest
average force. The ions furthest from the center of the cluster
experience a comparatively smaller average force. Thus, the
ions closest to the center of the ellipsoid, along the semiminor
axis, accelerate away from the cluster more rapidly than the
ions along the other two axes. The other axes’ ions are also
accelerating away from the cluster, but more slowly. At around
120 fs, the cluster now has a roughly spherical shape, with all

Intensity [arb. units]

0—"100 50 0 50 100

500 100 0 100 200
Distance [bohr]

FIG. 5. The ion distribution along each Cartesian axis at three
different times for an ellipsoidal cluster, N = 490 and s = 0.7 (with
the same volume as the N = 530 spherical clusters), irradiated by
a 10 fs pulse (A =13.7 nm, I =5 x 10> W/cm?). Initially the
semimajor axis is the (blue) solid line, but due to the inversion
(see text), the (green) dashed line ends up being the semimajor axis.
Note the change in the distance scale for each plot.
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FIG. 6. The ion-charge distribution as a function of time and the
ellipsoidal coordinate v (which defines concentric homoeiods) for
an ellipsoidal argon cluster, N =490 and s = 0.7 (with the same
volume as the N = 530 spherical clusters), irradiated by a 10 fs pulse
(A =13.7 nm, I =5 x 10" W/cm?). The initial outer edge of the
ellipse defines . = 1.

sides around the same size (middle plot in Fig. 5 where the size
of the cluster is defined as the FWHM of the ion distribution).
Note that the cluster is still expanding, resulting in a different
scale for the horizontal axis in each plot. Finally, at around
180 fs, the size ordering of each axis has been fully reversed.
The initial semiminor axis y is now the semimajor axis, while
the initially semimajor axis z is now the semiminor axis. Thus,
during the disintegration, the ellipsoidal cluster has inverted
its shape.

The ion-charge distribution was also investigated and is
shown in Fig. 6. The first thing of note is that the highest charge
density scale is five times larger than that of the ion-number
distribution (Fig. 4), indicating that the average charge state
along the outer ellipsoidal shell (where the peak is) has an
average charge state of 5. Another result of note is that the ion-
charge distribution is clearly proportional to the ion-number
distribution (Fig. 4) after about 25 fs (once the cluster has
become significantly charged). This proportionality indicates
that at this high intensity, in small clusters, the charge states are
roughly uniformly distributed. The outermost ions experience
the largest force and thus the initial high-charge striation splits,
as in the ion-number distribution (Fig. 4). These outermost
ions remain the furthest and retain the asymmetry of the initial
structure (as may also be viewed in Fig. 5 where the tails of
the distribution retain the original ordering). To be clear, the
inversion seen in these ellipsoidal clusters is an inversion of
the FWHM, not the outer shell which retains its original shape
(while expanding).

Since electrons move much more rapidly than the ions,
and at the start there are not many of them, the electron spatial
distribution was calculated differently. The peak of the electron
distribution was found (maximum). Then the FWHM was
determined directly from the full electron distribution (without
assuming a type of distribution).

The electron distribution’s FWHM (not shown) begins
as being roughly prolate (@ =~ b < c¢) and becomes inverted,
with the same ordering as the ion distribution (b > a > c¢).
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FIG. 7. The total-charge distribution along each Cartesian direc-
tion with the same (colors and) line styles as Fig. 5, at different times.
Note the different distance ranges in each plot.

Thus, the electron spatial distribution follows the same spatial
distribution as the ions.

The total-charge distribution of the ellipsoidal cluster has a
core that is, overall, positively charged, while the exterior of the
cluster remains largely negatively charged (shown in Fig. 7). A
halo of electrons remains bound to the charged core, equal in
all directions. This is similar to the electron halo found in the
spherical cluster (see the large black striation in Fig. 3). The
time scale of the transition from triaxial to roughly spherical
matches that of the ion-number distribution, which indicates
that the electrons follow the same transition (otherwise, the
total-charge distribution would differ, at the same time, from
the ion-number distribution).

The total-charge distribution is initially asymmetric, fol-
lowing the ion distribution, but quickly becomes symmetric
(shown in Fig. 7). This is expected since the electrons move
rapidly toward the regions of highest charge, eventually
screening all the ion charges equally. After 120 fs, the
total charge is symmetric despite the asymmetry in the ion
distribution. Thus, the electron distribution, as previously
stated, follows that of the ions. The nanoplasma is, thus, triaxial
and in the opposite ordering from the initial ion setup (initially
¢ > a > b, subsequently b > a > c).

