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Abstract
Under certain accident conditions in particle accelerators, high-power beam irradiation may damage vacuum pipes, magnets, 
and other key equipment. Therefore, machine protection for high-power accelerators is critical to ensure safe operation. It is 
important to study radiation damage to materials to support the design and operation of machine protection systems. In the 
shock-wave regime, a pronounced hydrodynamic tunneling effect occurs within materials. The traditional one-way coupling 
simulation method results in substantial errors in this regime. Therefore, a bidirectional iterative coupling simulation method 
was developed. This method enables the bidirectional coupling of the Monte Carlo code FLUKA and the thermodynamic 
program Ansys-Autodyn. Density changes are monitored during the simulations, and the updated density is promptly fed 
back to FLUKA. The program remodels the target with the new density distribution to calculate the new energy deposition 
distribution, which is then returned to Autodyn for subsequent simulations. This iterative process continues until the entire 
beam has completed the energy deposition process. Compared to existing methods, this automated method significantly 
improves the efficiency of the coupled simulations and reduces the possibility of human error. The HRMT-12 beam irradia-
tion experiment at CERN was used for a benchmark study, and simulations were conducted and compared using different 
equations of state. The results demonstrate the efficiency and accuracy of this simulation method. Compared to complex and 
costly beam irradiation experiments, this approach is expected to provide fast and cost-effective scientific guidance for the 
machine protection of high-power accelerators. Considering the severe consequences of the hydrodynamic tunneling effect, 
machine protection components such as beam collimators, absorbers, and dump blocks should adopt low-density materials 
to reduce the energy deposition density. Beam dilution may be required in beam dumping systems to avoid target damage. 
This method can be applied to the redundancy design of such beam dumping systems. 

Keywords  High-power accelerators · Machine protection · Irradiation damage · Monte Carlo simulation · Thermodynamic 
response

1  Introduction

High-energy particle accelerators, as fundamental tools of 
modern physics research, are widely used in various fields, 
including multidisciplinary exploration, materials science, 
medicine, and energy research. However, when accelera-
tors experience malfunctions or operational errors, radiation 
damage to the accelerator components caused by high-power 
particle beams can severely impact the entire facility [1]. 
Beam losses may not only lead to material activation but 
also result in damage to key equipment [2–5]. Particularly 
under abnormal conditions, if materials fail to effectively 
withstand the radiation load, it may lead to the destruc-
tion of vacuum pipes, magnets, and other key equipment. 
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Therefore, a complete machine protection system is essen-
tial for ensuring safe and stable operation of high-power 
accelerators [6–8].

Material damage caused by beam irradiation is an impor-
tant research topic within the framework of machine protec-
tion [9]. In particular, under beam accident conditions, high-
power beams may damage critical accelerator components, 
further affecting the operation of the entire facility. Over 
the past few decades, accelerators worldwide have recorded 
incidents involving various degrees of radiation damage to 
materials. For instance, the Super Proton Synchrotron (SPS) 
at CERN once accidentally deflected 288 proton bunches 
at 450 GeV into the transfer line while injecting the beam 
into the Large Hadron Collider (LHC), damaging part of 
the beamline and magnets [10]. The RHIC accelerator at 
Brookhaven National Laboratory has also experienced 
incidents in which beam losses damaged key experimental 
detectors [11].

The radiation damage caused by high-power beams often 
results in extreme changes in the physical states of materi-
als, such as rapid temperature increases and melting [12, 
13]. Researchers have classified the mechanical responses 
of materials into three regions based on the time of the beam 
energy deposition and the power density of the energy dep-
osition: the elastic, plastic, and shock-wave regimes [14]. 
Generally, when the energy deposition density is less than 
100 J/cm3 , the material’s response remains within the elastic 
dynamic range [15, 16]. This means that the vibrations and 
stress waves induced by energy deposition do not exceed 
the material’s elastic limit, allowing the mechanical struc-
ture of the material to return to its initial state after beam 
irradiation [17, 18]. When the energy deposition density is 
between 10 J/cm3 and 100 J/cm3 , localized stress waves are 
expected to exceed the material’s elastic limit, leading to 
permanent plastic deformation [19]. Finally, if the energy 
deposition density exceeds 10 J/cm3 , the strength of the 
stress waves will be sufficient to change the density and 
cause mechanical damage, such as fragmentation or explo-
sion, to the material. For metallic materials, phase transi-
tions typically occur, resulting in the formation of liquids, 
gases, or even plasmas. This is why this region is referred 
to as the shock-wave regime [20, 21]. In this region, the 
target is generally continuously irradiated by a high-energy 
bunch train, experiencing rapid increases in temperature and 
pressure, often accompanied by phase transitions such as 
melting, vaporization, and even plasmonization [22]. Near 
the central axis where the irradiation is the most severe and 
the energy deposition is the most concentrated, material 
particles are subjected to high-temperature and high-pres-
sure fields, causing transverse displacement perpendicular 
to the axis. Owing to the transverse impact of the pressure 
waves, the material density gradually decreases around the 
axis where the initial energy deposition is concentrated [23, 

