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This paper presents a new idea to produce matter in the high energy density physics (HEDP)
regime in the laboratory using an intense ion beam. A gas bubble created inside a solid metal may
collapse by driving it with an intense ion beam. The melted metal will compress the gas bubble and
supply extra energy to it. Simulations show that the spherical implosion ratio can be about 5 and
at the stagnation point, the maximum density, temperature and pressure inside the gas bubble can
go up to nearly 2 times solid density, 10 eV and a few megabar (Mbar) respectively. The proposed
experiment is the first to permit access into the Mbar regime with existing or near-term ion facilities,
and opens up possibilities for new physics gained through careful comparisons of simulations with
measurements of quantities like stagnation radius, peak temperature and peak pressure at the metal
wall.

PACS numbers: 28.52.Av, 41.75.Ak, 78.60.Mq, 64.10.4+h

I. INTRODUCTION

High energy density physics (HEDP) is a study of matter under extreme conditions of pressure, temperature and
density. It is an expanding field rich in new physics phenomena and compelling applications. HEDP is generally
defined to be the regime with energy densities exceeding 10! Joules per cubic meter (J/m?3), or pressures exceeding
1 megabar (Mbar) [1].

In general, matter at HEDP conditions has physical properties vastly different from those of matter under ordinary
conditions. Understanding of these properties is very important for the study of physics involving dense and strongly
coupled plasma, for example, within the interiors of giant planets, low-mass stars, and other astrophysical objects. It
is also essential for the study of inertial fusion.

HEDP experiments require deposition of large amounts of energy into a small target volume over a short time
interval, while maintaining uniformity across the whole target. To generate matter under high energy density condition
in the laboratory, intense ion beams are excellent tools[2-4]. The deposition of ion beams to the target is a well
understood process and ion beam heating, in contrast to laser induced heating, is known to be much more uniform
across the target over a wide range of thickness from a few microns to a few centimeters, depending on the kinds of
beam and target.

There are several such ion beam accelerators for high energy density physics research available, or planned to
be built, such as GSI in Germany [5] or NDCX-II in Berkeley [6]. These machines can directly heat the target to
temperature of a few eV. The proposed bubble collapse experiment can generate HEDP matter at much higher
temperature and pressure than those using the intense ion beam in a simple planar target .

The simplest type of target for creation and study of high energy demnsity states using ion beams uses planar
geometry, whereby an ion beam volumetrically heats a target and the target material response is studied via its
subsequent radiation and motion. For low energy beams (~ 1 MeV per nucleon), a beam illuminates the target
normally (see e.g. Ref. [3]), whereas for high energy ion beams (~ 1 GeV per nucleon) the planar target may be
illuminated in a direction parallel to its face and subsequent expansion normal to the face is detected [7]. Other target
geometries, such as cylindrical or spherical, have also been considered and have particular advantages. In Refs. [3] and
[8], a simple cylindrical geometry is employed in which a sample is illuminated by a high energy (~ 1 GeV per nucleon)
ion beam along the axis of a cylinder and radial expansion is measured (along with other diagnostics). Multilayered
cylindrical implosions have also been considered for creation and study of dense plasmas [3, 9, 10]. These targets
consist of a mm-scale cylindrical shell of high-Z material that, when isochorically heated by an ion beam, radially
compress a sample to create a high density state. The cylindrical geometry enhances the pressure, relative to a planar
compression. Spherical geometries have also been considered for ion-beam heated warm dense matter studies as, for
example, in Ref. [11], for the purpose of creating small, point-like, radiation sources, or as in Ref. [12] for the purpose
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of creating simple uniform samples that are radially tamped and for which the spherical symmetry provides minimal
scattering for X-ray diagnostics. Indeed, cylindrical and spherical geometries are employed for inertial confinement
fusion targets (see e.g. Refs. [13-15] and references therein) partly because of the enhancement in pressure arising
from compression in the non-planar geometry. In this paper, we explore the simplest possible spherically convergent
target: an imploding bubble, to explore the extent to which we may create warm dense matter conditions beyond
those obtained in planar targets.

