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Koji Motomura,2 Tadashi Togashi,8 Shigeki Owada ,8 Tetsuo Katayama,8 Kensuke Tono,8 Makina Yabashi,2

Linda Young,3,9 Kazuhiro Matsuda,1 Christoph Bostedt,6,10 Kiyoshi Ueda,4,2 and Kiyonobu Nagaya1,2
1Department of Physics, Kyoto University, Kyoto 606-8502, Japan

2RIKEN SPring-8 Center, Sayo, Hyogo 679-5148, Japan
3Chemical Sciences and Engineering Division, Argonne National Laboratory,

9700 South Cass Avenue, Argonne, Illinois 60439, USA
4Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,

Sendai 980-8577, Japan
5Department of Physics and Astronomy, University of Turku 20014 Turku, Finland

6Paul-Scherrer Institute, CH-5232 Villigen PSI, Switzerland
7Institut für Kernphysik, Johann Wolfgang Goethe-Universität,

Max-von-Laue-Strasse 1, 60438 Frankfurt, Germany
8Japan Synchrotron Radiation Research Institute (JASRI), Sayo, Hyogo 679-5198, Japan

9Department of Physics and James Franck Institute, The University of Chicago,
Chicago, Illinois 60637, USA

10LUXS Laboratory for Ultrafast X-ray Sciences, École Polytechnique Fédérale de Lausanne (EPFL),
CH-1015 Lausanne, Switzerland

(Received 13 August 2020; revised 8 June 2021; accepted 30 June 2021; published 30 August 2021)

When a nanoparticle is irradiated by an intense laser pulse, it turns into a nanoplasma, a transition that is
accompanied by many interesting nonequilibrium dynamics. So far, most experiments on nanoplasmas use
ion measurements, reflecting the outside dynamics in the nanoparticle. Recently, the direct observation of
the ultrafast structural dynamics on the inside of the nanoparticle also became possible with the advent
of x-ray free electron lasers (XFELs). Here, we report on combined measurements of structural dynamics
and speeds of ions ejected from nanoplasmas produced by intense near-infrared laser irradiations, with
the control of the initial plasma conditions accomplished by widely varying the laser intensity
(9 × 1014 W=cm2 to 3 × 1016 W=cm2). The structural change of nanoplasmas is examined by time-
resolved x-ray diffraction using an XFEL, while the kinetic energies of ejected ions are measured by an ion
time-of-fight method under the same experimental conditions. We find that the timescale of crystalline
disordering in nanoplasmas strongly depends on the laser intensity and scales with the inverse of the
average speed of ions ejected from the nanoplasma. The observations support a recently suggested scenario
for nanoplasma dynamics in the wide intensity range, in which crystalline disorder in nanoplasmas is
caused by a rarefaction wave propagating at a speed comparable with the average ion speed from the
surface toward the inner crystalline core. We demonstrate that the scenario is also applicable to nanoplasma
dynamics in the hard x-ray regime. Our results connect the outside nanoplasma dynamics to the loss of
structure inside the sample on the femtosecond timescale.

DOI: 10.1103/PhysRevX.11.031046 Subject Areas: Atomic and Molecular Physics,
Plasma Physics

I. INTRODUCTION

The innovative technique of chirped pulse amplification of
short laser pulses [1] has opened up new research areas in
physics [2,3], chemistry [4–6], and laser engineering [7,8].
In recent years, novel applications of intense lasers have
been brought about by the availability of short-wavelength
free-electron lasers (FELs) [9,10], which deliver extremely
intense femtosecond pulses in the extreme ultraviolet and
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x-ray regime. Such intense laser pulses, when focused to a
narrow waist in the order of micrometers, can deposit an
unprecedented amount of energy in a small volume of matter
almost instantaneously. This extreme energy absorption in
matter leads to the formation of a highly nonequilibrium
plasma, resulting in an ultrafast structural change and
ejection of charged fragments [7,8]. Characterizing and
controlling the dynamics of laser-induced plasmas, typically
on a femtosecond and nanometer scale, are essential for the
applications. For instance, the laser-induced plasma dynam-
ics is closely related to structure determination of biomo-
lecules and transient species by ultrafast coherent diffraction
imaging with x-ray FELs (XFELs) [11,12]. Here, the key
concept is “diffraction before destruction” [13], in which the
diffraction signal is recorded before significant structural
changes take place in the sample due to radiation damage.
The ultrashort but intense XFEL pulses are suitable for this
time-critical technique, but for its proper implementation,
understanding laser-induced plasma dynamics is of crucial
importance in XFEL-based imaging experiments.
For the past few decades, nanometer-sized rare-gas

