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Abstract: As an alternative to rigid anodes, a novel concept of X-ray targets consisting of a stream
or a multitude of streams of fast tungsten microparticles has recently been proposed. Low-density
microparticle streams resemble thin targets with nearly constant intensity distribution over a wide
range of photon energies, abruptly terminating at the Duane-Hunt limit of maximum photon energy
instead of falling off smoothly. According to our simulations, fast microparticles outperform classical
rigid targets and enable extremely high electronic input power density and X-ray output. This opens
new possibilities for generating high-intensity, nearly monochromatic X-rays. Such keV-type X-ray
sources could replace expensive electron synchrotrons in appropriate applications. Furthermore,
for sufficiently thin microparticle streams, the output X-ray spectra are functions of particle size,
allowing modulation of the mean photon energy. We simulated the spectral response of tungsten
microparticles using Monte Carlo methods and confirmed the validity of our new concept to generate
near-monochrome spectra and high intensity with microparticle-based X-ray sources, outperforming
classical X-ray tubes. Furthermore, we confirm a weak size dependence of the mean energies of
filtered X-rays. We complement previous results highlighting the advantages of microparticle-based
X-ray targets and aim at the implementation of the new concept in the future.

Keywords: X-ray source; X-ray tube; spectral imaging; microparticle target; monochromatic X-rays;
rotating anode; tungsten; medical imaging; non-destructive X-ray testing

1. Introduction
1.1. Quest for Nearly Monochromatic X-Spectra

For many applications, such as source-based spectral X-ray imaging or X-ray fluores-
cence imaging, a major shortcoming of the spectra of unfiltered bremsstrahlung from thick
targets is their wide energetic bandwidth, determined by the target material and the tube
voltage. For example, the full width at half maximum (FWHM) of the intensity distribution
of photon energies for a 150 kV tube voltage and a thick tungsten target behind a typical
2.5 mm aluminum medical diagnostic filter, as a percentage of the median of 58 keV, is 138%.
Instead, spectrally tuneable monochromatic radiation would be highly desirable in medical
imaging to minimize the patient’s X-ray dose, notably the skin dose, while maximizing
the contrast-to-noise ratio depending on the imaging task [1,2]. In conventional film-based
mammography, characteristic K-radiation, e.g., from molybdenum, has been used to sig-
nificantly reduce the bandwidth through molybdenum filters that block radiation beyond
the K-edge [2]. However, the low melting point of molybdenum limits the photon output,
and the mean photon energy cannot be electronically manipulated without switching the
elementary composition of the target material and the filter, such as to rhodium, which
enables slightly reduced patient attenuation.
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A number of other applications require extremely narrow bandwidths to reduce back-
ground noise. One example is X-ray fluorescence imaging (XFI), which is currently investi-
gated assuming radiation from expensive synchrotrons or a Thomson scatter source [3-6].
Figure 1 of [6] compares measured and simulated spectra, based on the assumption of
monochromaticity, as delivered by the envisioned synchrotron (Petra III, DESY, Hamburg,
Germany). If the spectrum had a bandwidth larger than 15% FWHM, the Compton peak
from single Compton scattering and the left flank (see Figure 1 of [6]) of it, originating from
multiple Compton scattering, would be excessively broadened and begin overlaying and
suppressing the weak X-ray fluorescence signal. Furthermore, if the incident spectrum
were even as broad as from a typical X-ray tube, then the resulting XFI spectrum would
just be very similar to this incident spectrum, and therefore, the weak XFI fluorescence
lines could not be measured against the spectral background in their signal regions, hence
rendering high-sensitivity XFI measurements impossible.

To produce a sufficiently narrow spectrum, thick target bremsstrahlung sources with
extremely strong filters may be employed. However, this measure comes at the expense
of photon flux. A higher photon fluence and small bandwidth would be very desirable
for the cited preclinical research and similar to reduce the exposure time to a biologically
acceptable level.

1.2. Thin X-ray Targets

Bremsstrahlung sources with a conversion layer thinner than the electron stopping
range offer a remarkable advantage [7]. Unlike thick targets, where slowed electrons cause
pollution of the spectrum with low-energy photons, the output intensity distribution is
nearly flat over the entire energy range with a sharp drop at the Duane-Hunt limit, that
is, the maximum photon energy defined by the tube voltage [7]. The tiny low-energy
content allows the reduction of the necessary filtration to monochromatize the spectrum.
Consequently, the filtered output intensity per incident primary electron is increased.
However, thin targets are typically stationary and consist of micrometer-thin conversion
layers, such as from tungsten, on heat-spreader material like diamond or beryllium [8].
The electron current must be reduced by one or two orders of magnitude compared with
rotating anode sources.

