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A B S T R A C T   

The X-ray free-electron laser (XFEL) has remarkably advanced X-ray imaging technology and enabled important 
scientific achievements. The XFEL’s extremely high power, short pulse width, low emittance, and high coherence 
make possible such diverse imaging techniques as absorption/emission spectroscopy, diffraction imaging, and 
scattering imaging. Here, we demonstrate a novel XFEL-based imaging modality that uses the X-ray induced 
acoustic (XA) effect, which we call X-ray free-electron laser induced acoustic microscopy (XFELAM). Initially, we 
verified the XA effect by detecting XA signals from various materials, then we validated the experimental results 
with simulation outcomes. Next, in resolution experiments, we successfully imaged a patterned tungsten target 
with drilled various-sized circles at a spatial resolution of 7.8 ± 5.1 µm, which is the first micron-scale resolution 
achieved by XA imaging. Our results suggest that the novel XFELAM can expand the usability of XFEL in various 
areas of fundamental scientific research.   

1. Introduction 

Since the X-ray was first discovered in 1895, its high transmittance 
and directivity have revolutionized imaging technology, enabling ap-
plications such as X-ray computed tomography, scanning transmission 
X-ray microscopy, and ptychography) [1]. To achieve better resolution 
and sensitivity in X-ray-based imaging, significant efforts have been 
made to develop brighter synchrotron radiation sources. The X-ray 
free-electron laser (XFEL), introduced in 2009, uses the principle of 
self-amplified spontaneous emission (SASE) to replace the previous 3rd 
generation synchrotron’s storage ring [2,3]. The XFEL can generate 
X-rays with an extremely short pulse width of 1–100 fs and more than 
100 million times the peak power intensity of previous synchrotrons [1]. 
SASE also produces an X-ray beam to have low emittance and high 
coherence [1]. Further, because the 3rd generation synchrotron X-ray 
beam can damage the target, it is used at cryogenic temperatures. In 
contrast, the ultrashort pulse width of XFEL, measured in femtoseconds, 
can probe a target before it is destroyed [4–6]. X-ray techniques, such as 
X-ray absorption/emission spectroscopy, diffraction imaging, and scat-
tering imaging have made significant advances by taking advantage of 
the excellent properties of XFEL [1]. X-ray absorption spectroscopy can 

capture the excitation of electrons from the ground state to the 
core-excited state. X-ray emission spectroscopy captures relaxation 
processes, such as fluorescence emission of core-excited states. These 
methods synergistically support each other [1]. X-ray diffraction ex-
plores the structural information of atoms, molecules, and 
bio-composites in solid samples. When an X-ray beam passes through a 
target, it interacts with scattering and diffraction by atoms in its path. 
The resulting diffraction pattern is determined by the position, 
arrangement, and components of the target’s crystalline structure, and 
can be described through the Bragg’s equation [7]. X-ray scattering 
imaging proves particularly valuable for acquiring structural informa-
tion about aperiodic and amorphous samples or proteins in solution. The 
analysis focuses on the interaction between the electron distribution and 
X-rays [8]. While this method sacrifices spatial resolution compared to 
diffraction crystallography, it compensates by observing larger-scale 
dynamics within a broader field-of-view [9]. Consequently, diffraction 
crystallography and scattering imaging methods complement each 
other, providing comprehensive structural and dynamic insights ranging 
from the atomic level to the macromolecular level [5,10–14]. Because of 
its outstanding performance, XFEL radiation is being used in a wide 
range of applications, from basic research in physics, the life sciences, 
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and chemistry, to industrial and applied science. 
X-ray-induced acoustic imaging (XAI) has recently received great 

attention as a novel X-ray biomedical imaging modality that takes 
advantage of low-dose 3D X-ray imaging and real-time 3D dosimetry 
capabilities [15–28]. The X-ray-induced acoustic (XA) effect occurs 
when an X-ray pulse is projected into a target. The target absorbs the 
X-ray energy, subsequently converting it into heat energy. The heated 
material expands thermoelastically, creating an initial pressure wave 
that propagates acoustically in all directions. The initial pressures of 
these XA waves can be expressed as follows: 

