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In a recent publication [Schmidt et al., Phys. Plasmas 21, 080701 (2014)], we reported results on beam-target
interaction experiments that have been carried out at the CERN HiRadMat (High Radiation to Materials) facility
using extended solid copper cylindrical targets that were irradiated with a 440-GeV proton beam delivered by the
Super Proton Synchrotron (SPS). On the one hand, these experiments confirmed the existence of hydrodynamic
tunneling of the protons that leads to substantial increase in the range of the protons and the corresponding
hadron shower in the target, a phenomenon predicted by our previous theoretical investigations [Tahir er al.,
Phys. Rev. ST Accel. Beams 25, 051003 (2012)]. On the other hand, these experiments demonstrated that the
beam heated part of the target is severely damaged and is converted into different phases of high energy density
(HED) matter, as suggested by our previous theoretical studies [Phys. Rev. E 79, 046410 (2009)]. The latter
confirms that the HiRadMat facility can be used to study HED physics. In the present paper, we give details of
the numerical simulations carried out to understand the experimental measurements. These include the evolution
of the physical parameters, for example, density, temperature, pressure, and the internal energy in the target,
during and after the irradiation. This information is important in order to determine the region of the HED phase
diagram that can be accessed in such experiments. These simulations have been done using the energy deposition

code FLUKA and a two—dimensional hydrodynamic code, BIG2, iteratively.
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I. INTRODUCTION

Bunched and well-focused intense particle beams have
emerged as a very efficient, novel tool to research numerous
areas of physics in previously unaccessed parameter range. The
new generation of powerful accelerators, like the Large Hadron
Collider (LHC) at CERN [1], has already been operational for
some time, while others including Facility for Antiprotons
and Ion Research (FAIR) [2-4] at Darmstadt, Germany and
On-line Production System of Radioactive Ions 2nd generation
(SPIRAL2) [5] at Caen, France, are under construction.
Moreover, the possibility of building a much more powerful
accelerator named the Future Circular Collider (FCC) with a
tunnel extending up to an 80-km circumference, is currently
being discussed at CERN. In view of these developments and
others across the world, the recent beam-target experiments
performed at the HiRadMat facility, are of considerable impor-
tance as these results have serious implications for the machine
protection system design for powerful accelerators [6]. In
addition to that, these experiments have clearly demonstrated
that intense particle beams are a very effective tool to generate
high energy density (HED) matter in the laboratory. This
suggests that all accelerator facilities in the world that are
capable of delivering well-focused, bunched intense particle
beams, are very much suited for HED physics research, which
could be an important additional application of such machines.
In the present paper we emphasize this latter aspect of the
HIRadMat experiments.

It is to be noted that HED physics includes numerous
areas of basic and applied physics, for example, plasma
physics, condensed matter physics, high pressure physics,
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astrophysics, planetary physics, inertial confinement fusion,
and many others. Over the past decades, static as well as
dynamic techniques have been used to generate samples of
HED matter in the laboratory. The most popular tool used
in the former scheme is a diamond anvil cell [7,8] while in
the latter configuration, shock compression is used for this
purpose. Traditional shock wave generators mainly include
high power explosives [9], gas guns [10], Z pinches [11],
and high power lasers. [12,13]. In a few special experiments,
even nuclear explosions have been used for this purpose [14].
Intense particle beams offer much more flexibility compared
to other drivers because they can generate HED matter using
two completely different dynamic schemes. One scheme relies
on isochoric and uniform heating of matter by the projectile
ions that directly induces HED states in the target [15-17],
whereas the second scheme involves shock compression of
matter [18-27]. Moreover, due to the large efficiency and high
repetition rate of an ion accelerator, intense ion beams are
believed to be a viable driver for inertial fusion [28-35].

