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Abstract 

 Nanowire arrays—vertically aligned metal wires with a few hundred nanometers in 
diameter—are promising nano-structured targets for high-energy-density physics and 
related applications. We have been developing an ultrafast, time-resolved measurements 
on laser-irradiated targets using the x-ray free electron laser at the SACLA facility. Here, 
we present fabrication of various kinds of nanowire array in order to explore the absorption 
mechanism with ultrahigh intensity laser irradiation, and their application to the laser 
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irradiation experiment performed at the SACLA facility. To fabricate nanowire arrays with 
control over their spatial and material parameters, we have developed an approach using 
an anodic aluminum oxide (AAO) template and electroplating processes. The nanowire 
array samples were applied for ultrahigh intensity laser experiments, which coupled with 
x-ray free-electron-laser facility SACLA. We characterized fundamental “static” data on 
transmittance calibration for x-ray shadowgraph measurements. We also evaluated effect 
of pre-pulse on spatial changes of nanowire, showing that the shape of the nanowires was 
maintained up to a few picoseconds after laser irradiation. On the preliminary laser-
irradiation experiments, we observed time-resolved, two-dimensional x-ray images and 
observed the x-ray transmittance change due to heating process.  
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1. Introduction 
The emergence of chirped-pulse amplification1 in the 1990s has enabled the peak 

intensity of short laser pulses to be increased dramatically, reaching the relativistic regime (over 
~1.0 × 1018 W/cm2). The resulting ultra-intense laser–matter interactions have led to the 
development of various applications, such as fast-ignition inertial-confinement fusion2–4 , 
electron5-9 and ion acceleration10-12, neutron generation13-15, and x-ray emission16-18. In general, 
an ultra-intense short-pulse laser has a pre-pulse, which is a low-intensity laser pulse that 
precedes the main peak of the laser light19-21. This pre-pulse ionizes the solid target and creates 
a low-dense plasma called a “pre-plasma.” The main laser pulse then cannot interact with the 
target surface because it is reflected by the overdense plasma layer in the pre-plasma, and the 
absorption of laser energy therefore remains low. To overcome this problem, many research 
groups have proposed using structured targets, which have nano- or micro-sized artificial 
structures on their surfaces. Many kinds of targets have been suggested to date, including 
gratings22,23, nanotubes24, nano- or micro-sized spheres25,26, and foam targets27,28.  

In this context, nano- or microwire arrays—in which micro-scale wires are aligned 
perpendicular to the substrate surface—have recently attracted much attention29-43. In a 
nanowire array, laser energy is absorbed efficiently because the laser light penetrates the gaps 
between the nanowires to a depth of a few micrometers30, enabling the creation of larger 
volumes of hot, dense matter (i.e., states of ultrahigh energy density) in laser-irradiated 
nanowire arrays than in those obtained from typical flat foils. For example, Purvis et al. utilized 
an ultrahigh contrast intense laser to generate states of ultrahigh energy density (i.e., with 
pressures exceeding a Gbar) with a laser energy of 0.5 J30. In addition, Bargsten et al. used 
experiments and numerical simulations to show that a volumetric plasma with a length scale of 
a few µm can be created in a nanowire array31. Many research groups have focused on the high 
absorption of laser energy by nanowire arrays, and various applications have been investigated, 
including beam nuclear fusion32-34, particle acceleration35,36, and high-brilliance x-ray 
sources37,38. 

To explore such applications, it is crucial to investigate how the laser energy is 
absorbed and transported in a nanowire array. The geometry of the nanowire array (e.g., the 
nanowire diameter, nanowire length, filling factor, and arrangement of the nanowires) is 
expected to affect the energy absorption strongly. Many research groups have therefore 
focused on the effect of the geometry of the nanowire array on laser energy absorption39-41. 
Park et al. showed that the reflection of laser light is suppressed as the area interacting with 
the laser is increased39. Cristoforetti et al. pointed out that large-spaced nanowire arrays are 
suitable for particle acceleration, while—due to stochastic heating—smaller-spaced wires are 
more suitable for generating high-energy-density states40. In addition, our previous study 
showed that strong magnetic fields are generated around periodically arrayed nanowires 
during laser irradiation41. This intense magnetic field traps hot electrons and improves the 
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absorption of laser energy by the nanowire array. The geometry of a nanowire array is therefore 
critical when considering its interaction with laser-irradiation. 

