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Abstract

This paper presents numerical simulations to study the heating of a two-dimensional (2D) solid target under an ion cluster
interaction. 2D quantum hydrodynamic (QHD) model is employed for the heating of solid target to warm dense matter on a
picosecond time scale. A Gaussian cluster is used to uniformly heat the solid target to a temperature of several eV. The
density and temperature of the target are calculated by a full self-consistent treatment of the QHD formalisms and the
Poisson’s equation. The technique described in this paper provides a method for creating uniformly heated strongly
coupled plasma states.
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1. INTRODUCTION

Interaction processes of ion beam or cluster with matter are
important for the applications in basic and applied physics
(Patel et al., 2003; Brambrink et al., 2006; Tahir et al.,
2009a), laboratory accelerator (Tahir et al., 2009b), inertial
confinement fusion (ICF) (Deutsch, 1986; Deutsch et al.,
1989; Hora, 2007; Hoffmann, 2008), astrophysical processes
(Nettelmann et al., 2008), heavy ion beam research
(Hoffmann et al., 2010; Stöckl et al., 1996; Tahir et al.,
2007), and high energy density physics (HEDP) (Tahir
et al., 2005; Nellis, 2006; Hoffmann et al., 2009). HEDP
is understood to be the thermodynamic regime where the
energy density exceeds 1011 J/m3 or equivalent pressure of
1 Mbar and above. Pioneering experiments of beam-matter
interactions (Deutsch et al., 1989) have been conducted to
investigate the stopping power for hydrogen plasma, which
have demonstrated that the stopping power can increase
with the increasing ionization of plasma due to the free elec-
trons interacting with beam ions. It will be shown very soon
that intense clusters may be of considerable potential interest
for driving an ICF (Deutsch, 1992). Using clusters as a ICF
driver, can break through the space-charge limit of ion beam,
which is helpful to achieve high heating effect. Recently, sev-
eral attempts have been made to investigate the beam-matter

interactions involving heavy ion (Zhao et al., 2009;
Hoffmann et al., 2010), proton (Patel et al., 2003; Tahir
et al., 2009a) and laser beams (Zhao et al., 2012). In particu-
lar, ICF is a promising scheme, where a target matter can be
irradiated by intense ion beams or clusters, and be trans-
formed into a plasma of high density and high temperature
which can initiate fusion reactions (Deutsch, 1992; Tahir
et al., 2005).

The basic properties of interactions between ions and
matter, which play an essential role in the above scenario,
have been encouraged to be explored thoroughly. The evalu-
ations of target temperature and density are an ideal tool to
investigate these interactions for ion beams or clusters im-
mersed in a target. It is expected in such studies that target
properties would be influenced significantly by the modu-
lation of beam or cluster parameters such as particle
energy, total number of particles per beam, and focal spot
size. These beam parameters will be available at the new
powerful heavy ion synchrotron, SIS100, at GSI Darmstadt,
which will deliver strongly bunched intense beams and clus-
ters of all stable ion species from protons up to uranium with
particle energies a few MeV-GeV/u (Tahir et al., 2009a,
2011). These intense ion beams and clusters present a prom-
ising source for volumetric heating and bring up unique capa-
bilities for HEDP. In this field, one of the special interests is
warm dense matter (WDM) research, since the accelerator
technology has improved sufficiently to provide intense ion
beams and clusters to heat samples of target and reach the
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regime of WDM. WDM is the region in temperature (several
eV) and density that can be described as strongly coupled
plasma. The importance of WDM arises from its wide occur-
rence, namely planetary science, cold star physics, and all
plasma production devices, which start from cold dense
matter.
In a strong coupling plasma considering nonlinear effects,

the interaction processes of ions with matter have been simu-
lated by employing various methods, such as particle-in-cell
(PIC) and molecular-dynamics (MD) (Zwicknagel et al.,
1999; Hu et al., 2011, 2012). In particular, quantum hydro-
dynamic (QHD) model has been developed by solving the
nonlinear Schördinger-Poisson or the Wigner-Poisson kin-
etic models, which can be devoted to studying the properties
of strongly coupled plasmas. Large number of calculations
have been carried out by using the QHD model since the
use of this theory was introduced (Chen et al., 1995; Haas
et al., 2000; Manfredi and Haas, 2001), due to the advantages
that the QHD equations are quite simple for numerical
studies and have a straightforward interpretation in terms of
fluid quantities that are employed in classical physics. In
our previous work (Zhang et al., 2011b), we have simulated
the wake potential and energy loss of a test charge propagat-
ing in a one-dimensional (1D) solid target, by using the 1D
QHD theory. However, the QHD theory has not been applied
to examine an ion cluster interacting with a two-dimensional
(2D) solid target so far.
The aim of this paper is to extend our previous work

