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Tunable sources of X-ray radiation are widely used for imaging and spectroscopy in 

fundamental science, medicine, and industry. The growing demand for highly tunable, 

high-brightness lab-scale X-ray sources motivates research into new fundamental 

mechanisms of X-ray generation. Here, we demonstrate the ability of van der Waals (vdW) 

materials to serve as a platform for tunable X-ray generation when irradiated by 

moderately relativistic electrons available, for example, from a transmission electron 

microscope (TEM). The radiation spectrum can be precisely controlled by tuning the 

acceleration voltage of the incident electrons, and also by a newly introduced approach – 

adjusting the lattice structure of the vdW material. We present experimental results for 

both methods, observing energy tunability of X-ray radiation from the vdW materials 

WSe2, CrPS4, MnPS3, FePS3, CoPS3 and NiPS3. Our findings demonstrate the concept of 

material design at the atomic level, using vdW heterostructures and other atomic 

superlattices, for exploring novel phenomena of X-ray physics. 

  



Introduction 

The wealth of unique properties of van der Waals (vdW) materials in either bulk or 

single-atomic-layer form have constituted the basis of many novel physical phenomena and 

fundamental advances in recent years [1,3]. For example, graphene, an atom-thick layer of 

graphite [4], exhibits ultrahigh carrier mobility at room temperature [5], excellent optical 

transparency [6], high Young’s modulus [7], high thermal conductivity [8] and many other 

properties of practical utility. Moreover, this material has enabled the observation of novel 

phenomena such as the room temperature quantum Hall effect [9]. Transition metal 

dichalcogenides (TMDs) [10,11] and transition metal thiophosphates (TMTs) [12] have also 

emerged as intriguing families of vdW materials. Semiconductors by nature, TMDs can exhibit 

both indirect band-gap in the bulk or direct band-gap as a single-atomic layer [10]. This unique 

property, combined with weak dielectric screening in two dimensions [13], gives rise to strong 

photoluminescence and large exciton binding energies, making TMDs attractive materials for 

light emitting devices [14]. Likewise, TMTs are layered semiconductors additionally 

characterized by unique magnetic properties that make them potentially useful for application in 

quantum information devices and in spintronics [15]. 

Here, we show how vdW materials can be used to explore novel phenomena of X-ray 

physics, in which free electrons passing through vdW layered structures create tunable X-ray 

radiation. Our findings thus present a new class of applications for vdW materials, as possible 

platforms for X-ray sources with table-top footprint that have advantages in being tunable and 

monochromatic relative to all existing compact sources. We demonstrate the unprecedented 

tunability of X-ray generation using free electrons passing through vdW materials and explore 

the processes by which the X-ray is generated with both theory and experiments (Fig. 1a-c). The 



two mechanisms involved are parametric X-ray radiation (PXR) and coherent bremsstrahlung 

(CBS) [16-19]. Both mechanisms arise simultaneously as a result of periodic interactions of free 

electrons propagating through an atomic structure (more detailed descriptions are provided 

below).  

 

In our experiment, the output photon energy is controlled by changing the incident 

electron energy, as well as through a new method based on adjusting the composition and 

stacking of the vdW material structure. We present a comparative study demonstrating the highly 

precise dependence of the X-ray energy spectrum on the choice of the transition metal atom in 

the vdW material (Fe, Co or Ni in XPS3). Looking at the big picture, the experimental results 

presented constitute a proof-of-principle for a wider designer approach that we propose: to 

precisely tailor the radiation energy spectrum and angular distribution of X-ray emission by 

means of material design at the atomic level. We show that a wide range of superlattice 

crystalline materials, both natural and artificial, can be used for X-ray generation and we present 

a theory for X-ray emission from designed superlattice structures. These findings pave the way 

toward the use of superlattice atomic structures for the realization of tunable and versatile 

sources of X-ray radiation with a table-top footprint. 

The appeal of using vdW materials for X-ray generation is enhanced by the fact that 

many vdW materials possess high in-plane thermal conductivities [20] and some have higher 

melting temperatures compared to conventional materials. Moreover, radiation damage can be 

further reduced by using heterostructures combining different kinds of vdW materials [21, 22]. 

