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Real-time observation of disintegration processes within argon clusters ionized by a hard-x-ray
pulse of moderate fluence
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We present a time-resolved study of disintegration within atomic clusters ionized by a hard-x-ray pulse
of moderate fluence. It was performed with electron and ion spectroscopy, and complemented by theoretical
simulations. The expanding clusters were probed with a near-infrared (NIR) laser pulse over a range of
pump-probe delays from −4 to 10 ps. In addition to an increasing number of singly charged atomic ions,
originating from the ionization of Rydberg atoms formed through electron-ion recombination, we observe a
decrease of oligomer yields. The latter is due to the interaction of oligomers with the NIR probe pulse, leading
to their dissociation. At time delays between −1 and 2 ps, efficient absorption of the NIR laser energy occurs,
even though the NIR intensity is too low to trigger tuneling ionization of Ar atoms. Our observations are similar
to earlier observations of the fragmentation behavior of clusters excited by soft-x-ray pulses. This indicates
that the relaxation dynamics of x-ray-excited nano-objects are universal over a wide range of excitation photon
energies.

DOI: 10.1103/PhysRevA.101.023412

I. INTRODUCTION

X-ray free-electron lasers (XFELs) [1,2] provide oppor-
tunities to investigate the structure of matter at near-atomic
resolution [3–5], to track ultrafast transient processes in matter
on femtosecond timescales [6–8], and to explore nonlinear
phenomena induced by high-intensity x-ray pulses [9–11].
The operation of XFEL facilities in recent years [12–14] has
been driving the science and technology of XFELs to new
frontiers. Therefore, understanding the details of the interac-
tion between an intense x-ray pulse and matter, in particular,
in a time-resolved way, is of great importance for numerous
applications using XFELs [15,16].

*kumagai@go.tuat.ac.jp

Studies of atomic gases irradiated with intense x-ray pulses
have shown that irradiated single atoms can reach a very high
degree of ionization through sequential multiphoton absorp-
tion [9,17,18]. In case of nanosized bonded atomic assemblies
irradiated by x rays, hot nanoplasmas are formed [19–21].
They quickly disintegrate through the Coulomb explosion of
the highly charged constituent ions.

Interestingly, the ionization dynamics of such irradiated
nano-objects significantly change at moderate pulse fluence.
Instead of the rapid fragmentation into single atomic ions,
chemical processes start to dominate the dynamics, due to the
interatomic bonding “surviving” to a large extent the x-ray
exposure. They distribute the increasing net charge within
the sample and induce bond reorganization which leads to
the formation of oligomers [22]. Achieving control over the
disintegration dynamics of nanosized objects (triggered by
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x-ray pulses of moderate fluence) may potentially provide
novel capabilities to modify and transform their molecu-
lar structure, such as, e.g., radiation-induced polymerization
[23].

Atomic clusters have proven to be well suited to investigate
the light-induced dynamics in nanosized samples, because
their size can be easily varied from a few up to ∼107 atoms
[24,25]. The light-induced disintegration of clusters has been
widely used to obtain insight into nonlinear, collective, and
correlated many-body processes occurring in nanoplasmas,
created through intense light pulses in a wide spectral range
from the near-infrared (NIR) to the x-ray domain.

When an atomic cluster is irradiated by an intense NIR
laser pulse, electrons occupying valence orbitals in individual
atoms are stripped by the strong electric field. However, they
remain trapped by the Coulomb potential of the charged
cluster, thus forming a transient nanoplasma [26–28]. The
trapped delocalized electrons are further heated by the NIR
laser via inverse bremsstrahlung (IBS) [29].