It is also to be noted that unlike in the HED physics
and inertial confinement fusion problems, in some other type
of experiments, the target must not be damaged but should
maintain its original state during the entire experimental
campaign, which of course, is very difficult to achieve due
to the high level of specific power deposition by the beam. For
example, the production target in the Super-FRS experiments
to be carried out at FAIR to generate radioactive ion beams
[36—40]. In addition, the design of thin foils for charge
stripping of high current ion beams, faces similar problems
[41-43]. In general, the impact of a focused intense ion beam
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on a target, induces HED states in the material. In Sec. II we
discuss some special features of the beam-target interaction
problem while in Sec. III we describe the High Radiation to
Materials (HiRadMat) facility and important characteristics
of the Super Proton Synchrotron (SPS). Section IV shows
the beam and the target parameters considered in this work,
whereas the numerical simulation results are presented in
Sec. V. Conclusions drawn from this work are noted in Sec. VI.

II. PROBLEM DEFINITION

The LHC is the most powerful and most complex acceler-
ator that has ever been built by human kind. Working at its
full capacity, it is expected to accelerate two counter-rotating
beams of 7-TeV protons, each carrying an energy of 360 MJ,
capable of melting 500 kg of copper. Ensuring safe operation
of the machine with such powerful beams is an extremely
important and challenging problem. Any uncontrolled release
of the beam energy could cause serious damage to the
equipment. A rapid loss of even 0.002% of the 7-TeV/c
beam at one spot could already damage a high-Z material
like copper. A worst-case scenario is the possibility of the full
LHC beam being lost at one place. Although the probability of
an accident of this magnitude is extremely small, nevertheless
it is important to have full knowledge of the consequences
if it ever happens. This information is essential in order to
design the protection systems of the machine correctly, to set
admissible risk levels, and to determine the inventory of the
spare parts needed to possibly replace the damaged equipment.

Extensive theoretical work has been carried out over the past
10 years to study the effect of the full impact of an LHC beam
on cylindrical solid copper and carbon targets [16,44—46].
According to the nominal design parameters, each beam
comprises a bunch train with every bunch consisting of
1.15 x 10'! protons. The total number of bunches per beam
is 2808 so that the total number of protons per beam is about
3 x 10'*. The bunch length is 0.5 ns and two neighboring
bunches are separated by 25 ns while intensity distribution
in the radial direction is Gaussian with a standard deviation,
o = 0.2 mm. The total duration of the beam is of the order of
89 us. The theoretical investigations of the beam-target heating
problem showed that the energy deposited by a few tens of
proton bunches leads to strong heating that produces very high
pressure in the beam heated region. This high pressure gener-
ates radially outgoing shock waves that leads to a continuous
density reduction at the target center. As a consequence, the
protons that are delivered in the subsequent bunches, and the
hadronic shower they generate, penetrate deeper into the target.
Continuation of this process leads to a substantial increase in
the range of the projectile particles and their hadronic shower.
For example, in case of a solid copper target, the static range
of the 7-TeV protons and their shower is about 1 m. However,
when a full hydrodynamic calculation is done using the entire
beam (duration 89 us), the penetration depth becomes about
35 m. This phenomenon is named “hydrodynamic tunneling”
of the protons and has very important implications for the
machine protection design of every powerful accelerator. Due
to these reasons, dedicated experiments were performed at the
HiRadMat facility to investigate this effect using the 440-GeV
SPS proton beam. These experiments not only confirmed the
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existence of the hydrodynamic tunneling phenomenon, but
they also demonstrated that this facility can equally be useful
to study HED-physics-related problems.

III. THE HIGH RADIATION TO MATERIALS FACILITY AT
CERN AND THE SUPER PROTON SYNCHROTRON

The High Radiation to Materials (HiRadMat) facility at
CERN is used to irradiate materials and accelerator compo-
nents (mainly for the LHC) with high intensity, high density,
and pulsed proton or ion beams, to study the effects due to
beam impacts. This beam is extracted from the SPS, which
not only is used as the LHC injector, but also to accelerate
and extract protons and ions (such as lead and other ion
species) for fixed target experiments, like the ones reported
in [47,48].

The SPS accelerator is 6.9-km long (circumference) and
accelerates protons from 14 GeV/c or 26 GeV/c to a
momentum of up to 440 GeV//c. It is a cycling machine with
cycles having a length of about 15 s. The transverse beam
size is largest at injection and decreases with the square root
of the beam energy during acceleration. For the operation
as a synchrotron, the beam size is typically of the order
of 1 mm.