In comparison, rotating anode tubes can typically produce a higher total filtered photon
flux, despite the wasted photons due to additional attenuation by thicker filters. Strongly
filtered bremsstrahlung is applied in a variety of medical imaging modalities, such as angiog-
raphy, with copper thickness of up to 0.9 mm for tube voltages of up to 125 kV. However,
the input power density of rotating anodes is limited. The focal track erodes over time by
thermal cycling, and the focal track velocity is limited to about 100 m s~ to avoid rotor burst.
The heating mechanism is primarily restricted to surface heating of a micrometer-thin top
layer. Unfortunately, the development of this target technology has stalled over the recent
two decades while at the same time the demand for higher input power density has risen to
reduce the focal spot size and improve the spatiotemporal image resolution.

Alternatively, liquid metal anodes yield X-rays of comparatively high brilliance with
very small focal spots in the order of 10 um and a power rating of about 1 kW. However,
the liquid target material has a relatively low atomic number. The output is limited by
hydrodynamic reasons [9] and typically too small for medical imaging.

1.3. Benefits of Microparticle X-ray Targets

Recently, our group introduced the alternative concept of microparticle-based X-ray
targets [10,11]. Without changing the fundamental mechanism of bremsstrahlung genera-
tion, we propose to replace the rigid anode with a stream of fast-moving microparticles
that interact with the electron beam. Tungsten microparticles of 1 pm diameter and up are
commercially available. Several physical factors enable a very high input power density:

e  Other than rotating anodes, the tungsten microparticle target does not erode. Therefore,
the penetration of electrons and volume heating can be employed to the full extent [12-14].



Instruments 2024, 8, 42

30f11

e  The target heat capacity increases drastically with the extended permitted temperature
range and the rising specific heat capacity with temperature [15].

e  The residence time of the target material in the electron beam can be much shorter than
with rigid rotor members [16]. No anode rotor, which would be thermally stressed at
high temperatures and temperature gradients, can burst.

o  Target heating and cooling are spatially disentangled. This freedom simplifies the
design of the vacuum tube.

1.4. Challenges for the Implementation of Microparticle Targets

However, several challenges must be mastered for the implementation of the micropar-
ticle target technology. Microparticles may be mechanically and/or electrically accelerated
by magnetically levitated spinning particle pumps that operate free of thermal stress at
high rotor velocities, such as the rotors of UHV turbo-molecular pumps. The microparticles
may enter close to the axis and gain momentum by centrifugal force in radial channels
that expel them as a thin stream [11]. Additionally, the electrical (post-)acceleration of
microparticle streams has been also investigated for spacecraft propulsion [17] and in the
context of high voltage in vacuum [18,19]. Downstream of the interaction region, the heated
microparticles may be received by rotary cooling means that slow them down and convey
them back, for instance, when gravity exceeds centrifugal force either continuously or after
a period of X-ray production, into a principal reservoir [10]. In computed tomography
applications [1], gradients of centrifugal acceleration may be employed to convey the
microparticles. Alternatively, the tube may be stopped in the top (12 h) position of the CT
gantry to let the particles flow back into the reservoir during idle times of the imaging
system. To avoid pollution of the high-voltage ceramics for insulation [19], the cathode
space should be separated from the target space by a thin electron transparent window.
Electric windows comprising biased electrode systems may also be used.

1.5. No Blocking Hurdles

Since, according to our simulations, the most critical potential problem, the charging of
the microparticles, can be overcome with available tungsten particles and relevant electron
energies, we see no blocking technical hurdle in the way to a technical implementation.
The absence of charging enables operating the target without any classic direct electrical
connection with the power source. Hence, it is not an anode in classic standard terms.
Instead, the X-ray-generating material balances charging by electron backscattering if
operated with sufficiently high tube voltages. It resembles legacy glass targets used in the
early history of X-ray production.

We envision building high-performance radiographic X-ray tubes and high-output
almost monochromatic X-ray sources that combine the spectral benefits of thin targets with
the superior X-ray output enabled by high heat capacity and highly efficient convection
cooling. Such novel compact tubes may have the potential to replace more expensive
X-ray sources such as electron synchrotrons or Thomson sources for many important
applications [4] and may also support source-based spectral radiographic imaging [20] in
combination with microparticle-based modulation of the X-ray fluence.

