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Abstract Intense particle beams offer a new efficient driver to produce extended samples of high energy density (HED) matter
with extreme physical conditions that are expected to exist in the planetary interiors. In this paper, we present two-dimensional
hydrodynamic implosion simulations of a multi-layered cylindrical target that is driven by an intense uranium beam. The target is
comprised of a sample material (which is water in the present case) that is enclosed in a cylindrical tungsten shell. This scheme
is named LAPLAS that stands for Laboratory Planetary Science, and it leads to a low entropy compression. This means that the
water sample is compressed to super-solid densities, ultra-high pressures, but relatively low temperatures. Such exotic conditions
are predicted to exist in the cores of water-rich solar, as well as extrasolar planets. The beam parameters are chosen to match the
characteristics of the particle beam that will be delivered by the heavy ion synchrotron, SIS100, at the Facility for Antiprotons and
Ion Research (FAIR), at Darmstadt. It is to be noted that the LAPLAS scheme is an important part of the HED physics program at
FAIR, which is named HEDP@FAIR. The simulations predict that the LAPLAS experiments will produce a wealth of information
on the Equation-of-State properties of the exotic matter that forms the planetary cores. This information can be very helpful in
understanding the formation, evolution and the final structure of the planets.

1 Introduction

Planetary physics [1-16] belongs to the field of research named High Energy Density (HED) physics [17—-19] that spans over vast
areas of basic and applied sciences. Progress in high pressure physics during the past decades has made it possible to produce
samples of HED matter with extreme physical conditions in the laboratory. Static as well as dynamic techniques have been used for
this purpose. In the former type of experiments, HED states are induced in the sample at room temperature, as it is squeezed in a
closed vessel or between anvils. Diamond Anvil Cell (DAC) is a typical example of a static scheme [20,21]. It is also possible to
heat the sample with a laser during compression to achieve a higher temperature, for example, see [22], which reports a temperature
of around 3500 K. The time scale of such experiments is from hours to days. In a dynamic scheme, on the other hand, HED matter
is generated by the application of shocks. Shock compression of matter leads to irreversible heating that generates states of high
entropy and high pressure in the sample. Most of the experimental studies on Equation of State (EOS) of HED matter have been done
using such techniques. The shocks are generated by powerful generators including high power chemical explosives, light gas guns,
Z-pinches [23-26] and powerful lasers [27-29]. Much higher pressures in the Gbar range have been generated using underground
nuclear explosions [30].

Significant technological developments in the field of accelerators have led to the availability of high intensity particle beams [31—
34]. Theoretical studies on beam—matter heating have shown that such beams are an additional, very efficient tool to produce samples
of HED matter in the laboratory [35-55]. It is interesting to note that using an ion beam, HED states can be induced in matter using
two very different schemes. One scheme is based on isochoric and uniform heating of matter by the beam, while the other employs
shock compression of the material. This flexibility is not provided by any other generator. An experiment based on the former
scheme named HIHEX (Heavy Ion Heating and Expansion) has been designed with the help of detailed numerical simulations
to study the EOS properties of HED matter [43,56-58]. The second scheme is employed to propose another experiment named,
LAPLAS, that stand for Laboratory Planetary Science and that uses a multiple shock reflection technique that leads to a low-entropy
compression of a sample material which is enclosed in a cylindrical high-Z shell. This multi-layered target is driven by an ion beam
that has an annular focal spot. The sample material is imploded to super-solid densities, ultra-high pressures, while the temperature
remains relatively low. These are the typical exotic conditions expected to exist in the planetary cores. It is to be noted that the
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HIHEX and the LAPLAS experimental schemes are the major part of the HED physics research program at FAIR, which is named
HEDP@FAIR [59].

In the present paper, we present numerical simulations of implosion of the LAPLAS scheme. This work underlines the advantages
of the LAPLAS scheme compared to other HED drivers; one of the drawbacks is that the sample of interest is hidden inside the
heavy material shell used for compression. State-of-the art radiographic techniques, which are often based on X-rays, cannot probe
efficiently such a target from the side because of the shielding effect of the shell. In addition, the long time scales of the compression
phase are not favorable for building in view holes, as they would fill up quickly during the plasma expansion. For this reason, the
most appropriate way to probe the sample is to do an on-axis radiography, where a hard X-ray source is located on axis close to
the target. By doing so, it is advantageous to optimize the target longitudinal length in order to find the best trade-off between a
thin amount of compressed material that enables releasing the requirement on the X-ray source and the necessity to keep an aspect
ratio where one-dimensional effects still dominate. In this paper, we present a two-dimensional study with emphasis optimizing the
LAPLAS target length for this purpose.

In Sect. 2, we describe the LAPLAS scheme, while in Sect. 3, the beam and the target parameters are given. Optimization of the
target dimensions in relation to the facilitation of diagnostics is discussed in Sect. 4, whereas the simulation results are presented in
Sect. 5. Conclusions drawn from this study are noted in Sect. 6.