However, previous studies only compared the time-integrated experimental 
measurements with the results of numerical simulations. Few investigations observed the 
temporal evolution in a nanowire array irradiated by an ultrahigh intensity laser beam42,43 
because the duration of the laser pulse is too short (~ a few tens of femtoseconds) to enable 
observations of the temporal evolution in a laser-irradiated nanowire array. To understand the 
absorption of laser energy in a laser-irradiated nanowire array, it is essential to perform time-
resolved measurements on nanowire arrays with different spatial parameters. Recently, 
Sawada et al. proposed an ultrafast time-resolved measurement platform44 that utilizes the 
SACLA x-ray free electron laser (XFEL) facility45,46. By using this platform, we conducted 
time-resolved measurements at SACLA facility on laser-irradiated nanowire arrays with 
several different spatial parameters.  

In this paper, we report three issues: (1) establishing of nanowire array fabrication 
method by conventional template-assisted technique, (2) the transmittance calibration of x-ray 
shadowgraphs for nanowire array samples with the XFEL, and (3) initial experimental findings 
from laser irradiation experiments. This paper is structured as follows: Section 2 describes the 
details of our process for fabricating nanowire arrays. Section 3 discusses the fabrication 
conditions and their use in controlling the parameters of the nanowire array. Section 4 
describes the experimental setup at SACLA that we used for studying the nanowire arrays and 
presents preliminary results from x-ray shadowgraph measurements. Finally, Section 5 
summarizes our conclusions. 

 
2. Nanowire array fabrication using an anodic aluminum oxide template  

There are two main types of methods for fabricating nanowire arrays: the top-down 
and bottom-up approaches47. In top-down approaches (e.g., lithography), nanostructures are 
formed directly on the surface of a semiconductor using high-resolution lithography or ion 
beams. In contrast, bottom-up approaches involve the selective stacking of atoms or molecules 
on the surface of a material to form nanostructures. Although the former approach permits a 
high degree of pattern controllability, it is time-consuming, costly, and challenging to use for 
producing nanowires over large areas. In contrast, the bottom-up approach has the advantage 
of being cost effective, and it can be used to form nanostructures over large surface areas (~cm2). 
However, the controllability of a structure produced using the bottom-up method is inferior to 
that produced by the top-down approach. As an alternative to both types of approaches, we have 
developed a method that employs an anodic aluminum oxide (AAO) template to produce 
nanowire arrays48. Figure 1 outlines this nanowire array fabrication process. In this template-
based method, atoms are selectively stacked on the material surface, as in the bottom-up 
approach, but with more control over the structure. The AAO-template method consists of two 
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steps: preparation of the AAO and then electroplating it. The AAO-template is a self-assembled 
nanostructure created by anodizing the aluminum. It contains many nanoholes that grow 
perpendicular to the bottom layer. The structure of the AAO-template is determined by the 
anodization conditions, and many fabrication conditions have been reported49,50. We explained 
the detailed AAO fabrication process in the Supplemental material. After creating the AAO-
template, we plate it electrochemically to create a base layer and fill the nanoholes with metal. 
After the electroplating process, we dissolve the AAO using a NaOH solution, which leaves 
behind the nanowire array structure.  

 

Figure 1 Illustration of the nanowire array fabrication steps. 
 
2.1 Fabrication of a nanowire array by electrochemical deposition 
 We formed the nanowires and the base layer using an electroplating technique on the 
fabricated AAO. However, as AAO is a non-conducting material—and therefore cannot be 
electroplated—we sputtered 20 nm of Cr onto the bottom of the AAO as a wetting layer and 
then sputtered 100 nm of Au as a conducting layer. We performed the sputtering in 50-nm 
increments separated by 2-h cooling periods to minimize heating of the AAO membrane. 
Because the AAO is amorphous and crystallizes when heated50, and because the crystallized 
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AAO becomes chemically insoluble, the process of etching with a NaOH solution, described 
below, would become impossible.  

