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Highlights:

• Line-focus x-ray tubes are suitable for clinical microbeam radiation ther-

apy (MRT) with very high dose rates.

• With tracking simulations, a suitable setup for an electron source and

beamline was found.

• Additional electrostatic simulations ensure fields sufficiently low to avoid

a field breakdown.

• Thermal simulations identified mechanical displacements after heating up

the cathode, which must be compensated.
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Abstract

Microbeam radiotherapy (MRT) is a novel concept in radiation oncology with

arrays of alternating micrometer-wide high-dose peaks and low-dose valleys.

Preclinical experiments have shown a lower normal tissue toxicity for MRT with

similar tumor control rates compared to conventional radiotherapy. A promis-

ing candidate for the demanded compact radiation source is the line-focus x-ray

tube. Here, we present the setup of a prototype for an electron accelerator being

able to provide a suitable x-ray beam for the tube.

Several beam dynamic calculations and simulations were performed concerning

particle tracking, thermal and electrostatic properties of the electron source,

resulting in a proper beamline, including the cathode, the pierce electrode (PE)

and the focusing magnets. These parts are discussed separately.

The simulations showed that a rectangular cathode with a small width of 0.4mm

is mandatory. To quickly shut down the electron beam, an additional voltage

of −600V must be applied to the PE. Moreover, the electric field inside the

vacuum chamber stays below 10MVm−1 to minimize the risk of field emission.

The thermal simulation validates a small displacement of 0.1mm of the heated

cathode with respect to the PE, which must be considered during manufactur-

ing of the cathode-PE assembly.

The simulations lead to an adequate choice of cathode, electrodes and beamline

to achieve the required focal spot of 0.05×20mm2 with a beam current of 0.3A

and an electron energy of 300 keV. With this setup first MRT experiments with

high dose rates up to 10Gy s−1 can be executed.
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1 Introduction

Microbeam radiotherapy (MRT) [1], which is a preclinical concept in radiation

oncology, demonstrated superior normal tissue sparing at similar tumor control

rates compared to conventional radiotherapy [2, 3]. It has the potential of treat-

ing patients with aggressive tumors in radiation sensitive tissues, which have so

far dismal prognosis. MRT uses spatially modulated treatment fields with al-

ternating micrometer-wide high-dose peaks and low-dose valleys [4]. Regardless

of the used particles or radiation, the use of spatially fractionated beams im-

proves the ability of normal tissues to resist high doses [5]. The planar and

quasi-parallel kilovoltage x-ray beams of MRT have a width of 25–100 µm and

unconventionally high doses of several 100Gy. In addition, a high dose rate

of several 100Gy s−1 at the target is beneficial to prevent blurring of the mi-

crobeam pattern caused by organ motion [6]. Furthermore, the peak-to-valley

dose ratio (PVDR) must be high [6] and the minimization of the penumbras is

beneficial.

This demands for a radiation source with a focal spot in one dimension smaller

than an individual beam and high dose rates. A promising concept for a com-

pact clinical source is the line-focus x-ray tube (LFxT) [7, 8]. This x-ray tube

uses a strongly eccentric, high current electron beam to produce the x-rays at

a rapidly rotating target. The extremely thin focal spot in combination with

the fast rotating target result in a change of the physical heating process of

the target [7], which allows providing the required high beam current without

melting the target material. Monte Carlo simulations showed that the electrons

need to be accelerated to energies between 300 and 600 keV to produce photons

with mean energies of 100–150 keV at a tungsten target.

Suggested requirements for an LFxT utilized for a clinical application are the fol-

lowing [7]: a dose rate of 180Gy s−1 (50 cm from the focal spot), an acceleration

voltage of 600 kV, an electron current of 2.5A, leading to a power of 1.5MW,

and a focal spot size of 0.05× 20mm2. It must be mentioned that orthovoltage

radiation has steeper dose profiles and may therefore have disadvantages for the
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treatment of deep tumours. However, in a recent work we showed that rea-

sonable dose distributions, which are comparable to conventional treatments,

can be achieved e.g. for lung and brain tumours [9]. Hence, the disadvantage

of steeper depth dose curves may be outweighted by the spatial fractionation

which needs a clinical validation. For a demonstration of the feasibility, to ad-

dress difficulties, and for preclinical MRT research, a prototype of the LFxT is

under construction. This prototype uses a lower voltage of 300 kV and a lower

current of 0.3A resulting in a beam power of 90 kW. This power is an order of

magnitude lower than for the clinical device, however lies at the upper edge of

common x-ray tube beam powers [10].