p0 =
βηthAe

ρCV κ
, (1)  

where β denotes the thermal coefficient of volume expansion, ηth denotes 
the percentage of absorbed light converted into heat, Ae denotes the 
specific energy deposition, ρ is the density, CV is the specific heat ca-
pacity at constant volume, and κ is the isothermal compressibility 
[29–33]. The omnidirectionally propagated XA waves are detected by 
conventional ultrasound (US) transducers. Therefore, XAI is related to 
X-ray absorption spectroscopy, which captures non-radiative relaxation, 
and is unlike X-ray emission spectroscopy, which captures fluorescence 
emissions as radiative relaxation [1,34]. Further, XAI can provide 3D 
X-ray absorption contrast information by detecting time-resolved US 
signals with only a single X-ray pulse. 

XAI modalities have been developed in two major implementations: 
one is X-ray-induced acoustic computed tomography (XACT), and the 
other is XAI based on point-by-point detection. The former mode typi-
cally uses a multi-element US transducer array and an image- 
reconstruction process. The spatial resolution of XACT is mainly deter-
mined by the X-ray pulse width and is also affected by the US detector’s 
specifications (e.g., aperture size, center frequency, and bandwidth). To 
generate an effective XA signal, the pulse width of the X-ray should be 
less than the thermal and stress confinement times [35–37]. The 
required pulse width can be written as 

τ < τth =
dc

2

4DT
(2)  

and 

τ < τst =
dc

vs
, (3) 

where τ denotes the pulse width of the X-ray, τth denotes the thermal 
confinement threshold, dc is the desired spatial resolution, DT is the 
thermal diffusivity, τst is the stress confinement threshold, and vs is the 
speed of sound. For a 10 µm spatial resolution, the thermal confinement 
time and stress confinement time should be 1.8 ms and 6.7 ns, respec-
tively [35]. Previously, Zhang et al. performed 2D real-time monitoring 
of radiotherapy with a spatial resolution of 1.1 mm, using a phased US 
transducer array with a bandwidth of 1–4 MHz and an X-ray pulse width 
of 4 μs [16]. Lee et al. performed 3D XACT imaging with a spatial res-
olution of 1.1 mm, using an arc-shaped US transducer array with a 
center frequency of 1 MHz and an X-ray pulse width of 50 ns [20]. Choi 
et al. successfully volumetrically imaged the gastrointestinal structure of 
a sacrificed mouse, using a conventional X-ray contrast agent (i.e., 
Gastrografin) [23]. Tang et al. obtained an XACT image of lead sheets 
with a spatial resolution of 138 µm, using a ring US transducer array 
with a center frequency of 5 MHz and an X-ray pulse width of 60 ns, 
which can be considered the best resolution among all previous XAI 
techniques [38]. Using the above-mentioned pulse widths, none of the 
XACT techniques has provided a spatial resolution better than tens of 
micrometres, either empirically or theoretically [39]. 

The latter mode, which is based on point-by-point detection, acquires 
XA signals with a single-element US transducer and raster scanning [40, 
41]. In this implementation, the lateral spatial resolution is determined 
by either the X-ray beam or the acoustic focal spot, whichever is smaller. 

The axial spatial resolution is still decided by the US parameters. The 
spatial resolutions in previous studies using this point-by-point detec-
tion method range from a few hundreds of micrometres to a couple of 
millimetres [21,42–45]. These resolutions are mainly limited by the 
difficulty of X-ray beam focusing, insufficient X-ray fluence, and/or an 
improper X-ray pulse repetition rate (PRR). When using a medical linear 
accelerator (LINAC) or a portable X-ray source as an excitation source, it 
is difficult to apply X-ray focusing techniques, such as using a 
Kirkpatrick-Baez mirror and capillary lens. Instead of implementing 
X-ray beam focusing, when illuminating the only small region of target 
with the chopped X-ray beam, no XA signal could be obtained due to 
insufficient X-ray fluence and consequent poor signal-to-noise ratios 
(SNRs). To overcome these problems, our group used a synchrotron 
(PLS-II, Republic of Korea) which has a relatively intense X-ray beam 
[21,43]. However, in that study, we were not able to separate the 
time-resolved XA signals because the 500-MHz PRR of the X-ray source 
was too fast, i.e., it was shorter than the acoustic propagation time in the 
medium. Here, overcoming all these limitations, we present a new XFEL 
configuration that achieves micrometre-level spatial resolution in XAI 
for the first time [39]. We used a hard XFEL at the Pohang Accelerator 
Laboratory (PAL-XFEL) in the Republic of Korea, which is only the third 
hard XFEL in the world [46]. It includes a 10-GeV S-band LINAC with a 
wavelength of 0.1 nm, an electron energy of 10 GeV, a PRR of 60 Hz, 
and 20 planar-type undulators with an undulator period of 26 mm and a 
minimum gap of 9.0 mm [47]. Recently, PAL-XFEL presented a 
self-seeded XFEL, whose peak spectral brightness is 40 times higher than 
that of conventional SASE [48]. 