24]. Consequently, subsequent bunches and their second-
ary particles can more easily pass through these low-density 
regions, creating new energy deposition spatial distributions 
deeper within the material. This phenomenon is known as 
the hydrodynamic tunneling effect [25, 26].

Regarding experimental research on the hydrodynamic 
tunneling effect, as early as the 1970 s, the SLAC labora-
tory in the USA conducted an experiment in which an 18 
GeV, 500 kW electron beam irradiated a copper block. The 
beam spot had a diameter of approximately 2 mm, and the 
irradiation lasted for 1.3 s, resulting in an observed melt-
ing path of nearly 30 cm along the copper block [27]. To 
date, the most active international platform for research on 
high-power beam radiation damage is the high radiation to 
materials (HiRadMat) facility at CERN [28–30]. The pri-
mary goal of HiRadMat is to conduct beam--target experi-
ments using high-energy proton and ion beams generated 
by the SPS. These experiments mainly aim to develop and 
test new materials for the LHC, which are used in beam 
collimators, beam absorbers, beam windows, etc. At HiRad-
Mat, the beam spot size can be adjusted within the range of 
0.5 − 2.0mm . Combined with variable beam intensities, this 
allows for the study of material responses under different 
energy deposition densities.

Because beam irradiation experiments are generally quite 
expensive, numerical simulations are preferred in most cases 
to study the interactions between beams and materials, 
thereby supporting the design of relevant machine protec-
tion components [31, 32]. Currently, numerical simulation 
methods in the elastic and plastic regimes are relatively 
well developed [33, 34]. In the elastic interaction region, 
Monte Carlo simulation programs such as FLUKA [35], 
MARS [36], and GEANT4 [37] can be used to calculate the 
energy deposition behavior of a single normalized particle 
within the material. As the number of particles increases, 
the energy deposition can be scaled up linearly, and the 
resulting material temperature increase can be estimated in 
a straightforward manner [38]. In the plastic regime, Monte 
Carlo simulations can be coupled with finite element analy-
sis software such as Ansys [39] to calculate the mechani-
cal response of the material. However, in the shock-wave 
regime, it is essential to couple Monte Carlo simulations 
with thermodynamic software, such as Ansys-Autodyn or 
Ansys LS-DYNA, to study the material’s response and final 
physical state [40–42]. Historically, such simulations have 
often been linked through a one-way coupling, as illustrated 
in Fig. 1. Initially, a Monte Carlo simulation program such 
as FLUKA is used to calculate the spatial distribution of the 
energy deposition of high-energy particles within the mate-
rial. This energy deposition distribution is then imported 
into thermodynamic software as a one-time energy input 
for thermomechanical response analysis [43]. This approach 
includes a static approximation, assuming that the material’s 
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physical density does not significantly change during beam 
irradiation, or that the density changes are not sufficient 
to significantly alter the subsequent spatial distribution of 
energy deposition induced by the following particles. How-
ever, as previously mentioned, in the shock-wave regime, the 
hydrodynamic tunneling effect will probably occur as the 
target is continuously irradiated by a high-power bunch train. 
A static approximation can lead to considerable calculation 
errors. Therefore, a bidirectional iterative coupling simu-
lation, as illustrated in Fig. 2, is necessary. This involves 
monitoring the changes in material density during the beam-
target interaction and sending this updated density infor-
mation back to the Monte Carlo code in a timely manner. 
The Monte Carlo program can then re-model the target by 
using the new density distribution to calculate a new energy 
deposition distribution. This updated energy deposition dis-
tribution is subsequently transferred back to the thermody-
namic program for further simulations. This iterative process 
continues until all bunches in the beam have completed the 
energy deposition process.