Other qualities are specifically attractive for PXR and CBS and arise from the weak bonding 

between the layers in vdW materials, which helps maintain the crystalline nature of the material 



that is crucial for both mechanisms. Moreover, the crystal structures of vdW materials are 

characterized by larger unit cells compared to those of conventional 3D bulk crystalline 

materials. As showed below, the larger unit cell enables X-ray generation with relatively high 

brightness in spectral ranges such as the water window (useful for biological imaging [23]), 

using electron energies obtainable from lab-scale electron sources such as the ones used in 

transmission and scanning electron microscopes (TEMs and SEMs). Furthermore, the wide range 

of compositions and flexibility in the stacking of vdW materials provides extra tunability to 

shape the output radiation through the control of the atomic lattice geometry.  

The energy tunability of X-ray sources is a key factor in many applications such as core 

level spectroscopy [24-26] and various X-ray imaging techniques [27-29]. The energy tunability 

required for such applications is usually achieved in undulator facilities, such as synchrotrons, 

and free-electron lasers [30-32]. However, the operation of such facilities necessitates immense 

resources in terms of space, energy and safety measures, which limit their accessibility. Most 

lab-scale sources take the form of the X-ray tube, in which free electrons are used to induce 

bremsstrahlung or core transitions that produce X-rays. Such sources do not provide energy 

tunability or radiation directionality capabilities, which have a lot of potential for a wide variety 

of uses.  

These limitations motivate the research of new physical mechanisms for X-ray generation 

that may have a potential to create lab-scale X-ray sources that are tunable and directional. In 

particular, research advances of X-ray generation mechanisms led to developments of laser-

driven Compton-based X-ray sources [33] that utilize the micron-scale periodicity of light, which 

is much smaller than the millimeter/centimeter scale of conventional undulator facilities. Such 

smaller scale undulators enable reducing the levels of electron acceleration, while still resulting 



in tunable X-ray generation. More recent proposals rely on shrinking the undulating periodicity 

even further by leveraging the high electromagnetic confinement in graphene surface 

plasmons [34], metasurfaces [35], metamaterials [36] and nanophotonic vacuum 

fluctuations [37]. Our study explores different phenomena that lead to X-ray generation from 

free electrons, in which the electron undulation is done at the ultimate periodicity: that of the 

atomic crystal lattice. 

Results: Tunable X-Ray Radiation from Van der Waals Materials 

The vdW-material-based atomic undulator that we present here relies on two radiation 

mechanisms, CBS and PXR, using modest electron energies that are available in relatively 

simple systems such as a TEM. The mechanisms of CBS and PXR have not yet been studied in 

vdW materials. Both mechanisms take place as a propagating electron undergoes coherent 

interaction with the intrinsic periodicity of a crystalline material (Fig. 1). 

PXR is emitted from the modulation induced by the incident electron on the bound 

electrons of the material’s atoms, creating polarization currents from which directional X-ray 

radiation is emitted. The PXR mechanism can also be described as diffraction of the incident 

electron’s Coulomb field off the periodical atomic arrangement of the structure (Fig. 1b). We 

model PXR by treating the periodic atomic structure as a discrete dipole array, with bound 

electrons around each atom being modelled as an effective dipole quantified through an 

associated X-ray atomic polarizability.  

CBS is emitted from the incident electron as a result of a periodic series of 

bremsstrahlung interactions with the nuclei and bound electrons in the material, where each 

interaction involves the acceleration of the electron and causes it to emit radiation (Fig. 1c). The 

modulation of the free-electron velocity by the periodic potential results in interference of the 



emitted radiation and causes it to become directional. We model CBS by considering the far-

field radiation from electrons whose trajectories are calculated by using the relativistic Newton-

Lorentz equations in the presence of an atomic potential, which is in turn obtained from density 

functional theory (see Methods).  