2 Description of the LAPLAS scheme

Beam—target geometry of the LAPLAS experiment is shown in Fig. 1. The target is a multi-layered cylinder made of a sample
material that is enclosed in a heavy shell of a high-Z material. One face of the target is irradiated with an intense heavy ion beam that
has an annular (ring-shaped) focal spot. The annular focal spot can be generated using an rf-wobbler that rotates the beam with very
high frequency. Such a system is designed for this experiment within the framework of the HEDP@FAIR collaboration. Detailed
analysis of the energy deposition symmetry issues related to a wobbler has been analyzed and reported in [60], while design of a
prototype wobbler system has been reported in [61].

It is assumed that the inner radius of the annulus is larger than the radius of the sample material, which is a necessary condition
to avoid strong direct heating of the sample by the ion beam (see Fig. 2, which is the cross-sectional view of the target shown in
Fig. 1). Moreover, it is considered that the outer radius of the focal spot ring is smaller than the outer radius of the surrounding high-Z
shell. It is seen in Fig. 2, that a layer of cold material from the high-Z shell known as “pusher” or “payload” is created between the
sample material and the beam-heated region. The payload plays an important role in placing the compression on the desired adiabat.

Fig. 1 Beam-target set up of High-2 Shell lon Beam
LAPLAS scheme —

z Sample Material

Fig. 2 Cross-sectional view of
the target shown in Fig. 1
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It is also seen that a cold shell around the beam-heated zone remains as a tamper that confines the implosion for a longer time.
The target length is assumed to be less than the range of the driver ions so that the energy deposition in the longitudinal direction
is uniform. The pressure in the beam heated region increases substantially that launches a shock wave inwards, along the radial
direction. The shock wave enters the pusher, is subsequently transmitted into the sample, and then reflected at the cylinder axis. The
reflected shock moves outwards along the radial direction and is re-reflected at the sample-shell boundary. This process is repeated
a few times, while the boundary continues to move inwards, thereby compressing the sample slowly. The optimum sample physical
conditions are achieved when the inward motion of the payload is stopped by the high pressure in the compressed sample. This
scheme generates a low-entropy compression of the sample material that leads to the exotic physical conditions that are expected to
exist in the planetary cores.

3 Beam and target parameters used in the study

In the present study, the sample is frozen water (ice), whereas the surrounding shell is made of tungsten. It is worth noting that the
quasi-isentropic implosion of LAPLAS depends on the high density of the payload. On the other hand, the hydrodynamic stability
of the imploding payload (see Fig. 2) relies on the mechanical properties of the payload material; the most suitable materials are
those with the highest yield strength. Tungsten is one of the materials that better satisfy these two requirements. Recent analysis
has shown [62,63] that the implosion can be sufficiently stable, provided that the symmetry below 2% in the driving pressure is
achieved. Such a symmetry level is expected to be achievable with the wobbler system that will rotate the beam with a frequency of
1 GHz [60].

We consider a uranium beam with a particle energy of 1.5 GeV/u. The beam intensity is 5 x 10!! ions/bunch, which is the
maximum value delivered by the SIS100. Also the bunch length is 75 ns. The focal spot geometry is ring shaped and the precise
parameters used in different cases are noted in Table 1.

It is seen in Table 1 that two values of ice radius, namely R; = 0.2 mm and 0.3 mm, respectively, are considered. For the former
case, two different values of the inner ring radius, R; = 0.3 mm and 0.4 mm, respectively, are used. This allows a reasonable mass
of tungsten payload around the sample material. For the same reason, in case of R; = 0.3 mm, we use R; = 0.4 mm and 0.5 mm,
respectively. In all the above cases, the width of the ring is assumed to be 1 mm. It is important to note that the transverse intensity
distribution in the focal spot is a Gaussian. Therefore, due to the wings of the Gaussian distribution, it may be difficult to generate
a completely hollow focal spot that will lead to a certain level of energy deposition in the sample and the pusher as well. For the
simplicity of the calculations, we consider a spatial power deposition profile as shown in Fig. 3, which is comprised of a constant
power step with an amplitude A (which lies in the sample and the payload regions), that is followed by a parabolic power profile.
We consider different values of the amplitude, A, varying from 10 to 40% to see the effect of the sample preheat on compression.

Table 1 Target and focal spot parameters

Case no R; (mm) R (mm) Ry (mm) R, (mm)
1 0.2 04 14 3.0
2 0.2 0.3 1.3 3.0
3 0.3 0.5 1.5 3.0
4 0.3 0.4 14 3.0
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Previously [64], we reported extensive 1D hydrodynamic simulation studies of compression of the LAPLAS target along the
radial direction. A wide range of the beam and the target parameters were considered. This study showed that a wide region of the
water phase diagram can be accessed in such experiments. However, it is necessary to determine the minimum target length that
still allows for the validity of 1D approximation. This is important because a shorter target is more suitable for the efficiency and
accuracy of the diagnostics. For this purpose, we have performed full 2D simulations considering the four different cases noted in
Table 1, using four different values of target length, including 1, 2, 3 and 4 mm, respectively. Moreover, we have considered different
values of the amplitude, A = 0.1, 0.2, 0.3 and 0.4, respectively (see Fig. 3).

