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Abstract

The research activities on warm dense matter driven by intense heavy ion beams at the new project High Intensity heavy-ion Accelerator
Facility (HIAF) are presented. The ion beam parameters and the simulated accessible state of matter at HIAF are introduced, respectively. The
progresses of the developed diagnostics for warm dense matter research including high energy electron radiography, multiple-channel pyrometer,
in-situ energy loss and charge state of ion detector are briefly introduced.
© 2017 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Warm Dense Matter (WDM), an intermediate state of
matter between solid and plasma, has a density of the same
order of magnitude as solid (typically 0.01e100 g/cm3), a
temperature on the order of a few eV (typically 1e100 eV)
and a pressure from ambient to some Mbar. It exists in the
lower-temperature portion of the high energy density regime
[1]. In this state, the particles are strongly coupled. This means
that the energy of the interaction between electrons and nuclei
and the kinetic energy of electrons are of the same magnitude.
Under the condition of WDM, the assumptions of both

condensed matter theory and ideal-plasma theory break down,
while the quantum mechanics, particle correlations and elec-
tric forces all become important. WDM is expected in the
cores of large planets [2], e.g. Jupiter, in the path to inertial
confinement fusion [3] and in nuclear explosion. It attracted
more and more attention because of its importance and the
accessibility to expected experiments.

The intense heavy-ion-beam-driven WDM is unique, with
the advantages of large sample size of any target material,
homogeneous physical condition, good reproducibility, high
repetition rate, flexibility of isochoric heating of material at
high density and shock compression at very low entropy
[4e6]. It provides scientists with a novel, very efficient solu-
tion to study WDM physics besides the high power laser and
pulsed power devices like Z-pinch [7e14].

However, to investigate the WDM physics by heavy-ion
beams is very difficult, and a strongly-bunched, well-focused
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and high-intensity energetic ion beam is a big challenge for the
current accelerator technology. In order to improve the
research of WDM driven by intense heavy-ion-beam, the
accelerator complexes in the major accelerator laboratories
and institutions in the world have been upgraded in the last
few decades [15e24], i.e., the Facility for Antiprotons and Ion
Research (FAIR) in Germany and NCDX-II at Lawrence
Berkeley National Laboratory in USA, as well as the new
project, High Intensity heavy ion Accelerator Facility (HIAF)
in China.

The HIAF project was proposed by the Institute of Modern
Physics (IMP), Chinese Academy of Sciences, and was
selected as one of the 16 priority national projects for sciences
and technology for the 12th 5-Year-Plan in China. In
December 2015, the HIAF project was officially approved by
Chinese government. Now the technical design was finished
and the civil construction has started to develop. The intense
heavy-ion-beam-driven WMD is one of the important research
topics in HIAF project. A specially designed experimental
terminal will be located at the high energy external target
station, where 238U34þ ions with an energy of hundreds of
MeV/u, intensity of ~1011 ppp (~1012 ppp for the next upgrade
in phase-II), a bunch length of 50e150 ns and a beam spot of
~1 mm which is strongly focused by the Final Focus Lens
(FFL) system can be applied.

In this paper, the main parameters of HIAF and the related
research activities for WDM are introduced. We present the
new opportunities for EOS, critical point of metals, phase
transition and hydrodynamic process, as well as ion-WDM
interaction which can be experimentally investigated based
on the HIAF project.

2. Introduction of HIAF and the beam generated WDM

The HIAF complex, whose schematic view is shown in
Fig. 1, consists of a superconductive electronic cyclotron

resonance (SECR) ion source, an ion-Linac (iLinac), a Booster
Ring (BRing), a radioactive beam line of fragmentation type, a
Spectrometer Ring (SRing), a Merge Ring (MRing), and
different experimental terminals at low-, intermediate- and
high-energy ends, as well as setups for in-ring experiments
[25,26]. An electron cooler will be installed at BRing and a
low-emitted and well compressed pulsed (~100e150 ns for
1011 ppp beam intensity in phase-I and 50 ns for 1012 ppp
beam intensity in phase-II) heavy ion beam will be available.
Closed to BRing, the WDM terminal locates at the external
experimental cave, where a Final Focus Lens system will be
installed to strongly focus the beam to a small size (~1 mm
FWHM). Finally, the high energy, focused and short pulsed
heavy ion beam heats the target from a solid to the WDM and
the relevant research will be performed. Table 1 shows the
main parameters of the HIAF complex.

