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Surface explosion and subsequent core expansion of laser-heated clusters
probed by time-resolved photoelectron spectroscopy
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The dynamics of nanoplasma produced by an intense near-infrared pulse was investigated by time-resolved
soft x-ray photoelectron spectroscopy. The pump-probe electron spectra indicate transient evolution of the
electronic states of the constituent atoms and ions during plasma formation and disintegration. The delay
dependence of photoelectron yields supports two-step fragmentation of laser-heated clusters, i.e., rapid explosion
of surface ions followed by slow expansion of neutral atoms. The speed of the neutral core expansion was
evaluated by comparing the experimental data with a model of uniform neutral core expansion.
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I. INTRODUCTION

Over the past few decades, the interaction between matter
and intense laser fields has been studied actively. Under-
standing the intense laser-matter interaction is of fundamental
scientific interest and is important in various technological
and medical applications of intense lasers, e.g., laser machin-
ing and medical surgery. Rare-gas clusters are a proven ideal
test bed to investigate laser-matter interactions [1–3] because
they have no energy dissipation into the surrounding media.
The dynamics of a cluster in an intense near-infrared (NIR)
laser field is of particular interest where the cluster can absorb
the energy of the laser field in an efficient manner [3]. Here,
upon strong NIR laser excitation, the cluster is ionized by
multiphoton ionization or field ionization mechanisms and
heated by collective heating. Most of the emitted electrons are
trapped by the emerging Coulomb potential, which leads to
the formation of a nanometer-sized plasma, i.e., the so-called
nanoplasma.

Nanoplasma dynamics has primarily been studied by mea-
suring energetic ions [1,2,4] and electrons [5,6] emitted from
the heated nanoplasma. Pump-probe measurements with short
laser pulses [5,7] have revealed the explosion dynamics of
nanoplasma in greater detail on a picosecond timescale. Re-
cent experiments suggest the formation of neutral atoms in
the central part of nanoplasma [8–14] through efficient charge
recombination during the nanoplasma expansion. The first
studies of the recombination dynamics were carried out by
pump-probe ion and electron spectroscopy using the reioniza-
tion of excited atoms from recombination technique [10,12]
where Rydberg atoms formed via recombination processes

are reionized with a probe optical laser pulse. In addi-
tion, the structural evolution of nanoplasmas produced by
ionization of large Xe nanoparticles has been studied by time-
resolved single-particle imaging [13,15], which was enabled
by the availability of short-wavelength free-electron lasers
(FELs) [16,17]. The time-resolved diffraction data provided
evidence of the rapid surface explosion of nanoplasma [15]
and the formation of residual cluster core at the nanosecond
timescale after laser excitation [13].

X-ray photoelectron spectroscopy is a commonly used
technique to probe the electronic states and chemical envi-
ronment of matter. Particularly, time-resolved photoelectron
spectroscopy (TRPES) [18] with short-wavelength FELs is a
promising technique that can be used to characterize photoin-
duced dynamics in molecules and clusters with femtosecond
temporal resolution. To date, FEL-based TRPES has been
successfully employed to investigate photoinduced dynamics
of organic molecules [19–21]. TRPES is effectively employed
in the study of intense laser-cluster interactions because it
can directly probe the transient electronic states in expanding
clusters, including the dynamics of neutral atoms.

In this paper, we applied time-resolved photoelectron spec-
troscopy to investigate the evolution of the electronic state
in the nanoplasma produced by an intense NIR laser pulse.
Here, the electron energy levels in the expanding clusters
were determined using short-wavelength (hν = 135 eV) and
sufficiently intense FEL pulses as the probe. Using a recently
developed temporal jitter correction tool [22,23] that realizes
improved temporal resolution, we obtained the direct signa-
tures of the electron trapping in the nanoplasma and surface
ion explosion. In addition, we identified the slow expansion of