In extreme ultraviolet (XUV) and soft-x-ray fields, sequen-
tial single-photon ionization of the individual atoms drives
the nanoplasma formation, while the IBS contribution is then
negligible [30,31]. In contrast, the nanoplasma formation
by hard-x-ray pulses is a highly indirect process [21]. At
sufficiently high photon energies, the arriving x-ray photons
excite electrons predominantly from the atomic inner shells.
In light elements the inner-shell electron excitation is followed
by Auger decay, resulting in the emission of another quasifree
electron. The energetic electrons can excite more electrons
through sequential electron impact ionization which proceeds
until the impact energies of the electrons are so low that
no further ionization is possible. These low-energy electrons
are then trapped within the highly charged cluster forming
the electronic nanoplasma. Such indirect ionization processes
are specific to the hard-x-ray regime. This raises an interest-
ing question: Does the disintegration process of hard-x-ray
excited atomic clusters reveal features that differ from the
standard disintegration path observed in earlier experiments
with soft x rays? These experiments showed that Coulomb
explosion [32] and hydrodynamic expansion [33,34] drive the
disintegration of soft-x-ray irradiated clusters [35,36]. The
electron-ion recombination process, the contribution of which
becomes significant on long cluster expansion timescales,
plays a crucial role in the efficient charge redistribution in the
cluster. As a result, the number of ions with higher charge
states is reduced, when compared to the instant just after
the ionizing light pulse [19,37]. Recent studies in the XUV
regime [38–40] reported that a large number of Rydberg atoms
are formed during the first few picoseconds of the cluster
expansion, due to electron-ion recombination.

For the purpose of achieving a control over the disinte-
gration dynamics within x-ray irradiated nanosized objects,
a detailed understanding of all contributing processes and
their relevant timescales is very important. Therefore, in
the present paper, we study the expansion of argon clus-
ters, following their ionization with a hard-x-ray pulse of
moderate fluence, in a time-resolved way. We use a NIR
laser as a probe, and record time-resolved electron and ion
spectroscopy data. The measurement data are compared with
dedicated simulation results. Below we report in detail on the

FIG. 1. Experimental scheme for the XFEL-pump–NIR-probe
measurement at the SPring-8 Angstrom Compact Free Electron
Laser facility. The XFEL and NIR laser were focused into the
interaction region, and crossed with the cluster beam from the cluster
source through two skimmers. The relative intensity per XFEL pulse
was measured by a p-intrinsic-n photodiode located downstream
of the interaction point. The produced ions were accelerated by a
time-of-flight spectrometer, and detected by a detector consisting
of a delay-line anode and two microchannel plates (MCPs). The
emitted electrons were recorded by a velocity-map-imaging spec-
trometer, which consists of two MCPs, a phosphor screen, and a CCD
camera.

experimental and simulation scheme, and present the results
obtained.

II. EXPERIMENT

The experimental setup is schematically shown in Fig. 1.
The experiments were performed at the experimental hutch
3 of beamline 3 [41] of the XFEL facility in Japan, the
SPring-8 Angstrom Compact free-electron LAser (SACLA)
[2]. The x-ray source produced pulses of 5.5-keV photons
with ≈33-eV [full width at half maximum (FWHM)] photon
bandwidth. The repetition rate of the XFEL pulses was 30 Hz.
The pulse duration was estimated to be 10 fs (FWHM) [42].
The XFEL beam was focused on the interaction point by
Kirkpatrick-Baez mirrors [43]. The focused XFEL beam size
was measured to be ≈1 μm (FWHM). The pulse energies
were measured shot-by-shot by the beam-position monitor
[44] located upstream of the beamline and calibrated by a
calorimeter. The measured value was on average 230 μJ per
pulse. The pulse energy was not measured at the interaction
point but upstream. The relative intensity per XFEL pulse was
measured by a p-intrinsic-n photodiode located downstream
of the interaction point. The shot-to-shot pulse energy fluctu-
ation was ±12% (24% FWHM). The average peak fluence of
the XFEL pulses at the interaction point was determined to be
4.1 μJ/μm2 via an established calibration method using the
fragment yields of oligomer ions [22].

The clusters were prepared by an adiabatic expansion
of argon gas through a 250-μm nozzle at 300 K. The
stagnation pressure was 1.1 MPa, and the average cluster
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size was estimated to be 〈N〉 ∼ 1000 atoms, according to a
well-known scaling law [45]. The cluster beam was colli-
mated by two skimmers at 20 and 400 mm from the nozzle.
The inner diameters of the first and second skimmers were
0.5 and 2 mm, respectively. The distance between the second
skimmer and the interaction point was 250 mm. The cluster
beam at the reaction point was estimated to be ≈2 mm
(FWHM), i.e., shorter than the Rayleigh length of ≈8 mm.
Thus, the ion source volume had a cylindrical shape of
≈1 μm in diameter and ≈2 mm along the XFEL beam.
At the available XFEL fluence, any sequential two-photon
ionization of individual atoms in the cluster was negligible. In
total, about ten atoms in Ar1000 were photoionized during the
exposure to an XFEL pulse. These numbers are several orders
of magnitude larger than those achieved with synchrotron
radiation experiments [46] and one order less than those in
typical XFEL experiments [21].