The idea of a collapsing bubble is related to the single bubble sonoluminescence (SBSL) experiments [16-22]. SBSL
is a phenomenon of periodic light emission by an oscillating micron-sized gas bubble trapped in the pressure anti-node
of a standing ultrasound wave with driving pressure of 1.2 to 1.4 atm in water (or other fluids). It is now strongly
believed that the light emission is the consequence of the fast compression of the bubble and the temperature inside
the bubble can go up to a few eV [18-22]. So if we use a stronger driving pressure, like a rapidly heated melted
metal, the compression may be even stronger and the gas may enter the HEDP regime. That is the basic idea of the
proposed experiment.

The proposed experiment considers a gas bubble created within a subrange-thick metal target, as shown in Figure
1. As the target is illuminated by the ion beam, the ion beam energy is deposited into the target. The instantaneous
(under constant density) increase in pressure per unit energy deposition per unit mass is:

(8—P) _ ok (1.1)
or /), Co

where P is the pressure and E is the energy per unit mass. «, K and ¢, are the coefficient of thermal expansion,
the bulk modulus and the specific heat capacity respectively. Usually, metals and gases have specific heat capacities
of the same order of magnitude and metals have very high bulk modului compared to those of gases. Even though
metals have relatively low thermal expansion coefficients compared to those of gases, the (0P/JFE)y values of metals
are still a factor of a few hundred higher than those of gases. As a result, given a similar energy deposition per atom,
the pressure rise in metal is much higher than that inside the gas bubble. If the energy deposition is uniform enough,
the bubble will collapse spherically due to the large pressure difference generated. Surface tension may also help to
make the bubble collapse spherically. The fast collapse may heat the gas inside the bubble to the high energy density
physics regime.

II. HYDRODYNAMIC SIMULATIONS

After the intense ion beam is turned on, the ion beam energy will be deposited into the metal, as well as the gas
inside the bubble, and the temperature will be raised. The temperature rise will generate a large pressure difference
across the bubble wall. To study the proposed experiment quantitatively, hydrodynamic simulations must be done.

As an intense ion beam can have stable beam energy and a long range in the target with uniform beam energy
deposition, constant and uniform ion beam energy deposition rate per unit mass to the target and spherical symmetry
can be assumed.

A 1-dimension hydrodynamic Lagrangian code for warm dense matter studies in the slab geometry DISH [23]
is modified for the spherical geometry in our simulations. For an initially spherical gas bubble, perfect spherical
symmetry is assumed in the code. Constant and uniform ion beam energy deposition rate per unit mass to the target
is further assumed.

In the modified DISH code, spherical equations are installed. At the boundary between the metal and gas bubble,
temperature-dependent surface tension [24] is included:

o=00(1—T/T)"*, (2.1)

where T and T, are the temperature and the critical temperature respectively. o is the surface tension at T' = 0.
For aluminum, 7. 2 1 eV and o¢ = 950 dyn/cm. For temperature higher than the critical temperature, the surface
tension vanishes.

For hydrodynamic simulations, especially those with strong shock waves, artificial viscosity has to be implemented
so as to obtain realistic results. For our spherical case, Whalen’s Tensor Formulation [25] is used in the Lagrangian
equations:

du d(P 3
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where p, u, t, P, r, F €}, and ¢; are the density, velocity, time, pressure, radius, internal energy per unit mass, heat
conduction rate per unit mass and ion energy deposition rate per unit mass. @ is the artificial viscosity term. For a
expanding fluid, i.e. (Au/Ar) >0, Q = 0. For a compressing fluid, @ is given by:

du (du u 9
Q= cop—- (dr 7“) Are, (2.4)
where ¢ is a dimensionless viscosity coefficient and Ar is the thickness of the zone considered. It is noticed that at
a point far away from the origin, i.e. for a large r, the artificial viscosity terms in acceleration equation (2.2) and
energy conservation equation (2.3) vanish and the equations reduce to their usual form in slab geometry with modified
pressure (P + Q).

In our 1-D spherical simulations, the proposed experiment can be modeled as shown in Figure 2. Assuming perfect
spherical symmetry, hydrodynamics inside the dashed sphere is simulated. The total metal thickness should be within
the ion range with uniform ion energy deposition, and so ry, is limited in principle. Along the z-direction, i.e. along
the beam axis, the metal target will expand outward freely to the chamber. But along the y-direction, the expansion
of the metal outward will be stopped by the target itself. In our 1-D simulations, the outer boundary of the metal
is assumed to be either in free expansion or in a fixed position along all directions. The actual situation should be
something between these two cases.

