Ultrafast structural dynamics of nanoparticles in intense laser fields
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Femtosecond laser pulses have opened new frontiers for the study of ultrafast phase transitions
and non-equilibrium states of matter. In this letter, we report on structural dynamics in atomic
clusters pumped with intense near-infrared (NIR) pulses into a nanoplasma state. Employing wide-
angle scattering with intense femtosecond x-ray pulses from a free-electron laser source, we find
that highly excited xenon nanoparticles retain their crystalline bulk structure and density in the
inner core long after the driving NIR pulse. The observed emergence of structural disorder in the

nanoplasma is consistent with a propagation from the surface to the inner core of the clusters.

When matter is irradiated by an intense femtosecond
laser pulse, the rapid energy deposition can trigger new
and diverse phenomena including non-thermal melting
[1,2], bond-hardening [3], or the creation of dense elec-
tron — hole plasma [4]. For all of these ultrafast phase
transitions, drastic structural changes are expected to
occur, and understanding the competing time scales of
the driving mechanisms of excitation and de-excitation
in these highly excited systems is of fundamental inter-
est.

Atomic clusters have become a testbed for non-linear
light — matter interaction studies [5]. A rare-gas clus-
ter exposed to an intense near-infrared (NIR) laser pulse
becomes highly ionized, by multiphoton absorption, and
can evolve into a nanoscale plasma, called nanoplasma
[6,7], which expands quickly just after formation due to
Coulombic or hydrodynamic forces [8]. So far, virtually
all information about nanoplasma has been deduced from
ion and electron time-of-flight (TOF) measurements. But
now, intense femtosecond x-ray pulses from novel free-
electron laser (FEL) sources allow imaging the structural

dynamics of highly excited systems down to a few tens of
nanometers in size with unprecedented spatial and tem-
poral resolution. Recently, structural changes of laser
driven clusters were studied with time-resolved single-
shot imaging methods, which give information on tempo-
ral evolution of cluster shape [9]. Using the small angle
x-ray scattering information, the authors reported ultra-
fast and non-uniform morphology changes of giant xenon
(Xe) clusters in agreement with calculations on hydrogen
clusters [10]. These studies gave insight into changes of
the averaged density profile in nanoplasma formation in-
duced by intense laser field, showing that the nanoplasma
expansion is initiated by rapid surface softening. How-
ever, the question on the local atomic order in the cluster
core during nanoplasma formation remains.

Following the local atomic order with Bragg scatter-
ing experiments has been pivotal to understanding ul-
trafast light-induced phase transitions [1-4, 11-13]. For
nanoplasma, a recent time-resolved x-ray pump / x-ray
probe wide angle x-ray scattering (WAXS) study ob-
served Bragg reflections shifting to larger momentum
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FIG. 1. Experimental setup. The x-ray pulses are focused
with Be lenses [16] onto a multiple skimmed jet of Xe clusters
and their WAXS patterns are recorded with a MPCCD de-
tector. NIR pulses are overlapped in the interaction region in
a close to collinear geometry with a prism mirror and pump
the clusters into a nanoplasma state. Ion TOF spectroscopy
is used to determine the temporal overlap between the two
lasers.

transfer and thus, suggesting lattice contraction of Xe
nanocrystals induced within femtoseconds by the first x-
ray free-electron laser (XFEL) pulse [12]. The lattice
contraction was attributed to the sudden change in the
potential energy landscape upon core-level ionization and
decay. Intense optical fields, however, dominantly couple
to the valence electrons and therefore they are antici-
pated to induce different dynamics.

In this paper we report on ultrafast Bragg scattering
experiments on Xe clusters in intense NIR laser fields.
We find that the lattice order survives significantly longer
than the 30-femtosecond driving NIR pulse. From the de-
tailed analysis of the Bragg reflections we can deduce that
the crystalline core radius shrinks while maintaining the
initial crystalline structure. Comparing the nanoplasma
core data to the plasma parameters indicates that the ob-
served dynamics are governed by plasma speed of sound.

Our NIR pump / x-ray probe experiments were car-
ried out at the SPring-8 Angstrom Compact Free Elec-
tron Laser (SACLA) [14]. A sketch of the experiment
is shown in Fig. 1 and in short, a jet of free Xe clusters
was irradiated by a single NIR laser pulse followed, at se-
lected delays, by single XFEL pulses. The cluster jet was
generated by an adiabatic expansion of Xe gas through a
convergent-divergent nozzle with a 200 pm diameter and
a half-angle of 4° at a stagnation pressure of 30 bar and
nozzle temperature of 290 K. The average cluster size was
estimated to be around 1x 107 atoms/cluster by Hagena’s
scaling law [15]. The cluster jet passed through two skim-
mers (0.5 mm and 2 mm) and was finally tailored with
piezo-driven slits so that its size in the direction of the
laser pulses was smaller than the Rayleigh length of the
laser pulses.