2469-9926/2022/106(4)/043116(8) 043116-1 ©2022 American Physical Society

https://orcid.org/0000-0002-7292-5630
https://orcid.org/0000-0002-8283-381X
https://orcid.org/0000-0001-7615-7213
https://orcid.org/0000-0002-1451-7612
https://orcid.org/0000-0003-1218-3759
https://orcid.org/0000-0002-2472-1684
https://orcid.org/0000-0002-6417-3248
https://orcid.org/0000-0002-6576-7056
https://orcid.org/0000-0001-8051-8966
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.106.043116&domain=pdf&date_stamp=2022-10-25
https://doi.org/10.1103/PhysRevA.106.043116


AKINOBU NIOZU et al. PHYSICAL REVIEW A 106, 043116 (2022)

)b()a(

FIG. 1. (a) Electron kinetic-energy spectra from Xe clusters ir-
radiated by NIR pulses, by FEL pulses, and from isolated Xe atoms
irradiated by FEL. (b) Pump-probe electron spectra at delay −0.5 ps
and 0.5 ps. The NIR intensity was 1.5 × 1014 W/cm2.

the neutral cluster core on hundreds of picosecond timescales,
which is more than one order of magnitude longer than that of
ion explosion.

II. METHOD

A. Experiment

Experiments were performed at SACLA BL1 [24], and
the details of the experimental setup are described in the
literature [25,26]. FEL pulses with a photon energy of 135 eV
and pulse duration of ≈30 fs [27] were attenuated using an
Sn filter (thickness: 0.2 μm) and focused to an area of 5 μm
in the full width at half maximum. From the filter transmit-
tance data [28], the FEL peak fluence was estimated to be
2 × 109 photons/μm2. NIR pulses with a wavelength of λ =
800 nm and pulse duration of 33 fs were focused to a focal
size of 110 μm and overlapped with the FEL beam at a cross-
ing angle of 0.5◦. The arrival timing jitter between the FEL
and the NIR pulses was determined using a timing monitor
tool [22,23]. The jitter correction procedure was applied to
the dataset [Figs. 1(b) and 2]. Xe clusters were produced via
supersonic expansion of Xe gas at 0.1-MPa stagnation pres-
sure and room temperature through a nozzle with a diameter

(a)

(b)

(c)

FIG. 2. The delay dependence of the Xe 4d photoelectron yields.
(a) Pump-probe electron spectra of Xe clusters around the 4d pho-
toelectron peak. The baseline from the thermal contribution from
NIR-induced nanoplasma was subtracted. (b) Pump-probe electron
spectra for atomic Xe. (c) Comparison of the 4d photoelectron yield
between Xe clusters and atomic Xe.

of 200 μm and a half angle of 15◦. The average cluster size
was estimated to be approximately 200 atoms according to
the scaling law [29]. The kinetic-energy spectra of the emitted
electrons were measured using a velocity map imaging (VMI)
spectrometer [26]. The VMI images were normalized by the
number of shots and background subtracted. The electron
kinetic-energy spectra were then reconstructed from the ac-
quired two-dimensional VMI images via Abel inversion using
the PYABEL library [30].

B. Numerical modeling

1. Analytical model

To interpret the time evolution of the photoelectron spec-
tra, we employed numerical modeling based on the multistep
ionization scheme presented in the literature [31]. Note that
our calculation does not consider the dynamics of the NIR-
induced nanoplasmas. Instead, the dynamics was modeled by
assuming different initial atomic coordinates in the clusters
at the time of FEL irradiation. The photoionization of the
4d , 5s, and 5p electrons was considered with the atomic
photoionization cross sections at hν = 135 eV. We assumed
that 4d photoionization is always followed by a single Auger
electron emission and that the ejected photo- and Auger elec-
trons leave the vicinity of the cluster before the subsequent
ionization event. Note that we neglected secondary ionization
processes by inelastic collisions between the electrons and the
atoms/ions. Considering the mean free path of electrons [32],
it is a good approximation at the late stage of the neutral core
expansion, which will be the subject of Sec. III C. The ejected
electrons lose their energies due to the Coulomb potential of
the previously produced ions. The kinetic energy of the re-
leased electrons was approximated by considering the average
Coulomb potential 〈φ〉 within a uniformly charged sphere,

