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Abstract Petawatt-class lasers can produce multi-GeV
electron beams through laser wakefield electron acceleration.
As a by-product, the accelerated electron beams can gener-
ate synchrotron-like radiation known as betatron radiation.
In the present work, we measure the properties of the radi-
ation produced from 2 GeV, 215 pC electron beams, which
shows a broad radiation spectrum with a critical energy of
515 keV, extending up to MeV photon energies and 10 mrad
divergence. Due to its high energy and flux, such radiation
is an ideal candidate for γ -ray radiography of dense objects.
We employed a compact betatron radiation setup operated at
relatively high-repetition rates (0.1 Hz) and used it to scan
cm-sized objects: a DRAM circuit, BNC and SMA connec-
tors, a padlock and a gas jet nozzle. GEANT4 simulations
were carried out to reproduce the radiograph of the gas jet.
The setup and the radiation source can reveal the interior
structure of the objects at the sub-mm level, proving that it
can further be applied to diagnose cracks or holes in various
components. The radiation source presented here is a valu-
able tool for non-destructive inspection and for applications
in high-energy-density physics such as nuclear fusion.

1 Introduction

Due to the recent proliferation of petawatt (PW) lasers [1],
laser wakefield electron acceleration (LWFA) has rapidly
established itself as the most promising technique for build-
ing compact particle accelerators. During the propagation

a e-mail: calinh@ibs.re.kr (corresponding author)

of an intense (intensity > 1018 W/cm2) laser pulse inside
an underdense plasma medium, a space-charge cavity can
be formed behind the pulse, exhibiting longitudinal fields of
100’s GV/m. Such large fields are orders of magnitude higher
than the ones produced in RF LINACS, which allows for
the acceleration of electrons to multi-GeV energies within
centimeters [2,3]. So far, progress in this area has led to
the production of electron beams having energies up to 8
GeV [4]. The beams can have up to micro-coulomb charge
[5], can achieve < 1% energy spreads [6], and can even
be produced at kHz repetition rates [7,8]. Such properties
make these accelerators suitable drivers for cutting-edge radi-
ation sources [9], as recently demonstrated in LWFA-based
free-electron lasers [10] and Thomson/Compton scattering
sources [11,12].

During the acceleration process, the electron beams can
undergo transverse oscillations [13] due to the action of the
transverse focusing forces of the space-charge cavity on the
electrons. This process leads to the generation of a broad
synchrotron-like spectrum [14], and is known in the com-
munity as betatron radiation [14,15]. Since the electrons are
accelerated to high energies (with γ > 1000) the spectrum
can extend well into the hard x-ray region. This radiation
source is a very attractive alternative to large synchrotron
machines, as it can produce a large photon number (> 108);
it is collimated (typically up to a few 10 s of mrad), and
its energy varies from a few-keV up to hundreds of keV. In
addition, these sources can be studied in small-scale laser
setups and at PW facilities, making them a cheaper alterna-
tive to synchrotrons. One unique feature of such a source
is its small emission size (≈ 1 μm) (micrometer), which
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allows micron-scale imaging [16]. So far, betatron sources
have been used for phase-contrast imaging [17,18], tomogra-
phy [19,20], diagnostics of shocks produced in laser-plasma
[21] and have been proposed for the diagnostic of fusion
plasmas [22]. Despite many potential applications, most of
the radiographs are produced with energies < 100 keV (for
example [23]), while high-energy applications in the hard x-
ray spectrum (0.1−1 MeV) are rather rare due to the sparsity
of high energy (> 1 GeV) LWFA beams required to produce
such a spectrum.

One potential application of high-energy betatron sources
is non-invasive radiographic diagnostics of high-density
objects, an area sometimes referred to as non-destructive
imaging. For such applications, γ -ray sources are of great
interest as they can probe the interior structure of objects
without disassembling the devices or cutting through them.
For comparison, we note that bremsstrahlung radiation has
already been employed [24], yet such sources require addi-
tional steps to produce γ -ray radiation. On the other hand,
betatron radiation generation is an inherent process during
LWFA. However, LWFA-based betatron radiation has yet
to demonstrate industrial γ -ray radiography. This was high-
lighted as one of the future research directions on LWFA-
based radiation sources, and this aspect is of significant
importance for the community [25].