To create nanowire arrays, we employed electroplating to form the nanowires in the 
AAO after completing the sputtering process. We have optimized electrochemical deposition 
conditions for both Cu and Ni. Cu was deposited from a solution of 65 g/L CuSO4 •5H2O, 1.4 
g/L H2SO4, while Ni was deposited from a solution containing NiSO4 •6H2O, 300 g/L, 45 g/L 
NiCl2 •6H2O, and 45 g/L H3BO3. The wires and substrate were plated separately to control the 
wire length and substrate thickness. First, to plate only the base side, we painted the side on 
which Au had not been deposited with nail polish (mainly composed of ethyl acetate and 
cellulose acetate). After the base layer was formed, we removed the nail polish using acetone, 
and we then electroplated the nanohole side to fill the nanoholes with metal, thus forming the 
nanowires. 

 
2.2 Processing of nanowire arrays as targets for laser-irradiation experiments 
 To use the nanowire arrays in experiments, they must be processed to form an 
appropriate target shape to be mounted in a sample holder. We used a femtosecond laser to cut 
the rear (base) side of the nanowire array, as shown in Fig. 2(a). This laser processing must be 
performed before dissolving the AAO with sodium hydroxide because the laser will otherwise 
melt the nanowires, and debris from the laser-cutting will adhere to the surface of the nanowire 
array, as shown in Fig. 2(b).  
 

 

Figure 2 (a) Illustration of the laser-cutting process. (b) Scanning electron microscope (SEM) image of 

a nanowire array cut by a femtosecond laser after dissolving the AAO, recorded using a JEOL JSM-

7400. 
  

After the femtosecond laser processing, we immersed the nanowire arrays twice in a 2 
M sodium hydroxide solution at 60 ℃ for 10 min to remove the AAO, after which we washed 
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the nanowire arrays three times with Mili-Q water. 
We then dried the nanowire arrays in a supercritical dryer. When nanowire arrays are 

dried in air, the nanowires aggregate due to surface tension. We therefore used a supercritical 
dryer to suppress the surface tension and prevent the nanowires from agglomerating51. Before 
processing them in the supercritical dryer, we immersed the washed nanowire arrays in acetone 
three times. We then placed the samples in the chamber of the supercritical dryer, which was 
filled with acetone. We took special care to prevent the nanowire arrays from drying in air in 
order to prevent the nanowires from agglomerating. We dried the samples in the supercritical 
dryer for at least 2 hours. 
  
3. Controlling the spatial parameters of the nanowire arrays and materials by changing 
the fabrication conditions 
3.1 Controlling the spatial parameters through the anodization and chemical-etching 
conditions. 
 As the spatial parameters of a nanowire array strongly affect its absorption of laser 
energy39-41, those parameters must be controlled carefully. In our AAO-template nanowire array 
fabrication method, the diameters and arrangements of the nanowires are determined by the 
AAO fabrication conditions. The diameters and arrangements of the nanoholes are known to be 
determined by the voltages and reagents used in the anodization process50. Based on previous 
studies, we therefore tried various combinations of voltages and reagents to determine the 
optimal synthesis conditions. Table 1 summarizes the reagents, temperatures, voltages, and 
expected diameters for AAO fabrication. Figure 3(a) shows the relationship between the mean 
nanohole diameter and the anodic voltage; this figure shows that the hole diameter increases 
linearly with the anodization voltage, which is consistent with a previous study50. In addition, 
the mean diameter and filling factor of the nanowire array can be controlled simultaneously by 
adjusting the duration of immersion in phosphoric acid. Figure 3(b) shows the mean nanohole 
diameter versus the chemical-etching time in the phosphoric acid. Immersing the AAO in 
phosphoric acid for a long time dissolves the inner walls of the nanoholes in the AAO, which 
increases the mean hole diameter. Figures 3 (c)–(f) show examples of the fabricated AAO-
template and the resulting nanowire arrays made of Cu. The nanowire diameter was controlled 
within the range 40–400 nm, and the filling factors were in the range of 13–40%. 
 

Table 1 AAO fabrication conditions. 