2. Materials and Methods
2.1. Thin X-ray Target Simulation

We consider heating a stream of moving microparticles that is much thinner than the
electron penetration depth in a semi-infinite (thick) microparticle cloud of equal mass den-
sity. As opposed to volume heating of a thick stream, that is preferably treated considering
the depth distribution of energy loss, such as in [11], we discuss in this study individual
microparticles as members of a diluted stream that are small compared with the length of
intra-particle heat diffusion in the relevant heating time and are assumed to be rotating and,
therefore, isotopically heated by impinging electrons of equal kinetic energy. We further
consider the microparticles to be isolated and ignore electron impact from inter-particle
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backscattering. The discussed assembly of microparticles may form a monolayer if viewed
from the electron source, and, therefore, cover 1v/3/6 =~ 91% of the cross-section area,
i.e., about 9% of the electrons from an orthogonal beam pass without any interaction. An
additional fraction of backscattered, transmitted, and de-energized electrons leaves the tar-
get. Compared with a thick target, where the electrons are only lost by backscattering and
either reversing their initial direction or totally coming to rest, the overall X-ray conversion
is smaller. The poor efficiency can at least partially be compensated for if the cathode is
able to emit an enhanced electron beam [21,22] and most of the unused electron energy is
recuperated through electron collectors that feed back into the electrical cathode supply.
This technology is well established for Klystrons and other vacuum electronics [23].

Let r,p be the microparticle radius, pw the mass density, cw(T) the temperature-
dependent mass heat capacity of tungsten, and Ty, w the melting point. If melting of the
microparticles is not accepted, its temperature T may rise from its initial temperature T
upstream of the interaction region to Tp, yy at the exit after it was impacted in the region
of interception with the electron beam during the residence time At. If we ignore the
temperature dependence of pw (which is below 5% in the considered temperature range),
the permitted input energy for a single microparticle Epax ,.p is

4 'Tm/W
Emax,ul’ = 57'[1’#1)3 ow /T CW(T)dT (1)
Y10

The integral is numerically evaluated using Figure 5b of ref. [15], showing a monoton-
ically increasing mass specific heat capacity, namely, beyond 2000 K, that doubles between
700 K and 3695 K and makes high target temperatures specifically attractive. We assume
that the interaction region coincides with the electron beam cross section in the plane of the
microparticle stream. Widening of the focal spot by electron backscattering can be ignored;
as for a thin or diluted stream, the probability of excitation of neighbor microparticles is
small compared with the probability of primary impact.

Energy delivery into a microparticle and charge modulation under electron impact are
both functions of the primary electron energy. We simulated the percentage of absorbed
energy per microparticle and impacting primary electron S,,p and the percentage of charge
captured per impacting electron g,,p with the Monte Carlo software Casino v.3 [24]. Figure 1
shows S,,p (left scale) and g,,p (right scale) for sample tungsten microspheres of 2.5 um
radius. Negative charging turns into slightly positive charging beyond 127.5 keV primary
electron energy.

The threshold voltages of charging and the energy pickup at those voltages are shown
in Table 1. Almost the entire medical diagnostic tube voltage range is covered with com-
mercially available microparticles. We assume dilute microparticle targets which are much
thicker than a single monolayer. Otherwise, higher electron energies would have to be
applied to avoid charging, such as about 25 keV extra for a thin compact monolayer of
microparticles with a radius of 2.5 pm. The stream thickness may be enlarged to minimize
the threshold electron energy. Details will depend on the electrical environment.

Table 1. Threshold tube voltages to avoid negative charging for single tungsten microspheres or a
dilute microparticle target under electron impact (Monte Carlo simulation).

Tungsten Microsphere Minimal Threshold Tube Voltage to

Radius

Percentage of Absorbed Energy at the

Avoid Negative Charging Threshold Tube Voltage (Left Column)

(um) kV)
0.5 43.0 12.0%
1.0 69.0 11.8%
2.5 127.5 11.2%
4.0 174.8 11.0%
8.0 289.0 11.1%
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Figure 1. Average percentages of charging and energy absorption per impinging electron for single
tungsten microspheres with a radius of 2.5 um, from Monte Carlo simulation. The charge state is
stable beyond 127.5 kV tube voltage (right of the dashed center line). Left and right scales apply as
indicated by arrows; straight dotted lines are added to guide the eye.