The NIR laser pulses with a wavelength of 800 nm and
pulse length of 30 femtoseconds (fs) were focused with a

single plano-convex lens (f=500mm) and overlapped with
the XFEL pulses with a prism mirror at an angle of 3°.
A spot size of (4 x 10') x (4 x 10%) pm? was given for
that of the NIR laser at the reaction point. The pulse
energy of the NIR laser was adjusted to get an intensity
of 4 x 101 W/cm?. The XFEL pulses had a wavelength
(\) of 1.1 A and pulse duration of 10 fs (FWHM). They
were focused with Be lenses to a spot size of 1.4 x 1.6
pm?, significantly smaller than the NIR focus, resulting
in an intensity of 4 x 10’7 W/cm?. Spatial and temporal
overlap between XFEL and NIR pulses was determined
through measuring time-of-flight (TOF) spectra of the
clusters. The delay time of the NIR pulse relative to
the XFEL pulse was controlled by optical delay system
in the range of -500 fs to +2000 fs. The positive delay
corresponds to NIR laser arriving early and XFEL late.
The temporal jitter between arrival time of XFEL and
NIR pulses was measured with the arrival time monitor
with 20 fs precision [17].

The scattered x-ray photons were recorded with a
multi-port charge-coupled device (MPCCD) octal sen-
sor [18] installed 100 mm downstream from the reaction
point. An Al-coated stainless-steel baffle was installed
to reduce stray light and fluorescence from the chamber.
The detector was also protected with a Kapton foil of 75-
pm thickness. The NIR and x-ray pulses were dumped
into a three-layer beam stop consisting of C, Al and W
sandwich structure. In our setup the observable range
of momentum transfer, ¢ = (47/\)sin6, was 1.4 — 34
A-1 corresponding to 20 = 14 — 35° in scattering an-
gle. Xe ions were detected by the time-of-flight type ion
spectrometer [19)].

In a first step, static WAXS information was recorded
in order to confirm the crystallinity of the nanoparti-
cles. On average we could observe a few Bragg spots for
each shot on the detector indicating that we produced a
dense target of clusters in the x-ray and NIR focus. Fig.
2 shows the radial average of Bragg spots observed in
638,869 shots. The radial profile has peaks at the posi-
tions of reflections from (111), (200) and (220) planes of
face-centered cubic (fcc) lattice. Observed fcc structure
of Xe clusters agrees well with the structure and lattice
constant of bulk Xe [20]. The spots corresponding to hep
(101) Bragg reflection were also observed, and these can
be attributed to Xe crystals with randomly stacked close-
packed structure [21]. This means that the obtained data
include both nearly perfect fcc crystals and nearly ran-
domly stacked crystals. However, the difference of stack-
ing has no effects on the profiles of intense Bragg spots
that appear at the fcc (111) reflection region (¢ ~ 1.79
A~1) [21]. Considering the above facts, the present anal-
ysis focuses on the spots observed at ¢ ~ 1.79 A1,

In the inset of Fig. 2 the hit rate, defined as the num-
ber of detected Bragg spots normalized to the number
of XFEL shots, for fcc (111) is plotted as a function of
delay time. The decrease of the hit rate indicates the
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FIG. 2. Radial average of the observed Bragg spots for un-
pumped clusters. Bragg reflections at the positions of (111),
(200) and (220) planes of the fcc lattice are detected. The
inset shows the decrease in hit-rate as a function of the delay
time for pumped clusters. The data points shown in the inset
were derived by averaging the whole data in each delay point.

progressive reduction of coherent diffraction during the
nanoplasma formation but it is noteworthy that the fcc
crystal structure of Xe clusters survives for several hun-
dred fs after laser irradiation. We also point out that
the momentum transfer of (111) Bragg reflection spots
did not change within the experimental error (+ 0.01
A‘l). This observation suggests that change of the lat-
tice constant of the Xe fcc crystal is negligible. A recent
time-resolved x-ray pump / x-ray probe wide angle x-ray
scattering (WAXS) observed Bragg reflections shifting
to larger momentum transfer in the excited nanoparti-
cles, indicating the occurrence of lattice contraction of
Xe nanocrystals within femtoseconds from the 10-fs hard
x-ray pump pulse [12]. The lattice contraction was ex-
plained as a consequence of the sudden change in the po-
tential energy landscape upon core-level ionization and
decay. Our present results, as obtained with an intense
optical pump field, show a different nanoparticle behav-
ior: diffracting volume reduction, but no lattice contrac-
tion. The largest excitation cross sections for intense NIR
pulses are valence excitation and inverse Bremsstrahlung
heating [6], whilst x-rays excite primarily core electrons.
We therefore speculate that the density profile of the
nanoparticle excitation is quite different in the two ex-
periments and that the observed structural evolution of
the nanoparticles does reflect such different excitation
regimes. At present we are unable to make a fully quali-
fied statement in this matter, which will need theoretical
support describing the complex and correlated electron
and nuclear dynamics.