To date, there have been few reports on bidirectional 
iterative coupling simulations. Recently, Tahir et  al. 
reviewed their relevant works [44], studying the hydro-
dynamic tunneling effect that may be induced by beam-
material interactions in high-power accelerators such as 
SPS, LHC, and FCC (planned) at CERN through iterative 
coupling simulations between FLUKA and BIG2. These 
studies have shown that, compared to previous one-way 
coupling simulations using a static approximation, the 
irradiation damage depth of high-power beams in copper 
and graphite materials increases by an order of magni-
tude when the hydrodynamic tunneling effect is properly 
considered. In general, methods for simulating the hydro-
dynamic tunneling effect are not well developed. First, 
BIG2 is a two-dimensional dynamic program that cannot 

effectively simulate non-axisymmetric beam--target inter-
actions. Second, data processing and model reconstruction 
were essentially performed manually in previous stud-
ies, leading to low computational efficiency. Finally, it is 
important to mutually verify and supplement such complex 
simulations using different programs, particularly when 
experiments are difficult to perform.

This paper reports the recent development of a bidi-
rectional iterative coupling simulation method to study 
the hydrodynamic tunneling effect. As a new complement, 
FLUKA and Ansys-Autodyn were automatically coupled 
using Python scripts. In this way, the simulation accu-
racy, efficiency, and reliability can be improved. Using 
the HRMT-12 beam irradiation experiment at CERN as 
an example, simulations were performed with the corre-
sponding beam parameters to validate the accuracy of the 
bidirectional iterative coupling simulation method. The 
results obtained using different equations of state (EOS) 
were also analyzed to better understand the hydrodynamic 
tunneling effect.

In Sect. 2, the beam and model parameters used in the 
HRMT-12 experiment and simulations are described. The 
automation of the bidirectional iterative coupling is intro-
duced in Sect. 3. In Sect. 4, we present the results obtained 
from the automated iterative coupling simulations with 
different equations of state and compare the simulation and 
experimental results, primarily focusing on the penetration 
depth of the beam into the target. The conclusions drawn 
from this study are summarized in Sect. 5.

Fig. 1   (Color online) Schematic 
diagram of the one-way cou-
pling simulation method

Fig. 2   (Color online) Schematic 
diagram of the bidirectional 
iterative coupling simulation 
method
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2 � HRMT‑12 experiment and modeling 
parameters

2.1 � HRMT‑12 experiment at CERN

In 2012, CERN conducted a series of high-energy beam irra-
diation experiments on copper targets at the HiRadMat facil-
ity using the SPS beam [29, 30, 45]. Three sets of copper 
targets were used, each consisting of 15 cylindrical copper 
blocks with a spacing of 1 cm, a radius of 4 cm, a length of 
10 cm, and a material density of 8.93 g/cm3 . One of the three 
sets of targets is illustrated in Fig. 3.

The first two copper target sets were irradiated with 144 
and 108 proton bunches, respectively, where the RMS beam 
size was maintained at � = 0.2 mm following a two-dimen-
sional Gaussian distribution, whereas the third target set was 
irradiated at a beam size of � = 2 mm with 144 bunches. 
The beams were directed perpendicularly to the end face of 
the copper targets, aiming at the central axis for continuous 
irradiation. The detailed beam parameters used in the experi-
ment are listed in Table 1.

During the irradiation experiment, the three sets of copper 
targets were covered with a top plate. After the experiment, 
the regions that exhibited the hydrodynamic tunneling effect 
were first evaluated by observing traces of copper melting 
or evaporation on the top cover, and then accurately ana-
lyzed by cutting the copper target and performing electron 
microscopy observations [30]. An image of the top plate 

after the irradiation experiment can be found in the pub-
lished paper [45].

2.2 � Simulation modeling

2.2.1 � Beam parameters used in the simulations

To verify the accuracy and reliability of the simulation pro-
gram, numerical simulations were performed and compared 
with the three sets of experimental results from HRMT-12. 
In the simulations, the detailed beam parameters and beam 
time structures were the same as those listed in Table 1.