4 Optimum target parameters for diagnostic facilitation

In the LAPLAS scheme, the sample material is surrounded by a heavy material cylindrical shell. Along the heavy ion beam direction,
the access to the sample material is free, though. Therefore, it is advantageous to use this direction for the measurements to facilitate
the access to the sample material.

Surface measurements using optical probing by, for example, pyrometry or VISAR are most likely unable to deliver a full picture
of the obtained state of matter. By contrast, penetrating radiation such as hard X-rays can be employed to complement the previous
diagnostics and yield information from within the volume of the compressed sample. Indeed, a variety of measurement techniques
based on intense X-ray sources have been developed in the last decades as diagnostic in HED-science experiments, facilitated by
the ever growing experimental capabilities offered by optical and X-ray short pulse lasers.

Adapting laser-driven X-ray probing to the LAPLAS scheme, one has to consider several aspects. First of all, X-ray based
absorption methods that are adapted to determine the volume and areal density of the compressed material are not currently
adapted to very thick samples. Second, the ion-beam parameters available at FAIR for LAPLAS dictate the size and volume of the
compressible material. It results that the objects to radiograph have a radius below 100 pm, which limits the solid angle accessible
for diagnosing the target, especially when using long targets.

As an example, laser-driven hard X-ray sources based on the emission excited in solid targets by the hot electrons produced in
relativistic laser—matter interaction emit photons reaching MeV energies. However, the emitted bremsstrahlung spectrum falls off
rapidly at photon energies beyond several 10s of keV [65]. Likewise, the conversion efficiency into K -alpha line emission was found
to decrease by a factor 4 when going from Ag (22keV) to Pb (75keV) [66]. Similarly, betatron radiation produced from ultra-intense
short-pulse lasers in a gas jet has a high diagnostic potential due to the small source size, high directionality, and short duration.
However, even at laser intensities greater than 10'” W/cm? most of the betatron radiation is concentrated in the spectral range of
10-30 keV [67]. Given the manifold compression reached in the LAPLAS scheme, reducing the target length as investigated in this
study would significantly increase transmission at these lower photon energies and thereby help to relax the requirements on the
X-ray source.

To give an example, for the case studied in this paper with water as the sample material, the mass attenuation coefficient of water
at 22 keV photon energy (Ag K-alpha) is 0.66 cm?/g [68]. At a target length of 2mm, the X-ray transmission at normal density
would be as high as 88%, dropping to 48% at the highest density of 5.5 g/cm? reached at peak compression. This transmission
is ideal for optimum signal-to-noise and density contrast in a transmission measurement to assess the overall areal density of the
compressed sample.

Another important consequence of a reduced target length is the geometric access to the compressed sample. This is crucial when
performing X-ray diffraction measurements to assess the crystallographic structure. At the thermodynamic parameters reached in
the water sample as predicted in this paper, the sample should be in the high-density ice X-phase with a body-centered-cubic oxygen
lattice, and at higher densities and temperature in the super-ionic phase, predicted to be in a face-centered-cubic lattice of oxygen
atoms [69]. Based on recent diffraction measurements on laser-compressed water samples [70], and assuming a 22 keV probe line,
the 110-reflection from the ice X at 3.8 g/cm® would appear at 20 = 18.3°, while the 111-reflection from super-ionic water at
4.5 g/em® would be at 20 = 18.9°. Given these diffraction angles, even for the implosions with smaller initial sample radius (cases
1 and 2) would still allow to observe diffraction from up to 0.5 mm into the sample at peak compression.

5 Numerical simulation results

In this section, we present 2D hydrodynamic simulation results obtained employing a 2D hydrodynamic computer code, BIG2 [71],
considering the four different beam—target cases noted in Table 1. This code is based on a Godunov type numerical algorithm [72]
and considers an Eulerian numerical scheme that uses curvilinear rectangular moving grid. The code can treat multi-layered targets
comprised of different materials and can handle complicated target geometries. The ion beam energy deposition in the material is
calculated assuming a cold stopping model described in [73]. Since the target temperature in these calculations is below 10 eV,
the level of ionization is negligible, and thus, the cold stopping model is a valid approximation. A semi-empirical equation-of-state
(EOS) model [74,75] is used for tungsten, while for water, the SESAME data [76] is considered. The mechanical (elastic-plastic)
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Fig. 4 Target density distribution at different times generated by BIG2 code, target length = 1 mm, intensity = 5 x 10! uranium ions per bunch, particle
energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius, Rj = 0.4 mm, outer ring radius, R> = 1.4 mm, sample radius, R; =0.2 mm,
outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see Fig. 3);aatr=75ns,batr=90ns,catr=120nsand d at = 135 ns

properties of solid materials are treated using the nonlinear Prandtl-Reuss model with the von Mises yield criterion [77]. Further
details about the code can be found in [64,71].