In order to foresee the state of WDM produced by the
intense ion beam of HIAF, a two dimensional hydrodynamic
compute code BIG-2 has been done by Dr. N. Tahir under the
collaboration. The BIG-2 code is based on a Godunov-type
scheme that has a second-order accuracy in space for solv-
ing the hydrodynamic equations. It uses rectangular grids and
includes heat conduction and applies EOS data in tabular form
or others. It also includes energy deposition by the projectile
ions with the beam geometry taking into account [27,28].

Fig. 1. Schematic view of the HIAF complex. The facility of HIAF includes SECR, iLinac, BRing, SRing, MRing, FRS beam lines and serveral experimental

terminals at low-, intermediate-, and high-energy sections. The relevant paramters of each parts are indicated. The WDM terminal locates at the external

experimenal cave of BRing.

Table 1

Main parameters of HIAF-I.

Ion species Beam energy Beam intensity

SECR 238U34þ 14 keV/u 0.05 pmA

iLinac 238U34þ 17 MeV/u 0.028 pmA

BRing 238U34þ 0.8 GeV/u ~1.4 � 1011 ppp

SRing Radioactive ions 0.84 GeV/u ~109�10 ppp

fully stripped, He, He-like 0.8 GeV/u ~1011�12 ppp

MRing 238U92þ 0.8 GeV/u ~1011 ppp
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The thermodynamic and hydrodynamic responses of a solid
lead cylindrical target heated by 238U34þ ions accelerated by
the BRing are studied. We consider a 238U34þ ion beam with
an energy of 800 MeV/u, a bunch length of 100e150 ns with a
Gaussian intensity distribution along the radius characterized
with FWHM ¼ 1 mm. The beam intensity is N ¼ 1 � 1011

ppp. The target is a solid cylinder having a length of L ¼ 5 mm
and a radius of r ¼ 4 mm. The beam is incident over one face
of the target and the projectiles penetrate into the target. The
range of 800 MeV/u uranium ions in the solid lead is about
1 cm, which is larger than the target length. Thus the energy is
uniformly deposited along the cylinder length as the Bragg
peak lies out of the target.

Fig. 2 shows the simulation result of the specific deposited-
energy vs the radius at a longitudinal position of L ¼ 2.5 mm
(middle of the target) at different time (a), the case for tem-
perature (b), pressure (c), and density (d), respectively.

It is seen that at t ¼ 150 ns (end of the bunch), a maximum
deposited-energy of ~14 kJ/g at the axis is achieved, where the
temperature is ~55,000 K. The high temperature leads to a
high pressure that drives a radially outgoing shock wave. The
maximum pressure at the axis is about 65 GPa at t ¼ 100 ns.
An outward propagation of the shock wave is visible and the
maximum density of the shocked region is ~14 g/cm3.

Table 2 presents the maximum values of the target's phys-
ical parameters at the axis at the end of the bunch for different
bunch lengths. All these calculations therefore suggest that the

ion beam generated by the BRing of HIAF facility with these
parameters is very suitable for generating WDM in laboratory.
It is concluded that one can do some interesting experiments
on WDM including the equation of state, generation of plane
shock waves and related problems of interest.

3. Diagnostics for WDM research

3.1. High energy electron radiography

For a fast dynamic process, diagnostics of the spatial,
density and element distributions of a bulk target and their
evolution are of key importance. Apart from the imaging with
self-radiation, like X-ray or neutrons from the target, high
energy proton or electron radiography shows some advantages,
in particular as it ensures the long penetration distance, high
spatial resolution, large dynamic range, high sensitivity to the
density and material element [24,29e34]. The high energy

Fig. 2. Specific depsotited-energy vs. target radius at (a) L ¼ 2.5 mm of the longitudinal position in a cylindrical lead target, which is heated by 800 MeV/u 238U34þ

ions with a bunch length of 150 ns and a beam size of 1 mm. (b) The temperature, (c) pressure and (d) density vs. radius are shown, respectively.