Before delving into a detailed analysis of the Bragg
spots the signal generation shall be briefly discussed. Su-
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FIG. 3. Delay dependence of profiles of Bragg spots from
(111) plane at the NTR power of 4 x 10'® Wem™2. (a) Char-
acteristic spot images. (b) Temporal evolution of the spot in-
tensity (markers) was fitted by an exponential function (solid
red line). Its decay constant was estimated to be around 200
fs. (c) Temporal evolution of the spot width (markers) was
compared with surface melting model (solid magenta line).
(d) The temporal evolution of the core radius calculated with
the experimental (markers) and fitting (solid red line in (b))
data. The error bars of (b), (¢) and (d) show standard devia-
tions. (e) A scheme of cluster disordering that proceeds from
the surface and is consistent with our experiments.



personic jet expansion always leads to a distribution in
cluster sizes [15]. Further, the x-ray scattering signal is
convoluted with the focal volume intensity distribution
[22]. In order to create a reliable data set we therefore
only considered the 5 % most intense signals at each de-
lay point, i.e., only the signal from the largest clusters in
the hottest part of the x-ray focal volume.

To obtain information on the local structural changes
in Xe clusters, we carried out a profile analysis of Bragg
spots. According to the x-ray scattering theory, the
Bragg spot intensity is related to the crystal volume, the
photon density, and the random displacement of atoms
in crystal (the Debye-Waller factor). The spot width is
related to the particle size and strain of crystal. We esti-
mated the intensity, which is the product of the area and
the height of Bragg spot, and width of each Bragg spot
by fitting with a 2D Gaussian function. In Fig. 3 (a) we
show the characteristic spots from fcc (111) reflection at
various delay times. Fig. 3 (b) and (¢) show the tempo-
ral evolution of fitted intensity and width of the fcc (111)
Bragg spots. The data show that the intensity of Bragg
spots was weakened upon NIR irradiation (Fig. 3 (b)),
which is consistent with the decrease of the hit rate. At
the same time, the spot width increased (Fig. 3 (c)), and
the increase reached a few tens percent.

The simultaneous decrease in intensity and increase in
Bragg spot width indicates that the crystal volume de-
creases [23] or in other words, a non-uniform process for
crystal disordering. A uniform random displacement of
the atoms in the crystal, represented with the Debye-
Waller approximation, would not affect the spot width.
To substantiate this interpretation we performed Bragg
scattering calculations on a simplified model (see the sup-
plemental material in detail). In our model we assumed
three principal disordering mechanisms: a random disor-
der, a core disorder, and a surface disorder. The results
show that the surface disorder is in best agreement with
the experimental observations and our interpretation of
the Debye-Waller factor.

For further insight into the NIR induced dynamics we
performed a consistency check of the spot intensity and
spot width data. In a first step, we started with a sim-
ple model assuming that the decrease of the spot inten-
sity is proportional to the crystal volume and the time-
dependent signal is reflecting the volume decrease. For
spherical fcc Xe clusters, the crystal radius is then related
to the spot intensity as follows:
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Here rg is the radius of cluster in the neutral state (60
nm), Iy is the intensity of Bragg spot from pristine clus-
ters, r(t) and I(t) are cluster radius and intensity of
Bragg spot at the delay time ¢, respectively. In a sec-
ond step we calculate the resulting spot width with the
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Scherrer equation [24], which relates the FWHM of Bragg
spot B and the size of nanoscale crystal as follows:

2\

plt) = 3r(t) cosf’

(2)
Here X is the wavelength of the incident photons, and 6
is the Bragg angle. Note that the original formula is in
terms of a generalized length scale equal to the cube root
of the particle volume. The resulting Bragg peak width
from this purely spot intensity based model are added
to the measured spot width data Fig. 3 (c) as a solid
magenta line. The modeled and measured spot width
agree well, showing that the spot intensity reduction and
spot width increase are correlated. The data shows that
the superheated clusters lose crystalline order from their
surface with an ever shrinking crystal core. The process
is depicted in Fig. 3 (e).