〈φ(r)〉 = Q

4πε0R

(
3

2
− 〈r2〉

2R2

)
(1)

= Q

4πε0R

6

5
, (2)

where e is the elementary charge, Q is the total charge,
ε0 is the vacuum permittivity, and R is the cluster radius.
Here, the averaging procedure neglects the spatial variation
of the potential within the cluster, however, our modeling
provides spectra that are sufficiently precise to facilitate
reasonable comparison with the experimental results. The av-
erage kinetic-energy Ek of 4d photoelectrons released from
neutral atoms is approximated as follows:

Ek (n) = hν − Ip − e〈φ(r)〉 (3)

= hν − Ip − n �Ek, (4)

�Ek = e2

4πε0R

6

5

(
2 + σ5s+5p

σ4d

)
, (5)

where n is the 4d ionization step, Ip is the Xe 4d ioniza-
tion potential, σ4d and σ5s+5p are 4d and outershell (5s and
5p) photoabsorption cross sections. Equation (4) indicates
a photoelectron energy shift that is proportional to the step
n with a constant of proportionality of �Ek . The resulting
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FIG. 3. Pump-probe photoelectron spectra of Xe clusters at NIR peak intensity of 1.5 × 1014 W/cm2. (a) Raw pump-probe photoelectron
spectra of Xe clusters. The dotted lines indicate the baseline corresponding to the broad thermal contribution from NIR-irradiated clusters and
persisting photoelectron signal. (b) Photoelectron spectra after subtraction of the baseline. The photoelectron peaks were fitted with Gaussian
functions (gray thin lines). (c) Photoelectron peak center positions, (d) peak width, and (e) peak area.

4d photoelectron kinetic-energy distribution ymodel(E ) can be
expressed as follows:

ymodel(E ) =
nmax∑
n=0

F (n)δ[E − Ek (n)], (6)

F (n) =
(

1 − 1

N0

)(1+ σ5s+5p
σ4d

)n

. (7)

Here, nmax = N0 f σ4d is the maximum ionization step (N0 is
the number of atoms in the cluster, f is the beam fluence).
F (n) accounts for the decrease in neutral atoms in the cluster
with the increasing ionization step. We then take the continu-
ous limit of Eq. (6) and obtain the following formula:

ymodel(E )=
{F [n(E )]

�Ek
, (hν−Ip − nmax�Ek < E � hν−Ip),

0, (otherwise),
(8)

n(E ) = hν − Ip − E

�Ek
. (9)

Equation (8) suggests the emergence of a plateau at the low-
energy side of the atomic photoline, which agrees with the
previous simulation results [31,33]. According to Eqs. (2)
and (5), the height of the plateau is proportional to the clus-
ter radius, whereas its length is inversely proportional to the
radius when one assumes a constant N0 (see Fig. 4). At the
final step, peak broadening due to the spin-orbit splitting and
bandwidth of the FEL beam was considered. The effects were
included by summing the spectra in Eq. (8) for different values
of Ip and hν. We assumed I5/2

p = 67.5 eV for 4d−1
5/2 photo-

electrons and I3/2
p = 69.5 eV for 4d−1

3/2 photoelectrons with an
intensity ratio of 3:2. In addition, the spectral bandwidth of
the FEL beam was assumed to be �λ/λ = 0.02 [24].

2. XMDYN simulation

In addition to the analytical approach, the photoelectron
spectra of FEL-irradiated Xe clusters were calculated with
XMDYN [34–38], a computer simulation software for modeling
dynamics of finite systems induced by intense x rays. XMDYN