Solution Voltage 

(V) 

Temperature (℃) Expected average diameter 

 of nanoholes (nm) 

Oxalic acid (0.3 M) 45–120 0 or 20 60–150 

Phosphoric acid (0.1 M) 180 0 200 
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Figure 3 (a) The relationship between hole diameter and anodic voltage. The different colors indicate 

the solutions used for AAO fabrication: red is phosphoric acid, and blue is oxalic acid. (b) Plot of AAO 

etching rate in 20 wt% phosphoric acid. The error bars represent standard deviations. (c)–(f) SEM 

images of the AAO templates and the resulting nanowire arrays. 

 
3.2 Controlling the electrochemical deposition process and evaluation of nanowire arrays 

In the AAO-template method, the material of which the nanowire arrays are composed 
is determined by the electrochemical deposition process. The constituent material of a nanowire 
array is crucial for laser–plasma experiments because the characteristic x-rays emitted from the 
target are often used as diagnostics in such experiments18. Furthermore, the x-ray absorption 
spectrum is a critical item for ultrafast time-resolved measurements at SACLA. Figure 4 shows 
the photographs of Cu and Ni nanowire arrays. On the ultrahigh intensity laser experimental 
platform on the SACLA facility, the Cu-Kα emission imager based on a spherically bent crystal 
and other diagnostics for Cu is available, Cu is employed as standard target material compared 
in this experiment. 
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Figure 4 Optical microscope and SEM images of (a) Cu and (b) Ni nanowire arrays 

 

To smooth the plated surface—especially for Cu—we added to the Cu-plating solution 
a so-called “brightener” that consisted of 400 ppm of polyethylene glycol, 60 ppm of HCl, and 
30 ppm of Janus Green B. Figure 5 shows the difference in surface roughness with and without 
this brightener. Figure 5(a) shows the rear surface produced using a Cu-plating solution without 
the brightener; it exhibited many Cu grains 10–20 µm in size. In contrast, Figure 5(b) shows 
the rear surface obtained using a Cu-plating solution with the brightener; it also had many Cu 
grains, but with sizes now suppressed to 2–4 µm. 

 

  
Figure 5 Comparison of Cu rear surfaces (a) without brightener and (b) with brightener. 
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 We evaluated the crystallinity and impurity of the Cu nanowire with transmission 
electron microscopy (TEM), energy-dispersive x-ray spectroscopy (EDX), and selected area 
electron diffraction (SAED). Figure 6 (a) presents a high-angle annular dark field (HAADF) 
image for the Cu nanowire, with JEOL JEM-2100F, while Figures 6 (b)–(d) show 
corresponding elemental maps. We evaluated the impurities, specifically for oxygen, nitrogen, 
and chlorine, in the Cu nanowire. Oxygen would be from water immersion during etching and 
washing process, as well as storage in air prior to the experiment. Whereas the other two 
elements would be from the usage of brightener. Regarding oxygen, its signal was uniformly 
detected from the nanowire, indicating that the nanowire was oxidized. In the etching and 
washing process, Cu nanowires were immersed in water for approximately 10 minutes as we 
described in Section 2.2. This immersing time was significantly shorter than the ~6-hour 
oxidation period reported in previous work52, so oxidation in water was not expected to be 
significant. On the other hand, the Cu nanowires were stored in air for less than two months 
before the experiment, potentially allowing some oxidation. Previous work indicated that less 
than ~10 nm of native oxide forms on high-purity copper films after about 1,000 hours of air 
exposure at room temperature53. Therefore, it was reasonable to expect a similar extent of 
oxidation here. As for the other two impurities (N and Cl), the signals for these elements were 
below the detection limit.  

Figure 7 shows the blight field TEM image and SAED patterns of the nanowire. From 
the middle to the lower section of the nanowire (Figures 7(c) and (d)), clear single-crystal 
patterns were observed. In contrast, the SAED pattern of the upper part of the nanowire, as 
shown in Fig. 7(b), differed from the other two sections. A weak ring pattern corresponding to 
a polycrystalline phase was partially detected. According to the EDX data, gold, sputtered as a 
conductive layer on the bottom of the nanowire, was observed on the lower part of the nanowire. 
This indicates that the upper part of the nanowire corresponds to its tip. Fine particles attached 
to the tip influenced the SAED pattern. These measurements indicated that the majority of the 
fabricated nanowire consisted of single-crystal Cu. 
 