The radiation emitted from each electron through the CBS and PXR mechanisms 

maintains temporal and spatial coherence (in contrast to coherence from multiple electrons which 

requires bunching of the electrons). i.e., the radiation emitted from multiple locations along the 

trajectory of the incident electron interferes constructively to produce angle-dependent output 

radiation (the coherent interference from the multiple locations is possible because the final 

quantum state of the material is not changed). The radiation from both mechanisms follows the 

same dispersion relation [19], 

𝐸𝐸𝑚𝑚 = ℏ𝜔𝜔𝑚𝑚 =  𝑚𝑚
2𝜋𝜋ℏ𝑐𝑐𝑐𝑐 cos(𝜃𝜃)
𝑑𝑑[1 − 𝑐𝑐cos(𝜑𝜑)] ,  𝑚𝑚 = 1, 2, 3 …  , (1) 

 
where β = v/c is the normalized speed of the electron; Em and ωm are the photon energy 

and angular frequency, respectively, corresponding to radiation of order m;  ℏ is the reduced 

Planck constant;  d  is the lattice constant; and θ  and φ  are the angles defining the electron 

velocity relative to the reciprocal lattice of the crystal and the photon emission direction, 

respectively.  

Each of the PXR and CBS mechanisms becomes of greater significance at different 

regimes of emission energies and angles. However, they both share the same dispersion relation 

(Eq. 1), and thus they can be effectively considered as a single combined effect [38,39], which 

we shall refer to as parametric coherent bremsstrahlung (PCB) in the remainder of the 

manuscript.  



The unique structure and large variety of vdW materials make them promising candidates 

for PCB radiation for several reasons. One reason arises from the unique layered-structure of 

vdW materials that are made of strong covalently bonded atomic layers joined together by vdW 

forces. Consequently, the effect of integrating certain atoms (e.g., W) into a vdW structure (e.g., 

WSe2) can be seen as effectively “stretching” the lattice constant d, thus redshifting the radiation 

energy peaks Em. For example, the lattice constant of bulk W, 3.16 Å is increased to 12.98 Å 

(unit cell size in an A-B stacking, i.e., distance between two alternate-layers) when it is 

embedded into a WSe2 TMD structure, giving rise to PCB X-ray radiation with a different 

energy-angle profile for the same incident electron velocities (Fig. 1d). The longer effective 

period of the vdW crystal allows soft X-ray photons (e.g., in the water window) to be created 

with higher incident electron energy than in regular 3D bulk crystals – seen by the tradeoff of d 

and β in Eq. 1. This regime of parameters leads to higher output power and brightness using 

electrons from TEMs and SEMs. 

Figures 2a and 2b present PCB radiation from additional vdW structures, namely, MnPS3 

and CrPS4, oriented along the [103] and [001] zone axes respectively. As in Fig. 1d, we note a 

good agreement of the experimental results with the predicted energy values calculated from Eq. 

1. 

 
Using the PCB theory, we also predict the width Δω of the spectral peaks, which for thin 

TEM samples and highly directional electron beams yields (Supplementary Section S.1), 

𝛥𝛥𝜔𝜔
𝜔𝜔𝑚𝑚

=
𝛥𝛥𝐸𝐸
𝐸𝐸𝑚𝑚

≈ �0.8
𝑑𝑑2

𝑚𝑚2𝐿𝐿2
+ 𝛥𝛥𝜑𝜑D2

𝑐𝑐2 sin2 𝜑𝜑
[1 − 𝑐𝑐 cos𝜑𝜑]2 + 𝛥𝛥𝜃𝜃e2 tan2𝜃𝜃, (2) 

with L being the electron interaction length in the crystal, ΔφD the angular aperture of the 

detector and Δθe the angular spread of the incident electron beam. In the present study, the width 



of the spectral lines is primarily determined by the angular aperture of the energy-dispersive X-

ray spectrometer (EDS), ΔφD = 16°, which collects the emission for a range of angles φ =

113° − 129°. In contrast, the left term in the square root of Eq. 2 is comparatively negligible in 

our case because the crystal thicknesses of the different materials (L~100 nm) do not introduce 

significant broadening relative to the angular aperture of the detector. Similarly, Δθe<0.1 mrad, 

estimated to be the electron beam divergence angle in our experiment, is small and does not 

significantly alter Δω . An additional effect of significant broadening is the detector energy 

resolution (~80 eV), which has to be combined with the result of Eq. 2 (see Methods). 

We can use Eq. 2 to estimate the monochromaticity of the emitted radiation, in a way that 

is independent of the detector parameters. Neglecting ΔφD  in it, we find that PCB radiation 

generated by a collimated electron beam results in Δω/ωm = 0.9 d/mL, which means 1.2
m

% for 

interaction length of 100 nm WSe2. Therefore, when collected over a small angle, the X-rays 

produced are indeed very monochromatic, possessing a narrow bandwidth below 1% for orders 

m≥2.  

