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Preface

This book presents the majority of the talks delivered at the International Symposium
Nuclear Physics: Presence and Future, which was held fromMay 29 to June 5, 2013
at Hotel Jakobsberg, Boppard am Rhein, Germany. The symposium was jointly
organized by the Frankfurt Institute for Advanced Studies (FIAS), Frankfurt,
Germany and Joint Institute for Nuclear Research (JINR), Dubna, Russia.

The symposium was dedicated to Prof. Mikhail Itkis on the occasion of his 70th
birthday in recognition of his contributions as a pioneer in the fields of nuclear
fission and superheavy nuclei and his commitment as a long-time director of the
Flerov Laboratory at JINR, Dubna.

The main objective of the symposium was to present a survey of state-of-the-art
topics in nuclear physics by leading practitioners in the field. A major focus was the
study of superheavy nuclei and of neutron-rich exotic nuclei. The mechanisms of
nuclear fission and nuclear cluster decay also were discussed by several speakers.
Further subjects addressed were relativistic heavy ion collisions and the physics of
supercritical fields. Transcending the subject of nuclear physics were talks dealing
with the astrophysics of compact stars and with theoretical and experimental aspects
of general relativity and its possible modification.

The symposium was held in the Jakobsberg resort near Boppard. This hotel is
centrally located in one of Germany’s most beautiful and picturesque landscapes—
the Rhine Valley between Koblenz and Mainz. In fact, this famous wine-growing
region has been designated as one of UNESCO’s World Heritage sites.

I am grateful to my fellow members of the organizing committee from the Joint
Institute for Nuclear Research in Dubna, Sergei Dimitriev and Dmitri Kamanin who
helped to shape and organize the symposium. Joachim Reinhardt has edited the
proceedings volume and was instrumental in bringing this book into a coherent
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shape. Laura Quist has acted as the conference secretary and has helped in a
multitude of ways to make the symposium a success. Finally, I am grateful to
Dr. Thorsten Schneider and his team at Springer Verlag who expertly handled the
production of this book.

Frankfurt, April 2014 Walter Greiner
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Dedication to Prof. Mikhail Itkis

Walter Greiner

This symposium is dedicated to Prof. Mikhail Itkis on the occasion of his 70th
birthday. Our personal acquaintance dates back about three decades. I first met
Mikhail Itkis at a conference on neutron physics, organized by Prof. Dieter Seel-
iger (Technische Hochschule at Dresden in East Germany: at that time “Deutsche
Demokratische Republik”) at a small castle about 40 km east of Dresden, near
Bautzen. I gave a talk on collective theory of fission. The basic idea was that the
essential coordinates of a fissioning nucleus are the distance R between the two
nuclear centers and the mass asymmetry

η = A1 − A2

A1 + A2
,

where Ai are the number of nucleons in the i th fission fragments (see Fig. 1).
The potential between the two fragments V (R, η) depends for given R on the

mass asymmetry η. The collective wave-function Ψ (R, η) will show maxima where
the potential has minima and vice versa. The probability distribution will show pro-
nounced maxima for symmetric and asymmetric fission. If the potential has several
minima, e.g., due to shell structure, symmetric, asymmetric and superasymmetric
fission will occur (see Figs. 2 and 3).

I was tremendously pleased when Professor Itkis stood up and showed a figure
of his measurements of the fission products of various symmetrically fissioning
nuclei, which showed side-maxima—see Fig. 4. Clearly, there was evidence for such
superasymmetric fission: in this case it is a symmetrically fissioning nucleus which
shows side-maxima in the asymmetry degree of freedom.

Later in time (2010–2012) Prof. Friedrich Gönnenwein (Tübingen) gave beauti-
ful evidence for superasymmetric fission of various heavy nuclei, see Fig. 5. But it
was Mikhail Itkis who discovered superasymmetric fission first. I was tremendously
happy when these clear and lucid collective ideas found confirmation by Itkis’
experiment.

W. Greiner (B)

Frankfurt Institute for Advanced Studies, J.W. Goethe-Universität, 60438 Frankfurt, Germany
e-mail: greiner@fias.uni-frankfurt.de

© Springer International Publishing Switzerland 2015
W. Greiner (ed.), Nuclear Physics: Present and Future,
FIAS Interdisciplinary Science Series, DOI 10.1007/978-3-319-10199-6_1
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2 W. Greiner

Fig. 1 The deformed nucleus fissioning into two clusters, R is the distance between the two clusters
and η is the mass-asymmetry coordinate

Fig. 2 Potential of a symmetrically fissioning nucleus as a function of the mass-asymmetry η (solid
line). The collective wave function squared |�(R, η)|2 as a function of η at fixed R (dashed line)

Fig. 3 Potential of an asymmetrically fissioning nucleus as a function of the mass-asymmetry η

with additional possibility of superasymmetric fission
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Fig. 4 Symmetrically fissioning nucleus with the contribution from superasymmetric fission

Fig. 5 Fragment distribution of asymmetrically fissioning nuclei with the indication of super-
asymmetric fission

This is a master example where a simple theoretical idea was proven by a beautiful
measurement—done independently of the theory.

Mikhail is a brilliant nuclear physicist, a dedicated researcher and science
organizer, and at the same time a caring and warm person. A full appreciation of
his scientific life will now be given. Andrej Popeko helped me in setting this up.