treats real-space dynamics of classical particles (atoms, ions,
and electrons) and excitation and relaxation processes (pho-
toionization, Auger decay, fluorescense emission, electron-ion
impact ionization, and electron-ion recombination) [35]. XM-
DYN has been successfully employed for modeling dynamics
of rare-gas clusters irradiated by FEL [39,40]. The cross sec-
tions and rates of photoionization and innershell relaxations
are calculated with the XATOM code [35,37] on the fly. Fur-
ther details about the codes can be found in Refs. [34–38].
Note that the employed version of XATOM omits spin-orbit
coupling [39], and the calculation of photo- and Auger elec-
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FIG. 4. Calculated photoelectron spectra of Xe147 clusters with
the analytical model and XMDYN simulation. The FEL fluence corre-
sponds to a photoabsorption probability of 0.12 photons/atom.
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tron energies are less accurate for heavy elements [39]. Our
XMDYN simulation is based on the parameters described in
Ref. [39]. An icosahedral Xe cluster with the ground-state
electronic configuration was assumed as the initial structure.
The XMDYN simulation was performed at 20 fluence values.
At each fluence value, 96 random trajectories were propagated
with a step size of 1 as up to 1.5 ps after the FEL pulse. The
kinetic energies of all emitted electrons were used to construct
the photoelectron spectra.

3. Focal volume effect

We performed analytical and XMDYN calculations that con-
sider the intensity distribution of the FEL beam within the
interaction region. Here, we assumed a Gaussian beam
profile corresponding to the experimental peak fluence fpeak,
pulse duration, and focal size. The spatial distribution of the
fluence f (r, z) is given as follows:

f (r, z) = fpeak

(
ω0

ω(z)

)2

exp

(
− 2r2

ω2(z)

)
, (10)

ω(z) = ω0

√
1 + (z/zR)2, (11)

where ω0 is the waist radius, and zR = πω2
0/λ is the Rayleigh

length. In the present experimental setup, the Rayleigh length
is long enough compared to the spatial cluster distribution,
thus, we neglected the intensity variation along the beam prop-
agation direction and only considered the two-dimensional
cross section of the beam profile at z = 0. The photoelectron
spectra were summed with weights corresponding to the real-
space volume.

III. RESULTS AND DISCUSSIONS

A. FEL-only and NIR-only photoelectron spectra

Figure 1(a) shows the electron kinetic-energy spectra from
Xe clusters irradiated by the NIR pulse, by the FEL pulse, and
from the isolated Xe atoms irradiated by the FEL pulse. As
can be seen, the NIR-only cluster spectrum exhibits a broad
kinetic-energy distribution, which indicates the formation of
nanoplasmas in the clusters.

The FEL-only spectra of the Xe clusters and atomic Xe
exhibit prominent 4d photoelectron peaks at ∼66 eV. Note
that the slight shift of the 4d photoelectron peak in the
cluster spectrum is explained by the polarization screening
effect [41]. The atomic spectrum also exhibits small peaks
arising from Auger decay subsequent to the4d innershell ion-
ization (28–36 eV) and 4d photoionization of doubly charged
Auger final states (43–51 eV). The cluster spectrum also
exhibits an increase in the baseline at the low-energy side
of the 4d photoelectron peak (this is absent in the atomic
spectrum). The baseline is explained by electron energy loss
due to the developing Coulomb potential in the multistep
ionization scheme [31]. At the present FEL fluence, the 4d
photoabsorption probability is up to 1.0 photons/atom, which
corresponds to multiple ionization and high ionization frus-
tration in the cluster. The multistep ionization process yields a
characteristic plateau at the low-energy part of the electron
spectrum [31], which is comparable to the present cluster
spectrum. In addition, inelastic collisions between photoelec-
trons and atoms/ions in the clusters can also contribute to the

signal at the low-energy side of the photoelectron peak. In
the analysis of the pump-probe data, we focus on the delay-
dependent behavior of the prominent 4d photoelectron peak,
which is assumed to correspond to the photoelectrons that
escaped from the cluster without losing significant energies.

B. Pump-probe photoelectron spectra

Figure 1(b) shows the pump-probe electron spectra of Xe
clusters at the time delays t = ±0.5 ps. In the pump-probe
spectra, the 4d photoelectron peaks from the probe FEL pulses
appear at the tail of the broad thermal contribution from the
NIR-irradiated clusters. By comparing the two spectra, an
enhancement of the thermal contribution at the negative delay
(i.e., when FEL arrives early) can be observed. This enhance-
ment is caused by the efficient heating of the clusters ionized
by the first FEL pulse with the second NIR laser pulse [42].
The baseline was fitted with three-order polynomials and sub-
tracted from the spectra.