The present work, therefore, aims to produce and apply
high-energy betatron radiation generated with the CoReLS
4-PW laser to the radiographic investigation of industrial
objects. In the following sections, we present the setup used
for LWFA and betatron generation and demonstrate a detec-
tion setup to diagnose the radiation produced in such a work.
We measure the beam properties, such as spectrum and diver-
gence, and deduce other parameters of the radiation. We
then demonstrate successful radiography of several objects,
including the realization of single-shot radiography, with
< 200 μm spatial resolution. Finally, we show how such
a source can be used to extract information about the inte-
rior size of the objects and correlate our measurements with
GEANT4 simulations. This work is a further step in the pro-
duction of high-energy betatron radiation and its application
for the radiographic investigation of dense objects and non-
destructive imaging.

2 Measurement of betatron radiation produced with the
4-PW laser

2.1 Experimental setup

The experiments presented in this work were carried out
using the 4-PW laser at the Center for Relativistic Laser Sci-
ence (CoReLS) [26]. The system can produce 20 fs laser
pulses with up to 80 J energy and percent-level energy sta-

bility. After exiting the compression stage, the laser beam was
transported to the experimental area, where it was focused
by a concave mirror (f=12 m and f/43) to a spot of 49 μm,
producing an on-target intensity of 1.9 × 1019 W/cm2. The
intensity corresponded to a normalized vector potential a0 =
e|E |
meω0c

≈ 3, where e is the electron charge, E and ω0 are the
peak electric field and angular frequency of the laser respec-
tively, me is the rest mass of the electron, and c represents the
speed of light. The pulse was focused inside a 10 cm long gas
target, filled with He (97%) and Ne (3%). This particular gas
combination was found to be suitable for ionization injec-
tion [27] in the self-truncated regime [28]. In addition, the
laser chirp was controlled to optimize the electron beam qual-
ity [29]. The experimental setup included an aluminum (Al)
screen (consisting of foils with a combined thickness of 300
μm) to reflect the residual laser light to a beam dump and a
setup consisting of a scintillating Lanex screen to monitor the
electron beam pointing and divergence (L1), a magnet (1.3 T)
that disperses the electron beam, and two subsequent Lanex
screens (L2 and L3) for energy measurements. This multi-
screen setup is important for calibrating electron beams that
exhibit significant off-axis pointing [30,31]. The peak elec-
tron density of the gas medium was estimated to be around
1.5−2.5×1018 cm−3, which is higher than the typical oper-
ating density for this accelerator (5 − 8 × 1017 cm−3). This
higher density allowed the generation of a strong betatron
flux. Using this setup, we produced electron beams of up
to 2 GeV, such as the one shown in Fig. 1 which is quasi-
monoenergetic, having an energy spread of δE/E ≈ 6.3%
and a divergence of 2.3 mrad (here δE represents the standard
deviation of the energy spread). The average charge of shots
used in betatron experiments was 215 ± 15 pC. The betatron
beams produced by these electrons were further character-
ized and used for imaging.

The present imaging system was designed for the efficient
acquisition of γ -ray radiographs. During the measurements
of betatron radiation, the Al foils and Lanex L1 were removed
in order to avoid the generation of bremsstrahlung by the
electron beam. The γ -ray beam exited the target chamber
through a thin 300 μm Mylar window (see Fig. 1), which
provides negligible attenuation. The deflected electron beam
was dumped outside the chamber, and the imaging setup
was shielded with lead bricks (not shown in Fig. 1) to block
background radiation. For the imaging, we used a scintillat-
ing detector (Hamamatsu GPXS J13113) along with a 16-bit
sCMOS (PCO edge) camera. The detector screen consisted
of a 400 μm thick CsI (45 × 45 mm2), layered over the back
surface of an Al substrate (500 μm). This setup was placed
3.3 m away from the source in order to allow the diverging
beam to image cm-sized objects. The objects were placed
5 cm in front of the detector, providing almost unit mag-
nification (M ≈ 1.02) from the x-ray source. The purpose
was not to magnify the objects due to the limited size of the
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Fig. 1 LWFA and radiography setup. The 4-PW beam (red) enters
from the left side and is focused down to 45 μm (Focal spot, inset), hit-
ting the gas target for LWFA. High energy electrons oscillate, producing
betatron γ -rays (yellow beam). The L2 and L3 diagnose the energy of