In this study, we present the investigations of a feasible electron source for the

prototype of a clinical LFxT. Achieving a very small focal spot requires a low

emittance, which is a figure of merit for the dimension and divergence of the

electron beam. In combination with the demanded high electron beam current,

realizing a small emittance is challenging because of a high space charge force

inside the electron beam. The space charge force has nonlinear contributions

leading to a growth of the emittance. The goal of the prototype is to realize a fo-

cal spot width of 50µm in one dimension with an electron beam current of 0.3A.

In the other dimension, the size of the focal spot is determined to stay between

20 and 30mm. On the one hand, a smaller spot creates a higher temperature of

the target and risks substantial damage. On the other hand, a larger spot has

the drawback of creating larger penumbras in the x-ray beam. Furthermore, the

prototype will use an accelerating voltage of 300 kV. The relatively low electron

energy combined with a high beam current is a demanding issue and asks for

a short acceleration distance. Nevertheless, the energy is sufficiently high to

cause critical field emission and high voltage breakdown, which in the worst

case damage the device. This is in conflict with a short acceleration distance

and a compact device. Tracking, static electric and thermal simulations were

performed to find a suitable electron gun and beamline. We show simulation

results and the final setup of the source and beamline.
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2 Material and Methods

The LFxT demands an eccentric focal spot with an extremely small size in one

dimension at a high beam current to deliver a highly brilliant x-ray beam with a

high dose rate. Although the small focus must be realized only in one direction,

combining small beam sizes with high beam currents is challenging for an elec-

tron accelerator. The electron accelerator consists of a cathode for extraction of

the electrons, an anode on acceleration potential and a focusing element. Ad-

ditionally, a Pierce electrode (PE) around the cathode is necessary to focus the

beam directly after extraction. With the help of beam dynamic calculations and

tracking simulations the required beam parameters can be determined and the

properties and the arrangement of the devices can be defined. In the following,

the dimension with the small focus size is the y-/vertical direction and the beam

axis is the z-/longitudinal direction.

2.1 Beam dynamics

Beam dynamic calculations provide a first choice of beam parameters needed

to achieve a 0.05 × 20mm2 focal spot, which is important for the selection of

the cathode, magnet and simulation parameters. The transverse beam size a,

meaning either x or y, along the beamline s can be expressed as

a(s)2 = ϵa

(
β0 +

s2

β0

)
with a(0)2 = ϵaβ0. (1)

Here, β0 is one of the Twiss-parameters. The motion of the particles are os-

cillations around the beam orbit whose amplitude and phase depend on the

position along the orbit. This motion can be described by an ellipse in the

transverse phase space along the orbit. The parameters of the ellipse are the

Twiss-parameters (see [11]). The quantity ϵa indicates the normalised rms-

emittance (rms: root mean square). In general, beam parameters are expressed

as rms-parameter. For a homogeneous beam, the overall beam size is four times

the rms-value. The emittance is defined as

ϵa = γβ

√
⟨a2⟩ ⟨a′2⟩ − ⟨aa′⟩2, (2)
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where β is the relativistic velocity and γ denotes the Lorentz factor. The emit-

tance is a measure of the beam geometry, meaning its size and divergence, and

limits the minimal reachable focus size. Equation 1 reveals that for a small

focus spot a small emittance is important.

To achieve such a small focus spot, strong focusing is required. We chose a

focusing length of sf = 10 cm to provide space for the magnet and vacuum

chamber with its cooling system. A smaller focusing length increases the heat

introduced by secondary electrons, which are produced at the target, to the

vacuum chamber, because more secondary electrons per area will hit the cham-

ber wall. Furthermore, a stronger focusing needs a higher magnetic field, the

non-linear components of which lead to larger emittance growth limiting the

focus size. The presence of non-linear components has also an influence on

the initial beam dimension. The non-linear field components are stronger at a

larger distance from the beam axis. As a consequence, large beams suffer more

from this components. To avoid emittance growth of several percent, the initial

beam dimension in front of the quadrupole should not exceed yi = 1.5mm [12].