2.2. Size-Dependent Spectra

The maximal X-ray intensity for strongly filtered beams primarily depends on the
required filtration, the relationship between filtration and attenuation (mainly determined
by the ratio of photoionization vs. Compton scattering), and the thermal performance of
the target. In the following, we focus on predicting the potential of microparticle targets to
generate highly monochromatic bremsstrahlung. We will discuss the electron source and
other technical aspects in future publications.

We consider a very thin stream of microspheres that form a close packed monolayer
impacted by an orthogonal electron beam with rectangular cross section. With the length
of the electron beam cross section normal to the direction of motion L, its width W, the
microparticle velocity v ,p, and the residence time At = Ws/v,p, the input energy absorbed
during transit of a microparticle through the electron beam with current density j equals
At-Uypetj-7ry p2‘SuP, with its permitted maximum at jmax,

IFS max IML,max
Jmax = WeeLoe — Wil ’
CcsLCs CsLCs aML

where Ipg denotes the primary electron current in the focal spot. The portion of the electron
current Iy, that hits microparticles forming the considered monolayer is proportional
to the flux of generated X-ray photons. Let the percentage of area covered by the cross
sections of microparticles that form the monolayer be ay,, with ayp, = m/3/6 ~ 91% for
dense packing. Thus, Iy, = amp-Ips. The maximum energy captured by a microparticle
then equals
Epax, up = At-Upype- LFs max r P “Syp- 2)
2 ube WesLog | FP TN
We find for the current g, that is proportional to the X-ray output intensity, with
At :WCS/ Oup,

; _ 213 Lesvur 1up oy / mW 3)
MELymax = 9 UpypeS uP To T
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We simulated the photon fluence distribution cx e (Ep) emitted by a single microsphere
of radius r,p orthogonal to the electron beam in 100 cm distance and given as the number
of photons per impinging electron and energy interval for the photon energy Epp, with the
software code FLUKA v4 [25,26]. The emitted photon fluence Fy per energy interval is then

Fy (EPh) = 7Cx/e(EPh) IML,max/e

We calculated the total output intensity by weighting the fluence with E,j, and di-
viding the integral over the entire energy range by the mean energy after filtration using
a fit function [27]. We used the software SpekPy [28,29] for comparative simulations of
thick targets.

3. Results
3.1. Particle-Size-Dependent Spectral Imaging

Large microparticles produce an enhanced percentage of low-energy photons excited
by low-energy electrons that remain in the particle instead of being backscattered or
transmitted into a vacuum. Hence, thin microparticle streams of varying particle size
or density may support multispectral imaging by producing photons of varying mean
energies upon changing the microparticle species. To test this hypothesis, we simulated
the filtered X-ray output intensity for single microparticles of different sizes at 150 kV tube
voltage and compared it with the output from thick tungsten targets of 8° anode angle,
Figure 2. We filtered with 2.5 mm aluminum to mimic the primary beam from a typical
medical diagnostic X-ray source and with an additional 25 mm aluminum filter that is
often used to represent a human being to be imaged, and we assessed the spectrum at the
image detector.

Tube voltage 150 kV

130 WP, 27.5
= 120 mm Al
(]
4
= 11
& 0 --e--WpP, 2.5
2 100 ®-e-e--___ mm Al
o e
c T ———
S 90 *
s Thick W
80 target,
27.5 mmAl
70 \
e & Thickw
60 target, 2.5
0 1 2 3 4 5 mm Al

Microparticle radius (pm)

Figure 2. The mean output photon energy decreases with microparticle (uP) size for tungsten
microparticles and 150 kV tube voltage compared with mean energies from thick tungsten targets.
Added aluminum filters are indicated. The 2.5 mm Al applies to the primary beam for medical
imaging, and 27.5 mm Al includes 25 mm aluminum filtration to mimic a patient.

Figure 3 shows sample spectra for 1 um (5 um) tungsten microspheres. For each
impinging electron, the total emitted intensity amounts to 2.8 x 107 (1.7 x 107%) keV cm 2
in 1 m distance with only the target-intrinsic filter (designated as no filter), respectively,
2.8 x10711 (1.6 x 10719) keV cm~?2 for 27.5 mm added aluminum filter. As shown in
Figure 2, the patient equivalent filtration yields a mean energy of 126.3 keV (123.4 keV).
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Figure 3. Comparison of simulated X-ray intensity (per impinging electron, keV energy interval
and cm? in 1 m distance) for 150 kV tube voltage, generated by tungsten microspheres of 1 um and
5 um diameter under electron impact with isotropic current density. The spectra are shown for the
particle-intrinsic tungsten filtration only (no filter, right scale) and 27.5 mm added aluminum filter
(left scale). Dashed lines are added to guide the eye.