From the data and with Eq. (2) the average radius of
the crystalline particle core as a function of delay can be
inferred, which is shown in Fig. 3 (d). The core radius
of the undisturbed clusters is stable around 60 nm but
upon NIR excitation the crystalline core radius shrinks
rapidly. This result is qualitatively similar to an earlier
ultrafast imaging experiment which is sensitive to the
envelope of the particle [9]. This previous experiment
revealed that the nanoplasma expansion proceeds via a
developing density gradient at the nanoparticle surface
akin to non-thermal surface melting but no information
about the inner structure could be obtained. Our data
show that the cluster core in the nanoplasma maintains
a crystalline bulk-like structure long after the NIR pump
pulse is over, but the crystalline fraction is reduced over
time (hereafter defined shrinkage). From Fig. 3 (d) and
our model we can estimate that the core shrinks with a
speed of 7 x 10* m/s.

We can discuss our results in light of previous stud-
ies about non-linear NIR laser — cluster interactions and
nanoplasma formation [5-7]. At the early stage of laser —
cluster interaction, many electrons are photo-ejected and
the nanoscale cluster becomes positively charged. Elec-
trons subsequently released are confined by the devel-
oping Coulomb potential, leading to the formation of a
non-equilibrium nanoplasma. During the laser irradia-
tion, electrons gain energy from the laser field and the
cluster is heated via inverse Bremsstrahlung processes.
The nanoplasma expands into vacuum due to internal
pressure of the electron gas as well as the Coulomb forces.
In general, for small clusters the expansion is dictated by
Coulombic interaction and for large clusters by hydro-
dynamic expansion [5,6,25]. In our case of very large
clusters, hydrodynamic expansion with the plasma speed
of sound is predicted [6,22,26].

To estimate the relevant plasma parameters, we mea-
sured the NIR laser produced ion kinetic energy distribu-
tion with a time-of-flight spectrometer in a reference mea-
surement, similar to previous studies [6,22,26]. Fitting



the ion spectra, we estimated an average charge state Z
of 30 from the time-of-flight data and a resulting electron
density n. of 4 x 10?3 /em3. Using the experimentally de-
termined Z and n. in full plasma simulations with FLY-
CHK [27] we infer an electron temperature T, of ~300
eV and an electron-ion equilibrium time 7._; [8] of ~350
fs. The resulting plasma speed of sound, described as
VZkpT./M (kp is the Boltzmann constant and M is
the atomic mass of Xe), is on the order of 8x10* m/s.

Most interestingly, the plasma speed of sound deter-
mines the speed of hydrodynamic expansion, and the
numeric value above comes remarkably close to our mea-
sured core shrinking speed (7x10% m/s). While so far the
interior dynamics of the non-equilibrium nanoplasmas re-
mained elusive, our data can connect previous imaging
studies on surface dynamics [9] to the dynamics in the
nanoparticle core. The imaging studies [9] showed an ex-
pansion from the surface, and our results show a continu-
ous shrinking of the crystalline volume in the core. Con-
necting the two data sets of surface expansion/softening
(exterior dynamics) to the core shrinking and related loss
of crystalline order from the surface (interior dynamics)
we conclude that the disordering starts on the surface
and propagates to the interior with a speed be compati-
ble with the plasma speed of sound. This interpretation is
compatible with ion time of flight studies on shell expan-
sion in core-shell structures [28,29] and theoretical mod-
eling of laser-driven hydrogen clusters [10]. In particular,
the experimentally determined core shrinking speed is in
good agreement with a theoretical study on the expan-
sion dynamics of hydrogen nanoplasma in intense laser
fields by Peltz et al. [10] but here we can go one step
further. Our data show that even in the highly excited
non-equilibrium state, the nanoplasma core retains its
crystalline bulk structure and density beyond the initially
driving NIR pulse and even beyond 7._;. Our interpreta-
tion is that the local disordering in nanoplasma proceeds
from the surface towards the core, initially protecting the
core structure and retaining the bulk lattice configuration
until the surface disordering has propagated into the core.
For a full understanding of the complex laser-induced dy-
namics, theoretical studies including the full ionization
processes and plasma dynamics [10,30] will need to be
performed and compared to our data set.

In summary, we investigated ultrafast and atomic-scale
structural changes in nanoplasma with time-resolved
WAXS experiments. We revealed that the crystalline
order in a Xe cluster to nanoplasma transition is
maintained long after the driving laser pulse is over.
Based on our diffraction data in conjunction with
previous studies we conclude that the local disordering
in nanoplasma proceeds from the surface to the core
with a speed compatible with the plasma speed of sound.
Our findings provide new insight into the structural
dynamics of highly non-equilibrium nanoplasma states,
their formation and their evolution.
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