Taking this under consideration and using equation 1 defines an upper limit for

the emittance of ϵy = 0.19mmmrad for a focal rms beam size of yf = 12.5µm.

So far, the self field of the beam, meaning the electromagnetic field introduced by

its charge, was neglected. Unfortunately, these fields as the space charge forces

scale with 1
β2γ3 and need to be taken into account for low energies. The K-V-

equations (Kapchinskij-Vladimirskij), which can be derived from the equations

of motion, describe the rms-envelope of the beam under consideration of space

charge (see also [12, 13]). The calculations considering the space charge define a

lower limit of the emittance than mentioned before, namely ϵy = 0.17mmmrad

caused by the additional repulsive space charge field of the beam. With this

value, the diameter in the x-dimension is around 30mm. The following goal

was to construct an electron source and beamline that provides an emittance

of ϵy = 0.17mmmrad and a beam dimension of yi = 1.5mm in front of the

quadrupole magnet.
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Parameter Range

Angle of PE 10–23°

Temperature of cathode 1243–1456K

ycath 0.1–1mm

xcath 5–22mm

Distance anode and cathode 51–67mm

Excitation current quadrupole 1 0–0.7A

Excitation current quadrupole 2 0.7–1.4A

Table 1: Simulated ranges of selected parameters of the electron beam.

2.2 Tracking simulations

To achieve more realistic results and to be able to implement the complex

beamline components, tracking simulations were needed. The simulations of

the electron source and beamline were done with Computer Simulation Tech-

nology (CST, [14]). To achieve a short simulation time, only relevant parts

were included in the simulation, meaning the cathode, PE, anode and vacuum.

The cathode, PE and anode structures were modelled with variable parame-

ters of the sizes, distances, angles and the temperature. The position and field

strength of the used magnets were additional variable quantities. The mag-

netic fields were calculated in a separate, dedicated simulation with CST and

imported into the tracking simulation. In an iterative process, the parameters

were optimised to achieve the aimed-at focus size and beam current. In table

1, selected parameters and the simulated ranges are listed.

2.3 Electrostatic simulations

Furthermore, CST is also capable of solving static electromagnetic problems.

The results presented in [15] show that field emission can occur at electric fields

Ebreak > 10MVm−1, whereas in [16] the field strength for a breakdown lies

above 20MVm−1. The breakdown field strength depends on the geometry of
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the electrodes. We decided to avoid fields above 10MVm−1 to lower the risk of

an electrical breakdown and damage at the components, especially at the high

voltage (HV) insulator. Static electrical simulations were done to find a sufficient

distance between cathode, anode and vacuum chamber. On the contrary, a short

acceleration distance has a positive impact on the emittance growth caused

by space charge. As mentioned, the self field of the electron beam strongly

depends on the energy ( 1
β2γ3 ) and so does the emittance growth. Therefore,

a fast acceleration, corresponding to a high gradient and a short acceleration

distance, towards higher energy is beneficial. Additionally, the radius of the PE

must be sufficiently large to avoid electric field strengths above 10MVm−1. For

the electrostatic simulations, the vacuum chamber and the electrodes were set

to perfect electrical conductors, whereas the insulator consisting of Al2O3 had

a relative permittivity of 10. The propylen-ethylen rubber of the HV-connector

had a relative permittivity of 2.4.

2.4 Thermal simulations

The high temperature of the cathode Tcath ≈ 1300K needed to provide a beam

current of 0.3A causes thermal expansion of all parts of the cathode-PE as-

sembly. Especially the large dimension of the PE can cause a large elongation

due to an increase in temperature. A longitudinal displacement of cathode and

PE, causing a deviation from the optimal position, changes the desired beam

properties.