  

Figure 6 Energy dispersive x-ray spectroscopy (EDX) images. (a) HAADF image of the nanowires.  

Corresponding elemental mapping on the nanowire shown in (a). (b) Oxygen elemental mapping. (c) 
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Copper elemental mapping. (d) Gold elemental mapping 
 

 
Figure 7 (a) Transmission electron microscope (TEM) images of the Cu nanowire. Selected area 

electron diffraction (SAED) pattern at (b) upper, (c) middle, and (d) lower part of the Cu nanowire. 
 

4. Ultrafast time-resolved measurements performed at the SACLA facility 
 We performed experiments with several nanowire arrays in Experimental Hutch 6 
(EH6) at SACLA Beamline 2 (BL2)45,46. Figure 8 shows the experimental setup. In these 
experiments, a collimated XFEL beam probed the target at an angle of incidence of 28° after 
the target had first been irradiated with a tightly focused beam from an ultrahigh intensity laser 
installed in EH6. We conducted the laser shots with changing the time delay (Δt) between the 
ultrahigh intensity laser and XFEL.  

The XFEL photon energy was set to 8.92 keV or 8.05 keV, and its spectral bandwidth 
was ~30 eV at full width at half maximum (FWHM). Its pulse energy was approximately 300 
µJ. We selected the XFEL photon energy to be less than the K-edge energy of Cu (~8.98 keV) 
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in order to record the change in x-ray transmittance due to the change in temperature and density 
of the laser-irradiated target, which we describe later. The ultrahigh intensity laser irradiated the 
sample at an angle of incidence of 45° following reflection from an f/10 off-axis parabola; the 
pulse width was 30 fs (FWHM), the diameter of the focal spot was ~20 µm, the wavelength 
was 800 nm, and the laser energy delivered on target was 0.8~1.2 J. Table 2 and 3 summarizes 
the conditions of the ultrahigh intensity laser and XFEL, respectively. 

 
Table 2 Summary of ultrahigh intensity laser conditions. 

Intensity 

(W/cm2) 

Laser 

energy 

(J) 

Pulse 

width 

(fs) 

Spot 

size 

(µm) 

Incidence 

angle 

(°) 

Wavelength 

(nm) 

Pulse contrast 

2~3 ×

1018  

0.8~1.2 J 30 fs ~20 45 800 ~107 10 ps before main 

pulse arrival 

 
Table 3 Summary of XFEL conditions. 

Pulse energy 

(µJ) 

Photon energy 

(keV) 

Pulse width 

(fs) 

Incidence angle 

(°) 

Spectral bandwidth 

(eV) 

290 8.05 10 fs 28 30 

320 8.92 10 fs 28 30 

 
We took XFEL shadowgraphs with a 16-bit, scintillator-based CMOS camera having 

a pixel size of 6.5 µm and a total of 2048 × 2048 pixels (Hamamatsu Photonics ORCA-Flash4.0 
V2)54. The camera used in the experiment series had magnifications of 10× and 20×, with spatial 
resolutions of 0.6 µm/pixel and 0.3 µm/pixel, respectively. The spatial resolution of the entire 
diagnostic system was 3 m44. The pulse duration of the XFEL was around 10 fs, and the 
nominal jitter between the laser and the XFEL was ~100 fs46; the temporal resolution of the x-
ray shadowgraph can be evaluated from these two values. We also monitored the laser–plasma 
interaction with an x-ray spectrometer, a Cu-Kα imager, and an electron spectrometer.  

 



13 

 

   

Figure 8 Schematic of the experimental setup. 

 
We employed four kinds of targets in the experiments. By changing the nanowire array 

