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ABSTRACT

This paper presents two-dimensional hydrodynamic simulations of implosion of a water sample, which is enclosed in a cylindrical shell of tung-
sten that is driven by an intense uranium beam. The considered beam parameters match the characteristics of the beam which will be delivered
by the heavy ion synchrotron, SIS100, at the Facility for Antiprotons and Ion Research (FAIR). An experimental scheme based on this concept,
which is named LAPLAS, is an important part of the high energy density physics research program at FAIR. The simulations show that the
LAPLAS implosion leads to a low-entropy compression of water, which generates core conditions of water-rich planets. The importance of this
work is underscored by the fact that more than 30% of the discovered extrasolar planets are Neptune-like water-rich planets. To be able to
construct a reliable physical model of the formation and evolution of these planets, it is important to have correct understanding of the equation
of state of the exotic states of water that exist in the planetary interior. It is thus expected that the knowledge obtained from the LAPLAS
experiments will be a very valuable contribution to the field of planetary physics. We show that x-ray radiographic imaging using a high-intensity
laser-driven hard x-ray source would be a suitable diagnostic capable of delivering high-resolution images of the hydrodynamic evolution.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037943

I. INTRODUCTION

Up to now, around 4200 confirmed extrasolar planets have
been discovered.' These include gas giants like Jupiter and Saturn,
terrestrial rocky planets, super-Earths with masses up to 10 times
Earth mass, and water-rich ice giants like Uranus and Neptune.
There are no analogs of super-Earths in our solar system.
However, based on the limited amount of data available at pre-
sent, it is predicted that the super-Earths may span a wide range
of possible composition from iron-rich rocky structures to water-

our solar system. This makes the problem of understanding the
structure and evolution of these objects more challenging.

Several researchers have proposed theoretical models for the forma-
tion and the structure of various types of super-Earths of different masses
including solid rocky planets” ” as well as water-rich planets named the
ocean planets.”*"'" An important factor that determines the validity of
such models is the accuracy of the equation-of-state (EOS) considered in
these models. It is expected that extreme physical conditions are gener-
ated in the planetary cores and thus, matter in that region exists in

rich planets with thick steamy envelope as well as carbon-rich
planets. This means that super-Earths could be scaled-up versions
of the terrestrial planets or scaled-down versions of ice giants like
Neptune that are named mini-Neptunes or lie somewhere in the
region between these compositions. The exoplanets span a much
broader range of physical conditions compared to the planets in

the so-called Warm Dense Matter (WDM) state,'> which belongs to the
High Energy Density (HED) physics regime.'”"* Development of the
EOS of WDM is complicated because it can neither be described using
the ordinary condensed matter physics techniques nor by ideal plasma
physics methods. It is therefore essential to carry out experiments to
measure the EOS properties of these exotic states of matter.
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Previously,” '* we reported an experiment proposal to generate

samples of WDM iron to study the physical conditions in the cores of
iron-rich rocky planets. This proposal is named LAPLAS that stands
for Laboratory Planetary Sciences, and the experiment design is based
on detailed numerical simulations. It has been shown that extreme
physical conditions can be induced in a large sample of iron that is
imploded in a multi-layered cylindrical target that is driven by an
intense heavy ion beam. The beam parameters are assumed to be those
of the uranium beam that will be delivered by the heavy ion synchro-
tron, SIS100, at the Facility for Antiprotons and Ion Research
(FAIR),"””" at Darmstadt. These simulations have shown that using
these beam parameters, a wide range of iron physical parameter space
can be accessed that includes the core conditions of Earth and those of
super-Earths, up to 10 times more massive than the Earth. It is to be
noted that the LAPLAS experiment is one of the important experi-
ments to be done within the framework of HED physics program at
FAIR.

Water rich planets are abundant in the universe as over 30% of the
discovered exoplanets fall in this category. These include a class of the
super-Earths"® "' as well as ice giants like Uranus and Neptune.”' *°
Successtul research on these planets requires a very good knowledge of the
EOS of different phases of water. For this purpose, we carried out simula-
tion studies of implosion of the LAPLAS target considering water as the
sample material. These simulations show that using the FAIR uranium
beam, one can generate the extreme physical conditions that cover the
core conditions of different types of water rich planets.

In Sec. 11, we describe the FAIR accelerator facility, while in Sec.
[1T we discuss the advantages of an intense ion beam driver to produce
HED matter. The LAPLAS experimental scheme is described in Sec.
[V, whereas the beam and the target parameters used in this study are
given in Sec. V. The computer code BIG2 used to do these simulations
is described in Sec. VI and the simulation results are presented in Sec.
VII. Section VIII deals with the diagnostics, while the conclusions
drawn from this work are noted in Sec. IX.

Il. FACILITY FOR ANTIPROTONS AND ION RESEARCH:
FAIR

FAIR is a heavy-ion accelerator complex exploiting a ring acceler-
ator with a rigidity of 100 Tm (SIS100) capable of accelerating any ion
from hydrogen to uranium to relativistic energies above 1 GeV/u with
unprecedented intensities of up to 5x 10'' heavy ions in 70 to
100 ns,” whereas the heavy-ion beams with the highest intensities will
be reached for low charge state (for example, U28+-). The main pur-
pose of this new accelerator is to re-create, in the laboratory, the
extreme conditions that could be found in the universe from its crea-
tion to the complex nuclear processes taking place during stellar gene-
sis and explosions.”” To do that, the accelerator will be equipped with
high-intensity interaction caves, a nuclear fragment separator, and
storage rings targeting rare isotopes”* "’ and antiprotons.”’ An over-
view of the FAIR accelerator complex is shown in Fig. 1.

When taken collectively, the particles found in the intense heavy-
ion pulses can be used to deposit large amounts of energy in excess of
100 kJ/cm? over cubic-mm volumes uniformly in a short time to reach
high-energy-density states of matter in pressure and temperature.
Compared to other methods used to reach HED states with shocks,
isochoric heating alleviates the coupling between pressure and temper-
ature found in a shock and enables exploring the full phase-space
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diagram of equation of states. On the other hand, the high pressure
can also be used to produce a multiple-shock reflection scheme to gen-
erate planetary core conditions (the LAPLAS experiment). In addition,
the strain rates found with such HED driver are lower than those of
the more-commonly used laser-driven shocks such that spatially uni-
form HED states in local thermodynamical equilibrium over cubic-
mm samples can be obtained. For this reason, a dedicated target sta-
tion in the multi-purpose APPA cave’” is being foreseen, where the
LAPLAS setup will be installed.

In the summer of 2018, the civil construction of this new acceler-
ator started in the immediate North of Darmstadt, Germany.
Currently, the excavation of the North part of the complex is finished
and the underground ring tunnel is under construction. For the south-
ern part of the complex, the civil engineering has been either con-
tracted out or in the final tendering process, such that the construction
of the experimental caves and storage rings will begin soon. As of
today, a rapid ramping of the facility performance to full specifications
is expected in the second half of this decade.

lll. ION BEAMS AS TOOL TO GENERATE HIGH ENERGY
DENSITY MATTER

High energy density physics spans over wide areas of basic and
applied physics, for example, astrophysics, planetary physics, inertial
fusion, strongly coupled plasmas, and others. In addition to this, HED
physics has great potential for useful industrial applications.
Substantial advancements in the technology of high pressure physics
during the past decades have made it possible to make significant pro-
gress in this important field of research. Static as well as dynamic tech-
niques have been used for this purpose. In the former type of
experiments, HED states are induced in the sample at room tempera-
ture as it is squeezed in a closed vessel or between anvils. Diamond
Anvil Cell (DAC) is a typical example of a static scheme.”™ It is also
possible to heat the sample with a laser during compression to achieve
a higher temperature, for example, see Ref. 35, which reports a temper-
ature 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 gener-
ated by the application of shocks. Shock compression of matter leads