Table 2

Physical states of the lead target which is heated by 800 MeV/u 238U34þ ion

beams with different pulse lengths impact on the lead target.

50 ns 100 ns 150 ns

E (kJ/g) 15.3 14.8 14.0

p (GPa) 91.0 75.0 58.0

T (K) 60,000 58,000 55,000

r (g/cm3) 11.0 10.2 9.3
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proton radiography [35e37] has been proposed by Los Ala-
mos National Laboratory (LANL) and it experimentally shows
the potential for WDM diagnostics with high spatial and
temporal resolution [38]. In FAIR project, a 4.5 GeV proton
beam is proposed to diagnose the state of high-energy-density
matter [39,40].

However, a high energy proton accelerator is very costly
and large in size. A ps-scale proton beam bunch with desired
energy and intensity for ultra-fast radiography is not available
yet in laboratory. High energy electron radiography (HEER)
has become one of the important candidates at IMP with the
collaboration of Tsinghua University (THU), China and
Argonne National Laboratory, USA, who proposed the high
energy electron radiography aiming to be applied in the di-
agnose of WDM at HIAF [41,42]. A principle experiment has
been done and the high quality electron beams were extracted
from THU e-LINAC accelerator based on radio frequency
photocathode gun and s-band technology. The beams with an
energy of 50 MeV, bunch length of 1 ps and bunch intensity
ranging from a few pC to 100 nC, beam emittance of ~2 mm-
mrad and beam spot size ~3 mm, were used in the experiment.
In order to systematically investigate the high energy electron
radiography further, the group of IMP newly designed and
constructed a special beam line at THU e-LINAC facility.
Fig. 3 (a) shows the new beam line. A linear achromat, con-
sists of two rectangular dipoles and three quadrupoles, is used
for deflecting the beam by 90� because of the limited space in
laboratory. The target is placed after the achromat at the object
plane position. The imaging system is after the target. Two
kinds of imaging systems are designed with different magni-
fication factor, with symmetric doublet and triplet

quadrupoles, as well as the aperture placed at the Fourier plane
position. Fig. 3 (b) shows the parameters of the imaging lattice
with different magnification factors.

We take a TEM grid (material: Mo) which has 200 lines/
inch with a hole width of 90 mm, bar width of 35 mm, thickness
of 25 mm and diameter of 3 mm, as the target to measure the
spatial resolution. At the imaging plane, the radiography pic-
ture is obtained. It is seen that a very clear grid structure and
the spatial resolution are measured as 6.5 mm. Noted that such
a radiography picture is produced by one shot of a bunch of
electrons (shown in Fig. 4).

We obtain the electron radiography by applying a 0.8 mm
thick silicon target (two pieces of Si wafers stacked up with
one rotated 90�) with a stepwise structure as the imaging
object too (shown in Fig. 5). The very apparent stepwise
structure is correlated to the real target and the luminescence
intensity at different steps agrees with its depth in the target
well.

The principle experiment of high energy picosecond pulse-
width electron bunch radiography proves that the kind of e-
LINAC and picosecond bunch length electron can be applied
in the research of WDM. The properties of high spatial reso-
lution about a few microns and high sensitivity of density, as
well as the picosecond-scale temporal resolution can fulfill the
requirements of diagnosing a dynamic process of WDM.

In order to make a better diagnostic by using the electron
radiography, a new RF type high energy electron LINAC
accelerator complex is under construction at IMP, Lanzhou,
which will carry out the systematically experimental radiog-
raphy investigations. The new electron linac structure is shown
in Fig. 6. Both radio frequencies accelerated thermionic

Fig. 3. (a) Newly designed and constructed beam line for high energy electron radiography research at THU e-LINAC by IMP and (b) the parameters of the

imaging lattice with different magnification factors.