Although the variation in the mean energy is small compared with the bandwidth
of the filtered spectra, the phenomenon may help support multispectral imaging with mi-
croparticle streams of various particle-size distributions, such as streams supplied through
separate accelerator channels. The channel design may enable alternating the mass flow

and modulate the conversion efficiency in addition to the modulation by the particle size
alone that Figure 3 suggests.

3.2. Nearly Monochomatic X-rays with High Intensity

Figure 4 shows sample spectra of about 277 keV mean energy from further simulations
with FLUKA and SpekPy that support our second hypothesis. It shows that microparticle
targets are excellent sources of almost monochromatic keV-type X-rays. We filtered the
emerging wide-band radiation to yield spectral bandwidths of an intensity of 10% FWHM.

As opposed to thick targets, spectra from dilute microparticle targets contain only a
few mid-energy photons. The necessary additional monochromatizing filter and, thus, its
attenuation can be kept small, and the output intensity per primary electron is substan-
tially enhanced.

However, the filter materials must be carefully chosen to avoid spectral leaks around
K-edges. Preferred are materials, such as tungsten, with strong photoelectric effect and
filtering capacity relative to the inherent attenuation. However, tube voltages between
90 and 150 kV may cause additional contributions with photon energies around the K-edges.

Therefore, we used aluminum for 30 kV tube voltage, tin for up to 200 kV, and tungsten for
300 kV.
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(a) 1 pm diameter microparticle target (b) Thick tungsten target
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Figure 4. Intensity distributions dI/dE, of bremsstrahlung spectra in # electrons ' em ™2 in 1 m

distance, unfiltered (intrinsic target filtration only, designated as no filter), and additionally filtered
with tungsten to monochromatize to 10% FWHM about the mean value. (a) X-rays emitted from a
1 um diameter tungsten microsphere orthogonal to the impinging electron beam, tube voltage 300 kV,
mean energy 277 keV, (right scale), and additionally filtered with 6.8 mm W (left scale); (b) X-rays
from a thick tungsten target at 8° anode angle, tube voltage 297 kV, mean energy 277 keV (right scale),
and filtered with 16 mm tungsten (left scale).

We calculated the permitted tube currents for a source with 1.0 mm long focal spot
and 8°, corresponding to a physical length Lcg of 3.593 mm, according to Equation (3), for
a microparticle velocity of 400 m s~!, and compared it with publicly available data of a
rotating frame tube (Siemens-Healthineers Straton®) and a thin target tube [30], Figure 10,
left panel, and show the result in Table 2. The public tube data of the reference tube were
taken for 20 s CT exposure time and adapted to a physical 1.0 mm long focal spot with
isotropic current density according to the surface heating model of Miiller and Oosterkamp
by assuming that the nominal value according to the standard IEC 60336 [31] would
correspond to the same numerical value in millimeters (edge ramps ignored).

Table 2. Maximal permitted currents impinging on the monolayer-equivalent target with possibly

greater thickness, If1.(A), for 1 mm focal spot size and 400 m s1 microparticle velocity vs. tube
voltages Uype for streams of microparticles with radii from 0.5 to 5 pm and for classical reference

tubes: a high-performance thick target rotating frame tube and a thin target tube, adapted from [30].

Target Current Iy, (Ampere)

Utube Rotating Thin
(kV)
0.5 um 1 um 2.5 um 5 um Frame Target
30 14 1.8 3.3 6.8 1.27 0.20
80 3.1 3.0 1.7 3.3 0.48 0.08
120 39 3.8 2.1 3.0 0.32 0.05
150 4.3 43 2.7 3.5 0.25 0.04
200 49 4.8 3.6 42 0.19 0.03
300 5.5 5.5 49 5.4 0.13 0.02

A minimum of the current can be observed in Table 2 for 80 kV at about 2.5 um
radius. The absorbed power in a microparticle increases with size and the allowable
current decreases until the diameter exceeds the mean electron scattering range and the
electron transmission breaks down. Beyond this transition radius for the indicated tube
voltage range at r,p ~ 2.5 um, S,,p stabilizes at about the value for thick targets (50-60%).
According to Equation (3), the allowable current then increases again with increasing
particle radius and heat capacity.