1 Prof. Mikhail Itkis—Pioneer of Nuclear Physics

Professor Mikhail Itkis was born on 7 December 1942 in Kazakhstan, then a socialist
republic within the USSR. He graduated from the Moscow State University, where he
majored in physics. In 1967 he started his academic career at the Institute of Nuclear
Physics (INP) of the Republic of Kazakhstan, one of the scientific divisions of the
Kazakhstan Academy of Sciences.
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Professor Mikhail Itkis went through many challenges to get to where he is today.
Initially the young scientist worked as an engineer in Almaty city (former Alma-
Ata). He defended his Ph.D. and habilitation theses in 1974 and 1985, respectively.
Professor Itkis became the head of one of the major departments at INP. He has
been extensively studying nuclear fission for over 40 years, a topic which occupies
one of the central positions in the universal many-body problems of nuclear physics.
His work was widely recognized, and he became one of the leading nuclear fission
scientists. The group of young Almaty scientists announced first, extremely promis-
ing results for nuclear fission, which helped deepen our knowledge of this process
and of the properties of nuclear matter. The Almaty team presented experimentally
measured fission barriers and moments of inertia of nuclei and studied shell-effect
manifestation in mass-energy distributions of low-energy fission fragments.

Subsequently, the Almaty researchers conducted a series of experiments that
enabled them to estimate the probability of preactinide nuclei fission. The results
also helped the scientists determine the shape of nuclei in the regions of nuclear
super-deformations and evaluate the impact of both the shell structure and the effects
of the nuclear binding of nucleons on thermodynamic properties of hot nuclei.

These efforts started to bear fruit. The Almaty team observed new features of
nuclear fission in the lead region which was crucial for a better understanding of the
character of the asymmetric nuclear fission and the impact of both shell effects and the
fluctuation-dissipation processes on the formation of mass and energy distributions
of fission fragments from cold and hot nuclei.
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As Mikhail Itkis was probing deeper into the process of nuclear fission induced by
light-charged particles, it was in early 1980s when he discovered another promising
field of research, namely, the fission of nuclear systems emerging from heavy-ion
induced reactions. His academic interests were so intricately interwoven with the
research activities at JINR that in 1992 he was invited to pursue his scientific activities
at FLNR.

In 1993 the JINR Scientific Council appointed Professor Itkis a deputy director,
and in 1997 he became the director of FLNR, JINR. Professor Itkis started intense
research of nuclear fission induced by heavy ions at the U400 cyclotron and founded
one of the laboratory experiment divisions intended the study of the reaction dynam-
ics and fission of heavy and superheavy nuclei. Not only did Professor Itkis head the
laboratory, but he also initiated and participated in many experiments.

The experiment division staff pioneered unique techniques and constructed a
series of setups for evaluating the correlation between the neutron emission, gamma
quanta, and fission fragments. The double-arm time-of-flight CORrelation SETup
(CORSET) manufactured for this purpose proved to be extremely efficient. Subse-
quently, the coupling of the spectrometer of fission fragments CORSET with the
DETecteur MOdulaire de Neutrons (DEMON), a Belgian-French neutron multi-
detector, allowed use of the former as a trigger for multi-detector systems.

Such collaborative work increased the reliability of data on average neutron and
gamma-quanta multiplicity in heavy-ion-induced reactions, which allowed for the
first time ever separation of reaction channels. One of the key results was the discovery
of quasifission processes in the fission of heavy nuclear systems. This breakthrough
allowed correct interpretation of experimental constraints to nuclear fusion leading
to the formation of superheavy nuclear systems. Over the years, the FLNR JINR staff
conducted systematic investigations of fusion-fission and quasifission of heavy and
superheavy nuclei at Z = 102−122 using the U400 cyclotron. Moreover, the FLNR
researchers studied the excitation functions of nuclear reactions, the mass-energy
distributions of reaction products, the multiplicities of neutrons and gamma-quanta,
and the manifestation of shell effects in cold and hot fusion reactions.

The experiments by JINR FLNR found interesting results on estimates of fission
cross sections for superheavy nuclei, which allowed for the study of the forma-
tion probability of compound nuclei. The choice of the most promising ion-target
combinations and optimal excitation energy for the synthesis of superheavy elements
was justified by the core assumptions of the theory.

As director of the Flerov Laboratory (1997–2007), Professor Itkis did his best to
develop lab facilities and achieve further progress in the study of nuclear processes.
Numerous changes were initiated, i.e., experimental laboratory equipment was
expanded, new experimental setups were designed and constructed, superheavy ele-
ments 113–118 were synthesized, and their production was investigated. Mikhail Itkis
started experiments dedicated to the study of chemical properties of new elements;
the research was carried out on fission physics, nuclear reaction mechanisms, nuclear
spectroscopy, and the properties of exotic nuclei. In May 2011 the International Union
of Pure and Applied Chemistry (IUPAC) officially recognized flerovium and liver-
morium, elements 114 and 116, added to the Mendeleev periodic table. In May 2012
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IUPAC officially approved the name flerovium for the superheavy element of atomic
number 114 and the name livermorium for element 116.

Professor Itkis was awarded numerous JINR awards in recognition of his academic
achievements. He won both the G.N. Flerov Prize 2003 and the Alexander von
Humboldt Research Prize 2005 (Germany).

In 2009 Professor Itkis was honored to receive the degree of doctor honoris
causa of the Goethe University, Frankfurt. In 2011, together with Professor Yuri
Oganessian, Professor Itkis was awarded the 2010 State Prize of the Russian Fed-
eration for outstanding contributions in science and technology. In March 2006 the
Committee of Plenipotentiaries of the JINR Member States appointed Professor Itkis
as the JINR deputy director. Numerous presentations at this conference today are in
fields to which Professor Itkis made a number of ground-breaking contributions.

Professor Itkis is known for his fundamental work in various fields of physics
that played a key role in the establishment and development of many areas of further
research. To us, his friends and colleagues, Mikhail is much more than an outstanding
scientist. He is a warm and caring friend, a wonderful colleague who gave freely of
his time, advice and expertise. From the bottom of our hearts, we would like to
congratulate Mikhail on his 70th anniversary. We all wish him good health and new
outstanding achievements.