A NIR laser with a wavelength of 800 nm was used
to probe the expansion of XFEL-ionized clusters. The NIR
laser with a focal size of 200 μm (FWHM) overlapped
with the XFEL beam focus with a small crossing angle
(less than 1◦) at the interaction point. The pulse duration
of the NIR laser was 82 fs (FWHM) and the intensity was
5.0 × 1012 W/cm2. At such low NIR intensity, the pondero-
motive energy is two orders of magnitude below the ionization
potential of atomic argon [47]. This implies that the NIR pulse
cannot ionize ground-state argon atoms. Our experimental
data at negative pump-probe delays support this conclusion
(not shown).

The intrinsic temporal resolution in such pump-probe ex-
periments, determined by the temporal duration of the XFEL
and NIR pulses, is significantly deteriorated by a temporal jit-
ter between the two pulses [48]. In a separate experiment [49],
we measured ion yields from xenon clusters, with an average
size of 〈N〉 ∼ 5000 atoms, irradiated by the XFEL pulse, ion-
izing short-lived transient excited states of atomic ions by the
NIR probe pulse, employing an arrival pulse timing monitor
between the two pulses [48]. The absolute time delay was de-
termined within ±20-fs temporal accuracy and temporal jitter
between the two pulses was found to be ≈800 fs (FWHM).
We also found that the time zero between the XFEL and NIR
pulses could drift by up to ≈1 ps when the measurements
required a long time. In the present experiment, we did not
measure the arrival times between the XFEL and NIR laser
pulses. The pump-probe time delay was scanned by using an
optical delay line and the temporal overlap between the XFEL
and NIR pulses was first found using an ultrafast photodiode
with a rise time of 30 ps [50]. In order to refine the temporal
overlap between the pump and probe pulses and to reach a
subpicosecond timing accuracy, we employed a second opti-
mization step with a fast physical signal, i.e., ion yields from
xenon clusters with an average size of 〈N〉 ∼ 5000 atoms.
The yield of doubly charged ions (Xe2+) increases as a
function of the time delay within ≈1 ps [49]. Assuming
the temporal jitter of ≈800 fs (FWHM) and overlapping the
present Xe2+ yield curve to the high temporal accuracy one
[49] we could refine time zero. As the result, we reached a
subpicosecond timing uncertainty.

In the experiment, we measured the kinetic-energy spec-
trum of electrons and ionic fragments as a function of

the time delay between the XFEL-pump and NIR-probe
pulses, using the electron velocity-map-imaging (VMI) tech-
nique [21,22,51] and ion time-of-flight (TOF) spectrometer
[18,22,51]. The electron VMI spectrometer employed was
specifically designed for use at the XFEL facility, so that
high-energy electrons up to 1 keV could be detected. In the
present experiment, the VMI spectrometer was adjusted to
measure the electrons with low kinetic energies up to 25 eV, in
order to focus the detection on the peak formed due to thermal
electron emission in a nanoplasma. The ion TOF spectrom-
eter accelerated the produced ions, and a position-sensitive
detector constructed with microchannel plates (MCPs) and
a delay-line anode (DLA) detected the accelerated ions. The
signals obtained from the DLA and MCPs were recorded by a
digitizer and analyzed by a software discriminator [51].

III. THEORY

In order to theoretically describe NIR probing of XFEL-
pumped clusters, we applied an extended version of the XM-
DYN code [52,53], the simulation tool used in our previous
study [22]. In brief, the XMDYN tool tracks the real-space
dynamics of the atoms, atomic ions, and emitted electrons,
using the classical molecular-dynamics technique. For the
previous study [22], we introduced three extensions of the
code, adding phenomena occurring within a weakly excited
or ionized cluster: van der Waals interaction, oligomer forma-
tion, and charge transfer. All details on the code extension can
be found in Ref. [22].