clusters have commonly been used as a test bed to
investigate fundamental dynamic processes in laser-
induced plasma, called nanoplasma, since the produced
nanoplasma has a uniform temperature profile and no
energy dissipation to the surroundings. Regardless of the
wavelength of the laser, the nanoplasma expands on a
femtosecond to picosecond timescale, leading to ejection of
highly charged energetic ions [14,15], fast electrons [16],
and x-ray/EUV photons [17,18]. To date, insight into the
nanoplasma dynamics on femtosecond timescales and
extreme energy scales has been predominantly obtained
from secondary observables such as electron and ion
kinetic energy releases, reflecting the nanoplasma expan-
sion. However, the structural dynamics inside the particle
during the solid-to-plasma transition and, here in particular,
the loss of the atomic order remain unexplored.
The advent of XFELs has allowed novel single-shot

single-particle imaging [19] and spectroscopy [20]
approaches. Time-resolved imaging of near-infrared
(NIR) laser-induced nanoplasmas allowed us, for the first
time, to directly follow the initial steps of the nanoplasma
expansion in space and time [21]. The data suggested a
rapid softening of the nanoparticle surface, resulting in
transient core-shell structures with shrinking solid-density
cores and rapidly expanding outer shells. Wide-angle x-ray
scattering (WAXS) with hard x rays added first data on the
structural dynamics inside a nanoplasma [22]. The experi-
ments revealed the surprising results that the nanoplasma
retain their inner crystalline order long (hundreds of
femtoseconds) after the driving NIR laser pulse, in spite
of the huge energy absorption in the electron system upon
the excitation.
These pioneering experiments have provided qualitative

information about the structural dynamics of laser-heated

nanoparticles. From these observations, one can construct
a hypothesis about the structural dynamics of a laser-
heated nanoplasma. After the laser excitation, the nano-
particle starts to expand by softening the surface density
profile, and at the same time, a transition front propagates
toward the interior, resulting in the crystalline disorder in
the particle core. But key points remain open: Can we
connect the inner structural dynamics and the outer
nanoplasma expansion? How is the propagation of the
transition front related to the ion dynamics or overall
plasma dynamics? In theory [23,24], the two aspects of
the nanoplasma dynamics should be related via a param-
eter called plasma sound speed cs, defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZkBTe=mi

p
(Z is the average charge, kB is the Boltzmann constant, Te
is the electron temperature, and mi is the atomic mass).
The propagation of the transition front should correspond
to a so-called rarefaction wave, which propagates with cs
from the surface towards the inner core [23,24]; mean-
while, the average speed of ejected ions is equivalent to cs
except for a factor of order unity [25].
In this work, we correlate the structural dynamics of

nanoparticles irradiated by intense laser pulses and the
kinetic energies of ions ejected from the produced nano-
plasmas experimentally. The present experiment examines
the nanoplasma dynamics induced by an intense NIR pulse.
In this case, it can efficiently absorb energy through
collective absorption processes, and the plasma parameters
are widely controllable by the laser intensity [26]. First, we
characterize the structural evolution of the nanoplasma with
time-resolved WAXS on single particles. We control the
plasma parameters (Z and Te) with the NIR laser param-
eters, resulting in intensity-dependent timescales of the
plasma expansion and a corresponding change in kinetic
energies of ejected ions. We overcome the common
problem of focal volume averaging with a small crossing
angle between the NIR pump laser and XFEL. With this
geometry, and exploiting the angular information in the
diffraction data, we can analyze the laser power-density-
dependent processes and obtain a clear picture of the
dynamics within the focal volume. Second, we measure
the kinetic energies of the ions ejected from NIR-irradiated
Xe clusters under the same conditions as the WAXS
experiments. With these data sets, we identify a clear
correlation between the delay-dependent diffraction signal
and the kinetic energies of ejected ions: The timescale
of the decay of the diffraction intensities scales with the
inverse of the average speed of ejected ions. Furthermore,
we demonstrate that the presented correlation may also
apply to the dynamics of x-ray-induced nanoplasmas,
which has been investigated by time-resolved WAXS in
a previous work [27]. From the data, we can conclude that
the crystalline disorder in nanoplasmas is universally
caused by a transition front propagating towards the inner
crystalline core at a speed comparable with the average
speed of ejected ions.
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II. EXPERIMENTS

The experiments were performed at the experimental
hutch EH2 [28] of beamline BL3 at the SPring-8 Angstrom
Compact Free Electron Laser (SACLA) facility [29]. The
setup is described in our previous publications [22,30].
SACLA generated x-ray pulses with a photon energy of
10.0 keVat a repetition rate of 30 Hz. The pulse duration of
XFEL was estimated to be 10 fs [31]. The pulse energies
were measured with a beam position monitor [28] located
upstream of the beamline. The average pulse energy at the
reaction point was 200 μJ. The XFEL beam was focused
with Be compound refractive lenses [32] to a focal size
of 1.7 μm (FWHM) The resulting peak intensity was
6 × 1017 W=cm2.
A Xe cluster beam was produced by an adiabatic

expansion of Xe gas through a nozzle with a diameter
of 200 μm and a half angle of 4°. The stagnation pressure
and temperature were 20 bar and 280 K, respectively.
The average cluster size was estimated to be
8 × 106 atoms=cluster (corresponding to approximately
50 nm in radius) according to Hagena’s scaling law
[33]. The cluster beam was introduced to the interaction
region through two skimmers with diameters of 0.4 mm
and 2.0 mm.
NIR laser pulses with a wavelength of λ ¼ 800 nm and a