When the SPS operates as the LHC injector, up to 288
bunches are accelerated, each bunch with about 1.15 x 10!
protons (nominal parameters). The bunch length is 0.5 ns and
two neighboring bunches are separated by 25 ns so that the
duration of the entire beam is 7.2 us. The normalized emittance
is 3.75 x 10~°m. Assuming a beta function of 100 m, the beam
size is characterized with o of about 0.88 mm. When the
SPS was used as a proton-antiproton collider, the luminosity
was maximized by minimizing the beta function to 0.5 m.
Assuming this value, the beam size would be as small as with
o = 0.06 mm.

A summary of the beam properties is shown in Table . It is
seen that the maximum bunch intensity canbe up to 1.7 x 10"
particles and the focal size can go down to 0.1 mm oy, thus
providing a very dense beam (energy per size). The spot size
can be tuned from o = 0.1 to 2 mm. The experimental area has
a length of more than 9 m that allows up to three experiments
to be installed in parallel.

TABLE 1. HiRadMat beam properties.

Parameter Symbol Protons Pb ions
Particle energy E 440 GeV 36.9 TeV
Bunch intensity N, 1.7 x 10" 7 x 107
Max. number Mmax 288 52

of bunches

per pulse

Max. pulse N, = Nmax Ny 4.9%10" 3.64x10°
intensity protons ions
Bunch spacing Aty 25 ns 100 ns
Min. beam size (rms) Obeam 0.1 mm 0.1 mm
RMS bunch o8 11.24 cm 11.24 cm
length

Pulse length t, 7.2 us 5.2 us
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FIG. 1. (Color online) Three target assemblies used in the ex-
periments, each comprising 15 solid Cu cylinders; every cylinder has
radius, r = 4 cm, length, L = 10 cm, and 1 cm separation in between.

IV. BEAM AND TARGET PARAMETERS

The target assembly used in the experiments before it is
installed in the HiRadMat facility is shown in Fig. 1. It consists
of three targets, each comprising 15 copper cylinders with a
spacing of 1 cm in between that allows for visual inspection
of the targets after irradiation. Each cylinder has a radius,
r = 4cmand length, L = 10 cm. The three target cylinders are
enclosed in an aluminum housing with a top cover that provides
stability to the setup and prevents contamination of the facility
as well. The target assembly is mounted onto a movable table
which can be moved to four different positions, namely to
Target 1, Target 2, Target 3, and the off-beam position, thereby
leading to transverse irradiation of the left face of the first
cylinder of the different targets used in the experiment.

In these experiments the proton energy was 440 GeV, bunch
intensity was 1.5 x 10'' protons, bunch length was 0.5 ns,
and bunch separation was 50 ns. Target 1 was irradiated
with 144 bunches with a beam focal spot characterized by
o = 2 mm (Experiment 1). Target 2 was irradiated with 108
bunches, whereas Target 3 was irradiated with 144 bunches
while in both these cases, the beam had a much smaller
focal spot size characterized by o = 0.2 mm. The latter two
experiments were named Experiment 2 and Experiment 3,
respectively. A summary of the beam parameters used in these
three experiments is presented in Table II.

TABLE II. Experimental beam parameters used in the three
experiments.

Number of Beam Beam
Target bunches o (mm) energy (MJ)
1 144 2.00 1.52
108 0.20 1.14
3 144 0.20 1.52
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FIG. 2. (Color online) Time structure of the proton beam.

The temporal profile of the beam is presented in Fig. 2. In
fact the protons were delivered in sets of 36 bunches each,
while a separation of 250 ns was considered between the
neighboring bunch packets.

In the simulations we use exactly the same beam parameters
as in the experiments, but a slightly modified target design is
used to simplify the calculations. Instead of considering 15
cylinders in a target, we use a single copper cylinder that
has a total length of 150 cm (equivalent length of copper)
and a radius of 4 cm. This is a good approximation as the
hydrodynamic effects in this type of problems are much
stronger in the radial direction than in the axial direction.
Excellent agreement between the experimental measurements
and the simulations reported in [47], underscores the validity
of this approximation.