2.2.2 � Copper target parameters and zoning in FLUKA

As in the previous simulations using FLUKA and BIG2, 
small gaps between adjacent copper cylinders were 
neglected [45, 46]. In FLUKA, a cylindrical copper target 
with a radius of 4 cm, a length of 150 cm, and a density of 
8.93 g/cm3 was established. Based on the energy deposi-
tion distribution of the first bunch in the copper target, the 
transverse x–y plane was divided into regions with energy 
deposition and regions with almost no energy deposition. 
The longitudinal region along the z direction was divided 
based on the HiRadMat experimental results. The zoning 
results are shown in Fig. 4.

A model with 2500 regions was chosen as a compromise 
between resolution and FLUKA runtime. This entailed a 

Fig. 3   (Color online) Arrangement diagram of a target set consisting of 15 copper blocks used in the HRMT-12 experiment, where the proton 
beam irradiated the targets from left to right

Table 1   Detailed parameters and time structure of the proton beams used in the HRMT-12 experiment

Particle energy 
(GeV)

Bunch intensity 
(protons per 
bunch)

Bunch length 
(ns)

Bunch spacing 
(ns)

RMS beam 
emittance 
( �mm ⋅mrad)

Number of 
bunches per 
package

Package spacing 
(ns)

Number of 
bunches

440 1.5 × 1011 0.5 50 3.5 36 250 144/108

Fig. 4   (Color online) Zoning 
of the FLUKA target: a the x–z 
sectional view at y = 0 ; b the 
x–y sectional view at z = 0
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running time of up to two days. In the region with significant 
energy deposition, detailed zoning was performed from r = 0 
to 0.5 cm and z = 0 to 100 cm. In the simulations, radial zon-
ing was conducted from the central axis r = 0 cm to r = 0.5 
cm in increments of Δr = 0.01 cm, half of the beam size of 
� = 0.2 mm. Longitudinal zoning was performed from the 
beam entry surface at z = 0 cm to z = 100 cm in increments 
of Δz = 2 cm. The zoning results are shown in Fig. 5.

The spatial dose distribution was scored using regular 
binning. The angular coordinates from 0 to 2� spanned one 
bin, taking advantage of the circular symmetry condition. 
To ensure a sufficiently high spatial resolution close to the 
target axis, where the largest density gradients occurred, a 
radial binning width of 0.05 mm was chosen, corresponding 
to one-fourth of the beam size of � = 0.2 mm, and an axial 
binning size of 2 mm was adopted.

2.2.3 � Material response in Autodyn

Autodyn is used for explicit analysis of the nonlinear dynam-
ics of materials, where the dynamics of continuous media are 
described by a set of differential equations derived from the 
principles of conservation of energy, mass, and momentum. 
The EOS connects the density, temperature, and pressure of 
a material across different physical phases [47]. In Auto-
dyn, the time structure of the beam was considered using a 
calculation time step of 0.5 ns. The grid was divided longi-
tudinally from 0 to 1500 mm into 750 cells, each measuring 
2 mm. The radial grid was divided from 0 to 40 mm into 800 
cells each measuring 0.05 mm. A total of 600,000 cells were 
included, and the calculation required approximately half a 
day. In Autodyn, the commonly used shock and Tillotson 
equations of state for solid copper targets can be selected 
and employed [48], along with the Johnson-Cook strength 
and failure model suitable for solid copper targets [49, 50].

The shock equation of state is used to describe the behav-
ior of materials under high pressures, particularly during 
shock-wave propagation. Its basic form is:

where P is the pressure, � is the density, � is the specific 
internal energy, P0 is the reference pressure (usually zero 
or atmospheric pressure), and Γ is the Grüneisen parameter, 
which describes the relationship between energy and volume 
changes.

The Tillotson equation of state is used to describe the 
thermodynamic properties of solids, liquids, and gases 
under extreme conditions, particularly in shock-wave 
propagation and explosion simulations. This equation is 
expressed as a piecewise function to describe the relation-
ship between pressure, volume, and temperature in differ-
ent states of matter. Its basic form is:

where P is the pressure, �0 is the initial density, V is the 
volume, V0 is the reference volume (usually the volume at 
zero pressure), and A and B are constants that depend on the 
material and its thermodynamic state.