duration of 30 fs were generated by a Ti:sapphire laser
system. The laser pulses were focused to a spot size of
30 μm (FWHM) and overlapped with the XFEL pulses
with a small crossing angle of approximately 1.5°, which
was evaluated from the time-resolved diffraction data (see
the Appendix A). The experimental geometry allowed us to
analyze the power-density-dependent processes in the NIR
focal volume as described in detail below. The spatial and
temporal overlaps between XFEL and NIR laser pulses
were ensured by measuring time-resolved ion spectra of the
Xe clusters [34]. The pump-probe diffraction measure-
ments were carried out at three NIR pulse energies—9 mJ,
1 mJ, and 0.2 mJ—and the resulting peak intensities were
3 × 1016 W=cm2, 4 × 1015 W=cm2, and 9 × 1014 W=cm2,
respectively. The shot-to-shot timing jitter between the
XFEL and NIR pulses was compensated using the arrival
timing monitor [35] with an accuracy of about 20 fs.
The scattered x rays were recorded on a shot-by-shot

basis on a multiport CCD (MPCCD) sensor detector [36]
located at L ¼ 100 mm downstream of the interaction
region. In the present setup, the detection area covers
the momentum transfer range of 1.2–3.0 Å−1. Ion signals
from the Xe clusters were recorded with an ion time-of-
flight (TOF) spectrometer [30].

III. ANALYSIS

A. Hit finding and preanalysis

In the time-resolved diffraction measurements, more
than 200 000 events were accumulated at each NIR peak

intensity. Prior to the analysis, an averaged dark image was
subtracted from the MPCCD images. Images with Bragg
spots were filtered with a blog-finding algorithm [37]. The
hit rate of the events, which is defined as the ratio of images
containing Bragg spots to the total number of x-ray shots,
was less than 5%. For each Bragg spot in the single-shot
diffraction images (specified with an index i), the radial
position ri was evaluated.

B. Structure of pristine Xe clusters

Figure 1 shows the radial distribution of the detectedBragg
spots from pristine Xe clusters. The diffraction pattern shows
peaks at positions corresponding to known fcc reflections
(f111gfcc and f200gfcc). In addition, a broad peak around
r ≈ 38 mm is observed. The broad peak originates from the
randomly stacked hexagonal close-packed (rhcp) structure in
the clusters [38]. The diffraction patterns indicate that the
Xe clusters contain both rhcp and fcc structures. In the
following discussion, we focus on Bragg spots located on
the sharp peak around r ≈ 36 mm,which originate from both
fcc and rhcp structures.Here, the intensities of theBragg spots
reflect the volume of the whole close-packed crystalline
domains in the clusters according to the Debye-Scherrer
formalism, in either the fcc or rhcp structure.

C. Delay-dependent radial intensity distribution
and focal volume effects

For any strong-field-induced dynamics, the actual NIR
intensity exposed on the sample is of utmost importance.

(a) (c)(b)

FIG. 1. (a) Radial distribution of the detected Bragg spots from
pristine Xe clusters on the detector. The pattern exhibits peaks at
positions corresponding to f111gfcc and f200gfcc reflections. The
broad peak around r ≈ 38 mm originates from the rhcp structure
[38]. In the subsequent analysis, we only focus on the Bragg spots
located on the sharp peak at r ≈ 36 mm (filled with pink).
(b) Representative example of a Bragg spot profile in a MPCCD
image. (c) 2D Gaussian fit of panel (b).
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In our experiments, we were able to use the radial
information in the x-ray diffraction data and our exper-
imental geometry to gain a deeper insight into the NIR-
induced processes in the nanoplasma. To do so, we first fit a
two-dimensional (2D) intensity profile of each Bragg spot i
with a 2D Gaussian function. Then, the integrated intensity
of the spot, Ii, was evaluated [cf. Figs. 1(b) and 1(c)]. We
defined the unnormalized intensity Ĩðr; tÞ as a function of
the radial distance r and the delay t:

Ĩðr; tÞ ¼
X
i

Iiδðr − riÞδðt − tiÞ; ð1Þ

with ti being the delay of the event. The normalized
intensity Iðr; tÞ was calculated as defined below:

Iðr; tÞ ¼
R rþΔr=2
r−Δr=2

R tþΔt=2
t−Δt=2 Ĩðr0; t0Þdt0dr0R tþΔt=2

t−Δt=2 Nðt0Þdt0
; ð2Þ

where NðtÞ is the temporal distribution of the events, and
Δr and Δt represent radial and temporal bin widths,
respectively.
Figure 2(a) shows the delay-dependent radial intensity

distribution Iðr; tÞ around the f111gfcc peak at the lowest
NIR intensity: INIRpeak ¼ 9 × 1014 W=cm2. We observe a
decrease of the diffraction intensities around the center
of the peak (r ∼ 36.3 mm) within 1 ps after the irradiation
of NIR pulses. In contrast, Bragg spots at both ends of the
peak survive even longer after the laser excitation.
The nonuniform delay dependence of the diffraction

intensities can be attributed to the spatial intensity

distribution of the NIR laser in the interaction region
[Fig. 2(b)]. In the present experimental configuration, the
NIR laser was overlapped with an XFEL beam with an
intersection angle of ϕ ≈ 1.5°, which was evaluated from
the time-resolved diffraction data (see Appendix A). The
width of the cluster beam was ω ≈ 2 mm along the XFEL
axis, which is smaller than the Rayleigh length of the
XFEL. Along the XFEL beam axis, the NIR laser deviates
from the XFEL beam axis by ðω tanϕÞ=2 ≈ 26 μm, which
is comparable with the focal size of the NIR laser (30 μm in
FWHM). Thus, the NIR intensity is not constant along the
beam axis of XFEL, even though the Rayleigh length of the
NIR laser is longer than the width of the cluster beam.

D. Compensation of the NIR intensity distribution

Equipped with this additional information from the
experimental geometry and data, we can compensate, in
the analysis, for the intensity variations in the focal volume
(for details, see Appendix A). First, the spatial intensity
distribution was computed by assuming a Gaussian beam
profile. Figure 2(b) shows the calculated NIR intensity
profile at INIRpeak ¼ 9 × 1014 W=cm2. Then, the NIR intensity
along the XFEL beam was associated with the radial profile
using Bragg’s law [cf. Fig. 2(d)]:

x ¼ L − r= tan 2θ111; ð3Þ

¼defΔr= tan 2θ111; ð4Þ

where x is the distance between the center of the XFEL
focus and the position of the particle, and θ111 is the Bragg

(d)

(c)

(b)(a)

FIG. 2. (a) Delay-dependent radial profile of the diffraction intensities Iðr; tÞ around the f111gfcc peak at INIRpeak ¼ 9 × 1014 W=cm2.
The upper axis indicates the estimated NIR intensity at the corresponding particle positions. (b) Top view of the spatial intensity
distribution of the NIR laser in the interaction region. (c) NIR laser intensity distribution along the XFEL beam. (d) Schematic geometry
of the diffraction measurements.
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angle for the f111gfcc reflections. Here, we implicitly
assumed that the Bragg angle θ111 is constant after
irradiation with NIR pulses. This assumption is consistent
with the present observations, where one does not see an
evident collective shift of the radial positions of the Bragg
spots. The upper axis of Fig. 2(a) indicates the calculated
NIR intensity. The same procedure was applied to the three
data sets recorded at three NIR peak intensities.

E. Delay dependence of the diffraction intensities

The NIR intensity distribution can now be taken into
account in the analysis of the time-resolved diffraction data.
We focused on diffraction intensities originating from near
the focus of the NIR laser and computed the diffraction
intensity IðtÞ by integrating Ĩðr; tÞ over a radial range
½rmin; rmax� [indicated with red dashed lines in Fig. 2(a)]:

IðtÞ ¼
R
rmax
rmin

R tþΔt=2
t−Δt=2 Ĩðr0; t0Þdt0dr0R tþΔt=2
t−Δt=2 Nðt0Þdt0

: ð5Þ

In addition, the NIR intensity in the range of interest was
evaluated from the spatial intensity profile. The intensities
were estimated to be ð2.2� 0.6Þ × 1016 W=cm2,
ð3.2�0.5Þ×1015W=cm2, and ð7.3�0.8Þ×1014W=cm2,
respectively.

IV. RESULTS AND DISCUSSION

A. NIR intensity dependence

The delay-dependent radial intensity distribution
[Fig. 2(a)] provides key information about the NIR inten-
sity dependence of the nanoplasma dynamics. The delay-
dependent profile exhibits a clear threshold behavior;
diffraction intensities originating from the high NIR inten-
sity region tend toward zero within 1 ps, while those
from the low-intensity regions did not fade within 2.5 ps.
The Bragg spots from the lower-intensity region survived
even at t ∼ 10 ps. The threshold intensity for the disap-
pearance of Bragg spots was roughly evaluated to be
5 × 1014 W=cm2. We should note that the threshold inten-
sity is quite sensitive to the error in the intersection angle
between the XFEL and the NIR laser. Interestingly, the
threshold intensity coincides with the intensity where the
onset of the energetic ion production was observed in ion
measurements of Xe clusters (N ∼ 5300) [39]. This agree-
ment implies a key relation between the properties of
ejected ions and the structural dynamics: Serious structural
damage is accompanied by energetic ion production.
Figure 3 shows the delay dependence of the Bragg

diffraction intensities at the three NIR intensities. At all
NIR intensities, the diffraction intensities start to decrease
at t ¼ 0 and vanish within 1 ps. Most importantly, the data
sets exhibit an evident NIR intensity dependence: The
timescale of the decay is significantly longer at lower NIR

intensities. The decrease of the diffraction intensities
indicates the loss of crystalline order in the Xe clusters.
It should be emphasized that the crystalline order is retained
for more than a few hundred femtoseconds. At the lowest
NIR intensity, the diffraction intensities survived up to 1 ps.
The timescale is much longer than the duration of the NIR
laser pulses (30 fs in FWHM) and consistent with the
timescale of nanoplasma expansion observed in previous
studies [21,22]. The NIR intensity dependence of the
structural dynamics can be interpreted as the difference
in the initial parameters of the plasma; the higher laser
intensity corresponds to higher Te and Z.