(Zhang et al., 2011b) to a 2D case with an ion cluster inter-
action, moreover, the energy-balance equation is considered
in this work. The 2D QHD approach will be employed to
analyze the isochoric heating (i.e., heating at constant
volume) of aluminum solid target under an ion cluster inter-
action, which can heat solid density material to warm dense
states on a picosecond time scale. We shall show how the
temperature and density of the target are affected by the
modulation of cluster properties and how the WDM is gener-
ated from a cold target. The nonlinear QHD equations will be
solved by employing the flux-corrected-transport (FCT)
method (Boris et al., 1993), which has proven to be an accu-
rate and easy to use algorithm to solve nonlinear time-
dependent conservative equations of hydrodynamics. This
paper is organized as follows. In Section 2, the nonlinear
2D QHD formalisms coupled with the Poisson’s equation,
are presented. In Section 3, we show numerical results of
the temperature and density of the target. Finally, a short
summary is given in Section 4. Gauss units will be adopted
throughout the paper except specific definition.

2. QUANTUM HYDRODYNAMIC MODEL

We consider a Gaussian proton cluster of density profile nc
(z, r, t)= nc0 exp(−r2/rc

2− (z− Vct)
2/lc

2) with cluster
radius rc and cluster half-length lc, propagating with constant
velocity Vc =

����������
2Ecp/mcp

√
through a solid aluminum

target along the z axis. Here, mcp is the proton mass and

Ecp is the proton energy. The total number of protons Ncp

within cluster is Ncp= 4π ∫0
lc ∫0

rc nc (z, r, t) rdrdz, functions
of nc0, rc, and lc. Note that the total number and Gaussian dis-
tribution of protons within cluster are unvaried with time t
evaluation. We treat the valence electrons in the target as
free electrons with an equilibrium density n0= 7.829 ×
10+23 cm−3, which is aluminum solid density, immersed in
a uniform background of motionless ions. The electron dy-
namics can be analyzed by a collective-stimulated interaction
model, that is, the transmission of the cluster ions can cause
dynamics polarization effect in the target.
The simulation technique is the 2D QHD model with the

electron velocity field ue (z, r, t), density ne (z, r, t), and
energy density We (z, r, t) by the continuity equation

∂ne
∂t

+∇ · neue( ) = 0, (1)

the momentum-balance equation

∂ue
∂t

+ ue ·∇( )ue = e

me
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mene

+ h− 2
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ne

√
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and the energy-balance equation (Chen et al., 1995)

∂We

∂t
+∇ · (Weue) = eneue ·∇Φ−∇ · (uePe)

−∇ · qe −
We − 3

2neTe
τw

,

(3)

with We= 3
2neTe+ 1

2meneu2e−h− 2ne
24me

∇2 log(ne)+O(h− 4). The
above equations are closed by adding Poisson’s equation

∇2Φ = 4πe(ne − n0 − Z1nc). (4)

Here, ∇ = ∂
∂r er + ∂

∂z ez, me is the electron mass, e is the
elementary charge, Φ is the total electric potential, qe, Te,
and Pe are the electron heat flux, temperature and pressure,
respectively, γ and τw are the frictional coefficients with
τw= 2γ. In particular, the electron pressure Pe can be calcu-
lated by finite temperature Thomas-Fermi theory (More
et al., 1988) and the heat flux is specified by Fourier’s law
qe=−κ ∇ Te (Chen et al., 1995) with thermal conductivity
κ. In the right-hand side, the second and third terms of Eq. (2)
are regarded as the quantum effects, and the last terms of
Eqs. (2) and (3) are the frictional forces with γ and τw ob-
tained from our previous work (Zhang et al., 2011a).
The above Eqs. (1)–(4) involve a self-consistent determi-

nation of the electron density, velocity, and temperature,
and the total electric field E=−∇Φ with the components
Er and Ez. The FCT method is adopted to numerically
solve Eqs. (1)–(3) by split-time integration from the initial
time t= 0 when the values of all quantities are known. The
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Poisson’s equation is solved by the successive over relax-
ation (SOR) method.
In the following section, we obtain the numerical values of

the density and temperature of the target under the effect of a
Gaussian proton cluster. In the simulation, nc0= n0 × 10−9

and the cluster is projected from (z= 0, r= 0) at t= 0. Our
numerical results are obtained for solid aluminum with initial
solid density n0 and initial temperature Te= 0 eV.