In the context of the current paper, it should be emphasized
that the code accounts for two important processes in a dense
ionized environment, electron secondary ionization and re-
combination. However, it does not include the spatial propaga-
tion effects of the NIR pulse, assuming everywhere the same
NIR intensity during the pulse. Also, since in our calculations
only classical particles interact with the NIR field (through
the NIR electric field), the tunneling ionization process is not
taken into account. Therefore, the simulation cannot treat neg-
ative delays (NIR-induced ionization of ground-state atoms).
More important for the present paper is that the NIR field can
ionize even Rydberg atoms, which we describe classically,
only through a strong-field over-the-barrier process. As a
consequence, within the present framework only sufficiently
weakly bound electrons can be dislodged directly by the NIR
field.

IV. RESULTS AND DISCUSSIONS

The ion yields of various oligomers measured and analyzed
in our previous study [22] indicated that the ionization dy-
namics in argon clusters irradiated by a hard-x-ray FEL pulse
of moderate fluence is strongly influenced by chemical pro-
cesses, distributing the increasing net charge within the sam-
ple and inducing bonding reorganization. According to our
simulations, at a representative x-ray fluence of 3.5 μJ/μm2,
on average ≈9 atomic photoionization events occur within
an Ar1000 cluster. They are followed by inner-shell electronic
relaxation of the atomic ions, releasing on average ≈23 ad-
ditional electrons within ≈20 fs via Auger processes. The
ejected fast electrons leave the system, but they can also
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FIG. 2. Time-of-flight spectrum from argon clusters with an
average size of 〈N〉 ∼ 1000 atoms after irradiation with XFEL pulses
(5.5 keV) at an average peak fluence of 4.1 μJ/μm2 (black line).
Using an additional weak NIR pulse (800 nm) with an intensity of
5.0 × 1012 W/cm2 as a probe pulse, we observe that the Ar1+ ion
contribution is enhanced at a time delay of 10 ps, whereas the Ar1+

3

ion contributions are reduced (red line).

collisionally ionize atoms on their way out of the cluster. On
average ≈24 such events happen in ≈100 fs, but approxi-
mately only ten of the low-energy electrons also recombine on
this timescale. Overall, within 100 fs, an Ar1000 cluster reaches
a net charge state of about + 40 via fast electronic processes,
while it contains only ≈6 trapped electrons. Afterwards, the
evolution is driven by the fragmentation dynamics of the
cluster. While initially the Ar ions are intermixed with the
neutral atoms, at 150 fs after the XFEL pulse ions start to leave
the system, softening the trapping positive potential. At 400 fs,
already half of the ionic charges, expanding up to a radius of
30 Å, have left the inner part of the cluster (radius of 22 Å),
containing most of the neutral atoms. This finally leads to a
gradual decrease of the number of trapped quasifree electrons.

The respective ion TOF spectrum is presented in Fig. 2. It
shows the contributions of Ar1+, Ar1+

2 , and Ar1+
3 ions after

irradiation of argon clusters (〈N〉 ∼ 1000 atoms) by XFEL
photons of 5.5-keV energy at a peak fluence of 4.1 μJ/μm2

(black line). In the current paper, we investigate the effect of
the additional NIR probe pulse on the oligomer distribution.
The oligomer peaks were recorded at 10-ps delay (red line).
The yield of Ar1+ is clearly enhanced by the action of the
probe pulse. This may be attributed to the reionization of
excited atoms formed by electron-ion recombination (REAR)
during the cluster expansion [39]. In contrast, the Ar1+

3 ion
yield becomes reduced by the irradiation with the NIR probe
pulse. We note that the yields of larger oligomers up to Ar1+

11
are also slightly reduced due to the interaction with the probe
pulse. The reduction can be ascribed to the fact that the cluster
has already fragmented at 10 ps, and the interaction of the
weak NIR pulse with dispersed individual oligomer fragments
leads to their dissociation [54]. This specific NIR induced
channel of fragmentation of the individual oligomer ions also
contributes to the enhancement of Ar1+ ions.