B. Structural dynamics inside the nanoplasma

With the detailed power-density-dependent data at hand,
we can discuss the structural evolution inside the nano-
plasmas, in combination with the results from previous
studies. Several experiments have shown that large, pris-
tine, rare-gas clusters form a nearly spherical shape [40,41].
In addition, wide-angle x-ray scattering experiments
suggest that rare-gas clusters mostly consist of single,

(a)

(b)

(c)

FIG. 3. Delay dependence of f111gfcc diffraction intensities of
Xe clusters IðtÞ at (a) INIR ¼ ð2.2� 0.6Þ × 1016 W=cm2,
(b) INIR ¼ ð3.2� 0.5Þ × 1015 W=cm2, and (c) INIR ¼ ð7.3�
0.8Þ × 1014 W=cm2. Solid curves show the fitting results with
the nanoplasma model. For details of the model, see main text.
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close-packed crystals [38]. After NIR excitation, clusters
start to expand from the surface, resulting in the emergence
of transient core-shell structures with solid-density cores
[21]. The surface softening matches well with the theories
of plasma expansion [23], in which surface ions are
accelerated outwards by hydrodynamic forces, and at the
same time, a rarefaction wave propagates inwards at a
constant speed. The surface softening has also been verified
in a microscopic simulation of NIR-irradiated hydrogen
clusters [42]. The nanoplasma core retains its crystallinity
until the transition front propagates to the core [22].
Based on the previous and current work, we employ a

simple model, namely, the surface “melting” model, to
explain the temporal evolution of the diffraction intensity.
In the model, a spherical crystal starts to expand from the
surface, and a transition front propagates towards the inner
core at a constant speed vprop:

Rcore ¼

8>><
>>:

R0 ðt < 0Þ
R0 − vpropt ð0 ≤ t < R0=vpropÞ
0 ðt ≥ R0=vpropÞ;

ð6Þ

where Rcore is the core radius and R0 is the average radius of
the pristine clusters (¼ 50 nm). In this model, we assume
that the core completely retains its crystalline structure;
i.e., the contribution of crystalline disorder in the core
(core disorder) to the decrease of diffraction intensity is
neglected. This assumption is consistent with the present
observation, in which we observe no abrupt decrease of the
diffraction intensities at t ∼ 0. The diffraction intensity is
assumed to be proportional to the volume of the crystalline
core:

IðtÞ ¼ I0

�
Rcore

R0

�
3

þ B; ð7Þ

where I0 is the initial diffraction intensity and B is the
baseline. The baseline B may originate from the diffraction
signal from clusters located out of the NIR laser focus since
the rhcp structure gives rise to a broad peak in the radial
intensity distribution. The delay dependence of the diffrac-
tion intensities is fitted with Eqs. (6) and (7) (the solid curves
in Fig. 3), and the propagation speed vprop is evaluated for
each laser intensity. The fitted propagation speeds vprop are
plotted against the NIR intensity in Fig. 4. The propagation
speed varies by about 1 order of magnitude over the
measured NIR intensity range (7 × 1014–2 × 1016 W=cm2).

C. Connection of the inside dynamics
to the outside dynamics

To get a quantitative picture of the NIR intensity
dependence of the structural dynamics, we deduce central
plasma parameters from ion TOF spectra of NIR-irradiated
Xe clusters. With this approach, we are then able to connect

the propagation of crystalline disorder inside the particle to
the large body of work about particle explosion dynamics
from ion spectra. Figure 5 shows the ion TOF spectra
recorded at the same three NIR peak intensities as in the
time-resolved diffraction measurements. At higher NIR
intensities, highly charged ions with high kinetic energies
are observed, indicating high ionization and strong heating
in the clusters. Considering the spatial intensity distribution
in the interaction region [20,43], we focus on ion signals in
the highest charge states (corresponding to approximately
5% of the total ion yield), which can be assumed to
originate from the focus of the NIR laser. The kinetic
energies of the ions at the highest charge states are
simulated and fitted to the experimental data (for details,
see Appendix B). The average kinetic energies of ions E at
the highest charge states are evaluated to be 20� 5 keV,
6.0� 1.4 keV, and 1.7� 0.3 keV, respectively.
In hydrodynamic expansion, the average ion kinetic

energy E approximates βZkBTe [25], where β is a
factor of order unity. We adopt a numerical factor
β ¼ 2 × ð3Þ−1=2, which corresponds to the expansion of
quasineutral collisionless plasma in spherical geometry
[25,44]. The plasma sound speed cs is estimated from
the average ion kinetic energy via E ¼ 2 × ð3Þ−1=2mic2s .
The plasma sound speed cs is related to the ion speed
vi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2E=mi

p
via vi ¼ 2 × ð3Þ−1=4cs ≈ 1.52cs.