the electron beam (shown in the inset), while the radiation beam exits
the vacuum chamber through the Mylar window. The radiography is
performed using the scintillating detector and the sCMOS camera in
the γ -ray imaging area

detector. This setup configuration is useful for betatron imag-
ing because it can provide a much faster response time than
imaging plates (IPs): while IPs require reading over ≈ 0.5
hour, this setup can work at high repetition rates (up to kHz).
Additionally, it can cover a wide dynamic range (> 103),
providing a good contrast if required. The spatial resolution
can be as low as a few 10 s of microns, comparable to that
of IPs [32]. This setup allowed us to characterize betatron
beams and use them for rapid radiography.

2.2 Betatron beam properties

The setup shown in Fig. 1 was used to produce betatron radi-
ation during LWFA and to characterize the spectral distribu-
tion, critical energy, divergence, and photon number. In the
wiggler regime, the betatron radiation spectrum is character-
ized by a frequency (ω) distribution of the intensity (I ) over
the solid angle (�) [14]:

d2 I

dωd�
≈ Nβ

3e2

2π3ε0c

γ 2ζ 2

1 + γ 2θ2

×
[

γ 2θ2

1 + γ 2θ2 K
2
1/3 (ζ ) + K 2

2/3 (ζ )

]
, (1)

where Nβ represents the number of oscillations per electron
in the accelerating medium and ε0 is the vacuum permit-
tivity, while K1/3 and K2/3 are the modified Bessel func-
tions of the second kind. The argument ζ of the Bessel
function is given by ζ = ω

ωc
(1 + γ 2θ2)3/2 for an obser-

vation angle θ and a critical frequency ωc, which is the most
important parameter as it defines the energy range of the
spectrum. The corresponding critical energy, can be approx-
imated as Ec[keV ] = 1.1 × 10−23γ 2ne[cm−3]rβ [μm].
Here, ne is the plasma density, and rβ is the transverse
oscillation radius of the electron emitting betatron radia-
tion. The on-axis radiation spectrum can be approximated
as d I 2

dωd�
≈ Nβ

3e2

2π3ε0c
γ 2ξ2K 2

2/3 (ξ), where ζ reduces to
ξ = ω/ωc (or E/Ec). The number distribution is straight-
forwardly obtained as dN

dE = 1
E

d I
dE ∝ ξK 2

2/3(ξ), which is
defined by its critical energy. We can thus use a functional
form of the spectrum, fully defined by a critical energy (Ec).

The spectrum was extracted using the range filter (RF)
shown in Fig. 2a. The RF wheel consists of Al, Cu, Sn, and
Pb slices, with thicknesses varying from 1 mm to 2 cm, which
can differentially attenuate the spectrum. More details of
these filters can be found in [33]. Note that similar tech-
niques are becoming a standard practice for the measurement
of keV-range radiation in laser-plasma experiments [34,35].
When the filter is coupled to the present setup, it can work as a
faster and more convenient alternative to stack detectors that
rely on IPs [36,37]. For the present work, the angular depen-
dence of the spectrum was not characterized, although such
effects were likely present [38]. We extracted the spectrum
by minimizing the difference between the detector response
and the calculated one in GEANT4 [39], adopting a first
type of functional form d I

dE ∝ ξ2K 2
2/3 (ξ). In addition to

this form, we also performed a fit using a second functional
form, d I

dE ∝ ξαe−2ξ , which can approximate a synchrotron-
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Fig. 2 Diagnostic of betatron radiation. a Photo of the range filter
stack; b the average of the filter response accumulated for 10 shots; c a
GEANT4 simulation of the filter response for Ec = 500 keV; d betatron

beam divergence captured on L3; e measured and reconstructed filter
response for each slice; f the corresponding intensity spectrum with an
average critical energy Ec = 515 keV

like function but can more thoroughly account for the rising
(ξα) and falling (e−2ξ ) parts of the intensity spectrum.