The increase of the Ar1+ ion contribution induced by
the probe pulse, as shown in Fig. 2, will now be further

FIG. 3. (a) Kinetic-energy spectra of Ar1+ as a function of the
time delay between XFEL pump and NIR probe pulses. The intensity
of the NIR pulse is 5.0 × 1012 W/cm2. (b) Kinetic-energy spectra
obtained with the XFEL pulse only and with the additional NIR pulse
at time delays of 0.1 and 10 ps. The inset of (a) shows the yields of
Ar1+ with the kinetic energies of 0–6 and 6–50 eV, respectively, as a
function of time delay.

investigated. Figure 3(a) depicts the kinetic-energy spectra of
Ar1+ ions measured as a function of the pump-probe time
delay. In Fig. 3(b) the kinetic-energy spectra are displayed for
the XFEL pump pulse only and for XFEL + NIR pulses at the
specific time delays of 0.1 and 10 ps.

At 10-ps time delay we clearly observe the enhancement
of the number of Ar1+ ions with low kinetic energy from 0
to 6 eV, when compared to the XFEL pump only case. This
corresponds to the effect of REAR [39] and the NIR induced
oligomer fragmentation [54] discussed above. The inset of
Fig. 3(a) shows the yields of Ar1+ ions with kinetic energies
of 0–6 and 6–50 eV, respectively, as a function of time delay.
In contrast to the gradual increase of the slow Ar1+ ions (with
0–6-eV kinetic energies) at the times from ≈1 to ≈3 ps, the
signal from fast Ar1+ ions (with 6–50-eV kinetic energies)
rapidly increases around 0 ps, and then decreases below the
signal level from slow ions.

The expansion of an initially overdense nanoplasma
enables particularly strong resonant laser energy absorp-
tion, once the frequency of the collective electronic dipole
mode, the so-called Mie plasmon [27,55], equals the laser
frequency. However, the ionization at the present moder-
ate fluence is far too small to create such an overdense
nanoplasma inside the Ar1000 clusters. This is also consistent
with the observation that the enhancement was not signifi-
cantly delayed with respect to time zero.
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FIG. 4. Electron and ion spectroscopy data obtained at an
XFEL peak fluence of 4.1 μJ/μm2 and an NIR intensity of
5.0 × 1012 W/cm2, with kinetic-energy spectra of (a) electrons and
(b) Ar1+ ions and with (c) yields of electron and Ar1+ ion distribu-
tions as a function of the time delay between XFEL pump and NIR
probe pulses.

On the other hand, similar effects were observed in earlier
XUV-pump–NIR-probe experiments [56], namely, the rapid
enhancement around 0 ps can be interpreted as resulting from
(electron) cascade ionization after the generation of a very
few quasifree electrons by the XFEL pulses. Therefore, the
rapid decrease of the enhancement does not imply a complete
disintegration of the cluster. Instead, it reflects the loss of the
small number of quasifree electrons from within the slowly
expanding neutral cluster core. This decrease of electron
density occurring on a timescale of about 1 ps is caused by
the weakening of the trapping cluster potential while the ions
move away.

FIG. 5. Theoretical simulations with XMDYN code for electron
and ion spectroscopy data obtained at the XFEL peak fluence of
4.1 μJ/μm2 and the NIR intensity of 5.0 × 1012 W/cm2, with kinetic
energy spectra of (a) electrons and (b) Ar1+ ions and with (c) yields
of electron and Ar1+ ion distributions as a function of the time delay
between XFEL pump and NIR probe pulses. The simulation data take
into consideration the focal volume integration.

In order to understand the mechanisms underlying the
effects observed, we performed corresponding calculations
with XMDYN. The comparison between experimental and the-
oretical data is presented in Figs. 4 and 5. The experimentally
measured kinetic-energy spectrum of electrons for the “XFEL
pump only” case was well reproduced by our simulations in
previous studies [21,22]. We note that the contributions of
LMM Auger electrons (electrons released from the M shell
in an Auger decay when another M-shell electron fills an
L-shell vacancy) [21] have been observed at ≈200 eV when
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the VMI spectrometer was adjusted to measure the electrons
with kinetic energies up to 500 eV. Both experimental data and
simulations show a thermal electron emission peak at kinetic
energies close to zero. The irradiation with an additional weak
NIR probe pulse at 0.2-ps time delay leads to an enhancement
of the number of thermally emitted electrons [Figs. 4(a)
and 5(a)]. This is to be expected as the quasifree electrons in
the XFEL-ionized clusters efficiently absorb energy from the
electric field of the NIR probe pulse.

