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The work presented in this paper shows with the help of two-dimensional hydrodynamic simulations that
intense heavy-ion beams are a very efficient tool to induce high energy density (HED) states in solid matter.
These simulations have been carried out using a computer code BIG2 that is based on a Godunov-type numerical
algorithm. This code includes ion beam energy deposition using the cold stopping model, which is a valid
approximation for the temperature range accessed in these simulations. Different phases of matter achieved
due to the beam heating are treated using a semiempirical equation-of-state (EOS) model. To take care of the
solid material properties, the Prandl-Reuss model is used. The high specific power deposited by the projectile
particles in the target leads to phase transitions on a timescale of the order of tens of nanosecond, which means
that the sample material achieves thermodynamic equilibrium during the heating process. In these calculations
we use Pb as the sample material that is irradiated by an intense uranium beam. The beam parameters including
particle energy, focal spot size, bunch length, and bunch intensity are considered to be the same as the design
parameters of the ion beam to be generated by the SIS100 heavy-ion synchrotron at the Facility for Antiprotons
and Ion Research (FAIR), at Darmstadt. The purpose of this work is to propose experiments to measure the
EOS properties of HED matter including studies of the processes of phase transitions at the FAIR facility.
Our simulations have shown that depending on the specific energy deposition, solid lead will undergo phase
transitions leading to an expanded hot liquid state, two-phase liquid-gas state, or the critical parameter regime.
In a similar manner, other materials can be studied in such experiments, which will be a very useful addition to
the knowledge in this important field of research.
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I. INTRODUCTION

States of matter which correspond to an energy content of
1011 J/m3, or, equivalently, 1 Mbar pressure, are classified
as high-energy-density (HED) states [1,2]. The importance
of HED physics is underscored by the fact that it spans over
very wide areas of basic and applied research including, for
example, astrophysics [3,4], planetary physics [5–8], inertial
fusion [9–11], strongly coupled plasmas [12–14], and many
others. An accurate knowledge of the thermophysical and the
transport properties of HED matter is therefore crucial to our
understanding of these very important areas of physics. Over
the past decades, extensive experimental work has been done
in this field using static as well as dynamic techniques. The
most commonly used static configuration employs a diamond
anvil cell (DAC), in which the sample material is subjected to
ultrahigh static pressures, thereby generating extreme physical
conditions in the material [15,16]. The traditional dynamic
techniques, on the other hand, involve shock compression
of matter. Due to the shock, the material is compressed and
irreversibly heated, leading to high values of pressure and
entropy in the sample material. These shocks are generated

using high-power chemical explosives, light gas guns, Z-
pinches, powerful lasers, and nuclear explosions [17–28].

Recent developments in the technology of well-focused,
strongly bunched intense beams of energetic particles have
provided the scientists with an additional very efficient and
flexible tool to study HED physics in the laboratory. A new
international accelerator project named Facility for Antipro-
tons and Ion Research (FAIR) entered into the construction
phase in July 2017 in Darmstadt, Germany [29–32]. The main
accelerator that is being built at this facility is a heavy-ion
synchrotron, named SIS100. It is expected that SIS100 will
be commissioned in the year 2025. A wide-range physics
research program has been prepared for this facility and HED
physics research is an important part of this program [33–51].
Another important problem that will be studied at this facility
is the production of radioactive beams [52–54]. It is also worth
mentioning that due to the high efficiency and high repetition
rate of the accelerator and favorable ion energy deposition in
the target, heavy ions are considered as a viable driver for any
future inertial fusion reactor system [55–66].

In this paper we discuss the overall potential of the
FAIR facility to study HED physics and present a specific
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experiment design that will be used to investigate the
equation-of-state (EOS) properties of HED matter. It is also
important to note that the proton beams generated by another
powerful accelerator, the Large Hadron Collider (LHC), has
the potential to generate HED matter [67,68].

In Sec. II we discuss the potential of the FAIR ion beam
to do HED physics research, while in Sec. III, we describe an
experimental scheme named heavy ion heating and expansion
(HIHEX) that can be used to study the EOS properties of
HED matter. Section IV presents the beam parameters and the
target design, whereas the BIG2 computer code is described
in Sec. V. Numerical simulation results are given in Sec. VI
and the diagnostics are discussed in Sec. VII. The conclusions
drawn from this work are noted in Sec. VIII.

II. FACILITY FOR ANTIPROTONS AND ION RESEARCH
AND HIGH-ENERGY-DENSITY PHYSICS

The main accelerator at the FAIR facility, SIS100, is a
heavy-ion synchrotron with 100-Tm magnetic rigidity. The
SIS100 is designed to deliver intense beams of energetic ions
of all stable species from proton up to uranium. Slow as well
as fast extraction options will be available. In the former
scheme a continuous beam is generated, while in the latter
case, a bunched beam is produced. Use of a powerful bunch
compressor will provide a single short bunch of duration
70–100 ns in the fast extraction case. An advanced focusing
system will focus the beam to a spot size of the order of
1-mm radius. The maximum beam intensity is expected to be
5 × 1011 uranium ions/bunch.

Beam-matter interaction has been a subject of interest over
the past many decades. Extensive theoretical and experimental
work has been done in this area, but so far the interest has been
limited to studying the interaction of individual particles with
the target material. The main purpose of these works was, for
example, to calculate or measure the projectile energy loss in
matter [69–71] or to study the damage caused to the material
by the impact of the incident particles [72–74]. In these
cases, the overall temperature and hence the phase state of the
material is not affected because the total energy deposited in
the target is negligible due to the low beam intensity. However,
with the availability of high -intensity particle beams, the
nature of beam-matter interaction is totally changed. The
high-intensity beam deposits huge specific energy in a small
volume that generates high temperatures, which lead to phase
transitions. Moreover, high temperatures produce high pres-
sures, which generate shock waves that compress and heat the
material. An intense ion beam therefore has the potential to be
a viable driver for generating HED matter in the laboratory.