In Fig. 2b, we present an example of a measured signal
(averaged over 10 betatron shots) whose response was used
to reconstruct the radiation spectrum. We obtained a criti-
cal energy of 515 ± 55 keV after the extraction procedure.
The spectrum is shown in Fig. 2f: the band represents an
uncertainty corresponding to ±55 keV in the critical energy,
and the intensity range depends on the uncertainty in the
γ -ray photon number. Extraction of the spectrum using the
second form gives α = 0.83 and Ec = 508 keV, showing
good correspondence with the first functional form within
the experimental error. The measured and reconstructed fil-
ter responses in Fig. 2e show reasonable agreement with a
fitting error within < 10%. The bands represent fluctuations
(one standard deviation) around the average value of the filter
signal at each slice. The slight disagreement occurred due to
the imperfect signal shape on the detector, asymmetric emis-

sion of the radiation, off-axis effects, and limitations on the
detector size. The filter response obtained from a GEANT4
simulation is shown in Fig. 2c. The simulation was performed
using a critical energy of 500 keV and a 10-mrad divergence
(similar to the experimental parameters). One can observe
the significant penetration through lead and the high (almost
uniform) signal through the Al section of the filter. These
effects are expected from high-energy photons, and such fea-
tures are confirmed in both experiment and simulation. Over-
all, the measurement results show good agreement among the
experimental result, reconstruction, and simulation of the fil-
ter response.

The betatron divergence was measured with the third
Lanex screen (L3), as shown in Fig. 2d, where 7 shots with
betatron signals were averaged. The divergence was found
to be θ

(x)
β × θ

(y)
β = 11 mrad ×9.6 mrad with an average of

(θ
(x)
β × θ

(y)
β )1/2 ≈ 10 mrad. For betatron beams, the emis-

sion half-angle is given as θβ = Kβ/γ , where Kβ represents
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the undulator parameter of the emission and puts an upper
limit on the opening angle of the radiation. For a series of
shots with an average γ ≈ 3000, it follows that Kβ ≈ 30.
When Kβ � 1 the radiation spectrum is continuous, and
when Kβ � 1, the signal exhibits multiple harmonics. The
large value of Kβ , obtained from the experiment, confirmed
that we can apply the continuous spectrum model described
earlier.

In addition to the validity of the spectrum used in our
experiments, Kβ , can be used to deduce other param-
eters of the source. Considering that Kβ ≈ 1.33 ×
10−10

√
γ ne[cm−3]rβ [μm], we can extract an oscillation

radius of rβ = 2.8 μm. By using the previous estimation
of the critical energy and considering the experimental den-
sity range, we can also deduce Ec = 443−665 keV, which is
in good agreement with Ec = 515 keV extracted from the fil-
ter response. In addition, the number of emitted photons can
be further estimated. The total number of γ -rays that each
electron emits can be defined as Nγ /e− = 5.6×10−3NβKβ ,
where Nβ stands for the number of oscillations each elec-
tron undergoes [14]. Considering the betatron period, λβ =
1.8 mm, and a propagation range of 1.8-18 mm (i.e. 1-10 peri-
ods), we can assume Nβ = 1.1 − 11, giving a total number
of γ -rays emitted by each electron, Nγ = 0.2 − 2. Thus, for
an electron beam of 215 ± 15 pC, we expect 108 − 109γ -ray
photons. For example, for two of the shots we measured, we
estimated 2 × 109 and 5 × 109 photons, respectively, taking
into account the properties of the detection setup (geometry,
QE, scintillation and absorption efficiency, etc.). The high
photon number from both analytic and experimental estima-
tions was consistent with what we observed in the imaging
experiments since a much smaller photon number (e.g., 106)
would make it challenging to observe a reasonable image
quality, especially for single-shot measurements. We note
that the overall estimates agreed with the experimental obser-
vations, confirming that this source is well-suited for imaging
applications.

3 γ -ray radiography using a high-energy betatron
source

3.1 Non-destructvie imaging of high-density targets

The betatron source and the setup in Fig. 2 were used to per-
form γ -ray radiography of cm-scale objects. Objects with
high-density elements (up to 11g/cm3 and effective atomic
number Zef f < 82) were chosen in order to examine the
appropriateness of the source and setup for industrial radiog-
raphy. We placed the objects close to the detection screen to
ensure a large areal density of the photons. When the beam
hits the detector area, the expected areal density of photons at

the object location was 1.9−5.5×106[ph/mm2]. The flux of
the source was estimated to be 3.1 − 8.4 × 1010[ph/keV/Sr]
at 200 keV, comparable to a bremsstrahlung source produced
by multi-MeV electrons [40], implying that the source is suit-
able for imaging dense targets. A large photon flux and a large
photon areal density are required for high penetration inside
materials, producing a good spatial resolution and a high con-
trast for the radiographs. The spatial resolution was limited
to 38.5 μm/pixel, a limit restricted by the optical sensor and
optical imaging system magnification. The minimum resolv-
able feature was ≈ 150 μm. This configuration ensured the
measurement of sub-mm features while keeping the setup
large enough to distinguish various macroscopic features.

