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Free-electron-driven crystalline materials have emerged as a promising plat-
form for tunable, table-top X-ray generation in industrial, medical imaging
applications, and fundamental research. It is commonly believed, however,
that the use of bulk crystals is not feasible under the weakly relativistic ener-
gies necessitated by table-top electron sources. This belief is fueled by the
perception that electron scattering inside bulk crystals produces substantial
bremsstrahlung background which overwhelms the tunable, narrowband
X-ray peaks. In this study, we overturn this belief by introducing a parameter
that distinguishes a regime where tunable X-rays substantially dominate
bremsstrahlung in bulk materials. We show that this regime is most readily
accessible with van der Waals crystals, revealing an unprecedented property of
van der Waals crystals in the X-ray regime. We experimentally demonstrate a
tenfold intensity enhancement through the use of bulk van der Waals crystals,
in good agreement with our theoretical predictions. The use of bulk crystals is
also advantageous in requiring less labor-intensive material preparation and
being less vulnerable to damage compared to thin films. Our findings pave the
way to more efficient and more accessible table-top, tunable, narrowband
X-ray sources for safer and more sustainable X-ray imaging in industries
including semiconductors and healthcare.

Van der Waals (vdW) materials consist of two-dimensional (2D)
atomic planes held together by strong intralayer covalent bonds and
weak interlayer vdW forces. Since the first isolation of graphene
using adhesive tape in 2004', vdW materials have garnered sig-
nificant research attention due to their intriguing properties and
novel phenomena, including the anomalous quantum Hall effect?,
massless Dirac particles®, superconductivity’, ultrahigh carrier
mobility®’, ferromagnetism®®, strongly bound exciton states'®",
heterostructures” and strong spin-orbit coupling'®. In particular,
free-electron-driven vdW crystals have emerged as a promising table-
top platform for generating tunable X-rays. Such a platform marries
the compactness of conventional X-ray tubes with advantages like

tunability of larger, less accessible X-ray facilities, ushering in
advanced X-ray imaging modalities on a compact scale for applica-
tions including semiconductor failure analysis, medical imaging”™*,
security and fundamental research®* .

Free-electron-based light sources have been studied across var-
ious platforms®, including plasmonic single-atom layers*,
metasurfaces” %, metamaterials®, nanostructures”*’, vdW materials®
and other mechanisms**°, spanning a broad spectral range from
terahertz radiation to X-rays"™*. Among these, the use of free-
electron-driven vdW crystals as a platform for tunable X-ray genera-
tion has distinguished itself through features including continuous,
real-time photon energy tunability*®*, multicolor X-ray generation®,
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water-window X-ray production*’, X-ray caustics*, quantum recoil’,
radiation shaping® and heterostructure-enabled X-ray focusing™. Free-
electron-driven vdW crystals overcome the challenge of current
commercial X-ray sources in achieving compactness and photon
energy tunability simultaneously*****°, Conventional X-ray tubes are
compact but produce high-intensity characteristic peaks only at fixed
photon energies determined by material composition, thus lacking
continuous, real-time photon energy tunability. On the other hand,
tunable X-ray sources such as synchrotrons and X-ray free-electron
lasers™° feature a high degree of tunability but require significant
space and high energy consumption®, making them less accessible for
laboratory-scale applications.

The promise of free-electron-driven vdW crystals as a table-top X-
ray platform, however, has been undermined by an implied depen-
dence on thin films. Indeed, all studies of free-electron-driven vdW
crystals have been confined to vdW thin films with thicknesses typi-
cally below 200 nm**~**51, which are relatively challenging to produce
due to labor-intensive preparation processes®”. The resulting X-ray flux
is thus fundamentally limited by the restricted crystal thickness. The
common notion is that bulk crystals would cause so much electron
scattering, which makes bremsstrahlung drown out the tunable X-ray
peaks. This notion has restricted observation of tunable X-ray radiation
using bulk crystals, such as silicon®®, to highly relativistic electron
sources with kinetic energies above 30 MeV***" or even hundreds of
MeV®$ 7, The use of relativistic electrons, however, is an obstacle to the
miniaturization of these sources. As such, the combination of table-top
free electron energies and bulk crystals has remained unexplored, with
a prevailing notion that it would be an unfeasible platform for pro-
ducing tunable X-ray peaks.