Figure 2(a) shows the cluster spectra after subtraction of
the baseline, and Fig. 2(b) shows the spectra of the atomic
Xe. The integrated photoelectron yields are given in Fig. 2(c).
As shown, the integrated yields exhibit three prominent delay-
dependent features, which are discussed in detail as follows.
First, the cluster and atomic spectra exhibit dips at t = 0
ps, which is explained by the so-called photoelectron side-
bands [43] that emerge at the wings of the photoelectron peak
when the FEL and NIR pulses overlap temporally. At the
given NIR laser intensity, the higher-order nonlinear inter-
action is prominent, which results in a significant reduction
of the photoelectron yield [27] integrated around the peak
(60–71 eV). Second, the photoelectron yield in the cluster
spectra exhibits a steplike decrease at t = 0. Note that this
is absent in the atomic spectra. This reduction of the pho-
toelectron yield indicates the trapping of photoelectrons in
the nanoplasma due to the emergence of Coulomb poten-
tial. Third, the photoelectron yield from clusters persists at
a nonzero value at t > 0.1 ps. Here, the peak is assumed
to originate, at least, partially from the condensed clusters
because the peak position is shifted to the high-energy side
compared to the 4d photoline of the atomic Xe. The persisting
photoelectron signal suggests the existence of clusters where
photoemission is not suppressed. The persisting peak likely
originates from clusters that were off the NIR laser focus in
the interaction region [44]. In our experimental setup, the NIR
laser beam overlapped the FEL beam with a crossing angle
of 0.5◦, which resulted in a nonuniform intensity distribution
along the FEL beam axis.

In the following, we investigate the electron spectra at
longer time delays in order to discuss the expansion and disin-
tegration dynamics of nanoplasmas. Figure 3(a) shows the raw
pump-probe photoelectron spectra at time delays 1 � t � 300
ps. The raw spectra exhibit photoelectron peaks at the tail
of the broad kinetic-energy distribution from NIR-irradiated
clusters. In addition, there is a persisting peak at 66 eV, and
this persisting peak does not shift with the delay and has a
nearly constant intensity at t � 5 ps. As mentioned above, the
persisting peak most likely originates from the clusters placed
off the NIR focus and partially from the uncondensed Xe
atoms. To offset the broad thermal contribution and persisting
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photoelectron signals, the sum of the NIR-only spectrum yIR

and FEL-only spectrum yFEL multiplied by a factor c was
subtracted from the pump-probe spectra yIR+FEL as follows:

ydiff = yIR+FEL − yIR − cyFEL. (12)

Here, c ≈ 0.6 was determined such that the persisting 4d
photoelectron peak is offset in the differential spectra.

Figure 3(b) shows the differential electron spectra of Xe200

after baseline subtraction. The spectra exhibit 4d photoelec-
tron peaks evolving with the time delay. The three pronounced
peaks at the longer delays correspond to the 4d photoion-
ization of neutral, singly charged, and doubly charged Xe
atoms/ions, respectively. Here, the photoelectron peaks were
fitted with Gaussian functions, and the results are shown in
Figs. 3(c)–3(e). For successful convergence of the fitting pro-
cedure, fixed peak widths were assumed for the three peaks
corresponding to the different charge states. As can be seen,
the peak positions shift to high energies over time, and the po-
sition of the neutral Xe peak converges to the 4d photoline of
the atomic Xe. In addition, the peak width exhibits a system-
atic decrease with the time delay and approaches that of the
atomic Xe. Both of these delay-dependent behaviors suggest
the disintegration of the nanoplasmas into ionic and atomic
fragments, which corroborates with the scenario proposed in
previous studies [3]. Quantitatively, the results are comparable
to those of a numerical simulation of NIR-irradiated Ar923

clusters at a similar laser intensity of 1.4 × 1014 W/cm2 [45].
Next, we discuss the delay dependence of the photoelec-

tron yields at 1 � t � 300 ps. As shown in Fig. 3(d), the
total 4d photoelectron yield exhibits a steady increase over
the measured delay range. Here, to understand the delay de-
pendence, we formulate the total electron yield Ytot as follows:

Ytot ∝
N∑

i=0

f σqi pi, (13)

where f is the fluence of the incident FEL beam, σqi is the
4d photoabsorption cross section for charge species qi, N is
the number of atoms and ions, and pi is the probability that
a photoelectron can escape from the cluster without losing a
significant amount of energy. Considering the weak depen-
dence of σqi on the charge state qi [46] and conservation of the
total number of atoms and ions, the increase in ytot can only
be explained by the increase in pi. In fact, the increase in pi

reflects the fragmentation stage of the clusters. In dense clus-
ters, the escape probability pi is reduced by the presence of
electron energy loss mechanisms, i.e., the multistep ionization
and inelastic-scattering processes. As the cluster expands and
disintegrates into atomic fragments after laser excitation, both
effects vanish because the electron energy-loss processes only
occur in dense aggregates [refer to the cluster and atomic spec-
tra in Fig. 1(a)]. The cluster rarefaction causes the increase in
pi and the total photoelectron yield.

Furthermore, the time-dependent photoelectron yields pro-
vide insights into the charge-state-specific fragmentation of
the laser-heated clusters. As shown in Fig. 3(e), the photo-
electron yields from both singly and doubly charged Xe ions
reach plateaus within 10 ps. In contrast, the photoelectron
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FIG. 5. Calculated photoelectron spectra of Xe147 clusters with
the analytical model and XMDYN software. The spatial intensity dis-
tribution of the FEL beam was taken into account.

yield from neutral atoms shows a steady increase over several
tens of picoseconds. These observations are well explained
by the two-step fragmentation picture [13], i.e., the rapid
expansion of surface ions and subsequent slow expansion of
the neutral core. Here, we verify this picture in terms of both
the present and previous findings. Upon strong laser excitation
of the cluster and trapping the electrons in the nanoplasma,
the surface ions undergo rapid expansion. This ion explosion
results in an increase in the number of photoelectrons emitted
from the outgoing ions. Consequently, the photoelectron yield
reaches a plateau on the timescale of the ion explosion. The
typical timescale of the ion explosion is 1 ps [4], which is
in reasonable agreement with our experimental results. Mean-
while, efficient recombination of the excited electrons leads
to the formation of the neutral cluster core [8,9,12–14]. Our
observations suggest that the expansion and rarefaction of the
neutral core proceed on a timescale of tens of picoseconds,
which results in increased photoelectron yield from the neutral
atoms. The slow fragmentation of cluster core is reminis-
cent of the results of time-resolved imaging of NIR-induced
plasma in large Xe nanoparticles (radius >100 nm) [13]. The
present results confirm the charge neutrality of the residual
cluster core and suggest the applicability of the scenario of the
two-step fragmentation to small clusters in the present case.

C. Comparison with numerical modeling

In the following, we evaluate the speed of the neutral core
expansion from the increased photoelectron yield. To connect
the photoelectron yield to the expansion stage of the neutral
core, the photoelectron spectra from the expanding neutral
core were calculated with the analytical model and XM-
DYN simulation. Figure 4 shows the calculated photoelectron
spectra of neutral Xe147 clusters at an FEL fluence correspond-
ing to a photoabsorption probability of 0.12 photons/atom.
Here, we assumed a single binding energy (Ip = 71.6 eV),
monochromatic FEL beam (hν = 135 eV), and photoion-
ization cross sections calculated with the XATOM code for
comparison between the analytical model and the XMDYN

results. Both series of spectra exhibit growth of the 4d
photoelectron peak along with the core expansion, and the
analytical spectra approximate the spectral shape of those
simulated with XMDYN. Note that the main source of the

043116-5



AKINOBU NIOZU et al. PHYSICAL REVIEW A 106, 043116 (2022)

1.5 nm

3.1 nm

7.6 nm

15 nm

31 nm

76 nm

(a) (b)