FAIR Performance

Protons uz+

cave
Max. Energy
(Gev/u) 10 27
Part/Bunch |2.5x10%| sx10m |

FIG. 1. Overview of the FAIR accelerator complex and expected performance in
the APPA cave.
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to irreversible heating that generates states of high entropy and high
pressure in the sample. Most of the experimental studies on 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,% ¥ and powerful lasers.”"
Much higher pressures in the Gbar range have been generated using
underground nuclear explosions.*’

Significant technological developments in the field of accelerators
have led to the availability of high intensity particle beams. 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.”* °' 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 sim-
ulations to study the equation-of-state (EOS) properties of HED mat-
ter.””*>°* The second scheme is employed to propose another
experiment (LAPLAS), which uses a multiple shock reflection tech-
nique that leads to a low-entropy compression of a sample material
that 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. The details
about the beam-target arrangement of the LAPLAS experiment are
given in Sec. I'V. Previously, we reported simulations of compression
of an iron sample which showed that using this method one can pro-
duce core conditions of Earth as well as super-Earths of different
masses.””'? In the present paper, we deal with compression of water
to simulate core conditions of water-rich Uranus and Neptune-like
planets.

It is to be noted that the HIHEX and the LAPLAS experimental
schemes are the major part of the HED physics research program at
FAIR, which is named HEDP@FAIR.””

It is also worth noting that due to the high efficiency and high
repetition rate of the accelerators, heavy ion beams are also considered
to be a viable driver for inertial confinement fusion (ICF).**™"°

IV. LABORATORY PLANETARY SCIENCE: THE LAPALAS
EXPERIMENTAL SCHEME

Beam-target geometry of the LAPLAS experiment is shown in
Fig. 2. 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

scitation.org/journal/php

an rf-wobbler that rotates the beam with very high frequency. Such a
system is being designed for this experiment within the framework of
the HEDP@FAIR collaboration. Detailed analysis of the energy depo-
sition symmetry issues related to a wobbler has been analyzed and
reported in Ref. 78, while the design of a prototype wobbler system
has been reported in Ref. 79.

It is to be noted that a hollow beam geometry can be generated
by placing a solid cylindrical beam blocker of suitable dimensions
upstream the LAPLAS target that will shadow the sample material
from direct beam heating. Previously, we simulated such a scheme
using a hydrogen sample.”” This work was related to the study of
hydrogen metalization. In these calculations, the achieved final sample
temperature was 0.2 eV, which is appropriate for the problem under
consideration. However, in the present studies, we are interested in
generating planetary core conditions, which require higher tempera-
tures. Therefore, a suitable level of the sample preheat is required that
can be easily organized with a wobbler scheme. Moreover, the x-ray
radiography diagnostic scheme described in Sec. VIII cannot be used
in the presence of a beam blocker. In addition to this, hydrodynamic
expansion of the beam blocker may take place during irradiation,
which can cause problems. Due to these reasons, a wobbler system is
being developed within this project.

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. 3,
which is the cross sectional view of the target shown in Fig. 2).
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. 3 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 plac-
ing the compression on the desired adiabat. 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 subse-
quently 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 super-high densities, ultra-high pressures, but relatively low temper-
atures (typical planetary core conditions).

High-Z Shell

Sample Material

lon Beam
/,— \\\
PSS

FIG. 2. Beam-target set-up of LAPLAS

scheme.
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FIG. 3. Cross sectional view of the target shown in Fig. 2.

V. 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. 3) 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 sat-
isfy these two requirements. A recent analysis has shown® 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.”’

The cylinder length is 7 mm, while the outer target radius is
R, =3 mm. The target is irradiated with a uranium beam having a
particle energy of 1.5GeV/u. Several beam intensities including,
10", 2x 10", 3x 10", 4x 10", and 5 x 10" ions per bunch,
respectively, are considered. The bunch length is assumed to be
75 ns. We note that the maximum intensity of the SIS100 uranium
beam is expected to be 5x 10'! ions per bunch, but during the
early stages of operation, the intensity may be lower. We therefore
have considered different lower intensities in order to explore the
possibility of doing research during the initial phases of operation.
The focal spot geometry is ring shaped, and the precise parameters
are presented in Table L. It is seen in Table I that two values of ice
radius, namely, R;=0.2 mm and 0.3 mm, respectively, are consid-
ered. 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 the case of R;=0.3mm, we use
R; =0.4mm 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

scitation.org/journal/php

TABLE I. Target and focal spot parameters.

Case No R; (mm) R; (mm) R, (mm) R, (mm)
1 0.2 0.4 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 1.4 3.0

that the transverse intensity distribution in the focal spot is
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 as
well. For the simplicity of the calculations, we use a spatial power
deposition profile as shown in Fig. 4, which is comprised of a con-
stant 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 5 to 40% to study the effect of the sample preheat on com-
pression. Moreover, this provides a wide range of physical condi-
tions in water relevant to the planetary core conditions that can be
achieved in the LAPLAS experiments.

It is worth noting that as explained in Sec. VIII, the thin wire that
becomes source of laser-generated high-energy x-rays, to be used for
the radiography of the compressed sample, is placed along the axis
upstream the LAPLAS target. If the constant foot power level is too
high, the wire will be destroyed by the beam. We believe that the beam
spot geometry can be designed in such a manner that the power level
at the center of the spot is low enough for the wire to survive.
However, this requires further investigations which will be carried out
in the future.

VI. COMPUTER CODE BIG

The BIG2 is a two-dimensional hydrodynamic computer code
that is based on a Godunov type numerical algorithm, which uses a
finite-volume approach in the space-time domain. The fluxes are cal-
culated using the solution of Riemann problem at each inter-cell
boundary.”’ It is a conservative scheme that has a second order

100
80F
60F

40F

20F

Linear Ramp Amplitude, A (%)

C | |
0 200 400 600 800 1000 1200
Target Radius (um)

FIG. 4. Spatial power deposition profile.
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accuracy in space and first order accuracy in time. The code is based
on an Eulerian numerical scheme that uses curvilinear rectangular
moving grid. The grid is adaptive to gradient of physical parameters
(pressure, temperature, density) due to the condensation of the grid
lines. The movement of the grid boundary is calculated in accordance
with the type of the boundary, for example, it could be a shock front, a
material interface, a free boundary, a rigid wall, and so on.
Reconstruction of the grid at the new time step is carried out by quasi-
conformal mapping of the rectangular grid to the area with the numer-
ical grid boundary calculated at the new time step, taking into account
the gradient of the specified physical parameter. Further details about
the numerical techniques used in the code can be found in the refer-
ence.”” The BIG2 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 Ref. 83. This is a valid
approximation because in ion-beam heated targets, the temperature is
rather low (below 10eV) so that the ionization effects are negligible.
The plasma effects on the stopping power become important when the
ionization level in the material is significant, which requires a much
higher temperature.

Due to the beam-heating, the target material passes through dif-
ferent material phases, which are treated using a semi-empirical EOS
model described in Refs. 84 and 85. This model considers macroscopi-
cally correct equation of state that accounts for solid, liquid, and gas-
eous states as well as the melting and the evaporating two-phase
regions. On our time scales (around 100 ns), we consider the target
material is under conditions of the local thermodynamic equilibrium.
So we apply in numerical modeling of expanded target the equation of
state in tabular form, using Maxwell construction in the two-phase lig-
uid-gas region, as it has been discussed in Ref. 60.