In the later part of the present paper we will see that the ion beam leads to rapid collapse of the bubble within
about 0.3 ns and we are mainly interested in the physical environment (e.g., temperature, density and pressure)
achievable in that time scale. As the processes of solubilization and evaporation usually takes place in the time scale
of microseconds [26, 27], we can safely neglect the effects arising from such mechanisms and assume that the total
number of gas molecule inside the bubble is constant in the simulations.

IIT. EQUATIONS OF STATE

In our simulations, QEOS (a quotidian equation of state) [28] is used as the equation of state (EOS) for the gas
inside the bubble and a Griineisen-type EOS (GEOS) [29-32] is used for the surrounding metal target.

A. QEOS for the gas bubble

The QEOS data used in the simulations are calculated by MPQeos code [33]. QEOS is a well-known equation of
state model for hydrodynamic simulations of warm dense matter (WDM) and other high-pressure phenomena. It is
believed that QEOS is one of the available EOS for material under conditions of temperature and density relevant to
the proposed experiment. In QEOS, the electronic properties are obtained from a modified Thomas-Fermi statistical
model, while the ion thermal motion is described by a multiphase equation of state combining Debye, Griineisen,
Lindemann, and fluid-scaling laws. QEOS can give smooth predictions for ionization state, pressure, energy, entropy
and Helmholtz free energy in hydrodynamic simulations.

B. Griineisen-type EOS for the metal

The Griineisen-type equation of state (GEOS) used is a semi-empirical EOS. The EOS consists of three parts: (i)
a zero temperature part which is related to the interaction forces between atoms at zero temperature, (ii) a thermal
lattice part which is related to the thermal atomic vibrations about their mean positions, and (iii) an electron thermal
part which is related to the thermal excitation of the electrons.

The EOS calculates the Helmholtz free energies per unit mass for solid and liquid seperately. The Helmholtz free
energy of the solid phase is given by [30]:

3RT . [O(p)
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In the above equations R is the gas constant, A is the molar mass of the material, pg is the density at P = 0 and
T =0, E. and P, are the internal energy per unit mass and pressure at T' = 0, respectively. In the formula of Fj,
the three separate terms are related to the zero temperature part, the thermal lattice part and the electrons thermal
contribution part respectively. a;, £ and fy are empirical parameters found from experimental data.

The Helmholtz free energy of the liquid phase is given by [32]:

Fi(p.T) = Fu(p,T) = 5l tna(p, ), (3.6)
where
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with T;,0 and p;o being the melting temperature at P = 0 and the liquid density at P = 0 and T = T,,,0, respectively.
In the formula of Fj, in addition to Fy, there is one more term related to the phase transition. The phase transition
term is an interpolation of pressure and specific heat of the lattice part to their high temperature and low density
limit. This term also describes the jumps in entropy and volume during the phase transition. Here, b, [, ¢, a and 7
are empirical parameters found from experimental data. The pressure and the internal energy per unit mass of the
material can be found by the thermodynamic equalities from the Helmholtz free energy.

The melting curve is the melting temperature as a function of pressure. It can be found by the Clausius-Clapeyron
equation [34]:

P L

AT~ T(v; —vs)’ (3.10)

where v; = 1/p; and vs = 1/ps. p; and ps are the liquid and solid density of the material on the melting curve. L is
the latent heat of fusion per unit mass and it is given by:

L= Hl(pl,T) — Hq(ps, T) = El(pl,T) — Es(ps,T) + P(v — ’US), (3.11)

where H; and H; are the enthalpy per unit mass for liquid and solid phases respectively and E; and F are the internal
energy per unit mass for liquid and solid phases respectively. It is noticed that the pressure on the melting curve
satisfies:

P = P(pi.T) = P(ps.T), (3.12)

where P, and Ps are the pressure for liquid and solid phases respectively. To solve (3.10) for aluminum, the ex-
perimental result that the melting temperature of aluminum is 1076 K at P = 0 has to be used [35]. The melting
curve calculated also fits the experimental data for melting temperature at different pressures[35] and the Gibbs free
energies at the liquid and solid phases on the melting curve are also checked to be equal. Within the 2-phase region of
solid and liquid (for density between p; and ps), the pressure is independent of density and equal to P. The internal
energy is a linear interpolation of the solid and liquid limits. All the parameters used in the EOS for aluminum are
shown in Table I.



