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Abstract
Background:Microbeam and x-ray FLASH radiation therapy are innovative
concepts that promise reduced normal tissue toxicity in radiation oncology with-
out compromising tumor control. However, currently only large third-generation
synchrotrons deliver acceptable x-ray beam qualities and there is a need for
compact, hospital-based radiation sources to facilitate clinical translation of
these novel treatment strategies.
Purpose: We are currently setting up the first prototype of a line-focus x-ray
tube (LFxT), a promising technology that may deliver ultra-high dose rates
(UHDRs) of more than 100 Gy/s from a table-top source. The operation of the
source in the heat capacity limit allows very high dose rates with micrometer-
sized focal spot widths.Here,we investigate concepts of effective heat manage-
ment for the LFxT, a prerequisite for the performance of the source.
Methods: For different focal spot widths, we investigated the temperature
increase numerically with Monte Carlo simulations and finite element analysis
(FEA).We benchmarked the temperature and thermal stresses at the focal spot
against a commercial x-ray tube with similar power characteristics.We assessed
thermal loads at the vacuum chamber housing caused by scattering electrons in
Monte Carlo simulations and FEA. Further, we discuss active cooling strategies
and present a design of the rotating target.
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Results: Conventional focal spot widths led to a temperature increase dom-
inated by heat conduction, while very narrow focal spots led to a temperature
increase dominated by the heat capacity of the target material.Due to operation
in the heat capacity limit, the temperature increase at the focal spot was lower
than for the investigated commercial x-ray tube.Hence, the thermal stress at the
focal spot of the LFxT was considered uncritical. The target shaft and the vac-
uum chamber housing require active cooling to withstand the high heat loads.
Conclusions: The heat capacity limit allows very high power densities at the
focal spot of the LFxT and thus facilitates very high dose rates. Numerical
simulations demonstrated that the heat load imparted by scattering electrons
requires active cooling.

KEYWORDS
compact x-ray source,FLASH radiation therapy,heat management, line-focus x-ray tube,microbeam
radiation therapy

1 INTRODUCTION

Every second cancer patient receives radiotherapy
treatment,1 but radiation-induced side effects often
limit the treatment efficacy. Two recent radiotherapy
approaches have preclinically shown less severe side
effects at the same tumor control rates compared to con-
ventional treatments: x-ray microbeam radiation ther-
apy (MRT)2–4 and ultra-high dose rate (UHDR) radia-
tion therapy (FLASH).5–7 MRT utilizes spatial fractiona-
tion of the dose with a linear array of high-dose, 25- to
100-𝜇m-wide peaks and low-dose,100- to 400-𝜇m-wide
valleys.Treatment efficacy of MRT relies on a high peak-
to-valley dose ratio and a sharp dose profile, that is, a
steep lateral dose falloff from a peak to its neighboring
valleys. High peak dose rates are necessary to dimin-
ish the smearing of the micrometer-scaled dose distri-
bution due to organ motion.8 FLASH radiotherapy uti-
lizes UHDRs,nominally greater than 40 Gy/s, to achieve
subsecond treatment fractions.5,6 Preclinical research
has demonstrated that the FLASH effect can lead to
a reduction in normal tissue side effects, without com-
promising the treatment efficacy.5,9 First clinical studies
have already started with electron FLASH treatments
at modified linear accelerators.10 However, clinical linear
accelerator generated electron beams with energies up
to 10 MeV limit treatments to superficial tumors. Alter-
native radiation modalities, such as protons or photons,
are required for the treatment of deep-seated tumors.

Currently, only large third-generation synchrotrons
provide suitable x-ray beam properties that meet the
requirements for MRT and x-ray FLASH, namely, very
high photon fluxes for UHDRs,8 x-ray energies in the
kilovolt range to facilitate a high peak-to-valley dose
ratio, and a small source size for a sharp microbeam
dose profile.4 Due to their enormous size and limited
availability, synchrotrons are unlikely to be used for clin-
ical routine. Widespread clinical application of MRT and
FLASH urgently require suitable compact and afford-
able x-ray sources.

One promising source for MRT and FLASH is the line-
focus x-ray tube (LFxT) that is based on conventional

x-ray tube technology with a strongly eccentric focal spot
and a very fast rotating target.11,12 The LFxT can oper-
ate at an electron beam power in the megawatt range,
enabling dose rates of 100–200 Gy/s. The strongly
eccentric focal spot with a width of only 50 𝜇m features
an area of 1 mm2, and the heat load of the electron
beam is distributed over a large focal track area. The
micrometer-wide focal spot on the very fast rotating tar-
get shifts the thermal properties from heat conduction-
dominated to heat capacity-dominated, which strongly
reduces the focal spot temperature.11 The LFxT places
extraordinary demands on the electron accelerator and
the high-voltage power supply.12 A major challenge of
the LFxT is the heat management when operating at
extremely high electron beam currents.

In this paper,we present the main challenges and pos-
sible solutions related to the heat management when
building an LFxT prototype. Locally at the focal spot, we
numerically calculated the temperature increase in both
the heat conduction limit and the heat capacity limit and
investigated the transition between these limits.The high
local temperatures entail thermal stress in the vicinity
of the focal spot, which we compared toward the rotat-
ing envelope Straton x-ray tube (Siemens Healthineers
AG, Erlangen, Germany). With Monte Carlo simulations
and finite element analysis (FEA), we investigated the
temperature increase of the vacuum chamber due to
backscattering electrons.Further,we developed a target
design that can withstand the thermal and mechanical
stresses of the rotating target using FEA and derived a
basic global cooling concept.