To simulate the mechanical (elastic-plastic) properties of solid
materials, we use the non-linear Prandtl-Reuss model with the von
Mises yield criterion, which is given by the following differential equa-
tions for the deviatoric part Sy of the stress tensor ojx = —P d;; + Si
(where P is the pressure, and ; is the Kronecker tensor):”’

Sik = 2GDy, 1)
ifS,-kD,-k < 0or SiSik < %YZ

. SynD,
Sik + 2GSj =" = 2GDy, )
Smnsmn

if gDy > 0 and Sy Si = % Y2

Here G is the shear modulus, Yis the yield strength, and both are
parameters characteristic of the solid material, which to the scope of a
parametric study are taken as independent and constant parameters.
Besides, in Egs. (1) and (2), Dy is the strain rate tensor

1 [0v  Ovu 20y
D,k5<a—x’(+8—xl———5 > (3)

VIil. NUMERICAL SIMULATION RESULTS

The numerical simulation results obtained employing the 2D
hydrodynamic computer code, BIG2, are presented in the following.
The beam and the target parameters used in this study are given in
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Sec. V. It is to be noted that a semi-empirical EOS model*""” is used

for tungsten, while for water, the SESAME data® are considered.

A. Beam intensity 5 x 10"

Here we discuss the results obtained using the highest beam
intensity of 5 x 10'" ions per bunch. All the four cases noted in Table I
are considered, respectively, as described below.

1. CaseI: Rj=0.2mm, R; = 0.4 mm, and R, = 1.4 mm

These beam and target parameters lead to a sample mass of
1.26 x 102 g/cm and a payload mass of 7.24 x 10> g/cm. First, we
present 2D distributions of the physical conditions generated in the
target as a result of beam heating. We note that in this particular case
we consider an ideal annular focal spot that is completely hollow. In
other words, we assume that the amplitude, A, of the constant power
step in Fig. 4, is zero. This is done to study an ideal multiple shock
reflection scheme without any interference of preheat.

Figure 5(a) shows the specific energy density distribution in the
target at t=75ns, the time when the beam has just delivered its total
energy. It is seen that a maximum specific energy of about 18KkJ/g is
deposited in the tungsten shell.

The corresponding temperature distribution is presented in Fig.
5(b), which shows a maximum temperature of 1.15 x 10° K. This high
temperature in the absorption region leads to a high pressure on the
order of 3 Mbar [see Fig. 5(c)] that drives the implosion.

The high pressure generates an inmoving as well as an outmov-
ing radial shock, as shown in Fig. 5(d), where we plot the correspond-
ing target density distribution. As explained in Sec. IV, the inmoving
shock compresses the tungsten payload to a higher density of around
27 g/cm® and is subsequently transmitted into the water region. The
shock travels radially toward the cylinder axis, where it is reflected.
This shock undergoes multiple reflections between the axis and the
water-tungsten boundary, while the heavy payload continuously
moves inwards, thereby slowly compressing the water, keeping the
entropy level low.

In Fig. 6, we present the density distribution at t=135ns, the
time of optimum water compression. It is seen that the tungsten pay-
load around water is compressed to a density of about 42 g/cm®. The
water density is around 6.7 g/cm”, the pressure is on the order of 12.5
Mbar, whereas the average temperature is around 4500K. These
extreme physical conditions are relevant to the interior of water rich
planets in our solar system as well as to the exoplanets.

It is also seen from Fig. 6 that the lateral material expansion on
the timescale of our interest is not very significant. This implies that
the problem is reduced to one-dimensional implosion in the radial
direction. We therefore have carried out extensive one-dimensional
simulations over the wide range of the beam and target parameters as
given in Sec. V. These results are discussed in detailed in the following.

The process of water compression as a result of multiple shock
reflection between the axis and the water-tungsten boundary is
described in Fig. 7, where we plot the density vs radius at different
times during implosion. The vertical lines represent the respective
positions of the water-tungsten boundary at different times. The curve
corresponding to t=90ns shows that the water-tungsten boundary
has moved to a radial position of about 154 um from an initial position
of 200 um, while shock has arrived at point “A” that has a radial
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FIG. 5. Target physical conditions generated by BIG2 code at t=75ns, intensity =5 x 10" uranium ions per bunch, particle energy = 1.5 GeV/u, bunch length = 75ns, ring
shaped focal spot, inner ring radius, Ry = 0.4 mm, outer ring radius, R, = 1.4 mm, sample radius, R;=0.2mm, outer cylinder radius, R, =3 mm (see Fig. 3); (a) specific
energy distribution, (b) temperature distribution, (c) pressure distribution, and (d) density distribution.
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FIG. 6. Same as in Fig. 4(d), but at t=135ns.
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position of about 95 um. This shock travels inwards and arrives at the
cylinder axis at t=101ns (position “B”). The shock is reflected and
the front moves outwards (toward the right) and at t = 102 ns it arrives
at position “C.” The reflected shock is re-reflected at the material inter-
face and the front starts to move toward the left. The shock front is at
position “D” at t = 108 ns, which arrives at the axis at t = 112 ns (curve
labeled with “E”). This process is repeated a few more times until the
optimum compression is achieved at t=135ns (curve labeled with
“F”). It is interesting to note that the shock becomes weaker every time
it is reflected, while the interface boundary continuously moves
inwards, thereby slowly compressing the sample material. Such a
scheme is known to lead to a low-entropy compression.

Next, we present in Fig. 8, a summary of results obtained from
the 1D calculations considering different values of the constant power
foot amplitude, A, including 5, 10, 15, 20, 25, 30, 35, and 40%, respec-
tively. In this figure we plot the optimum sample density, temperature
and pressure vs the foot amplitude, A. It is seen that as A increases
from 5 to 40%, the optimum physical conditions achieved in the sam-
ple change significantly. In this range, the maximum temperature
increases from 4800K to 13,500K, and the pressure varies from
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FIG. 7. Density vs radius at different times during implosion: demonstration of multi-
ple shock reflection scheme in the water sample.

11.5 Mbar to 6.2 Mbar, whereas the density decreases from 6.5 g/cm’
to 4.9 g/cm’. This suggests that using a suitable value of the amplitude
A, one can generate the required set of the physical parameters in the
sample.

The precise values of the physical parameters corresponding to
the results plotted in Fig. 8, are presented in Table II. It is seen that as
the amplitude, A, increases, t;,,; the time when the optimum com-
pression is achieved in the sample slightly increases. This is because as
A increases, the level of preheat increases that leads to a higher back
pressure. This slows down the compression that leads to a longer
implosion time, higher temperature, lower density, and lower
pressure.

2.Case 2: Rij=0.2mm, R;=0.3mm,and R, =1.3mm

In this case, the sample mass is the same as in the previous one,
while the payload mass has a lower value of 3.01 x 107> g/cm. The
results are presented in Fig. 9, where we plot profiles of optimum
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FIG. 8. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 1 in Table |, bunch intensity =5 x 10",
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TABLE II. Optimum physical conditions in compressed water using bunch
intensity =5 > 10" uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.4 mm,
outer ring radius, Ry = 1.4 mm.

No A(%) p(g/m’® P (Mbar) T (K) timpt (1S)
1 5 6.50 11.5 48 x10° 135
2 10 6.05 9.7 6.6 x 10° 135
3 15 5.75 8.7 7.9 x 10° 136
4 20 5.52 8.03 9 x 10° 136
5 25 5.35 7.45 1.04 x 10* 136
6 30 5.2 7.0 1.16 x 10* 137
7 35 5.1 6.6 1.25 x 10* 137
8 40 49 6.2 1.35 x 10* 137

density, temperature, and pressure in the water sample vs the ampli-
tude, A. It is seen that as A increases from 5 to 40%, significant varia-
tion in the values of the physical parameters take place. In this range,
the maximum temperature increases from 5200K to 15,000K, the
pressure varies from 12.1 Mbar to 6.8 Mbar, whereas, the density
decreases from 6.6g/cm’ to 5g/cm’. This again shows that using a
suitable value of A, one can achieve a particular set of the physical
parameters.