IV. BUBBLE COLLAPSE

In this section, unless specified, the simulations use argon gas bubbles surrounded by aluminum metal with fixed
outer boundaries and experimental parameters of initial gas density of 0.04 g/cm? , 7, of 0.5 ym and ry, of 2 um.
The ion beam we consider is the planned NDCX-II experiment at Lawrence Berkeley National Laboratory (LBNL),
which has a Li ion beam with energy of 2.8 MeV and 0.03 uC charge in 1 ns pulse. In this section, the ion energy
deposition rate per unit mass is assumed to be constant and uniform inside the target and it is set to be 15 kJ/g/ns.

As shown in Figure 3, after the intense iom beam is turned on at t = 0, ion beam energy will be deposited
to the target. The energy input will generate a large pressure difference between the gas bubble and the metal
surrounding. The pressure gradient will collapse and heat the gas bubble. After some time, the bubble radius will
reach a stagnation point at which the bubble wall velocity turns from negative to positive and rebound (Figure 3a
and b). At the stagnation point, the hydrodynamic movement of the gas is frozen and the kinetic energy of the gas
turns into the internal energy (Figure 3d). At that time, the average temperature and pressure over the whole gas
bubble are about 4 eV and 2 Mbar respectively, while the core gas temperature and pressure can go up to 9 eV and
3 Mbar respectively (Figure 3e and f). Most of the energy input to the bubble (more than 90%) is the work done by
the surrounding metal and the direct ion heating just consists of less than 10% of the total energy gain while the heat
conduction effect is also negligible (Figure 3c). Figure 3d also shows the values of 3kT/2m (the internal translational
kinetic energy per unit mass of the gas particles) and compares to the total internal energy. The differences between
the two values (about 38 kJ /g, i.e. 16 eV /ion) are other energy forms such as excitation energy and ionization energy.
In Figure 3e and f, the core temperature and pressure curves have sudden jumps at about 0.24 ns, and it is because
of the shock waves generated. We will discuss this below (Sec. IV B).

A. First Step of Collapse

After the target is heated by the ion beam, the pressure of the solid metal, as well as the gas inside the bubble,
increases. In a time scale much smaller than the hydrodynamic time, the density can be regarded as constant and so
the pressure rise can be estimated by (1.1). Because of the very high bulk modulus of the metal compared to those
of the gas, as well as their comparable specific heat capacities, the pressure increase of the metal is much higher than
that inside the bubble.

Figure 4 shows the pressure and velocity profiles at different times after the start of the ion beam heating. Just
after the target heating starts, there is a large pressure jump (at ¢ = 0.01 ns, the pressure difference is about 6 kbar,
while the pressure created by surface tension is about 40 bar) created across the bubble wall. This pressure gradient
will push the metal inwards and compress the gas bubble. The compression will heat up the bubble and the kinetic
energy of the metal will ultimately become the internal energy of the gas inside the bubble.

B. Stagnation Point and Bubble Size

After the sharp pressure gradient across the bubble wall is generated when the ion beam is turned on, a spherical
shock wave moving inwards to the bubble center will be generated (as shown in Figure 5). Because of the spherical
symmetry, the shock wave energy will be more and more concentrated. When the shock wave reaches the center, the
gas around the center will be highly compressed and heated and so create sudden jumps in core temperature and
pressure (as shown in Figure 3e and f). Then the shock wave will be reflected and propagate outwards. In Figure 5b,
the shock wave reaches the center at about t = 0.24 ns and at ¢t = 0.25 ns, the pressure shock is moving outwards.
The outward shock wave will further heat the bubble and so the pressure inside the bubble will be large enough to
stop the bubble collapse. In Figure 5b, the outward shock reaches the bubble wall at about 0.26 ns, which is very
close to the stagnation time.