Extensive theoretical work has been done during the past
two decades to assess the feasibility of the SIS100 beam to
do HED physics research at FAIR [34–51]. This work has
shown that the ion beam can be employed to generate HED
matter using two very different experimental configurations.
In one scheme, a HED sample is generated using isochoric
and uniform heating of a solid target [34,36,37], while in the
other, shock compression is considered to achieve this goal
[37,39,41,42]. It is to be noted that such flexibility is not
offered by any other driver, which underscores the importance
of an ion beam driver. In these studies a uranium beam is

considered because it provides the maximum specific energy
deposition due to its highest charge.

It is also worth noting that recent developments in the
field of high-intensity petawatt lasers has lead to generation
of intense, collimated ultrashort-pulse proton beams [75–80].
It has been shown [81,82] that these beams can be used
for isochoric heating of matter in a similar manner using
heavy-ion beams as mentioned above. However, there are a
number of advantages in using heavy-ion beams compared
to the laser-generated proton beams, as briefly discussed
below.

One of the key requirements in studying the EOS of HED
matter using isochoric heating by particles is uniformity of
physical conditions in the sample material. Moreover, the
size of the sample should be large enough to facilitate the
diagnostics. The transverse particle intensity distribution in
case of accelerator delivered heavy-ion beams as well as the
laser-generated proton beams is approximately Gaussian. In
order to achieve uniform energy deposition in the target in
the transverse direction, the target dimensions should be less
than the full width at half maximum (FWHM) of the Gaussian
intensity distribution. In case of the heavy ions, for example
with the SIS100 beam, one can have a spot size with a FWHM
of 1–3 mm that will induce sufficient specific energy in the
target material. One therefore can use a target with a thickness
(diameter) of 200–500 μm. In case of currently available
laser-generated proton beams, one can have a beam FWHM
of the order of 50 μm that would restrict the target size to a
thickness (diameter) of the order of 10 μm.

In order to achieve uniform energy deposition along the
longitudinal direction, the ion range should be large compared
to the target length so that the Bragg peak does not lie inside
the sample. In case of accelerator produced heavy ions, one
has great flexibility in choosing the particle energy so that one
can take a high energy that will provide a large particle range
in the sample material and the target could be up to a few mm
long. In case of laser-generated protons, on the other hand,
one has little control on the particle energy as it is primarily
determined by the laser intensity and energy, which restricts
the sample dimensions. Furthermore, accelerators are capable
of generating monoenergetic ions, whereas in case of laser-
generated protons, the energy spread is of the order of 100%,
which may lead to nonuniform energy deposition. Another
problem that one may face in using highly collimated proton
beams and very thin target is the proper target alignment with
respect to the beam.

To oversee the construction of the experimental facilities
and later carry out the experiments included in the HED
physics scientific proposal, an international collaboration that
includes around 100 scientists from 10 countries, named
HED@FAIR, has been organized. Details of one of the pro-
posed experiments are presented in this paper.

III. HEAVY ION HEATING AND EXPANSION SCHEME

As discussed in the previous section, an intense beam
of energetic ions delivered by an accelerator can efficiently
heat solid targets isochorically and uniformly. This unique
feature of an ion beam driver is exploited in the proposed
HIHEX scheme. The heated material is subsequently allowed
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FIG. 1. Pressure-entropy phase diagram for lead. All the experi-
mentally studied regions using different techniques are plotted. The
principal and porous Hugoniots investigated in shock wave com-
pression experiments (the numbers near Hugoniot curves indicate
porosity, Vporous/Vsolid), the only-studied release isentropes (S1 to
S6) from Refs. [17,20–22], and isobaric expansion (IEX) [83] are
shown along with the parameter space which will be accessible
with HIHEX technique. Possibilities of shock wave drivers are also
plotted using the data from Refs. [17,20–22] for light-gas guns, high
explosive generators, and Z-pinch [23]. The physical characteristics
such as melting and evaporation curves, the critical point, isolines of
ionization degree (α), and nonideality parameter (γ ) [84] are also
shown.

to expand isentropically that ends up in one of the HED
states. For example, an expanded hot liquid state, two-phase
liquid-gas state, critical point parameters and a strongly
coupled plasma state. The final state that the sample material
will achieve in an experiment depends on the level of the
specific energy deposition.

Figure 1 shows an entropy-pressure phase diagram of
lead. It is seen that the data achieved by shock compression
is limited to the region of the principal Hugoniot. There
are four porous Hugoniot curves and six release isentropes.
Some of the release isentropes end up in expanded hot liq-
uid state, some in the two-phase liquid-gas region and one
passes through the critical point region. Moreover, the critical
point region can also be accessed using the IEX (exploding
wire) technique. However, the rest of the phase diagram that
includes the interesting region of strongly coupled plasmas
has never been accessed using the existing methods. It is to
be noted that lead is one of the few well-studied materials,
while for majority of the metals, little experimental data are
available. The solid curve below the principal Hugoniot is the
thermodynamic path that the material will follow in a HIHEX
experiment. One may achieve a specific point on this path by
depositing the corresponding amount of specific energy in the
sample material. The required HED state below this curve can
then be accessed by allowing the heated material to expand
isentropically. It is seen that the SIS100-generated uranium
beam is powerful enough to access the entire phase diagram
using the HIHEX technique.

