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Abstract. This paper reviews the basic ideas as well as the latest
experimental results obtained in the rapidly emerging field that
studies macroscopic thermodynamic parameters and collective
phenomena occurring due to exposure of matter to an intense
ion beam. Beams of accelerated heavy ions as a tool to produce
extreme states of matter under reproducible experimental con-
ditions have attracted the attention of scientists from around the
world. This is largely due to the fact that an ion beam releases its
energy into the volume of matter. Importantly, relativistic
colliders, being unique tools for probing extreme states of
matter, have opened up new possibilities for producing various
states of matter, including those exhibiting exotic sets of ther-
modynamic parameters. The problems addressed by experi-
ments in the field are of fundamental nature and deal with
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equations of states of supercompressed matter, plasma phase
transitions, critical points of metals, anomalous conductivity,
noncongruent phase transformations, and atomic physics with
strong interparticle interactions.

1. Introduction

Increasingly more attention has recently been paid to states of
matter with high energy densities responsible for gaining high
pressures and temperatures. In the phase diagram [1-3],
these states lie in a region between the low-temperature
condensed state and high-temperature plasma (Fig. 1). This
region is characterized by densities ranging from solid phase
density to values 100 times higher and temperatures from 0.1
to 100 eV, at which matter takes the form of a nonideal
plasma with degenerate electrons and strong interparticle
interactions.

Two reasons are mainly responsible for current interest in
extreme states of matter.

Firstly, studies of plasma with strong interparticle
interactions extend the basic knowledge of nature because
such plasma is the most widespread substance in the
universe where astrophysical objects consist of strongly
ionized high-density matter accounting for almost 98% of
its total amount (except ‘dark matter’). Moreover, much
interest in superdense states of matter is stirred up by some
challenging problems of modern planetary geophysics, such
as determining the parameters of exoplanets (e.g., Jupiter’s
twin and exoplanets around Mu star of the Arae constella-
tion), the exploration of Sun-orbiting planets (in particular,
finding equations of state for ice on Neptune and Uranus
and iron in the Earth’s core), and investigations into
hydrogen metallization, which are of importance for under-
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Figure 1. Phase diagram of matter [9]; u is the chemical potential, and I" is
the parameter of nonideal plasma.

standing the structure of the giant planets Jupiter and
Saturn.

Secondly, the studies currently underway are generally of
great importance for such fields as the atomic power
engineering, controlled nuclear fusion (CNF), the defense
complex, the safety of nuclear reactors, the synthesis of
superstrength materials, nuclear materials and technology,
industrial plasma technologies, and medicine.

Plasma is known to acquire simple physical properties in
two limiting cases, either at ultrahigh temperatures or at
superhigh pressures. Interparticle interactions are rather
weak at high temperatures and low matter densities, so that
the Debye — Hiickel quasi-ideal gas model is applicable in this
case. In the second case, when internal atomic energy levels
are compressed, it is possible to utilize the Thomas— Fermi
theoretical model [1, 2, 4].

For a relatively cold high-density nonideal plasma, the
ratio of Coulomb interparticle interaction energy to thermal
energy exceeds unity, I' > 1. Tons in such a plasma strongly
interact with one another, while electrons are partly degen-
erate: ne /. ~ 1 (where /. = [2nh2 /(mkT))"/? is the de Broglie
electron wavelength). This plasma is difficult to describe in
theoretical terms because the electron system statistics are
intermediate between Boltzmann and Fermi statistics.

This means that theoretical models in the region of
interest in the phase diagram are near the applicability limit
and their experimental verification is mandatory.

A key experimental problem is the laboratory generation
of the states of matter with accurately measurable thermo-
dynamic parameters. Recent progress in the enhancement of
energy, power, and brightness of charged particle beams,
lasers, and Z-pinch generators opens up new prospects for the
creation of matter with an extremely high specific energy
density under laboratory conditions. The new generation of
experimental facilities (‘drivers’) makes it possible to reach a
level of energy density in matter in excess of 10!' Jm~3 and as
a consequence to raise temperature and pressure up to 10* K
and 1 Mbar, respectively. Such temperatures and pressures
occur in shock-wave experiments with chemical explosives, in
underground nuclear tests [S—9], and in the stars and cores of
giant planets. In other words, new experimental facilities now

provide new opportunities for the laboratory exploration of
physical phenomena commensurable with astrophysical
objects in scale and for the generation of macroscopic
amounts of matter possessing extreme thermodynamic
parameters. It is noteworthy that the extreme state of matter
achieved in the laboratory corresponds to that of the Universe
within the first second after the Big Bang [2].

The majority of experiments are designed to resolve
fundamental problems, viz. derivation of the equation of
state for supercompressed matter, studies of plasma phase
transitions, critical points of metals, anomalous conductivity
and noncongruent phase transformations, and investigations
into atomic physics phenomena with strong interparticle
interactions [2]. Revolutionary developments in computing
facilities that parallel the creation of high-power generators
have given an incentive to computer simulation of compli-
cated nonlinear dynamic processes and collective processes
inherent in laboratory plasma under extreme conditions
(including hydrodynamic motion which otherwise exists on
a huge scale only in the Universe) [3].

Relativistic colliders of heavy ions are a special type of
high-power energy sources (drivers). Big colliders operated in
different countries provide a major experimental tool for
nuclear physics, the physics of elementary particles, quantum
chromodynamics, and the physics of superdense nuclear
matter [10], i.e., for disciplines at the forefront of modern
natural science. In other words, they extend our under-
standing of the fundamental physical properties of Nature.
Research based on these facilities requires increasingly higher
energies and phase densities of accelerated particle beams.

Accelerator science and engineering have a remarkable
history, from the first cyclotron with a proton energy of
1.2 MeV created by E Lawrence in 1932 to the Large Hadron
Collider (LHC) with an energy of 7 x 105 MeV, now under
construction at CERN. Between these two events, hundreds
of various accelerators were put into operation around the
world. These giant electrotechnical systems are the products
of the highest technical achievements, accounting for the high
degree of their reliability.

Among the experiments designed to be conducted with
LHC is the collision of two proton beams with an energy of
7 TeV, to be followed by the observation of collisions between
highly ionized lead ions Pb*>* with an energy up to 177 GeV
per nucleon. The Relativistic Heavy Ion Collider (RHIC), in
which the energy of colliding gold ions is as high as 500 GeV
per nucleon in the center-of-mass system, was commissioned
at the Brookhaven National Laboratory, USA at the turn of
the 21th century. The cost of construction of the two most
powerful relativistic hadron collider facilities (LHC and
RHIC) amounts to a few billion dollars each, which is almost
beyond the financial resources of the world’s richest country
and the international community like the European Union
[11]. Research programs elaborated for these facilities include
experimental studies of basic problems of high-energy physics
covering hadron collisions accompanied by the synthesis of
superdense nuclear matter, so-called quark—gluon matter.
CERN and Brookhaven colliders have been used to carry out
unique experiments that have resulted in the generation of a
superextreme barion state of matter with a density of
~ 10" g cm™* and temperature ~ 200 MeV in individual
events of collisions between copper (Cu—Cu) and gold
(Au—Au) heavy ions [12]. According to a modern concept,
such was the state of matter in the Universe within the first
microseconds after the Big Bang, and so it remains in certain
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astrophysical objects like neutron stars and black holes. No
wonder these experiments gave rise to speculation about their
safety; it was argued that the creation of a black hole in the
laboratory would be the end (!) of our civilization and the
planet Earth itself. It is worth noting that numerical
experiments in this field (so-called lattice studies) are carried
out with the use of the world’s most powerful supercomputers
and seven- or higher-dimensional mathematical models.

It is of primary importance in the context of this paper
that all these experiments have the objective of obtaining
particle beams with ultrarelativistic energies and studying
individual hadron—hadron collision events. Hence, a major
characteristic of a collider from the standpoint of elementary
particle physics is luminosity L expressed as the number of
colliding particles per square cantimeter and second, thus
determining the rate of collecting statistics [13]. (Projected
LHC luminosity L amounts to appr. 103 cm=2 s7!.) The
effects of collective interaction between the hadron beam and
the targets are regarded as side ones and adverse.

In the general case, however, the loss of energy by a fast
charged particle in a substance is due not only to elastic and
inelastic nuclear processes, but also to its Coulomb interac-
tion with target atoms. Moreover, cross sections of Coulomb
interaction at small energies (below 500 MeV per nucleon) are
many orders of magnitude larger than nuclear cross sections:
0. ~ 10%,. Hence, another reasonable (and natural) applica-
tion of intense high-power charged particle beams may be to
sharply change the thermodynamic parameters of the target
material onto which the beam is focused by virtue of
Coulomb heating due to the transfer of its kinetic energy to
macroscopic volumes of the target material.

Certainly, the states of matter generated in this process are
much ‘less extreme’ than those resulting from nucleus—
nucleus collisions. Nevertheless, they are of great interest for
the modern physics of nonideal plasma and its thermonuclear
and astrophysical applications owing to their characteristic
megabar pressures.

It is worthwhile to emphasize that the parameters of
modern colliders make them equally suitable for the genera-
tion of dense nonideal plasma. Specifically, it was noticed that
the total kinetic energy of accelerated and accumulated ion
beams in modern colliders is already as high as a few hundred
kilojoules. The total proton beam energy of the CERN LHC
will be ~ 300 MJ. Evidently, the concentration of this huge
energy in a small volume of matter within a very short period
opens up inviting prospects for the generation of its extreme
state in macroscopic volumes [14].

It is these properties of intense ion beams that underlie the
proposal (dating back to the early 1980s) to use high-power
heavy ion colliders for inertial confinement fusion [15] (see
Section 7).

In this review, attention is focused on the results of
research into the macroscopic thermodynamic parameters
of matter and the collective phenomena arising in it under
the effect of an intense ion beam. Today, interactions
between fast heavy ions and matter in different states
(including extreme thermodynamic ones) are the topical
issues of experimental and theoretical studies. They are
attracting the attention of scientists working in Russia,
Germany, France, the UK, the USA, and Japan. The total
funds allocated annually by governmental agencies through-
out the world to support these projects amount to roughly
100 min dollars, enabling the researchers to use up-to-date
colliders [16, 17].

Thus, the objective of this paper is to review scientific
ideas and consider new experimental results obtained in this
rapidly developing field of physical knowledge.

2. High-power heavy ion colliders

Topical scientific problems facing the physics of elementary
particles, on the one hand, and applied problems related to
the generation of extreme states in macroscopic volumes of
matter, on the other hand, put in different claims to the
parameters of colliders needed to resolve them. The solution
of scientific problems requires maximum energies of acceler-
ated particles and collider luminosities, whereas relatively
small energies (5—50 GeV per nucleus) and the highest
intensity of maximally heavy particles are sufficient for
practical purposes. Several modern colliders combine the
two above regimes, which enables accelerator laboratories
based on them to realize scientific projects comprising
experimental studies of both types. Macroscopic heating of
matter is achieved with a collider beam whose assemblage of
parameters ensures a specific energy deposition, Es, above the
threshold level: E; > 1 kJ g~!, sufficient to evaporate and
ionize the majority of target materials (see Section 3).
Colliders aptly combining the above regimes are exemplified
by world-renowned heavy ion facilities, SIS-18! at
Gesellschaft fiir Schwerionenforschung (GSI), Darmstadt,
Germany [16, 18] and the TeraWatt Accumulator (TWAC)
at the Institute of Theoretical and Experimental Physics
(ITEP), Moscow [17].

At the same time, a number of concrete experiments
aimed at the elucidation of the physical nature of interactions
between intense ion beams and matter are being carried out
using ion and even proton beams from low-power accel-
erators. By way of example, interesting results were obtained
using the U-400M cyclotron of the Joint Institute for Nuclear
Research (JINR), Dubna; a collaboration of the University of
Erlangen, Germany, and the Institute of Nuclear Physics,
University of Paris, Orsay, France, and the heavy ion linac at
the Tokyo Institute of Technology, Japan etc. [15].