Using this cutting-edge facility, PAL-XFEL, we detected XA signals 
induced by the XFEL for the first time. We compared the time-resolved 
XA signals of various materials (e.g., water, lead, tungsten, and SK3 
steel) and compared those data with simulation results based on the 
theoretical X-ray-induced acoustic formula [43,49]. In a subsequent set 
of experiments, we performed 3D XFEL-induced acoustic microscopy 
(XFELAM) with a point-by-point detection scheme and achieved the first 
micrometre-level spatial resolution (7.8 ± 5.1 µm). We expect that our 
novel approach can be utilized to obtain X-ray absorption contrast by 
capturing non-radiative relaxation, and that it can complement con-
ventional XFEL functions. 

2. Materials and methods 

2.1. XFEL induced acoustic microscopy 

We utilized the hard XFEL at the PAL-XFEL in the Republic of Korea 
as an XA excitation source. Electrons with an energy of 10 GeV are 
accelerated by a LINAC, converted into radiation light through a hard X- 
ray undulator and optical hutch, and delivered to an X-ray scattering 
and spectroscopy-femtosecond X-ray scattering (XSS-FXS) beamline end 
station. Our experiments used an electron energy of 8.51–8.52 GeV and 
a bunch charge of 165.4–173.6 pC. The radiation beam had a photon 
energy of 9.75 keV and a pulse duration of ~25 fs, with a PRR of 60 Hz. 
These parameters were much more suitable for XAI than those in the 
previous studies [43] because the pulse duration is short enough for the 
thermal and stress confinement times and the PRR is low enough for the 
generated XA waves to propagate in the medium until detected. To 
investigate the feasibility of beam focusing, we used two pink beam 
modes (~1011 photons per pulse): a focused beam with a size of 10 µm 
× 10 µm, created using a beryllium compound refractive lens (Be-CRL), 
and an unfocused beam with a size of 300 µm × 300 µm, without a 
Be-CRL lens. Note that the pink beam in X-ray applications refers to a 
type of synchrotron radiation that is partially monochromatized, offer-
ing a balance between the high flux of a polychromatic beam and the 
energy specificity of a monochromatic beam. 

Fig. 1 shows a schematic of the XFEL-induced acoustic microscopy 
(XFELAM) system. As shown in the magnified schematic in the lower 
right corner, we prepared an acryl water tank with a drilled circular hole 
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in one side, then sealed the hole with a polyimide film (Kapton, Dupont, 
USA) for an X-ray window, chosen because polyimide is transparent to 
X-rays. The X-ray beam travelled from left to right, moving through the 
window and toward the water tank. A sample was placed on the left 
outer surface of the film, which is exposed to the air. The interface be-
tween the sample and polyimide film was filled with US gel (Ecosonic, 
Sanipia, USA) to match the acoustic impedance. When the X-ray beam 
irradiated the target, the generated XA waves passed through the pol-
yimide film and water medium and were transmitted to a US transducer. 
We customized a single ring-shaped concave US transducer to prevent it 
from being destroyed by the high-power X-ray beam. The diameter of 
the US transducer was 32 mm, the diameter of the central hole was 
5.35 mm, the center frequency was 9.1 MHz with a − 6 dB bandwidth of 
52.1%, and the focal length was 26 mm. A pulser-receiver (P/R, 
5072PR, Olympus NDT, USA) was used to acquire and amplify the XA 
signals. An amplifier (SR560, Stanford Research Systems, USA) further 
strengthened the signals by filtering. A high-speed digitizer (PXIe-5160, 
National Instruments, USA) with a maximum sampling rate of 1.25 GS/s 
was used for fast and accurate data acquisition. The sample was 
mounted on a three-axis motorized linear stage (XA05A, Kohzu Preci-
sion, Japan) that moved it for raster scanning. The host controller 
installed in the PAL-XFEL managed the overall operations, including 
increasing or decreasing the attenuator level, scanning code, and syn-
chronizing the system with the PAL-XFEL trigger. 