FIG. 2. Entropy vs atomic number showing the high-entropy
states obtained by different experimental methods for different met-
als including those which can be accessed by the HIHEX technique
using the SIS100 uranium beam.

In Fig. 2 we show the high-entropy states for various metals
that can be achieved using the HIHEX method compared
to other existing techniques. We used the available data ob-
tained in shock compression experiments performed with high
explosives and underground nuclear explosions to calculate
these entropy states. Evaluated critical points [85–87] indi-
cating the typical entropy region of strongly coupled plasmas
are also shown in Fig. 2 and in Table I. Estimated regions
of isochoric heating in the future HIHEX experiments using
SIS100 at FAIR are plotted as well. It is seen that level of
entropy induced by the HIHEX scheme using the SIS100
beam is comparable to that generated by nuclear explosions.

In Table I we present estimated critical parameters for
some of the metals. It is seen that the critical temperature for a
number of metals is very high, which is very difficult to access
by the shock wave technique. However, this does not seem to
pose any problem in the proposed HIHEX scheme. It is thus
expected that these experiments will generate wealth of new
information in this area of research.

TABLE I. Critical point parameters of some metals.

Tc (K) Pc (kbar) ρc (g/cm3)

Lead 5500 2.30 3.10
Gold 8500 6.14 6.10
Zinc 3080 3.30 2.40
Copper 7800 9.00 2.28
Silver 7050 10.64 3.28
Beryllium 8877 2.872 0.398
Iridium 11640 6.20 3.10
Tin 8175 2.39 1.592
Uranium 9637 7.70 4.505
Aluminum 6250 1.97 0.703
Tungsten 15750 11.80 4.854
Niobium 19200 11.10 1.70
Tantalum 13530 9.93 4.263
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FIG. 3. Proposed beam-target geometry using plane HIHEX
scheme.

IV. BEAM PARAMETERS AND TARGET DESIGN

Figure 3 shows the schematics of a HIHEX experimental
configuration using plane geometry. The sample is a thin
plate that is sandwiched between two sapphire slabs. The
sapphire slabs act as an optical window with a transmission
range of 0.17–5.5 μm, which includes infrared to ultraviolet
region of the spectrum. Sapphire is a mechanically strong
material with a yield strength of 345 MPa at a temperature of
1000 K. Moreover, it has a density of 3.98 g/cm3 and a melt-
ing temperature of 2303 K. It can withstand high pressures
and thermal shocks, while maintaining its transparency and
structural stability [88]. These characteristics make sapphire
an attractive material for constructing an optical window. In
addition to that, the sapphire blocks act as a tamper that
confines the sample material for a longer time.

The beam is incident transversely on one side of the target,
as shown in Fig. 3. The particle energy is high enough to
make the ion range larger than the target length. This ensures
uniform energy deposition along the particle trajectory as the
Bragg peak lies outside the target. Moreover, the transverse
intensity distribution in the focal spot is a Gaussian. The
FWHM of the focal spot and the thickness of the sample are
arranged in such a way that most of the ions deposit their
energy in the sample, while the sapphire plates are irradiated
only by the the wings of the Gaussian distribution. As a result,
the sample is converted into HED matter, while the sapphire
remains solid that will allow the use of optical diagnostics (see
Fig. 4).

Due to the strong heating by the beam, the sample is con-
verted into HED matter that expands due to the high pressure.
The sapphire plates are symmetrically pushed outward and the
density of the sample material is reduced uniformly along the
width. Depending on the level of the deposited specific energy,
a given HED state can be generated.

V. COMPUTER CODE BIG2

The BIG2 is a two-dimensional hydrodynamic computer
code that is based on a Godunov-type numerical algorithm,

FIG. 4. Optical diagnostic scheme.

which uses a finite-volume approach in the space-time do-
main. The fluxes are calculated using the solution of Riemann
problem at each intercell boundary [89]. It is a conservative
scheme that has a second-order accuracy in space and first-
order accuracy in time. The code is based on a Eulerian
numerical scheme that uses curvilinear rectangular moving
grid. The grid is adaptive to gradient of physical parameters
(pressure, temperature, and 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 quasiconformal mapping of
the rectangular grid to the area with the numerical grid bound-
ary 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 Ref. [90]. The BIG2 code can treat multilayered targets
composed of different materials and can handle complicated
target geometries.

The ion beam energy deposition in the material is calcu-
lated assuming a cold stopping model described in Ref. [70].
This is a valid approximation because in ion-beam heated
targets, the temperature is rather low (below 10 eV) 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.
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Due to the beam heating, the target material passes through
different material phases, which are treated using a semiem-
pirical EOS model described in Refs. [91,92]. This model con-
siders macroscopically correct equation of state that accounts
for solid, liquid, and gaseous states as well as the melting and
the evaporating two-phase regions. On our timescales (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
liquid-gas region, as it has been discussed in Ref. [93].

To simulate the mechanical (elastic-plastic) properties of
solid materials, we use the nonlinear Prandtl-Reuss model
with the von Mises yield criterion, which is given by the
following differential equations for the deviatoric part Sik of
the stress tensor σik = −P δi j + Sik (where P is the pressure,
and δik is the Kronecker tensor) [94]:

Ṡik = 2GDik (1)

if SikDik < 0 or SikSik < 2
3Y 2

Ṡik + 2GSik
SmnDmn

SmnSmn
= 2GDik (2)

if SikDik > 0 and SikSik = 2
3Y 2.