Figure 6 shows another case with twice the bubble radius relative to the first simulation and with the same ion
energy deposition rate per unit mass. We find again that the shock wave will compress and heat the gas around the
bubble center (Figure 6a). Then the shock wave will be reflected (at about ¢ = 0.37 ns in Figure 6b) and nearly at
the time that the reflected shock reaches the bubble wall (at about ¢ = 0.41 ns), the collapse stops and rebounds.

C. Outer Boundary and Metal Thickness

As discussed before, along the beam axis, the metal target will expand freely to the chamber (as shown in Figure
2). At the far end point of the metal target, rarefaction wave will be generated and propagate towards the gas bubble



when the metal expands. Figure 7 shows the velocity and pressure profiles for a case of free outer boundary. The
rarefaction wave generated at the far end point of the target may finally affect the compression of the bubble if the
metal thickness (ry,, — ry,) is small enough and there is enough time for it to propagate.

Figure 8 shows the velocity and pressure profiles at a time close to the stagnation time (¢ = 0.26 ns) for different
cases with different outer boundary and ry. For fixed outer boundary cases, there is only one rarefaction wave
travelling from the bubble wall to the metal target and the end point. This rarefaction wave will be reflected when it
reaches the end point. For free boundary cases, there is another rarefaction wave travelling from the outer boundary
end point towards the bubble. If the metal is too thin and/or the stagnation time is too long, this rarefaction wave
may reach the bubble before the stagnation point and affect the stagnation pressure. As shown in Figure 8, the case
of 1.5 pm 7y, with free outer boundary has a much lower stagnation pressure inside the bubble than all other cases.
If the metal is thick enough, the rarefaction wave will not be able to affect the bubble and so the bubble will have
the same profiles at the stagnation point. In Figure 8, all the other cases have the same pressure and velocity profiles
inside the bubble. If it is the case, the bubble will have the same stagnation profiles along both x and y directions
(as shown in Figure 2) and the bubble will be roughly in spherical symmetry.

As a result, the target and bubble sizes have to be chosen very carefully. (1) The total target thickness (2ry,) has
to be small enough and within the ion range with uniform energy deposition. (2) The bubble size (1) has to be large
enough so that it is easier for diagnostics. (3) The metal thickness (ry, — ) has to be large enough so that the collapse
is spherical symmetric. So careful calculations and simulations are essential in order to decide these parameters before
the experiment.

D. Metal Layer Just Outside Bubble

Just after the bubble starts to collapse, the compression is very fast due to the large pressure difference between
the metal and bubble. At this stage, the metal layer around the gas bubble expands inwards just simply because of
the thermal expansion. Figure 9a shows the density change of the metal layer just outside the bubble. Before ¢t = 0.21
ns, that metal layer is still expanding. It can be noticed that at ¢t = 0.05 to 0.075 ns, that metal layer is in phase
transition from solid to liquid and the expansion speed is faster than at other times. During the phase transition, the
metal temperature is constant at the melting point of about 1000 K (as shown in Figure 9c).

As the gas pressure inside the bubble rises, the bubble wall will be decelerated by the gas pressure. But the metal
far away from the bubble is still flowing inwards. The large inertia of metal will compress the metal layer around the
bubble and create a high density layer of nearly double solid density at about the stagnation time (Figure 9a). As
shown in Figure 9b, at stagnation, the metal layer with high density is just about 0.2 pum thick and the other part of
the metal is still at about the normal density.

At that time, the pressure of the compressed layer is nearly the same as that inside the bubble (2 Mbar, as shown in
Figure 9d) but with relatively low temperature of 0.6 eV (Figure 9c¢).

V. EFFECT OF EQUATION OF STATE USED

In the simulations, the results may depend on the equation of state (EOS) used. In the previous sections, we use
QEOS as the EOS for the argon gas inside the bubble and the Griineisen-type equation of state (GEOS) for the
aluminum metal surrounding. To test how sensitive the EOS affects the simulation results, we change the EOS.

In this section, the simulations use experimental parameters of ion energy deposition rate per unit mass of 15
kJ/g/ns, initial gas density of 0.04 g/cm? | ry, of 0.5 ym and ry, of 2.5 ym with fixed outer boundaries.