The objects imaged in this configuration, together with
their corresponding object images, are shown in Fig. 3. The
radiograph of a DDR memory chip is presented in Fig. 3a.
The radiography of such circuits is motivated by the growth in
the manufacturing volume of integrated circuits, whose coun-
terfeiting practice represents a global threat [41]. The image
was obtained by accumulating 3 shots, and Fourier filtering
was used to remove large spatial components (i.e., account-
ing for the shape of the beam). Typically, such radiography
of thin objects requires lower γ -ray energy (40 − 100 keV
[42]). For the current source with Ec = 515 keV, the average
energy would be ≈ 220 keV; thus, this source is highly pen-
etrating for the object tested in here, reducing the imaging
contrast. It is noted that multiple acquisitions could signif-
icantly improve the imaging quality. Nevertheless, the con-
nectors and wires inside the object are clearly visible. The
interior structure of the chip may help to distinguish counter-
feit components based on their geometric shape and layout
[43].

The second and third radiographic images were acquired,
considering applications related to manufacturing. The sec-
ond radiography shown in Fig. 3b corresponds to a padlock
(ZARKER XD40) that has a metallic alloy casing. Through
this radiography, the internal wheels, connection, the spring
at the bottom, and the connecting rod are visible. The image
was assembled from several successive shots taken at dif-
ferent positions. The image in Fig. 3c shows BNC (right)
and SMA (left) cable connectors. Such radiography typi-
cally requires an average energy of about 100 keV [44,45],
but a higher energy would also be suitable due to a thick
object size (i.e., compared to the circuit). Threads, cables,
and moving parts are all visible in the images acquired in
Fig. 3c. The betatron source can thus be used to reveal the
layers of assembly, internal wiring, and connected compo-
nents. Such diagnostics can easily reveal defects and wrong
structures and assess the precision of assembled or soldered
parts during production.

An evaluation of the spatial resolution is presented in
Fig. 4. For the SMA connector (Fig. 3c), the threads are
clearly visible, as shown in Fig. 4a. The corresponding line-
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Fig. 3 γ -ray imaging using betatron radiation. Radiographs a–c are shown with the corresponding object photos d–f. a and d: a DRAM circuit,
b and e a padlock, c and f : SMA (left) and BNC (right) connectors

Fig. 4 Spatial resolution. a magnified SMA connector; b threads of the SMA connector head; c lineout of the threads, showing the edge detail
(154 μm) and the FWHM thread width (270 μm)

out of the image (Fig. 4c) shows that the size of a thread is
around ≈ 270 μm in FWHM (7 pixels), while the edge reso-
lution is ≈ 4 pixels or ≈ 150 μm. Here the spatial resolution
was mainly determined by the geometrical alignment of the
object and the choice of detection setup since, otherwise,
the betatron sources are known to allow for a spatial resolu-
tion below 10 μm. We note that a very thin structure or an
extremely precise alignment to the betatron axis is necessary
to observe sharp edges with micron-level widths. From sim-
ple geometrical estimations, a tilt angle of > 1◦ for an object
of 5 mm thickness would decrease the sharpness of its imag-
ing, making it impossible to observe the edge with precision
better than 100 μm. From the considerations above, we can
conclude that for cm-sized objects such as the ones shown

in Figs. 3b, c, the present configuration setup can achieve
sub-mm resolutions of ≈ 150 μm.