Here, we overturn this notion by showing that the use of free-
electron-driven bulk crystals as a platform for producing tunable X-ray
peaks is not only feasible but highly advantageous. Specifically, we show
that tunable, narrowband X-ray peaks can not only be observed in vdW
bulk crystals driven by table-top free electron energies, but even exhibit
tenfold intensity enhancement over the use of thin films. Starting from
first-principles electromagnetism and electron scattering theory, we
derive a parameter that quantitatively defines the regime where tunable
X-rays can surpass bremsstrahlung significantly. Compared with con-
ventional bulk crystals, vdW crystals are much more likely to attain large
values of this parameter to access said regime, revealing an intriguing
and unprecedented property of vdW crystals in the X-ray regime, and
explaining the historical inability to observe tunable X-rays in conven-
tional crystalline bulk materials. These findings are most welcome not
only as a way to scale up tunable X-ray intensities, but especially in
allowing for the use of bulk target materials, which involve less labor-
intensive material preparation and are less vulnerable to damage com-
pared to thin films. Our experimental results are in good agreement with
the predictions of our theoretical framework - which fully accounts for
electron scattering inside the crystal - in both the spectral bandwidth
and the absolute intensity of the emitted X-rays. Our findings open up a
new avenue in the optimization of tunable X-ray sources based on free-
electron-driven crystalline materials, allowing bulk crystals to be
employed toward the enhancement of X-ray intensities, leading to
reduced costs, greater efficiency and smaller carbon footprint of the
resulting X-ray imaging system.

Results

The mechanisms responsible for the generation of tunable, narrow-
band X-ray peaks from free-electron-driven crystals are parametric
X-ray radiation and coherent bremsstrahlung. Parametric X-ray radia-
tion is an atomic-scale version of Smith-Purcell radiation; the emission
comes from free electrons passing through or in the vicinity of peri-
odic structures. Parametric X-ray radiation thus arises from the dif-
fraction of the incident electron’s Coulomb field by the crystal's
periodic atomic structure - acting as a nanometer-scale diffraction

grating on the atomic scale. A higher-order radiation mechanism
known as coherent bremsstrahlung®”"””"** can sometimes contribute
significantly to the tunable X-ray emission as well. Coherent brems-
strahlung is generated by the periodic undulation of incident electrons
due to the periodic potential as it traverses the crystal. In our regime of
study, the output X-ray photon energies of the two forms of radiation,
namely parametric X-ray radiation and coherent bremsstrahlung, are
identical and the peak photon energies are given by*””’

- v g
Ep= 1-(v-n/c)’

where i is the reduced Planck constant, v is the electron velocity, g is
the reciprocal lattice vector of a certain plane of the crystal, i is the
unit vector along the observation direction, c is the speed of light in
vacuum. In our theoretical framework, the formula employed to cal-
culate tunable X-ray intensity is derived by combining the Monte Carlo

simulations of electron scattering and Maxwell’s equations, given
by46,48,49,51
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where N is the number of emitted photons, w is the angular frequency of
the emitted photon, Q is the solid angle, N, is the number of electrons
incident on the crystal, a is the fine-structure constant, ¢, is the electron
interaction time with the crystal of the i electron trajectory segment,
v,(t) is the velocity of the i" electron trajectory segment of the j™
electron at time ¢, E; ; represents the eigenmode of the crystal, which is a
function of position of the electron r;(¢) and the angular frequency of the
emitted photon w. More details are available in Supplementary
Information (SI) Section SI. As electrons travel through a material, the
electron scattering with atoms alters both their kinetic energy and
traveling direction, which affects the emitted tunable X-ray spectrum.
The electron scattering is simulated by using Monte Carlo method in the
CASINO software® . The electron velocity v; and position r; for each
scattered trajectory segment - defined by the electron path between
consecutive collisions - are incorporated into Equation (1) and (2) to
obtain the resulting tunable X-ray intensity spectrum.