5.1 Case 1

Here we present simulation results considering Case 1 noted in Table I, which means a sample radius, R; = 0.2 mm, an inner ring
radius, Ry = 0.4 mm and an outer ring radius, R = 1.4 mm. We have used different values of the amplitude, A (see Fig. 3), including
0.1, 0.2, 0.3 and 0.4, respectively. However, in this paper we report the results corresponding to A = 0.2 only.

5.1.1 Target length 1 mm

First, we discuss the case with cylinder length, L = 1 mm. In Fig. 4, we plot the target density distribution produced by the BIG2
code at different times. Figure. 4a is plotted at t = 75 ns, the time when the bunch has just delivered its total energy. The beam
enters the target from the right side, deposits a fraction of its energy in the target material and emerges from the left side. It is seen
that two shocks, S,,; and S;;, have developed, above and below the high pressure beam heated tungsten region. The former shock
moves radially outwards, whereas the latter propagates inwards. It is also seen that the inmoving shock is relatively weaker because
the pusher is preheated by the wings of the Gaussian distribution represented by A = 0.2, in the present case. The figure also shows
rarefaction waves penetrating into the target from both faces and significant material expansion has taken place.

Figure 4b is plotted at # = 90 ns, which shows that the rarefaction waves have further penetrated into the target from both sides and
the lateral material expansion has increased further. It is also to be noted that due to the preheating, the water sample also expands
that affects the lateral uniformity and quality of the final compression.

Figure 4c shows that at 7 = 120 ns, a small payload shell with a density of about 27 g/cm? has been formed around the water. The
maximum water density at the center of the cylinder axis is about 4.5 g/cm?3, while the pressure is 4.7 Mbar.
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Table 2 Optimum physical conditions in compressed water obtained using 1D hydrodynamic model, bunch intensity = 5 x 10" uranium ions, bunch
length = 75 ns, particle energy = 1.5 GeV/u, sample radius, R; = 0.2 mm, annular focal spot with inner ring radius, Ry = 0.4 mm, outer ring radius,
Ry = 1.4 mm [64]

No A (%) o (glem?) P (Mbar) T (K) fimpl (nS)
1 10 6.05 9.7 6.6 x 10° 135

2 20 5.52 8.03 9x 103 135

3 30 52 7.0 1.16 x 10* 136

4 40 49 6.2 135 x 10* 137

Fig. 5 Density, temperature, and Target Length = 1 mm
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Figure 4d is plotted at # = 135 ns, which is the time of maximum compression according to the 1D simulations noted in Table 2.
It is seen that the density of the payload is slightly reduced compared to that in Fig. 3c, due to the lateral expansion. The maximum
water density at this time is 4.1 g/cm3, and the maximum pressure is 3.7 Mbar at the center of the axis. However, Table 2 shows that
the 1D simulations predict a maximum density is 5.5 g/cm’ and a maximum pressure of around 8 Mbar in water in case of A = 20%.
This comparison shows that because of the 2D effects, | mm length of the LAPLAS target is not enough to provide the optimum
physical conditions in the sample.

To further illustrate this point, we plot in Fig. 5, the density, the pressure and the material velocity along the target axis at # = 135 ns,
the time of maximum compression. We note that in this figure we exclude the low-density expanded region and only consider the
inner 1 mm zone, which is the initial target length. It is seen that the density and the pressure are not uniform along the axis, but have
a maximum value at the middle of the axis that symmetrically decrease on either side. Also the material velocity is zero only at the
middle point, while it increases rapidly to the left and to the right of this central point. This shows that the entire sample material is
non-stationary and is expanding with high velocity. These conditions are not very favorable for accurate measurements. Therefore,
a 1-mm-long target is not a viable option.

5.1.2 Target length 2mm

In this sub-section, we present the results obtained using a cylinder with length, L = 2 mm. In Fig. 6, we present the target density
distribution provided by the BIG2 code at different times. Figure 6a shows that two shocks developed at t+ = 75 ns have similar
strengths as the corresponding shocks in the previous case, but cover a wider length due to the increased length of the target. It is
also interesting to note that the region occupied by the expanded material on either side of the target is the same as in the case with
L =1 mm. However, due to the larger length of the cylinder, the rarefaction waves have not yet penetrated deep enough to affect the
entire sample material.

Figure 6b is plotted at # = 90 ns, that shows that the strength of the shocks as well as the region occupied by the expanded material
is the same as in Fig. 4b, but the lengths of the shock fronts and that of the compressed sample are larger in the present case.