The precise values of the physical parameters achieved in the
sample for all the above cases are noted in Table III. It is seen that the
implosion time, t;,,,;, increases with an increase in the value of the
amplitude, A, for the reasons mentioned above. A comparison
between the respective parameters noted in the two tables is interest-
ing. It is seen that in the case of Table II, the implosion time is on the
order of 135 ns, whereas in the case of Table III, it is around 115 ns.
This difference in the compression time is understandable as in the
former case, the payload mass is heavier than in the letter, which
makes the implosion process slower.

Also a comparison among the values of the corresponding physi-
cal parameters noted in the two tables shows that the results are very
similar for the two values of the inner focal spot ring radius,
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FIG. 9. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 2 in Table |, bunch intensity =5 x 10",
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TABLE IIl. Optimum physical conditions in compressed water using bunch
intensity = 5 > 10" uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.3 mm,
outer ring radius, R, = 1.3 mm.
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TABLE IV. Optimum physical conditions in compressed water using bunch
intensity =5 10" uranium ions, bunch length = 75ns, particle energy = 1.5 GeV/
u, sample radius, R;=0.3mm, annular focal spot with inner ring radius,
R4 =0.5mm, outer ring radius, R, = 1.5 mm.

No A(%) p(g/em’® P (Mbar) T (K) timpr (1S) No A(%) p(g/m’® P (Mbar) T (K) timpt (1S)
1 5 6.6 12.1 52 % 10° 115 1 5 6.45 11.4 5.0 x 10° 147
2 10 6.15 10.3 7 % 10° 116 2 10 6.08 9.82 6.3 x 10° 148
3 15 5.9 93 8.8 x 10° 117 3 15 5.8 8.9 7.8 x 10° 149
4 20 5.62 8.6 10* 117 4 20 5.55 8.2 9x10° 149
5 25 5.45 8.1 1.15 x 10* 118 5 25 5.35 7.5 1.02 x 10* 150
6 30 5.3 7.6 1.25 x 10* 118 6 30 5.2 7.1 1.15 x 10* 151
7 35 5.2 7.2 1.4 x 10* 118 7 35 5.05 6.53 1.26 x 10* 152
8 40 5.05 6.8 1.5 x 10* 118 8 40 49 6.12 1.35 x 10* 152

R; = 0.3 mm and 0.4 mm, respectively. In the former case, the mass of
the tungsten payload around the sample is 3.01 x 102 g/cm, whereas,
in the latter case, it is around 7.24 x 102 g/cm, which is more than a
factor of 2 larger. This implies that the results are very much insensi-
tive to substantial variation in the focal spot parameters that leads to
significant variation in the payload mass, which demonstrates the sta-
bility and robustness of this experimental scheme.

3. Case 3:R;=0.3mm,R;=0.5mm,and R, =1.5mm

We now discuss the simulation results achieved using a larger
sample radius, R;=0.3mm, which leads to a sample mass of
2.83 x 1072 g/cm, that is more than two times larger than that consid-
ered in cases 1 and 2. Also the tungsten payload mass around the sam-
ple is 9.65 x 10~ g/cm. The results obtained in this case are presented
in Fig. 10, where we plot profiles of optimum density, temperature,
and pressure in the water sample vs the amplitude, A. It is seen that as
A increases from 5 to 40%, values of the physical parameters show
large variations as the maximum temperature increases from 5000 K
to 13,500 K, the pressure varies from 11.4 Mbar to 6.12 Mbar, whereas
the density decreases from 6.45 g/cm’ to 4.9 g/cm”. This again shows
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FIG. 10. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 3 in Table |, bunch intensity =5 x 10",

that using a suitable value of A, one can achieve a particular set of the
physical parameters.

The exact values of the optimum parameters for the different val-
ues of amplitude, A, are presented in Table IV. It is seen that the
implosion time, t;,,,, is on the order of 150 ns and its value increases
with an increasing value of the amplitude, A. As mentioned above, this
is because a larger value of A means more preheat that leads to a
higher back pressure, which makes the implosion slower.

4, Case 4: R;=0.3mm, R;=0.4mm, and R = 1.4 mm

The sample mass in the present case is the same as in case 3, but
the payload mass is 2.3 times less than in the previous case and is
4.22 x 107 % g/cm,

In Fig. 11, we present the optimum water density, temperature,
and pressure vs the amplitude, A. It is seen that as A increases from 5
to 40%, the density decreases from 6.6 g/cm3 to 4.9 g/cm3, whereas the
temperature increases from 5900 K to 15000 K due the increase in the
preheat level. The overall effect on the pressure is that it is reduced
from 12.15 Mbar to 6.5 Mbar.
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FIG. 11. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 4 in Table |, bunch intensity =5 x 10"
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TABLE V. Optimum physical conditions in compressed water using 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 = 0.4 mm,
outer ring radius, R, = 1.4 mm.
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TABLE VI. Optimum physical conditions in compressed water using bunch
intensity = 4 x 10" uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.4 mm,
outer ring radius, Ry = 1.4 mm.

No A(%) p(g/em’® P (Mbar) T (K) timpr (1S) No A(%) p(g/m’® P (Mbar) T (K) timpt (1S)
1 5 6.6 12.15 5.9 x 10° 135 1 5 6.1 9.51 438 x 10° 137
2 10 6.1 10.4 6.9 x 10° 136 2 10 5.68 8.2 5.34 x 10° 137
3 15 5.9 93 8.8 x 10° 136 3 15 5.4 7.3 6.53 x 10° 138
4 20 5.7 8.75 10* 137 4 20 5.2 6.7 7.52 x 10° 138
5 25 5.5 8.2 1.15 x 10* 137 5 25 5.1 6.3 8.66 x 10° 139
6 30 5.3 7.6 1.26 x 10* 138 6 30 49 5.85 9.51 x 10° 139
7 35 5.12 7.04 1.4 x 10* 139 7 35 48 5.53 1.01 x 10* 140
8 40 4.96 6.5 1.5 x 10* 139 8 40 4.65 5.3 1.07 x 10* 140

The precise values of the optimum parameters for the different
cases are presented in Table V. It is seen that in this case the implosion
time is around 135 ns, which is shorter than in Table IV, because of
the difference in the payload mass in the two cases.

It is important to note that in this study, the sample as well as the
payload mass is varied by more than a factor of 2, respectively. The
above analysis shows that the results are insensitive to such significant
changes in the input parameters, which is a very good indicator for the
success of the LAPLAS experimental scheme.

B. Beam intensity 4 x 10"

In the following, we present the numerical simulation results
using an intensity of 4 x 10" ions per bunch considering four differ-
ent sets of beam and target parameters noted in Table I.

1. Case I: Rj=0.2mm, R; = 0.4 mm, and R; = 1.4 mm

The results corresponding to this case are summarized in Fig. 12,
where we plot the optimum sample density, temperature, and pressure vs
the constant power step amplitude, A. It is seen that as A increases from
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FIG. 12. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 1 in Table |, bunch intensity =4 x 10",

5% to 40%, the density changes from 6 g/cm” to 4.6 g/cm”, while the tem-
perature increases from 4300 K to 10,500 K. The pressure also varies from
9.5 Mbar to about 5 Mbar. Precise values of the parameters are noted in
Table VI It is seen that the implosion time, T;,,,; increases with A.