2 MATERIALS AND METHODS

Here,we discuss the requirements of a 90 kW LFxT pro-
totype that we are currently setting up at the Technical
University of Munich. Components that are important
within the scope of this work are depicted in Figure 1.
A thermionic cathode and anode produce a 300 keV
electron beam, which propagates along the beamline.
Focusing magnets around the beamline shape the
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F IGURE 1 (a) CAD model of the LFxT prototype. (b) Half -section of the simplified CAD model used for the simulations. Green represents
the vacuum chamber housing (stainless steel AISI 316L), blue the drive shaft (stainless steel AISI 420), gray the target carrier
(titanium–zirconium–molybdenum alloy, TZM), yellow the focal track (tungsten–rhenium alloy, W-5%Re), red the focal spot, and purple the x-ray
window. (c) Orientation of the focal spot of length l = 30 mm and width b = 50𝜇m passing over the target surface with velocity v in positive
x-direction (not to scale). The electron beam is oriented in negative z-direction, and the target covers the half space z < 0

electron beam into a strongly eccentric focal spot
(details in Winter et al.12). The electron beam hits the
rotating target at the focal spot (red), where a large
fraction of the electrons is absorbed, generating heat.
Only a small part of the electron energy is converted
into the desired x-radiation. Another large fraction of the
electrons scatters back and is absorbed by the vacuum
chamber. In particular, the x-ray exit window (purple) and
heat-sensitive accelerator components are exposed to
substantial thermal loads.

The preclinical LFxT prototype will be able to produce
dose rates of around 10 Gy/s in 20 cm distance from the
focal spot according to Monte Carlo simulations.With an
acceleration voltage of 300 kV, the peak-to-valley dose

ratio can be above 20 up to a water depth of 100 mm,
as demonstrated in Winter et al.12

2.1 Focal spot: Heat conduction limit
and heat capacity limit

Due to the inefficient conversion of electron beam power
into x-ray beam energy, the target around the focal spot
is subject to enormous thermal loads. Effective heat
management therefore decides on the performance of
an x-ray tube. In rotating target x-ray tubes, the focal
spot dimensions, the surface velocity, and the material
properties determine the focal spot temperature. While
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heat conduction dominates the temperature rise in the
focal spot of conventional x-ray tubes (heat conduction
limit),13 its role is negligible for the LFxT, where the focal
spot temperature rise is dominated by the heat capacity
of the target material (heat capacity limit).11

2.1.1 Derivation of the heat conduction
and capacity limit

Heat conduction limit
The temperature increase Tcond in the heat conduc-

tion limit can be deduced from the heat equation

𝜕Tcond

𝜕t
− 𝛼ΔTcond = f (x⃗, t), (1)

where 𝜕

𝜕t
denotes the partial derivative with respect to

time; 𝛼 = 𝜆

𝜌c
the thermal diffusivity with 𝜆 the thermal

conductivity, 𝜌 the mass density, and c the specific heat
capacity;Δ the Laplacian operator;and f (x⃗, t) an external
heat source in dependence of position x⃗ = (x, y, z) and
time t. For most conventional rotating target x-ray tubes,
the electron beam can be considered as a surface heat
source of power Pel, width b, and length l passing over
the surface of a half space (z < 0) with velocity v, see
Figure 1c. The solution of the three-dimensional heat
equation can be obtained by

Tcond =
2𝜂Pel

bl𝜌c ∫
t

0
dt′ ∫

vt′

vt′−b
dx′ ∫

l∕2

−l∕2
dy′⋅

∫
∞

−∞
dz′𝛿

(
z′
)

k
(
x⃗ − x⃗′, t − t′

)
, (2)

with the power fraction 𝜂 absorbed by the target (1 − 𝜂 is
backscattered), the Dirac delta function 𝛿, and the three-
dimensional heat kernel14

k(x⃗ − x⃗′, t − t′) =
1

(4𝜋𝛼(t − t′))3∕2
⋅

exp
(
−

(x − x′)2 + (y − y′)2 + (z − z′)2

4𝛼(t − t′)

)
. (3)

Spatial integration and evaluation at the position of the
maximum temperature x = vt, y = 0, z = 0 results in

T(vt, 0, 0, t) =
𝜂Pel

2bl
√
𝜋𝜆𝜌c∫

t

0
dt′

1√
t − t′

erf

(
l∕2√

4𝛼(t − t′)

)
⋅

[
erf

(
v(t − t′)√
4𝛼(t − t′)

)
− erf

(
v(t − t′) − b√

4𝛼(t − t′)

)]
,

(4)

where erf() is the error function. We provide a
detailed derivation of Equation (4) in the Appendix.
We performed the integration over time numerically
with Python.

In the limit of short exposure times t = b∕v,
Oosterkamp15,16 derived the maximum temperature
increase by simplifying the heat conduction to a one-
dimensional problem,

Tcond =
2𝜂Pel

l
√
𝜋𝜆𝜌cbv

. (5)

Oosterkamp15 defined the requirement for short expo-
sures as

1.5 <
b

4
√
𝛼t

=

√
b𝜌cv
16𝜆

, (6)

when lateral heat conduction can be neglected. Assum-
ing a surface velocity v of 200m/s, the focal spot
width b needs to be larger than 11.5 𝜇m to fulfill
condition (6).