Figure 6¢ is plotted at 1 = 120 ns, which shows that the density of the payload is about 32 g/cm? that is higher compared to
27.4 g/em? in Fig. 4c. Moreover, the length of the payload shell is larger in the present case.

Similar behavior is seen in Fig. 6d, which is plotted at = 135 ns, the time of maximum compression.

In Fig. 7, we plot the density, the pressure and the material velocity along the target axis at r = 135 ns, the time of optimum
compression. In this figure, we exclude the expanded part of the target and include only the inner 2 mm cylinder length, which is the
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Fig. 6 Target density distribution at different times generated by BIG2 code, target length = 2 mm, intensity = 5 x 10! uranium ions per bunch, particle
energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius, Ry = 0.4 mm, outer ring radius, Ry = 1.4 mm, sample radius, R; =0.2 mm,
outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see Fig. 3);aatt=75ns,batr=90ns,catz=120nsand d at 7 = 135 ns
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Fig. 8 Target density distribution at different times generated by BIG2 code, target length = 3 mm, intensity = 5 x 10! uranium ions per bunch, particle
energy = 1.5GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius, R; = 0.4 mm, outer ring radius, Ry = 1.4 mm, sample radius, R; =0.2 mm,
outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see Fig. 3);aatt=75ns,batr=90ns,catr=120nsand d at ¢ = 135 ns

original target length. It is seen that the density and pressure are uniform, whereas the material velocity is zero within about 0.5 mm
length around the center point of the axis. The density is about 5.4 g/lcm® while the pressure is around 7.7 Mbar, which are close to
the corresponding values obtained using 1D hydrodynamic model as noted in Table 2. This shows that using a 2-mm-long target, it
may be possible to produce a small sample of warm dense water with steady state conditions.

5.1.3 Target length 3mm

The results obtained using a 3 mm long LAPLAS target are discussed in this sub-section. In Fig. 8, we present the simulated target
density distribution at different times. Figure 8a is plotted at t = 75 ns, which shows that the densities at the two shock fronts are
the same as those in the previous two cases, whereas the fronts have bigger lengths due to a longer target. Same is true for Fig. 8b,
which is plotted at = 90 ns.

Figure 8c is plotted at # = 120 ns, which shows that the payload density is the same as in Fig. 6¢c, but the payload length is larger
in the present case due to a longer target.

Figure 8d is plotted at the time of maximum compression, ¢ = 135 ns. It is seen that the payload has been further compressed and
has the same density as that in Fig. 6d. Moreover, the density and the pressure in the water sample are same as the corresponding
1D calculation results noted in Table 2. This means that the 1D approximation is valid in the inner region of the sample and the 2D
effects are not important.

To have a quantitative understanding of the problem, we plot in Fig. 9 the density, the pressure and the material velocity along
the inner 3 mm of the target axis at ¢ = 135 ns, the time of optimum compression. It is seen that the pressure and the density are
very uniform, while the material velocity is zero in a 1.45 mm long zone that is symmetrically distributed around the center point
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Fig. 9 Density, pressure and
material velocity along cylinder
axis at = 135 ns, L =3 mm
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of the axis. The radius of this compressed zone is about 85 wm. This means that a reasonably large warm dense sample of water is
generated using these beam and target parameters.

5.1.4 Target length 4 mm

Finally, we discuss the results obtained considering a cylinder length of 4 mm. In Fig. 10, the target density distributions generated
by BIG2 at different times, are presented. Figure 10a shows that at # = 75 ns, the densities at the two shock fronts are same as in the
previous three cases, but the length of the fronts is larger due to the bigger target length. The same behavior is seen at t = 90 ns in
Fig. 10b.

Figure 10c shows that at # = 120 ns, the tamper payload density is the same as in Fig. 8c, which corresponds to L =3 mm, whereas
the length of the payload is larger in the present case. This means that the length of the warm dense water sample produced in the
LAPLAS implosion is larger as well.

Figure 10d is plotted at ¢ = 135 ns, the time of maximum compression. The density in the compressed water region is 5.5 g/em?,
while the pressure is 8 Mbar, which are the values achieved by 1D calculations presented in Table 2.

In Fig. 11, we plot the density, pressure and the material velocity along the cylinder axis within the inner 4 mm zone, that is the
original target length. It is seen that in the middle of the axis, there is a zone with uniform density and temperature, but with zero
material velocity. The length of this zone is 2.55 mm, which represents the longitudinal dimension of the warm dense water sample
in steady state. The radius of this compressed water region is 85 wm. Such a configuration is ideal from the diagnostics point of
view.

We note that in order to increase the resolution of the achieved density, pressure and material velocity at the time of maximum
compression, we exclude the expanded part of the target and consider only the compressed region, which is equal to the original
target length. This approach will be followed in similar figures in the rest of the paper.