2.Case 2:R=0.2mm, R;=0.3mm,and R, =1.3mm

A summary of the results obtained using this set of parameters is
presented in Fig. 13, which shows the density, temperature, and pres-
sure profiles in the water region vs the constant power step amplitude,
A, under the optimum conditions. It is seen that over the considered
range of A, the density decreases from 6.2 g/cm” to 4.8 g/cm”, whereas
the temperature increases from 4300 K to 10700 K. Also the pressure
decreases from 10 Mbar to about 5.8 Mbar. The precise values of the
parameters are given in Table VII. It is seen that the implosion time is
on the order of 120 ns.

3. Case 3: Ri=0.3mm, R;=0.5mm,and R, =1.5mm

Figure 14 presents a summary of the results obtained using this
set of input parameters. It shows the density, temperature, and pressure
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FIG. 13. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 2 in Table |, bunch intensity =4 x 10"
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TABLE VII. Optimum physical conditions in compressed water using bunch
intensity = 4 x 10" uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.3 mm,
outer ring radius, R, = 1.3 mm.
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TABLE VIIl. Optimum physical conditions in compressed water using bunch
intensity =4 x 10" uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.3mm, annular focal spot with inner ring radius, Ry = 0.5mm,
outer ring radius, Ry = 1.5mm.

No A(%) p(g/em’® P (Mbar) T (K) timpr (1S) No A(%) p(g/m’® P (Mbar) T (K) timpt (1S)
1 5 6.2 10.2 438 % 10° 118 1 5 6.0 9.3 4.56 x 10° 151
2 10 5.8 8.6 5.34 x 10° 119 2 10 5.6 8.0 5.1 x 10° 152
3 15 5.54 7.8 6.53 x 10° 120 3 15 5.4 7.2 6.25 x 10° 153
4 20 5.35 7.35 7.52 x 10° 121 4 20 5.2 6.5 7.44 x 10° 154
5 25 5.2 6.84 8.66 x 10° 121 5 25 5.0 6.2 8.58 x 10° 155
6 30 5.0 6.45 9.51 x 10° 122 6 30 49 5.8 9.76 x 10° 155
7 35 4.95 6.1 1.01 x 10* 122 7 35 47 5.4 1.03 x 10* 156
8 40 458 5.8 1.07 x 10* 122 8 40 46 5.2 1.06 x 10* 156

vs the constant power step amplitude, A, in water under optimum con-
ditions. It is seen that over the considered range, the density decreases
from 6 g/cm’® to 4.6 g/cm’, the temperature increases from 4500 K to
10,600 K, and the pressure also decreases from 9.3 Mbar to 5.2 Mbar.

The precise values of the parameters are presented in Table VIII,
which shows that the implosion time is around 155 ns.

4, Case 4:R;=0.3mm, R;=0.4mm,and R, =1.4mm

A summary of the results corresponding to this case is presented
in Fig. 15, where we plot the optimum water physical conditions vs the
constant power step amplitude, A. It is seen that over the considered
range of A, the density changes from 6.1 g/cm® to 4.6 g/cm”, the tem-
perature increases from about 4800 K to 10,700K and the pressure
varies from 9.8 Mbar to 5.2 Mbar. The precise values of the parameters
are noted in Table IX which shows that t;,,,,; is about 144 ns.

C. Beam intensity 3 x 10"

In this section, we present the simulation results obtained assum-
ing an intensity of 3 x 10"" ions/bunch. Although we have carried out
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FIG. 14. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 3 in Table |, bunch intensity =4 x 10",

simulations considering all the four sets of beam and target parameters
noted in Table I, we only present results for the cases 1 and 2 to avoid
repetition. This means that we only present results corresponding to a
sample radius of 0.2mm, using inner ring radius of 0.4mm and
0.3 mm, respectively.

1. Case I: Ri= 0.2mm, R; = 0.4 mm, and R; = 1.4 mm

In Fig. 16, a summary of the simulation results obtained using
this set of the beam and target parameters is presented. Here again we
plot the optimum density, temperature, and pressure vs the constant
power step amplitude parameter, A. It is seen that as parameter A
varies between 5% to 40%, the density decreases from 5.5g/cm’ to
4.4 g/cm’, whereas the temperature increases from about 3600K to
8300 K. The pressure changes from about 7.25 Mbar to 4.2 Mbar. The
precise values of these parameters are noted in Table X. It is seen that
timpr is on the order of 148 ns.

2.Case 2:Ri=0.2mm, R;=0.3mm,and R, =1.3mm

Figure 17 shows the optimum water density, temperature, and
the pressure vs the constant power step amplitude A. It is seen that
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FIG. 15. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 4 in Table |, bunch intensity =4 x 10"

Phys. Plasmas 28, 032712 (2021); doi: 10.1063/5.0037943
© Author(s) 2021

28, 032712-10


https://scitation.org/journal/php

Physics of Plasmas

TABLE IX. Optimum physical conditions in compressed water using bunch
intensity = 4 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 = 0.4 mm,
outer ring radius, R, = 1.4 mm.
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TABLE X. Optimum physical conditions in compressed water using bunch
intensity = 3 » 10™ uranium ions, bunch length = 75 ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.4 mm,
outer ring radius, R, = 1.4 mm.

No A(%) p(g/em’® P (Mbar) T (K) timpr (1S) No A(%) p(g/m’® P (Mbar) T (K) timpt (1S)
1 5 6.15 9.84 4.81 x 10° 142 1 5 55 7.25 359 x 10° 147
2 10 5.7 8.2 5.34 x 10° 143 2 10 535 6.45 4.34 x 10° 147
3 15 5.4 7.28 6.53 x 10° 144 3 15 5.05 5.5 531 x 10° 148
4 20 52 6.7 7.52 % 10° 144 4 20 4.87 53 5.95 x 10° 148
5 25 5.1 6.34 8.66 x 10° 145 5 25 4.68 4.92 6.55 x 10° 149
6 30 4.9 5.85 9.51 x 10° 145 6 30 4.57 4.68 7.61 x 10° 149
7 35 4.8 5.52 1.01 x 10* 146 7 35 4.46 4.44 7.73 x 10° 149
8 40 4.65 5.26 1.07 x 10* 146 8 40 4.36 4.23 8.3 % 10° 149
over the considered range of the parameter, A, the density decreases 10 prerrrrre R A A RASaE ana
from a value of 5.7 g/cm” to 4.48 g/cm’, and the temperature increases -
from 4100 K to 9400 K, while the pressure decreases from 8 Mbar to g f T
about 4.7 Mbar. The precise values of the parameters are noted in = S8F .- E
Table XI which shows that t;,,,; in this case is about 125 ns. A compari- E - -
son between Tables X and XI shows that the corresponding parameter = b el E
values are quite similar, which again indicates the stability of the _:g F e _/ .................
LAPLAS experimental scheme even for this moderate intensity. It is \E_/ E . T AREEEY:
also to be noted that the results obtained using the larger sample mass aogapE T
corresponding to R; = 0.3 mm, show a similar pattern. <k — — — - Density ]
g ; ------ Pressure g
D. Beam intensity 2 x 10" 3 2F o Tempene E
. Yy & X% o F ]
In the following, we present '[hle1 simulation results obtained con-
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Table I.

1. Case I: Rj= 0.2mm, R; = 0.4 mm, and R, = 1.4 mm

The simulation results obtained using the considered set of the
input parameters are shown in Fig. 18, where we plot the optimum
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FIG. 16. Average density, temperature and pressure in compressed water vs foot
amplitude for case 1 in Table |, bunch intensity = 3 x 10",

FIG. 17. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 2 in Table |, bunch intensity = 3 x 10"

sample density, temperature, and pressure vs the constant power step
amplitude, A. This figure shows that as the value of the parameter A
increases from 5% and 40%, the density decreases from about 5 g/cm’
to 4g/cm’, while the temperature increases from around 3000 to

TABLE XI. Optimum physical conditions in compressed water using bunch
intensity = 3 x 10" uranium ions, bunch length = 75ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.3 mm,
outer ring radius, R, = 1.3mm.