The most intense ion beams are produced with the GSI
heavy ion synchrotron (Fig. 2). This accelerating complex
comprises the Universal Linear Accelerator (UNILAC)
serving as a linear injector and two storage rings: the SIS-18
synchrotron with a magnetic rigidity of 18 T m and the
Experimental Storage Ring (ESR). The flexible application
of various ion sources makes it possible to use ions in a wide
range of atomic masses — from carbon to uranium.

Focused beams of ions with energies of 200—300 MeV per
nucleon, extracted from the SIS-18 ring, are employed to
generate states of matter with high energy densities. The
presently available intensity of uranium ion beams amounts
to ~ 5 x 10° (number of particles per pulse); this ensures
specific energy deposition ~ 1 kJ g~! sufficient to heat a
tungsten target up to 4000°C. Also actively utilized in
experiments are ion beams with an energy of 3— 10 MeV per
nucleon from UNILAC; they interact with various types of
plasma targets, viz. discharge in a gas, laser plasma, and the
plasma of explosive generators (see Section 5).

Modernization of systems entering into the accelerating
complex is currently underway not only to enhance ion beam
intensity in SIS-18 to the maximum possible value in terms of

! SIS — abbreviation from the German Schwerionen Synchrotron (Heavy
Ion Synchrotron).
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Figure 2. Schematics of GSI accelerating complex in Darmstadt, Germany
[18].

spatial charge effect (~ 10'° particles per pulse for uranium
ions) and to reduce the duration of pulse on a target to 50—
100 ns by means of time-dependent compression of the beam
under the effect of a high-frequency (HF) field.

In 2007, construction of a new accelerating complex
SIS-100/300 commenced at GSI in the framework of the
Facility for Antiproton and Ion Research (FAIR) interna-
tional project [19]. This complex will be using SIS-18 in
service today as the injector. The new facility will have
parameters sufficient to reach an energy deposition in
excess of 100 kJ g~!. Studies in high energy density physics
(HEDP) are an important component of the research
program being elaborated for the new collider. The
distinctive feature of the new facility will be the possibility
to combine both the effects of high-power heavy ion pulses
and high-power laser pulses on a substance inside a single
experimental chamber. A neodymium glass petawatt high-
energy laser for heavy ion experiments (PHELIX) is being
developed for the purpose [20].

The heavy ion storage-accelerator complex — TeraWatt
Accumulator (TWAC) — was commissioned at ITEP in 2003
(TWAC-ITEP project) [17, 21] (Fig. 3). Physical start-up of
the new facility was successfully performed to confirm
operability of the master scheme and all its key elements and
systems. The work initiated in 1997 had the purpose of
radically modifying the ITEP U-10 synchrotron, small UK
auxiliary storage ring, I-3 heavy ion injector, and laser source
of ions. The principal goal of the project was to achieve a
terawatt power level (100 kJ 100 ns~') of accelerated and
accumulated ion beams with an intermediate mass (atomic
number 4 ~ 60).

By now, the world’s first sophisticated technological chain
for the acceleration and storage of intense heavy ion beams
has been realized to support a series of basic and applied
research in the following fields:

e physics of high energy density (HEDP) in matter;

e fundamental relativistic nuclear physics;

e the nuclear fuel cycle;

e medical physics;

e the physics of high-current ion beams and charged
particle accelerators.
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Figure 3. Schematics of TeraWatt Accumulator (TWAC) at ITEP,
Moscow.

The new facility is capable of accelerating ions to an
energy of 4.3 GeV per nucleon for experiments in relativistic
nuclear physics. Also, it accumulates heavy ions with an
energy of hundreds of megaelectron-volts per nucleon for
subsequent compression of the accumulated beam to the
terawatt power level and for HEDP experiments in matter.
Today, the TWAC-ITEP storage accelerator facility com-
prises the 4 MeV I-3 ion injector, the UK booster synchrotron
(700 MeV per nucleon), and the U-10 storage ring with
systems for multiple non-Liouvillian injection of the ion
beam, rapid extraction of the accumulated beam, and the
beam transport channel directed toward an experimental
target. The next stage of modification of the TWAC-ITEP
accelerating complex scheduled for 2006—2009 envisages
further improvement of its operational performance and
extension of the range of experiments to be conducted on
this facility, including physical studies with heavy ion beams
at an energy deposition level of ~ 10 kJ g=!'. Thus, it is
expected that new high-power heavy ion TWAC-ITEP and
SIS-100 facilities will be used in the near future to increase the
energy deposition of its present level by dozens of times, i.e.,
upto~ 10—100 kJ g~

3. Peculiarities of physical processes
in ion —matter interactions

In the accelerated particle energy range of interest
(< 500 MeV per nucleon), heavy ions transfer their kinetic
energy to the target substance in the bulk along the path of the
particles undergoing deceleration. This process is accompa-
nied by energy exchange during Coulomb collisions with free
and bound electrons and with ions of the stopping medium.
Simultaneously, a charged ion beam has the important merit
of a strictly linear direction of the particle’s track and a
pronounced energy release peak at its end (the so-called Bragg
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Figure 4. Experimental and theoretical energy release profiles of a beam of
C%* nuclei in a copper target [23]. The TRIM (transport of ions in matter)
model was used in calculations.

peak) [22, 23] (Fig. 4). Such a property is lacking in any other
ionizing radiation.

Thus, intense beams of high-energy heavy ions have an
important advantage with respect to their capability of
generating extreme states of matter under reproducible
experimental conditions. Indeed, selection of particles’
energy, mass, and charge, as well as target geometry, permits
obtaining a desired energy release profile and ensuring beam
energy absorption efficiency up to ~ 100%. As shown below
(Section 4.2), it is possible, in principle, to realize a uniform
distribution of thermodynamic parameters of matter being
heated along most of the track of the ion stopping range.
Volumes of several cubic millimeters are typically heated
during a rather long time (10— 100 ns), thus facilitating the
performance of reliable experiments.

The ability of heavy ions to heat matter [16, 18, 24] is
characterized by the specific energy deposition:

o NidE/(pdx)

_ -1
E,=16x10 TR2

De'l, (1)

where p is the density of the matter, N; is the number of
particles in the beam, Ry is the radius of the beam focal spot at
the target, and dE/(p dx) are the specific stopping losses of
ions in the target material.

It appears that beam intensity N; must be increased if high
E values are to be achieved; simultaneously, the beam focal
spot needs to be diminished. Specific ion energy losses
determine the ion stopping range in a substance, [ ~ E*
(¢ =1.5). It will be shown in Section 4 that these losses
strongly depend on the ion charge and stopping medium
properties.

Figure 5 illustrates the dependence of the range of ions
with various masses on the particle energy in cold matter.
Evidently, a lead ion releases 1000 times more energy than a
proton within an equal total ion range. Therefore, the
intensity of heavy ion beams may be three orders of
magnitude lower than that of a proton beam to release the
same quantity of energy in 1 g of matter. This means that
high-energy heavy ions with large dE/(p dx) ensure a given
level of specific energy deposition E; [J g~!] at a smaller beam
current.
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Figure 5. Dependence of the range of ions with various masses on particle
energy in cold matter.
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energy deposition of the ion beam [24].

Substance heated by an ion beam is set in hydrodynamic
motion under the effect of pressure forces. Strictly speaking,
heating is quasi-isochoric if the duration 7, of the heating
beam is smaller than the characteristic time t, ~ Ry/cs (where
¢s 1s the speed of sound) of the substance expansion. Figure 6
shows scale relations between the temperature of various
substances and the specific energy deposition of the beam
[24].

For comparable times, 7, < 15, the parameter is given by
the specific power P, [W g~!]. The relation between
temperature 7, specific power input P, and focal spot radius
Ry in a wide range of ion energies (50— 1000 MeV a.m.u.”!) is
fairly well approximated by the formula [3, 24]

T=/f(P) =60 (P,[TW g'] Ry [em])'/* [eV]. (2)

It follows from the analysis that an ion pulse containing
~ 102 heavy ions is needed to achieve specific energy
deposition of 10— 100 kJ g~! and corresponding temperature
of 10—100 eV at normal density p =p, and pressure
P >1 Mbar. Such pressure and temperature levels are
realized in shock-wave experiments with chemical explosives
and in underground nuclear tests (see Section 4.1). It is clear,
however, that modern colliders make it possible to run
experiments in reproducible laboratory conditions with a
high pulse repetition rate unattainable in explosion experi-
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Table 1.

Driver Angara-5 Iskra-5 Chemical Nuclear TWAC-ITEP
Parameters accelerator accelerator explosives explosives
Energy, kJ 100300 30 4% 10*—4 x 10° 10°—10° 100
Specific energy, MJ g~! 1 0.01 1-10 0.1
Power, TW 10 5-100 1 1000 1
Specific power, TW g! 1-10 0.01 10 1-10
Flux density, TW cm~2 5 100—-1000 100 100
Pulse length, ns 20 0.5 1000 1000 100
Temperature, eV 100 170 1-10 100—-1000 1-40
Implosion velocity, cm s 106 3% 107 (1-2) x 10° (2—-3) x 10° (1-2) x 10°
Pressure, Mbar 3 1-10 10 10—-100 0.1-50

ments. The sum total of physical states of matter that can be
produced using intense heavy ion beams is presented in
Table 1 in comparison with extreme states of matter
generated by other drivers [1].

Thus, relativistic colliders of heavy ions took up a
prominent place among high-power energy sources —
drivers, which are employed to explore extreme states of
matter — due to peculiar features of physical processes
associated with the stopping of intense heavy ions in a
substance. The objective of experiments with heavy ion
beams is to study equations of state, plasma phase transi-
tions, critical points of metals, conductivity, noncongruent
phase transformations, and atomic physics phenomena with
strong interparticle interactions.

HEDP investigations using heavy ion beams have
important practical implications for inertial confinement
controlled fusion, nuclear reactor safety, materials science,
plasma technologies, astrophysics, and planetary geophysics.

4. Generation of extreme states
of matter by intense ion beams

4.1 Shockless generation of high-energy states

The volumetric character of ion beam energy release into
matter creates prerequisites for the generation of high-
entropy states of matter without employing the regime of
shock-wave compression. The diagram plotted on the
pressure —entropy coordinates (Fig. 7) shows that states of
matter with high energy density occupy a vast area [25]
encompassing regions of hot compressed ionized substance,
nonideal plasma, heated expanding liquid, and quasi-ideal
plasma.

The shock-wave compression technique enables investiga-
tions to be carried out in a relatively narrow region of the
phase diagram along the Hugoniot adiabat for solid and
porous specimens [26]. In this case, reliable experimental data

10°
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can be obtained if rigorous requirements are imposed upon
the quality of shock-wave fronts, reproducibility of driver
characteristics, and so forth.

The available data on shock compressibility of solid
specimens along the Hugoniot adiabat cover a nine-order-
of-magnitude pressure range. Multimegabar pressures have
been achieved in explosion experiments for certain metals [5,
6]. Higher pressure levels have been obtained in spherical
cumulative systems [1, 2] and in underground nuclear tests [8,
9]. By way of example, a pressure of up to approximately
4 Gbar was documented in underground nuclear tests.
Modern high-power lasers make it possible to reach a 10-
Mbar pressure [27, 28].

It should be emphasized that typical shock-wave methods
can only be used to study the so-called caloric properties of
matter — that is, the relationship between its internal energy,
pressure, and volume in the form £ = E(P, V). However, the
function E = E(P,V) does not close the equations of
thermodynamics; therefore, temperature or entropy needs to
be measured for calculating the first and the second variables,
such as heat capacity, speed of sound, and so forth [1, 2].
There are scarce data on the temperatures of shock-
compressed metals along expansion isentropes. Meanwhile,
the knowledge of temperature is indispensable for verifying
the theoretical models. Of special interest in this context are
the results of closed thermodynamic measurements taken by
the ‘exploding wire’ technique at isobaric expansion of a
heated substance [29]. It is in this way that the states of several
liquid metals were measured near the critical point (see Fig. 7).