Figure 1a, b illustrate the Monte Carlo simulations of electron
scattering in bulk and thin graphite crystals, respectively. In Fig. 1a, a
20 keV electron beam is incident on a bulk graphite crystal. Owing to
the long interaction length with the crystal, the electrons gradually
lose all their kinetic energy and eventually come to a complete stop. In
contrast, Fig. 1b shows electron scattering in a 29 nm-thick graphite
thin film, where most electrons pass through the material with minimal
energy loss, less than 0.5% and a slight directional deviation of
approximately 3°. In bulk materials, the extended interaction lengths -
defined as the total distance an electron travels within the crystal while
emitting tunable X-rays - enhance electron-crystal interactions,
resulting in higher tunable X-ray emission intensity. Figure 1c shows
X-ray spectra generated from a 1 mm-thick highly oriented pyrolytic
graphite (HOPG) bulk crystal, with electron energies of 17.5, 20, 22.5,
and 25 keV, respectively. In our study, a bulk crystal refers to a crystal
that is sufficiently thick to prevent all incident electrons from pene-
trating through it. In this case, further increasing the crystal’s thickness
does not affect the tunable X-ray spectrum. Figure 1d presents the
X-ray spectra from a 29 nm-thick graphite thin film, measured under
the same electron energies as in Fig. 1c. Figure 1c, d reveal a tenfold
intensity enhancement with bulk vdW crystals. This finding aligns well
with our theoretical predictions, confirming not only that tunable
X-ray peaks from bulk crystals are well observable over the brems-
strahlung but also that bulk crystals are more effective than thin films
for tunable X-ray generation.
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Fig. 1| Dominance of tunable, narrowband X-rays over bremsstrahlung in bulk
van der Waals (vdW) crystals, producing substantial enhancements in X-ray
intensity compared to thin films. a Monte Carlo simulation of 20 keV electrons
incident on a 1 mm-thick bulk graphite crystal tilted at 10°. The gray region
represents the graphite crystal, while the white area depicts free space. Electrons
are emitted above the graphite crystal with an initial kinetic energy of 20 keV. The
colored trajectories within both the gray (graphite) and white (free space) regions
depict electron scattering paths, with colors indicating the corresponding electron
kinetic energies. b Illustration of a similar scenario with a 29 nm-thick graphite thin
film. ¢ Tunable X-ray emission from a 1 mm-thick highly oriented pyrolytic graphite
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(HOPG) bulk crystal, measured under electron energies of 17.5, 20, 22.5, and 25 keV.
Solid dots with error bars represent experimental data, while theoretical predic-
tions are shown as solid lines. d Tunable X-ray emission from a 29 nm-thick graphite
thin film. Solid dots with error bars represent experimental data, translucent bands
indicate variations in theoretical predictions due to uncertainties in the thin film
thickness under experimental conditions. The definition of the error bars is pro-
vided in the Supplementary Information (SI) Section S3. All spectra correspond to a
solid angle of 0.066 steradians, which is in accordance with experimental
conditions.

Experimental attempts to measure tunable X-ray radiation using
bulk crystals and table-top electron sources remain unexplored due
to the prevailing notion that relatively high electron scattering in
bulk crystals would obscure tunable X-ray peaks beneath the
bremsstrahlung background®. As we show in Fig. 2a, a regime exists
where tunable X-ray peaks substantially dominate bremsstrahlung
even in bulk materials. Each point in the figure corresponds
to simulation results for different materials (including vdW and
conventional materials), crystal planes, and electron energies.
The color scale indicates the ratio of tunable X-ray to brems-
strahlung flux within a 10eV bandwidth around the tunable
X-ray peak energy: red denotes ratios =1 (tunable X-ray dominates),
blue denotes ratios <1 (bremsstrahlung dominates), and white
denotes ratios ~ 1. The dotted purple line marks the boundary where
the two fluxes are approximately equal. This boundary was obtained
through numerical fitting from the data in the figure. Above this
boundary lies the regime in which tunable X-ray emission tends to
dominate, while below this boundary, bremsstrahlung tends to
dominate.

As detailed in SI Section S14, we use first-principles electro-
magnetism and electron scattering theory to obtain the following ratio
of the tunable X-ray flux ®,,,, to the bremsstrahlung flux ®,.,, for a
given free electron mean free path in the material, as