To investigate this issue, a thermal simulation of the final cathode design was

conducted with Finite-Element-Analysis (FEA) in Ansys Mechanical [17]. The

geometry model is shown in figure 1. The cathode consists of different mate-

rials with different thermal properties that are indicated in table 2. We chose

a hexahedral mesh with an element size ranging from 0.25–2.5mm. A steady-

state heating power of 16W was applied to the tungsten cathode to reach the

operation temperature Tcath ≈ 1300K of the cathode. All components within

the PE have interacting thermal radiation conditions. At the back end of the
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PE

Cathode Feedthrough

HV insulator

HV connector

Figure 1: CAD model of the cathode; red: tungsten, steel blue: stainless steel

AISI 316, purple: molybdenum, black: rhenium, white: Al2O3, turquoise: cop-

per, green: polyvinyl chlorid (PVC), orange: nickel.

assembly (opposite site of the cathode), a constant room temperature works as

a heat sink. Additionally, the flange at the end of the HV insulator has a non-

moving constraint. After the thermal solution, the results were transferred to

the mechanical module of Ansys workbench, to solve for the thermal expansions

during the operation.

2.5 Cathode

There are several types of cathodes. The most commonly used cathodes in

accelerator physics are thermionic and photo cathodes. Photo cathodes use a

laser to extract the electrons and have the drawback that they consist of sen-

sitive material. Therefore, they need ultra high vacuum and possess a short

lifetime compared to thermionic cathodes. For the high currents demanded in

this project and the expected vacuum of 1×10−7 mbar, thermionic cathodes are

a better choice. There exists a variety of thermionic cathodes such as barium

tungsten dispenser (BTD) or hexaboride cathodes. For the prototype, the BTD
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Material Thermal Specific Emissivity Thermal

conductivity heat capacity expansion

WK−1 m−1 JK−1 kg−1 10−6K−1

Al2O3 34.9 900 0.25 [18] 7.3

PVC 0.17 1 0.94 70

Stainless steel 316 15 500 0.57[19] 16

Tungsten 110 160 0.2-0.5 4.4

Copper 401 390 0.03 17

Rhenium 47.9 137 0.3 6.7

Molybdenum 100 250 - 290 0.11[19] 5.2

Nickel 85 418 0.12[19] 15

Table 2: Thermal properties of the used materials in the thermal simulations.

is sufficient and has the advantage to be more robust. However, for the clinical

device the hexaboride cathodes should be considered as they are able to provide

a higher current density.

The current density of thermionic emission can be calculated with the Richardson-

Dushman equation [20]

j = A0T
2
cathe

− WA
kBTcath . (3)

Here WA is the work function, A0 specifies the material constant of the cathode,

the so called Richardson constant, and Tcath represents the temperature of the

cathode. The work function of the material depends on the temperature. For a

BTD of the type 411 M [20] it holds the dependency

WA = 1.43 eV + 0.000 399 eVK−1 · Tcath (4)

and the value of the Richardson constant A0 = 60×104 AK−2 m−2 [21]. Typical

operation temperatures of BTD lie between 1200–1400K. We decided to use

a temperature of 1300K leading to a sufficient current density and emittance.

Furthermore, a smaller temperature results in a longer lifetime of the cathode.
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The emission properties of the cathode define the minimally reachable emit-

tance. The normalized rms emittance of a cathode [22] can be calculated from

ϵ = σ

√
kBTcath

m0c2
. (5)

kB denotes the Boltzmann constant, m0 is the electron rest mass and c indicates

the speed of light. The parameter σ represents the rms-dimension of the emitting

area. To decrease the emittance, the size and the temperature can be decreased,

whereas the size has a higher impact. Inserting the temperature of the BTD

cathode Tcath = 1300K into equation 5 gives an overall width of the cathode

ycath = 1.5mm for achieving an emittance of ϵy = 0.17mmmrad.

2.6 Pierce electrode

The PE is an electrode with a conical shape to form the electric field to focus the

beam after extraction. The reason is to counteract the repulsive space charge

force of the beam, which is very large at low energies. The angle with respect to

the cathode must be adapted to the used beam current. In addition, applying

a negative potential to the PE is a fast possibility to shut down the beam.

2.7 Focusing magnet

The focusing of the electron beam can be achieved by a quadrupole magnet.

The magnetic field focuses the beam in one dimension (here the y-dimension)

and defocuses the beam in the perpendicular dimension. This is sufficient be-

cause the small focus is only demanded in one dimension. This magnet uses a

high field gradient (excitation current Iq2 = 1.2A) to strongly focus the beam.