The threshold for the change in material density in the 
energy deposition regions was set to approximately 10% 
in Autodyn to achieve a sufficient simulation accuracy of 
approximately 10%. Figure 6 shows the changes and dis-
tribution of the physical states (density, temperature, and 
pressure) of the target during beam irradiation, as simu-
lated by Autodyn. After continuous irradiation with 12 
bunches, a low-density region gradually formed within the 
target. The right plot shows the observed density, tempera-
ture, and pressure over time at the red dot in the left plot.

(1)P = � ⋅ � ⋅

(

1 + Γ ⋅

�

P0

)

,

(2)P =
A

�0

[

1 −
V

V0

]

+ B

(

1 −
V0

V

)

,

Fig. 5   (Color online) Local 
display of the zoning in FLUKA 
target for r = 0 to 0.5 cm, and 
z = 0 to 100 cm: a the frontal 
view with the longitudinal 
length divided into 2 cm sec-
tions; b the left view with radial 
zoning starting from the central 
axis r = 0 cm in increments of 
Δr = 0.01 cm
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3 � Automation of the bidirectional iterative 
coupling

3.1 � Introduction to automated coupling simulation

In the bidirectional iterative coupling simulation between the 
energy deposition code FLUKA and the hydrodynamic code 
Autodyn, both programs must be executed in a loop to recal-
culate the energy deposition and target density at each itera-
tion. This results in a time-consuming simulation process, 
with a single case study typically requiring several months to 
complete. Currently, the overall runtime is primarily deter-
mined by the Monte Carlo energy deposition code. In fact, 
the manual intervention required in each simulation itera-
tion becomes a critical bottleneck for efficient studies of the 
hydrodynamic tunnel effect. Therefore, we developed a cou-
pling script written in Python. The script reads the material 
density from Autodyn output files, interpolates it, assigns 
it to the corresponding FLUKA regions, and automatically 
generates new FLUKA input files. Whereas these steps were 
previously carried out semi-automatically in the established 
workflow [47], the new method improves time efficiency by 
minimizing the required manual operations and reducing the 
likelihood of human error. Currently, the time required to 
study a case has been reduced to approximately one month.

3.2 � Script structure

The script described in this paper covers the workflow from 
reading the Autodyn output files to generating new FLUKA 
input files with updated material densities. The script only 
requires input files containing the coordinates and corre-
sponding densities from Autodyn simulations; it automati-
cally reads these files and generates new FLUKA input files. 
The script structure is as follows:

1.	 Data Processing: The script first reads the density data 
from the Autodyn output files and processes them to 

remove unnecessary header information. The processed 
data are then saved to a new text file.

2.	 Preprocessing: The script reads the data obtained from 
the last step and further processes and filters them to 
remove rows where the density value is less than or 
equal to zero.

3.	 Interpolation: The filtered data are sorted and interpo-
lated using a two-dimensional interpolation method.

4.	 Generating FLUKA Input Files: The interpolated data 
are used to generate FLUKA input files. The input files 
include sections defining the beam characteristics, beam 
position, geometry, materials, and regions used in the 
simulation.

As shown in Fig. 7, during a complete simulation cycle, 
the newly generated input files are subsequently run using 
FLUKA, and the resulting specific energy deposition is 
imported into Autodyn to simulate the hydrodynamic 
effects of subsequent bunches on the target material. These 
iterations are repeated until all bunches in the beam have 
impacted the target.

4 � Simulation results

4.1 � Temperature

Figure  8 displays two-dimensional temperature maps 
obtained in Autodyn using different equations of state. Com-
paring the four plots in Fig. 8a–d shows that regardless of 
whether the shock or Tillotson EOS is used, around the axis 
of the copper target, the temperature at the initially irradiated 
positions gradually increases with the number of delivered 
bunches. As the number of bunches increases, the depth of 
the irradiation effect increases. Compared to the Tillotson 
EOS, the shock EOS is more commonly used to describe 
the behavior of materials under shock-wave conditions with-
out considering phase transitions. Consequently, energy is 