The majority of available data on metal properties,
obtained by the isentropic expansion method, are distributed
over the Hugoniot adiabat and supplemented by model-based
estimates of critical point positions on the phase plane. For
this reason, further studies are required to characterize the
vast area beneath the shock adiabat in the phase diagram,
which contains regions with critical points of metals and the
nonideal plasma region (I" > 1).

Intense beams of heavy ions make it possible to rapidly
(compared to the characteristic time of hydrodynamic
motion) heat a substance and then observe its expansion
into the environment, i.e., to reach a high level of energy
release and sequentially examine isentropic expansion. In
such an experiment [16, 18, 25], the expanding heated
material will pass through a number of new interesting
states. For example, a heated metal of initially normal
density will turn into an overheated liquid with a disordered
ion component and degenerate electrons. In the course of
isentropic expansion, a substance passes through the states of
quasinonideal Boltzmann plasma and rarefied gas. As the
expansion progresses, the degree of degeneracy decreases,
thus leading to rearrangement of the energy spectra of ions
and atoms, as well as partial recombination of the dense
plasma. A disordered electron system facilitates metal -
insulator phase transitions, while plasma near the critical
point and the point of liquid —evaporated phase equilibrium
becomes nonideal. When the isentrope enters the two-phase
liquid — vapor region, the gaseous phase begins to condense.
At higher energy deposition levels, isentropic expansion may
be accompanied by even more exotic effects with marked
variations in the degree o of plasma ionization and nonide-
ality parameter I'. The thermodynamic parameters of a
substance in one experiment may vary considerably — that
is, over six orders of magnitude in terms of pressure and four
orders of magnitude in terms of density.

The phase diagram in Fig. 7 exhibits regions correspond-
ing to the parameters attainable with heavy ion colliders
SIS-18 and SIS-100. The former facility generates a heating
pulse of uranium ions containing ~ 10'° particles; its duration
equals ~ 100 ns at an ion energy of 300 MeV per nucleon.
Focusing such a pulse onto the target ensures an energy
release level of about 1 kJ g~!. Future plans for GSI include
increasing the beam intensity, taking the level of energy
deposition to 10-20 kJ g~'. The TWAC-ITEP facility
commissioned in 2003 is designed to produce specific energy
release of ~ 10—20 kJ g~! when focusing the beam of copper
or cobalt ions with energies of up to 700 MeV per nucleon on
the target. The construction of the new SIS-100/300 collider
was initiated at GSI in 2007; it is expected to ensure specific
energy deposition of ~ 100 kJ g~!.

To conclude, the development of heavy ion drivers-
colliders opens up new prospects for investigations into
previously inaccessible regions of the phase diagram for
substances with substantially different physical properties.

4.2 Quasi-isochoric heating

As shown in Section 3, specific energy deposition Eg, which
can be determined experimentally to a high accuracy, is the
main characteristic of volumetric energy release from a beam
of ions with an energy E > 10 MeV per nucleon. When the
substance density p, in a sample being heated remains
unaltered, its post-irradiation thermodynamic parameters
depend on p, and Es. In other words, any measurable
physical quantities are functions of such a well-defined
thermodynamic state.

Reference [30] put forward a physical rationale for an
impending experiment with ion beams of the collider SIS-100
being constructed in Darmstadt in the framework of the
international FAIR program. The aim of this experiment is
to study solid-state hydrogen at an energy deposition of
130 kJ g~! provided by a uranium ion beam with an energy
of 200 MeV per nucleon and intensity 8 x 10'0 particles per
pulse focused on a spot with radius r, = 350 pm (rms value).
In accordance with the equations of state from the SESAME?
tables, this situation corresponds to a temperature of 0.6 eV,
i.e., to the ‘warm dense matter’ regime at which the entire
beam energy is transferred to the inner energy of the
substance.

The choice of material for a target is dictated by the scope
of the diagnostic method based on recording spectral and
angular distributions of X-ray quanta scattered by the heated
sample substance (X-ray Thomson scattering method) [31].
Such X-ray time-resolved illumination is expected to be
provided by the PHELIX petawatt laser being constructed
at GSI, Darmstadt. However, the choice of target materials at
X-ray photon energies in the range of ~ 1 —3 keV is restricted
to elements with small Z. It is more preferable to have
specimens with uniform bulk density distribution for the
diagnostics of the states of substance and data interpreta-
tion. The simplest target for conducting a quasi-isochoric
experiment is a cylinder of frozen hydrogen with radius
Ry = ry (Fig. 8). For a rectangular intensity distribution
across the ion beam section, density along the cylinder axis
remains constant until the unloading wave reaches the axis.
However, for a real beam with a Gaussian intensity distribu-

2 SESAME (Software Environment for the Simulation of Adaptive
Modular Systems) — standardized computer library of tables containing
the thermodynamic parameters of materials.
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Figure 8. Schematics of a quasi-isochoric hydrogen heating experiment
[30].

tion over the cross section, at which the second derivative of
the pressure with respect to the radius differs from zero, the
density begins to drop before the unloading wave arrives at
the target axis.

Such an effect of hydrodynamic unloading of the heated
target portion can be compensated for by using an inert
tamper bounding frozen hydrogen. To ensure the required
‘confinement’ of a heated small-Z material as being transpar-
ent to X-ray quanta, the tamper is also heated by the
peripheral part of the ion beam. In this case, the heated layer
of the tamper creates confining counterpressure for the
principal target material. Evidently, a material with an
enhanced sublimation energy is most suitable for manufac-
turing tamper since it delays the onset of hydrodynamic
expansion of the tamper itself.

Numerical simulation based on the two-dimensional
hydrodynamic BIG-2 code [32] has shown that tamper
density should be lower than graphite density. Therefore, we
chose a plastic material of density 1.5 g cm ™3 under normal
conditions. In the beginning, hydrogen density was decreas-
ing due to the Gaussian profile of the ion beam. Pressure
inside the tamper material became higher than the hydrogen
pressure, which caused the tamper to move inwards, thus
creating a weak shock wave. Thereafter, when tamper density
decreased, the pressure equalized, and the hydrogen —tamper
interface stood motionless. Still later, it returned to the initial
position as hydrogen pressure increased. Calculations indi-
cated that target density became almost uniform along the
target radius, when the effect of the ion beam was no longer
apparent.

Figure 9 displays the evolution of mean hydrogen density
over the target cross section. The tamper thickness is chosen
depending on the desired result: either minimal (10—15%)
density variations in the course of heating (a tamper with
thickness 50 um) or hydrogen density at the end of the heating
pulse equal to its initial value of 0.1 g cm™! (a tamper with
thickness 60 pm). Thus, it has been shown that an ion beam
can ensure quasi-isochoric heating of a substance at a given
set of initial parameters.

4.3 Cylindrical implosion to produce

highly compressed matter

Great efforts of computing theoretical groups are made to
study cylindrical implosion of substance under the effect of
intense heavy ion beams. Interest in this phenomenon is due
to the development of inertial confinement fusion based on

Isochoric regime

Mean density p/p,
=
T
I
I

0.5
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Figure 9. Evolution of mean hydrogen density over the target cross section
[30].
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Figure 10. Structure of a multilayer cylindrical target for the LAPLAS
experiment [40].

the heavy ion driver-collider. The specificity of the modern
approach to the problem arises from the fact that physical
path lengths of ions having an energy of hundreds of
megaelectron-volts per nucleon do not exceed a few
millimeters. This makes the practical realization of sphe-
rical implosion difficult and energetically inefficient (see
Section 7).

As a rule, targets consist of several cylindrical layers with
different initial density (Fig. 10).

Their central core is composed of a substance that needs to
be compressed to the highest possible final density, e.g., an
equimolar DT mixture. The ion-energy absorbing layer
(absorber) is exposed to a ‘tubular’ beam of a special shape
and with an annular cross section. The generation of thus-
shaped ion beams by their rotation in an HF field during ion
transport from the accelerator to the target was proposed in
Ref. [33]. Some computation-theoretical papers report on
searching optimal conditions for homogeneous hydrody-
namic response of the absorbing material to the energy
released by such rapidly revolving beams [34, 35].

Special attention is given to obtaining such a combination
of heating pulse parameters of the ion beam, geometric sizes
of target layers, and their initial densities that would ensure
fuel compression on the cylinder axis in a near-adiabatic
regime [36].

The possibility of achieving maximum compression
ratios for various porous materials by means of cylindrical
implosion was considered in Ref. [37]. A beam of °Co ions
with an energy of 40 GeV, a total energy of 60 kJ, and a
duration of 100 ns conforming to the parameters of the
TWAC-ITEP system under construction was chosen as the
heating beam. It was utilized to heat a 180-pm-thick
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cylindrical layer of gold with normal initial density; its
inward expansion caused implosion of the substance in the
target’s central region. Maximum compression ratio
Pmax/Po ~ 35 was achieved for the porous material having
initial density 0.975 g cm 3. For substances of normal initial
density, viz. carbon (0.975 g cm™3), aluminium (2.7 g cm ™),
iron (7.8 g ecm~3), and gold (19.5 g cm™3), the degree of
compression was as high as p,.,./po ~ 3—5.

For cylindrical implosion of DT gas with an initial density
of 0.2 g cm~3 [37], the fuel is compressed to ~ 20 g cm ™~ and
heated to 150 eV, which leads to the generation of ~ 103
thermonuclear neutrons per pulse.

Specific conditions of cylindrical implosion in the event of
strong fuel magnetization by the imposition of a ~ 30 T
longitudinal magnetic field along the axis of the cylindrical
target were explored in Refs [36, 38, 39]. The magnetic field
suppressed electron heat conductivity in the radial direction
and significantly increased the thermonuclear yield of the
targets.

4.4 Quasi-isentropic regime

Cylindrical implosion will also be applied in experiments on
the generation of superdense states of matter using ion beams
of the SIS-300 facility under construction at GSI. One of the
three experimental programs elaborated by the Physics of
Plasma Collaboration in the framework of the international
FAIR project is the LAPLACE (Laboratory of Planetary
Sciences) experiment [18, 40] aimed at the investigation of
hydrogen metallization believed to occur in the internal layers
of the giant planets Jupiter and Saturn.

A two-dimensional hydrodynamic code [32] was
employed in a numerical study of the possibility of realizing
a quasi-isentropic regime of compression by a heavy ion beam
in order to observe metallization of hydrogen predicted by
Wigner and Hugoniot in 1935. The numerical experiment
made use of a 3-mm-long multilayer cylindrical target with an
outer radius of 3 mm (see Fig. 8), with the radius of the inner
cylinder of solid frozen hydrogen being 0.5 mm. A uranium
ion beam with an energy of 400 MeV per nucleon, intensity of
102 ions per pulse, and pulse duration of 50 ns was directed
from the butt end of the cylinder toward the target. An
important feature was the annular cross section of the beam
focused onto a ring with an outer radius of 2 mm and inner
radius of 0.5 mm. The beam affected the cylindrical layer of
lead but not hydrogen. Energy release along this layer was
assumed to be homogeneous because the uranium ion range
inlead was 4.25 mm for an ion energy of 400 MeV per nucleon
and, as a result, the Bragg peak lay outside the target.

The experiment was designed to ensure generation of
many sequential reverberating weak shock waves needed to
compress hydrogen along the isentrope.

The two-dimensional hydrodynamic BIG-2 code [32]
permits calculating hydrogen density distribution along the
cylinder radius at different instants of time. The results
indicate that the relatively slow adiabatic motion of the
hydrogen —lead interface towards the cylinder axis causes a
series of weak reflected shock waves between the interface and
the axis; they create a state of matter meeting hydrogen
metallization conditions. In accordance with the equation of
state from a SESAME table, these conditions include
pressure equaling 3 Mbar, density ~ 1 g cm™3, and tempera-
ture > 0.1 eV [40]. Such parameters should remain stable for
160—200 ns, long enough to experimentally examine hydro-
gen conductivity under extreme conditions.