No AM®%) p (g/cm3) P (Mbar) T (K) timpr (DS)
1 5 5.7 8.0 4.15 x 10° 124
2 10 5.42 7.12 4.46 x 10° 124
3 15 5.19 6.2 5.56 x 10° 125
4 20 5.05 5.9 6.83 x 10° 125
5 25 49 5.55 7.66 x 10° 126
6 30 4.72 5.18 8.11 x 10° 126
7 35 46 4.93 8.78 x 10° 126
8 40 448 47 9.4 x 10° 126
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FIG. 18. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 1 in Table |, bunch intensity =2 x 10",

6000 K. Also the pressure decreases from about 5.5 Mbar to around 3
Mbear. The precise values of these parameters are noted in Table XII. It
is seen that in this set of calculations, t;,,; is around 154 ns.

2. Case 2: R;=0.2mm, R;=0.3mm,and R, =1.3mm

We now discuss the simulation results corresponding to the
above set of the beam and the target parameters. In Fig. 19, we plot the
optimum sample density, pressure, and temperature vs the constant
power step amplitude, A. It is seen that over the considered range of
the parameter, A, the density decreases from about 5 g/cm” to 4 g/cm’,
the temperature increases from 3400 K to 6500 K, and the pressure is
reduced from 5.7 Mbar to 3.4 Mbar. One can, therefore, generate any
required set of the physical parameters by choosing an appropriate
value of the parameter A. The exact values of the physical parameters
are noted in Table XIII, showing an implosion time of the order of
127 ns.

E. Beam intensity 10"

Finally, we discuss the simulation results using the lowest consid-
ered bunch intensity of 10", We only present results obtained using

TABLE XII. Optimum physical conditions in compressed water using bunch
intensity = 2 x 10" uranium ions, bunch length = 75ns, particle energy = 1.5 GeVlu,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.4 mm,
outer ring radius, R, = 1.4 mm.
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FIG. 19. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 2 in Table |, bunch intensity =2 x 10",

the input parameter sets corresponding to cases 1 and 2. This means a
sample radius of 0.2mm and an inner ring radius of 0.3 mm and
0.4 mm, respectively.

1. Case I: Ri= 0.2mm, R; = 0.4mm, and R, = 1.4 mm

The results obtained using this set of input parameters are pre-
sented in Fig. 20, where we plot the optimum water density, tempera-
ture, and pressure vs the constant power step amplitude, A.

It is seen that over the considered range of the parameter A, the
density decreases from about 4.3 g/cm® to 3.8 g/cm’, while the temper-
ature increases from 1700 K to 3600 K. Also the pressure changes from
3.55 Mbar to 2.3 Mbar. The exact values of the physical parameters are
noted in Table XIV, which shows an implosion time of about 165 ns.

2. Case 2: Ri=0.2mm,R;=0.3mm,and R, =1.3mm

Figure 21 presents the results achieved using this particular set of
the beam and target parameters. In this figure, we plot the density,
temperature, and pressure vs constant power step amplitude, A, over a
range of 5% to 40%. It is seen that the density decreases from 4.4 g/cm’

TABLE XiIll. Optimum physical conditions in compressed water using bunch
intensity = 2 x 10" uranium ions, bunch length = 75ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.3 mm,
outer ring radius, R, = 1.3mm.

No A (%) 0 (g/cm3) P (Mbar) T (K) timpt (DS) No AM®%) p (g/cm3) P (Mbar) T (K) timpr (DS)
1 5 5.04 5.45 3.07 x 10° 153 1 5 5.1 5.7 3.4 %10’ 126
2 10 4.93 5.11 3.39 x 10° 153 2 10 49 527 3.72 x 10° 126
3 15 4.66 4.54 3.73 x 10° 154 3 15 47 47 4.1 % 10° 127
4 20 44 3.92 4.16 x 10° 154 4 20 46 4.4 45 % 10° 128
5 25 431 3.7 458 x 10° 155 5 25 45 42 5.05 x 10° 128
6 30 422 3.5 5.11 x 10° 156 6 30 432 3.82 5.56 x 10° 129
7 35 4.15 3.34 5.54 x 10° 156 7 35 422 3.59 6.17 x 10° 129
8 40 4.1 3.18 6.12 x 10° 156 8 40 4.15 3.46 6.57 x 10° 129
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FIG. 20. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 1 in Table |, bunch intensity = 10",

to 3.9 g/cm’, whereas the temperature increases from 1800K to
4000 K. The pressure decreases from 3.5 Mbar to 2.6 Mbar. Detailed
values of the achieved parameters are noted in Table XV. It is seen
that t;,,,; is around 148 ns.

A comparison between Tables XIV and XV shows that the results
are insensitive to variation in the inner ring radius which leads to a
variation in the payload mass by more than a factor of 2. Similar
behavior is observed for the cases 3 and 4 in Table L. This suggests the
stability of the LAPLAS scheme even for this relatively low intensity. It
is also interesting to note that the values of the implosion time, t;,,»
presented in Tables II-XV increase as the beam intensity changes
from 5 x 10" to 10'" ions per bunch. This is because the driving pres-
sure decreases as the bunch intensity is reduced that makes the implo-
sion process slower and less efficient.

F. Overall discussion of results

In Figs. 22(a)-22(d), we plot the optimum water density, temper-
ature, and pressure vs the bunch intensity using different values of the
constant power step amplitude, A, including 5%, 10%, 15%, and 20%,
respectively. These results correspond to the case using the sample

TABLE XIV. Optimum physical conditions in compressed water using bunch
intensity = 10" uranium ions, bunch length =75ns, particle energy =1.5GeV/u,
sample radius, R;=0.2 mm, annular focal spot with inner ring radius, Ry = 0.4 mm,
outer ring radius, R, = 1.4 mm.
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FIG. 21. Average density, temperature, and pressure in compressed water vs foot
amplitude for case 2 in Table |, bunch intensity = 10",

radius, R;=0.2mm, inner ring radius, R; = 0.4 mm, and outer ring
radius, R, = 1.4 mm.

Figure 22(a) shows that assuming A =5%, using the highest
bunch intensity of 5 x 10", the achieved density, temperature and
pressure are 6.55 g/cm”, 4800 K, and 11.8 Mbar, respectively. For the
lowest bunch intensity of 10", the corresponding values are 4.36 g/
cm?, 1700 K, and 3.55 Mbar, respectively. Any required parameter sets
within this range can be obtained by choosing a suitable value of the
parameter, A.

Figure 22(b) presents results obtained assuming A = 10%. In this
case, the limiting values of density, temperature, and pressure are
6.15g/cm’ and 4.3 g/cm?, 7000 and 2110 K, and 10.3 Mbar and 3.46
Mbear, respectively.

Figure 22(c) shows results considering A = 15%. In this case, the
achieved density range is 5.9 g/cm” to 4.7 g/cm’, the temperature range
is 8800 K to 2350 K and the corresponding pressure range is 9.3 Mbar
to 3.36 Mbar for the highest and the lowest bunch intensity,
respectively.

Figure 22(d) presents results obtained assuming A = 20%. In this
case, the limiting values of density, temperature, and pressure are

TABLE XV. Optimum physical conditions in compressed water using bunch
intensity = 10" uranium ions, bunch length =75ns, particle energy = 1.5 GeV/u,
sample radius, R;=0.2mm, annular focal spot with inner ring radius, Ry = 0.3 mm,
outer ring radius, R, = 1.3 mm.