3.2 Single-shot extraction of gas jet properties

As another example, we investigated the properties of a gas
jet nozzle using γ -ray radiography. The gas jet nozzle was
made of brass (density 8.7g/cm3, effective atomic number
Zef f ≈ 29−39) and custom manufactured for LWFA exper-
iments. The device (seen in Fig. 5a radiograph) has an outer
diameter of 5 mm and has an internal structure (drilled)
through which the gas flows: an inner hole in which the gas
enters the nozzle (inlet) and an exit orifice (outlet) through
which a gas is puffed out (bottom part of the image). The
outlet opens up in a conical shape, allowing the gas to flow

123



Eur. Phys. J. A (2023) 59 :247 Page 7 of 11 247

Fig. 5 Single-shot radiographic imaging of a gas jet nozzle. a Prop-
erties of gas nozzle: inlet size, outlet size, and opening angle obtained
from the radiograph. b Experimental and d simulated radiographs with

their corresponding lineouts plotted at different heights in c and e. The
lineout signal in the simulation d was adjusted (×15) for a better com-
parison with the experiment

at supersonic speeds. Errors during the drilling process can
result in undesired gas flows and gas density profiles. It is
important to confirm the inner structure of a manufactured
nozzle, such as the opening angle or the dimensions of the
inlet and outlet. Therefore, this gas nozzle is an ideal object
of investigation for demonstrating the applicability of the
current betatron source.

In Fig. 5, we analyze in detail the properties of the gas
nozzle and reproduce the experimental data using GEANT4
simulations. The diameter and the opening angle of this gas
jet were retrieved in a single shot, as shown in Fig. 5a. At the
exit (outlet), the orifice diameter is 2 mm with an opening
angle of 12◦, which we can extract from the image, while
the inlet diameter narrows to 500 μm. Figures 5b–e further
confirm the experimental result. The simulated radiograph
of the nozzle (Fig. 5d) has a similar visibility compared to
the experimental one (Fig. 5b). For the simulation, we used
a γ -photon spectrum with Ec = 500 keV, Nγ = 107 parti-
cles, and a large beam size, having a photon areal density at
the object plane of 105 ph/mm2. Using these parameters, we
could accurately reproduce the image obtained in the exper-
iment.

In Fig. 5c, e, we compare lineouts taken at 3 different posi-
tions of the gas jet: 0 mm (outlet), 3.5 mm (middle cone
region), and 7 mm (inlet). The experimental lineout at the
outlet (shown in Fig. 5c) has a signal intensity of Isig = 1930
counts and a noise level σ = 51 counts, giving a signal-to-
noise ratio (SNR) of Isig/σ ≈ 38, high enough to extract the
inner dimensions. We note that the SNR ratios are compa-
rable for both simulation and experiment. The small bumps
around the center of the lineouts represent the inner struc-
ture through which gas flows. In Fig. 5c, the bump (blue line,
0 mm) extends from −1 to +1 mm, i.e., a diameter of 2 mm,
and is reproduced in the simulated lineout (Fig. 5e, blue line).
The same bump features are also in agreement for the lineout
at 3.5 mm (Fig. 5d, e, yellow line). The bump at the inlet loca-
tion (7 mm) is visible in the simulation (Fig. 5e, black line),
while in the experiment, it can be extracted after accounting
for the spatial variation of the signal (Fig. 5c). Note that the
weak visibility is due to a low contrast-to-noise ratio (CNR)
of the signal (Isig − Ibg)/σ = 2.6 and the spatial variation of
the betatron beam intensity. Such spatial effects are expected
to occur, as the gas nozzle was located several mm away
from the center of the beam, where angular effects reduce
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Fig. 6 Simulated radiographs of the gas nozzle, performed with betatron radiation having 105ph/mm2 and critical energies of a Ec = 200 keV,
b Ec = 500 keV and c Ec = 1000 keV. Their corresponding lineouts are shown in d, e, and f

the photon number and energy [38]. Overall, the investiga-
tion demonstrated that a single-shot radiograph can reveal the
inlet size, outlet size, and opening angle of the gas jet, while
the experimental data is in good agreement with simulations
of the image and its lineouts.

In Fig. 6, we examine further the influence of γ -ray energy
on the properties of gas nozzle radiographs. GEANT4 simu-
lations were performed using 105ph/mm2, and the critical
energy varied from Ec = 200 keV to Ec = 1000 keV.
The radiographs (Fig. 6a–c) reveal that the increase in critical
energy strongly improves the visibility of the inner structure
of the nozzle. Figure 6b uses 500 keV, and it is the image
that shows the most similar contrast and magnitude with
the experimental one (shown in Fig. 5), while for 200 keV
(Fig. 6b), the visibility is severely reduced due to a low trans-
missivity of the γ -rays. In all of the lineouts (Fig. 6d–f), we
can observe the bump in transmissivity around the center of
the lineout, corresponding to the inner structure of the noz-
zle. For the 200 keV case, the magnitude of the bump is
small, with 222 counts at the outlet (Fig. 5d blue line). As we
increase the energy from Ec = 200 keV to Ec = 1000 keV,
the magnitude of the bump at the outlet lineout increases
by 64% while the magnitude of the bump at the inlet (black
lines) increases more than 2× (from 104 to 215 counts). This
change significantly improves the signal and highlights that a
high gamma energy extending in the MeV range is beneficial