2.2. XA acoustic simulation 

Eq. (1) was used to simulate our experimental results. The initial 
pressure rises of each material were calculated based on the parameters 
in Supplementary Table S1. Note that it was assumed that the energy 

depositions of each material were identical. As mentioned, the PAL- 
XFEL provides the brightest X-ray beam to date, and the radiation 
power at 0.1 nm is extremely high, as much as 30 GW. Such a high 
fluence and relatively high absorption coefficient cause saturation of the 
multiphoton/multistep absorption [50]. In this case, the difference in 
energy deposition among the samples can be considered negligible. We 
quantified the transmittance of the initial XA pressure from each sample 
to the US transducer by the relationship between each layer’s acoustic 
impedance and thickness. The complex acoustic input impedance of 
each material, Zin, can be calculated with the following equation: 

Zin = jZ1
Z2 + jZ1tan2πf

c l
Z1 + jZ2tan2πf

c l
(4)  

where j denotes the square root of − 1, Z1 denotes the acoustic imped-
ance of the propagation medium, Z2 denotes the acoustic impedance of 
target medium, f denotes frequency, c denotes acoustic velocity, and l 
denotes the propagation length of the medium. A frequency of 0 to 
20 MHz was employed in the simulation to calculate the propagation 
signal. In the frequency domain, a steady state solution was obtained by 
applying the reflection-to-transmission ratio based on the impedance 
calculated above for each frequency component, then converted into the 
time domain. The simulation result was processed by applying a band- 
pass filter to the signal, according to the transducer specifications and 
gains. 

2.3. Experimental procedure 

A sample (lead, tungsten, or SK3 steel) was attached to the polyimide 
film, with water on the opposite side, and US gel was applied between 

Fig. 1. Schematic of XFEL induced acoustic microscopy (XFELAM) and experimental settings. XFEL, X-ray free-electron laser; P/R, pulser/receiver; XA, X-ray- 
induced acoustic and TR, transducer. 
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the sample and the polyimide film (Fig. 1-right bottom). For the water 
sample case, nothing was adhered to the polyimide film. The customized 
ring-shaped transducer (Fig. 1) was positioned at the US focus by per-
forming a pulse/echo test. The desired time point of the peak US echo 
was 34.6 μs, which is approximately the focal length of 26 mm divided 
by the speed of sound underwater (1500 m/s) and doubled to account 
for the round trip. After placing the transducer at the US focus, we then 
set the P/R and the amplifier in receive-mode. To amplify the XA signals, 
we set a P/R gain of 40 dB and an amplifier gain of 50 times. 

To check the pathway of the X-ray beam, we used a disk-shaped 
yttrium aluminum garnet crystal doped with cerium (YAG:Ce). The 
YAG:Ce crystal emits visible or near-infrared light when exposed to X- 
rays, so it is used as a scintillator to detect X-rays. The alignment be-
tween the X-rays, sample, and US transducer was confirmed by the 
scintillating light. Because PAL-XFEL provides labels for each X-ray 
pulse specification, XA-signal normalization could be performed ac-
cording to beam intensity through off-line processing. To check the 
reliability of the measured data, we divided a total of 60 data for each 
material into 6 groups of 10 and obtained the mean and standard de-
viation of the peak signal for each material. 