fabrication conditions as described in Sections 2 and 3, we fabricated three kinds of nanowire 
arrays: standard, dense, and long. The standard nanowire array had a low filling factor and short 
wire lengths. The diameter of each nanowire array was set to as approximately 200 nm. To 
reduce the pre-pulse effect in our experiments, we employed nanowire arrays with a diameter 
of 200 nm and the largest achievable gap (~480 nm). As explained in Section 1, ultrahigh 
intensity lasers have a pre-pulse, a weak-intensity laser pulse that precedes the main pulse. This 
pre-pulse can ionize target materials, forming a thin plasma layer before the main pulse arrives. 
In nanowire arrays, the pre-pulse can fill the gaps between the wires with plasma, inhibiting the 
penetration of the main pulse into the interior of the nanowire array. To mitigate this plasma-
filling effect, we selected a nanowire array with the widest achievable gap (~480 nm) in our 
fabrication technique. Each nanowire array is characterized here by the following parameters: 
the wire diameter d (nm), the gap g (nm), the length L (µm), the number density of wires D = 
1/g2 (1/µm2), and the filling factor FF = π × (d/2)2 × D. L for each nanowire array target was 
evaluated by the cross-sectional view by the SEM observation. As reference targets, we also 
employed flat Cu foils, each 10 µm thick. The nanowire arrays and foils were cut into the 
900×400 µm2 pieces by femtosecond laser as described in Section 2.2. All targets were stored 
in the clean room for less than two months before the experiment. Therefore, although a thin 
oxide layer (less than 10 nm53) could have formed on the target surface, it is expected to have 
minimal impact on the target initial density. The detailed specifications of each nanowire array 
are summarized in Table 4, and SEM images of each target are displayed in Fig. 9.  
Table 4 Summary of target conditions. 

Target type Filling factor  

(dimensionless) 

Diameter  

d (nm) 

Gap  

g (nm) 

Number density 

D (1/μm2) 

Length 

L (μm) 

Standard nanowire array 0.13 ~200 480 4.3 2.5 
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Long nanowire array 0.13 ~200 480 4.3 13 

Dense nanowire array 0.40 ~200 280 12.8 2.5 

Cu flat foil - - - - 10 

 

  
Figure 9 The nanowire targets used in the experiments: (a) Schematic illustration of a nanowire array. 

Scanning electron microscope (SEM) images of the (b) standard, (c) long, and (d) dense nanowire 

arrays. (e) SEM image of the rear side of a nanowire array. 

 

4.1 Static x-ray shadowgraphs of nanowire array targets 
 Figures 10(a) and 10(b) present x-ray shadowgraph images of the Cu flat foil and the 
long nanowire array, respectively, obtained with the XFEL beam incident at an angle of 28°. 
Figure 10(c) shows post-processed one-dimensional line profiles of each target.  
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Figure 10 X-ray shadowgraph images of (a) a flat Cu foil and (b) the long nanowire array. (c) One-

dimensional line profiles of the flat foil and the long nanowire array. The line profile shown was 

smoothed using a median filter with a size equivalent to the spatial resolution. The dotted blue line 

shows the transmittance value calculated from the database at the Center for X-ray Optics (CXRO)55. 
 
Although the areal densities of the Cu flat foil and the long nanowire array had almost the same 
value, we observed a weaker x-ray signal intensity in the shadowgraph of the long nanowire 
array. We evaluated the x-ray transmittance of the three different nanowire array targets by 
comparing the reductions in the intensity of x-rays transmitted through them44. First, we 
obtained a one-dimensional (1D) line profile of the x-ray intensity, I(x), across the whole 
shadowgraph by integrating and averaging the shadowgraph signals longitudinal to 10 pixels 
in the vertical direction, corresponding to the spatial resolution. We then used a double-gaussian 
approximation to construct a reference profile I0(x) from the 1D-profile signals in regions where 
no target was present44. By dividing I(x) by I0(x), we obtained a 1D transmittance profile [T(x) 
= I(x)/I0(x)] for each target. The same procedure was applied for the vertical direction of the 
target, and the average value was taken as the target transparency. The error for each target was 
defined as the standard deviation of the measured lineouts. For the flat foil, the resulting x-ray 
transmittance matched well with the value calculated from the database at the Center for X-ray 
Optics (CXRO) 55. (Note that the thickness of the Cu flat foil had a 10% uncertainty according 
to the vendor.) In contrast, we observed a 42% decrease in x-ray transmittance for the long 
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nanowire array. We performed the same type of analysis for the standard and dense nanowire 
arrays, and the results are summarized in Table 5.  
Table 5 Summary of transmittance (T) values for different targets. 