No A (%) 0 (g/cm3) P (Mbar) T (K) timpt (DS) No AM®%) p (g/cm3) P (Mbar) T (K) timpr (DS)
1 5 436 3.55 1.7 x 10° 165 1 5 439 3.63 1.84 x 10° 147
2 10 43 3.44 1.93 x 10° 165 2 10 43 3.46 2.11 x 10° 147
3 15 427 3.34 221 % 10° 165 3 15 429 3.36 235 % 10° 148
4 20 4.18 3.13 261 x 10° 165 4 20 42 3.2 2.69 x 10° 148
5 25 4.04 2.74 297 x 10° 166 5 25 4.06 2.83 3.17 x 10° 149
6 30 3.92 25 3.24 x 10° 166 6 30 3.99 2.64 3.57 x 10° 149
7 35 3.82 2.33 3.92 x 10° 166 7 35 3.91 2.53 3.94 x 10° 129
8 40 3.77 2.16 3.64 x 10° 166 8 40 3.85 2.45 4.1x%10° 149
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FIG. 22. Density, p, temperature, T, and pressure, P vs bunch intensity, particle energy = 1.5 GeV/u, bunch length =75 ns, sample radius, R;= 0.2 mm, inner ring radius,
R1=0.4 mm, outer ring radius, R, = 1.4 mm; constant power step amplitude, A: (a) 5%, (b) 10%, (c) 15%, and (d) 20%.

56g/cm® and 4.2 g/cm’, 7000K to 3170K, and 8.6 Mbar and 3.2
Mbear, respectively.

In Fig. 23, we plot the same parameters as in Fig. 22, but using
A =125, 30, 35, and 40%, respectively.

Figure 23(a) shows that using A =25%, the water density,
temperature, and pressure corresponding to the highest bunch
intensity are 5.45 g/cm3, 11,500K, and 8.1 Mbar, respectively.
Using the minimum bunch intensity, on the other hand, the corre-
sponding values of these parameters are 4 g/cm’, 3170 K, and 2.8
Mbar, respectively.

Figure 23(b) presents results obtained assuming A =30%.
The maximum values of the density, temperature and pressure are
5.3g/cm?, 12,500 K, and 7.6 Mbar, respectively, whereas the minimum
values of these parameters are 4g/cm’, 3570K, and 2.6 Mbar,
respectively.

Figure 23(c) shows the water physical parameters using A = 35%.
It is seen that the density, temperature, and pressure corresponding to
the highest bunch intensity are 5.2g/cm® 14000K, and 7.2 Mbar,
respectively. Using the minimum bunch intensity, on the other hand,

the corresponding values of these parameters are 3.9 g/cm’, 3840K,
and 2.5 Mbar, respectively.

Figure 23(d) shows results assuming A =40%. In this case, the
achieved density range is 5 g/cm’ to 3.8 g/cm’, the temperature range
is 15,000K to 4100K, and the corresponding pressure range is 6.8
Mbear to 2.45 Mbar corresponding to the highest and the lowest bunch
intensity, respectively.

The above discussion shows that a very wide range of extreme
physical conditions that are expected to exist in the core of the water
rich planets can be generated by compressing a reasonable mass of the
water sample in the LAPLAS scheme. Any required set of the physical
parameters can be obtained by using a suitable value of the bunch
intensity and the constant power step amplitude, A.

VIil. DIAGNOSTICS

Diagnosing the short-lived WDM samples generated in labora-
tory experiments is a formidable challenge in itself. Due to the high
energy density needed, only small samples can be generated, with sizes
typically of few tens to hundreds of micrometers. The timescale is
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FIG. 23. Density, p, temperature, T, and pressure, P, vs bunch intensity, particle energy = 1.5 GeV/u, bunch length =75 ns, sample radius, R;= 0.2 mm, inner ring radius,
R1=0.4 mm, outer ring radius, R, = 1.4 mm; constant power step amplitude, A: (a) 25%, (b) 30%, (c) 35%, and (d) 40%.

given by the sound speed, typically in the range of tens to hundred
km/s. As a consequence, measurements with high spatial and temporal
resolution are required. Optical diagnostics are often used to measure
thermal emission or determine the shock front velocity, but are
restricted to visible surfaces. Here, laser-driven powerful x-ray sources,
allow us to translate x-ray backlighting techniques well-established in
medicine and materials science, such as x-ray radiographic imaging
and x-ray diffraction, for the characterization of these short-lived
extreme matter states. Hot plasmas at keV temperatures, heated by
energetic laser pulses focused to intensities on order 10" W/cm?, emit
powerful pulses of x-rays at photon energies around 10keV, see, for
example, Ref. 88. X-ray radiography enabled by these intense x-ray
sources has become an indispensable diagnostic in many laboratory
HED science experiments. In inertial confinement fusion experiments,
it is routinely used to measure implosion velocity, symmetry and shell
mass.”” Measurements of shock velocity and mass density in shock
experiments allows us to test EOS models,”” recently accessing pres-
sures of several hundred Mbar.”"”

Probing samples at high pR, such as the compressed fusion
fuel in the stagnation phase of ICF implosions, or the high densities

achieved in LAPLAS-compressions, require higher x-ray energies to
penetrate the samples and yield discernible contrast. Such powerful
pulses of hard x-ray radiation are produced when micrometer-sized
targets are irradiated with laser pulses at intensities exceeding 10"® W/
cm?. Here, the relativistic laser—matter interaction results in the accel-
eration of copious amounts of energetic (MeV) electrons, leading to
the generation of x-rays in the target by characteristic line emission
from inner-shell ionization’” and bremsstrahlung.”* While the con-
version efficiency (the ratio of energy into x-ray photons, compared
to the energy of the laser pulse) tends to be lower than the thermal
emission from laser-heated plasmas, the x-ray spectrum reaches well
into the range of several hundred keV, see, for example, Ref. 95. For
this reason, many of the large laser-compression facilities worldwide
have installed additional chirped pulse amplifier (CPA) laser systems
for picosecond laser pulses with energies up to the kilo-Joule
level,””® enabling such hard x-ray radiographic capabilities.
Likewise, at FAIR such a high-energy shortpulse laser system, the
“Helmholtz-beamline,” is currently under discussion to complement
the unique compression capabilities with state-of-the-art HED
diagnostic.
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In order to assess the potential of this x-ray source for radio-
graphic imaging of the LAPLAS implosions planned to be conducted
at FAIR, we have performed simulations to generate realistic synthetic
radiographic images to predict the achievable resolution and image
noise. In these calculations we use the conversion efficiencies mea-
sured over a wide range of intensities at the PHELIX laser,” of 10~*
and 1.5 x 10~ * into the spectral ranges of 20-70 keV and 70-200 keV,
respectively.'”’ The spectral distribution has not been determined
unambiguously, but the measurements are compatible with a 2-
temperature  Boltzmann-distribution composed of a colder
(20-50keV) and a hotter (300-500keV) component, as was also
inferred from similar experiments.g'l As a detector, we here assume a
so-called imaging plate (IP) detector. IPs are frequently used media for
recording ionizing radiation in HED experiments, mostly due to their
versatility and ease of use and their robustness to the harsh environ-
ment typical for these experiments. For x-rays, a high detection effi-
ciency is maintained up to several tens of keV, dropping significantly
only beyond 100keV."”" We have modeled the detection probability
and energy deposited per incident photon using the Monte Carlo
package GEANTA4.'"” The spatial resolution typically achieved with
this type of detector is on order of 100 um,'"” limited mostly by trans-
verse light scattering in the phosphor layer during the readout process.
In our simulations, we have applied a pixel size of 100 um to include
this detector resolution in the results. The calculated signal in each
pixel contains the shot noise (Poisson distribution) from the finite
number of photons emitted per spectral interval and into the solid
angle subtended by the pixel. Furthermore, the photon absorption sta-
tistics in the sample as well as the quantum efficiency of the detection
process is taken into account. We have validated our calculations com-
paring synthetic radiographic images with measurements taken at the
PHELIX laser. Due to the experimental restrictions, here only 21.6 ] of
laser energy was used, focused onto the backlighter target, a 10 um
diameter tungsten wire. A radiographic image of three different thick-
nesses (13, 17, and 21 mm) of polymethyl methacrylate (PMMA) is
shown in Fig. 24 (left). PMMA is chosen here as a surrogate for water.
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Being a low-Z material with a similar electron density, the absorption
of 1 mm PMMA is almost identical to that of 0.8 mm of water over a
wide range of photon energies. In the lineout (below) the average sig-
nal level behind the different samples can be seen. (Note: The unit PSL
given in the images is the so-called photo-stimulated luminescence,
the count value typically used for image plates. This value is propor-
tional to the deposited dose over a wide dynamic range. For the simu-
lations, we have used a conversion of 1 MeV/PSL, which we have
measured using a well-characterized radioactive x-ray source.) Figure
24 (right) shows the synthetic radiograph generated from our simula-
tion. As can be seen, both the signal level and the signal-to-noise ratio
obtained in the experiment are well reproduced by the simulated
images.