Heat capacity limit
In the limit of very short exposure times, the heat con-

duction is small compared to the electron transport that
can here not be neglected,and only heat capacity deter-
mines the temperature increase at the focal spot. The
expected maximum temperature increase in this heat
capacity limit is given by

Tcap =

⟨
𝛿Pel

𝛿V

⟩
max

b
𝜌cv

, (7)

where ⟨ 𝛿Pel

𝛿V
⟩max is the maximum heat power density.The

power Pel can be written as a product of the number
of incoming electrons Nel and their primary energy Eel,
Pel = NelEel.The introduction of the electron penetration
depth

d =
Eel⟨ 𝜕Eel

𝜕z
⟩max

, (8)

as defined in Bartzsch and Oelfke,11 with the maximum
energy absorption per depth interval ⟨ 𝜕Eel

𝜕z
⟩max allows to

rewrite Equation (7) into

Tcap =
Pel

l𝜌cvd
. (9)

At the transition between heat conduction and heat
capacity limit, both mechanisms alone would lead to the
same temperature rise. This transition is reached at a
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focal spot width of

bt =
4𝜂2𝜌cvd2

𝜋𝜆
, (10)

which was deduced assuming equal temperature
changes in Equations (5) and (9).

2.1.2 Simulations

We investigated the temperature increase locally at the
focal spot by numerical simulations. The penetration of
the electron beam into the focal track at the surface
of the target was simulated using Monte Carlo sim-
ulations in TOPAS17 (version 3.6.p1), which is based
on Geant4. The applied G4EmPenelopePhysics list
(fluorescence electrons, Auger electrons, and particle-
induced x-ray emission activated; ignoring of deexci-
tation cuts deactivated) was particularly developed for
Monte Carlo simulations of low-energy electromagnetic
particle interactions.18 The focal track was assumed
to consist of pure tungsten, and the energy deposit
was scored in voxels with a size of 1 × 400 × 1𝜇m3

(x × y × z). The parallel electrons (108 primaries) had
an energy of 300 keV and were homogeneously dis-
tributed in a rectangle of 50 𝜇m width (x-direction) and
30 mm length (y-direction), see Figure 1c. Additional to
the homogeneous, rectangular electron distribution, we
investigated an electron distribution based on the phase
space resulting from previous simulations of the elec-
tron accelerator for the LFxT.12 Here, the electron beam
had full widths at half maximum of 50𝜇m × 20mm. The
energy deposit per voxel was converted into heat power
density using Matlab (version 2018b, The MathWorks,
Inc., Massachusetts, USA) and normalized to a primary
electron current of 0.3 A.

The heat imparted leads to a temperature increase,
which was simulated over a time frame of 5 µs with
transient FEA using COMSOL Multiphysics (version 5.6,
COMSOL AB, Stockholm, Sweden). The heat source
passed along a focal track made of pure tungsten ( 𝜌 =
19300kg∕m3 , c = 138J∕kg∕K , 𝜆 = 170W∕m∕K) with
a velocity of v = 200m∕s . The only considered heat
dissipation mechanisms were electron transport and
heat conduction. For the rectangular focal spot, the nor-
malized heat power density was imported into a two-
dimensional model in COMSOL Multiphysics as a cut
through the center of the heat source ( y = 0). The sim-
ulation volume was 1 × 1mm2 with a quadratic mapped
mesh with an element size of 1 𝜇m2 . For the focal
spot based on the phase space of the electron beam,
we used three dimensions for the heat power density
and a target model of 0.5 × 30 × 0.5mm3 with a hexa-
hedral swept mesh with an element size of (7𝜇m)3 (due
to computational limits). Infinite element domains at all

faces except the target surface,which had the Neumann
boundary condition 𝜕T

𝜕z
= 0 , mimicked a target layer.

Increasing the focal spot width beyond the transition
width bt increases the share of heat conduction and
decreases the share of heat capacity in the total heat
absorption. We investigated the transition between the
heat capacity limit and the heat conduction limit by vary-
ing the focal spot width between 10 𝜇m and 20 mm and
adjusting the simulation time between 1 µs and 170 µs
for a steady maximum temperature at the focal spot.
To validate the applicability of the heat conduction limit
and the heat capacity limit, we simulated surface heat
sources that did not consider the electron penetration
into the target and volumetric heat sources with no heat
conduction in the target (𝜆 = 0), respectively.

2.2 Thermal benchmarking at the focal
spot

The electron beam induces a considerable, strongly
localized temperature increase at the focal spot. This
temperature increase leads to thermal stress in the focal
track due to high thermal gradients and different expan-
sion coefficients of the focal track and target carrier
materials. The focal track made of a tungsten–rhenium
alloy and the target carrier made of titanium-zircon-
molybdenum (TZM) are manufactured as one com-
pound by powder forging.Unknown material parameters
render a numeric assessment of the interface between
the two materials very difficult. Moreover, FEA tools
usually do not incorporate microscopic effects such as
recrystallization or phase changes, making them unreli-
able to predict the material behavior at extreme temper-
ature conditions.

In order to asses the strength of the tungsten–
rhenium focal track, we benchmarked the focal spot
parameters to a commercial x-ray tube that has similar
thermal characteristics.The Straton x-ray tube (Siemens
Healthineers AG)19 is a high power, rotating envelope
tube, which utilizes mainly convective cooling of the
anode.For the Straton x-ray tube,we calculated the max-
imum temperature increase according to the heat con-
duction (5) and heat capacity limit (9) and compared
them to the respective values of the LFxT.

The focal track of both the Straton x-ray tube and
the LFxT consists of a tungsten–rhenium alloy (W-
5%Re), for which we assumed 𝜌 = 19 400 kg∕m3,
c = 133 J∕kg∕K, and 𝜆 = 78 W∕m∕K.20,21 The Straton
x-ray tube has a focal track radius of 48 mm and a
rotation frequency of 150 Hz,19 which lead to a sur-
face velocity of v = 45.2 m∕s. The maximum surface
power density is obtained with the x-ray focal spot
of 0.6 × 0.7 mm2, where the Straton x-ray tube can
withstand a total electron beam power of 42 kW for
20 s.19 An anode angle between 7◦ and 9◦22 leads
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to an exposed surface of A = 2.68 − 3.45 mm2 and a
surface power density of 1.22 ⋅ 1010–1.56 ⋅ 1010W∕m2.
Additionally, we calculated the temperature increase
for an electron beam power of 25 kW according to
Monte Carlo simulations of 150 keV electrons consid-
ering backscattering (see Section 2.3). In the LFxT, the
electron beam of 0.05 × 20 mm2 deposits a total power
of 90 kW perpendicularly onto the target. The surface
power density is therefore 9.0 ⋅ 1010 W∕m2.