Fig. 6   (Color online) Autodyn 
parameter output for material 
response after irradiation with 
12 proton bunches
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mainly concentrated on compression and temperature rise, 
rather than on complex phase transitions and ionization pro-
cesses. Therefore, the deposited energy is more directly con-
verted into thermal energy, leading to a faster rate of temper-
ature increase. In contrast, the Tillotson EOS considers more 
complex behaviors of materials during compression and 
expansion, including partial ionization and phase changes. 
As a result, the energy conversion and distribution are more 
complex, and the rate of temperature increase may be slower 
because a portion of the energy is used for the phase transi-
tion and ionization processes. Copper exhibits significant 
ionization at approximately 10,000 K, which is why a larger 
temperature range exceeding 10,000 K is observed when the 
shock EOS is applied in Autodyn simulation, where phase 
changes and ionizations are not considered. Comparing the 
plots shown in Fig. 8c–f indicates that with the increase in 
the beam size from 0.2 to 2 mm, the maximum temperatures 
simulated by using the shock and Tillotson EOS are both 
around 4,000 K, with little difference between them. In this 
case, with lower energy deposition density compared to that 
observed for the beam size of 0.2 mm, the effects of phase 
transitions and ionizations are not significant.

In Fig. 8, for each image, a black line has been inserted to 
represent the melting point of copper. The areas inside the 

line correspond to temperatures above the melting point, 
whereas those outside the line correspond to temperatures 
below the melting point. When the temperature at a certain 
point reaches the melting point of copper, the copper needs 
to continue absorbing heat to melt, owing to the latent heat 
of melting. Therefore, a melting region in between the solid 
and melted states exists. For the shock EOS, with a 2-mm 
beam size and 144 bunches, the melting region is between 
49 and 52 cm; for a 0.2-mm beam size and 108 bunches, it is 
between 73 and 75 cm; and for a 0.2-mm beam size and 144 
bunches, it is between 80 and 83 cm. For the Tillotson EOS, 
with a 2-mm beam size and 144 bunches, the melting region 
is between 55 and 58 cm; for a 0.2-mm beam size and 108 
bunches, it is between 80 and 84 cm; and for a 0.2-mm beam 
size and 144 bunches, it is between 90 and 93 cm.

4.2 � Pressure

Figure 9 shows the two-dimensional pressure distributions 
obtained using different equations of state in Autodyn 
simulations. Comparing the plots in Fig. 9a–d shows that 
regardless of whether the shock or Tillotson EOS is used, 
around the target axis, the pressure at the initially irradi-
ated positions gradually rises as the number of irradiated 

Fig. 7   (Color online) Flowchart 
of the automated implementa-
tion of bidirectional iterative 
coupling simulation between 
FLUKA and Autodyn
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bunches increases. Additionally, the high-pressure area 
penetrates deeper into the target as more bunches irradiate 
it. This indicates that although different equations of state 
have varying effects on the specific pressure values when 
describing material behaviors under high pressure, their 
influence on the pressure accumulation trend is similar. 
Both the shock and Tillotson equations of state are suitable 
for high-pressure environments, leading to similar pressure 
distribution patterns under these high-energy-density con-
ditions. The application of different equations of state has 
a minor effect on the peak pressure, reflecting subtle differ-
ences in the energy transfer patterns within the irradiation 
region. When comparing Fig. 9c–f, it is evident that as the 
beam size increases from 0.2 mm to 2 mm, the pressure 
distribution characteristics significantly change. Although 
the lateral extent of the compressed area expands with 
increasing beam size, the maximum pressure decreases. 
This is consistent with the temperature distributions shown 
in Fig. 8, where the larger beam size leads to lower energy 
density and temperature, resulting in lower generated 
pressures.

4.3 � Density

Figure  10 plots two-dimensional density distributions 
obtained using different equations of state in Autodyn. From 
Fig. 10a–d, regardless of which EOS is used, around the 
target axis, the density at the initially irradiated positions 
gradually decreases as the number of irradiated bunches 
increases. The low-density area penetrates deeper into the 
target as more bunches irradiate it. After 108 bunches, dif-
ferences between the shock and Tillotson equations of state 
appear, in which the Tillotson EOS shows a more significant 
reduction in density. After 144 bunches, the density reduc-
tion in the shock EOS case is apparently smaller, whereas the 
minimum density in the Tillotson EOS case drops to nearly 
zero, that is, a hollow cavity is formed in the target. The 
shock equation handles complex processes such as phase 
transitions and ionizations in a relatively simple manner, 
and most of the deposited energy is concentrated in the tem-
perature rise and compression. In the case of the shock EOS, 
the rapid temperature increase under beam impact leads to 
strong compression, allowing the material’s microstructure 