Part I
Superheavy Elements



SHE Research at GSI—Historical Remarks
and New Ideas

Gottfried Münzenberg

Abstract SHE research at GSI was strongly inspired by the ideas from Dubna:
our motivation, the concept of cold fusion, and the continuous exchange of ideas.
Experimental highlights on the way to our present understanding of Super Heavy
Elements, SHE, and some developments will be discussed. Large progress has been
made in the discovery of SHE, even passing the magic proton number 114 and finding
first hints for a superheavy shell closure in the region of the heaviest elements. The
discovery of the spherical SHE is still waiting. New ideas and methods to access this
region are needed. First ideas for SuperSHIP, a next-generation instrument for the
separation and identification of SHE, produced in fusion and transfer reactions, will
be presented. Some ideas for SHE production will be addressed briefly.

1 Introduction

From the very beginning of the GSI experimental program of superheavy-element
research was strongly motivated by Dubna, specifically by the inspiring talks of
academician G.N. Flerov (Fig. 1) and the permanent discussions and exchange of
ideas with him and Yuri Oganessian (Fig. 2). The results of the experiments with
cold heavy ion fusion carried out by Yuri Oganessian, the synthesis of fermium
and the transactinide elements with lead targets were convincing so that we started
our program on heavy element synthesis at SHIP with cold fusion reactions. The
undoubted proof of Yuri Oganessian’s concept was the observation of the one neutron
channel in the irradiation of 208Pb with 50Ti to produce element 104 at SHIP in the
year 1981. Examples of the observed decays are displayed in Fig. 3 [7]. This concept

G. Münzenberg (B)

GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany
e-mail: g.muenzenberg@gsi.de

G. Münzenberg
Manipal University, Manipal 576104, Karnataka, India

© Springer International Publishing Switzerland 2015
W. Greiner (ed.), Nuclear Physics: Present and Future,
FIAS Interdisciplinary Science Series, DOI 10.1007/978-3-319-10199-6_2
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10 G. Münzenberg

Fig. 1 G.N. Flerov in the GSI barracks 1973 (Foto Zschau, GSI)

Fig. 2 Discussion at Dubna in G.N. Flerov’s office, 1983, listening to Yuri Oganessian (Foto Dubna)

was continued by us successfully up to the synthesis of element 112, always with
exchange of results and ideas, and for the heaviest elements with support of materials
and scientists from Dubna.

The way to the heaviest GSI elements was started by the contribution of isotopic
58Fe to produce element 110 and the support by Sasha Eremin and Andrey Popeko
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Fig. 3 The synthesis of 257104 in a 1n channel in the irradiaton of 208Pb with 50Ti, the experimental
proof of cold heavy ion fusion in 1981 at SHIP. Left literature, right a single-atom decay chain

who joined the SHIP group which was at this time in competition with the experiment
at JINR Dubna to produce element 110 in the hot fusion reaction. Certainly a unique
situation and an excellent example for science research. This experiment paved the
way for elements 111 and 112 at SHIP. Figure 4 shows the discoverers of element
112, among them A. Eremin and A. Popeko from JINR Dubna.

2 The Dubna Situation After the End of the Soviet
Union—The New Research Program and Its Realization

In 1992 after the end of the Soviet Union there was great concern in the International
Science Community about the future of JINR Dubna. D. Ebert, at that time vice
director of JINR, was asked by the German “Physikalische Blätter” to analyze the
situation. He pointed out the research potential of the two heavy ion cyclotrons U400
and the new U400M. A corresponding article was written by D. Hartwig from the
German Ministry of Research and Technology entitled: “Hat das VIK Dubna eine
Zukunft?” (Does JINR Dubna have a future?).

On July 15th 1991 a contract between the German Ministry of Research and Tech-
nology and the JINR for “collaboration and use of the technical equipment of JINR”
was signed, the “Vereinbarung zwischen dem BMFT und dem VIK über Zusamme-
narbeit und Nutzung von Anlagen des VIK”. In the frame of this agreement Paul
Kienle, then director of GSI, Berhard Franzke, and I went to Dubna for discussions.
For his research program and upgrade of the cyclotrons Yuri Oganessian needed
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Fig. 4 The discoverers of element 112, leader S. Hofmann with A. Eremin, fourth from right and
A. Popeko, fourth from left

Fig. 5 The Dubna PAC for Nuclear Physics 1998, Chair Chantal Briancon, with Michail Itkis
(second from left), director of the Flerov Laboratory of Nuclear Physics (Foto JINR Dubna)

a powerful ECR ion source. The best at this time was the ECR-4M developed at
GANIL. It was bought with money from the BMFT-VIK contract. In our discussions
it became clear that Dubna would follow the method of hot fusion for SHE production
and GSI continue the complementary way of cold heavy-ion fusion (Fig. 5).
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Fig. 6 Yuri Oganessian’s vision to increase the sensitivity for the 48Ca beam for new SHE [10]

3 Yuri Oganessian’s Vision and New Concept: With 48Ca to SHE

The new concept of Yuri Ogenessian was the use of 48Ca as projectile for SHE
synthesis to profit from its double shell closure to enhance the fusion probability in
the same way as it was observed with the doubly magic 208Pb in cold fusion [8].
Such an experiment had already been made in the “World collaboration experiment”
(Fig. 6) to synthesize element 116 [1], without success. Yuri Oganessian’s dream was
to increase the sensitivity by three orders of magnitude. His success came in the year
2000, 15 years after the first experiment (Fig. 6). The way to the new superheavy
elements beyond 112 had been entered. Preparative investigations to measure the
fusion probability were performed in fusion-fission studies by Michail Itkis (Fig. 7).
It should be noted here that these studies also saved Dubna much beam time in
the Berkeley-118 disaster. Figure 7 shows no symmetric fission in the reaction 86Kr
+ 208Pb. What did we learn and where are we now? Cold fusion reactions led to
the discovery of the N = 162 subshell already located in the region beyond the
liquid drop stability limit [6]. These nuclei exist only by shell stabilization. The
Dubna experiments already show indications for the onset of the spherical SHE shell
(Fig. 8). Figure 9 shows Walter Henning, Michael Itkis, Yuri Oganessin, and others,
discussing results and future experiments at GSI and Dubna.