Here G is the shear modulus, Y is 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 Eqs. (1) and (2), Dik is
the strain rate tensor:

Dik = 1

2

(
∂vi

∂xk
+ ∂vk

∂xi
− 2

3

∂v j

∂x j
δik

)
. (3)

VI. SIMULATION RESULTS

The numerical simulation results of the thermodynamic
and the hydrodynamic response of the target shown in Fig. 3,
are presented in this section. These simulations have been
carried out employing a two-dimensional hydrodynamic com-
puter code, BIG2, which is described in Sec. V and in
Ref. [90].

The sample used in the present case, is a solid lead plate
that is surrounded by a sapphire block, on each side. The target
is irradiated with a single bunch composed of 1 GeV/u ura-
nium ions having a bunch length of 100 ns. Different values of
the beam intensity, including 3 × 1010, 5 × 1010, 7.5 × 1010,
and 1011 ions per bunch, respectively, are considered. Various
focal spot sizes characterized with FWHM, including 1, 1.5,
2, 2.5, 3, and 3.5 mm, respectively, are used.

A. Bunch intensity 3 × 1010

First, we discuss the simulation results obtained using the
lowest beam intensity, 3 × 1010 ions per bunch. The focal
spot size is characterized with FWHM = 2 mm considering
a Gaussian transverse intensity distribution in the focal spot.
Figure 5 shows the initial target geometry and the density
distribution provided by the BIG2 code. The target length is
4 mm, whereas the thickness of the sample and the sapphire
plates are 200 and 300 μm, respectively. Due to the ion
energy deposition, the sample is strongly heated that generates

FIG. 5. Initial target density distribution provided by the BIG2
hydrodynamic code.

high temperature, which leads to high pressure. As a result,
the sample material is converted into HED matter. In Fig. 6,
we present the target physical conditions on a length-thickness
plane at t = 100 ns, when the bunch has just delivered its total
energy. Figure 6(a) presents the specific energy deposition
distribution in the target. It is seen that the energy is uniformly
deposited in the target in the longitudinal as well as in the
transverse direction. The average specific energy deposition
in the lead region is about 1 kJ/g, while in the sapphire, it has
a higher value of 1.5 kJ/g.

Figure 6(b) shows that the average temperature in the lead
sample is of the order of 6800 K, whereas in sapphire it has
a much lower value of 1690 K, which is safely below the
melting temperature. This means that the sapphire will remain
solid, which will make it possible to diagnose the HED lead
sample using the optical diagnostics discussed in Sec. VII.

The corresponding pressure and the density distributions
are presented in Figs. 6(c) and 6(d), respectively. It is seen in
Fig. 6(c) that a high pressure of about 9.5 GPa is generated in
the lead, while Fig. 6(d) shows that the density is still close
to the solid density. The material phase state is presented in
Fig. 6(e), which indicates that the lead is converted into a hot
liquid, whereas the sapphire remains solid.

In Fig. 7, we present the target physical conditions at t =
240 ns. Figure 7(a) shows a substantial temperature reduction
in the lead, whereas in the sapphire region, it does not show
any significant change. This is due to the expansion of the
liquefied lead caused by the high pressure, while the sapphire
remains solid. The solid sapphire plates are symmetrically
pushed in the opposite direction and they maintain their
temperature. It is also seen that there is slight lateral expansion
of the lead as well.

The corresponding pressure distribution is presented in
Fig. 7(b). This pressure distribution is rather complicated due
to the multiple reflection of the sound waves between the solid
sapphire plates. It is seen that the pressure has been reduced
by about two orders of magnitude in the lead as compared to
that at t = 100 ns.

The density distribution at t = 240 ns is presented in
Fig. 7(c). It is seen that the lead density has been reduced to
about 6 g/cm3 and the lead thickness has been extended to
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FIG. 6. Target physical conditions generated by BIG2 code at t = 100 ns, intensity = 3 × 1010 uranium ions per bunch, particle energy =
1 GeV/u, bunch length = 100 ns, Gaussian transverse intensity distribution in focal spot with FWHM = 2 mm, target initial conditions as
shown in Fig. 5; (a) specific energy distribution (kJ/g), (b) temperature distribution (K), (c) pressure distribution (GPa), (d) density distribution
(g/cm3), and (e) phase-state distribution.

400 μm. Moreover, some low-density lead is ejected in the
lateral direction.

The corresponding material physical-state distribution is
presented in Fig. 7(d). It is seen that the lead in most part of
the target is in an expanded hot liquid state, whereas a small
region at the boundaries has become a two-phase liquid-gas
mixture.

Figures 6 and 7 show that the lateral material expansion
is not significant over the considered timescale. The problem
therefore is of quasi-one-dimensional expansion along the
transverse coordinate, especially in the middle of the target.
In such a case, it is a valid approximation to perform one-
dimensional simulations along the target thickness. More-
over, one-dimensional profiles of density, temperature, and
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FIG. 7. Target physical conditions generated by BIG2 code at t = 240 ns, intensity = 3 × 1010 uranium ions per bunch, particle energy =
1 GeV/u, bunch length = 100 ns, Gaussian transverse intensity distribution in focal spot with FWHM = 2 mm, target initial conditions
as shown in Fig. 5; (a) temperature distribution (K), (b) pressure distribution (GPa), (c) density distribution (g/cm3), and (d) physical-state
distribution.

pressure provide more quantitative information about the ma-
terial physical conditions during, and after the heating. This
information is presented in the following.