FIG. 4. Red points: propagation speeds vprop of the crystals
deduced from the delay dependence of the diffraction intensities
plotted against NIR intensity. The NIR intensities are evaluated
by considering the spatial intensity profiles (see the main text and
Appendix A). The vertical error bars indicate uncertainties
originating from the statistical errors in the diffraction intensities.
Blue points: plasma sound speeds deduced from the ion TOF
spectra of the NIR-irradiated Xe clusters plotted against NIR peak
intensity. The vertical error bars indicate uncertainties corre-
sponding to the standard deviation of the ion kinetic energies in
the fitting range.
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In Fig. 4, the estimated plasma sound speeds are plotted
against the NIR peak intensities (blue points). The plasma
sound speeds surprisingly agree with the propagation
speeds vprop deduced from the temporal evolution of the
diffraction intensities. The agreement strongly supports the
scenario of the surface softening [21,23,45] in the wide
range of excitation conditions, in which disordering prop-
agates from the surface toward the crystalline core at the
plasma sound speed cs. Note that the uncertainty in the
average cluster radius [46] causes a systematic vertical shift
of the propagation speeds in the log-log plot. This relative
shift between the propagation speeds and the plasma sound
speed is offset by the choice of β [25] used to derive the
plasma sound speeds. Hence, though the present data do
not necessarily guarantee the accuracy of β, the results are
consistent with the scenario of the surface softening. The
slight deviation between the propagation speed and the
plasma sound speed in the highest intensity region could
be due to the above-presented uncertainties or the core
disorder, which means the breakdown of the assumption
that the crystalline order is retained in the nanoplasma core.

D. Nanoplasma dynamics in the hard x-ray regime

Above, we have seen the relation between the inner
structural dynamics and the outer ion dynamics of

nanoplasmas produced in intense NIR laser fields. The
following question now arises: Is the relation universally
applicable to laser-induced nanoplasma dynamics in differ-
ent excitation mechanisms, e.g., extreme ultraviolet and
x-ray regimes? There are several studies supporting the
scenario of surface softening in x-ray-induced nanoplas-
mas; it has been observed in a time-resolved imaging of
hard x-ray-induced nanoplasmas [47] and has also been
verified in a numerical simulation of the explosion dynam-
ics of a biomolecule irradiated by an intense, hard x-ray
pulse [45]. Hence, it is reasonable to assume that nano-
plasma expansion starts from the surface of the particle in a
similar manner to the NIR regime.
As for the atomic order in hard x-ray-induced nano-

plasmas, Ferguson et al. [27] have reported on a time-
resolved WAXS experiment of Xe nanoparticles (with a
radius of 35 nm) irradiated by intense, hard x-ray pulses.
In their results, the diffraction intensity exhibits an approx-
imately 40% decrease at 80 fs after the irradiation of the
x-ray pulse. In their interpretation, the decrease in the
diffraction intensity was solely attributed to the local
atomic displacement. However, another explanation would
be possible in light of present experimental results: The
decrease in the diffraction intensity is explained by the
reduction of the crystalline volume. Let us investigate
the consistency between the experimental results [27]
and the model proposed here. To evaluate the propagation
speed vprop of the transition front towards the inner core, the
delay-dependent diffraction intensity was fitted with the
functions, Eqs. (6) and (7) (see Appendix C). The fitting
procedure gives a value of ð6.2� 0.6Þ × 104 m=s for vprop.
From an ion TOF measurement similar to the present
experiments, the average kinetic energy of ions ejected
from the XFEL-induced nanoplasma is 10 keV [27], giving
a plasma sound speed cs ¼ 8 × 104 m=s in the plasma
model with β ¼ 2=

ffiffiffi
3

p
. The plasma sound speed is in good

agreement with the propagation speed vprop. Though the
available data are not sufficient to fully validate our model,
the agreement suggests the possibility of a more universal
relation between the inner structural dynamics and the ion
properties, regardless of the excitation mechanism specific
to the laser wavelength.

E. Validity of the nanoplasma model

As we have seen, the experimental results are well
explained by the theory of collisionless plasma expansion.
As a final point, we want to discuss the plasma description
and verify our approach from several perspectives [39].
First, the quasineutrality is a good approximation, in the
present case, of large clusters with heavy atoms; most of the
electrons released from ions are confined in the emerging
positive cluster potential. The second requirement for the
plasma description is that the cluster size needs to be larger
than the Debye length. Using the plasma parameters

(a)

(b)

(c)