2.3 Backscattering electrons

A large fraction of the electrons hitting the target are
backscattered.23 In the LFxT, the whole vacuum cham-
ber is on the same electric potential as the target,
and no electric field exists inside the vacuum chamber.
Backscattered electrons travel in the field-free vacuum
on straight paths and deposit their energy as heat onto
the vacuum chamber walls.

We investigated the resulting temperature increase of
the vacuum chamber with Monte Carlo simulations in
TOPAS17 (version 3.6.p1) and FEA in Ansys Mechan-
ical (version 19 R3, Ansys, Inc., Pennsylvania, USA).
The setup in both simulation tools was a simplified CAD
model (Figure 1b), including the vacuum chamber walls,
the target, the rotating shaft, the end of the electron
beamline, the x-ray exit window, and further viewports. A
hexahedral mesh was chosen in the FEA with an edge
length of 1 mm.

In the Monte Carlo simulations,an electron beam (109

primaries) of 300 keV based on the phase space of
the electron accelerator12 hit the focal track, which was
made of pure tungsten having substantially the same
backscattering characteristics as a tungsten–rhenium
alloy (W-5%Re). The produced photons were collected
in a hemispherical phase space detector. The energy
deposit of the backscattered electrons and produced
photons was scored in all components of the vacuum
chamber, which were modeled as iron. We transformed
the scored energy into heat power density and normal-
ized it to a primary electron beam current of 0.3 A using
Python. With transient FEA, we simulated the temper-
ature of the vacuum chamber made of stainless steel
(AISI 316L) with the normalized heat power density as
a heat source during the 20 s irradiation time. In a first
assessment, there was no cooling included. For a more
practicable simulation, we added active cooling pipes at
the back wall of the vacuum chamber with a heat trans-
fer coefficient of 𝛼 = 35 000 W∕m2

∕K,24 and an ambient
temperature of 60 ◦C. Thermal radiation was neglected.

2.4 Cooling concepts

Efficient active cooling of the target is crucial for high
doses per exposure and short idle times. We investi-

gated four global cooling scenarios by transient FEA
in Ansys Mechanical and simulated four irradiation
cycles each of 20 s electron beam exposure followed
by 20 min cool down as a conservative estimation for
the temperature to re-equilibrate. The strongly simpli-
fied CAD model (as presented in Figure 1b with a
different diameter and number of drive shafts) con-
sisted of a cylindrical target with a diameter of 300
mm made of TZM (c = 250 J∕kg∕K, 𝜆 = 142 W∕m∕K,
𝜌 = 10 300 kg∕m3) and mounted on two drive shafts
made of stainless steel (AISI 430) (𝜌 = 7700 kg∕m3,c =
460 J∕kg∕K,𝜆 = 25 W∕m∕K).Rotation was neglected for
the solely thermal concept analysis. A homogeneous
heat source of 90 kW was applied to the focal track
since a full resolution of the micrometer-sized focal spot
would have caused computational issues.We conserva-
tively ignored electron backscattering, and 100% of the
thermal power was applied to the focal track.

Scenario 1 in Figure 2 illustrates the most simple case
without any cooling so that the thermal energy was dis-
sipated by radiation only with a radiation coefficient 𝜖
of 0.3,25 and an ambient temperature of 40 ◦C. There
was no contact between the drive shaft and the vacuum
housing. This scenario represents a rotating anode with
ball bearings. For scenario 2, liquid metal served as a
lubrication fluid in a sliding bearing. A thermal contact
thus enabled heat conduction from the rotating to the
stationary parts of the drive shaft and thereby to the
housing, in addition to the thermal radiation. Friction in
the sliding bearing, which may become an additional
heat source of up to 5 kW, was neglected. In scenario
3, an additional water cooling was installed through the
main rotation axis of the drive shaft, resulting in a con-
vective heat flow. We chose a heat transfer coefficient
of 𝛼 = 100 00 W∕m2∕K26 (the heat transfer coefficient
depends on the coolant volume flow, which differs
for different cooling sites) with a coolant temperature
of 25◦C. In scenario 4, cooling brackets were moved
toward the target after each irradiation cycle. Realis-
tically, one has to take into account the time to stop
the target rotation before the brackets can come into
contact. A direct contact of the brackets to the target
material allowed heat conduction. Perfect heat trans-
fer was assumed, while keeping the parameters from
scenario 3.