1. One-dimensional profiles using FWHM of 2.5 mm

First, we present the results using a FWHM = 2.5 mm.
Since the focal spot size is much larger than the target di-
mensions, the energy deposition is very uniform along the
transverse direction. According to the simulations, a specific
energy of about 0.65 kJ/g is deposited in the lead, while a
higher value of around 1 kJ/g is achieved in the sapphire. In
Fig. 8(a), we plot the density, temperature, and pressure vs
the transverse coordinate at t = 100 ns, when the bunch has
delivered its total energy. It is seen that the temperature in the
lead sample is around 4600 K, while the pressure is about 70
kbar. The density is close to the solid density and the material
is in the liquid state. It is also important to note that the
temperature in the sapphire region is about 1100 K, which is
significantly lower than the melting temperature. This means
that the sapphire will remain solid and the heated sample can
be successfully diagnosed through the sapphire window using
optical diagnostics.

Figure 8(b) shows the same parameters as Fig. 8(a) but
at t = 200 ns. It is seen that the lead has expanded in the
transverse direction to a position of 150 μm from an initial
position of 100 μm. The density has been reduced to about
8 g/cm3, the temperature has decreased to around 3700 K,
whereas the pressure is of the order of 10 kbar. The lead is now
in an expanded hot liquid phase. The sapphire plates remain
solid and are symmetrical pushed in the transverse direction
due to the expansion of the lead.

Figure 8(c) is plotted at t = 400 ns, which shows that the
lead has further expanded to a position of 225 μm. The lead
density at this time is about 5 g/cm3, the temperature is
around 3300 K, and pressure is of the order of 0.06 kbar. These
conditions represent a two-phase liquid-gas mixture of lead.

Figure 8(d) is plotted at t = 600 ns, which shows that
the lead has further expanded to a transverse position of
300 μm, while the density has been reduced to 3.7 g/cm3.
The temperature and the pressure remain the same as in the
previous figure.

Figure 8(e) shows the density, temperature, and pressure
profiles at t = 1000 ns. It is seen that the lead has further
expanded to a transverse position of 470 μm, while the
density has been reduced to 2.4 g/cm3.
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FIG. 8. Density (ρ), temperature (T ), and pressure (P) vs transverse coordinate, intensity = 3 × 1010 uranium ions per bunch, particle
energy = 1 GeV/u, bunch length = 100 ns, Gaussian transverse intensity distribution in focal spot with FWHM = 2.5 mm, target initial
conditions as in Fig. 5; (a) at t = 100 ns, (b) at t = 200 ns, (c) at t = 400 ns, (d) at t = 600 ns, and (e) at t = 1000 ns.

These simulations indicate that using a low intensity of
3 × 1010 uranium ions per bunch and using a reasonable focal
spot size, one may generate interesting HED states of lead,
including an expanded hot liquid state and two-phase liquid-
gas state. Moreover, one can generate a wide range of physical
parameters that belong to the two-phase liquid-gas region of
the sample material.

It is interesting to note that in Fig. 8(c), the thermal
pressure in the lead is much lower than the thermal pressure
in the sapphire. However, Figs. 8(d) and 8(e) show that the

lead-sapphire boundary continues to move toward the right, in
the direction of the positive pressure gradient, which may look
unusual at the first glance. A more careful consideration shows
that at t = 100 ns, the time when the bunch has just delivered
its total energy to the target, the pressure in the Pb is much
higher than in the sapphire and the boundary starts moving
outward [see Fig. 8(a)]. Due to the heating by the beam, the Pb
first melts and then starts to evaporate producing a two-phase
liquid-gas mixture. The sapphire, on the other hand, remains
solid with all the mechanical properties. The sapphire block
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FIG. 9. Same as in Fig. 8 but using FWHM = 2 mm; (a) at t =
220 ns and (b) at t = 700 ns.

behaves as an almost-rigid body and continues moving due to
its inertia, even after the pressure in the lead becomes lower
than in the sapphire.

The interface Pb-sapphire is in equilibrium, and in this
equilibrium of forces also participates the normal component
Sxx (x is the transverse coordinate) of the deviatoric tensor
Sik . Since Pb is a gas [S(Pb)

xx = 0], the equilibrium of forces
σ

(Pb)
ik = σ

(sapph)
ik at the Pb-sapphire interface reads: P(Pb) =

P(sapph) − S(sapph)
xx . Thus, the observed jump at the interface is

just equal to S(sapph)
xx , and pressure in Pb must be lower than

the pressure in sapphire.
This behavior is observed in all the following simulation

results.

2. One-dimensional profiles using FWHM of 2 mm

We now present simulation results using the same target
and beam parameters as in the previous case but considering
a somewhat more focused beam with spot size characterized
with FWHM = 2 mm. Figure 9(a) shows density, temperature,
and pressure vs the transverse coordinate at t = 220 ns. It
is seen that the lead has expanded and the lead-sapphire
boundary has moved to a position of 160 μm, while the
density has been reduced to 6.8 g/cm3. The temperature is
about 4900 K, whereas the pressure is of the order of 9.2 kbar.
These conditions represent the interesting phase of expanded
hot liquid lead.

In Fig. 9(b), we plot the same physical parameters as
in the previous one but at t = 700 ns. The lead density has
been further reduced to 2.45 g/cm3, while the temperature is
about 4050 K and the pressure is around 0.35 kbar. These
conditions represent two-phase liquid-gas state of lead. It
is also important to note that the profiles in the lead are
very uniform, which is very good for the accuracy of the
experimental measurements.

It is also to be noted that the temperature in the sapphire is
of the order of 1500 K, which means that the sapphire plates
on either side of lead remain in solid phase. This will facilitate
measurement of the sample physical parameters using optical
diagnostics.