FIG. 5. Ion TOF spectra of NIR-irradiated Xe clusters at
(a) INIRpeak ¼ 3 × 1016 W=cm2, (b) INIRpeak ¼ 4 × 1015 W=cm2, and
(c) INIRpeak ¼ 9 × 1014 W=cm2. Ion TOFs at the highest charge
states are simulated with SIMION and fitted with the exper-
imental data (for details, see Appendix B).
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deduced from the ion spectra, the Debye length is calcu-
lated to be on the order of a few angstroms, which is much
smaller than the cluster radius. Finally, the duration of the
laser pulse has to be much shorter than the timescale of the
plasma expansion. In the highest intensity case, the time-
scale of the plasma expansion is a few hundred femto-
seconds, which is still one order longer than the duration of
the laser pulse.
In the case of quasineutral plasma expansion, ion motion

in the core is greatly suppressed by the charge neutrality
due to the effective screening with the trapped electrons
[45]. Meanwhile, there is room for consideration on
whether the disorder in the crystalline core is negligible
or not. Even if the ion motion in the core is negligible, the
excitation can affect the atomic form factor, which can
result in a decline of the diffraction intensity. In the present
work, the experimental results are well explained by the
simple model, which does not account for the core disorder.
However, the unidentified core disorder might modify the
above structural model. For a complete understanding of
the disordering process, numerical simulations, including
the excitation processes and the microscopic dynamics of
plasmas, will be helpful.

V. CONCLUSION

In conclusion, we investigated the ultrafast structural
evolution of nanoplasmas and correlated the inside rar-
efaction wave propagation to the outside ion speeds
through the plasma parameters. Ultrafast, time-resolved
diffraction shows that the timescale for the loss of crys-
talline order strongly depends on the NIR laser pump
intensity, with higher intensities leading to faster propaga-
tion speeds of the transition front. Ion TOF spectra recorded
at the same experimental conditions allowed us to deter-
mine common plasma parameters. Our analysis shows that
the propagation speed of the transition front inside the
nanoplasma is similar, though in the opposite direction, to
the ejected ion speed multiplied by a factor of order unity,
in good agreement with theory.
As some theories suggest [23], the relation might be

general for matter under intense laser irradiation, irrespec-
tive of the pump laser intensity and wavelength, and
thereby potentially applicable to a wide area of matter in
extreme conditions generated in intense laser fields. Based
on our findings in the present study, one can correlate a
large body of literature on the outside dynamics of laser-
induced plasma (e.g., high-energy ion production [14,25]
and laser ablation mass spectroscopy) to that of the inner
structural dynamics, which is directly related to the
evolution of the laser-induced nanoplasma in the femto-
second temporal and nanometer spatial resolutions (e.g.,
laser fabrication and machining [7,8]).
Another important application is the issue of radiation

damage caused by intense x-ray irradiation. The connection
between the loss of structure inside the sample and ion

speeds of the hydrodynamic sample expansion allows
simple experimental feedback on the ultrafast damage
mechanisms. Thus, our findings may offer a requirement
for single-shot diffraction measurements of nanometer-
sized targets, which is of central importance for future
applications of XFELs.
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APPENDIX A: COMPENSATION OF THE NIR
INTENSITY VARIATION

The spatial profile of NIR intensity was computed
by assuming a Gaussian beam with a horizontal rotation
angle of ϕ:

INIRðr0; z0Þ ¼ INIRpeak

�
ω0

ωðz0Þ
�

2

exp

�
−

2r02

ω2ðz0Þ
�
; ðA1Þ

ωðz0Þ ¼ ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz0=z0RÞ2

q
; ðA2Þ

�
r0

z0

�
¼

�
cosϕ − sinϕ

sinϕ cosϕ

��
x − xc
y − yc

�
; ðA3Þ

where ω0 ¼ FWHM=
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
is the waist radius, z0R ¼

πω2
0=λ is the Rayleigh range, and ðxc; ycÞ are the coor-

dinates for the NIR beam waist. Below, we describe the
procedure to determine the parameters: xc; yc, and ϕ. First,
we neglect the shift of the beam waist along the XFEL
beam axis and assume xc ¼ 0 because the shift has just a
minor effect on the intensity profile. Second, we determine
yc from the delay-dependent radial intensity profile so that
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the maximum of the NIR intensity corresponds to the dip in
the profile. Note that yc is determined independently for the
three data sets since the measurements are performed at
different mirror positions. Finally, we determine ϕ so that
the calculated NIR intensity can consistently explain the
delay-dependent radial intensity profiles at three NIR peak
intensities [Figs. 6(a) and 6(c)]. We tried several values for
ϕ, with ϕ ¼ 1.5° consistently giving the best results of the
three data sets. This value is in reasonable agreement with
the experimental geometry. The calculated intensity pro-
files are shown in Figs. 6(b) and 6(d).
The spatial laser profile is associated with the radial

position of the Bragg spots via Eq. (4). Here, we neglect the
focal size of XFEL and assume y ¼ 0 because it is one
order smaller than that of the NIR laser. Substituting the
coordinates ðx; yÞ ¼ ðL − r= tan 2θ111; 0Þ into Eq. (A3) and
using Eqs. (A1) and (A2), the NIR intensity is calculated
as a function of the radial positions of the Bragg spots. The
upper axes of Figs. 6(a) and 6(c) indicate the calculated
NIR intensity.