V. NUMERICAL SIMULATION RESULTS

In this section we present the numerical simulations of the
thermodynamic and hydrodynamic behavior of a solid copper
cylinder which has a length of 150 cm and a radius of 4 cm,
that is impacted by 440-GeV proton bunches delivered by
the SPS beam. The beam is incident perpendicular to the left
face of the target. These calculations have been done in two
steps.

First, the energy deposition in the target from protons
is calculated using the FLUKA code [49,50], assuming solid
copper density. FLUKA is an established particle interaction and
Monte Carlo package capable of simulating all components
of the particle cascades in matter, up to multi-TeV energies.
Second, this energy deposition data are used as input to a so-
phisticated two—dimensional hydrodynamic code, BIG2 [51], to
calculate the beam-target interaction that causes hydrodynamic
motion, mainly in the radial direction, which leads to density
reduction at the target center. It is to be noted that the full
three-dimensional energy deposition distribution calculated
by FLUKA is azimuthally symmetric that allows for the use
of two-dimensional hydrodynamic simulations of the beam-
target heating. Multiphase, multicomponent equation of state
(EOS) data from [52,53] are used in BIG2 to model different
physical states of copper during and after the irradiation. The
hydrocode is allowed to operate until the density reduction
at the target center becomes of the order of 15%. The BIG2
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code is then stopped and the modified density distribution
obtained from the hydrodynamic calculations is used back in
the FLUKA code to calculate the corresponding modified energy
deposition distribution for the bunches arriving subsequently.
This new distribution is then used in the BIG2 code as the
next step. In this manner, the two codes are run iteratively.
In the present simulations the iteration step comes out to
be 700 ns. We also note that the simulations have been
done only for Experiment 2 and Experiment 3, in which
we used the smaller focal spot size characterized with o
= 0.2 mm. This is because the hydrodynamic tunneling
was more visible in these two experiments compared to
Experiment 1.

A. Proton energy deposition calculations using FLUKA

For the study presented in this paper, the geometry for the
FLUKA calculations is considered to be a cylinder of solid
copper with radius = 4 cm, length = 150 c¢m, and having a
density of 8.93 g/cm?. The energy deposition is obtained using
a two-dimensional Gaussian beam distribution (horizontal and
vertical = with oy, = 0.2 mm) that was incident perpendicular
to the front face of the cylinder. This beam size was selected
for the simulations since it corresponds to the size of the beam
used in the experiments.

In Fig. 3(a), we present the energy deposition distribution
per 440 GeV proton in units GeV /g as calculated by FLUKA,
assuming solid material density. These data show that the
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range of the shower is about 65 cm in the target and the peak
value of the distribution is around 3.75 GeV /p/g. The FLUKA
calculations also suggest that approximately 40% beam energy
escapes while 60% is absorbed in the target. The total energy
in a single proton bunch is 10.56 kJ which means every bunch
deposited 6.25 kJ in the target.

Figure 3(b) presents the energy deposition data obtained
with FLUKA, but using the density distribution provided by BIG2
at t = 3.73 us. The energy deposition distribution has been
modified with a broadening of the energy peak that indicates
deeper penetration of the protons and the shower into the target.
The maximum value of the energy deposition has been reduced
to around 2.4 GeV /p/g.

The energy deposition distribution plotted in Fig. 3(c)
has been calculated by FLUKA, using the density distribution
obtained from BIG2 at ¢ =4.75 us. This figure shows a
significant broadening of the energy peak while the maximum
value of the energy deposition becomes about 1.6 GeV/p/g.
This indicates a much longer penetration of the particle shower
in the target.