A. Inverse Power Potentials Equation of State

We use an EOS describing inverse power potential between particles and the ionization effect. The intermolecular
potentials are assumed to be inversely proportional to the n-th power of the separation between two particles. For
larger n, the EOS is considered to be “harder”. This EOS is used for the argon gas inside the bubble and it is denoted



as inverse power potentials equation of state (IPEOS) [36, 37]. The IPEOS is given by:
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where m, k, pr and E.; are the mass of a single gas atom, the Boltzmann constant, the density of the solid gas at
T = 0 (for argon gas, pr = 1.626 g/cm?) and the binding energy per unit mass of solid gas at 7' = 0 (for argon,
E., =195 J/g). Zion is the charge state of the gas, i.e. the total number of free electrons divided by the total number
of gas atom and ion, and Q(Zion) is the total energy needed to remove Zio, electrons from an atom. In (5.1) and
(5.2), the last term is a simplification of the results of Monte Carlo calculations of intermolecular potentials in fluids
and solids [37].

To calculate Ziopn, we use an implicit equation derived from the Saha equation for the average degree of ionization [38]:

O.OlA[kT(eV)]3/2>
Zionp(g/cm3) ’

where I(Zion) is the ionization potential for any degree of ionization Zi.,. For integer Zion, I(Zion) can be found from
literatures [39] and Q(Zion) = ZyZni:l I(m). For non-integer Zion, I(Zion) and Q(Zion) can be found by interpolation.
Figure 10 shows the simulation results using IPEOS with different n and QEOS for the argon gas inside the bubble.
For a “softer” IPEOS (i.e. with a smaller n), the bubble will compress more (Figure 10a) and result in a higher
temperature (Figure 10c). In general, using IPEOS will have higher stagnation temperature and pressure than using
QEOS, even though their stagnation radii are nearly the same. A possible reason for the difference is that QEOS
uses Thomas-Fermi (TF) model to calculate the ionization while IPEOS uses Saha model and TF model usually gets
a higher ionization state than the Saha model (for the case here, the maximum ionization state for IPEOS is about
0.5 while that for QEOS is 3.5, while at ¢ = 0, IPEOS gets zero charge state and QEOS gets 0.3 charge state). So
much more energy is used for ionization for QEOS and the stagnation temperature, and so pressure, will be lower.

I(Zin +0.5) = kT'In < (5.3)

B. Effect of Ionization

To test the effect of ionization in the simulaitons, IPEOS is used with Zi,, set to be zero. The results are then
compared to that for the original IPEOS. The results for n = 12 are shown in Figure 11. It is noticed that the
case without ionization will have stagnation temperature of 15.5 eV while that for the case with ionization is 6.5 eV
(Figure 11c). The charge state for case with ionization is about 0.5 and the first ionization energy of argon is 15.8
eV. So the difference between the stagnation temperatures of the two cases is mainly due to the ionization energy of
the gas. The case without ionization will have a larger stagnation bubble radius and so the stagnation pressure will
be smaller.

C. Effect of Hard Core

Beside IPEOS, we also use Van der Waals’ EOS (VDW-EOS) for the gas in the simulations. The VDW-EOS is
given by:

p— P —ap?, (5.4)
m(1 —bp)
3ET
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where T, is the critical temperature (for argon gas, T, = 0.013 V). Instead of the usual formula of b=1 / Pk, a small
thermal expansion effect is added [23, 40] and (5.6) is used to calculate b. T, is a reference temperature so that at



T =T, and p = pg, P = 0. Otherwise, an infinite pressure will be obtained at solid density. For argon gas, T;. is set
to be the melting temperature at P = 0 (= 0.0072 eV). The VDW-EOS is also modified by the Maxwell construction
so as to describe the liquid-vapor two-phase region. The VDW-EOS can be treated as a “completely hard” EOS in
the sense of IPEOS. We use a VDW-EOS with no ionization and so we may compare the results to IPEOS without
ionization (n = 12), as shown in Figure 12. In (5.4), because of the denominator of (1 — bp), the density is limited by
1/b. So the compression ratio for the case of VDW-EOS will be limited and smaller than using IPEOS (Figure 12a).
The weaker compression for VDW-EOS will result in lower stagnation temperature and pressure (Figure 12¢ and d).

D. Effect of EOS for metal

We also investigate the effect of the EOS used for the metal on the bubble collapse. We compare the results of
using VDW-EQOS for the metal to the results using GEOS.