2.5 Target design

The design of the x-ray target is critical for the opera-
tion of the LFxT at high dose rates. A small focal spot
size and high x-ray power require the operation well in
the heat capacity limit and thus a target velocity in the
order of 200 m/s. Only a sufficiently high heat capac-
ity of the target and a long focal track allow coping with
the extreme thermal power and applications of a few
100 Gy MRT peak dose in a single exposure.
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F IGURE 2 Four scenarios for the cooling study with thermal radiation (red arrows) and convection (blue arrows). The models consisted of
a cylindrical target (orange), a drive shaft (gray), and a vacuum chamber housing (black double line)

Today,most high-performance x-ray targets are based
on molybdenum and tungsten–rhenium alloys as a bal-
ance between high x-ray production efficiency, a high
melting point, high thermal conductivity, and a high
mechanical strength. In common powerful x-ray anodes,
the outer diameter of the rotating anode is up to 200 mm
with rotation speeds of 50–100 Hz.23 However, due to
the LFxT requirements on focal track length, surface
velocity, and heat capacity, we chose a larger target
with a diameter of around 240 mm at a rotation speed
of 200 Hz. This upscaling results in greater rotation-
induced mechanical stresses. In the design process, we
aimed to reduce the mechanical stresses by choos-
ing an adequate target profile, adding relief wells, and
increasing the target thickness up to 50 mm to balance
thermally induced bending due to a non-uniform ther-
mal input. Another important aspect of the target design
was the interface to rotor and motor drive, which has to
withstand thermally induced and rotation-induced radial
expansion.The axial strains are compensated with a nut
spring mechanism, which will not be of further consider-
ation within this article.

In another global transient FEA, we assessed the
von Mises stresses and temperatures since metals lose
mechanical strength at higher temperatures. To reduce
computational load, we calculated on a 30◦ segment
of the target with rotationally symmetric boundary con-
ditions and applied 1/12 of the total beam power. The
thermal load was homogeneously distributed onto the
focal track due to large differences in time and space
resolution between the local numerical assessment at
the focal spot and the global analysis of the target. At
the interface of the target and the drive shaft,we defined
the heat transfer coefficient of 𝛼 = 5000W∕m2∕K to the
carrying rotor with respect to the heat transfer model
developed by Mikić.27 The driving design criterion was
the 0.2% yield strength (0.2% yield strength represents
the stress of a test specimen with a plastic deforma-
tion of 0.2%, we hence only considered linear-elastic
material behavior). We simulated two scenarios. First,
we rotated the target at full speed and had a total beam
power of 90 kW for 20 s for a conservative estimate of
the mechanical stresses.Second,we took the backscat-
tering electrons into account and reduced the beam
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power to a conservative estimate of 60 kW (compared
to Section 3.1) with the target rotation decelerated
linearly after 20 s with a breaking torque of 5.0 N m.

3 RESULTS

3.1 Focal spot: Heat conduction limit
and heat capacity limit

The total electron beam power onto the target was
90 kW, whereof 55 kW, that is, 61% was absorbed by
the target creating a volumetric heat source. The max-
imum heat power density in a depth of 5 𝜇m was
2.0⋅1015W∕m3 for the homogeneous, rectangular focal
spot and 7.5 ⋅1015W∕m3 for the phase space-based
focal spot, respectively. For the heat capacity limit, the
Monte Carlo simulations resulted in an electron pene-
tration depth d of 29.7𝜇m.

The transient FEA simulations transformed the heat
power density that moved along the target volume into a
temperature distribution. The temperature increased by
a maximum of 157 K for the rectangular focal spot and
by 483 K for the focal spot based on the phase space
of the electron beam, respectively. The higher maximum
temperature of the focal spot based on the phase space
compared to the rectangular focal spot was caused by
a shorter focal spot length and by the inhomogeneity of
the electron distribution.

The simulations of different focal spot widths con-
firmed the transition between the heat conduction and
heat capacity limit in dependence on the spot width.The
FEA simulations ignoring electron penetration repro-
duced the theoretically expected temperature increase
at the focal spot in the heat conduction limit (see
Figure 3). The FEA simulations of volumetric heat
sources with disabled heat conduction confirmed the
heat capacity limit.Here, the temperature increase at the
focal spot was independent of the focal spot width, as
predicted by Equation (9).

The full simulations including electron penetration and
heat conduction resulted in a maximum temperature
increase that was lower than predicted by either limit
(see Figure 3) because both energy dissipation mecha-
nisms contributed. The full simulation at the transition
focal spot width bt of 1.3 mm resulted in a tempera-
ture rise of 109 K, whereas both limits predicted 190 K.
The broader the focal spot width, the more the temper-
ature increase converged to the prediction by the heat
conduction limit. At 20 mm focal spot width, the simu-
lated temperature increase was less than 20% below
the prediction by the heat conduction limit. At focal spot
widths much smaller than bt, the maximum temperature
increase converged to the prediction by the heat capac-
ity limit. As the focal spot width decreased, the tem-
perature increase predicted by the heat capacity limit

became much smaller as compared to the heat conduc-
tion limit.

The LFxT operates far in the heat capacity limit with
a surface velocity of 200 m/s, a focal spot width of 50
𝜇m, and an acceleration voltage of 300 kV. In contrast,
the Straton x-ray tube operates in the heat conduction
limit: With an electron energy of 150 keV, a penetration
depth d of 10.8 𝜇m resulting from Monte Carlo simu-
lations, and a surface velocity of 45 m/s, the focal spot
width of 0.6 mm is an order of magnitude larger than the
transition focal spot width of 0.04 mm.

3.2 Thermal benchmarking at the focal
spot

We compared the expected temperature increase at
the focal spot of the LFxT with the respective value
of the Straton x-ray tube. As described in Section 3.1,
the LFxT operates in the heat capacity limit as its focal
spot is much narrower than the transition focal spot
width, whereas the Straton x-ray tube operates in the
heat conduction limit as its focal spot is much broader
than the transition width. While for the LFxT, the tem-
perature increased by TLFxT = 294K , the temperature
increase at the focal spot of the Straton x-ray tube was
TStrat = 4531K (or TStrat,cap = 7446K according to the
heat capacity limit). As thermal stress is related to the
temperature gradient at the focal spot, we expect con-
siderably lower stresses for the LFxT compared to the
commercial Straton x-ray tube with similar power char-
acteristics.