for such radiographs. On the other side, spectra with a low
critical energy (Ec = 200 keV ) would produce low-quality
radiographs, making it impossible to identify the internal
structure of the jet. Therefore, the dependence of the radio-
graph on the γ -ray energy serves as an additional evaluation
for the betatron beam parameters, and we observe the highest
similarity between simulated and experimental radiographs
for the case of Ec = 500 keV.

We further attempt to obtain more insights from the exper-
imental and simulated lineouts. Due to the spatial variation of
gamma-ray beam, a correction has to be applied. We illustrate
how we perform this, in Fig. 7. The lineouts are magnified for
a better visibility of the bumps at the center and their relative
ratios. In Fig. 7a the bump at 7 mm (black line) is visible,
yet it is hard to precisely extract information about it, due
to a significant asymmetry of the spatial intensity distribu-
tion. For the 0 mm case (blue line) such asymmetry is barely
visible, while for the 3.5 mm case (yellow line) the asym-
metry is present, but it is milder than for the 7 mm case. The
asymmetry likely comes form the non-uniform structure of
the betatron beam’s spatial intensity. Since the beam inten-
sity has a gaussian distribution, a first order approximation
of this variation would be a linear function. Therefore, we
correct this artefact by applying a linearly varying attenua-
tion factor in the x direction, and an additional adjustment
for the y direction. The corrected lineouts in Fig. 7b are now
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Fig. 7 Corrected experimental lineouts are compared to simulations.
Magnified view of the experimental lineouts (a) without corrections and
(b) corrected for the spatial variation of the beam intensity. In (c) the

corrected lineouts (solid lines) are compared to the simulated lineouts
(dashed lines) for the case of Ec = 500 keV

symmetric, and the bump at 7 mm (black line) can be clearly
observed and analyzed. For comparison, we overlay the sim-
ulated lineouts to the experimental ones, in Fig. 7c. Both the
experiment and simulation exhibit the same intensity ratios
for the bumps, and their widths are in good agreement. The
radius of the blue bump (r=1 mm) and of the black bump
(r=250 μm) can therefore be confirmed from this compari-
son. Overall, the simulations at Ec = 500 keV show a very
good agreement with the experimental data, and serve as an
additional confirmation of the beatron beam properties.

4 Conclusion

The present work demonstrated the production and imag-
ing application of high-energy betatron radiation (Ec =
515 keV) with a 10-mrad divergence. The source was gen-
erated from LWFA-accelerated electron beams with energy
up to 2 GeV (215 pC), produced by a 4-PW laser. For the
present work, we developed an x-ray imaging setup operated
at 0.1 Hz and which can work, in principle, at high-repetition
rates (up to kHz), practically providing a spatial resolution
of 38.5 μm/pixel. Our x-ray source and imaging setup have
been successfully tested for non-destructive imaging of sev-
eral cm-scale objects: a DRAM circuit, SMA and BNC con-
nectors, a padlock, and a gas jet nozzle. The spatial resolution
of this imaging can be as low as 150 μm. The present work
allowed us to identify the internal features of these objects,
and as an example, we demonstrated the extraction of the
inlet size, outlet size, and opening angle of a typical gas noz-
zle used in laser-plasma experiments. GEANT4 simulations
of the radiography showed a good agreement with the exper-
imental result, confirming the operating regime. The results
demonstrate that betatron sources can reveal fine details of
dense objects, ideal for non-destructive imaging in indus-
try. Such a source can be useful for the detection of cracks
and holes, soldering defects in 3D additive manufacturing,
etc. Moreover, the high-energy range of the source spectrum,

extending into the multi-MeV regime, and its ultrashort dura-
tion (fs-level) could prove useful for diagnosing high-density
states of matter, such as those found in laser-driven fusion,
without the need for additional targets for γ -ray production.
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