B. Bunch intensity 5 × 1010

In this section we present the simulation results using a
higher beam intensity of 5 × 1010 ions per bunch. Since the
beam intensity is higher, if one uses a less focused beam with
a larger focal spot, then the specific energy deposition will
still be large enough to induce HED states in the sample. A
wider focal spot leads to a more uniform energy deposition
in the transverse direction and it also allows using a larger
sample size. In the present calculations we use a 500-μm-
thick lead sample, which means X1 = 500 μm (see Fig. 3).
Also the thickness of each sapphire plate is 500 (X2 = 500
μm). We have considered different values of FWHM of the
Gaussian transverse intensity distribution, including 3.5 mm,
3 mm, and 2 mm, respectively, and the results are presented
below.

1. One-dimensional profiles using FWHM of 3.5 mm

First, we present results using the biggest value of FWHM
of 3.5 mm. According to the simulations, a specific energy of
0.6 and 0.82 kJ/g is deposited in the lead and the sapphire,
respectively. Figure 10(a) shows the density, temperature,
and pressure vs the transverse coordinate at t = 425 ns. It is
seen that the lead has expanded to a lower density of 7.5
g/cm3, while the temperature and the pressure are 2940 K and
0.022 kbar, respectively. It is seen that the profiles are fairly
uniform along the transverse coordinate and the sample is in
two-phase liquid-gas state. The temperature in the sapphire is
about 1000 K, which shows that the sapphire remains in solid
state.

Figure 10(b) presents the same profiles as the previous
figure but at a later time, t = 700 ns. The lead has further
expanded to a lower density of 5.7 g/cm3, while the sample
remains in two-phase liquid-gas state. It is to be noted that the
sapphire blocks are symmetrically moved outward as the lead
expands. In this figure, we only show a part of the sapphire
region.

Figure 10(c) shows the same variables as in the previous
figure but at t = 1000 ns. It is seen that due to the further
expansion in the transverse direction, the lead density has
become 4.6 g/cm3, while the temperature and the pressure
remain constant. These physical conditions correspond to
two-phase liquid-gas state of lead. It is also seen that the
profiles presented in these figures are very uniform in the lead
region.
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FIG. 10. Density (ρ), temperature (T ), and pressure (P) vs trans-
verse coordinate, intensity = 5 × 1010 uranium ions per bunch, par-
ticle energy = 1 GeV/u, bunch length = 100 ns, Gaussian transverse
intensity distribution in focal spot with FWHM = 3.5 mm, sample
thickness = 500 μm, sapphire thickness 500 μm (Fig. 3); (a) at
t = 425 ns, (b) at t = 700 ns, and (c) at t = 1000 ns.

It is to be noted that as the bunch delivers its energy
to the target, the lead is first converted into high-density
liquid that expands and the density decreases and the sample
becomes an expanded hot liquid. Further expansion leads to
further reduction in density and temperature and the material
enters two-phase liquid-gas region. We do not present the
initial profiles representing the liquid phase but show selected
examples of profiles in the two-phase state.
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FIG. 11. Same as in Fig. 10 but using FWHM = 3 mm; (a) at
t = 500 ns and (b) at t = 1000 ns.

2. One-dimensional profiles using FWHM of 3 mm

The results obtained using FWHM = 3 mm are presented
in this section. The simulations show that a specific energy of
0.78 kJ/g is deposited in the lead sample, while a higher value
of 1.12 kJ/g is generated in the sapphire. In Figs. 11(a) and
11(b), we present the profiles of the physical parameters at t =
500 ns and 1000 ns, respectively. It is seen in Fig. 11(a) that
the lead density is 6.3 g/cm3, the temperature is about 3600 K,
while the pressure is around 0.1 kbar and the material is in
two-phase liquid-gas state. The temperature in the sapphire is
of the order of 1200 K, which means that the sapphire plates
remain solid.

Figure 11(b) shows that the lead density has been reduced
to 3.5 g/cm3 due to further expansion, and the material is still
in two-phase liquid-gas state. It is also to be noted that the
profiles are very uniform in the lead region. We also note that
during the earlier times, first the material is transformed into
a liquid and then enters the two-phase region. However, we
only present a few selected profiles in the two-phase, liquid-
gas region.

3. One-dimensional profiles using FWHM of 2 mm

We also carried out simulations using a FWHM of 2 mm
and the results are summarized in the following.
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780 ns.

Since the focal spot size is small, the specific energy
deposition is higher compared to the previous two cases.
Simulations show that at t = 100 ns, when the bunch has just
delivered its total energy, the specific energy deposition in the
Pb is about 1.7 kJ/g that leads to a temperature of around
11 000 K and a pressure of about 20 GPa. The solid lead
sample is converted into a high-density hot liquid. The sample
expands due to the high pressure and the two sapphire plates
are symmetrically pushed in the opposite direction along the
transverse coordinate. The material density, temperature, and
pressure continuously decrease due to expansion. In Fig. 12
we present the density, temperature, and the pressure profiles
vs the transverse coordinate at t = 780 ns. It is seen that one
achieves the lead critical parameters according to Table I. The
simulations therefore predict that with the moderate beam
intensity used in these calculations, it may be possible to
access the lead critical parameters. Thus we conclude that
using a beam intensity of 5 × 1010 and considering a suitable
focal spot size, one can generate interesting HED phases of
lead including liquid state, two-phase liquid-gas state, and
critical parameter region.

The temperature in the sapphire is about 1900 K, which
is still below its melting temperature which means that this
configuration can still work with these beam parameters.