Target T (Calculated) T 

(Experimental) 

Ratio 

{T(Experimental)/T(Calculated)} 

10 µm Cu flat foil 0.69 0.66±0.01 0.96±0.01 

Long nanowire array 0.69 0.40±0.02 0.58±0.03 

Dense nanowire array 0.71 0.53±0.02 0.75±0.03 

Standard nanowire array 0.73 0.64±0.03 0.87±0.04 

 
As Table 5 shows, a reduction in the transmitted x-ray intensity was confirmed for every 
nanowire array. As described in Section 3.2, the nanowire array presented in this study exhibited 
small Cu grains, approximately a few micrometers in size, on its rear surface. Although the size 
of the Cu grains was small, the effect on the x-ray shadowgraph analysis is not negligibly 
small44. This is one of the reason why the transmittance value of the nanowire array had a larger 
error compared to that of the flat foil with smoother surface. The reduction effect of the 
nanowire array is thought to be caused by x-ray scattering by the nanowires. Unlike the Cu flat 
foil, in the nanowire arrays there are numerous nanowires perpendicular to the surface of the 
substrate. Some x-rays are therefore incident on the wires at very small angles, causing 
attenuation of the x-ray intensity incident on the scintillator.  

To understand this effect, we introduced the normalized surface area: NSA, defined as 

𝑁𝑆𝐴 ≡ {𝜋 (
𝑑

2
)
2
+ 𝜋𝑑ℎ} × 𝐷, where h is the x-ray penetration depth, and we used the value of wire 

length for each nanowire array was used as an h value. Figure 11 shows the ratio the 
experimental to the calculated x-ray absorption versus the NSA value for each target. By using 
the NSA, we can take into account not only the cross-sectional area but also the lateral surface 
areas of the nanowires; this enables us to include the effect of the nanowires interacting with 
the x-rays more accurately than by using the filling factor.  
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Figure 11 Ratio of measured and calculated transmitted x-ray light intensity versus the (dimensionless) 

normalized surface area. 
 
Figure 11 shows that as the NSA value increases, the transmittance ratio decreases. By fitting a 
first-order linear relation to the dataset from the nanowire array targets, we can also estimate 
the attenuation of the x-ray signal due to the roughness of the rear surface caused by the plating 
described in Section 3. When NSA = 0 (i.e., when there are no nanowires), the ratio was 
approximately 5%; this reduction in the transmitted x-ray intensity is due to the roughness of 
the rear surface, which adds to the reduction due to the nanowires.  
 
4.2 Preliminary experimental results: time-resolved x-ray-shadowgraph imaging with 
ultrahigh intensity laser-irradiation  

We obtained time-resolved, two-dimensional x-ray shadowgraphs of the laser-
irradiated targets by varying the time delay. 
  

 
Figure 12 Shadowgraph images taken (a) after and (b) before ultrahigh intensity laser-irradiation. (c) 

Divided image: ratio of (b) to (a). 
 
Figures 12(a) and 12(b) show x-ray shadowgraph images of the standard nanowire array before 
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and after ultrahigh intensity laser-irradiation. A slight decrease in x-ray transmittance due to the 
K-edge shift effect44,56-58 is observed in Fig. 12(b), but evaluating the size of the heated area in 
the raw image is not straightforward. In addition, it was much harder to evaluate the areas for 
which the transmittance was affected because the nanowire array reduced the transmitted x-ray 
intensity. To observe the changes in x-ray transmittance with better contrast, we therefore 
divided these two images, and the divided image shown in Fig. 12(c)44,58. This figure shows the 
changes in x-ray transmittance clearly; in particular, the region heated by the drive laser and 
hot electrons is the darkened spot in the center of this image. Figure 13 shows the divided image 
and the transmittance ratio for each target. By dividing the two images, we have thus 
successfully evaluated the transmittance change that occurred in each target and minimized the 
reduction in the x-ray intensity transmitted through the nanowire array.  

Figures 13 (a)–(c) show divided images for flat foil, standard, and dense nanowire 
arrays from the x-ray shadowgraph measurements. Please note that Δt value shown here had 
the ±0.1 ps error value due to the timing jitter between ultrahigh intensity laser and XFEL as 
we described in the beginning of Section 4. Compared to these images, the area where 
transmittance changed was significantly larger for the flat foil than for either the standard or 
dense nanowire arrays. This suggests that the size of the heated area with the laser irradiation 
and hot electrons was deduced for standard and dense nanowire arrays. As discussed in our 
previous work41, the nanowire array can reduce energy scattering by suppressing surface 
currents and forming periodic intense magnetic fields. The smaller transmittance change region 
in the nanowire arrays implies that energy dissipation was minimized, and heating by hot 
electrons was dominant in a narrower region compared to the flat foil. 