3. NUMERICAL RESULTS

Figure 1 show the density as functions of r and z at 5 ps
Figure 1a and 10 ps Figure 1b for Ecp= 20 MeV, and at
5 ps Figure 1c and 10 ps Figure 1d for Ecp= 10 MeV.
Here, rc= 3 μm and lc= 15 μm. The density demonstrates
a clear time and space variations and wake effects are gener-
ated behind the cluster. A comparison between Figuers 1a
and 1b shows that the maximum density is almost unchanged
with the cluster penetration time. As the cluster penetrates
deeper into the target, the perturbed density region becomes
larger. When Ecp= 20 MeV in Figures 1a–b, the range of the
cluster is longer, while the maximum density is smaller, in
comparison with that for Ecp= 10 MeV in Figures 1c–1d.
The perturbed density decreases and tends to reach an initial
equilibrium value with the increasing distance behind the
cluster.
Temperature corresponding to Figures 1a–1d is shown in

Figures 2a–2d. Cluster protons impinging on the target de-
posit their energy in the target that leads to an increase in
the temperature. Thus the spatial profile of the temperature
is similar to the Gaussian distribution of the cluster. In the

cluster heated region, temperature of 0.6≤ Te≤ 1 eV is ob-
tained in Figures 2a–2b and that of 1≤ Te≤ 1.5 eV is ob-
tained in Figures 2c–2d, where WDM is generated. The
WDM temperature range is roughly Te= 1.0–20 eV for
aluminum. As the cluster transmission time increases, a
larger volume of the target has been heated. When Ecp=
20 MeV in Figures 2a–2b, the range of the cluster is longer
and the heated region is larger, while the maximum tempera-
ture is smaller, in comparison with those for Ecp= 10 MeV
in Figures 2c–2d. Moreover, more uniform temperature is ob-
tained in Figs. 2(a-b), as compared to that shown in Figures
2c–2d. Note that nearly uniform temperature of several eV is
achieved in the cluster heated region and the target can be
converted into WDM on a picosecond time scale, which is
important for the study of HEDP and ICF research.

To further examine the influence of the cluster parameters
on the density, we present in Figures 3a–3c the density as
functions of r and z with rc= 1 μm, lc= 10 μm Figure 3a,
rc= 3 μm, lc= 15 μm Figure 3b and rc= 6 μm, lc= 20 μm
Figure 3c. Here, Ecp= 20 MeV and t= 10 ps. In Figures
3a–3b the maximum density decreases with decreasing rc
and lc due to reduction in nc that has a direct ratio relation
with rc and lc.

Temperature corresponding to Figures 3a–3c, is presented
in Figures 4a–4c. It is clearly seen in Figures 4a–4c where the
cluster heated volume becomes larger in radial direction and
the maximum temperature increases with increasing rc and lc.
The temperature exhibits a nearly uniform distribution in the
cluster heated region, which has values of Te= 0.4 ~ 2 eV.
Moreover, the maximum temperature (2 eV) is in favor of
important experiments on HEDP.

Fig. 1. (Color online) The density at 5 ps (a) and 10 ps (b) for Ecp= 20 MeV, and at 5 ps (c) and 10 ps (d) for Ecp= 10 MeV.
Here, rc= 3 μm and lc= 15 μm.
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The density and temperature are significantly impacted by
the cluster properties, as a result, such a influence is also
shown in the total electric field. Corresponding to Figure 3b
and Figure 3c, Figures 5a–5b and Figures 5c–5d show Er and
Ez as functions of r and z, with Er Figure 5a and Ez Figure 5b
for rc= 3 μm, lc= 15 μm and Er Figure 5c and Ez Figure 5d

for rc= 6 μm, lc= 20 μm. Here, Ecp= 20 MeV and t=
10 ps. The total electric field is mainly determined by the
Gaussian cluster, so the initial values Er= 0, Ez= 0 are
changed only at and around the cluster center, as shown in
Figures 5a–5d. The volume of nonzero electric fields is smal-
ler for a lower rc and lc due to reduction in nc. The spectrum

Fig. 2. (Color online) The temperature at 5 ps (a) and 10 ps (b) for Ecp= 20 MeV, and at 5 ps (c) and 10 ps (d) for Ecp= 10 MeV.
Here, rc= 3 μm and lc= 15 μm.

Fig. 3. (Color online) The density with rc= 1 μm, lc= 10 μm (a), rc= 3 μm, lc= 15 μm (b) and rc= 6 μm, lc= 20μm (c). Here,
Ecp= 20 MeV and t= 10 ps.
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Fig. 4. (Color online) The temperature with rc= 1 μm, lc= 10 μm (a), rc= 3 μm, lc= 15 μm (b) and rc= 6 μm, lc= 20 μm (c). Here,
Ecp= 20 MeV and t= 10 ps.