For the case of using VDW-EOS for the metal, (5.4), (5.5), (5.6) and (5.7) are used to find the pressure, internal
energy per unit mass, b and @ of the metal respectively. Under room conditions, the metal density is very close to py
(the solid density at T' = 0) because of the low thermal expansion coefficient. So T;. is set to be the room temperature
(=0.025 eV) and (5.4) will give a finite pressure equal to 0 under room temperature and solid density.

For both cases, we use QEOS as the gas EOS in the simulations and the results are shown in Figure 13. As shown
in Figure 13a, the compression for the case of VDW-EOS is much faster than that for the case of GEOS. The much
faster compression will result in a shorter stagnation time, smaller stagnation radius and much higher stagnation
temperature and pressure (Figure 13a, ¢ and d).

To explain the very fast compression, we may have to find the (0P/OF)y values for the two EOS from (1.1) under
normal conditions. Table II shows the coefficients of thermal expansion, the bulk modului, the specific heat capacities
and (OP/OF)y values for VDW-EOS, GEOS and the experimental values. We find that these values for GEOS are
closer to the experimental values. VDW-EOS has a too small thermal expansion coefficient and specific heat capacity
(about half the experimental values). But it has a much higher bulk modulus (more than 50 times higher). As a
result, VDW-EOS will get a very high (0P/JF)y value (about 40 times higher). So for the same energy deposition,
the pressure gradient generated for the VDW-EOS case will be much higher than that for GEOS and so cause a much
stronger compression.

We conclude that the EOS used for metal will affect the bubble collapse significantly and so the proposed experiment
is likely to examine the EOS for the metal as well as that for the gas.

VI. EFFECT OF EXPERIMENTAL PARAMETERS
A. Initial Gas Density

In the experiment, a gas bubble is created inside a solid metal target initially. After creating the bubble, the gas
pressure inside bubble is the same as that of the solid metal with the surface tension correction by (2.1). Using
different methods to create the bubble, the initial gas pressure and so the gas density can be different. So the initial
gas density can be treated as an experimental parameter in the simulation. After we make a small increase in the gas
density, the gas pressure increases and so we have to increase the metal density (and so the pressure) so as to equate
the gas and metal pressure (with surface tension correction). Because the metal has high bulk modulus, the change
in metal density will be very small.

Figure 14 shows the simulation results for different initial gas densities. For the case of higher initial gas density,
more gas is inside the bubble. So it is harder to compress the bubble to a small size and the collapse is weaker.
As a result, the stagnation radius will be larger (Figure 14a). For the lower density case, because of the stronger
compression, the stagnation temperature and pressure will be higher (Figure 14c to f). Figure 14b shows the pressure
profiles at stagnation point for the cases. The differences in pressure and stagnation radius are indicated.

B. Energy Deposition Rate

In the experiment, the ion energy deposition rate to the target depends on the kind of ion used in the beam, the ion
beam energy, the beam charge density, the target material, etc. Because we assume that the ion energy deposition
rate is constant and uniform, it can be treated as one of the experimental parameters that can be changed. For lower
energy deposition rate, the increase in metal pressure is lower and so the collapse is slower, and it results in lower



stagnation temperature and pressure. Figure 15 shows the simulation results for different ion energy deposition rates.
For the case of lower deposition rate, the compression rate will be lower and so the stagnation time is larger, while
the stagnation radius is close to other cases (Figure 15a). The slower compression also results in lower stagnation
temperature and pressure (Figure 15¢ to f). Figure 15b shows the pressure profiles at stagnation point for the cases.
The differences in pressure and stagnation radius are indicated.

VII. CONCLUSION AND DISCUSSION

In summary, a new experiment is proposed in this paper to produce matter within the HEDP regime in the
laboratory. The idea is to use an intense heavy ion beam to heat a solid metal target containing a spherical gas
bubble. A large pressure difference between the metal and the gas will be generated within a short time, creating a
strong collapse of the gas bubble. At the stagnation of the compression, the maximum core (average) temperature
and pressure inside the bubble can go up to 9 eV (4 eV) and 3 Mbar (2 Mbar) respectively, which are both in the
HEDP regime. Thus, our proposal here is likely to be a novel idea to attain a few Mbar pressure in the laboratory
using intense heavy ion beams. The ultimate goal is to be able to perform experiments on matter in the Warm Dense
Matter Regime, an area which is the subject of intense interest. For example, one class of experiments will be to
refine equations of state in this regime of high pressure and relatively low temperatures for both gases and metals.