The temperature increase for the LFxT was higher
than the respective value obtained in Section 3.1.
The reason was a conservative estimate with the
total primary electron power as input power and the
shorter focal spot length. The temperature increase
for the Straton x-ray tube was higher than the recom-
mended maximum temperatures for a typical tungsten–
rhenium alloy.20,25 However, considering backscattered
electrons reduced the absorbed power from 42 kW
to 25 kW, which reduced the expected tempera-
ture increase of TStrat,25kW = 2734K to an acceptable
range.

3.3 Backscattering electrons

The proportion of backscattered electrons was 49% of
the number of primary electrons, which corresponded
to 34 kW, that is, 38% of the primary electron energy.
The energy of the produced x-rays made up for only
(0.56 ± 0.01)% (standard deviation) of the primary elec-
tron energy. Monte Carlo simulations provided the heat
power density distribution in the vacuum chamber and
the other x-ray tube components caused by backscat-
tered electrons and produced photons. At the end of
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F IGURE 3 Maximum temperature increase at the focal spot in the heat capacity limit (small spot widths) and the heat conduction limit
(broad spot widths) as calculated in Monte Carlo simulations and transient FEA. The electron beam had a power of 90 kW and an energy of
300 keV, the target surface velocity was 200 m/s

F IGURE 4 Temperature distribution at the inner surface of the vacuum chamber after 20 s irradiation time with active cooling

a 20 s exposure at 90 kW electron beam power, the
highest temperatures of almost 700 ◦C were reached
at the x-ray window and at the electron beamline entry
port. With active cooling through cooling channels of
the back wall, the maximum temperature reached 250
◦C at the same positions as without cooling, see in
Figure 4.

3.4 Cooling concepts

Figure 5 shows the course of the maximum temperature
in the TZM target during four cycles of electron beam
exposure. With radiative cooling only (scenario 1), the
temperature increased from cycle to cycle and reached
a maximum of almost 1300 ◦C in the fourth cycle, see
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F IGURE 5 Maximum focal track temperatures of four global
cooling concepts during four cycles of beam exposure and cooling

Figure 5.After 20 min cooling,the maximum temperature
dropped to approximately 580 ◦C in the fourth cycle. In
scenario 2, the housing acted as an additional heat sink,
causing however only a slight drop of the maximum tem-
perature, which was approximately 1200 ◦C after four
cycles. The maximum temperature dropped to approxi-
mately 450 ◦C after cooling in the fourth cycle. Scenario
3 with convective water cooling showed a substantial
drop in maximum temperature, which was almost con-
stant at approximately 860 ◦C in all cycles at the end of
the irradiation. The maximum temperature after cooling
remained below 46 ◦C and did not show a considerable
increase from cycle to cycle. Scenario 4 yielded a much
faster temperature drop in the beginning of the cool-
ing period than scenario 3. After applying the brackets,
the temperature decreased below 100 ◦C in less than 2
min. The temperature at the end of the cooling period
matched the value of scenario 3.

3.5 Target design

Figure 6 illustrates the profile of the LFxT target,
designed with the aim to maximize the target diame-
ter and thickness, to minimize mechanical stress, and to
compensate for thermally induced bending.The tapered
part is designed for equal strength by decreasing the
thickness with distance from the rotation axis. The max-
imized inner radius, Rbase, enables the highest possible
heat exchanging surface. The heating induced by the
electron beam only occurs on the upper side resulting
in an asymmetrical thermal expansion. The width of the
target, ttip, is larger compared to conventional anodes
in order to counteract the asymmetrical thermal expan-
sion maintaining a plane surface for constant focal spot
dimensions. Relief wells and a segmented surface (not
shown) reduce the mechanical stress.

Braking of the target directly after irradiation can sub-
stantially reduce mechanical stresses. Since material

strength decreases at higher temperatures,we show the
stress–temperature curves at the inner radius of the tar-
get (Rbase) in Figure 7. The maximum strength depicted
refers to a stress-relieved sheet metal of 2 mm thick-
ness made of TZM. The minimum strength refers to
the recrystallized state of the sheet metal. Depending
on the degree of deformation during the manufactur-
ing process, the expected strength is approximately the
average between the minimum and maximum28 (project
meeting with an x-ray anode manufacturer,March 2021).

4 DISCUSSION

We investigated the heat management of an LFxT pro-
totype that we are currently setting up in our laboratory.
The low electron-to-photon conversion efficiency of less
than 1% renders efficient methods of heat dissipation
essential for the development of an x-ray tube delivering
UHDRs. In simulations, we showed the transition from
the heat conduction to the heat capacity limit, we inves-
tigated the thermal load to components close to the focal
spot, and assessed thermomechanical stress of the x-
ray target.Our simulations demonstrate the feasibility of
the LFxT prototype with active cooling.

The transient FEA of a volumetric heat source con-
firmed both the heat conduction limit for focal spot
widths much broader than the transition width and the
heat capacity limit for widths much narrower than the
transition width. Focal spot widths around the transition
resulted in a substantially lower temperature increase
than predicted by either limit, which demonstrated that
the heat diffusion length and the electron penetra-
tion depth were similar, as presumed by Bartzsch and
Oelfke.11

Monte Carlo simulations provided the heat power P
for the heat conduction limit and the electron pene-
tration depth d for the heat capacity limit. We found
that the electron penetration depth d depended on
the used physics list and on the version of TOPAS
or Geant4. Simulations with older versions of Geant4
resulted in substantial differences in d (shorter by >
10%), which can possibly be attributed to changes in the
low-energy data set G4EMLOW related to elastic scat-
tering of photons or to rare energy nonconservation in
the G4PenelopeComptonModel.