Figure 3(d) presents energy deposition distribution at t =
6.75 us. It is interesting to note that the distribution has a
double peak behavior and the second peak is higher than the
first one. This is due to the fact that the density in the initially
irradiated region of the target has decreased to such an extent
that it contributes very little to the beam stopping and the
protons and the shower penetrate much deeper into the target,
thereby generating the second peak in the energy distribution.
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FIG. 3. (Color online) FLUKA calculations of energy deposition of a single 440-GeV SPS proton in a solid copper cylinder having radius,
r = 4 cm, length, L = 150 cm, with facial irradiation, beam spot size characterized by standard deviation, o = 0.2 mm; (a) using solid density
of 8.93 g/cm?; (b) using the density distribution provided by the BIG2 at t = 2.73us; (c) using the density distribution provided by the BIG2 at
t = 4.75 us; (d) using the density distribution provided by the BIG2 at r = 6.75 us.
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FIG. 4. (Color online) Target physical conditions calculated by BIG2 at # = 5800 ns time when 108 bunches of 440-GeV protons with focal
spot o = 0.2 mm, bunch intensity = 1.5 x 10! protons, bunch length = 0.5 ns, and bunch separation = 50 ns, have been delivered (Experiment
2); (a) specific energy deposition distribution; (b) temperature distribution; (c) pressure distribution; (d) density distribution.

B. Hydrodynamic simulations using BIG2

For the BIG2 simulations, we consider the same target as the
one used in the FLUKA calculations, namely, a solid copper
cylinder, 150-cm long with a radius = 4 cm. In the first
iteration, we use as input to the BIG2 code, the energy loss
data calculated by FLUKA assuming a solid target density of
8.93 g/cm? that is presented in Fig. 3(a). The BIG2 code is
allowed to run for one iteration step of 700 ns when the density
at the target center is reduced by about 15%. This modified
density distribution is then used in the FLUKA code to calculate
the corresponding energy loss distribution which is again used
in the BIG2 code for the second iteration. In this manner the
two codes are applied iteratively to the problem of beam-matter
heating.

In Fig. 4(a) we present the specific energy deposition in
the target at # = 5800 ns, time when 108 bunches have been
delivered that means the heating time of one of the experiments
(Experiment 2). It is seen that by this time, a maximum specific
energy of 5.7 kJ/g has been deposited at the target center
which gives rise to strong heating that leads to a maximum
temperature of about 7900 K in the beam heated zone [see
Fig. 4(b)]. The corresponding pressure distribution is presented
in Fig. 4(c) which shows a maximum pressure of 1.5 GPa and
the high pressure region has spread in large part of the target

due to the shock wave propagation in the radial direction. It
is to be noted that the target heating is a localized effect and
we therefore present the specific energy and the temperature
distributions, only for the inner 1-cm cylinder radius. The
hydrodynamics, on the other hand, is a global phenomenon as
the pressure waves travel throughout the target. It is therefore
necessary to show the pressure distribution in the entire target.

The corresponding density distribution is presented in
Fig. 4(d) which shows that the density at the target center has
been reduced to 1.67 g/cm® which is about 19% of the solid
copper density. It is also to be noted that the direct heating of
the material has extended to about 80 cm in the longitudinal
direction due to the hydrodynamic tunneling effect, which is in
full agreement with the experimental measurements [47]. The
pressure wave, on the other hand, has traveled along almost
the entire cylinder length.

In Figs. 5(a)-5(d) are plotted the same variables as
in Figs. 4(a)-4(d), respectively, but at + = 7850 ns, when
144 proton bunches have been delivered which represents
Experiment 3. Figure 5(a) shows that a maximum specific
energy of 6.3 kJ/g has been deposited at the target center
that leads to a temperature of about 7600 K [see Fig. 5(b)].
It is interesting to note that the maximum temperature in this
case is somewhat lower than that in Fig. 4(b), which is due to
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FIG. 5. (Color online) Same as in Fig. 4, but at t = 7850 ns, when 144 bunches have been delivered (Experiment 3).

the cooling caused by material expansion resulting from the
hydrodynamic effects.

It is seen in Fig. 5(c) that the pressure waves have traveled
throughout the target in the radial as well as in the longitudinal
direction. The radial waves have already been reflected at the
target surface whereas the high pressure region has also been
extended to the opposite face of the target.

The corresponding density distribution is presented in
Fig. 5(d) which shows that by this time, the density at the
target center has been depleted to 0.85 g/cm? which is about
10% of the solid copper density.

In order to have a quantitative understanding of the
simulation results, we plot in Fig. 6(a), the temperature profiles
along the target axis (r = 0.0) at four different times when
36, 72, 108, and 144 proton bunches, respectively, have been
delivered. The flat region on the right part of each curve
represents the melting of the material. It is clearly seen that
the melting zone propagates towards the right direction due
to the deeper penetration of the protons resulting from the
hydrodynamic tunneling. The reduction in the temperature in
the low density region above the point L = 25 cm is shown in
the curve corresponding to 144 bunches.