In Figs. 4(b) and 5(b) we show Ar1+ kinetic-energy
distributions for both the XFEL pump only case and the
XFEL-pump–NIR-probe case, at 0.1-ps time delay [see also
Fig. 3(b)]. As already discussed in Ref. [22], in the XFEL
pump only case, the maximal energy ranges simulated and
measured for Ar ions agree with each other; however, the
shapes of the curves differ. This discrepancy may be due to the
effect of quantum-mechanical valence electron delocalization
[57], which can lead to a more efficient redistribution of
kinetic energies between ionic fragments [22]. This effect
cannot be included in a classical molecular-dynamics model.
In case of XFEL + NIR irradiation, this discrepancy disap-
pears, as in the expanding medium individual ionic fragments
become increasingly isolated. Coulomb repulsion then drives
the separation of the ionic fragments and no valence-electron-
mediated energy transfer mechanism between ionic fragments
is possible. Accordingly, the measured and simulated kinetic-
energy distributions for Ar1+ are in a good agreement in this
case.

Figures 4(c) and 5(c) show the yields of electron and Ar1+

ions as a function of time delay between pump and probe
pulses. The rapid enhancements of electron and Ar1+ yields
at ≈0.1 ps are well reproduced by our XMDYN simulations.
The simulation results indicate that the average number of
quasifree electrons inside the inner part of the cluster (contain-
ing most of the neutral atoms) decreases below 1 within 1 ps.
The higher yields of the finally produced electrons and Ar1+

ions after ≈3 ps observed experimentally may be attributed
to the reionization of highly excited (Rydberg) atoms formed
during the electron-ion recombination within the expanding
cluster [19,37–40].

Also, when comparing the shape of the yield curves, we
note that the theory yields decrease more rapidly than the
experimental ones after reaching the peak maximum. This
discrepancy may be attributed to the effect of the direct
ionization by the NIR field. Electrons that have undergone
recombination can be reionized, and then further heated, by
the NIR field (see Ref. [40]). Overall, this leads to an increased
energy absorption rate of the NIR field. However, in our
simulations NIR-driven reionization is limited to over-the-
barrier ionization, as tunneling ionization is not included.

V. SUMMARY

We have presented the results of a time-resolved XFEL-
pump–NIR-probe study of the disintegration processes within
argon clusters ionized by hard-x-ray FEL pulses of moderate
fluence. The expanding clusters were probed with a NIR laser
pulse on timescales from −4 to 10 ps. In addition to the ob-
served increasing number of singly charged atomic ions, orig-
inating from the ionization of Rydberg atoms formed through

electron-ion recombination, we note a decrease of oligomer
yields. The latter is due to the interaction of oligomers with
the NIR probe pulse, leading to their dissociation. At time
delays between −1 and 2 ps, efficient absorption of the NIR
laser energy occurs, in spite of the fact that the NIR intensity
is too low to trigger optical tuneling ionization of ground-
state Ar atoms. Our molecular-dynamics simulations capture
the essential features of the energy absorption from the NIR
field by the electron nanoplasma within the cluster. During
the cluster expansion, two other important processes—direct
NIR-induced ionization and electron-ion recombination—are
also present and compete with each other, enhancing energy
absorption from the NIR laser pulse. In conclusion, probing
with weak NIR pulses is a versatile method and can be widely
applied to sensitively probe the electron and nuclear dynamics
within clusters. The method works also at a low degree
of ionization and at low trapped-electron densities, when
the overall dynamics depend strongly on chemical processes
occurring.

Our observations on the NIR interaction with expanding
atomic clusters are similar to observations by other groups,
which studied fragmenting clusters excited by soft-x-ray
pulses with optical probes. This suggests that the relaxation
dynamics of nano-objects after x-ray excitation displays uni-
versal features, over a wide photon energy range, and paves
the way to achieving control over the disintegration dynamics
of nanosized objects induced by x-ray pulses, which may
potentially deliver novel capabilities to modify and transform
their molecular structure, such as, e.g., radiation-induced
polymerization [23].
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