However, the focusing and defocusing are not independent of each other. There-

fore, a second quadrupole magnet is needed. The tracking simulations showed

that a first quadrupole magnet, which slightly focuses the beam in x-direction

(excitation current Iq1 = 0.1A), is required to achieve the demanded horizontal

focal spot dimension. Furthermore, a second quadrupole magnet adds a degree

of freedom to change the focal spot dimension in general. The positions of the
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quadrupole magnets are limited by the other parts, such as anode and target.

However, the goal was to construct a beamline as short as possible, because the

aim was to construct a compact source. Furthermore, the space charge force

acting on the beam along the beamline increases the emittance.

3 Results

3.1 Tracking simulations

Simulations were performed with round and rectangular cathodes, whereas only

with a rectangular cathode the demanded parameters could be achieved. Fur-

thermore, several geometries of the cathode and anode were simulated. The

simulations showed that two quadrupole magnets are necessary to achieve ap-

propriate beam dimensions in both directions in the focal plane and to have a

sufficient number of degrees of freedom to compensate fabrication and alignment

errors.

The most crucial parameter concerning the emittance of the vertical direction

and therefore the minimal focal spot size is the vertical width of the cathode

ycath. A sufficient value for the horizontal cathode dimension is xcath = 22mm.

With this size of the cathode, the horizontal dimension of the electron beam

stayed below 30mm in the focal plane. When changing the vertical cathode

width, the cathode temperature Tcath must also be changed to extract a con-

stant current of Icath = 300mA (see equation 3). Figure 2 shows the influence

of the vertical cathode width on the emittance ϵy,rms. According to equation

(5), the emittance increased with increasing dimension of the cathode, which

will not be compensated by the decreasing temperature. Therefore, ycath must

be as small as possible. To reach a sufficient emittance and focal spot size, the

vertical width must be smaller than 0.5mm. Fabrication tolerances and me-

chanical stability led to the decision to use a cathode width of ycath = 0.4mm.

The reason for the comparable emittances of widths 0.2mm and 0.4mm at the

end of the beamline was that the used geometry and parameters were optimized

14



0 50 100 150 200 250 300 350 400 450 500

0

0.2

0.4

0.6

0.8

Anode 1. QP 2.QP

z (mm)

ϵ y
,r
m
s
(m

m
m
ra
d
)

ycath Tcath

(mm) (K)
0.1 1456
0.2 1383
0.4 1318
0.5 1299
1.0 1243

Figure 2: Vertical emittance along the beamline as a function of the width

ycath. For a constant current of 300mA, the temperature of the cathode has to

decrease when increasing the cathode width.

for ycath = 0.4mm.

With a PE angle of αPE = 21.5°, the lowest emittance behind the anode

were achieved. Furthermore, the voltage that must be applied to the PE to

stop the beam was specified. Figure 3 shows that an additional voltage of

∆UPE = −600V with respect to the voltage of the cathode stops extraction of

the beam.

3.2 Electrostatic simulations

Figure 4 shows the result for the final dimensions of the vacuum chamber and the

cathode-PE assembly. The distance between cathode and anode was 67mm and

the radius of the PE was 35mm. With this setup, the electric field strength be-

tween cathode, PE, anode and vacuum chamber stayed below E < 10MVm−1.
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Figure 3: Beam current Ib as a function of the additionally applied PE voltage.

3.3 Thermal simulations

A change of the relative positions of the cathode and the PE was observed.

Figure 5 shows the deformation in z-direction. In this model, the z-axis points

towards the opposite direction of the beam. The equilibrium temperature of the

cathode reached 1135 °C. The Pierce electrode warms up to 36.1 °C. The overall

elongation in z-direction of the cathode and PE was simulated to −0.23mm

and −0.13mm respectively. This results in a relative displacement of about

∆l = 0.1mm, which needs to be compensated with appropriate fabrication of

the cathode-PE assembly.