Figure 6(b) shows the same four profiles as Fig. 5(a) along
the target length, but at » = 1 mm. It is seen that the specific
energy is still high enough to melt the material at this distance
from the axis and a maximum temperature of 5000 K is

achieved around the region at L = 25 cm after 144 proton
bunches have been delivered.

Figure 6(c) shows the same temperature profiles as the
previous two figures, but at ¥ = 2 mm. It is seen that even at
this distance from the axis, the material is melted and is heated
to a maximum temperature of 2500 K after the delivery of 144
proton bunches.

In Fig. 7(a) we plot the density profiles corresponding to
the temperature profiles presented in Fig. 6(a). It is seen that
the density is systematically being reduced as more bunches
deposit their energy and the minimum density becomes less
than 1 g/cm? after the delivery of 144 bunches. This shows
serious damage to the target along the axis.

Figure 7(b) shows the same density profiles as Fig. 7(a),
but at a radial position of 1 mm. Significant density reduction
is also clearly visible in this region and the minimum density
becomes about 5.5 g/cm® after 144 bunches are delivered.
Figure 7(c) shows the density vs target length at a radial
position of 2 mm for the four different cases considered in
the previous two figures. Again, a noticeable density reduction
can be observed in this region.

The above analysis of the simulation results shows that a
significant part of the target undergoes phase transitions and
enters into the regime of the HED state of copper. In Fig. 8
we plot the phase state of the target at + = 7850 ns which
is the time when 144 proton bunches have been delivered
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7850 ns, when 144 bunches have been delivered; (a) at » = 0.0 (axis),

(b)atr = 1 mm, and (c) at » = 2 mm.
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FIG. 7. (Color online) Density vs target length at ¢+ = 7850 ns,
when 144 bunches have been delivered; (a) at r = 0.0 (axis), (b) at

and corresponds to the conditions in Experiment 3. It is seen

r =

that different phase states of copper exist in different parts of

the target in the beam heated region. These include melting
phase, compressed as well as expanded hot liquid states, two-

phase liquid-gas state, and gaseous phase. Figure 9 presents
a photograph of the gap between cylinder 4 and cylinder 5 of
Target 3 in Experiment 3 (after the delivery of 144 bunches). It
is seen that holes are generated at the faces of the cylinders and

the ejected material (melted or evaporated copper), is deposited
at the surface, which has been solidified. This confirms the
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1 mm, and (c) at » = 2 mm.

C. Comparison between experimental measurements
and simulation results

simulations that predict the generation of HED states in the
target in the HiRadMat beam-matter interaction experiments.

In this subsection we provide a brief comparison between
the experimental measurements and the simulation results.
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FIG. 8. (Color online) Target physical state at # = 7850 ns, when
144 bunches have been delivered.

Further details about the experiments can be found in [47,48].
The beam is incident vertically on the face of the first
cylinder coaxially and the projectile particles, together with
their hadronic shower, penetrate deep into the target. A visual
inspection of the Al target cover that was placed at the top of the
targets revealed some interesting features of the experiment.
A photograph of the inner surface of the cover is presented
in Fig. 10 that shows traces of copper deposited above the
gaps between the cylinders. It is seen that in the case of the
experiment using 144 bunches and beam focal spot ¢ = 2.0 mm
(bottom picture), the splash of molten copper occurs up to
the gap between the fifth and the sixth cylinder. That means
that the material was molten or evaporated over a length of
55 £ 5 cm. In the second experiment with 108 bunches and
beam focal spot, o = 0.2 mm (middle picture), the molten or
evaporation zone goes up to the eighth cylinder that means
a damage length of 75 £ 5 cm. In the experiment with 144
bunches and beam focal spot, o = 0.2 mm (top picture), the
molten or evaporation zone is extended to the ninth cylinder,
that means a damage length of 85 £+ 5 cm.