During XFELAM imaging, the sample was scanned by means of an 
XYZ 3-axis sample stage (Fig. 1). For XFELAM imaging with an unfo-
cused X-ray beam, 30 XA signals from each pixel were averaged. The 
scanning step size was 150 µm, and 68 scanning steps were executed in 
both the X and Y directions. After acquiring the data through scanning, 
we noticed that two cross-sections (e.g., the 43rd and 44th lines in the Y 
direction) of data were missing. We filled in the volume data for these 
two cross-sections by interpolating across 7 voxels in the X direction. For 
visualization, the volume voxels were interpolated 10 times in the XYZ- 
axis directions, and a moving average filter with a 5 × 5 mask was 
applied. 

When performing XFLEAM with a focused X-ray beam, to prevent 
burning or melting the tungsten sample, we attenuated the X-ray beam 
by passing it through a 350 µm thick silicon wafer. The XA signals were 
averaged 60 times, and the scanning step size was 5 µm. There were 121 
steps in the X direction and 134 in the Y direction. For visualization, the 
image pixels were interpolated 10 times in the XYZ-axis directions, and 
we applied a moving average filter with a 5 × 5 mask. 

For the spatial resolution measurements, first, we fit the sigmoid 
function to the XA signals obtained from the boundary/edge of the 
sample to generate the edge spread function (ESF) of the experimental 
data. Then, the generated ESF was differentiated, and the result become 
the line spread function (LSF). The full width at half maximum of the 
normalized LSF was defined as the spatial resolution, which we calcu-
lated statistically with five ESFs because the XA signals fluctuated. 

3. Results 

3.1. XFEL-induced acoustic characteristics of various materials 

To demonstrate the XA effect induced by the XFEL, we acquired XA 

signals from water, a 1-mm-thick lead specimen, a 1-mm-thick tungsten 
specimen, and a 0.2-mm-thick SK3 steel sample (DN52, DORCO, Re-
public of Korea). Fig. 2a shows the time-resolved XA signals of the water, 
tungsten, lead, and SK3 steel samples, and Fig. 2b shows the associated 
Hilbert-transformed data. The peak amplitudes of the Hilbert- 
transformed signals are plotted as the initial XA pressure in Fig. 2c, 
together with analytic simulation results based on the theoretical initial 
pressure of the XA effect. Although there is approximately 20% variation 
in the values for each material due to the assumption of ideal conditions, 
the two plots show a good correlation overall (see Eq. (1), Table S1, and 
Methods). 

3.2. XFELAM imaging of a tungsten-water sample 

To demonstrate the imaging capability of the XFELAM, we used two 
modes, one with an unfocused X-ray beam (300 µm × 300 µm along the 
X and Y axes, respectively) and the other with a focused X-ray beam 
(10 µm × 10 µm along X and Y axes, respectively). First, we acquired XA 
images of a flat tungsten sample with holes of diverse sizes (Fig. 3a). 
Initially, we used an unfocused X-ray beam. Fig. 3b shows an XA 
maximum amplitude projection (MAP) image of the tungsten-water 
sample. The dark background with the low XA signals is the tungsten, 
and the bright regions with the strong XA signals are water. This result 
correlates well with the sample test values in Fig. 2c. Some background 
areas, indicated by yellow arrows, exhibit relatively strong XA signals, 
which come from the US gel used for acoustic coupling. The distance- 
encoded and 3D rendered images (Fig. 3c-d) confirm the 3D imaging 
capability of the XFELAM. We measured the spatial resolution of the 
XFELAM with the unfocused beam. Fig. 3e is a zoomed-in image of the 
blue-boxed region in Fig. 3b, and the measured full width at half 
maximum (FWHM) of the line spread function is 408.4 ± 6.9 µm (Fig. 3f 
and see Methods). Then, we switched the excitation beam to the focused 
one and used 2D CRL focusing to achieve micrometre-level spatial res-
olution, acquiring the XA image of the red-boxed region in Fig. 3b. For 
comparison, Fig. 3g-h show XA images acquired with XFELAM using 
unfocused and focused beams, respectively. Obviously, the hole’s 
boundary is sharply imaged with the focused beam. The spatial resolu-
tion of the focused XFELAM is quantitatively measured as 7.8 ± 5.1 µm, 
which represents the first achieved micrometre-level spatial resolution 
in XAI (Fig. 3i and see Methods). 