Fig. 8   (Color online) Two-
dimensional temperature 
distributions in the r − z plane 
calculated using Autodyn 
using the shock and Tillotson 
equations of state: a Using the 
shock EOS, with a beam size 
of 0.2 mm, after 108 bunches; 
b using the Tillotson EOS, 
with a beam size of 0.2 mm, 
after 108 bunches; c using the 
shock EOS, with a beam size of 
0.2 mm, after 144 bunches; d 
using the Tillotson EOS, with 
a beam size of 0.2 mm, after 
144 bunches; e using the shock 
EOS, with a beam size of 2 mm, 
after 144 bunches; f using the 
Tillotson EOS, with a beam size 
of 2 mm, after 144 bunches
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to quickly adapt to these temperature changes. Consequently, 
even though the temperature increases significantly in the 
target materials, the internal structure remains stable, result-
ing in higher density retention. In contrast, the Tillotson 
EOS considers the complex behaviors of target materials 
under high temperatures and pressures, including phase tran-
sitions and ionization. When exposed to a high-power beam, 
the Tillotson equation allows for more pronounced phase 
changes and partial ionization. As the temperature increases, 
the atomic and molecular motion intensifies, causing more 
atoms to become unbound and enter the liquid, gaseous, or 
plasma states, leading to a significant reduction in mate-
rial density. From Fig. 10c–f, it can be observed that for 
both the shock and Tillotson equations of state, the level of 
density reduction decreases as the beam size increases from 
0.2 to 2 mm. In the case of a 2-mm beam size, the tempera-
tures predicted by both equations are similar, resulting in 
relatively minor differences in the density distributions. In 
general, the density reduction is greater when the Tillotson 

EOS is used; we believe that this result is closer to the actual 
situation.

In Fig. 10, for each image, the shaded areas indicate 
regions where the density exceeds 8.93 g/cm3 due to com-
pression. Because the entire radial range that we calculated 
is from 0 to 4 cm, the parts with densities greater than 
8.93 g/cm3 beyond the vertical coordinate range are not 
shown.

4.4 � Results comparison

Figure 11 compares the development of the energy depo-
sition distributions as more bunches successively irradiate 
the copper target. As shown, significant errors are intro-
duced when the static approximation or unidirectional 
coupling is applied, as energy deposition changes consid-
erably with density variations. From Fig. 11a, it is clear 
that as the number of bunches increases, the energy depo-
sition peak decreases, and the energy deposition range 

Fig. 9   (Color online) Two-
dimensional pressure dis-
tributions in the r − z plane 
calculated by Autodyn using the 
shock and Tillotson equations of 
state: a Using the shock EOS, 
with a beam size of 0.2 mm, 
after 108 bunches; b using the 
Tillotson EOS, with a beam size 
of 0.2 mm, after 108 bunches; 
c using the shock EOS, with a 
beam size of 0.2 mm, after 144 
bunches; d using the Tillot-
son EOS, with a beam size of 
0.2 mm, after 144 bunches; e 
using the shock EOS, with a 
beam size of 2 mm, after 144 
bunches; f using the Tillotson 
EOS, with a beam size of 2 mm, 
after 144 bunches
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expands, with a noticeable double-peak behavior at 7.2 �
μs. Comparing Fig. 11a and c indicates that as the beam 
size increases, the maximum energy deposition decreases, 
and the hydrodynamic tunneling effect becomes weaker. 
Comparing Fig. 11a and c with Fig. 11b and d, the attenu-
ation of the energy deposition can be observed at a larger 
radius.

The target damage caused by beam irradiation can be 
assessed by evaluating the melting depth. Table 2 lists 
a comparison of the molten depths in Targets 1 (beam 
size 0.2 mm, 144 bunches), 2 (beam size 0.2 mm, 108 
bunches), and 3 (beam size 2 mm, 144 bunches) between 
the simulations and measurements [29, 30]. As shown, 
when the shock EOS is used, the melting depth is slightly 
smaller than the measured value. In the case of the Tillot-
son EOS, the melting depth is slightly larger; however, 
the overall simulation results agree well with the meas-
urement values, with an error within 10%.