4 The Future—New Developments

With the discovery of element 118 by Yu.Ts. Oganessian, V.K. Utyonkov, and col-
laborators including Michail Itkis [9], the natural limit for SHE production involving
double magic nuclei, 208Pb and 48Ca, has been reached because of the limitation in
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Fig. 7 Examples from the fusion-fission studies performed by Michail Itkis and his group for cold
and 48Ca fusion [10]

availability of heavy actinide targets [10]. A large field of new elements and isotopes
has been discovered. But only their basic properties such as decay mode, half-live,
and decay energy have been measured.

The number of known even-even isotopes, needed for determination of the ground
state mass, is scarce. A more detailed investigation of nuclear and atomic structure
as well as chemistry beyond thermo-chromatography should be made. This requires
dedicated high current accelerators, power targets, and new detection systems for
complete decay spectroscopy as well as trap systems for direct mass determination,
needed, e.g., for direct identification of nuclei which cannot be identified by the α–α

parent-daughter correlation method including fissioning and β-decaying nuclides.
The principal goal of SHE research has not been reached yet: the spherical shell

of SHE. It still awaits its discovery. The discovery of new elements beyond 118 needs
more sensitive experiments. Such research will be possible with the new accelerator
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Fig. 8 The logarithmic partial fission half-lives for the heavy and superheavy elements with the
peaks at the N = 152 subshell in the actinide, the N = 162 subshell in the transactinides, and first
indications for the spherical shell closure for SHE [10]

Fig. 9 Discussing presence and future with Michail Itkis, Yuri Oganessian, Walter Henning, and
collegues (Foto Dubna)

systems at JINR Dubna and the RIKEN accelerator dedicated for SHE research and
new separators.

A new generation of separators is under development to mention the S3 at SPI-
RAL and new gasfilled systems at Dubna, Lanzhou, and RIKEN. In a Giessen-GSI-
Manipal collaboration, investigations for a next generation separator for fusion and
transfer products, SuperSHIP, are under way. What is the best? Requirements are:
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Table 1 Examples of in-flight separators used or planned for SHE research

Acceptance ΦB ΦE Bρmax Fρmax Resolution

msr deg deg Tm MV

Vacuum

SHIP GSI 3 6, 12, 12, 6 6.6 1.2 20 v/Δv = 50

VASILISSA mod 15 16, 16, 16 8.8 1 26 E/ΔE

FMA ANL 8 40 20 1 18 M/ΔM = 350

MARA JYFL 9 40 20 1 14 M/ΔM = 250

S3 GANIL 9 22, 22, 22 25 1.8 12 M/ΔM = 350

Gasfilled

DGFRS JINR 10 23 3.1

GARIS RIKEN 22 45 1.9

TASCA GSI 13 30 2.4

RITU JYFL 8.5 25 2.2

The table displays the angular acceptance in msr, the deflection fields listed with the deflection
angles in degrees, FB refers to magnetic, FE to electric field, the maximum beam rigidity Bρ and
Fρ, and the resolving power for velocity or mass

operation with large beam intensities of the order of 1014 s−1, high efficiency, fast
separation, good projectile beam suppression, and the capability of mass determina-
tion. Table 1 shows, that practically all possible types of in-flight separators are used
for SHE research.

Let us start with vacuum instruments. The first category covers mass and energy
filters. These work as kinematic separators (Fig. 10, right panel) and are made to
suppress the projectile beam. They are multistage instruments with three or four
magnetic and two electric fields of small deflection angle because they need only
small resolution. As shown in the figure, kinematic separation is very sensitive to the
type of reaction. Fusion products, transfers, and fission products are well separated
by tuning to the respective velocity. At SHIP is was shown that the velocity resolution
of about 50 is sufficient to separate xn from α, xn channels [4]. The next category
shows recoil mass separators. They follow a completely different philosophy. Their
purpose is to separate masses with a resolution of one mass unit. The problem is the
multiple ionic charge states of the recoils. In the case of many nuclear masses these
lead to overlapping lines, therefore the mass resolution for SHE should be at least
600. These problems are well treated and discussed in the thesis of J. Saren [11]. The
higher resolution needs larger deflection angles compared to the filter.

The third category includes magnetic separation. Fig 10, left panel, shows for the
example of the reaction 48Ca + 258Cm to produce element 116 that magnetic separa-
tion cannot separate the fusion products from the projectiles, transfers are separated.
This is generally true for all target-projectile combinations. Magnetic separation
works well for in separators for projectile fragments which have a completely dif-
ferent kinematics.
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Fig. 10 Separation of SHE. Left panel Magnetic deflection of beam, fusion products, and target like
transfers (courtesy A. Popeko). Right panel the velocities of projectiles, fusion products, target-like
transfers, and fission fragments for the hypothetical SHE Z = 114 for all possible target-projectile
combinations, plotted versus the projectile mass

Presently gas filled separators are widely used with large success for SHE pro-
duction. The heaviest elements beyond Copernicium were created at the gasfilled
separators DGFRS, Dubna, and also at GARIS, RIKEN. Gasfilled separators have
large acceptance, and separate heavy nuclei from the light projectiles, irrespective
of their production reaction: fusion, transfer, or e.g. incomplete fusion. A detailed
investigation has been made at the RITU separator, Jyväskylä [12].

The conservation of beam emittance, a consequence of Liouville’s theorem,
relates the resolving power and the used area in the dispersive deflection field. As a
consequence of the technically limited size of the dispersive elements, separators of
high resolving power have a limited acceptance. Sufficient mass resolution at high
transmission can only be achieved with a beam cooler and trap or MRTOF systems.
First successful experiments have been made with SHIPTRAP at SHIP [3]. Next-
generation separation systems for SHE will include such a system, however with
the capability to separate rare species in the intense background of other reaction
products. SHIP is specialized for heavy elements where only few reaction channels
are open and therefore no isotope separation is needed. Already the investigation of
proton emitters, where many channels are open, is difficult with SHIP.