The positions of the experimental peak maxima in Figs. 1d and 2a-c show small 

deviations from the theoretical values (marked by vertical dashed lines), possibly due to small 

uncertainties in the detector angle, or in the reported values of the interlayer distances used here 

as input parameters. Additional effects that explain deviations between theory and experiment 

include the background of incoherent bremsstrahlung radiation, different interaction lengths for 

each incident electron energy, divergence of the incident electron beam, and further subsequent 

diffraction of the radiation by the crystal and the detector (Supplementary Section S.7). The latter 

should be sensitive to the properties of the electron beam because it essentially consists of 

Kossel-line-like diffraction from a coherent source made of the emission emanating from all of 



the atoms exposed to each incident electron wave. Additionally, our PXR simulation shows that 

since the detector is located in the backward direction relative to the electron velocity, there is a 

small Doppler shift that causes the energy peak to be slightly redshifted, in qualitative agreement 

with our measurements (seen in the theory and experiments in Fig. 1d). 

We use the simulation tools here developed for CBS and for PXR to quantify both 

mechanisms and compare them with our experimental results. We find that in our regime of 

interest (moderately relativistic electrons available from TEMs), the PXR mechanism dominates 

the radiation emission as it is two orders of magnitude larger than CBS. These models enable the 

average brightness values of PCB radiation sources from vdW materials to be theoretically 

predicted. For example, we examine the brightness values obtainable in a TEM setup such as 

used in this work: A relatively low electron current of ~1 nA and a ~1 nm electron beam 

diameter (at the plane of the sample) passing through a WSe2 sample of ~100 nm thickness. For 

the detector orientation of φ=121º with respect to the electron velocity, we estimate a brightness 

value of ~1 ∙ 109 photons
s∙mrad2∙mm2∙0.1%BW

 within the range of energy tunability that we show of ~700-

1100 eV. This level of brightness compares favorably with state-of-the-art X-ray tubes, while the 

input power is smaller by a factor of 10−5 − 10−8 (because the electron spot diameter in our 

experiment is much smaller than that of X-ray tubes). Moreover, our PCB radiation is directional 

and tunable in contrast to the radiation from X-ray tubes (which is either characteristic or 

bremsstrahlung). The estimated number of photons detected at the detector’s solid angle: 4 ×

103 , 2.6 × 103 , 1.8 × 103 , 1.5 × 103 , 1.4 × 103 , 1.1 × 103 , 1.0 × 103  photons/(s⋅eV) at each 

peak from 60 keV to 300 keV in Fig. 1d, respectively (details in Methods). The typical number 

of photons per second is ~105 (integrating over the widths of the peaks). 



The brightness of the PCB source can be further improved by optimizing parameters such 

as the detector orientation and size, the electron acceleration voltage, and the sample thickness 

(similarly to other undulation-based emission mechanisms, the PCB brightness is quadratic with 

the interaction length). It can also be increased by using larger currents and reducing the electron 

spot size, for which an optimum compromise can be found by keeping in mind the tradeoff 

enforced by Coulomb repulsion (space charge), which leads to greater beam divergence (hence 

smaller interaction length) with larger electron density. When the electron beam divergence 

exceeds about 0.1 degrees, the heights of the radiation peaks start to broaden and decrease 

significantly (>5% from their original values). When considering space charge, we show in Fig. 

S5 (in Supplementary Section S.5) that the potential increase in brightness of PCB from vdW 

materials can be as much as 107 times the value reported above (for an optimal combination of 

beam current and beam size).  

The X-ray generation from the PCB mechanism can be extended to the hard X-ray 

regime with higher electron energies, as we show in Supplementary Section S.4, where we 

simulate the output radiation from 1 MeV and 5 MeV electrons. Electron beams generated by 

relatively compact sources such as photoemission injectors based on RF guns and DC high 

voltage guns [40,41] enable higher electron currents of up to tens of mA in acceleration voltages 

of a few MeV, which can strongly improve the emission brightness from thicker crystal samples.  