2
Oume | ErleVite
7 .
q)brem (Ep[egV]) X Taccum

In Equation (3), the numerator Ep‘)(g 2 originates from the tunable
X-ray radiation process. £,[eV] = E,/(1eV) is the value of the photon
energy normalized to 1€V, and x, is the electric susceptibility, which
depends on both the crystal plane and photon energy. x, quantifies
the diffraction strength of the incident electron’s Coulomb field by the
crystal’'s periodic lattice. The denominator (Zeff/Ep) X T yecum OTigH-
nates from the bremsstrahlung contribution, where Z ¢ is the effective
atomic number per unit volume and £, is the bremsstrahlung photon
energy. The factor (Zeff JE, p) reflects the relative strength of the
bremsstrahlung cross-section per unit volume. The factor T,..m
accounts for the electron distribution after scattering inside the
crystal, as well as the resulting X-ray self-absorption, which depends on
the electron distribution. As we see in Fig. 2a, plotting Eq. (3) against
mean free path separates the data points into two relatively distinct
regimes for bulk materials: one where tunable X-ray dominates, and
one where bremsstrahlung dominates. The trend of larger mean free
paths favoring the dominance of tunable X-rays seen in Fig. 2a is not
surprising: this trend can also be inferred from Eq. (2), where we see
tunable X-ray emission originating from electron trajectories inside the
crystal. A longer electron mean free path increases the interaction time
t,, leading to stronger tunable X-ray emission.

Figure 2b repeats the simulation points in Fig. 2a, but shows the
category of material being used instead of the flux ratio. Note that

conventional materials fall within the tunable X-ray-dominated regime
only under very limited conditions, whereas a substantial number of
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Fig. 2 | Unprecedented regime for free electron-driven X-rays, enabled by the
use of van der Waals crystals - where tunable, narrowband X-rays dominate
bremsstrahlung even in bulk crystals and at non-relativistic electron energies.
a Ratio of tunable X-ray flux to bremsstrahlung flux for various conditions,
revealing a clear correlation between this ratio and the ordinate expression

(Eq. (3)). The points represent simulation results for a broad range of materials,
crystal planes, and electron energies. The color scale indicates the ratio of tunable
X-ray to bremsstrahlung flux within a 10 eV bandwidth around the tunable X-ray
peak energy. Red indicates ratios = 1 (tunable X-ray flux exceeding brems-
strahlung), blue indicates ratios <1, and white indicates ratios ~ 1. The boundary
where the two fluxes are approximately equal (obtained by numerical fitting of the

plotted data) is marked by the dotted purple line. b Same plot as in a, but with point
colors representing different material types as indicated in the legend. ¢ Summary
of previous free-electron radiation experiments with various material thicknesses
and electron kinetic energies. Pentagrams mark the specific material thickness and
electron kinetic energy used in each experiment. Shaded regions represent studies
encompassing a range of material thicknesses or electron energies. Superscripts
next to the references indicate the materials investigated in each study: *silicon,
fgraphite, §diamond, ||lithium fluoride, copper, germanium, -igallium arsenide,
ftungsten, and 9 represents various vdW materials including WS,, MoS,, WSe,,
MoSe;,, h-BN, ZrS;, MnPS; and CrPS,.

vdW materials occupy the tunable X-ray dominated regime. Our
results reveal an intriguing and unprecedented property of vdW
materials in the X-ray regime: namely, their ability to feature a much
larger ® 1/ Pprem ratio compared to conventional materials, allowing
a higher chance of vdW materials emitting tunable X-ray peaks that
dominate bremsstrahlung even when the vdW materials are in bulk
form and electron scattering of free electrons is significant. The full list
of materials and crystal planes used in the simulations is provided in SI
Section S14, Supplementary Table 5.

An overview of earlier experimental studies on free-electron radia-
tion using various materials and electron kinetic energies*e*$"167659-% jg
shown in Fig. 2c. The theoretical regimes of these studies are represented
by shaded regions, with pentagrams marking the corresponding material
thickness and electron energy for each experiment. Experimental studies
in the upper-right corner of Fig. 2c are conducted in the relatively low
scattering regime, characterized by large crystal thicknesses and high
electron energies. In this regime, electron kinetic energies ranging from a
few MeV to over 1 GeV allow electrons to traverse millimeter-scale crystals
with minimal energy loss less than 5% and only slight changes in direction,
which is less than 10°.

Conversely, recent experimental studies in the lower-left corner
of Fig. 2c focus on another relatively low scattering regime, char-
acterized by low crystal thicknesses and low electron energies.
Advances in nanoscale thin crystal fabrication have facilitated

investigations in this regime using table-top electron sources, such as
scanning electron microscopes (SEMs) and transmission electron
microscopes (TEMs). Operating at electron energies below 300 keV,
these sources enable electrons to traverse nanometer-thick crystals
with relatively low electron scattering. Our study reports tunable X-ray
emission in the relatively high electron scattering regime, character-
ized by large crystal thicknesses and low electron energies, as high-
lighted in the red box in Fig. 2c. Supported by theoretical predictions
and experimental data, our work opens up a new avenue for tunable
X-ray research under previously unexplored conditions.