For the investigation of such type reactions a dipole magnet with a quadrupole
system was added to SHIP so that the combination worked as recoil mass separator
with a resolving power of about 250 [2]. As improvement to the SHIP—SHIPTRAP
system the new system will be able to separate rare species from a large background,
and include several separation stages.

In our investigations we will study velocity filters and gas filled separators coupled
to a cooler, trapping, or MRTOF system to find the optimum instrument in terms of
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Fig. 11 SuperSHIP

transmission and separation efficiency to be used with intense beams of the order
of up to 1014 s−1. Figure 11 shows a first result, a two-stage crossed-field velocity
filter with a small bending magnet, an ion catcher-cooler system, and a MRTOF. The
system will separate rare species from large background to have the ability to be
used for reactions with light nuclei or transfers where many isotopes are created, and
only the most rare and interesting ones are transmitted to the MRTOF [5]. RFQ and
IGISOL systems will be discussed in our study. It should be noted that a velocity filter
can separate target like transfer products in zero degree direction from projectiles
up to mass 90 (Fig. 10). For heavier systems a beam swinger allows investigations
of transfers under the grazing angle.

5 Conclusion and outlook

The next generation of SHE experiments beside the extension of the chart of nuclei
beyond Z = 118 will aim at the spherical SHE shell. It is not clear yet how it can
be reached. New ideas and methods are being explored. Not much is known yet
about the transactinide elements. The more detailed investigation of the chemical,
atomic, and nuclear properties is a most interesting and important task to understand
these very special elements with large nucleon and electron shells carrying large
angular momenta, and which only exist by shell stabilization. The prerequisite are
dedicated accelerator systems with high beam intensity, new instrumentation to work
with high beam intensity, including power targets, and separators with the capability
of isobar separation. New detectors systems to measure the complete decay of the
separated nuclei, laser systems for optical studies and new chemistry beyond gas
chromatography are already under development.

The Flerov Laboratory here is clearly on the pole position. Michail Itkis made sig-
nificant contributions to lay the grounds for the successes of the ongoing programme
and its future. All our best wishes to him and the laboratory for a splendid and bright
future and continuous success!
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Opening New Lands on the Nuclear Map

Valeriy Zagrebaev and Walter Greiner

Abstract The problem of production and study of heavy neutron-rich nuclei has
been intensively discussed during recent years. Many reasons arouse a great interest
in this problem. In the upper part of the nuclear map mostly proton-rich nuclei were
studied while the unexplored area of heavy neutron-rich nuclides (also those located
along the neutron closed shell N = 126 to the right-hand side of the stability line) is
extremely important for the understanding of the r process of astrophysical nucleo-
genesis. For elements with Z > 100 only neutron deficient isotopes (located to the
left of the stability line) have been synthesized so far. The “northeast” area of the
nuclear map can be reached neither in fusion-fission reactions nor in fragmentation
processes. There are only 3 methods for the production of heavy and superheavy
(SH) nuclei, namely, a sequence of neutron capture and beta(-) decay, fusion reac-
tions, and multinucleon transfer reactions. Multinucleon transfer processes look most
promising for the production and study of neutron-rich heavy nuclei located in the
upper part of the nuclear map. Reactions with actinide beams and targets are of
special interest for synthesis of new neutron-enriched transfermium nuclei and not-
yet-known nuclei with closed neutron shell N = 126 having the largest impact on
the astrophysical r-process. The estimated cross sections for the production of these
nuclei allows one to plan such experiments at currently available accelerators if the
problem of separation of heavy transfer reaction products would be solved.

1 Motivation

Due to the “curvature” of the stability line in fusion reactions of stable nuclei we
may produce only proton-rich isotopes of heavy elements. For example, in fusion of
rather neutron-rich 18O and 186W isotopes one may get only the neutron deficient
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Fig. 1 Nuclear map as it looks today. Gray strips indicate positions of proton and neutron closed
shells. On the inset relative abundance of the elements in the universe is shown with clear visible
maxima in the regions of the “waiting points” along the neutron closed shells N = 82 and N = 126

204Pb excited compound nucleus, which after evaporation of several neutrons shifts
even more to the proton-rich side. That is the main reason for the impossibility of
reaching the center of the “island of stability” (Z∼114 and N∼184) in the SH
mass region in fusion reactions with stable projectiles. Note that for elements with
Z > 100 only neutron-deficient isotopes (located to the left of the stability line) have
been synthesized so far. Because of that we also have almost no information about
neutron-rich isotopes of heavy elements located in the whole northeast part of the
nuclear map: for example, there are 19 known neutron-rich isotopes of cesium and
only 4 of platinum (see Fig. 1).

The neutron capture process is an alternative (oldest and natural) method for the
production of new heavy elements. The synthesis of heavier nuclei in the multiple
neutron capture reactions with subsequent β− decay is a well studied process. Strong
neutron fluxes might be provided by nuclear reactors and nuclear explosions under
laboratory conditions and by core–collapse supernova explosions (or mergers of
neutron stars) in nature. However, to bypass the two area of fission instability (the so
called “fermium gap” and the area of short living nuclei located at Z = 106 ÷ 108
and A ∼ 270) one needs to have neutron fluxes at least 3 orders of magnitude stronger
as compared with available nuclear pulsed reactors [1].

The unexplored area of heavy neutron-rich nuclei is extremely important for
nuclear astrophysics investigations and, in particular, for the understanding of the r
process of astrophysical nucleogenesis (a sequence of neutron capture and β− decay
processes). The origin of heavy elements from iron to uranium remains one of the
great unanswered questions of modern physics and it is likely to remain a hot research
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topic for years to come. The r-process path is located (and most probably interrupted
by fission) just in the region of unknown heavy nuclei with a large neutron excess.