The performance of PCB radiation from vdW materials can be also viewed from the 

perspective of energy transfer and efficiency. The total probability of each 60 keV electron going 

through a 100 nm interaction length in WSe2 to produce PCB emission is ~1 ∙ 10−4, resulting in 

an average electron energy loss to PCB of 0.25 eV. Out of this, the probability of radiation in the 

direction of the detector is ~1 ∙ 10−5, i.e., electron energy loss to “useful X-ray photons” of 



0.025 eV. This probability is on the same order of magnitude as is found in related processes 

such as Smith-Purcell radiation. The efficiency can be further improved because the electron 

energy can be reused. Such an approach is used in many free-electron-based applications such as 

traveling wave tubes. Recycling the electron energy means that the absolute efficiency depends 

on competing channels of energy loss in the sample. In the case of PCB radiation, such processes 

mainly come from Coulomb collisions that result in the ionization of other electrons, excitation 

of atoms and bremsstrahlung radiation. We use a numerical simulator developed by NIST to 

estimate the total energy loss of a 60 keV electron in a 100 nm sample from the materials we use, 

and find an average energy loss of ~300 eV. Therefore, we predicted the efficiency of the 

mechanism to be ~0.1% (60 keV electrons, 100 nm WSe2).  

At higher energies, the efficiency improves as the radiation is more directional due to 

relativistic contraction. In addition, higher electron energies also have longer penetration depths 

in thicker samples (i.e., lower competing loss channels). Overall, such efficiency can be tolerable 

when considering that X-ray sources are never generally efficient and keeping in mind that, 

unlike any other compact X-ray source, PCB based sources are tunable. 

Discussion: Designer Superlattice X-Ray Sources 

We now discuss methods to control the emitted spectra from PCB radiation. The X-ray 

energy is tuned in Figures 1d, 2a and 2b by adjusting the incident electron energy. However, 

such a method necessitates a realignment process to ensure that different conditions, such as the 

quality of the electron beam collimation, remain unchanged, thus adding a degree of difficulty to 

that approach. Another method for adjusting the output photon profile involves changing the 

orientation of the crystal with respect to the electron beam, which unfortunately compromises the 

emission efficiency and other properties of the output radiation.  



Taking a different approach, we present in Fig. 2c a new method for controlling the 

output radiation spectra by precise manipulation of the lattice structure. Using several different 

vdW materials with similar basic structure in which the main element is altered, we show that the 

resulting small but precise changes in the lattice constant lead to a corresponding precision 

control over the spectral peaks of the emitted PCB radiation. Figure 2c shows three vdW 

materials sharing the formula XPS3, where X represents the transition metals Fe/Co/Ni. The 

lattice constant differs slightly between these vdW compounds (see Fig. 2c, right inset), enabling 

fine energy tuning of the emission through lattice variation. This tuning method provides an 

extra handle of versatility on top of the conventional PCB tuning mechanisms of electron energy 

and orientation, further supporting the potential of vdW materials as compact platforms for high-

quality X-ray radiation generation.  

Tunability by structural design of vdW materials is the first step towards the broader 

designer concept that we propose, in which we can use a specially engineered superlattice 

structure for spectral shaping of the emitted X-ray radiation. Analogous structural customizations 

for manipulation of radiation were suggested for other applications at optical wavelengths in 

metasurfaces [42] and in designer Smith-Purcell gratings [43,44]. However, this approach has 

never been considered for X-ray radiation manipulation. 

Figure 3a presents our designer approach by exploring a general superlattice 

configuration in which two crystalline materials are combined into a superlattice. 

Mathematically, we derive a corrected dispersion relation where the lattice factor d in Eq. 1 is 

replaced by a weighted sum of lattice factors d1n1 + d2n2 , with  d1, d2  denoting the lattice 

constants and n1, n2  the number of layers in each period of the two combined crystals 

respectively. We thus have (generalizing Eq. 1): 



E′
m = ℏω′

m =  m
2πℏ β cos θ

(d1n1 + d2n2)(1− βcosφ)
,  m = 1,2,3 … (3) 

PCB radiation from monocrystalline materials is usually strongest for the 1st emission 

order (m = 1). However, in superlattices made up of two materials, the dominant emission 

would occur at the order m =  n1 + n2 (i.e., the total number of layers in a single superlattice 

period). 