APPENDIX B: EVALUATION OF KINETIC
ENERGY FROM ION TOF SPECTRA

To determine the ion kinetic energy from the ion TOF
spectra, we use the ion optics simulation program SIMION.
The determination of ion kinetic energy is not straightfor-
ward because of the problem of peak separation. As an
example, here we present the analysis procedure for the ion

spectra at INIRpeak ¼ 4 × 1015 W=cm2. Similar procedures
were applied to the other two spectra.
First, we focus on the ion signals at lower charge states

(2 ≤ q ≤ 8), where the peaks are well separated. The peaks
are fitted with the sum of Gaussian functions:

yfitðTÞ ¼
X
2≤q≤8

aq exp

�
−
ðT − μqÞ2

2σ2q

�
; ðB1Þ

where T is the time of flight, and aq, μq, and σq represent
the height, mean, and sigma of the Gaussian function for
charge state q. The fitted curves are shown in Fig. 7(a).
Note that we ignore the back peaks originating from ions
initially ejected in the direction opposite to the detector.
With the fitted parameters μq and σq, we evaluate the mean
and the standard deviation of the ion kinetic energies: μKEq
and σKEq . For this purpose, we employ time-to-energy
conversion functions Eðq;TÞ for ions toward the detectors
[48], which were obtained by simulating TOFs of ions
with various initial kinetic energies. Using the conversion
functions Eðq;TÞ, μKEq and σKEq are calculated via

μKEq ¼ Eðq; μqÞ; ðB2Þ

(b)(a)

(d)(c)

FIG. 6. (a,c) Delay-dependent radial profile of the diffraction
intensities around the f111gfcc peak at (a) INIRpeak¼3×1016 W=cm2

and (c) INIRpeak ¼ 4 × 1015 W=cm2. The upper axis indicates the
estimated NIR intensity at the interaction region. (b,d) Top view
of the spatial intensity distribution of the NIR laser at
(b) INIRpeak ¼ 3 × 1016 W=cm2 and (d) INIRpeak ¼ 4 × 1015 W=cm2.

(a)

(b)

FIG. 7. (a) Ion TOF spectrum of NIR-irradiated Xe clusters at
INIRpeak ¼ 4 × 1015 W=cm2. The spectrum was fitted with a sum of
Gaussian functions (dotted lines). Inset: correlation between the
charge state and the ion kinetic energy. (b) Experimental spec-
trum fitted with the sum of the charge-state-resolved spectra
simulated with an ion optics simulation software.
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σKEq ¼ (Eðq; μq − σqÞ − Eðq; μq þ σqÞ)=2: ðB3Þ

The obtained μKEq and σKEq are plotted in the inset of
Fig. 7(a). One can see a linear dependence of μKEq and σKEq
on the charge state q. The linear dependence of the kinetic
energy has been interpreted as a signature of hydrodynamic
expansion [15,49].
By extrapolating the linear dependence, we estimate μKEq

and σKEq for higher charge states (9 ≤ q ≤ 15). Then,
charge-state-resolved TOF spectra ysimðq; μKEq ; σKEq ;TÞ
are simulated with the extrapolated and fitted parameters
μKEq and σKEq . In the simulation, ion TOFs of 100 000
initially directed throughout the forward hemisphere are
simulated. Finally, the experimental ion spectra at the
highest charge states (q ≥ 8) are fitted with sum of the
simulated charge-state-resolved spectra:

yfitðTÞ ¼
X

8≤q≤15
a0q · ysimðq; μKEq ; σKEq ;TÞ; ðB4Þ

with a0q the fitting coefficient for the spectrum of charge
state q. Figure 7(b) shows the fitted spectra together with
the charge-state-resolved spectra. The average kinetic
energy of ions at the highest charge states is calculated via

E ¼
P

8≤q≤15a
0
q · μKEqP

8≤q≤15a
0
q

: ðB5Þ

One might notice that the experimental ion spectrum is
slightly more structured than the fitting results, possibly
because of the overestimation of σKEq . However, the error in
σKEq hardly influences the estimation of the average ion

kinetic energy because it does not explicitly depend on σKEq
[see Eq. (B5)].

APPENDIX C: ANALYSIS OF THE X-RAY–X-RAY
PUMP-PROBE DIFFRACTION DATA

The experimental data are taken from Ferguson et al.
[27]. In their work, atomic displacement Δx was derived
via I=I0 ¼ expð−q2Δx2=3Þ, where q ¼ 2.928 Å−1 is the
momentum transfer of the f220gfcc peak, and I=I0 is the
delay-dependent Bragg diffraction intensity of the f220gfcc
peak normalized by the initial intensity. We first reproduce
the delay-dependent diffraction intensity I=I0 from Δx
given in Fig. 2 of Ferguson et al. [27]. The diffraction
intensity is fitted with the surface “melting” model
expressed by Eqs. (6) and (7). Here, we employ R ¼
35 nm [27] and B ¼ 0. The fitting result is displayed in
Fig. 8. The fitting gives a value of ð6.2� 0.6Þ × 104 m=s
for the propagation speed vprop.
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