Similar computation-theoretical studies [41] were later
performed for a different model of the hydrogen equation of
state based on the semiempiric fluid variational theory (FVT)
[42, 43]; this model takes into account molecular dissociation
in neutral fluids. The FVT equation of state supplemented by
the Padé approximation suggests higher hydrogen compres-
sibility than the SESAME equation of state.

The experiment on the generation of ‘reverberating’ weak
shock waves in matter using a heavy ion beam of the SIS-18
facility at GSI was practically realized in plane geometry [44].
Shock wave velocities (~ 300 m s~!) measured by Toepler’s
schlieren method in a transparent substance proved to be in
excellent agreement with the results of 2D numerical calcula-
tions [45].

5. Theoretical and experimental studies
of energy release processes with heavy ions

Investigations into the physics of extreme states of matter
induced by intense heavy ion beams have attracted heigh-
tened interest to new aspects of interactions between heavy
ions and plasma, with its strong ionization and interparticle
interactions. Earlier work in this area was dictated by the
necessity to determine real ion ranges and energy release
profiles in a dense plasma in inertial confinement fusion (ICF)
experiments [46—438].

5.1 Ion stopping in an ideal plasma

To begin with, it needs to be emphasized that the stopping of
anion beam is due to the energy loss by single particles as they
undergo Coulomb interactions with electrons and ions of the
stopping medium, even in the event of maximum intensity of
an ion beam focused on the target of an ICF driver-collider
(~ 5 x 10%* s7! cm™2 for Bi ions with an energy of 10 GeV)
[49].

The energy (or velocity) of incoming particles is the key
parameter in the description of ion—matter interactions. In
general, the total stopping power of the medium for a separate
ion of the beam may be conveniently represented in the form
of four terms:

Sp = —— ——= Spe + Se + S + S » (3)
p dx

describing the contribution of bound and free electrons, free
plasma ions, and ‘bare’ nuclei, respectively (p is the bulk
density of the target). In the ion energy range of interest
(~ 1=500 MeV per nucleon), the contribution from nuclear
interactions and the influence of free plasma ions are usually
neglected.

The expression for the stopping power Sy, of bound
electrons in the general case (the Bohr—Bethe—Bloch for-
mula) has the form [46, 47, 49]

dE  4nZ2e%p Z —
N Y Y ST

AmA

dx muv?

Here, ¢ and m are the electron charge and mass, respectively,
Zr and v are the effective charge and velocity of an incoming
ion, f = v/c (wWhere ¢ is the speed of light), 4, Z, and y are the
mass, atomic number, and degree of ionization of medium
atoms, Z — y is the number of bound electrons per atom of the
medium, m, is the atomic mass unit, and Ly is the Coulomb
logarithm for bound electrons without relativistic corrections
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(excluded in order to further deal with nonrelativistic pulses
and energies when writing it).
When Ly > 1, this quantity can be represented as

Lye = In Zmex (5)
Pmin

where pmax and pmin are the maximum and minimum values of
a momentum that can be transferred as a result of a collision
between an ion and a field particle (in this case, with a bound
electron).

The results of the Bohr—Bethe—Bloch approach were
directly generalized to the case of a rarefied plasma [48—51]
by the appraisal of the stopping power of continuous
spectrum electrons using formulas from the theory of ideal
plasma.

M Basko summarized the results of some theoretical
studies and proposed the following algorithm to calculate
Ste [49]:

dE  4nZZe'p yG(v/ve)

5 [Lee —In(1—p%) =], (6)

dx mv Amp
where L is the Coulomb logarithm for free electrons, and v,
is the velocity of the target’s free electrons.

If the velocity v of an incident ion is higher than the
thermal velocities of free electrons, the Coulomb logarithm
L. corresponding to the stopping on free plasma electrons is
described, according to Ref. [52], in the same way as the
Coulomb logarithm in Eqn ﬁ4), by substituting the plasma
frequency w, = (4nnpe®/me) /? for the mean frequency @ of
atomic electrons:

2mev?

L =1
=10 ha,

: (7)

where ng. is the bulk density of free plasma electrons. The
Chandrasekhar function G(v/ve) describes a change in
Coulomb losses of an incident ion related to averaging its
velocity with respect to the thermal velocities of the target’s
free electrons having Maxwellian distribution. The value of
function G tends to unity when the velocity v of the incoming
ion is significantly higher than thermal velocities v. of free
electrons. Conversely, if v < ve, then G — 0 as (1)/ve)3. Note
that formulas (4) and (6) are applicable at incoming particle
energies of up to several gigaelectron-volts per nucleon,
provided the kinetic energy and the ion velocity are taken in
the relativistic limit; contributions S; and S,, may be
neglected for relativistic energies. Moreover, the contribu-
tion of ions and nuclei to the plasma stopping power may be
disregarded virtually at any velocities of incoming ions.
Expressions for S and Sy, are identical to formula (5), but
electron mass m, in formula (7) must be replaced by ion
(nucleus) mass; this done, Sg(Shy) < Sr even at an ion energy
of ~ 100 keV per nucleon.

This means that theoretically plasma (ionized gas) must
possess a higher stopping power than a nonionized gas at an
equal density by virtue of two physical causes: (1) a higher
effective charge to which fast ions are ‘stripped’ in the
stopping medium, and (2) a larger Coulomb logarithm for
free electrons as compared with bound electrons of the cold
gas.

The first effect is related to a shift in equilibrium between
ionization and recombination processes in plasma toward
suppression of the latter due to smaller capture cross sections

for free electrons compared with bound ones [49—51]. This
effect is most essential for heavy ions with large Z because the
ion’s effective charge quadratically enters the expression for
stopping power [see formula (6)].

The second effect is equally easy to explain because the
mean frequency @ of bound electrons in stopping medium
atoms is much higher than the frequency w, of plasma free
electrons.

Thus, the Coulomb logarithm Lg for plasma must be
larger than Ly, for a cold gas of the same density [see formula

(M1

5.2 Experimental investigations

into ion stopping processes in a plasma

Theoretical studies on the mechanisms of energy losses by
ions in ionized matter have stimulated experimental research
in this field at many institutions in this country (ITEP, the All-
Russia Research Institute of Experimental Physics, the RAS
Institute of Chemical Physics Problems, Chernogolovka) and
abroad (GSI, the University of Erlangen, Germany; Institut
de Physique Nucléaire, Orsay, France; Sandia National
Laboratories, Lawrence Berkeley National Laboratory,
USA; Tokyo Institute of Technology, Japan).

Processes associated with ion stopping in an ionized
medium are extensively studied with the employment of
plasma targets created by external energy sources, Viz.
discharge in a gas, capillary discharge, laser plasma, plasma
of explosive generators, etc., incorporated in the beam
transport line emerging from the accelerator (Fig. 11). In
this case, a correlation between ion energy losses and the
parameters of an ionized substance, viz. the density, tempera-
ture and the degree of ionization of the plasma target, turns
into the most important aspect for the experiments of a given
class.

The first systematic measurements of ion stopping losses
in a highly ionized plasma were conducted at UNILAC (GSI)
[53] for different types of ions, from “’Ca to U, with an
energy of 1.4 MeV per nucleon. The target used to measure
energy losses of penetrating ion beams was the plasma of a
high-current discharge in hydrogen.

The time-of-flight technique was employed in measuring
ion energy losses. The authors of Ref. [53] were the first to
make use of the high-frequency structure of an ion beam as a
reference signal to measure particle energy losses by this
method. Ions were recorded with a time resolution of ~ 1 ns
by a microchannel plate-based stop-detector. The time
dependences of energy losses by uranium, krypton, and
calcium ions, as well as plasma density and temperature
variations, were detected from the Stark broadening of the
Hg-line and by the laser absorption method. Figure 12
compares stopping losses of Pb ions in hydrogen plasma and
in cold gas under changes of target linear densities.

Thereafter, a large series of experiments measuring the
plasma stopping power for initial ion energies in a range from
1.5 to 11 MeV per nucleon were carried out at GSI [54—57].
These studies showed that ion energy losses in plasma were
1.2—3 times those in cold matter, depending on the initial
energy, the particles’ atomic charge, and the degree of
medium ionization. This result can be accounted for by a
higher ion effective charge in the plasma and a larger
Coulomb logarithm, in conformity with the theoretical
predictions made in Section 5.1.

A sharp rise in the effective charge in the plasma
compared with the cold gas (hydrogen) was experimentally
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medium. Pioneering experiments in this ion energy region
were conducted on the high-current heavy ion Maxilac linac
at GSI to evaluate stopping losses of #*Kr* ions with an initial
energy of 45 keV per nucleon in ionized matter [59, 60].

The plasma target was a discharge in hydrogen filling a
quartz tube 20 cm in length. The 10—-20-kA discharge current
ensured complete ionization of the hydrogen. Electron
density of the plasma measured from the Stark broadening
of the Hp-line amounted to 7 x 10'® cm~=3 three and a half
microseconds after triggering the discharge and gradually
decreased to 1 x 10'® ¢m™3 during the next 10 us. The
temperature deduced from the ratio of H, to Hp line
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Figure 11. Layout of experiment to measure stopping losses of protons in a plasma target [63]: HV — high-voltage source, and MCA — microchannel
analyzer.
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Figure 12. Plots of ion stopping losses versus linear density of the stopping
medium [53].

demonstrated in Refs. [56] by magnetospectrometric analy-
sis of the charge composition of “°Ar and '?*Xe ion beams
with an energy of 5.9 MeV per nucleon, being decelerated
in a Z-pinch plasma with a free electron density of
~ 1.5 x 10" cm™3. At the instant of time when a high-
current discharge was propagating through the gas, the
charge spectrum of xenon particles showed a marked shift
toward the high charge region, from the average charge of
+37 to +42 for '®Xe ions. These data on the effective charge
of the ions were compared with the results calculated by the
semiempirical Betz formula [58]. This formula, derived from
the analysis of experimental data on equilibrium ion charges
in gas targets, describes the relationship between the average
charge of an ion in the stopping medium and its nuclear
charge, depending on the ion velocity normalized to the
orbital velocity of electrons.

Of special interest is the range of relatively low ion
energies (40—400 keV per nucleon), for which theory
predicts the maximum difference between the stopping
power of plasma and cold matter in circumstances where
Coulomb interactions occur. This maximum arises from the
fact that the ion velocity in the beam becomes comparable to
the thermal velocity of free electrons in the stopping plasma

intensities and from the ratio of Hg-line intensity to con-
tinuum was 3 eV 4 ps after the onset of the discharge, and fell
to 1 eV during the next 10 ps, with the degree of ionization
being maintained at the level of ~ 99%. Comparison of
stopping losses of 84Kr™ ions in plasma and cold gas revealed
a substantial (30-fold and higher!) rise in the stopping power
of the totally ionized plasma: 1080 4210 MeV mg cm~2 and
33 £ 5 MeV mg cm 2, respectively.

A successful experiment on separating the effect of
elevated stopping losses of ions in an ionized medium,
depending on the growing Coulomb logarithm alone, was
conducted jointly by researchers of ITEP and the Institute of
Nuclear Physics, Almaty, with the participation of physicists
from Germany and France [61].

The experiment measured stopping losses of protons with
an energy of 1 MeV in hydrogen plasma. The plasma was
generated by an electric discharge in two equally long (78 mm)
collinear quartz tubes with oppositely directed currents in the
discharge channels. Such an experimental setup permitted
weakening the overall focusing effect produced by the
magnetic field of the discharge current, because the focusing
effects in both channels mutually compensated each other.
The initial hydrogen pressure varied from 200 to 900 Pa; as a
result, electron number density in the plasma was higher than
10'7 cm 3.