88 R. Cheng et al. / Matter and Radiation at Extremes 3 (2018) 85e93



cathode type and photocathode type electron beams with an
energy of 60 MeV are simultaneously developed at the new
platform and the X-ray imaging besides HEER will be avail-
able too. The energy of 60 MeV is chosen because of the

physical structure, designed parameters and the budget. Based
on the results obtained from THU electron accelerator,
60 MeV is good enough to carry out the radiography experi-
ments on a solid target (thickness about 1 mm). And ~10 mm

Fig. 4. TEM grid samples of high energy electron radiography research and the obtained results by applying 44 MeV, 1 ps pulse width and 300 pC intensity electron

beam impact on the sample at THU.

Fig. 5. (a) Picture of one piece of the step Si wafer. In our experiment, two step wafers stacked up with a total thickness of 0.8 mm compose a new stepwise target

with one rotated 90� from the other. (b) The radiograph and measured luminescence intensities along the two vertical directions. The grid characteristic correlated

to the structure of the stacked stepwise target can be seen in the radiograph.

Fig. 6. New HEER platform under construction at IMP, where both RF thermionic cathode type and photocathode type electron guns will be employed. X-ray

imaging induced by the electron beam will be available too.
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spatial resolution can be achieved. If we use a larger magni-
fication lens system to zoom in the target, higher spatial res-
olutions are expected to be obtained. In the future, the electron
beams with ~800 MeV will be built to diagnose the WDM
(even 10 times of the solid density) at HIAF and the spatial
resolution can be better than 10 mm.

3.2. New design of a fast multi-channel pyrometer

Temperature as one of the key parameters of WDM, is
highly required in a dynamic process measurement with the
properties of fast and highly accurate. A new designed fast
multi-channel pyrometer was proposed by analyzing the
Planckian emission spectra in ultraviolet, visible and infrared
spectral regions, respectively, with a very high frequency when
the intense heavy ion beam impacts on a target and the evo-
lution of target temperature can be obtained. A six-channel
pyrometer has been developed at GSI and a test experiment
using U74þ ion beams to impact on tungsten foils is reported in
Ref. [43].

Fig. 7 shows the working scheme of a newly-developed
eight-channel pyrometer on the basis of Planck black-body
radiation. The narrow-band interference filters which play
the role of filtering and reflection, separate the import light
transmitting by optical fiber to 8 channels, from 500 nm to
1500 nm. The high working frequency (30 kHze1 GHz)
photodiodes (Si type and InGaAs type) are used and a very fast
rise time about 500 ps can be achieved. A high spatial

resolution of the pyrometer is realized through the optical fi-
bers (400 mm diameter) array in the optical collection closely
facing to the target. With more paths of light and fast de-
tectors, a broad range (1,500e20,000 K) of temperature can
be diagnosed more accurately. This multi-channel pyrometer
will serve the temperature diagnosis for WDM research at
HIAF.

Fig. 8 shows the result of a testing experiment measured by
a pyrometer of the plasma intensity changing with time in
10 ns duration and 300 mJ at 532 nm laser shot on a solid lead
target. We recorded the light intensity change with time from
different channels (500 to 1500 nm). The duration of the light
is ~1000 ns, which agrees with the lifetime of the laser
induced plasma. Next we will calibrate the pyrometer by using
a standard light source to obtain the temperature information.

3.3. In-situ diagnostics of ions energy loss and charge
state

At the HIAF, the WDM will be generated by the energy
deposition of heavy ions when they are travelling in the target.
Thus the energy loss process of ions in matter is of key
importance to determine the final state of WDM. Moreover,
theoretical prediction and experimental result show that the
energy loss process of heavy ions in warm dense matter may
be quite different because of the strong coupling effect
comparing to cold matter [44,45]. Simultaneously the ions
charge state will increase due to the suppression of

Fig. 7. Working scheme of the newly-developed 8-channel pyrometer.
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recombination process [46,47]. Therefore, an in-situ diag-
nostic of the energy loss and charge state for heavy ions in
warm dense matter are developed.