C. Bunch intensity 7.5 × 1010

In this section we present a summary of the results ob-
tained using an intensity of 7.5 × 1010 ions per bunch. Three
different values of FWHM including 3.5, 3, and 2.5 mm,
respectively, are considered. We note that we only provide a
summary of the results and do not give the details to avoid
repetition of the discussion presented in the previous sections.

1. One-dimensional profiles using FWHM of 3.5 mm

Simulations show that using a FWHM = 3.5 mm, the
specific energy deposition in the lead part at t = 100 ns is 0.85
kJ/g, the temperature is about 6000 K, while the pressure is of
the order of 12 GPa. The sample material is first converter into
liquid and later enters two-phase liquid-gas state. In Fig. 13,
we present the density, temperature, and the pressure vs
transverse coordinate at t = 480 ns. It is seen that the material
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FIG. 13. Density (ρ), temperature (T ), and pressure (P) vs trans-
verse coordinate, intensity = 7.5 × 1010 uranium ions per bunch,
particle energy = 1 GeV/u, bunch length = 100 ns, Gaussian
transverse intensity distribution in focal spot with FWHM = 3.5 mm,
sample thickness = 500 μm, sapphire thickness 500 μm (Fig. 3) at
t = 480 ns.

is in two-phase liquid-gas state with a density of about 6
g/cm3, a temperature of around 3800 K, and the pressure of
the order of 0.2 kbar. This single time point is presented as
an example, while different sets of the physical parameters
in these two-phase region can be achieved at different times
during the material expansion. It is also worth noting that
the temperature in the sapphire is 1300 K, which is below its
melting temperature.

2. One-dimensional profiles using FWHM of 3 mm

Using a FWHM of 3 mm, the simulations show that at t =
100 ns, a specific energy of 1.15 kJ/g is deposited in lead that
generates a temperature of about 8000 K and a pressure of the
order of 15 GPa and the material is converted into liquid state.
As the material expands due to the high pressure, the density
and the temperature are reduced and the material becomes a
two-phase liquid-gas mixture. In Fig. 14 we present, as an
example, the lead physical parameters at t = 600 ns, which
shows a density of 4.7 g/cm3, a temperature of 4550 K,
and a pressure of 0.9 K. Different sets of parameters in the
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FIG. 14. Same as in Fig. 13 but using FWHM = 3 mm at t =
600 ns.
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FIG. 15. Same as in Fig. 13 but using FWHM = 2.5 mm at t =
760 ns.

two-phase state can be accessed at different times during the
target expansion. The sapphire temperature is of the order of
1700, which is safely below the melting temperature.

3. One-dimensional profiles using FWHM of 2.5 mm

According to our simulations, in this case, a specific energy
deposition of about 1.7 kJ/g is deposited in lead at the end
of the bunch (t = 100 ns). This leads to a temperature of
around 11 000 K and a pressure of the order of 20 GPa. In
Fig. 15 the profiles of the physical parameters at t = 760 ns
are presented. It is interesting to note that with these beam
parameters, one can access the critical parameters of lead. The
sapphire temperature is of the order of 2100 K, which still is
less than the melting temperature and this the window will
still be solid during the measurements.

D. Summary of results

In Fig. 16 we present a 3D phase diagram of Pb in P-
V-T space. The line marked with M represents the melting
curve, whereas the label R represents the evaporation curve.
Moreover, H1 represents the principal Hugoniot, Hp shows
the shock adiabat of porous lead, S represent various release
isentropes, 1 denotes the IEX data for Pb, 2–18 denote data
sets obtained in simulations, 19 is γ , the plasma nonideality
parameter, and 20 denotes α, the ionization rate according to
the chemical model of plasma with strong interaction between
charged particles [95].

In order to predict the physical states that can be accessed
in the proposed HIHEX experiments, we plot on this figure
the data sets obtained in our simulations. It is seen that within
the range of the beam parameters used in the simulations
presented in this paper and the proposed target design, it is
possible to access the liquid state, expanded hot liquid state,
two-phase liquid-gas state, and the critical parameter region
of lead.

In Table II we present a brief summary of the results
showing the physical state that can be achieved using a given
intensity and a specific focal spot size. It is seen that using
a bunch intensity of 3 × 1010 ions/bunch and a FWHM of
2 mm, one first achieves a high-density hot liquid (at the end
of the bunch), which then becomes an expanded hot liquid

FIG. 16. Three-dimensional phase diagram of Pb in P-V-T space.
The line marked with M represents the melting curve, the label R
represents the evaporation curve, H1 represents the principal Hugo-
niot, Hp shows the shock adiabat of porous lead, S represent various
release isentropes, 1 denotes IEX data for Pb, 2–18 denote data
sets obtained in simulations, 19 denotes γ , the plasma nonideality
parameter, and 20 denotes α, the ionization rate according to the
chemical model of plasma with strong interaction between charged
particles [95].

due to the expansion of the material. At a later time when
the density decreases further and the temperature is reduced,
the material enters the two-phase liquid-gas regime. The same
pattern is seen using a FWHM of 2.5 mm.

In the case of a bunch intensity of 5 × 1010 ions/bunch,
using a FWHM of 2 mm, the specific energy is high enough to
access the critical parameters after the material is liquefied and
expansion takes place. However, using the larger values of the
FWHM, only a two-phase liquid-gas state is finally achieved.

Using a bunch intensity of 7.5 × 1010 ions/bunch, one can
generate the critical parameter conditions even with a FWHM
of 2.5 mm, whereas with bigger vales of FWHM, a two-phase
liquid-gas state can be achieved.