The neutron shell N = 126 (and Z ∼ 70) is the last “waiting point” on this path.
The half-lives and other characteristics of these nuclei are extremely important for the
r-process scenario of the nucleosynthesis. Study of the structural properties of nuclei
along the neutron shell N = 126 could also contribute to the present discussion of
the quenching of shell gaps in nuclei with large neutron excess. The isotopes with
extreme neutron–to–proton ratios in the mass region A = 80 ÷ 140 (including those
around the neutron closed shell N = 82) are successfully produced, separated and
studied using the fission of actinide nuclei, whereas the neutron-rich nuclei with
Z > 70 cannot be formed neither in fission nor in fusion reactions. This area of the
nuclear map remains blank for many years (see Fig. 1).

The multinucleon transfer processes in near barrier collisions of heavy ions allows
one to produce heavy neutron-rich nuclei including those located at the island of
stability. These reactions were studied extensively about 30 years ago. Among other
topics there had been great interest in the use of heavy-ion transfer reactions to
produce new nuclear species in the transactinide region [2–7]. The shell effects
(clearly visible in fission and quasi–fission processes [8]) also play a noticeable role in
near barrier multinucleon transfer reactions. These effects may significantly enhance
the yield of searched for neutron-rich heavy nuclei for appropriate projectile-target
combinations. In particular, the predicted process of antisymmetrizing (“inverse”)
quasi-fission may significantly enhance the yields of long-lived neutron-rich SH
isotopes in collisions of actinide nuclei [9].

A possibility for the production of new heavy neutron-rich nuclei in low-energy
multinucleon transfer reactions is discussed currently in several laboratories. Unfor-
tunately, hardly any available experimental setups (fragment separators) may be used
for this purpose and new equipment has to be designed and installed to discover and
examine these nuclei (see below).

2 Multinucleon Transfer Reactions

Several models have been proposed and used for the description of mass transfer
in deep inelastic heavy ion collisions, namely, the Focker-Planck [10] and master
equations [11] for the corresponding distribution function, the Langevin equations
[12], and more sophisticated semiclassical approaches [13–15]. Calculations per-
formed within the microscopic time-dependent Schrödinger equations [16] have
clearly demonstrated that at low collision energies of heavy ions nucleons do not
“suddenly jump” from one nucleus to another. Instead of that, the wave functions of
valence nucleons occupy the two-center molecular states spreading gradually over
volumes of both nuclei (see Fig. 2).

The same adiabatic low-energy collision dynamics of heavy ions was found also
within the TDHF calculations [17]. This means that the perturbation models based
on a calculation of the sudden overlapping of single-particle wave functions of
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Fig. 2 Change of the wave function of valence neutron initially located in the 2d 5
2 state of 96Zr

nucleus approaching 40Ca at near barrier collision energy

transferred nucleons (in donor and acceptor nuclei, respectively) cannot be used
for description of multinucleon transfer and quasi-fission processes in low-energy
heavy-ion damped collisions. Indeed the two center shell model [18] and the adia-
batic potential energy look most appropriate for the quantitative description of such
processes.

A model based on the Langevin-type dynamical equations of motion was proposed
recently [19, 20] for the simultaneous description of strongly coupled multinucleon
transfer, quasi-fission and fusion-fission reaction channels (difficult-to-distinguish
experimentally in many cases). The distance between the nuclear centers R (cor-
responding to the elongation of a mono-nucleus when it is formed), dynamic
spheroidal-type surface deformations δ1 and δ2, the neutron and proton asymme-
tries, ηN = (2N − NC N )/NC N , ηZ = (2Z − ZC N )/ZC N (where N and Z are the
neutron and proton numbers in one of the fragments, whereas NC N and ZC N refer to
the whole nuclear system) are the most relevant degrees of freedom for the descrip-
tion of mass and charge transfer in deep inelastic scattering jointly with fusion-fission
dynamics.

In low-energy damped collisions of heavy ions just the multi-dimensional
potential energy surface regulates to a great extent the evolution of the nuclear
system. In our approach we use a time-dependent potential energy, which after con-
tact gradually transforms from a diabatic potential energy into an adiabatic one:
V (R, δ1, δ2, ηN , ηZ ; t) = Vdiab[1 − f (t)] + Vadiab f (t) [19]. Here t is the time of
interaction and f (t) is a smoothing function satisfying the conditions f (t = 0) = 0
and f (t � τrelax) = 1, τrelax is an adjustable parameter ∼ 10−21 s. The diabatic
potential energy can be calculated within the double-folding procedure at the initial
reaction stage, whereas in the adiabatic reaction stage one can use the extended ver-
sion of the two-center shell model [21]. Note that the diabatic, Vdiab, and adiabatic,
Vadiab, potential energies depend on the same variables and they are equal to each other
for well separated nuclei. Thus, the total potential energy, V (R, δ1, δ2, ηN , ηZ ; t),
is a quite smooth function of all the parameters providing smooth driving forces,
−∂V/∂qi , at all reaction stages.

For all the variables, with the exception of the neutron and proton transfers, we
use the usual Langevin equations of motion with the inertia parameters, μR and μδ ,
calculated within the Werner-Wheeler approach
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dqi
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= pi
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dpi

dt
= ∂Veff
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− γi
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γi T Γi (t). (1)

Here qi is one of the collective variables, pi is the corresponding conjugate momen-
tum, Veff includes the centrifugal potential, T = √

E∗/a is the local nuclear temper-
ature, E∗ = Ec.m. − Veff(qi ; t) − Ekin is the excitation energy, γi is the appropriate
friction coefficient, and Γi (t) is a normalized random variable with Gaussian distri-
bution. The quantities γi , E∗ and T depend on the coordinates and, thus, on time (all
them evidently are equal to zero at approaching reaction stage).