3.4 Final design and focal beam spot

Figure 6 shows a half section of the CAD-model of the beamline. The distance

between the rectangular cathode and the target is 488mm. The PE and the flat

anode are visible. Additional to the mentioned quadrupole magnets, a steerer

magnet will be installed in the beamline. The steerer combines two dipole

magnets in a perpendicular arrangement, each realized with air coils. They allow

to adjust the vertical and horizontal position of the beam on the target. Due

to the small distance between the target and the vacuum chamber, secondary
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PE
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Figure 5: FEA results of the thermal simulation showing directional deformation

with regard to the z-axis.

electrons will cause a rise in temperature of the vacuum chamber to 690 °C. For

this reason, a cooling system will be integrated into the vacuum chamber and
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Figure 6: Half section view of the electron source, beamline, and target.
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Figure 7: Beam dimensions xrms and yrms along the beamline.

limits the rise of temperature to 250 °C. The values were obtained by thermal

simulations. In Figure 7, the beam dimensions xrms and yrms along the beamline

are recognizable. In front of the anode, the focusing of the PE is visible. The first

quadrupole magnet with an excitation current of Iq1 = 0.1A weakly focuses the

beam in the x-direction to achieve a focal spot smaller than xf < 30mm in the

horizontal direction. Simultaneously, it defocuses the beam in vertical direction
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Figure 8: Focal beam spot with the final setup of the electron gun and beamline.

to get a larger beam dimension at the second quadrupole magnet resulting in

a stronger focusing in this dimension. The second quadrupole magnet with an

excitation current of Iq2 = 1.2A then strongly focuses beam in the y-direction

leading to a vertical focal beam size yf = 50µm. The focus appears at a distance

of z = 488mm, corresponding to the position of the target.

Fig. 8 depicts the electron intensity distribution at the target with the final

setup of the electron gun and beamline in arbitrary units. Most of the electrons

hit the target within spot dimensions of 0.05 × 22mm, which is a satisfying

result. However, an inhomogeneous distribution can be observed. Especially in

the horizontal direction, two maxima in intensity are recognizable. They appear

around 9mm off center. Here, the intensity is about a factor of 2 higher than

in the center of the beam.

4 Discussion

The LFxT seems to be a promising candidate for realizing a compact microbeam

source for clinical application. To match the requests of the LFxT, a dedicated
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electron source and beamline have to be developed. The high beam current in

combination with the small focal spot and the compact construction are chal-

lenging demands.

For the prototype of the LFxT, we decided to use a thermal cathode to de-

liver the beam current of Ib = 0.3A due to a higher robustness compared to

photo cathodes. Nevertheless, more robust photo cathodes are under develop-

ment and could be an option for a clinical device with short beam times as they

might achieve a smaller initial emittance than thermal cathodes. As a ther-

mal cathode, a barium tungsten dispenser cathode was chosen because it can

deliver sufficient current densities and at the same time has lower demands on

the vacuum quality than hexaboride cathodes. However, for the clinical device

hexaborid cathodes with their higher current densities must be considered.

To realize the small focal spot in one dimension, the emittance of the beam in

this dimension must be smaller than ϵy = 0.17mmmrad. To achieve this and

at the same time deliver the high beam current, using a rectangular cathode

is mandatory. Even if using other cathode types for the clinical device the ne-

cessity of working with a rectangular cathode will not change. With a cathode

width of ycath = 0.4mm, the simulations resulted in emittances of the needed

order of magnitude, and the demanded focal spot width yf = 50 µm could be

reached. Due to emittance growth caused by the quadrupole magnets and the

space charge, the cathode width must be smaller than calculated with equation

5. Admittedly, creating smaller focal spot widths is very difficult. Therefore,

achieving the same focal spot with higher currents asks for other cathodes types

with a higher current density. Additionally, with higher current densities, it

could be possible to decrease the horizontal dimension of the cathode. A cath-

ode with a large aspect ratio is more difficult to fabricate within tight tolerances

and additionally, a smaller aspect ratio will improve the homogeneity of the fo-

cal spot.

The PE will supply sufficient focusing of the beam after extraction of the cath-

ode, to compensate increase of the beam dimension caused by space charge.

Furthermore, applying an additional voltage of ∆UPE = −600V to the PE will
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shut down the beam. The reason for this relatively low voltage compared to the

accelerating voltage is the small width of the cathode as even a small voltage

leads to a adequately high electric field shielding the accelerating field. So, there

is no need to install a mechanical shutter to stop the x-ray beam.