(c)

FIG. 6. (a) Calculated photoelectron spectra of Xe147 clus-
ters with the analytical model at various cluster radii. Pho-
toelectron peak broadening due to the spin-orbit splitting and
the FEL bandwidth were additionally considered. (b) Photoelec-
tron yield of the calculated spectra integrated over the shaded
area in (a). (c) Experimental photoelectron yields from neutral
atoms reproduced from Fig. 3(e). The calculated and experimen-
tal photoelectron yields are fitted with asymptotic exponential
curves.

difference is the statistical fluctuations of the number of
absorbed photons in the XMDYN simulation. Even better agree-
ments were obtained after integrating the spectra at different
FEL intensities with weights corresponding to the real-space
volume (Fig. 5). These results demonstrate the effectiveness
of our model despite several approximations.

We now compare the analytical photoelectron spec-
tra with the experimental data. To realize a better
comparison with the experimental spectra, photoelec-
tron peak broadening due to the spin-orbit splitting
and the FEL bandwidth were additionally considered.
Figure 6(a) shows the simulated photoelectron spectra at var-
ious expansion stages of the neutral core. The increase in
the 4d photoelectron signal was well reproduced in the cal-
culation, which supports the considerations in the previous
subsection. Note that this calculation does not include the
transient peak shift that was observed experimentally due to
neglecting the outgoing ions. The integrated photoelectron
yield [Fig. 6(b)] was fitted with an asymptotic exponential
function,

Ycalc = −(B − A) exp
(
−R − R0

L

)
+ B, (14)

where A and B are the initial and final yields, respectively,
R0 is the initial core radius, and L is the characteristic length
dimension over which the neutral core should expand to cause
the increase in the photoelectron yield. The fitting procedure
yielded the characteristic length scale L of 20 nm. Then, to
extract the timescale of the neutral core expansion from the
experimental data, the delay-dependent photoelectron yield
from neutral Xe [Fig. 6(c)] was fitted with a similar asymp-

totic exponential curve,

Yexp = −(D − C) exp
(
− t

τ

)
+ D. (15)

Here, C and D are the initial and final photoelectron yields,
respectively, and τ is the characteristic timescale. The result-
ing characteristic timescale was τ = 80 ps. By combining the
simulation and experimental results, we obtained the speed of
the neutral core expansion of approximately L/τ = 200 m/s.
The expansion speed is more than one order of magnitude less
than the reported speed of ions ejected from NIR laser-heated
clusters at a similar laser intensity [10]. In fact, the obtained
speed is on the order of the typical value of gaseous sound
speed or the velocity of molecules (cf. the sound speed of
Xe at 300 K is 180 m/s [47]). This agreement implies that
the neutral core expansion could be understood as neutral
gas expansion into vacuum. This consideration would be rea-
sonable under the assumption that the neutral core expansion
proceeds after full charge neutralization. The present results
also demonstrate that surface ions and electrons carry the vast
majority of energy absorbed in the cluster whereas leaving
a small fraction of energy to the neutral core. This highly
effective energy transfer to the surface ions is presumably a
key mechanism in the production of high-energy ions [14].

IV. CONCLUSION

We investigated the expansion dynamics of NIR-induced
nanoplasmas using TRPES with a short-wavelength FEL. The
delay-dependent photoelectron spectra provide direct infor-
mation on the transient electron energy levels in expanding
nanoplasmas, which supports the scenario proposed in pre-
vious studies [3]. As an important step forward, we have
identified the expansion of the neutral cluster core on tens of
picosecond timescale, which is likely similar to that of neutral
gas expansion into the vacuum. We believe that these findings
are potentially applicable to nanoplasma dynamics in other
excitation regimes (e.g., x-ray and ultraviolet), if we consider
the similarity of the long-term dynamics of the nanoplasmas
produced in such regimes. The findings of this paper provide
a comprehensive picture of the fragmentation of intense laser-
irradiated matter. These findings will contribute to improving
theoretical modeling and the design of experiments and appli-
cations using intense lasers.
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