Figure 3a illustrates the variation in tunable X-ray intensity with
material thickness. Four tunable X-ray spectra collected at different
graphite thicknesses under a 25keV electron energy are shown. As
the graphite thickness increases from 29 nm to 1 mm, the tunable
X-ray intensity increases significantly, achieving up to a tenfold
enhancement experimentally, consistent with our theoretical pre-
dictions. The inset in Fig. 3a shows the relationship between tunable
X-ray intensity and graphite thickness. Each dot represents the tun-
able X-ray peak intensity predicted by our theory, which has been
validated by experimental data. This relationship can be described by
the equation

Ih=1,1- e,
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Fig. 3 | Enhancement of tunable, narrowband X-ray peaks by increasing
material thickness into the bulk regime. a Demonstrates the enhancement of
tunable X-ray intensity from graphite as a function of material thickness. X-ray
spectra collected from four distinct graphite samples under a 25 keV electron beam
are shown. Solid dots with error bars represent experimental data, while translu-
cent bands and solid lines indicate theoretical predictions. The translucent bands
account for intensity variations due to uncertainties in graphite film thickness
under experimental conditions. The inset highlights the tunable X-ray intensity
trend with increasing thickness at 25 keV for a non-tilted crystal. Solid dots repre-
sent simulation results based on the established theory. The solid line represents
the fitted curve, while four pentagrams mark the specific thicknesses at which
experimental spectra were measured. b Compares tunable X-rays with brems-
strahlung background for graphite thin films and bulk graphite under 25 keV
electron beams. Solid dots with error bars denote experimental tunable X-ray data,

Graphite thickness [m]

obtained using an energy-dispersive X-ray spectroscopy (EDS) detector alongside
bremsstrahlung background. Solid lines depict theoretical tunable X-ray peaks
convoluted with the EDS detector resolution, which closely match the experimental
data. Dashed lines beneath the tunable X-ray peaks indicate bremsstrahlung
background. Sharp dotted lines represent theoretical tunable X-ray peaks calcu-
lated without considering the EDS detector resolution. ¢ Displays the comparison
between tunable X-ray intensity and the bremsstrahlung. Solid round dots repre-
sent tunable X-ray intensity values derived from the established theory, validated
by experimental results. Hollow squares indicate bremsstrahlung intensity, calcu-
lated using the Monte Carlo method’*'*°, d Highlights the enhancement of tunable
X-ray intensity with increasing material thickness under a 300 keV electron beam.
The definition of the error bars is provided in the Supplementary Information (SI)
Section S3. All spectra and intensity data correspond to a solid angle of

0.066 steradians, in accordance with experimental conditions.

where / is the tunable X-ray intensity, [ is the crystal thickness, / is the
saturation tunable X-ray intensity, and L is the fitting parameter. The
values of /; and L depend on the material properties and electron
energy (details provided in the SI Section S10). Equation (4) accurately
characterizes the increase in tunable X-ray intensity with material
thickness and its saturation under specific electron energy conditions.

In Fig. 3a, the bremsstrahlung background is subtracted from the
experimental data, and the tunable X-ray linewidth is broadened by the
energy resolution of the energy-dispersive X-ray spectroscopy (EDS)
detector. In Fig. 3b, we address the challenge identified in the previous
experimental investigation, where tunable X-rays could not be dis-
tinguished from the bremsstrahlung background when using table-top
electron sources and crystals thicker than 500 nm®. Our measure-
ments (Fig. 3b) from graphite crystals of varying thicknesses clearly
reveal tunable X-ray peaks (solid lines) above the bremsstrahlung
background (dashed lines), despite broadening effects from the EDS
detector. This demonstrates a significant enhancement in tunable
X-ray intensity when using vdW materials. In the absence of detector

resolution limits, the intrinsic tunable X-ray peaks (dotted lines) exhi-
bit even greater intensity enhancement relative to the bremsstrahlung
background. Employing an X-ray detector with higher resolution than
EDS would enable direct observation of this stronger enhancement.
Further details on the experimental setup limitations and EDS detector
resolution are provided in SI Section S4.