The same simulations have been performed to predict radio-
graphic images from the LAPLAS compression targets outlined in Sec.
VII A, case 1. For these simulations, however, we have assumed a laser
pulse energy of 200], the projected baseline design parameter for the
future laser facility. Both the x-ray source and the detector are on the
cylinder axis of the LAPLAS-target, such that radiographic projections
are along this axis. The source is located at a position of 10 mm in
front of the target entrance. The detection plane is located on the other
side at a distance of 1 m. This results in a geometric magnification fac-
tor of 75 (at the mid-plane of the target). A resolution element of
10 um at the sample, thus, is magnified to 0.75mm at the detector
plane, a resolution that is easily achieved with imaging plates or other
pixelated hard x-ray detectors. Source points are randomly distributed
over an area of 10 X 10 um to emulate the spatial extension of the x-
ray source. This will lead to a blurring (extended point-spread-func-
tion) of the projected image corresponding to 10 um at the object
plane. Straight rays, originating at the source and terminated at the
detector plane, are traced through the target density distributions from
the hydrodynamic simulations. From this, we obtain the integrated pR
through the target for each location on the detector plane. The (spec-
trally dependent) absorption is then calculated using tabulated opaci-
ties from (XCOM). The use of cold opacities is justified as the x-ray
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FIG. 24. (Left) Experimental image obtained at the PHELIX laser facility. The laser energy on the backlighter was 21.6 J, pixel size is 100 um. The image (top) shows the raw
data recorded on an imaging plate detector, the plot (bottom) is a 10 pixel wide lineout. (Right) Synthetic radiographic image.
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FIG. 25. (Top) Synthetic x-ray images at different times during the LAPLAS compression: (left) at 100 ns the converging first shock at r =20 um can be seen, (middle) at
105 ns around r =50 um, the weak shock reflected on the axis, and (right) around peak compression at 135 ns. (Bottom) Single-pixel lineout and a lineout convoluted with the

10 «m resolution limit due to the finite source size.

energies are well in the Compton-dominated regime where electrons
are quasi-free and the attenuation depends only on the total electron
density.'”* We note that the on-axis ion fluence is low enough to not
damage the backlighter-target. Tons transmitted through the LAPLAS
target can be further slowed down by several cm of low-Z material,
which transmits the hard x-ray radiation. A 0.5 Tesla-m deflection
magnet will deflect the ions sufficiently far off the axis to protect the
imaging detector.

Figure 25 shows simulated radiographs for three different times
during the implosions described in Sec. VII A. At t= 100 ns (left), the
inwards moving first shock wave can be clearly observed at r ~ 20 um
as a jump in the transmission at the transition from the shocked into
the unshocked region. Also, the position of the tungsten tamper can
be clearly seen. As time progresses (center), the tungsten wall moves
inwards, radially compressing the sample. Measuring the position of
the tungsten-water interface thus is a direct measure of the total sam-
ple volume. Finally (right), the fully compressed sample yields about
30% of the signal level of the uncompressed sample, which can still be
measured accurately. The bottom panels in Fig. 25 show radial lineouts
of the images. The red (thin) line represents a single-pixel lineout.
From this we can infer a pixel-to-pixel signal-to-noise-ratio of approx-
imately 10. When convoluting the image with the expected object res-
olution of 10 um (as limited by the source size), the noise is further
reduced, as shown by the blue (thick) line. The mass density can also
be directly inferred from the signal strength. The absorption is a
strictly monotonous function of the density. Therefore, a simultaneous
radiograph of a calibration target with different thicknesses of the same
material as the sample will provide a direct relation between density and

signal strength. From these results, we conclude that radiographic imag-
ing using a high-energy intense laser driven x-ray source will be a valu-
able diagnostic capability. It will be indispensable to monitor the target
implosion performance. Measuring shock and interface velocity as well
as mass density will allow us to access the equation-of-state of these
extremely interesting matter states. Other x-ray diagnostic techniques,
such as x-ray diffraction, requiring narrow-band radiation such as pow-
erful K-alpha sources”” could also be envisaged. This would give access
to the microscopic structure, showing phase transitions to exotic new
states such as superionic water, as was recently demonstrated in Ref.
105. In the future, spectrally resolved inelastic scattering techniques
could provide access to the electronic structure and conductivities. For
example, inelastic x-ray scattering has been shown to probe bound-free
transitions, " while x-ray scattering in the collective regime has allowed
to infer WDM conductivity from the shape and width of the plasmonic
resonance. ”’ Such measurements in the superionic ice regime would be
of high interest as they might contribute to explain the anomalous mag-
netic fields found for the ice giants Uranus and Neptune.'”*

IX. CONCLUSIONS

This paper reports two-dimensional hydrodynamic simulations
of compression of water in a multi-layered cylindrical target that is
driven by an intense uranium beam. The beam parameters considered
in this study are the design parameters of the beam that is to be deliv-
ered by the heavy ion synchrotron, SIS100, at the Facility for
Antiprotons and Ion Research (FAIR). A wide range of beam and target
parameters are considered to study the sensitivity of the results to uncer-
tainties in the input parameters. Five different values of the bunch
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intensity, including, 10", 2 x 1011, 3 x 10,4 x 10", and 5 x 10"} ions
per bunch, are used. Two values for the sample radius, R;, including
0.2 mm and 0.3 mm, respectively, are used. The corresponding sample
mass is 1.26 x 10> g/cm and 2.83 x 10 g/cm, respectively. In the for-
mer case, two values of the inner ring radius of the annular focal spot,
Ry, namely, 0.3 mm and 0.4 mm, are considered. These lead to payload
mass of 3.01 x 10~> g/cm and 7.24 x 10> g/cm, respectively. In the lat-
ter case, we use R; = 0.4 mm and 0.5 mm, which lead to payload mass
of 422 x 1072 g/em and 9.65 x 102 g/cm, respectively. The simula-
tions show that the results are quite insensitive to these significant varia-
tions in the sample and the payload mass for all the considered beam
intensities. This indicates that the LAPLAS experimental scheme is sta-
ble to large uncertainties in the input parameters, which guarantees the
success of the experiment. Moreover, the simulation results show that
using the above beam parameter space, a wide range of extreme physical
conditions relevant to the interior of water-rich planets, can be gener-
ated. The LAPLAS experiment will thus bring a wealth of information
in the field of planetary physics.
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