Target 3 B
Cylinder 5

Beam

Té;get 3
Cylinder 4

FIG. 9. (Color online) Picture showing gap between cylinders 4
and 5 of Target 3 (Experiment 3), holes generated on the faces of the
cylinders, and the ejection of molten or evaporated copper which has
been solidified at the surface, is clearly visible.
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FIG. 10. (Color online) Top cover of the experimental setup after
the irradiation. Traces of projected copper between the 10-cm-
long cylinders of the targets indicate the length of the melting or
evaporation zone. For Target 1 (bottom) the molten or evaporation
zone ends in the sixth cylinder, i.e., the copper was molten over a
length of 55 & 5 cm. For Target 2 (mid) the molten zone goes up to
cylinder 8, i.e., 75 £ 5 cm. For Target 3 (top) the molten zone goes
up to cylinder 9, i.e., 85 = 5 cm.

In Fig. 11(a) are plotted the density p and the temperature T
along the axis at# = 5800 ns obtained in the simulations, when
108 bunches have been delivered for Experiment 2 (using o =
0.2 mm). It is seen that the flat part of the temperature curve

Time = 5800 ns

(a) 108 bunches delivered
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FIG. 11. (Color online) (a) p and T vs target axis at t =
5800 ns (108 bunches); (b) p and T vs target axis at = 7850 ns
(144 bunches).
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that represents melting region lies within L = 75 and 80 cm
that is equivalent to the RHS half of the eighth cylinder. The
temperature curve also shows that the material along the axis
up to 75 cm is liquefied or even evaporated, depending on
the value of the temperature. The liquefied material escapes
from the left face of cylinder number 8 and collides with
the melted or gaseous material ejected from the right face of
cylinder number 7. As a result of this collision, the material
is splashed vertically and is deposited at the inner surface of
the target cover above the gap between cylinder numbers 7
and 8. The simulations are therefore in full agreement with the
experimental observations.

It is also interesting to note that there is a very weak trace
of matter in the bottom half of the middle strip (Target 2 in
Fig. 10) above the gap between cylinders 8 and 9. This in
fact is a tiny amount of matter that originates from the gap
between cylinders 8 and 9 of Target 3 and is deposited at this
place. Otherwise, the trace would be much thicker and would
be along the full length of the gap. Moreover, visual inspection
of the target has shown that the opposite faces of cylinders 8
and 9 in Target 2 are not damaged at all.

Figure 11(b) shows the same variables as Fig. 11(a), but
at ¢t = 7850 ns when 144 bunches have been delivered. The
melting region now lies between L = 85 and 90 cm, which
is the RHS half of cylinder 9 while the left half part (L =
80-85 cm) has been liquefied. The simulations thus predict
material deposition at the inner surface of the target cover
above the region between cylinders 8 and 9, which is in full
agreement with the experimental measurements. These exper-
iments therefore confirm the existence of the hydrodynamic
tunneling in case of the SPS beam in accordance with the
theoretical predictions. The results thus give confidence in
the numerical simulations for more powerful LHC reported
in [45].
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It is also worth mentioning that for HED physics studies, di-
rect measurement of the physical parameters including density,
temperature and pressure, and comparison with the simulations
will be more useful, but this requires the availability of the
necessary diagnostic tools, which at present is not possible.
However, this is intended for the future work.

VI. CONCLUSIONS

Unique experiments have been done at the CERN HiRad-
Mat facility to study interaction of 440-GeV ultrarelativistic
proton beam delivered by the SPS, with extended solid copper
cylindrical targets. These experiments have provided the first
experimental proof of the existence of the hydrodynamic
tunneling of the protons in the target. The experimental
measurements, together with a comparison with numerical
simulations, have been reported in [47,48], that show excellent
agreement between the two. In the present paper, the details
about the numerical simulations of these experiments are
provided that give information about the physical state of
the target material, during and after the irradiation. Two
experimental cases have been considered in the simulation
studies. These simulations show that due to the strong heating
caused by the high level of energy deposited by the beam, the
material in the beam heated region undergoes different phase
transitions, thereby generating samples with extreme states of
HED copper. It is thus concluded that the HiRadMat facility
can be used to perform dedicated experiments to research the
field of HED physics. This work is intended for the future.
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