The tracking simulations showed that using two quadrupole magnets is essential

to achieve both demanded focal spot dimensions and to be more flexible to react

to fabrication errors. A steerer magnet will be installed enabling positioning of

the focal spot. However, every magnetic field has stray fields, which means that

non-linear portions lead to an emittance growth and therefore must be as low

as possible.

The electrostatic simulations helped to find adequate shapes and distances of the

components. The goal to stay below electric field strengths of E < 10MVm−1

was achieved. A higher accelerating voltage of the clinical device makes larger

distances between the components and larger radii obligatory to reach the same

field strengths. With a new insulator design, operation with an acceleration

voltage of 600 kV should be feasible. An inspiring example is the source in [23],

where a stable operation with a voltage of 500 kV was demonstrated. However,

the larger beam current used at the clinical apparatus could make higher field

strengths necessary. Furthermore, it has to be mentioned that both photon en-

ergy and photon fluence are important for clinical applications. For that reason,

a further increase of acceleration voltage can be considered to achieve a larger

penetration depth. The experience gained with the prototype will merge into

the development of the clinical device.

The thermal simulations showed a small longitudinal displacement of ∆l =

0.1mm between the cathode and PE respectively. The cathode-PE assembly

manufacturing has to be designed in regard to this difference. Furthermore, in

the construction very thin shims are foreseen to be able to compensate devia-

tions from the simulation and manufacturing tolerances.

The two maxima in the particle distribution in the focal plane were a result of

the strongly eccentric cathode. Along the x-direction, only particles at the edge

of the cathode were focused by the PE. Particles from the center of the cathode
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with transverse momentum will move to the rim of the beam, where they also

were focused. This happened directly after extraction of the electrons with a

low longitudinal energy and formed the observed pattern, which will then exist

along the entire beamline. Nevertheless, the focal spot size of 0.05 × 22mm

satisfied the requirements. Additional Monte Carlo simulations using this non-

uniform electron beam phase space for x-ray production at a tungsten target

demonstrated that the microbeam dose distribution did not markedly differ

from a homogeneous electron beam of the same size. With a filtration of 1mm

aluminum, the microbeam dose distribution showed a sharp peak-valley profile

and a PVDR above 15 throughout a 100mm-thick water phantom at a distance

of 21 cm from the focal spot. The PVDR was slightly lower than presented in

[8] because of the lower mean energy due to less filtration. The simulated dose

rate was 10Gy s−1 at a water depth of 15mm. These simulations validated the

suitability of the electron beam for MRT at high dose rates. However, the in-

homogeneous electron distribution leads to a higher maximum temperature at

the target compared to a homogeneous focal spot, which must be considered.

In this work, we focused mainly on the generation of microbeams for radiation

oncology. However, beyond the generation of microbeams, the special properties

of the LFxT render it suitable for other applications. One example is ultra-high

dose rate radiation therapy (FLASH). So far, most FLASH treatments were

performed at modified linear accelerators with electron beams. The LFxT may

allow FLASH treatments with orthovoltage x-rays, with substantially improved

dose distributions compared to MeV electrons. Apart applications in imag-

ing are conceivable. Phase contrast imaging and virtual histology may benefit

from the small source size and spatial coherence in one spatial dimension [24].

Applications in x-ray fluorescence imaging may also be feasible [25].

5 Conclusions

The simulations demonstrated the feasibility of an electron source and beamline

to provide a strongly eccentric focal spot with a size of 0.05 × 20mm2 with a
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beam current of 0.3A. The beam energy of 300 keV was achieved with an electric

field below 10MVm−1. The prototype of the LFxT and its periphery is under

construction at the moment. The prototype will deliver valuable insights and

results concerning the development of an electron source for a clinical device

with a beam energy of 600 keV. Especially, a different cathode material must

be considered to provide a higher current with a comparable emittance and

to produce a more homogeneous electron distribution. Furthermore, higher

acceleration gradients could be advantageous concerning space charge effects.

Also, an adjustment of the PE could be necessary. At last, the magnet design

must be applied to the higher energy. In addition, biological and biological

preclinical experiments conducted with the prototype will evaluate the potential

of the LFxT as a compact source for clinical MRT.
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