Figure 13(d) shows the transmittance changes in the long nanowire array. Unlike other 
targets, the transmittance changes in the long nanowire array were the most ambiguous among 
all the targets. A possible explanation for this is that the K-edge shift was more significant for 
the long nanowire array due to a greater increase in electron temperature than in other targets. 
As a result, the x-ray transmittance returned to its ambient-state value, making the observed 
changes in x-ray transmittance less distinct. 
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Figure 13 Divided images and line profiles for (a) flat foil, (b) standard, (c) dense, and (d) long nanowire 

arrays. 

 
We also evaluated changes in “shape” of nanowires using x-ray shadowgraph 

observations. As discussed in Section 4.1, transmitted x-ray intensity is reduced for nanowire 
array due to x-ray scattering. When the shape of the nanowires deformed and smoothed out 
after laser irradiation, the reduction on the transmitted x-ray intensity is expected to be small. 
In order to verify the effect, we measured the increase in x-ray transmittance caused by the 
shape changes in the nanowires using x-ray shadowgraphs at a photon energy of 8.05 keV, far 
away from the K-edge of Cu. Figure 14 shows x-ray shadowgraph images of the dense nanowire 
array after laser irradiation. Up to 5 ps after laser irradiation, no significant increase in x-ray 
transmittance was observed as shown in Fig.14 (a). According to Fig. 14 (b) and (c), x-ray 
transmittance started to be increased at Δt of 10 ps. This indicates that the nanowire array 
maintained its shape up to 5 ps after the laser irradiation. Therefore, the effect of shape changes 
in the nanowires is negligible throughout the observation timing in this study (up to a few 
picoseconds). 
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Figure 14 X-ray shadowgraph images and corresponding line profiles of a dense nanowire array 

recorded at Δt = (a) 5.0 ps, (b) 10 ps, and (c) 50 ps. 

 

5. Conclusion 
 We present the first experimental results on ultrafast dynamics measurement with high-
spatial and time resolution for nanowire array irradiated with ultrahigh intensity laser at SACLA 
X-ray free-electron-laser facility. First, to establish the fabrication method of nanowire arrays 
for the experiments, we employed an AAO-template method. By exploring various AAO 
fabrication and electroplating conditions, we have successfully fabricated nanowire array 
targets made of Cu or Ni, with nanowire diameters ranging from 60 nm to 400 nm, filling factors 
from 13% to 40%, and nanowire lengths up to 13 μm. We also characterized the fabricated 
nanowire using EDX and SAED in TEM. EDX analysis revealed that the thin surface of the 
fabricated nanowire was oxidized. SAED observation indicated that the majority of the 
fabricated nanowires consisted of a single-crystal Cu.  

On the laser irradiation experiments, we performed the calibration of x-ray 
transmittance for nanowire arrays. We observed that the nanowire arrays reduced the 
transmitted x-ray intensities. We also observed that this reduction effect became stronger as the 
surface area of the nanowire array that interacted with the x-ray irradiation was increased. The 
transmitted x-ray intensity was also reduced by the surface roughness on the rear side of the 
target; this had a significant effect on the x-ray shadowgraph. However, the surface roughness 
was improved by the addition of a brightener.  

We successfully recorded ultrafast, time-resolved x-ray shadowgraphs at EH6 of 
SACLA using nanowire arrays fabricated with different spatial parameters. In the obtained data, 
we observed changes in the x-ray transmittance due to laser and hot-electron heating and 
confirmed that the nanowire array structure was kept in a few picoseconds after the irradiation. 
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Further analysis of these results is still required, and we plan to clarify the detailed mechanisms 
by comparing the results with PIC simulation calculations. We will report the details of these 
experimental results in an upcoming paper.  
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Supplemental material 
See the supplementary material for the detailed process of the AAO fabrication.  
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