5 � Conclusions and outlook

Uncontrolled beam losses can potentially damage accel-
erator components during the operation of high-energy, 
high-power particle accelerators. Studying the interaction 
between high-power beams and accelerator component 
materials, and establishing appropriate machine protec-
tion devices in regions where energy deposition may be 
concentrated, are crucial to reduce the risk of damage to 
accelerator components.

During the high-power beam irradiation of a target, 
energy deposition may lead to changes in the density, 
temperature, and pressure of the target materials. Simula-
tion of the hydrodynamic tunneling effect requires bidi-
rectional iterative coupling between Monte Carlo code 
(such as FLUKA) and thermodynamic software (such as 
Autodyn), which was not previously well developed. An 

Fig. 10   (Color online) Two-
dimensional density distri-
butions in the r − z plane 
calculated by Autodyn using the 
shock and Tillotson equations of 
state: a Using the shock EOS, 
with a beam size of 0.2 mm, 
after 108 bunches; b using the 
Tillotson EOS, with a beam size 
of 0.2 mm, after 108 bunches; 
c using the shock EOS, with a 
beam size of 0.2 mm, after 144 
bunches; d using the Tillot-
son EOS, with a beam size of 
0.2 mm, after 144 bunches; e 
using the shock EOS, with a 
beam size of 2 mm, after 144 
bunches; f using the Tillotson 
EOS, with a beam size of 2 mm, 
after 144 bunches
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automated iterative coupling simulation method based on 
Python was developed to improve the coupling efficiency 
between the two software programs. This method can 
automatically read material densities from Autodyn out-
put files, assign them to predefined FLUKA regions, and 
generate new FLUKA input files using the updated density 
data. The new automated iterative coupling method was 
benchmarked against beam experiments conducted at the 
HiRadMat facility of CERN, using both the shock and 
Tillotson equations of state for comparative simulations. 
A comparison between the simulation results using the two 
different equations of state and the measurement results 
showed that the Tillotson EOS provided better consist-
ency in the melting depth of the target after beam irradia-
tion. This is because the Tillotson EOS considers the state 
changes of materials more comprehensively, including 

critical phase transitions under high-power beam impact. 
Additionally, the Tillotson EOS can capture the complex 
dynamic processes of rapid dynamic loading and energy 
transfer that target materials undergo during hydrodynamic 
tunneling. Although the shock EOS is relatively simple 
and easy to use, the Tillotson EOS, with its more accurate 
physical descriptions and experimental validations, is bet-
ter suited for simulating hydrodynamic tunneling effects. 
The method reported here is more efficient and practically 
applicable compared to methods given by previous stud-
ies, as Autodyn is able to deal with three-dimensional 
or non-axisymmetric targets. This study shows that the 
consequences of the hydrodynamic tunneling effect are 
severe, because the target could be destroyed if the energy 
deposition density is sufficiently high. For the design of 
machine protection components such as beam collimators, 

Fig. 11   (Color online) One-
dimensional dose distributions 
calculated using FLUKA using 
the Tillotson EOS at different 
times: a Beam size 0.2 mm, 
around r = 0 ; b beam size 0.2 
mm, around r = 0.5 mm; c 
beam size 2 mm, around r = 0 ; 
d beam size 2 mm, around r = 2 
mm

Table 2   Comparison of melting 
depths between simulations and 
measurements

Target number Beam energy (MJ)/
beam power (TW)

Measure-
ment (cm)

Shock EOS (cm) Tillotson 
EOS 
(cm)

1 (� = 0.2 mm, 144 bunches) 1.5/0.192 85 80–83 90–93
2 ( � = 0.2 mm, 108 bunches) 1.1/0.141 79.5 73–75 80–84
3 ( � = 2 mm, 144 bunches) 1.5/0.192 58 49–52 55–58
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absorbers, and dump blocks, materials with lower densities 
(e.g., graphite or even water) should be applied to reduce 
the energy deposition density. In addition, beam dilution 
measures might be required in the beam dumping system; 
for instance, horizontal and vertical dilution kickers are 
used to sweep the beam density on the front face of the 
LHC beam dump block. A similar beam dilution method 
is considered for the FCC as well. The simulation method 
can be applied to the redundancy design of such beam 
dumping systems. Further numerical simulations and com-
parative analyses of additional cases will be conducted in 
the future using the developed method, thereby providing 
important references for the design of machine protection 
systems for high-power accelerators.
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