Figures 3b and 3c show that changing the atomic composition of the superlattice period 

allows us to control the range of emitted radiation energy for the same incident electron 

velocities. The curves in Fig. 3b are calculated by combining graphite (d1 = 0.3308 nm) and 

hexagonal boron nitride (d2 = 0.3350 nm) into a superlattice structure and presenting several 

emission orders of such structures. The theoretical estimate of the intensity relation between 

emission orders in Fig. 3c is based on a model that uses a one-dimensional array of radiating 

dipoles. In this model, each dipole represents a lattice plane of the superlattice. As the PCB 

energy profile is dependent on the constructive interference of emission from consecutive lattice 

planes, we can calculate the relation between the emission peaks by considering the 

electromagnetic field emitted from a row of point dipoles with the corresponding relative phases. 

We note an excellent match between the emitted energies presented in this model and the 

dispersion relation in Eq. 3. 

 

Outlook 

We envision the use of vdW heterostructures [45,46] and other artificial superlattice 

crystalline materials to optimize the emission of PCB X-ray radiation with user-defined spectral 

and spatial properties. These sources are also attractive due to practical considerations, such as 

the promise of higher stability and smaller dependence on recalibrations and electron beam 



alignments, because it is possible to tune the emission by changing between a series of 

superlattices without modifying the electron beam properties. Fabrication of such superlattice-

PCB sources can benefit from a variety of new crystal growth techniques, as well as the large 

wealth of possible chemical compositions and crystal structures offered by vdW materials. 

Additionally, molecular beam epitaxy (MBE) [47], metal organic chemical vapor deposition 

(MOCVD) [48] and other established material-growth techniques could be used to enable 

superlattice design incorporating other material families (e.g., III-Vs, II-VIs, etc.) for X-ray 

radiation generation and manipulation.  

 

Another significant improvement would be the use of nano-modulated electrons that 

could make the radiation coherent from multiple electrons (microbunching). These nano-

modulated electrons can be generated via emittance exchange techniques [49,50], laser-plasma 

interactions [51], or electromagnetic intensity gratings [52]. Future work could develop 

structures that achieve resonant PCB conditions for the interaction between the propagating 

electrons and the periodic structure in order to improve the emission efficiency of PCB radiation.  

Our theoretical and experimental results show the advantages of vdW materials in 

engineering the emission of energy-tunable X-ray radiation. VdW materials add versatility to X-

ray energy tuning of PCB radiation based on a novel lattice modification technique that can be 

combined with previously-explored tuning techniques or used as a separate method. 

Additionally, this novel technique demonstrates the advantages of designer superlattices for 

energy tunable emission of monochromatic and directional X-ray radiation.  

In contrast to state-of-the-art tunable X-ray sources, PCB radiation can be generated from 

modestly relativistic electrons. This makes the superlattice-PCB X-ray sources relatively 



compact and more accessible for various applications such as X-ray spectroscopy [24-26]. For 

example, PCB radiation from vdW materials can be used for compact and tunable X-ray 

photoemission spectroscopy (XPS) methods. Such an application is already within reach using 

the emission flux and brightness of PCB from the low current of a basic TEM setup, as described 

above.  

Additional research tools such as transmission X-ray microscopy and scanning 

photoelectron microscopy [53] are also potential applications for future PCB sources. X-ray 

imaging techniques can benefit from the use of energy-tunable sources, as the image contrast is 

affected by the energy of the incident radiation [27-29]. This concept may be used, for instance, 

to improve the yield and accuracy of mammography techniques, in addition to reducing the 

radiation dose delivered to a patient [28]. Future imaging techniques that use the tunability of 

superlattice-PCB X-ray sources can create compact variants of K-edge imaging techniques [54] 

with limited brightness and flux, yet at accessible lab-scales.  