Fig. 9 shows schematically the in-situ detector system. The
well-focused intense heavy ion beams impact on the target to
generate WDM and the outgoing ions are collimated to fly in a
drift area where a strong dipole magnetic field is available.
Without dipole magnet-function 1, the ions will penetrate into
a scintillator and stop inside. The light emission along the
trajectory will be induced and the areal fluorescence intensity
is proportional to the energy deposition rate. At the end of the
range, a relative higher intensity, the so-called Bragg peak,
which has a very sharp spatial edge (around several tens of
microns), exists. An optical lens focuses at the Bragg peak and
a high spatial resolution CCD camera will be used to record
the result. One can easily determine the energy of ions by
measuring the Bragg peak position due to the strong contrast
for Bragg peak in the image. Based on the HIRFL facility, we
have made the experiments by using CsI(Tl) scintillator, a
CCD camera and coupled optical lens to in-situ diagnose the
energies of 100e150 MeV/u carbon ions. The energies
determined by the positions of the Bragg peak were compared
with the results of LISE calculation and it is found that the
accuracy of energy could be about 1%. Moreover, we have
proposed a new method to increase the energy resolution
through applying the optical filter to identify the fluorescence
from projectiles themselves against the light from secondary
particles and to increase the spatial resolution at the Bragg
peak position. A recent experiment has shown that the light
spectrum from CsI (Tl) scintillator of ions induced is different

from the case of X-ray induced, and a characteristic peak for
ions was found at about 377 nm wavelength [48]. Thus a
narrow-band optical filter in front of the photodiode will be
used to distinguish the position of Bragg peaks more clearly.
As a result, a higher energy resolution of the detector system
can be obtained.

Fig. 10 shows schematically the newly developed Bragg
peak detector. An ICCD camera focused at the scintillator at
90� is employed to monitor the ions trajectory and a similar
work has been reported in Ref. [49]. The additional optical
array and filters are used to transmit the effective light which is
mainly from the projectiles to the photodetectors and to clearly
distinguish the Bragg peak position.

By applying the dipole magnet-function 2, the different
charge state ions lie at different positions of the scintillator and
are recorded by the ICCD camera. According to the measured
energy of ions, the magnet field and drift length, the charge
states of ions are diagnosed.

4. Summary and outlook

In the article, we report the new accelerator facility HIAF in
China. The state of matter generated by uranium ions from
BRing of HIAF impacting on a lead cylinder target is simulated
and the result shows that the state with temperature about
55,000 K, pressure ~60 GPa and remaining in solid density can
be achieved. The new opportunities of heavy ion beam-driven
WDM research can be seen. In order to more precisely di-
agnose the WDM state, we introduce some newly developed
diagnostic techniques. The high energy electron radiography
has shown some prior advantages: long inspection range for

Fig. 8. Intensity changes with time from different channels (500 to 1500 nm)

and the plasmas produced by a 10 ns duration, 300 mJ@532 nm laser shot on a

lead target measured by a pyrometer.

Fig. 9. Schematic view of the energy loss and charge state detector system. Fig. 10. Scheme of the developed scintillating Bragg-peak detector.
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thick target, high spatial resolution of a few microns, high
sensitivity of areal density, ultrafast temporal resolution of
1e10 ps by applying the RF photocathode technique. A new 8-
channel pyrometer was developed to diagnose the temperature
of WDM, which measured the light wavelength from 500 nm to
1500 nm and temperature range of 1,500 K to 20,000 K.
Considering the importance of energy deposition to generate a
WDM in the research of heavy ions beam driven, an in-situ
energy loss and charge state of ion detector system were intro-
duced. By precisely measuring the Bragg peak position in the
scintillator and the spatial distribution of ions in a dipolemagnet
field, the energy and charge states of ions can be obtained. Our
recent experiment shows that a characteristic peak exists in the
light spectrum induced by heavy ions impact on CsI(Tl) scin-
tillator, which may increase the spatial resolution of Bragg peak
and improve the energy resolution of the detector system.

So far the design on the accelerator complex has been
accomplished, the important physical platform has been
created and the HIAF will go into civil construction soon.
However, the physical and technical details on WDM terminal
are still under discussion, and new ideas and important com-
ments on WDM investigation at HIAF are very welcome.
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