TABLE II. Sample physical state achieved considering different
bunch intensities and different focal spot sizes using a uranium 1-
GeV/u beam with bunch length 100 ns; HDL denotes high-density
liquid, EHL denotes expanded hot liquid, 2PLG denotes two-phase
liquid-gas mixture, and CP denotes critical parameters.

Bunch intensity FWHM (mm) Physical state

3 × 1010 2 HDL/EHL/2PLG
2.5 HDL/EHL/2PLG

5 × 1010 2 HDL/EHL/CP
3 HDL/EHL/2PL

3.5 HDL/EHL/2PL
7.5 × 1010 2.5 HDL/EHL/CP

3 HDL/EHL/2PLG
3.5 HDL/EHL/2PLG
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VII. DIAGNOSTICS

The technique of heavy-ion heating and expansion can
produce large and homogeneous samples at WDM conditions.
These are ideally suited to perform accurate measurements of
the sample state and its microscopic properties, which will
allow stringent tests of dense matter theory or benchmarking
of wide-range EOS models. In the experimental configuration
discussed in this paper, the sample is in the solid or liquid
phase and has a well-defined interface with a solid window
transparent to optical radiation. This provides access to op-
tical diagnostic techniques that are commonly used in shock
physics experiments. For example, pyrometric measurements
can be used to determine the surface temperature. For the
predicted temperatures of 5000 to 10 000 K the maximum of
the blackbody emission spectrum is in the optical regime at
wavelengths between 600 and 300 nm. The spectral radiance
strongly increases with the sample temperature and measuring
the sample emission will yield the surface brightness temper-
ature [96]. At a radiant emittance of several 100 W/mm2, use
of fast gated or streak cameras with a temporal resolution of
10 ns should be possible. Determining the slope of the spectral
radiance, for example with simultaneous measurements at
different wavelengths can alternatively yield a sensitive mea-
surement of the color temperature [97]. Laser interferometric
techniques will allow to measure the movement of the sample-
window interface with high accuracy (for example, Ref. [98]).
For a 1D-like expansion, this will directly provide the sample
volume and thus the density. The assumption of a 1D ex-
pansion can be verified with space-resolved interferometric
measurements [99,100]. Comparing the measured interface
velocity with hydrodynamic simulations, and given the me-
chanical and optical response of the window material, the
sample pressure can be inferred (for example, Ref. [101]). The
measurement of sample volume, temperature, and pressure
then yields a location on the equation-of-state surface. Fi-
nally, measurements of the sample reflectivity provide optical
properties, which allows us, for example, to detect a metal to
nonmetal transition [101].

Intense pulses of hard x-rays will enable diagnostic tech-
niques probing volumetric properties. Such powerful x-ray
sources can, for example, be generated by focusing high-
energy laser pulses to intensities of the order of 1015 W/cm2

onto mid-Z metal targets producing a hot plasma emitting
resonance line radiation of highly charged ions [102], with
μm high efficiency reaching photon energies up to 10 keV.
The attenuation length for photons at 10 keV in lead at liquid
or solid density is approximately 7 μm and even several
hundred in the window material. As long as the sample still
is in the solid phase, the lattice temperature can be inferred
from the diffracted intensity [103], for example, of the lead
Pb (111)-reflection (at around 25◦ for 10 keV radiation). This
is also a sensitive diagnostic for the solid-liquid transition. In
the liquid regime, angle-resolved elastic x-ray scattering gives

access to the static ion-ion structure factor [104]. The position
of the first correlation peak of the liquid structure factor is
inversely proportional to the average ion-ion distance [105]
(the Wigner-Seitz radius aWS = [3/(4πni )]1/3), providing a
direct measurement of the ion (and mass) density. Provided
that the sample is sufficiently thin, diagnostic methods based
on x-ray transmission also become applicable. x-Ray radio-
graphy across the sample could visualize explosive boiling
when the sample crosses the liquid-vapor coexistence line into
a superheated state. x-Ray absorption spectroscopy (in Pb, for
example, around the M5 edge at 2.5 keV) can measure edge
shifts or show rebinding of atomic states as the sample density
decreases.

VIII. CONCLUSIONS

This paper demonstrates that intense heavy-ion beams have
the potential to generate large samples of HED matter with
fairly uniform physical conditions. It is emphasized that an ion
beam driver can be used for this purpose employing two very
different techniques. One scheme uses shock compression
of matter, while the other considers isochoric and uniform
heating of solid targets to achieve this goal. The former tech-
nique is suitable to generate a low-entropy compression that
produces planetary core conditions. The latter, on the other
hand, induces high-entropy states in the sample, which can be
used to study the EOS properties and the phase transitions in
the material.

Using detailed numerical simulations, we propose design
of an experiment to be done using intense heavy-ion beam that
will be generated at the FAIR facility. A multilayered target
is used that is composed of a plate of the sample material
(Pb in this case), which is sandwiched between two identical
slabs of sapphire. The sapphire acts as an optical window for
diagnosing the sample and, at the same time, it plays the role
of a tamper that confines the sample for a longer time. We
consider a uranium beam with a particle energy of 1 GeV/u,
whereas the bunch length is 100 ns. Four different intensities,
including 3 × 1010, 5 × 1010, 7.5 × 1010, and 1011 ions per
bunch, are considered. The transverse intensity distribution in
the focal spot is assumed to be Gaussian. A wide range of
focal spot size characterized with a FWHM in the range 1 to
3.5 mm is used. The simulations show that, using the above
moderate beam intensities and a suitable focal spot size, one
can generate interesting physical states of HED Pb, which
include an expanded hot liquid state, a two-phase liquid-gas
state, and the critical parameters. Similar studies are planned
for other metals.
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