Nucleon exchange (nucleon rearrangement) can be described by the inertialess
Langevin type equations of motion derived from the master equations for the corre-
sponding distribution functions [19]
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Here D(1) and D(2) are the transport coefficients. We assume that sequential nucleon
transfers play a main role in mass rearrangement. In this case these coefficients can
be easily derived from the neutron and proton transfer rates [19], which are the
fundamental quantities of low-energy nuclear dynamics.

The double differential cross-sections of all the binary reaction channels are cal-
culated as follows

d2σN ,Z

d
d E
(E, θ) =

∞∫

0

bdb
ΔNN ,Z (b, E, θ)

Ntot(b)

1

sin(θ)ΔθΔE
. (3)

Here ΔNN ,Z (b, E, θ) is the number of events at a given impact parameter b in which
a nucleus (N , Z) is formed in the exit channel with kinetic energy in the region
(E, E + ΔE) and with center-of-mass outgoing angle in the interval (θ, θ + Δθ ),
Ntot(b) is the total number of simulated events for a given value of the impact
parameter. This number depends strongly on low level of the cross section which
one needs to be reached in calculation. For predictions of rare events with the cross
sections of 1μb (primary fragments) one needs to test not less than 107 collisions
(as many as in real experiment).

Expression (3) describes the mass, charge, energy and angular distributions of the
primary fragments formed in the binary reaction. Subsequent de-excitation cascades
of these fragments via emission of light particles and gamma-rays in competition
with fission are taken into account explicitly for each event within the statistical
model leading to the final charge and mass distributions of the reaction products.
For the moment this approach is the only one which reproduces quite properly all
the regularities of heavy ion deep inelastic scattering and quasi-fission processes. As
an example, in Fig. 3 experimental and theoretical energy and mass distributions of
reaction fragments are shown formed in collisions of 86Kr with 166Er [22].
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Fig. 3 Charge, mass and energy distributions of reaction fragments in collisions of 86Kr with 166Er
at Ec.m. = 464 MeV. On the two bottom panels the histograms indicate the calculations performed
within the model described above whereas the curves show the GRAZING calculations [23]

3 Synthesis of Neutron-Rich Transfermium Nuclei

In multinucleon transfer reactions the yields of heavier-than-target (trans-target)
nuclei strongly depend on the reaction combination. The cross sections for the pro-
duction of neutron-rich transfermium isotopes in reactions with 248Cm target change
sharply if one changes from medium mass projectiles to the uranium beam. Even
for rather heavy projectiles (such as 136Xe) the nuclear system has a dominating
symmetrizing trend of formation of reaction fragments with intermediate (heavier
than projectile and lighter than target) masses, see Fig. 4.

We found also that the shell effects (clearly visible in fission and quasi-fission
processes [8]) also play a noticeable role in near-barrier multinucleon transfer reac-
tions [9, 24]. These effects may significantly enhance the yield of searched-for
neutron-rich heavy nuclei for appropriate projectile–target combinations. In par-
ticular, the predicted process of anti-symmetrizing (“inverse”) quasi-fission may
significantly enhance the yields of long-living neutron-rich SH isotopes in colli-
sions of actinide nuclei (such as U+Cm). In Fig. 5 the calculated cross sections for
the production of primary and survived (evaporation residue) SH nuclei in damped
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(a)

(b)

Fig. 4 Landscapes of the calculated cross sections for the production of primary reaction frag-
ments in collisions of 136Xe (a) and 238U (b) with 248Cm target at Ec.m. = 500 and 780 MeV,
correspondingly (contour lines are drawn over one order of magnitude)

collisions of 238U with 248Cm at 770 MeV center-of-mass energy are shown along
with available experimental data. As can be seen, really many new neutron-rich
isotopes of SH nuclei with Z ≥100 might be produced in this reaction.

4 Synthesis of Neutron-Rich Nuclei in the Area of N = 126

Actinide beams (as well as actinide targets) might be successfully used also for
the production of new neutron-rich heavy nuclei around the closed neutron shell
N = 126, the region having the largest impact on the astrophysical r-process. Near-
barrier collisions of 136Xe and 192Os with a 208Pb target were predicted to be quite
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Fig. 5 Cross sections for the production of primary (left panel) and survived (right panel) trans-
fermium nuclei in collisions of 238U with 248Cm target at Ec.m. = 770 MeV. Open circles indicate
new isotopes of transfermium elements. Experimental data are taken from [5] for the production of
fermium isotopes in this reaction

Fig. 6 (Left panel) Contour plot of the cross sections (in logarithmic scale) for the formation
of primary reaction fragments in collisions of 198Pt with 238U at Ec.m. = 700 MeV (millibarns,
numbers on the curves). (Right panel) Isotopic yields of elements below lead in these collisions.
Circles denote not-yet-known isotopes (the solid ones show isotopes with closed neutron shell
N = 126)

promising for the production of new neutron-rich nuclei with N ∼ 126 [24, 25].
However low-energy collisions of stable neutron-rich isotopes of elements located
below lead (such as 192Os or 198Pt) with available actinide targets look even more
favorable.

Distribution of primary fragments formed in transfer reactions are concentrated
around the line connecting projectile and target (just due to conservation of proton
and neutron numbers, see, for example, Fig. 4). If one reaction partner has a neutron
excess (such as 238U), then this line will be inclined to the neutron axis. Distribution
of primary fragments in the (Z , N ) plane is shown on the left panel of Fig. 6 for the
case of transfer reaction products formed in low energy collisions of 198Pt with 238U
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at Ec.m. = 700 MeV. As can be seen a lot of new isotopes in the region of the closed
neutron shell N = 126 can be synthesized in this reaction.

Estimated cross sections for the production of the final (survived) isotopes of
heavy elements with Z = 71 ÷ 78 in low energy collisions of 198Pt with 238U are
shown on the right panel of Fig. 6. On average, the cross sections for the production
of new neutron-rich heavy nuclei (including those located along the closed neutron
shell N = 126) in this reaction are higher than in collisions of 136Xe or 192Os with
208Pb target [25].