The beneficial lower temperature increase in the heat
capacity limit compared to the heat conduction limit for
focal spot widths smaller than the transition width was
clearly demonstrated.We could thus show that the LFxT
operates in the heat capacity limit, where the tempera-
ture increase was far lower than in the heat conduction
limit. With the heat capacity limit, the LFxT has a great
potential not only for MRT and FLASH radiotherapy but
also for phase contrast imaging where very small focal
spot sizes are necessary.29

For the assessment of thermal stresses at the
focal spot, the benchmark method was not the most
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F IGURE 6 Target geometry. R denotes the radius, t the thickness, and WRe the tungsten–rhenium alloy of the focal track

F IGURE 7 Stress temperature relationship at the inner target diameter during the fourth irradiation cycle. T1 indicates the start of
irradiation and T2 the end of irradiation. The green line represents the total beam power and a continuous rotation of the target wheel. The red
line considers backscattered electrons and braking of the target after irradiation

specific approach to analyze the complex material pair-
ing and deformation effects between the tungsten track
and the TZM carrier material. The estimated tempera-
ture increase at the focal spot of the Straton x-ray tube
might be slightly higher than during operation because
we only considered a tungsten–rhenium alloy as focal

track material instead of including further material lay-
ers with a higher thermal conductivity.However, the com-
mercially available Straton x-ray tube tolerates thermal
conditions that are more extreme than expected for the
LFxT operating in the heat capacity limit,even when con-
sidering the total electron beam power of the LFxT as
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a conservative assumption. For this reason, the LFxT
should operate safely given the viability of the bench-
mark source.

In the manufacturing process of the target, the
tungsten–rhenium layer is pressed and forged onto the
TZM structure.Diameters larger than 240 mm and thick-
nesses bigger than 50 mm are beyond state-of -the-art
manufacturing limits.As we showed in Figure 7, the con-
servative assumption of the total electron beam power
of 90 kW transferred to the target reached the maximum
of the expected strength, hence not leaving space for a
safety margin. In contrast, consideration of backscatter-
ing electrons (60 kW transferred to the target) in com-
bination with the 0.2% yield strength (rather than brit-
tle failure) created a safety margin in the design. For
more precise results, it would be interesting to further
develop the FEA material models to deal with nonlin-
ear plastic deformations and phenomena like brittle to
ductile transition. It is challenging to perform design life
calculations since the results are highly dependent on
the manufacturing technique, the target carrier material
quality, the test specimen dimensions,and the degree of
deformation as stated by Calderon et al.30 However, no
significant losses in strength due to fatigue have been
reported until 104 electron beam exposures. In future
anode designs, it might be of interest to consider car-
bon fiber reinforced carbon as a potential carrier mate-
rial because of a higher specific strength (in terms of
the ratio between strength and density) and a smaller
thermal expansion coefficient.

The vacuum chamber wall opposite the focal spot
needs active cooling, especially around the beamline
and the x-ray window, to keep the temperature of all vac-
uum chamber components within their allowed range
below 400 ◦ C, which depends on the desired vacuum
quality of at least 10−6millibar .Neither the x-ray window
nor the electron beamline nor the vacuum chamber itself
can withstand the high temperatures that are expected
without active cooling. Moreover, desorption and hydro-
gen diffusion through the vacuum chamber wall occur
more readily for higher temperatures of the stainless-
steel chamber. For this reason, the temperature of the
vacuum chamber should be kept as low as possible.
Further critical components are the quadrupole mag-
nets, located outside the vacuum chamber close to the
transition between the beamline and the vacuum cham-
ber. Even though the magnets are thermally insulated
from the vacuum chamber, thermal radiation from the
beamline heats the magnets.Since the heat power den-
sities at the target and at the opposing vacuum cham-
ber wall are comparable, there is no effective radiation
cooling during the beam exposure.The radiation cooling
provides a recognizable impact only after the vacuum
chamber wall has been cooled down.

Cooling scenarios 1 and 2 are neglected for further
consideration, since radiative cooling and a sliding bear-
ing contact only would lead to a failure of the target
due to too high temperatures. The greatest cooling effi-

ciency was exhibited in scenario 4 with a thermal con-
tact between rotating and stationary parts, an active
pipe cooling, and cooling brackets. This was expected
because of the additional heat sinks. The fast tempera-
ture drop can be valuable for high repetition rates for
a clinical application of the LFxT. However, there is a
risk of applying cooling brackets as the steep temper-
ature drop could cause embrittlement of the focal track.
The rapid cooling could further drive hardening and
inner stresses due to different thermal expansion coef-
ficients of tungsten–rhenium and TZM. For these rea-
sons, we consider scenario 3 as a suitable solution for
the further LFxT development since it showed a simi-
lar temperature evolution to scenario 4 without the extra
expense and risk of installing cooling brackets. Never-
theless, the simulated cooling over 20 min was not suffi-
cient to lower the anode temperature to room tempera-
ture in any scenario. The main reason for this inefficacy
was the distance that the heat had to diffuse from the
focal track via the intersection between target wheel and
drive train to the inner convective cooling pipe,which had
a small cross section and thus a small heat exchanging
surface.