Fig. 5. (Color online) Er (a) and Ez (b) for rc= 3 μm, lc= 15 μm and Er (c) and Ez (d) for rc= 6 μm, lc= 20 μm. Here, Ecp= 20 MeV and
t= 10 ps.
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of Er displays an antisymmetry, while Ez is symmetric, with
respect to the axis (r= 0).

4. CONCLUSIONS

Numerical simulations of interaction of a Gaussian proton
cluster with 2D aluminum solid target are carried out. 2D
QHD model is employed for the heating of solid target.
A full self-consistent treatment of this problem requires coup-
ling of the QHD formalisms with the Poisson’s equation. The
density and temperature of the target and the total electric
field, are calculated by solving the QHD equations and the
Poisson’s equation. The FCT method is adopted to numeri-
cally solve the nonlinear QHD equations. The Poisson’s
equation is solved by the SOR method. As the cluster pene-
trates into the target, a uniform temperature distribution is
displayed in the cluster heated region. It is interesting to
note that the target is heated to a few eV and a WDM
matter is generated in the cluster heated region on a picose-
cond time scale. Therefore, one can access the very interest-
ing but almost unexplored strongly coupled plasma state in
this work.
In the near future, this work could be modified to consider

interactions of an intense ion beam pulse with solid target by
using double QHD model for beam and target particles,
where high energy density (HED) matter can be generated.
The developments of high-quality well-focused strongly
bunched intense ion beams, from a facility of antiproton
and ion research (FAIR) at GSI Darmstadt, can lead to gen-
erating samples of HED matter through isochoric and uni-
form heating of solid targets by such intense beams.

ACKNOWLEDGMENT

This work was supported by the National Basic Research Program
of China (Grants No. 2010CB832901), Fundamental Research
Funds for the Central Universities (Grant No. DUT10ZD111), Na-
tional Natural Science Foundation of China (Grant No.10975028),
and the Program for New Century Excellent Talents in University
(NCET-08-0073).

REFERENCES

BORIS, J.P., LANDSBERG, A.M., ORAN, E.S. & GARDNER, J.H. (1993).
LCPFCT–flux-corrected transport algorithm for solving general-
ized continuity equations. In NRL Memorandom Report 6410.
Washington, DC: Naval Research Laboratory, 20375–5320.

BRAMBRINK, E., ROTH, M., BLAZEVIC, A. & SCHLEGEL, T. (2006).
Modeling of the electrostatic sheath shape on the rear target sur-
face in short-pulse laser-driven proton acceleration. Laser Part.
Beams 24, 163–168.

CHEN, Z., COCKBURN, B., GARDNER, C.L. & JEROME, J.W. (1995).
Quantum hydrodynamic simulation of hysteresis in the resonant
tunneling diode. J. Comput. Phys. 117, 274–280.

DEUTSCH, C. (1986). Inertial confinement fusion driven by intense
ion beams. Ann. Phys. (Paris) 11, 1–111.

DEUTSCH, C., MAYNARD, G., BIMBOT, R., GARDES, D., DELLANEGRA,
S., DUMAIL, M., KUBICA, B., RICHARD, A., RIVER, M.F., SERNA-
GEAN, A., FLEURIER, C., SANBA, A., HOFFMANN, D.H.H., WEYRICH,
K. & WAHL, H. (1989). Ion beam-plasma interaction: A standard
model approach. Nucl. Instrum. Methods Phys. Res. A 278,
38–43.

DEUTSCH, C. (1992). Ion cluster interaction with cold targets for ICF:
Fragmentation and stopping. Laser Part. Beams 10, 217–226.

HAAS, F., MANFREDI, G. & FEIX, M. (2000). Multistream model for
quantum plasmas. Phys. Rev. E 62, 2763.

HOFFMANN, D.H.H. (2008). Intense laser and particle beams inter-
action physics toward inertial fusion. Laser Part. Beams 26,
295–296.

HOFFMANN, D.H.H., FORTOV, V.E., KUSTER, M., MINTSEV, V., SHAR-
KOV, B.Y., TAHIR, N.A., UDREA, S., VARENTSOV, D. & WEYRICH,
K. (2009). High energy density physics generated by intense
heavy ion beams. Astrophys Space Sci. 322, 167–177.

HOFFMANN, D.H.H., TAHIR, N.A., UDREAL, S., ROSMEJ, O., MEISTER,
C.V., VARENTSOV, D., ROTH, M., SCHAUMANN, G., FRANK, A.,
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