In conclusion, we theoretically predict and experimentally demonstrate tunable, high-

brightness X-ray emission from vdW materials when irradiated by moderately relativistic 

electrons available, for example, from a TEM. The radiation spectrum can be precisely 

controlled by tuning the acceleration voltage of the incident electrons, and also by a newly 

introduced approach – adjusting the lattice structure of the vdW material. We present 

experimental results for both methods, observing energy tunability of X-ray radiation from the 

vdW materials WSe2, CrPS4, MnPS3, FePS3, CoPS3 and NiPS3. Our findings demonstrate the 

concept of material design at the atomic level, using vdW heterostructures and other atomic 

superlattices, for exploring novel phenomena of X-ray physics. Looking forward, the control of 

atomic layers in both the longitudinal and transverse directions would enable spatial, angular and 



spectral shaping of output X-ray radiation. We envision the customization of superlattices for 

user-specific applications via inverse design techniques that optimize desired output radiation 

characteristics given the electron beam conditions and the specific geometrical constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Main Figure Legends 
 
Figure 1: Demonstration of free-electron radiation from van der Waals (vdW) materials. 
(a) The radiation is produced from two combined mechanisms (termed PCB collectively): 
parametric X-ray radiation (PXR) and coherent bremsstrahlung (CBS), both emitted with the 
same dispersion relation (Eq. 1) from an electron propagating through periodic crystal structures. 
(b) Illustration of the PXR mechanism, produced as the particle’s electromagnetic field (light 
blue halo) is diffracted off the periodic crystal structure. (c) Illustration of the CBS mechanism, 
describing the X-ray emission by an undulated electron due to a series of periodic 
bremsstrahlung interactions with the crystal lattice. (d) Photon energy spectrum of X-ray 
radiation created by an electron moving along the [001] zone axis of WSe2. The emitted radiation 
is peaked at different photon energies depending on the electron kinetic energy (60-300 keV). 
The experimental results (dotted curves) are in good agreement both with the theoretical 
prediction for the peak energy (Eq. 1 with m = 2, vertical dotted lines) and with the peak width 
(Eq. 2, horizontal dashed lines) using no fitting parameters. We compare the results with 
simulations of PXR and CBS and present the PXR theory that is found to be stronger in this case 
(solid curves). The trends match the experimental observation with the only fitting parameters 
being the y-axis scaling of each curve. We attribute deviations of the experimental results from 
the simulated curves to emission from core transitions (a broad peak around ~780 eV and on the 
right edge). Insets: Sample image and diffraction pattern (top right); 3D model (bottom right).  
 

Figure 2: Tunability of X-ray radiation from vdW materials. (a,b) X-ray radiation spectra 
collected from MnPS3 (a) and CrPS4 (b). The photon energy peak is tuned by varying the 
incident electron kinetic energy in the range of 60-300 keV, as indicated in the panels. 
Theoretically predicted peak energy values (Eq. 1 for 𝑚𝑚 = 2, dotted vertical lines) and energy 
peak widths (Eq. 2 horizontal dashed lines) both show a good match with experimental results. 
The constant energy peak in (b) is the characteristic radiation peak emitted from copper (marked 
as "Cu").The insets present images and diffraction patterns of each vdW material for [001] 
(CrPS4) and [103] (MnPS3) crystal orientations, as well as 3D models of the layered vdW 
structures. (c) Radiation from three vdW materials with the same crystal structure (FePS3 
(purple), CoPS3 (blue), and NiPS3 (green)), but differing by a picometer-scale difference in the 
lattice constant 𝑑𝑑 . The resulting radiation energy tuning through structural modification is 
demonstrated at two different incident electron kinetic energies, showing the possibility for a 
combined X-ray energy tunability via variation of the structure and of the electron acceleration 
voltage. The sensitivity of the photon-energy tuning is high, being only limited by the energy 
resolution and angular aperture of the detector. 
 

Figure 3: Spectral shaping of X-ray radiation via customized superlattices. (a) Illustration of 
the proposed designer concept for tuning PCB X-ray radiation energy, which consists of 
combining two crystalline materials into a heterostructure whose periodicity is customized by the 
choice of layers. VdW stacking and molecular beam epitaxy provide possible approaches to 
these heterostructures. (b) X-ray emission peak energy of superlattice structures formed by 
alternating layers of graphite (𝑑𝑑1 = 0.3308 nm)  and hexagonal boron nitride  (𝑑𝑑2 =
0.3350 nm), used as an illustrative example. Each superlattice contains a different number of 



layers from each material, as shown in the models on the right: 𝑛𝑛1 = 1,𝑛𝑛2 = 1 (yellow); 𝑛𝑛1 =
1, 𝑛𝑛2 = 3 (red); and 𝑛𝑛1 = 1,𝑛𝑛2 = 8 (blue). The different choice of superlattice enables a direct 
control over the number and energy of the resulting emission peaks. The choice of different 
emission orders (𝑚𝑚) enables coarse or fine energy tunability, as demonstrated in the plot and in 
the inset, respectively. (c) Full emission spectra simulated under the conditions indicated by the 
dashed line in (b) (300 keV kinetic energy), showing that the most dominant order of emission 
for each structure is 𝑚𝑚 =  𝑛𝑛1 + 𝑛𝑛2 (see Eq. 3). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