Figure 3¢ compares the intensity of tunable X-ray and brems-
strahlung. Specifically, for a 2 mm-thick graphite sample under elec-
tron energies ranging from 10 keV to 300 keV, achievable with table-
top electron sources. The tunable X-ray intensity can exceed the
bremsstrahlung by up to a factor of 20. Figure 3d shows the depen-
dence of tunable X-ray and bremsstrahlung intensity on graphite
thickness at a fixed electron energy of 300 keV. Across all thicknesses,
the tunable X-ray intensity consistently surpasses the bremsstrahlung.
Notably, compared to emissions from nanometer-thick crystals, bulk
graphite crystals exhibit significantly enhanced tunable X-ray intensity,
achieving more than a 300-fold increase. Such order-of-magnitude
enhancement can be further scaled by increasing the kinetic energy of
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Fig. 4 | Overview of tunable X-ray flux enhancements in different van der Waals
(vdW) materials by varying both electron energy and thickness, well into the
bulk regime. a Simulated tunable X-ray flux and bremsstrahlung from h-BN. The
left panel compares tunable X-ray flux with bremsstrahlung at a fixed material
thickness of 2 mm, highlighting the superior tunable X-ray enhancement. The right
panel shows the comparison at a fixed electron energy of 300 keV, emphasizing the
increased tunable X-ray flux with greater material thickness. Solid dots represent

Thickness [m]

tunable X-ray flux calculated using established theory, while hollow squares denote
bremsstrahlung flux obtained via Monte Carlo method’*®. b Corresponding
results for MoSe, under identical conditions. ¢ Corresponding results for WSe,
under identical conditions. All flux values are calculated for non-tilted crystals by
integrating the intensity spectrum within a 10 eV bandwidth around the peak and
correspond to a solid angle of 0.066 steradians, in accordance with experimental
conditions.

the incident electrons. Nevertheless, even within the table-top electron
energy range considered here, the tunable X-ray flux is sufficient to
support X-ray applications such as imaging and spectroscopy at
practical current densities. The applicability of the tunable X-rays and
the maximum current density sustainable by the graphite sample are
further detailed in SI Section SI1.

The enhancement of tunable X-ray intensity by using bulk mate-
rials, as well as the superiority of vdW-based materials in achieving
higher tunable X-ray intensity over bremsstrahlung, is not unique to
HOPG but extends to a broad range of vdW materials, as demonstrated
experimentally in SI SectionS7, Supplementary Fig. 5. HOPG was
employed here primarily because it is a readily available form of gra-
phite crystal with millimeter-scale thickness. Figure 4 presents simu-
lation results for tunable X-ray and bremsstrahlung background from
three different vdW materials: h-BN, MoSe,, and WSe,. Since photon
flux is more commonly referenced in X-ray applications such as X-ray
imaging and spectroscopy, the results are expressed in terms of flux
rather than intensity. The flux values are calculated by integrating the
tunable X-ray and bremsstrahlung intensity spectra within a 10 eV
spectral bandwidth centered at the tunable X-ray peak.

The left panels of Fig. 4 illustrate the dependence of tunable X-ray
flux on incident electron energy. Specifically, we compare the tunable
X-ray flux and bremsstrahlung flux emitted from 2 mm-thick bulk crys-
tals under electron energies ranging from 10 keV to 300 keV, achievable
with table-top electron sources. The right panels show the dependence
of tunable X-ray flux on material thickness, with the electron energy

fixed at 300 keV, where we compare the tunable X-ray and brems-
strahlung flux and examine the tunable X-ray flux emitted from
nanometer-thick films versus bulk crystals. At an electron energy of
300 keV and a crystal thickness of 2 mm, tunable X-rays from all three
materials exhibit approximately a tenfold enhancement in flux com-
pared to the bremsstrahlung background. Our simulation results reveal
that the degree of tunable X-ray enhancement with increasing crystal
thickness depends on the material composition. Materials composed of
lighter elements, such as h-BN, show greater enhancement due to
extended total interaction lengths between electrons and the crystal
lattice, and reduced X-ray self-absorption. However, materials com-
posed of heavier elements, such as MoSe, and WSe,, exhibit higher
absolute tunable X-ray flux values as shown in Fig. 4b, c. A detailed
comparison between the tunable X-rays, bremsstrahlung radiation and
characteristic X-ray peaks is provided in SI Sections S8 and S9.