5 CONCLUSIONS

At the focal spot, we have validated the heat capac-
ity limit for the LFxT with numerical simulations, which
allows much higher electron beam power densities than
the heat conduction limit found in conventional x-ray
tubes. Active cooling through the target shaft and at the
vacuum chamber housing will facilitate a stable oper-
ation of the LFxT prototype that we are currently con-
structing for preclinical MRT research and as a proof of
the LFxT concept. With a higher electron beam power,
the LFxT seems promising for the clinical application of
MRT and FLASH treatments. When upgrading the sys-
tem to higher powers, the induced thermomechanical
stress at the target is the limiting factor. The use of alter-
native target materials, such as carbon fiber reinforced
carbon, will likely be necessary to achieve operation at
1.5 MW.
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APPENDIX A: Der iva t ion o f the hea t
conduc t i on l i m i t
The derivation of the temperature increase T in the heat
conduction limit starts with the heat equation,

𝜕T
𝜕t

− 𝛼ΔT = f (x⃗, t), (11)

with 𝜕

𝜕t
the partial derivative with respect to time;𝛼 = 𝜆

𝜌c
the thermal diffusivity with 𝜆 the thermal conductivity,
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𝜌 the mass density, and c the specific heat capacity;
Δ the Laplacian operator; and f (x⃗, t) an external heat
source in dependence of position x⃗ = (x, y, z) and time
t. In the heat conduction limit, f (x⃗, t) represents the elec-
tron beam of power Pel, width b, and length l passing
over the surface of a half space (z < 0) with velocity v,
𝜂 represents the power fraction absorbed by the target
(1 − 𝜂 is backscattered or transformed into x-radiation),

f (x⃗, t) =
𝜂Pel

bl𝜌c
⋅ Θ (x, b) ⋅ Θ (y, l) ⋅ 𝛿(z)

=
𝜂Pel

bl𝜌c
⋅ Θ (x − (vt − b))Θ (vt − x) ⋅

Θ (y + l∕2) ⋅ Θ (l∕2 − y) ⋅ 𝛿(z), (12)

with the Heaviside step function Θ and the Dirac delta
function 𝛿.

By means of the method of image charges31 (result-
ing in a factor 2), the solution of the three-dimensional
heat equation can be obtained by

T(x, y, z, t) =
2𝜂Pel

bl𝜌c ∫
t

0
dt′ ∫

∞

−∞
dx′ ∫

∞

−∞
dy′ ∫

∞

−∞
dz′⋅

Θ
(
x′ − (vt′ − b)

)
Θ
(
vt′ − x′

)
Θ
(
y′ + l∕2

)
⋅

Θ
(
l∕2 − y′

)
𝛿(z′) ⋅ k

(
x⃗ − x⃗′, t − t′

)
, (13)

with the three-dimensional heat kernel14

k(x⃗ − x⃗′, t − t′) =
1

(4𝜋𝛼(t − t′))3∕2
⋅

exp
(
−

(x − x′)2 + (y − y′)2 + (z − z′)2

4𝛼(t − t′)

)
. (14)

It follows

T(x, y, z, t) =
2𝜂Pel

bl𝜌c ∫
t

0
dt′ ∫

vt′

vt′−b
dx′ ∫

l∕2

−l∕2
dy′ ∫

∞

−∞

×dz′𝛿
(
z′
)
⋅

1

(4𝜋𝛼(t − t′))3∕2
⋅

× exp
(
−

(x − x′)2 + (y − y′)2 + (z − z′)2

4𝛼(t − t′)

)

=
2𝜂Pel

bl𝜌c
1

(4𝜋𝛼)3∕2 ∫
t

0
dt′ ∫

vt′

vt′−b
dx′ ∫

l∕2

−l∕2
dy′ ⋅

×
1

(t − t′)3∕2
exp

(
−

(x − x′)2 + (y − y′)2 + z2

4𝛼(t − t′)

)
.

(15)

Spatial integration over y′ results in

∫
l∕2

−l∕2
dy′ exp

(
−

(y − y′)2

4𝛼(t − t′)

)
=

2
√
𝜋𝛼(t − t′) erf

(
l∕2√

4𝛼(t − t′)

)
, (16)

where erf() is the error function.
The highest temperature is expected at the cen-

ter of the focal spot (y = 0, x = vt) at the target sur-
face (z = 0). With the above definition of the focal
spot between x1 = vt − b and x2 = vt, the point of inter-
est x = vt is directly at the end of the focal spot,
that is, after the passing of the complete focal spot
width, where the temperature is highest. Evaluation
at x⃗ = (vt, 0, 0) and inserting Equation (16) into (15)
yields

T(vt, 0, 0, t) =
2𝜂Pel

bl𝜌c
1

4𝜋𝛼 ∫
t

0
dt′ ∫

vt′

vt′−b
dx′ ⋅

1
t − t′

⋅ erf

(
l∕2√

4𝛼(t − t′)

)
⋅ exp

(
−

(vt − x′)2

4𝛼(t − t′)

)
. (17)

Spatial integration over x′ results in

∫
vt′

vt′−b
dx′ exp

(
−

(vt − x′)2

4𝛼(t − t′)

)
=

√
𝜋𝛼(t − t′)

[
erf

(
v(t − t′)√
4𝛼(t − t′)

)
− erf

(
v(t − t′) − b√

4𝛼(t − t′)

)]
.

(18)

Inserting Equation (18) into (17) yields

T(vt, 0, 0, t) =
𝜂Pel

2bl𝜌c
√
𝜋𝛼

∫ t
0 dt′ 1√

t−t′
erf

(
l∕2√

4𝛼(t−t′)

)
⋅

[
erf

(
v(t−t′)√
4𝛼(t−t′)

)
− erf

(
v(t−t′)−b√

4𝛼(t−t′)

)]

=
𝜂Pel

2bl
√
𝜋𝜆𝜌c

∫ t
0 dt′ 1√

t−t′
erf

(
l∕2√

4𝛼(t−t′)

)
⋅

[
erf

(
v(t−t′)√
4𝛼(t−t′)

)
− erf

(
v(t−t′)−b√

4𝛼(t−t′)

)]
, (19)

which is identical to Equation (4).
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