The diagnostic line of the UKP-1 accelerator (Institute
of Nuclear Physics, Almaty), based on an analyzing magnet
and electrostatic deflector with the controlled potential
difference between the plates, ensured high energy resolu-
tion (AE/E =~ 0.02% for protons with £ = 1 MeV).
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In addition, the authors of Ref. [61] proposed a two-
wavelength interferometric technique to study the evolution
not only of linear electron density but also of the average
degree of ionization in the hydrogen plasma.

The results of independent measurements of the average
degree of hydrogen plasma ionization and electron density,
taken together with data on energy losses, made it possible for
the first time to experimentally evaluate the Coulomb
logarithm Lg for the stopping power of plasma free
electrons: L = 14.9 + 2.8 for protons with an energy of
1 MeV. This value coincides, within the limits of experi-
mental error, with the result computed by formula (7) [52],
and it is higher than the corresponding value for cold
hydrogen: L. /Ly ~ 3. Because protons at a given energy
have an effective charge Z = +1 regardless of the degree of
ionization and density variations in the stopping medium, the
difference observed between stopping losses in the plasma
and the cold gas in this experiment was totally due to the
distinction between the Coulomb logarithms for free and
bound electrons.

In the presence of multiply charged ions, free electrons of
the medium affected both the effective charge of the ions and
the Coulomb logarithm in the plasma. However, it proved
difficult to elucidate how either of these quantities altered in
the plasma compared with the cold substance, because the
final result always depended on their joint response. A
comparative study of energy losses of protons and heavy
ions having similar velocities but different masses was
carried out to resolve this problem. Simultaneously, charge
distribution in ion beams was measured at the plasma target
outlet. The study was focused on the plasma produced by a
capillary discharge with an evaporating wall (CDEW) in the
energy range of incident particles from 3 to 6 MeV per
nucleon [62— 64].

CDEW plasma reached maximum luminance tempera-
ture (3.3 eV) on the third microsecond of the discharge, when
the density of free electrons was (2—6) x 10! cm™3. The
authors of Ref. [65] proposed and implemented a new scheme
for time-resolved pressure measurements in the plasma using
a Michelson interferometer. The maximum pressure in
capillaries with diameters of 1.5, 2, and 3 mm was 550, 380,
and 240 atm, respectively. Plasma parameters were found to
be uniformly distributed along the discharge axis. Stopping
losses of protons with an energy of 3—6 MeV were measured
in the CDEW plasma by the time-of-flight technique and a
magnetic analyzer with time resolution up to 50 ns. The
results were used to compare stopping losses of protons in
CDEW plasma and cold polyethylene of equal linear density.
Calculations were made using the SRIM code program
packet (the Stopping and Range of Ions in Matter) [66]
designed to compute energy losses and real ion ranges in a
substance based on the quantum-mechanical description of
interactions between the test particle and the target’s atoms,
taking into account Coulomb shielding, excitation and
exchange of shell electrons, and the dependence of the
effective charge on ion velocity in the medium.

Stopping losses and charge distributions for C, Kr, Pb,
and U ions in an energy range of 3.6—11.5 MeV per nucleon
were studied using UNILAC at GSI [63, 64]. Changes in
charge distributions in the ion beam behind the capillary
target were measured with a dipole magnet having a
maximum field of B = 2.1 T, while charge-resolved compo-
nents of the ion beam were detected by a fast plastic
scintillator.

1
140 + 11.51 MeV per nucleon
—o— U2 (C = 64.659,
120 - W =17.07)
—0—U7¢* (C = 63.154,
2z W =28.1)
£ 100
=
Td 80 -
5%
E
£ 60 -
[
g
< 40
20
0 i
52 54 56 58 60 62 64 66 68 70 72 74 76 78

Ton charge

Figure 13. Charge distributions of U%* and U”®* ions with an energy of
11.5 MeV per nucleon, measured at the CDEW plasma target outlet [64];
C — average charge, and W — Gaussian distribution parameter.

Energy losses of heavy ions in CDEW plasma were
substantially higher (by 20—70%, depending on the energy)
than the expected theoretical values for an equivalent cold
gas, which were obtained with the SRIM code [66]. The
difference was due to the increased stopping power of the
ionized medium as a result of interactions between ions and
free electrons.

Furthermore, an important result was obtained in
Refs [63, 64]. The authors observed the dependence of
stopping losses on the initial charge of the ions. They
experimented with uranium ions having different charges,
U+ and U, but equal energy, 11.5 MeV per nucleon.
Measurements of energy losses and charge distributions of
ion beams at the target outlet (Fig. 13) showed that 238U+
ions escaping the plasma volume possess a smaller charge and
have experienced larger energy losses than 28U jons with
the initially smaller charge.

This effect was attributed to the dependence of the energy
loss of an ion on the evolution of its charge during stopping;
such a dependence reflects the dynamic balance between
ionization and recombination processes, which in turn is a
consequence of a decrease in energy in the course of ion
stopping [63, 64].

An almost three-fold rise in the stopping power of the fully
ionized hydrogen plasma of a gas discharge, compared with
that of molecular hydrogen, was demonstrated for bromine
and sulfur ions (Br®", S’*) in an energy range of 0.9-2 MeV
per nucleon in experiments using the electrostatic recharging
accelerator in Orsay, France [67, 68]. Moreover, measured
variations in charge distributions and stopping losses of
chlorine ions in cold hydrogen and totally ionized plasma
were compared in Refs [69—71]. The plasma target consti-
tuted a linear discharge in hydrogen confined between two
fast valves. Such an experimental setup allowed for the first
time avoiding the effect of solid foil windows on the energy
losses and ion charge distributions being measured. Stark
broadening of H,- and Hg-lines was recorded at each shot.
Plasma parameters determined by spectroscopic analysis
coincided with the results of plasma density diagnostics by
the laser absorption technique and laser interferometry; this
gives reason to regard the findings as correct. The ion energy
in a beam that passed through the plasma target was
determined with a dipole magnet. The effect of the plasma
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Figure 14. Layout of the experiment for measuring the ion stopping losses
in laser-produced plasma [72].

lens was neutralized by a special ‘pole-split’ magnet that
served as a magnetic spectrometer with strong overfocusing.
Due to this, the energy for each charge value of chlorine ions
was measured to an accuracy of AE/E = 10*. Stopping
losses of chlorine ions with an energy of 1.5—2 MeV a.m.u.”!
were measured both in cold hydrogen and in plasma with a
similar linear electron density n./ = 1 x 10! cm~2, where /is
the linear plasma size. Furthermore, the experimental
evidence for increasing the effective charge of heavy ions in
the plasma as against the cold gas was brought forward. This
effect was practically indiscernible for chlorine ions with an
energy of 2 MeV per nucleon, whereas at 1.5 MeV per
nucleon, the average charge at the target outlet for complete
hydrogen ionization was higher by unity.

As mentioned earlier, the main ICF issues are related to
the region of higher plasma densities and temperatures than
in the above experiments. The need for greater plasma
densities necessitated installation in UNILAC of a unit for
the assessment of stopping losses of heavy ions in the plasma
generated by the high-power (100 J for 15 ns) NHELIX
(Nanosecond High Energy Laser for Jon Experiments)
neodymium laser (Fig. 14) [72].

The target was made of a 500 —2000 nm thick carbon foil,
and the plasma was produced by laser radiation incident on
the foil with a power density of 5 x 10°—1 x 10" W cm™2.
The plasma was formed along a 3 mm length in the direction
of beam propagation. Time-resolved spectroscopic measure-
ments in the visible range identified CII and CIII lines
corresponding to an electron temperature of several elec-
tron-volts within 50 ns after the onset of exposure to the laser
pulse. Free electron density assessed from the Stark broad-
ening of the spectral lines was 2 x 102 cm~3. Computer
simulation of the laser-produced plasma showed that the
initial plasma density of about 102! cm~3 fell to 10'® cm—3 in
a time of 100 ns as a result of hydrodynamic expansion. The
highest attainable temperature at a flux density of
1 x 10" W cm~2 was 60 eV.

Experiments have recently been made to measure energy
losses for various types of heavy ions with energies of 5 and
59 MeV am.u.~! in foils of different thickness. The
measurements were performed by the time-of-flight techni-
que with a base length of 9.4 m. It was shown that stopping
losses of ions in the plasma were 2—3 times those in cold

carbon, depending on the degree of plasma ionization. Based
on the charge distribution of ions after their interaction with
the plasma, the measured average charge of heavy ions was
inferred to be 15—20% higher than the values computed by
the Betz formula for gas targets.

Various peculiarities of interactions of protons and O
ions with plasma produced by irradiation of carbon targets
and lithium hydride granules with a high-power neodymium
laser were studied in a series of experiments on the electro-
static recharging accelerator at the Tokyo Institute of
Technology [73—75]. Laser radiation totally evaporated the
lithium hydride granules (d =~ 60 pm). Experimentally deter-
mined energy losses of oxygen ions in the lithium hydride
plasma were 3 — 6 times those in cold matter, depending on the
incoming particle energy which ranged from 150 to 350 keV
per nucleon. Based on the analysis of experimental evidence,
the Coulomb logarithm for interactions of protons with an
energy of 350 keV per nucleon in plasma turned out to be
~ 1.8 times that in cold matter.

Thus, analysis of the published experimental and theore-
tical studies of the stopping power of neutral gases versus
totally or partly ionized plasma yields the following conclu-
sions:

(1) In a plasma with particle number density below
10?2 cm—3 typical of a gas discharge (n < 5 x 10" cm—3), the
plasma frequency w,, is much lower than the atomic frequency
@; in other words, free plasma electrons interact with an
incoming particle at higher values of the impact parameter or
at lower transferred momenta (which is the same). Therefore,
in compliance with Eqn (4) and the above experimental data,
ionization of gas leads to enhancing its stopping power by
virtue of a larger Coulomb logarithm (Lg > Lpe).

(2) Dynamic processes of ionization and electron capture
by an incoming ion in cold and ionized matter are different
because the free electron-capture cross section is usually much
smaller than that of bound electrons. This accounts for a
higher effective charge Z of the incoming ion in a totally
ionized gas, which is responsible for increased energy losses,
also predicted by the theory [46, 47, 49, 50].

5.3 Stopping of particles in a plasma
with strong Coulomb interparticle interactions
The interaction of ions with nonideal plasma (or plasma
with strong Coulomb interaction between particles [1, 2])
deserves special consideration. The interparticle interaction
parameter (nonideality) is usually represented as I' =
ez(4nnel/3/3)/(k3 T.), where T, is the plasma electron
temperature, and kg is the Boltzmann constant. A new
approach to the description of the stopping power of a
nonideal plasma was proposed, being based on the computa-
tion of the effect of an electric field resulting from ion-induced
polarization of the medium on the incident ion. Such a
‘dielectric’ approach to the computation of plasma stopping
power yields data substantially (up to ten times) different
from those obtained with the extended Bohr— Bethe— Bloch
model for ion velocities v ~ v, where vy = \/kT./m. is the
thermal velocity of plasma electrons. The results of calcula-
tions for high velocities of the incoming ion, v > 10v, do not
differ. However, the small body of theoretical studies and the
lack of experimental data on ion interactions with nonideal
plasma (I' = 1) do not provide for applying certain exact
formulas to calculating its stopping power.

Basicinterest in research on the stopping of charged heavy
particles in dense nonideal plasma has arisen in connection
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Figure 15. Schematic representation of an explosive generator-based
target [88].

with the predicted changes in the quadratic dependence of ion
specific energy losses on the effective charge upon reaching
the value of I > 1 as a result of strong Coulomb interactions
of stopping medium particles: dE/dx ~ (Zegr)” (o0 & 1.4—1.5)
[76, 77].

Investigations into the effects of strong interparticle
interactions at higher plasma densities necessitated the use
of an explosive plasma generator [78]. Such generators
produce plasma with electron number density ~ 10?> cm™3,
temperature 1—-10 eV, and nonideality parameter I" > 1
behind the front of a shock wave excited by charge
detonation of a chemical explosive in a gas. An important
advantage of these plasma generators for beam experiments is
the absence of strong electromagnetic fields created when the
plasma is produced by a high-current discharge in a gas or a
capillary discharge with an evaporating wall.