1. Disintegration direction

As in the case of the spherical cluster (cf. Sec. IIT A 1),
a model for the generic behavior of the ions in the cluster
upon disintegration is sought. Modeling the ellipsoidal cluster
as a charged conductor, it is expected that the direction of the
average force will be normal to the surface of the cluster. Thus,
the direction of the average force is modeled as

A \A)

:Az—’ 7
av =1 VS| @)
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where S is the definition of the ellipsoidal cluster in Eq. (5).
The predicted direction of the average force (normal to the
surface) is then normal to the atom’s initial homeoid and is
given by 7.

To assess how well this toy model matches with the full
calculations, we again examine the angular deviation between
the full calculation and the toy model. The angular deviation
from the (predicted) normal direction is given by

v-A
Ogis = cos ! (_|1_5| >, ®)

where 7 is the normal vector of the initial position of the ion,
and v is the final velocity of the ion. The average difference
between the calculation and the model [Eq. (8)] over the
whole cluster is under 7.5 &+ 3.5 degrees [35]. Using only the
outer homeoid shell, the angular deviation is about 6.5 2.8
degrees. Thus, in ellipsoidal clusters, each ion will disintegrate
in a direction tangential (to within better than 8 degrees) to the
surface of its homeoid.

2. Average force

The magnitude of the average force is now examined to
illuminate how the shape of the cluster inverts. Initially ellip-
soidal models were examined under the assumption that the
magnitude of the average force an ion would experience would
be proportional to the ion’s initial ellipsoidal-radial distance
(). These models failed to match the calculated average
force (errors >50%). In retrospect, this is not surprising as
an ellipsoidal model would require the ellipsoidal cluster to
retain its shape upon disintegration, which it does not (aside
from the outermost homeoid).

A spherical model, identical to the one in Sec. IIT A 2, was
used instead. This spherical toy model resulted in a percent
difference of 27.8 &+ 9.1% [35]. When only the outer homeoid
is considered (atoms within 4 A of the outer surface of the
cluster), the percentage difference drops to 18.1 4= 4.2%. De-
spite the complicated dynamics, nonuniformity of the spatial
charge distribution, a simple picture of the disintegration of an
ellipsoidal cluster emerges: the ions disintegrate in a direction
normal to the surface of the structure with an average force
that is proportional to the ions’ original radial distance (from
the cluster’s center).

The inversion of the cluster’s semiminor and semimajor
axis is understood by the average force model in conjunction
with the increased interaction time and distance along the
semiminor axis compared with the semimajor axis. This
violates assumption (iii) in Sec. III A 2, and, thus, the model
becomes increasingly inaccurate as more inner homeoids are
included. Ions at the tip of the semimajor axis of the cluster
experience the largest average force in the aforementioned
spherical model (since the force is o r). However, the work
done on those ions by the other particles is less (acting over
a shorter distance and for a shorter time). The final position
of the ions (AF) is dependent on the interaction time as well
as the force (A7 o« Ft?). Thus, the inversion occurs because
the ions closest to the semiminor axis have more work done
on them (by the other particles) and reach higher velocities.
This allows the ions near the semiminor axis to overtake (in
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TABLEI. A comparison of all the ellipsoidal clusters with the angular disintegration and average force models for
the whole cluster (Total) as well as the results for only the outermost homeoid (Outer homeoid). Angular deviations

are calculated using Eq. (8).

Spheroidicity Outer homeoid angular

Total angular ~ Outer homeoid | F,, |

Total | F,,|

Cluster size (s) deviation (deg) deviation (deg) (percent difference) (percent difference)
490 0.7 6.5+28 7.5+35 18.1 4.2 27.8 +9.1
2183 0.7 64+44 6.8 +£4.6 13.1£4.7 25.1+£9.8
485 0.5 126 £5.4 13.6 £7.2 22.7+84 33.0+9.5
2167 0.5 103 +54 120+ 7.2 269 +9.0 39.8 +16.0

terms of radial distance) the semimajor axis ions, inverting the
structure’s shape.