5.1.5 Comparison between results of different cases

In Fig. 12a, we plot the density along the axis for cases with different target lengths, L, including 1, 2, 3 and 4 mm, respectively, at
t = 135 ns, the time of maximum compression. It is seen that in case of L = 1 mm, there is no region with uniform density, and the
distribution is bell shaped with a maximum value of about 4 g/cm? at the top. This is because the cylinder aspect ratio is too small
(2.5 for the water region), so the 2D affects are very important. Since the material is preheated, the lateral expansion occurs during
the implosion that has adverse effect on the final compression.

The curve labeled with L =2 mm shows a small flat region at the top which has a length of about 0.5 mm. Moreover, the density
in this region is same as given by the 1D simulation model, namely, 5.5 g/cm>. This means that in case of a 2 mm long target, the
rarefaction waves do not reach the target center over the time scale of the experiment.

The following curves labeled with L = 3 and 4 mm, show that the length of the flat region at the top increases with the target
length. This study thus indicates that the LAPLAS target should be at least 3 mm long, although 4 mm length could be better.

In Fig. 12b, we plot the corresponding pressure curves, which show a similar behavior. We note that in order to see the character-
istics of the density and pressure distributions in the longitudinal direction, in these figures we consider the entire axis that includes
the expanded part of the target as well. This approach is used in similar figures in the following part of the paper.

It is also important to note that using other values of the constant power amplitude, A, namely, 0.1, 0.3 and 0.4, respectively, the
target response is very similar to that using A = 0.2, as described above. Moreover, the physical parameters obtained in the warm
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Fig. 10 Target density distribution at different times generated by BIG2 code, target length = 4 mm, intensity = 5 x 10! uranium ions per bunch, particle
energy = 1.5GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius, R| = 0.4 mm, outer ring radius, Ry = 1.4 mm, sample radius, R; = 0.2 mm,
outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see Fig. 3);aatr=75ns,batr=90ns,catr=120nsand d at = 135 ns
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Fig. 12 Beam intensity = 5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
Ry =0.4 mm, outer ring radius, R> = 1.4 mm, sample radius, R; = 0.2 mm, outer cylinder radius, R, = 3 mm (see Fig. 2); a density versus axis at = 135 ns,
b pressure versus axis at # = 135 ns

dense water sample using L = 3 and 4 mm, are very close to their corresponding values noted in Table 2, that are obtained using
1D hydrodynamic version of the BIG2 code. The conclusions presented in this section are therefore valid over the entire parameter
space considered in this study.

5.2 Case 2

Here we present simulation results considering Case 2 noted in Table 1, which means a sample radius, R; = 0.2 mm, an inner ring
radius, Ry = 0.3 mm and an outer ring radius, R> = 1.3 mm. Again we consider the constant power foot, A = 0.2, while four different
values of target length, L including 1, 2, 3 and 4 mm, respectively, are used. In the following, we present a summary of the results.

In Fig. 13, we plot the density, the pressure and the material velocity along the target axis (within inner 1 mm length) at# =118 ns,
which is the time of maximum compression, for different values of L. Figure 13a shows that using L = 1 mm, the density and the
pressure are not uniform along the axis, while the material is expanding in the lateral direction with high velocity.

Figure 13b shows that using L = 2 mm, the implosion leads to a 0.6 mm long zone, where the density and the pressure are uniform,
while the material velocity is zero. The outer radius of this stationary zone is about 85 pm.

Figure 13c shows that using L = 3 mm, leads to a longer steady state region of 1.6 mm, whereas it is seen from Fig. 13d, that
considering L = 4 mm, this region extends to 2.6 mm. The outer radius of the sample is again of the order of 85 pm.

In Fig. 14a, b, we present the density and the pressure along the entire target axis, respectively, at # = 118 ns, for the four different
values of the target length considered above. Figure 14a shows that in case of L = 1 mm, the density is not uniform and has a bell
shaped distribution with a maximum value of around 4.5 g/cm? at the top. A similar behavior is seen by the corresponding pressure
curve in Fig. 14b.

It is further seen that using L = 2 mm, a small region of uniform density and uniform pressure exists in the middle of the curves
and the values of these parameters are close to those obtained using the 1D model (see Table 3). The following curves show that
the size of the warm dense water sample increases with the target length. The corresponding pressure curves presented in Fig. 14b,
show a similar behavior.

It is also to be noted that the overall behavior of the physical parameters obtained in calculations done using different values of
the amplitude, A, is very similar. Also the values of these parameters for L = 3 and 4 mm are identical to their corresponding 1D
model values reported in Table 3. This study therefore again suggests that the length of the LAPLAS target for the considered beam
and sample parameters should be from 3 to 4 mm.