In experiment [78], the shock wave was excited by blasting
a hexagen-type explosive with a mass up to 60 g in a glass or
metal tube containing the inert gas Xe (Fig. 15). The tube was
placed in a special explosive chamber through which a proton
beam from the ITEP Istra-36 accelerator passed. The vacuum
explosive chamber 0.88 m in diameter with 25 mm thick walls
made it possible to conduct experiments with explosives
having a mass below 200 g in a trinitrotoluene (TNT)
equivalent.

A beam of protons [79] or ions [80, 81] propagated
through the plasma perpendicular to the tube axis. Synchro-
nization of the instant of proton or ion pulse passage through
the moving plasma layer with those of the blast and the
actuation of the valve system separating the explosive
chamber from the vacuum volume of the accelerator was a
nontrivial experimental problem. Shock wave velocities (up
to ~ 10 km s~!) and the related temperatures, densities, and
nonideality parameter I' ~ 1 were preliminarily measured. It
appears from Fig. 16 that experimental energy losses at large
plasma densities were ~ 30% smaller than those calculated
for a plasma of equal linear density.

Systematic studies of stopping losses of C, Ar, Kr, and U
ions with different masses and energies from 3.5 to 11.5 MeV
per nucleon in xenon and argon plasmas for various types of
targets were conducted for the first time based on the
UNILAC explosive generator at GSI [81]. Homogeneous
plasma structures 4—6 mm in thickness with free electron
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Figure 16. Energy losses of 3 MeV protons in a xenon plasma [79] in an
explosive generator: / — measurements with an analyzing magnet, 2 —
measurements by the time-of-flight technique, 3 — total losses in the
plasma, 3’ — losses inflicted by bound electrons, 3” — losses inflicted by
free electrons, and 4 — losses in cold gas. Target length equals 6 mm.

number densities (0.26—1.5) x 10 cm™ and nonideality
parameter I' ranging 0.6—1.3 were produced at an initial
argon pressure from 0.2 to 3 bar. The dependences of carbon
ion energy losses on ionized gas density were also found.
Maximum energy losses equal to 2.52 MeV per nucleon were
obtained for ions with an energy of 11.5 MeV per nucleon in
argon plasma with a linear density of 15.5 mg cm™2.

The 10-20% difference in these experimental results from
the ones predicted for ideal plasma (SRIM computations,
Ref. [66]) is direct proof of the influence of strong interparticle
interaction in an ionized medium on the energy losses of ions
in nonideal plasma.

Further experiments with the plasma produced by the
explosive generator have the objective of improving the
precision of measurements and revealing ‘pure’ effects of
free electrons on ion stopping losses through the use of
totally ionized nuclei for test particles.

6. Heating and hydrodynamic motion of matter
under the effect of high-power heavy ion fluxes

After specific energy deposition above 100 J g=! (~ 10°
particles per pulse) was reached using SIS-18 accelerator,
experimental studies of the hydrodynamic motion of various
substances heated by an ion beam were initiated [82]. The
crystals of frozen inert gases Kr and Xe were selected for
targets, because they have the lowest sublimation energy.

Framewise shooting of the process with side illumination
by a xenon flashbulb (Fig. 17) permitted measurement to be
taken of the front velocity (~ 200 m s~!) of lead expanding
into the vacuum from a 1 mm thick flat plate irradiated by an
ion beam [83].

By diminishing the ion beam focal spot at the target, the
researchers managed to reach the level of energy deposition
exceeding 1 kJ g=!', and the heated substance extension
velocity amounting to 570 m s~! [83]. These data permitted
them to estimate substance pressure (~ 2.8 GPa) and
temperature (~ 0.17 eV).

Recent progress in enhancing the phase luminance of ion
beams by electron ‘cooling’ and their compression in the
longitudinal phase volume [16, 18] allowed a beam of
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Figure 17. Framewise shooting of the motion of a heated 1 mm thick Pb
specimen under the effect of an argon beam with an energy of 300 MeV per
nucleon and duration of 300 ns focused on a spot 400 um in diameter:
(a) 360 ns, (b) 1560 ns, and (c) 2360 ns after pulse initiation [83].

287+ jons with an energy of 350 MeV per nucleon and

intensity of 3—4 x 10° ions per pulse to be focused on a spot
with a diameter D < 300 pm at a pulse length of ~ 110 ns.
This made possible measurements of the thermophysical
properties and hydrodynamic response of targets from
different metals (Pb, W, Ta, Al) and UO, to the exposure to
an intense ion beam. The temperatures obtained (5000-—
15,000 K) reached the two-phase liquid — gas region and thus
permitted studying equations of state and critical points of
various materials in the high energy density regime [25].

In connection with these efforts, an international colla-
boration involving Russian physicists is actively developing
special diagnostic tools for dense plasma in the framework of
the HIHEX (Heavy lon Heating and Expansion) experiment,
making use of SIS-18 ion beams [18]. In this experiment,
specimens of solid or porous materials are placed between
two transparent sapphire planes (Fig. 18) that restrict
expansion of the uniformly heated substance; in this way, a
one-dimensional quasi-isentropic regime of hydrodynamic
motion toward the gas medium or the vacuum is realized.

Specific experimental conditions characterized by high
density and relatively low (~ 1 eV) temperature of the
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Figure 18. Schematic of the HIHEX experiment [18].

substance impose special requirements on the diagnostics of
thermodynamic parameters. Both diagnostic tools developed
in the course of research on fast processes in laser plasma and
methods used in shock wave experiments with chemical
explosives are applicable after relevant modification [1, 2].
An advantage of generating extreme states of matter by ion
beams is the rather large volumes of substances studied (a few
cubic millimeters) and relatively long characteristic times of
variations of thermodynamic parameters (~ 10—100 ns),
during which measurements are practicable.

In what follows, the diagnostic techniques of particular
importance for heavy ion experiments are reviewed.

Exact (£5%) measurement of the ion beam energy AQ
absorbed by a study substance is a primary objective in
arranging heavy ion experiments. Indeed, this quantity
determines one of the main thermodynamic parameters of
interest in such investigations, i.e., the specific internal energy
of the substance: &, = AQ [kJ g~']. Evidently, AQ depends on
the number (#;) of particles in the beam, the energy release
profile along the path of the particles in the target material,
and the transverse distribution of ion beam intensity over the
focal spot.

The total number of ions in a beam from the accelerator is
deduced from current signals coming from the calibrated
Rogowski loop placed directly in front of the interaction
chamber. The upper limit for the focal spot size is found by
recording line emission of argon atoms excited by beam ions
in the residual gas [18]. The initial target volume ¥V, and
density p, are also specified to a high accuracy.

It was proposed to use y-radiation induced by inelastic
collisions between ions and target nuclei [84]. The intensity of
such secondary y-quanta is directly proportional to the
product of ion beam intensity and concentration of target
nuclei:

dn,

dl = Ib}’l[O'(Ei)Al, (8)

where Al is the sample length, and ¢(E;) is the cross section of
vy-quanta generation.

The main advantages of this method include: (1) the
independence of y-quanta yield from the thermodynamic
state of the substance, and (2) the exit of hard y-quanta
from the specimen practically without losses (the target is
‘transparent’ to y-quanta with an energy above 1 MeV).
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Figure 19. Dynamic spectrometry of energy losses in HED matter [88].

The temperature of dense materials heated to 1000—
50,000 K by an ion beam is measured by optical pyrometry
[85]. Planck spectra are effectively reconstructed using multi-
channel devices equipped with photodetectors placed behind
the narrow-band filters of different thickness in each channel.
Such systems possess sufficiently high spatial (~ 100 pm) and
temporal (~ 5 ns) resolution and wide dynamic range
(~10,000). Gauge experiments with tungsten targets [86]
yielded time—temperature profiles of specimens heated to a
maximum of ~ 6000 K by an ion beam.

The densities of plasma objects are evaluated from
measured energy losses of high-energy test particles in the
target studied. In the case of protons, it is essential that energy
losses depend only on the density of electrons in the stopping
medium if their velocities are much higher than the thermal
velocity of plasma electrons. The authors of Refs [62, 87] used
a beam of protons with an energy of 3 MeV as the test
particles to measure the plasma density of a capillary charge
at a level of 6.4 x 10'° cm™3 at a temperature of 3.3 eV.

Important information on the density of heated matter
and other thermodynamic parameters was provided by
dynamic measurements of stopping losses in heating ions
themselves, when their ranges exceeded the linear size of the
target (the so-called dynamic spectrometry of energy losses).
It was shown in paper [88] that intense beams of 238U, 8¢Kr,
40Ar, and 80 ions with an energy of ~ 300 MeV per nucleon
interact with cryogenic targets of frozen Ne or Xe gases, heat
them, and set their materials in hydrodynamic motion.
Particles of the beam that penetrate through the target enter
the fast liquid organic scintillator BC-517H and cause
luminescence along their path, till they come to a complete
stop. The brightest luminescence is observed in the Bragg
peak region; thus, the real ion range is determined with high
spatial and temporal resolution (Fig. 19).

Because hydrodynamic expansion of the target material
results in its reduced linear density, hence in lower energy
losses in the target, the position of the Bragg peak in the
scintillator undergoes dynamic variations. Energy losses thus
measured in the targets can be directly compared with the
calculated results to verify physical models (in particular,
equations of state) incorporated into software packages. An
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Figure 20. Time dependence of 233U ion energy losses measured during
hydrodynamic expansion of the neon target [88] is compared with the
dependences calculated by employing different equations of state for the
target material: the equation of state (EOS) from the SESAME tables —
dashed curve and hatched area, and ChTEOS — solid curve and shaded
area.

approximately 1.12 ps 4°Ar ion beam (~ 5 x 10'° jons per
pulse) focused by a plasma lens to a spot 0.740 mm in
diameter ensured specific energy deposition of ~ 0.57 kJ g~
Figure 20 compares experimental data on energy losses and
theoretical results obtained with regard for the hydrodynamic
motion of the target material heated by the intense ion beam.
Comparative calculations of particle ranges were made with
the use of the SRIM code [66] for cold matter, because target
temperature did not exceed 0.5 eV. The hydrodynamic
response of the target material (Ne) was evaluated with two-
dimensional BIG-2 hydrodynamic code [32] taking into
account the real parameters of the heating beam [88] and
using SESAME and ChTEOS (Chernogolovka’s Tempera-
ture Equation of State) equations of state [89].

Comparison of experimental and theoretical data leads to
the conclusion that SESAME equations of state in the region
of parameters where the correct description of phase transi-
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tions is needed are lacking in accuracy, unlike the ChTEOS-
based semiempirical model that ensures better agreement.

Dynamic measurements of such parameters of ion-heated
matter as volume, the coefficient of volume (linear) expan-
sion, the velocity of boundary motion, and pressure are made
by laser shearing interferometers in which the surface of the
heated substance is included in one of the arms of the
Michelson scheme [90, 91]. The spatial resolution of such
systems is restricted to ~ /4, i.e., to ~ 150 nm. Today, new
variants of Video Image Stabilization and Registration
(VISAR) interferometers are available in which optical fibers
and fast photodiodes are employed [92]. The velocities of
motion can be measured in a wide range from 10 m s~! to
10 km s~! to a rather high accuracy (1-2%) with time
resolution below 1 ns. Test experiments for the improvement
of the method are being carried out with the ion beams of the
GSI SIS-18 accelerator in the framework of the international
HIHEX experiment [18].

Because plasma transport properties depend on its density
and temperature, time-resolved measurements of electrical
conductivity provide a wealth of information about extreme
states of matter. A method for experiments on measuring the
conductivity of plasma heated by heavy ion beams is being
developed with the use of a low-inductive electric circuit into
which ion-heated specimens are inserted.

The first measurements of conductivity have been made
for a number of metals (Pb, Cu, Ag, and Al) [93] at an energy
deposition level of 0.5 kJ g=!. Time dependence of lead
electrical conductivity that agrees with the conductivity of a
normal density metal at a temperature of 0.1 eV was
documented.