Discussion

In this work, we present the theoretical prediction and experimental
observation of parametric X-ray radiation in bulk van der Waals (vdW)
crystals using table-top free electron source energies. Our findings
break the common notion that tunable, narrowband X-ray generation
is unfeasible in bulk crystals with table-top free electron sources - on
the contrary, we show that the X-ray generation is enhanced. Specifi-
cally, we experimentally achieve a tenfold enhancement in the tunable
X-ray intensity compared to earlier measurements of free-electron-
driven radiation from nanometer-thick films. Importantly, we were also
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able to explain the historical inability to observe tunable X-rays in
conventional crystalline bulk materials: Starting from first-principles
electromagnetism and electron scattering theory, we derived a para-
meter that quantitatively defines the regime where tunable X-rays can
surpass bremsstrahlung significantly. Compared with conventional
bulk crystals, vdW crystals are much more likely to attain large values
of this parameter to access said regime, revealing an intriguing and
unprecedented property of van der Waals crystals in the X-ray regime.

Our experimental results are in good agreement with the results
of our theoretical framework, which integrates Monte Carlo simula-
tions of electron scattering within the crystal with Maxwell’s equations.
We study the dependence of tunable X-ray intensity on crystal thick-
ness and electron energy, showing that tunable narrowband X-ray
peaks are significantly enhanced and observable against the brems-
strahlung background over a broad range of material parameters,
table-top free electron sources and X-ray photon energies. Our results
reveal hitherto untapped advantages of employing bulk vdW crystals
in table-top, tunable, narrowband X-ray generation, in addition to the
inherent advantages of bulk crystals, which include relative ease of
fabrication and resilience against damage as compared to thin films.
Our results should pave the way to the design of more compact, effi-
cient and sustainable platforms for table-top, tunable X-ray generation
for applications that include semiconductor and biomedical imaging.

Methods

Theory and simulations

The theoretical framework for tunable, narrowband X-ray generation
from free-electron-driven crystals is presented in Supplementary
Information (SI) Section S1, with detailed explanations and derivations.
The geometrical relationship is further illustrated by Supplementary
Fig. 1. The Monte Carlo simulations of electron scattering in solids were
performed using the CASINO software, with further details provided in
SI Section S2.

X-ray measurements

The experimental X-ray spectra containing tunable X-ray peaks were
collected using the JEOL 7800 field emission scanning electron
microscope (FESEM) equipped with the Oxford UltimMax 170 energy-
dispersive X-ray spectroscopy (EDS) detector. Crystalline thin films
were mounted on gold transmission electron microscopy grids, while
bulk crystals were affixed directly to a nickel scanning electron
microscope holder using aluminum stubs and secured with a carbon
disc and carbon tapes. The performance of the Oxford UltimMax 170
EDS detector is given in Supplementary Tables 1, 2. More detailed
information can be found in SI Section S3.

Sample synthesis and preparation

Graphite nanoflakes were mechanically exfoliated onto silicon sub-
strates coated with a 285 nm SiO, layer. The flakes were subsequently
transferred onto gold transmission electron microscopy grids via a
conventional wet-transfer process. In this procedure, a PMMA layer
was spin-coated onto the substrate and baked at 120 °C for 2 min. The
underlying SiO, was then etched away using a 20 wt% KOH solution,
thereby releasing the PMMA film containing the graphite nanoflakes,
which was carefully transferred onto the gold transmission electron
microscopy grids. To expose the thin graphite layers, the PMMA sup-
port was removed by immersion in acetone, followed by thorough
drying of the samples on the Au TEM grids.

Sample thickness measurements

The crystal thicknesses were measured using different techniques
depending on the thickness range. For crystals thicker than 1 um, the
thickness was directly determined from cross-sectional images
obtained via scanning electron microscopy (SEM). For crystals with
thicknesses between 300 nm and 1pm, atomic force microscopy

(AFM) was used. For thinner crystals (<300 nm), thickness measure-
ments were conducted using convergent beam electron diffraction
(CBED) patterns shown in Supplementary Fig. 3. Crystal thickness
values are given in the Supplementary Tables 3a, b. More detailed
information can be found in SI Section Sé.

Data availability

The raw data that support the plots of this study are openly available in
NTU research data repository DR-NTU (Data) at https://doi.org/10.
21979/N9/WZAMZ0%.

Code availability
Simulation codes are available from the corresponding authors upon
request.
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