4. Discussion and conclusion 

Several imaging techniques, such as X-ray absorption/emission 
spectroscopy, diffraction imaging, and scattering imaging, take advan-
tage of the XFEL’s high power, short pulse width, low emissivity, and 
high coherence. Here, we have introduced a novel XFEL imaging mo-
dality, XFEL-induced acoustic microscopy (XFELAM). Unlike general X- 
ray imaging modalities, XFELAM can capture time-resolved X-ray en-
ergy deposition on a specific target, based on the non-radiative relaxa-
tion. In addition, the previously developed XAI imaging modalities 

Fig. 2. XA-acoustic signals acquired from various materials: (a) raw data and (b) Hilbert transformed data. (c) Comparisons of simulated and experimental of peak 
XA signals from the materials. XA, X-ray-induced acoustic. 
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suffer from low spatial resolution (e.g., a few hundred micrometres) due 
to the difficulty of focusing the X-ray beam, low signal-to-noise ratios, 
improper X-ray pulse widths, and/or inappropriate pulse repetition 
rates. Our new XFELAM achieves micrometre-level spatial resolution for 
the first time. We used the PAL-XFEL, which is the third established 
XFEL in the world. The noteworthy parameters of the PAL-XFEL are a 
pulse repetition rate of 60 Hz and a focused beam size of 10 µm 
× 10 µm, a pulse width of ~25 fs (FWHM), an electron energy of 
8.5 GeV, and a photon energy of 9.75 keV. These values are much more 
suitable for XAI than the previously used X-ray sources. We character-
ized the XA effect from various materials (i.e., lead, tungsten, water, SK3 
steel) by comparing experimental results with simulation results. Then, 
we successfully performed XFELAM imaging experiments with a 
tungsten-water sample, achieving a spatial resolution of 7.8 ± 5.1 µm, 
the first micrometre-level spatial resolution to be achieved in XAI. 

The usability of this pioneering XA microscopy system could be 
much enhanced by a non-contact imaging configuration. First, because 
the XFEL’s pulse width is very short, XA signals with very high frequency 
components may be generated. However, the current system was unable 
to detect intact XA signals due to the center frequency (9.1 MHz) and 
limited bandwidth (52.1%) of the detector, so only part of the wideband 
information was received. Even though the lateral resolution is a just 
few microns due to the small spot size of the focused x-ray beam, the 
system still has poor axial resolution. By using non-contact imaging 
techniques such as all-optical ultrasound transducer that do not require 
physical contact between the imaging device and the target object, 
broadband XA signals can be captured, and the axial resolution can be 
much improved [51–54]. Furthermore, we used water as a coupling 
medium to detect the ultrasonic signal, but the water itself generates a 
very strong XA signal that hinders the acquisition and analysis of XA 
signals from various samples. Therefore, configuring non-contact im-
aging by using an optical detector would allow more accurate analysis of 
various samples without interfering with the XA signal in water. 

In the future, we believe that this technology can expand the utility 
of the XFEL in material science, basic medicine, and new drug devel-
opment. For example, the XFEL has been used to explore shockwave 
phenomena from cavitation bubbles [55–58]. Those studies were 
interested in demonstrating the physical characteristics of shockwaves, 
such as their pressure. By detecting actual pressure time-resolved 
acoustic signals, XFELAM can provide additional information about 
the acoustic characteristics of shock waves. Furthermore, according to 
the different characteristics of crystal structures, such as single crystal-
line, polycrystalline, or amorphous, the XFELAM could determine 
physical characteristics (e.g., the thermal coefficient of volume expan-
sion) based on the initial pressure formula of the XA effect [59]. 
Although the safety of human in vivo application using high-energy 
XFEL beam has not been verified, the unique features of XFEL show 
promise for studying cellular protein structures and interactions be-
tween proteins and drugs [60,61]. Although the direct medical appli-
cations of XFEL require further validation, its potential impact in the 
filed of structural biology and drug development is promising. 
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