7. Heavy ion beams
in inertial confinement fusion

7.1 High-power drivers-accelerators

In the late 1970s, it was proposed to use an accelerator of
intense heavy ion beams as a driver for inertial confinement
fusion. The idea stemmed from the possibility of obtaining
high-power current pulses based on the known acceleration
technologies previously developed for research in high energy
physics [15, 94—98].

At present, high-power lasers are under construction in
the USA, France, and Russia: the National Ignition Facility
(NIF), Laser Mégajoule (LMJ), and Iskra-6, respectively [95,
98, 99]. They are designed to achieve a single act of nuclear
ignition of targets containing DT fuel. Nevertheless, ICF with
the use of intense heavy ion beams continues to be considered
the most promising option in the context of projecting an
economically cost-effective nuclear power station. The reason
is that heavy ion colliders have a number of well-known
advantages, such as

— high efficiency (~ 25%),

— the confirmed possibility of working at a pulse
repetition rate of ~ 1—10 Hz,

— high reliability of the driver-accelerator components,

— the possibility of good spatial separation of the final
focusing elements and the thermonuclear target itself (2 5m).

The required energy levels (5—100 GeV) of heavy
(A4 ~ 200 a.m.u.) ions and total beam currents (~ 50 kA) do
not permit using such heavy ion accelerators as cyclotrons or
synchrotrons because of their low efficiency and electric
current limitations. Only a linac with an efficiency of ~ 25%

can serve as a driver-accelerator [98]. Two types of such
drivers are deemed suitable for the solution of the problem.
European designers (including Russian ones) rely on resonant
linear accelerators with storage rings [100—102], while their
American counterparts tend to use induction linacs [15, 95,
97, 103, 104].

The key issue in the development of any driver-accel-
erator is the maintenance of ion beam parameters that make
it possible to focus a very short (~ 10 ns) and powerful pulse
on a small spot far (~ 4—5 m) from the focusing device. This
requirement is dictated by the necessity of locating the
focusing elements outside a reaction chamber having an
inner radius > 3 m. In this case, the achievable size of the
focal spot largely determines the total energy (hence, the
cost) of the driver (Eq ~ R [105]) because the ion beam
must have a typical power density of order 10" —10%° W cm 2
at a specific energy deposition of ~ 1000 MJ g~! to comply
with conditions needed for ignition of the thermonuclear
target.

The focusing problem is a crucial one since ions must be
physically compressed to a small volume despite Coulomb
repulsion forces. The volume charge forces of an ion beam
preclude its sharp focusing on the target in the center of the
reaction chamber and must be compensated for at least
between the last quadrupole lens and the thermonuclear
target as the beam is transported toward the latter. Compen-
sation is feasible either by plasma neutralization of the beam
(an approach under development in the USA [106, 107]) or by
direct charge compensation, as stipulated in the charge-
symmetric scheme of the driver-accelerator [101, 108].

Relevant scaling experiments on the transport of intense
ion beams through plasma channels are currently underway
at LBNL, Berkeley [106) and at GSI [107]. The experiments
are timed to coincide with detailed numerical simulation of
processes taking place in accelerators, all the way from the ion
source through the beam transport channel toward the target
inside the reaction chamber, using three-dimensional (3D)
computer codes [109, 110].

7.2 Targets for heavy ion inertial fusion

Similar to laser targets, heavy ion ICF targets are categorized
into directly and indirectly irradiated ones. In one-dimen-
sional calculations, the former ensure much higher gain
coefficients G than the latter (X-ray) targets simply due to
the absence of an additional stage of ion beam energy
conversion to X-ray radiation. However, the use of directly
irradiated targets is associated with negative two- and three-
dimensional effects inevitably produced by inhomogeneities
of frontal irradiation. For this reason, researchers all the
world over have concentrated their efforts on working with
indirectly irradiated targets in which fuel implosion occurs via
the intermediate stage of ion beam energy conversion to the
energy of thermal X-ray radiation with characteristic tem-
peratures Tx = 100—300 eV [105, 111—-115]. The main
feature of indirectly irradiated targets is spatial separation
of the absorption region (converter) of irradiating ions and
the accelerated spherical sheath of the DT fuel with the
adjoining outer layer of the capsule (Fig. 21). Energy transfer
from the converter to the DT-capsule is realized only by
means of X-ray radiation.

The optimal design of a heavy ion target needs to be
substantially modified if heavy ion beams with relatively high
(almost relativistic) energies, E; = 0.5 GeV per nucleon, are
chosen as a driver [100, 108].
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irradiated by ion beams at a small angle of incidence [115].

Heavy ions with energies E; > 0.5 GeV per nucleon have
relatively long ranges (R > 5—20 g cm™2) that are virtually
incommensurable with the spherical geometry of fuel com-
pression. The proposed cylindrical target responds to two
separate ion pulses traveling along the cylinder axis [100, 115].
One- and two-dimensional calculations reveal that the
minimal ion beam energy needed for cold compression of
DT fuel in directly irradiated cylindrical targets varies from
10 to 15 MJ cm™'. Ignition and propagation of the
combustion wave along the cylinder can be achieved with a
second powerful heavy ion beam 0.2 ns in length at a total
pulse energy of 0.4 MJ (‘fast ignition principle’) [116, 117].
Based on the results of two-dimensional calculations, the fuel
burnup fraction is f, ~ 0.4—0.6. In this case, the thermo-
nuclear gain of the target amounts to G = 50— 150 [113].

7.3 Concepts of the reactor chamber
and the inertial fusion power plant
The energy characteristics of a nuclear power plant depend
first and foremost on the amplification factor of the power-
generation cycle K.. In the case of ICF, it is the product of
driver efficiency 5, target gain G, heat cycle efficiency ¢, and
power gain in the reactor blanket M; in fact, it equals the ratio
of the electric power of the plant to the power consumed for
feeding the driver:

P,

K. = =% = MGne. 9
7, ne )

Asknown [95, 98], the cost of electric energy grows rapidly
for K. < 4, when the driver consumes over 25% of the
produced electric power. Typical values of the parameters
entering into formula (9) are as follows: M =1-—1.2 and
& = 0.3—0.35. Therefore, the product #G must be higher than
10. This accounts for the advantages of heavy ion drivers over
other types of these machines. Their efficiency n ~ 25%
permits setting up a realistic claim for the value of target
gain G, i.e., to design targets with G = 50— 100. Since the cost
of a driver grows progressively with its energy, the develop-
ment of efficient driver facilities and targets with the highest
thermonuclear gain G and the lowest possible energy is the
principal goal in ICF.

The results of an economic analysis by several research
groups indicate that the production cost of electric power
produced in ICF is competitive when a 10 Hz driver operates
on S reactors with a thermal capacity of ~ 1 GW each [95, 98].

The most important advantage of an ICF reaction
chamber is the possibility of using the liquid first wall

responsible for the long (~ 30 years) reactor lifetime [97,
118]. Indeed, the liquid wall not only takes upon itself the
primary impact of microexplosion products (with an energy
equivalent to ~ 100—200 kg of a chemical explosive) and
protects the solid wall from fast neutrons (~ 80% of the
energy flux), y-radiation (~ 10%), plasma and target debris
(~ 10%), but also performs additional functions, namely

— it serves as a coolant transporting heat to the steam-
turbine cycle;

— it acts as a ‘cryopump’: due to the low pressure of
saturated vapor (~ 1073 Torr at ~ 500 °C) it creates, within
less than 200 ms after the explosion, a vacuum (~ 1073 Torr)
in the reaction chamber, needed for the next microexplosion
to occur;

— it contains lithium and therefore serves as material for
tritium production.

Liquid lithium-containing eutectics with an operational
temperature of > 500°C are usually used as multifunctional
coolants.

A number of conceptual projects for ICF-based reactors
coupled to a laser driver, heavy ion accelerator [118 —121], or
powerful pulsed discharge have been proposed. A mutually
consistent driver—target—reactor chamber assembly looks
especially advantageous when using a heavy ion driver,
because it reduces to a minimum the number of windows for
the injection of radiation into the chamber, and the magnet
focusing lenses are not directly affected by neutrons. A
concept presented in Refs [122, 123] describes a reaction
chamber and a thermal scheme of an ICF power plant
designed for a thermal capacity of 1 GW, driven by heavy
ions with an energy of 100 GeV, and having a directly
irradiated cylindrical target for fast ignition by the ion beam.

The progress in theoretical and experimental research on
heavy-ion-driven ICF continues at an increasing rate in
Europe, Russia, and the US. It extends now to the physics
of powerful heavy ion accelerators, intense beam—plasma
interactions, high energy density in matter, and targets for
heavy-ion-driven ICF, along with special problems of heavy
ion reactors. Serious efforts have been made over the last
years to refurbish the existing ITEP accelerator complex. The
upgraded machine will be indeed the world’s first high-power
heavy ion facility, bringing an appreciable change for the
better in the field of interest [17, 124]. The use of the
previously available equipment and instrumentation permits
substantially reducing the cost of the project without
detriment to performance characteristics of the modernized
facility (rated beam power ~ 1 TW, and accumulated energy
~ 100 kJ). They are expected to provide an opportunity for
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breakthrough experiments on heavy-beam-driven ICF. Such
experiments may primarily include intense ion beam accel-
eration and accumulation physics, interaction of intense ion
beams with plasma, and fundamental HED matter physics.

8. Conclusions

This review paper shows how the physical properties of
Nature manifested in the processes of stopping intense
heavy ion beams in matter make relativistic heavy ion
colliders powerful energy sources (drivers) that find applica-
tion in research on extreme states of matter. Due to the
volumetric character of ion energy release, intense heavy ion
beams can generate different states of matter, including those
with an exotic set of thermodynamic parameters, and provide
a unique tool for investigations into extreme states of matter
under reproducible experimental conditions.

Experiments with heavy ion beams are currently under-
way by a wide international collaboration based on the
SIS-18 (Darmstadt) and TWAC (ITEP) accelerators. They
include studies of equations of state, plasma phase transi-
tions, critical points of metals, conductivity, noncongruent
phase transformations, and atomic physics covering strong
interparticle interactions.

Heavy ion beam experiments have important practical
implications for inertial confinement fusion, nuclear reactor
safety, plasma technologies, and planetary geophysics. It has
been shown that the heavy ion driver has the most important
advantage over other types of similar machines because its
efficiency (~ 25%) permits advancing a realistic claim for the
value of target thermonuclear gain G, i.e., to design targets
with G = 50—100. Therefore, the development of efficient
drivers-accelerators and targets with the highest coefficient G
of thermonuclear amplification and the lowest possible driver
energy is the primary goal in ICF.

The authors gratefully acknowledge A D Fertman and
V S Khoroshkov for the preparation of materials, A A Golu-
beva and M M Basko for the helpful discussions, and
O Yu Zhiryakova for assistance in preparing this publication.

9. Appendix. Hadron beam therapy

As shown in Section 3, the energy release profile of an ion
beam has a characteristic peak in the end of the ion’s path. In
the late 1960s, it was proposed to use this important property
of hadrons (protons and ions) for the in vivo precision
treatment of malignant neoplasms [125—127]. Thus, medical
sections were attached to large proton accelerators in
Berkeley, USA, and at ITEP, USSR that first carried out
radiobiological studies, and thereafter proceeded to actual
clinical work. The success of proton therapy starting in the
early 1990s provided a basis for setting up specialized centers
that annually admit hundreds and thousands of patients.
These centers comprise compact proton accelerators with
energies up to 300 MeV and beam splitting systems to deliver
a beam to 4 or 5 treatment rooms equipped with precision
devices for remote directed action on malignant neoplasms
(MNs). The possibility of using carbon ions of the SIS-18
accelerator in Darmstadt for medical purposes opened a new
page in hadron therapy. Carbon ions have a higher atomic
charge than protons; this accounts for their more efficacious
action on the affected body area, while minimizing irradiation
to the surrounding healthy tissue. Moreover, carbon ions do
not induce undesirable biochemical reactions, since this

element is a natural constituent of living molecules. The
available clinical experience is now being applied to design
and construct a specialized center for carbon therapy in
Heidelberg, where the carbon ion accelerator will be used to
treat brain tumors.