5.3 Case 3

Here we present simulation results considering Case 3 noted in Table 1, which means a sample radius, R; = 0.3 mm, an inner ring
radius, Ry = 0.5 mm and an outer ring radius, R, = 1.5 mm. Again, we consider the constant power foot, A = 0.2, while four different
values of target length, L including 1, 2, 3 and 4 mm, respectively, are used. In the following, we present a summary of the results.

In Fig. 15, we plot the pressure, the density and the material velocity at # = 149 ns (the time of maximum compression), using
four different values of the target length, namely, L = 1, 2, 3 and 4 mm, respectively. We also assume that the amplitude, A = 0.2 in
all these cases.
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Fig. 13 Beam intensity = 5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
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Table 3 Optimum physical conditions in compressed water obtained using 1D hydrodynamic model, bunch intensity = 5 x 10! uranium ions, bunch
length = 75 ns, particle energy = 1.5 GeV/u, sample radius, R; = 0.2 mm, annular focal spot with inner ring radius, Ry = 0.3 mm, outer ring radius,

Ry =1.3 mm [64]

No A (%) o (glem?) P (Mbar) T (K) fimpl (nS)
1 10 6.15 10.3 7 x 103 116
2 20 5.62 8.6 104 116
3 30 53 7.6 1.25 x 10* 118
4 40 5.05 6.8 1.5 x 10* 118
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Fig. 15 Beam intensity = 5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
R = 0.5 mm, outer ring radius, Ry = 1.5 mm, sample radius, R; = 0.3 mm, outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see
Fig.3),att=149ns;aL=1mmbL=2mm,cL=3mmandd L =4 mm

Figure 15a shows that considering 1 mm long target, the material velocity is zero at the middle of the axis, while it increases
rapidly on both sides. This shows that sample material is expanding fast and there is no steady state region. Moreover, the density
and the pressure have much lower values as compared to their corresponding values predicted by 1D hydrodynamic model (see
Table 4). It is therefore concluded that a 1 mm length of the target is not suitable for this experiment.

Figure 15b represents the case L = 2 mm. It is seen that a small stationary zone (0.36 mm long) at the middle of the axis exists,
where the density and the pressure are uniform with values close to the corresponding 1D calculations. This means that the rarefaction
waves entering from the two faces of the cylinder have still not arrived at the center by this time.

Figure 15c shows that in case of L = 3 mm, the length of the compressed warm dense water steady state zone is 1.3 mm, which
is sufficient for the experimental studies. The length of this zone becomes 2.3 mm using L = 4 mm, as shown in Fig. 15d.

The outer radius of the steady state compressed sample is around 125 pm.
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Table 4 Optimum physical conditions in compressed water obtained using 1D hydrodynamic model, bunch intensity = 5 x 10! uranium ions, bunch
length = 75 ns, particle energy = 1.5 GeV/u, sample radius, R; = 0.3 mm, annular focal spot with inner ring radius, Ry = 0.5 mm, outer ring radius,
Ry = 1.5 mm [64]

No A (%) o (glem?) P (Mbar) T (K) fimpl (nS)
1 10 6.08 9.82 6.3 x 103 148
2 20 5.55 8.2 9x 103 149
3 30 5.2 7.1 1.15 x 10* 151
4 40 4.9 6.12 1.35 x 10* 152
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Fig. 16 Beam intensity =5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
R1 =0.5 mm, outer ring radius, Ry = 1.5 mm, sample radius, R; = 0.3 mm, outer cylinder radius, R, = 3 mm (see Fig. 2); a density versus axis at # = 149 ns,
b pressure versus axis at t = 149 ns

In Fig. 16a, we plot the target density along the axis at f = 149 ns, considering A = 0.2 and using L = 1, 2, 3 and 4 mm, respectively.
The corresponding pressure curves are presented in Fig. 16b. It is seen in Fig. 16a that using L = 1 mm, the density curve is bell
shaped and there is no uniform density region. The maximum density at the top of the curve is around 4 g/cm?, which is lower than
the corresponding value predicted by 1D model presented in Table 4. Similar behavior is shown by the corresponding pressure curve
in Fig. 16b.

The density and the pressure curves for the case L = 2 mm are almost bell shaped with small flat regions at the top. It is also seen
that the maximum parameter values are lower than the corresponding 1D model values. It is further seen that for the cases using
target length of 3 and 4 mm, the dimensions of the flat part of the curves increase, whereas the parameter values become equal to
those achieved by 1D model noted in Table 4.

It is also to be noted that the simulation results obtained using other values of A show a similar behavior. One can therefore
conclude, that the length of the LAPLAS target for the beam and sample parameters considered in this study should also be 3 to
4 mm.

5.4 Case 4

Here we present simulation results considering Case 4 noted in Table 1, which means a sample radius, R; = 0.3 mm, an inner ring
radius, Ry = 0.4 mm and an outer ring radius, R> = 1.4 mm. Again we consider the constant power foot, A = 0.2, while four different
values of target length, L including 1, 2, 3 and 4 mm, respectively, are used. In the following, we present a summary of the results.