This paper has focused on the creation of matter in the HEDP regime. Diagnosing such a target will be extremely
complicated and more work is required to evaluate possible methods for diagnosing the properties of the heated
material. We would suggest that the first area to look is for radiation output. This is a non-intrusive diagnostic,
and in general could yield detailed information on spectrum, pulse shape, etc. A thorough search for a solid material
that will permit transmission over some part of the spectrum would have to be carried out. The optimal size of the
bubble and collapse time can be determined based on the beam characteristics (pulse length, deposition intensity,
etc.) of the particular ion-beam facility where the experiment is to be performed. It might also be possible to seed
the bubble and/or the target with a material that has a characteristic spectra that radiates under known conditions.
These diagnostic possibilities require further evaluation based on choices of specific ion beams and target materials.

In our numerical simulations we have neglected effects due to asymmetry in the driving pressure, in the following we
show that such approximation is reasonable and would not give rise to serious errors. For concreteness, we consider
the NDCX-II beam, which will have an approximately gaussian radial profile with a 0.5 mm rms radius. Assuming
a gaussian profile, there will be an approximate transverse non-uniformity of exp[—(0.5/500)2] variation over the
0.5 um radius bubble, which is a variation of only 10~° from center to edge of the bubble. This radial variation will
be swamped by the longitudinal variation arising from the energy change of the ion beam as it slows down through
the target. By choosing the energy of the ion such that its Bragg peak (i.e. peak in dE/dX as a function of energy)
is near the center of the bubble, we attempt to minimize this energy variation. Nevertheless, over the one-micron
diameter of the bubble in the solid, dE/dX will vary by approximately 0.3%, corresponding to a similar variation in
temperature and pressure. Since rg ~ at?/2, where a is the pressure induced acceleration, 7o is the original bubble
radius and ¢ is the bubble collapse time, this indicates o7 /r¢g ~ 0.3%, where dr is the lag in radius of the low pressure
part of the bubble relative to the high pressure part. This will correspond of a variation in radius of ~ 0.0015 um. The
nominal minimum radius from the simulations is ~ 0.1 ym so the 0.3% energy deposition variation, gets converted
to a ~ 1.5% variation in the radius of the ellipsoid at maximum compression. This would lead to errors in deduced
maximum pressure of a similar order, which is still a relatively small error compared to present measurements of EOS
in this regime. Two-dimensional simulations using multi-dimensional codes (such as Hydra) will be used to validate
these estimates.

As we have noted in the Introduction, the present work was originally motivated by related studies in SBSL. Just as
SBSL has opened up a completely new field of study with many interesting and new phenomena previously unforeseen,
we expect that the proposed experiments with ion beams, if implemented, will lead similarly to a rich new field.
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TABLE I: Parameters of the Griineisen-type equation of state (GEOS) for aluminum [31, 32]

a1 —1.9228 Mbar A 26.98 g/mol
as 18.2301 Mbar t 2

as —49.2719 Mbar l 6

aa 53.4701 Mbar 7 1

as —24.7348 Mbar a 1.28

ag 4.2293 Mbar b 0.386

Pk 2.745 g/cm® c 0.308
Bo|5.18 x 107° J/g K® ||Tmo| 1076 K

R 8.31451 J/K/mol|| pio |2.28651 g/cm?
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TABLE II: The coefficients of thermal expansion, the bulk modului, the specific heat capacities and (9P/9F)y values for

different EOS under normal conditions.

a (x107° K™H| K (Mbar)|e, (J/g/K)|(0P/OE)v (g bar/J)
experimental values 6.9 0.76 0.90
GEOS 5.0 0.71 0.94
VDW-EOS 2.6 42.50 0.46
Solid
target
Intense ion beam input
Gas bubble

FIG. 1: The proposed experimental setup of a collapsing bubble in a solid metal driven by an intense ion beam.
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FIG. 2: The geometry of the model used in numerical simulations.
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