Rapid development of hadron therapy is being promoted
by two factors [128]:

First, maximum reduction in radiation exposure of
healthy organs and structures by minimizing the treatment
field and/or the dose absorbed by the normal tissue. The dose
of radiation delivered to a tumor (target) is practically always
limited by the allowable exposure rate for healthy tissues,
which inevitably suffer when the radiation load on the target
increases; such an increase determines the number (fre-
quency) and severity of post-radiation complications.

Proton beams permit reducing the radiation load better
than other types of ionizing radiation. Comparison of
v-irradiated and proton-irradiated patterns of the same target
indicates that the latter results in an almost two times lower
radiation load on normal healthy tissues than the former.

Moreover, proton beams create a very high radiation dose
gradient at the posterior and lateral boundaries of the
treatment field due to certain peculiarities of their passage
through the tissue. This fact opens up two absolutely new
possibilities for radiotherapy:

e irradiation of small and ultrasmall targets;

e irradiation of targets located very close to critical
(highly radiation-sensitive) organs and structures.

Proton therapy can be used to manage neoplasms in
children, as well as tumors of the head, neck, lungs, bones
and soft tissues, gastrointestinal tract, nervous and urogenital
systems, and gynecological organs.

Second, hadron therapy permits better differentiating
between the responses of malignant cells/tumors and normal
tissues to the same absorbed radiation dose. This fact is of
primary importance in the context of treatment of radio-
resistant neoplasms and its improvement.

For some radiobiological reasons, dense ionizing radia-
tion (m~-mesons, neutrons, ions heavier than protons) over-
comes radioresistance of malignant neoplasms unaided by
special modifiers. The efficiency of treatment of radioresis-
tant tumors by neutron beams (neutron and neutron capture
therapy) and beams of ions heavier than protons is pretty well
confirmed and universally recognized. Among heavy ions,
carbon ions appear to be most extensively used for radio-
therapy [131, 132] by virtue of their high biological efficiency
and ability to overcome radioresistance, compared with
lighter ions.

The combination of these two properties, viz. high
biological efficiency and the possibility of creating sharply
outlined high dose gradients at the boundaries of treatment
fields, accounts for the higher efficiency of carbon ion beams
in the radiation therapy of radioresistant tumors compared
with neutron beams that are unable, in principle, to produce a
similar well-outlined dose distribution pattern.

Situation throughout the world

From 1954 till 1990, all clinical studies were carried out in
research centers based on physical (not medical) accelerators.
The world’s first health center for proton therapy in Loma
Linda, USA, having a specialized medical accelerator, began
regular operation in 1990, after the successful outcome of
therapeutic irradiation had been documented. Since then, the
number of clinical (not experimental) centers for hadron
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Table 2. Progress in building centers for hadron therapy.

Year | 1988 | 1990 | 2005 | 2006 2015
Type (expected)
of center
Experimental centers 11 13 20 20 20
Clinical centers — 1 11 20 35
Total 11 14 31 40 55

therapy has been growing at an ever-increasing rate [129, 130]
(Table 2).

Three centers for carbon ion therapy have been operating
in the world and construction work is underway for four
others to complement the existing therapeutic proton facil-
ities that all are accumulating the results of radiobiological,
preclinical, and clinical studies. Construction of ion therapy
centers is forging ahead fast, and it is anticipated that there
will be almost as many of them in the near future as hospitals
for proton therapy.

Proton therapy centers are equipped under a turnkey
contract by many well-known companies (Mitsubishi, Hita-
chi, IBA, Siemens, and others). The cost of a center varies
from US $70 to 100 mln, depending on its design and local
conditions.

Situation in Russia

Three experimental centers of proton therapy (PT) have been
operating in Russia since 1967. These are the PT Center of the
Joint Institute for Nuclear Research, Dubna (since 1967, over
500 patients), the PT Center of ITEP, Moscow (since 1969,
4000 patients), and the PT Center of the Central Research
Roentgeno-Radiological Institute and B P Konstantinov
Petersburg Institute of Nuclear Physics, Gatchina (1974,
some 1300 patients). By 1990, when the first clinical PT
center was opened in Loma Linda, USA, almost one third of
the total world number of patients treated by proton therapy
(about 3000) lived in the USSR. Further developments in
hadron therapy practically stopped in this country after 1990.
Since then, the annual number of patients using the services of
the PT centers has been decreasing, in contrast to other
countries, where it continues to grow steadily (Fig. 22a). The
first specialized regional project based at S P Botkin City
Clinical Hospital, Moscow was initiated only in 2006 and now
is progressing (Fig. 22b).

The design of the new PT center incorporates the very
latest in state-of-the-art hospital facilities. The course of
project implementation shows that it can be successfully
completed through the efforts of Russian developers and
manufacturers themselves.

Clinical requirements for the assembly, structure,

and major characteristics of hadron therapy centers (HTCs)
Requirements for the assembly, structure, and major char-
acteristics of clinical centers ensue from the following
generally accepted and approved principles:

(1) The center must only be integrated into a large modern
hospital having well-equipped oncological and radiological
departments, relevant diagnostic (topometric) expertise, and
technical means for conventional (X-ray, gamma-particle,
electron) radiotherapy.

If appropriate, such a hospital needs to be established
simultaneously with the HTC.
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Figure 22. (a) Annual number of patients by countries and continents
[131]. (b) Projected PT Center at S P Botkin City Clinical Hospital,
Moscow (therapeutic floor) [132]: 250 MeV synchrotron (in the middle);
injector (linac) (top right-hand corner); rotational irradiation units to treat
patients in the supine position (upper left-hand and bottom right-hand
corners); fixed horizontal beam room with two irradiation facilities (in the
center). The novelty of the project consists in simultaneous patient
irradiation in all three treatment sections.

(2) The HTC must be designed to use either two types of
radiation (proton and ion beams) or only one of them.

(3) The major HTC components are the accelerator,
hadron beam units, topometric and imaging systems for
planning radiotherapy, and competent information support.

(4) The accelerator is an indispensable but not the most
important and expensive component of an HTC. Any type
may be used, viz. synchrotron, cyclotron, or linac. The main
characteristics of the facility are reliability and a long lifetime
(continuous operation without repairs or preventive main-
tenance). Main parameters of the beam must be such as to
ensure irradiation of both small and large (a few liters in
volume) malignant neoplasms located in any part of the body.
Modern acceleration technologies provide beams with the
parameters necessary to achieve the required dose distribu-
tion patterns at hadron energies of up to 300 MeV per
nucleon.

(5) Three to five treatment rooms are needed to perform
each procedure (proton therapy, ion therapy), with two to
four of them housing proton beam units for rotational and
multifield irradiation of patients in a fixed horizontal position
using a gantry system. The beam must be fed into one of the
rooms for ion therapy in three planes, i.e., horizontally,
vertically downward, and at 45° from the top. One or two
rooms are equipped with horizontal-beam systems (for
oncoophthalmology and radioneurosurgery). There must be
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at least three rooms for each treatment modality (proton
therapy, ion therapy); the annual flux of patients (1000 or
more) depends on economic considerations.> The maximum
number of treatment rooms (no more than five) is limited by
the capacity of a single hadron source (accelerator) to
generate beams for more irradiation units. The relative
number of gantry-equipped treatment rooms and those fed
by horizontal beams is determined by the fact that the latter
can be used to treat only certain specifically located malignant
neoplasms (5—7% of their total number). At present,
operation of an HTC without gantry systems is considered
impractical. Gantry allows a patient to be irradiated unrest-
rictedly from any angle (4n). Introduction of limitations
would make proton therapy noncompetitive compared with
conventional radiotherapeutic modalities (X-rays, gamma-
particles, and electrons).

(6) Effective exploitation and functioning of sophisticated
HTC equipment are possible only if supported by modern
information technologies, such as the specialized Radiologi-
cal Information System (RIS). This system comprises high-
capacity sources of 3D-topometric information coupled to
powerful workstations for pre-irradiation treatment and
imaging systems with a superimposed radiotherapy plan.
RIS is an important tool for the integration of general
clinical information into the system of manipulation of
irradiation units for the successful accomplishment of
therapeutic protocol.

(7) The availability of conventional radiotherapeutic
equipment listed in item 1 is mandatory to guarantee
continuation of the treatment of a// (up to 100) admitted
patients in the event of hadron accelerator breakdown. This
equipment represents the necessary backup.

(8) The most important clinical requirement is meeting
dose distribution specifications. Taken together with beam
unit characteristics, they determine the scope of applications
of hadron therapy and its clinical utility. Softening these
requirements always narrows the sphere of applications and
compromises the clinical outcome of hadron therapy.

Summary
Hadron therapy is a natural step in the development of
remote radiotherapy.

(1) Hadron therapy improves local control of malignant
neoplasms (especially small and very small ones), reduces the
incidence and severity of post-irradiation complications,
makes possible the treatment of radioresistant neoplasms
and those located close to vitally important organs and
structures of the body.

(2) Design and construction works for clinical centers of
proton and ion therapy are well underway throughout the
world. They will treat many oncological patients in the near
future.

(3) Thus far, only three experimental centers of proton
therapy have been operating in Russia (Moscow, Dubna,
Saint-Petersburg). A total of 5800 patients have been treated
(roughly 12% of the world total). Most of them (4000)
received radiotherapy in the PT Center of ITEP.

(4) Hadron therapy being a most efficacious up-to-date
radiotherapeutic modality, Russia needs a central HTC with
branches in different regions of the country.

3 The cost of an accelerator usually accounts for 20 —25% of the total HTC
cost. A reduction in the number of treatment rooms increases the cost of
the accelerator per room.

(5) As yet, only one regional project of a PT center is
nearing implementation, based at the S P Botkin City Clinical
Hospital. The project is financed by the Government of
Moscow. It is being realized under the scientific auspices of
the Russian Federation State Scientific Center ‘A I Alikhanov
Institute of Theoretical and Experimental Physics’ (general
designer).

(6) Experience gained in the work on the Moscow HTC
indicates that similar projects for other regions of Russia can
be successfully completed through the efforts of domestic
developers and manufacturers (research institutions and
industrial enterprises) based on the scientific and economic
potential of the country.

(7) A special federal program is needed to address the
problem. It should envisage the development of a central
HTC and its regional branches to meet the demands of
domestic and foreign users. The program may be most
successfully realized in the framework of the national project
Health Care and/or the federal task program Research and
Development in the Priority Fields of Science and Technol-
ogy in Russia for 2007 —-2012.

(8) Construction of new HTCs will greatly contribute to
the further improvement of oncological services in Russia, the
quality of which is still greatly inferior to that provided in
other developed and even developing countries.

(9) HTCs may be either full-scale (proton and ion)
therapeutic facilities or provide only one of these options.
The cost of major nonstandard equipment (accelerator, beam
transport channels, irradiation units, etc.) in central HTC
amounts to 3.65 billion rubles (proton and ion therapy), 2
billion (proton therapy), or 2.2 billion (ion therapy). The cost
will vary, depending on the number of beam units. One to two
billion rubles worth of standard conventional medical
equipment will be needed, depending on its availability in
the base hospital.

(10) Design and construction works for a central HTC
may be completed within 4—5 years. The commissioning
schedule is as follows: design of nonstandard equipment will
take 2 years; its manufacture 2 years; building of a hall for
installation of the equipment 1.5-2 years, and assembly,
testing, and putting into operation 1—1.5 years. Optional
equipment may be developed and manufactured totally by
domestic enterprises, such as ITEP, the D E Efremov
Research Institute of Electrophysical Apparatus, the Insti-
tute for High Energy Physics, and the Joint Institute for
Nuclear Research.
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