C. Other ellipsoidal clusters

Next, a less spherical cluster (s = 0.5) with the same
volume is examined to further assess the predictive power of
the toy models. The cluster contains 485 atoms (a = 15.7 A,
b=78A,c=314A).

While the semimajor axis is now quadruple the width of
the semiminor axis, the inversion still takes place at (around)
the same time: all sides being equal occurring at around 120
fs (similar to Fig. 5) as well as the inversion being completed
by 180 fs.

Extending the analysis to larger clusters, all of the findings
remain consistent. The inversion for larger clusters occurs in
a shorter time (around 60 fs for all sides to be equal and
120 fs for the inversion to be complete) for both spheroidicity
parameters: s = 0.7 (N = 2183,a = 26.2 A b=18.3 A c=
36.62 A) and s = 0.5 (N = 2167, a =262 A, b = 13.1 A,
c=523A).

Further, the disintegration direction of all the aforemen-
tioned clusters continues to agree well with the toy model in
Eq. (7). The quantitative results are summarized in Table I.

The angular deviation is significantly closer to zero degrees
for clusters which are more spherical (s = 0.7). However,
much of this is attributed to the construction of an ellipsoidal
cluster from an fcc lattice as determined by the location of the
ions with the largest deviations [35]. The outer homeoid is only
marginally better than the calculation for the total cluster (all
ions except the middle ion located at the origin) in all cases.
Thus, the direction of the ion’s disintegration is well predicted
by its initial position.

The average force model, as expected and explained in
Sec. Il B 2, is quite accurate for the outermost homeoid
compared with the toy model for all the homeoids (called
Total |F,,| in Table I), but it is consistently better for the
more spherical clusters. This is consistent with its formulation,
while still providing a toy model to understand the complicated
disintegration of a nonspherical structure in simple terms.

The causes of the inversion remain the same: the ions near
the semiminor axis have more work done on them (by the
other particles) than the ions along the semimajor axis in the
direction which is tangential to their initial position.

IV. CONCLUSION

As more structures are exposed to ultraintense x-ray
laser pulses at free-electron facilities, an understanding of

the disintegration dynamics becomes increasingly useful. It
is possible to roughly predict the disintegration dynamics
knowing only the overall shape of a biological sample or
nanostructure. All structures have their ions predominately
disintegrate in a direction tangential to the overall shape of the
structure. In fact, even more complicated structures, such as
the double-stranded helix of DNA, have been shown to follow
this pattern [36].

Such knowledge may find uses at free-electron laser facil-
ities attempting to image biological samples. Using multiple,
orthogonal ion detectors, some orientation information about
the target can be obtained. For example, a long, cylindrical
protein (such as DNA or a coiled coil) would create a large ion
signal in the detector perpendicular to its length and a small
ion signal in a detector parallel to its length. This could be
used to sort vertically aligned targets from unaligned targets,
for example, decreasing the data and time needed to solve the
target’s structure.

In the case of biological samples, crystal structures must
be obtained when the sample is solvated (in order to be
useful). However, solvating the sample results in a spherical
drop with the sample’s shape completely obscured by the
water (every sample would be a sphere). Further complicating
matters is the fact that the oxygen in water cannot be
distinguished from the oxygen in the sample. These issues
may be overcome by only allowing a few layers of water
to surround the sample (perhaps using nanochannels) in
which case the overall shape of the sample is preserved.
Another possible method is by immediately freezing (and then
possibly tapering the sample [37]) with ultracold gases and
imaging the sample almost immediately after the sample is
frozen (to avoid large-scale motions away from the solvated
structure) [38].

Nonspherical structures expand at different rates along a
different axis. The widest axis becomes the largest, and vice
versa (in terms of the FWHM, the outermost shell retains the
original symmetry). Such asymmetry could be exploited, for
instance, to allow for a cluster to have multiple instances (along
different axes) in which the structure’s nanoplasma is at the
Mie plasmon resonance [1,39].

In summary, nonspherical nanostructures exposed to ul-
traintense x-ray laser pulses disintegrate in a pattern which
is perpendicular to their overall shape. The relative aver-
age force on each particle is somewhat predictable. The
relative magnitude of the average force on each ion is
well modeled and explains how nonspherical structures ex-
pand most rapidly along their smallest dimension, and vice
versa.
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