In Fig. 17, we present the pressure, the density and the material velocity at # = 137 ns (the time of maximum compression), using
four different values of the target length, namely, L = 1, 2, 3 and 4 mm, respectively. We also assume that the amplitude, A = 0.2 in
all these cases.

Figure 17a represents the case, L = 1 mm. It is seen that the density and the pressure are not uniform along the axis and have
lower values compared to the corresponding 1D model values reported in Table 5. Moreover, the material velocity is zero only at the
center of the axis, while it increases on either side of this point, which indicates that the entire sample material is rapidly expanding.

Figure 17b corresponds to the case, L =2 mm, which shows that the density and the pressure are uniform in a small central zone
on the axis. However, the material velocity is non-zero, except at the central point. This means that the entire sample material is
expanding.
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Fig. 17 Beam intensity = 5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
R1 = 0.4 mm, outer ring radius, Ry = 1.4 mm, sample radius, R; = 0.3 mm, outer cylinder radius, R, = 3 mm (see Fig. 2), foot amplitude, A = 0.2 (see

Fig.3),att=137ns;aL=1mm,bL=2mm,cL=3mmandd L =4 mm

Table 5 Optimum physical conditions in compressed water obtained using 1D hydrodynamic model, bunch intensity = 5 x 10! uranium ions, bunch
length = 75 ns, particle energy = 1.5 GeV/u, sample radius, R; = 0.3 mm, annular focal spot with inner ring radius, R; = 0.4 mm, outer ring radius,

R> = 1.4 mm [64]

No A (%) o (g/cm?) P (Mbar) T (K) timpl (1)
1 10 6.1 10.4 6.9 x 103 136
2 20 5.7 8.75 10* 137
3 30 5.3 7.6 1.26 x 10* 138
4 40 4.96 6.5 1.5x10% 139

Figure 17c represents the case, L = 3 mm. It is seen that the density and the pressure are uniform within 1.4 mm at the center of
the target. The material velocity in this region is zero and the radius of this stationary zone is about 125 pm.
Figure 17d corresponds to the case, L =4 mm, which shows that the length of the steady state zone is now 2.3 mm. The radius of
this zone is also 125 pum. It is also to be noted that the density and the pressure values in the steady zones in Fig. 17c¢, d, respectively,
are same as predicted by 1D calculations (see Table 5).
In Fig. 18a, we present the density along the entire axis at t = 137 ns, which is the time of optimum compression, considering
different values of the target length, including, 1, 2, 3 and 4 mm, respectively. Also, the amplitude, A is assumed to be 0.2. The
corresponding pressure curves are shown in Fig. 18b.
The respective density and the pressure curves presented in Fig. 18a, b, show the same behavior as the corresponding curves
in Fig. 16a, b, respectively. It is also to be noted that different values of the amplitude, A, lead to a similar target response related
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Fig. 18 Beam intensity = 5 x 10! uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75 ns, ring shaped focal spot, inner ring radius,
R1 =0.4 mm, outer ring radius, Ry = 1.5 mm, sample radius, R; = 0.3 mm, outer cylinder radius, R, = 3 mm (see Fig. 2); a density versus axis at f = 137 ns,
b pressure versus axis at = 137 ns

to the finally achieved physical parameters. It is thus concluded that optimum length of the target using the above parameters is
recommended to be 3 to 4 mm.

6 Conclusions

This paper shows with the help of 2D hydrodynamic simulations that intense ion beams can be employed to do planetary physics
research in the laboratory. An experimental scheme, named LAPLAS, has been proposed as part of the HED physics program to
be carried out at the FAIR international facility at Darmstadt, Germany. The flexibility of this scheme is underlined by the fact
that in these experiments, different sample materials including, hydrogen, water, carbon and iron can be used to generate the core
conditions of hydrogen-rich, water-rich, carbon-rich and iron-rich planets, respectively. In the present study, we carried out detailed
2D hydrodynamic simulations of compression of water with emphasis on determining an optimum target length, which is important
for the facilitation of the diagnostics. A wide range of the beam and target parameters has been considered that shows that the results
are insensitive to large variations in these parameters, which implies that the scheme is robust and stable. In this paper we present
results obtained using a uranium beam with a particle energy of 1.5 GeV/u, whereas the bunch intensity is 5 x 10! jons and the
bunch length is 75 ns. Different values of the sample and the payload mass, respectively, have been considered. Moreover, different
levels of the sample preheat are simulated using different values of the parameter A (see Fig. 3). These studies have shown that over
the considered range of the input parameters, the target length should be 3 to 4 mm in order to avoid deleterious influence of the 2D
effects on the sample implosion. An initial target length in this range provides a warm dense water sample having a length of 1.5 to
2.5 mm, and a radius of 85 to 125 pwm, with fairly uniform physical conditions.
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