Experimental. The radiation was generated by highly collimated electron beams in a FEI 

Titan Themis G2 transmission electron microscope (TEM) with acceleration voltage in the range 

of 60-300 kV, which is used to control the velocity of the incident electrons. The energy 

spectrum was measured using a Dual Bruker XFlash6│100 EDS detector oriented at φ=121º 

with respect to the electron velocity vector and with angular aperture of ΔφD = 16°. The energy 

resolution of the detector in the energy range of the measurements is ~80 eV full-width at half-

maximum (FWHM). The resolution was determined by fitting Gaussian distribution to the 

characteristic radiation energy peaks of W and Se in proximity to the PCB radiation peaks. All 

spectra were obtained by aligning the collimated electron beams along the crystals zone axis 

([103] and [001]), verified by their diffraction patterns. The input power in our experiment was 

of the order of ~0.1 mW (~100 kV times 1 nA), much lower than that of commercial X-ray 

tubes, which lies in the range of 10’s to 1000’s W. The relatively low input power required 

relativity long accumulation times of 16 min during the experiment. However, no visible damage 

was detected on the sample after up to 10 such measurements.  

Theoretical The theoretical prediction of the peak emission (vertical lines in the figures) 

were obtained using Eq. 1 without any fitting parameters. We developed two simulation 

frameworks. In the CBS simulator, the trajectories of the electrons traveling in the vdW material 

were obtained by solving the relativistic Newton-Lorentz equations using a fifth-order Runge 

Kutta algorithm [34,55]. The impinging electrons were assumed to be normally incident on the 

plane of the vdW layers. The atomic potential of the vdW material was obtained from density 

functional theory (DFT) computations that take into consideration all inner-shell electrons [56, 

57]. The DFT calculations were performed with the GPAW code [58], which is based on the 



projector augmented wave method, using a plane wave basis set to expand the electron wave 

functions. The radiation from the electrons was calculated from their trajectories via the Liénard-

Wiechert formula. Since the electron beam width is far larger than the transverse lattice cell size, 

the total radiation spectrum was obtained by averaging over the radiation spectra of individual 

electrons spanning one-unit cell of the atomic structure.  

In the PXR simulator, the atomic structure was modelled by periodic dipole arrays and 

the incident electrons were assumed to travel along straight lines with uniform velocity. The 

response of the bound electrons around each atom was modelled by effective dipoles, with the 

atomic polarizability derived from the experimental scattering factor [59].  

The widths of the peaks in Fig. 1 and Fig. 2 were calculated by combining the energy 

width ΔE  (calculated using Eq. 2) with the energy broadening due to the detector energy 

resolution ΔERes for an approximate energy width of ΔEtot = �ΔE2+ΔERes2 . The energy widths 

were also found in another more precise way, using the PXR simulation, and convolving the 

spectra with a Gaussian (FWHM of ΔERes) that models the response of the detector. The results 

yield the theoretical spectral line presented in Fig. 1. The obtained energy widths in both 

methods approximates well the experimental data.  

Sample Preparation. Chromium thiophosphate (CrPS4) was synthesized by vapor 

transport synthesis (VTS) with temperature gradient 750°C/710°C and a reaction time of 4 days, 

as described in detail elsewhere [60]. Transition metal phosphorous trisulfides were synthesized 

by the same technique, but the reaction time was longer (1 week) and the temperature gradient 

was different for each of the specific compound: MnPS3: 650°C/600°C; FePS3: 650°C/550°C; 

CoPS3: 625°C/575°C; and NiPS3: 650°C/600°C. The vdW materials were mechanically 

exfoliated and directly transferred to a TEM grid using a protocol described in Ref. [60]. 
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