The superior power density of microparticle targets translates to a superior target
current in addition to the higher filtered output per impinging electron. Figure 5 shows the
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excellent output in terms of fluence in 30 cm distance from the 1 mm x 1 mm focal spot. For
comparison, we assume an anode angle of 8° between the plane of X-ray production and the
central beam to the center of the detector and equal X-ray output for microparticle targets
for an orthogonal (with respect to the electron beam, as simulated) and 8° backwardly
angulated central beam.

(a) 15% FWHM

10" 72 keV (80 kV) 107 keV (120 kV) 13§keV(150 kV) 178 keV (200 kV) 265 keV (300 kV)
o @... L 0 O S e A Ao o
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[ @ Outout
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(b) 10% FWHM
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= 10%
w400 e o0 o
NE ) .. O . i ... ... _______________ r'Y P { Emae °
g 10 o O &
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% s --@--Output
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T
01 2 3 45 01 2 3 45 01 2 3 4 5 01 2 3 4 5 01 2 3 4 5

Tungsten microparticle radius (pm) *) 30 cm source detector distance

Figure 5. Fluence of strongly prefiltered X-rays from dilute tungsten microparticle sources with
particle radii from 0.5 to 5 um for a selection of mean photon energies, 30 cm source—-detector distance,
and comparison with a thick target high-performance rotating frame reference tube for the tube
voltages 80 kV, 120 kV, and 150 kV (in brackets) and a thin target reference tube for 200 kV and
300 kV (no rotating anode reference tube available for comparison, dashed lines). The hollow dots
correspond to tube voltages (in brackets) that may cause negative charging. Extra measures would
be required to neutralize the particles. (a) Filtered for 15% FWHM, (b) filtered for 10% FWHM
bandwidth (dotted lines added to guide the eye).

The focal spot considered for Figure 5 (1 x 1 mm, 8° anode angle) is typical for
diagnostic computed tomography. If only a narrow field of view in the width direction of
the target were required (pencil beam), the output fluence could be substantially enhanced
by reducing the anode angle and lengthening the focal spot, as the permitted input power
is proportional to the focal spot length and independent of the width.

4. Discussion

As shown in the Introduction, and with reference to [4-6], only sufficiently narrow-
bandwidth X-ray sources enable XFI measurements with the sensitivity required by biomed-
ical applications, especially for in vivo measurements. Among other purposes in medical
imaging, the presented concept serves to replace expensive synchrotrons or laser-wakefield
sources for dedicated applications like XFI.

We are convinced that with the establishment of the new paradigm of X-ray targets,
viable technical solutions will be found, as the fundamental hurdles have been explored
with encouraging results.

The implementation of the microparticle X-ray source technology will require sub-
stantial development effort. Due to electrical repulsion, pure electrostatic microparticle
accelerators would not allow the stream to be sufficiently focused into a small interaction
region. Therefore, mechanical microparticle accelerators or pre-accelerators are required.
Fortunately, unlike rotating anodes, magnetic bearings without any electric current contacts
could be used, since the microparticles lift off uncharged. An electron window opaque to
microparticles would be required to shield the cathode region for reasons of high-voltage
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stability. We have shown that the microparticle stream can operate in a fundamentally
neutral manner. The charge of the microparticles entering the interaction region is ap-
proximately equal to the charge at the exit. We showed in a previous publication [11] that
discharge mechanisms such as electron field emission or thermionic emission of hot parti-
cles could be available to resolve deviations in the electrical potential of the microparticles.
Another way to adjust the tube voltage would be to control the cathode voltage. Due to
the absence of moisture, even micron-sized microparticles are expected to be sufficiently
mobile in ultrahigh vacuum. In addition to previous work [11], we will develop further
transport and recycling mechanisms. For example, we plan to collect hot microparticles
using rotating elements that enclose the target space, fill a reservoir, and return the particles
to the central area of the rotary accelerator during a break in X-ray production.

5. Conclusions

We demonstrated through previous Monte Carlo and finite element method simula-
tions the benefits of replacing the classical rotating X-ray anode with a stream of micropar-
ticles. Not only the possible power density but also the spatiotemporal image resolution
could be much higher. We also see technical solutions. We showed in this study the benefits
for spectral X-ray imaging and the generation of high-intensity, narrow-bandwidth X-rays
that could replace electron synchrotrons or other expensive sources for many applications.

6. Patents
Particle-based X-ray source: US11882642B2; US2023209693A1, WO2023128856A1.
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