5 Laser Separation of Heavy Reaction Products

In contrast with fusion reactions (when the compound nucleus moves with well
defined velocity in forward direction) it is more difficult to separate a given nucleus
from all the transfer reaction products having broad angular, mass and energy dis-
tributions. Unfortunately, the neutron-rich heavy nuclei with Z > 70 formed in the
multinucleon transfer reactions cannot be separated and studied at available setups
created quite recently just for studying the products of deep inelastic scattering (such

corridor

beam

experimentalroom detectors

control room

laser room

Fig. 7 3d view of the setup GaLS (Dubna) for selective laser ionization and separation of heavy
transfer reaction products
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as VAMOS, PRISMA and others). These fragment separators (as well as other setups)
cannot distinguish heavy nuclei with Z > 70 by their atomic numbers.

However during the last several years a combined method of separation has been
intensively studied based on stopping nuclei in gas and subsequent resonance laser
ionization of them (see, for example, [26, 27]). The idea of such separation is very
simple. All the reaction products stopping in a gas cell (at low collision energies this
cell is rather small, about 10 cm at length) are neutralized and ejected into vacuum
through a narrow nozzle. Using 3 tunable lasers, one may adjust their wavelengths in
such a way that only atoms of a given element will be ionized (each element has its
own electron structure and excitation energies) whereas all others remain neutral and
will be pumped out from the vacuum chamber. Ionized atoms (with charge state +1)
are conveyed by electric field to a small magnet where additional mass separation
takes place, and the sought-for isotopes are delivered to detectors.

Setups of such kind are currently designed and installed in several nuclear labora-
tories. One of these setups (named GaLS: in gas cell laser ionization and separation)
is created at Flerov Laboratory (JINR, Dubna) [28]. Experiments at this setup aimed
on production and studying properties of new neutron-rich heavy nuclei are planned
to start in 2015 (see Fig. 7). These experiments should spur intensive studies of not-
yet-explored lands on the nuclear map and will have significant impact on further
progress of low-energy nuclear physics.
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Superheavy Element Chemistry

Robert Eichler

Abstract In this chapter dedicated to the 70th anniversary of Professor Mikhail
Grigorievich Itkis the achievements and prospective in the field of the chemistry
of superheavy elements are covered with emphasis on the results obtained by the
collaboration of the Paul Scherrer Institute, Villigen, Switzerland with the Flerov
Laboratory for Nuclear Reactions, Dubna, Russia. The status of chemical research
with elements Cn and Fl is presented. From the obtained first results interesting
scientific questions are deduced and discussed together with some crucial technical
developments required to experimentally address these questions in the future.

1 Introduction

The chemical investigation of superheavy elements (SHE) is still a challenging task
at the forefronts of nuclear and physical chemistry (for extensive review see [1]). The
fundamental interest in this task is mainly formulated by theoretical chemists trying
to predict chemical properties at the edges of the periodic table of elements as a bench-
mark region for the current theoretical understanding of atomic properties and chem-
ical bonds. These exact descriptive and predictive calculations of thermodynamic
quantities are complicated by the increasingly strong influence of the high nuclear
charge, i.e. atomic number Z, of the heaviest elements on the electronic structure of
the atoms. Einstein’s principles of relativity directly and indirectly induce changes in
the electronic properties of atoms and molecules [1–4]. Therefore, the strict consid-
eration of these so-called relativistic effects is absolutely fundamental in correctly
describing chemical processes already for much lighter elements than the SHE.

Theoretical models describing relativistic effects are under permanent develop-
ment seeking for experimental benchmark data. Here, nuclear chemistry comes
into play. SHE are artificially produced in heavy-ion-induced nuclear fusion reac-
tions. Considering state-of-the-art accelerators and available target technology the
maximum production rates allow the production of SHE on a one-atom-at-a-time
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scale only. Hence, highly sensitive chemical methods have to be developed for their
chemical investigation. The single atomic or molecular state is further complicating
the practical requirements to the experimental methods applied. The atom has to be
given the chance to change between chemical states as often as possible to observe
it with a statistical significance in one preferred chemical state. Thus, the number of
possible chemical states should be low (two in the best case) for a sensitive assess-
ment of thermodynamic or thermochemical data from the observation. Furthermore,
the chemical states should be at certain experimental conditions stable and known to
the experimentalists. Here, the advantages of chromatographic methods are obvious.
Especially, gas phase adsorption chromatography has proven to be very successful
for the chemical identification of SHE (see for review [1, 5]). The advantage of
gas phase chemistry methods is based on the speed of the method and on the fast
on-line preparation methods of ideal samples for the unambiguous identification of
single atoms of SHE based on the measurement of alpha decay chains mostly con-
nected to a final spontaneous fission decay and correlated in time and energy. The In
situ Volatilization and On-line technique (IVO) [6] in combination with Cryo-On-
Line Detector (COLD) [7] developed for on-line adsorption thermochromatographic
experiments with volatile SHE species is the currently most sensitive experimental
approach reaching experimental sensitivities in the sub-pico-barn region.

The observation of significantly increased production rates for isotopes of SHE in
the nuclear fusion of 48Ca with actinide targets at FLNR Dubna in the last 15 years
(1999–2014) [8, 9] was quite surprising for the entire scientific community working
in the field of SHE. The determined stunning half-lives of several seconds reported for
Cn and Fl isotopes paved the way towards first chemical identification experiments.
Copernicium is a member of group 12 of the periodic table, together with the elements
zinc, cadmium, and mercury. The electronic structure of these elements and thus, their
chemical properties are subject to strong influences by the increasingly high nuclear
charge Z . Further, modern relativistic theory suggests strongest relativistic effects
for the valence electron shell of Rg and Cn within the seventh row of the periodic
table [10, 11]. Even more, the relativistic stabilization of 7 s and 7p1/2 orbitals was
predicted to lead to a chemically inert behavior of Cn and Fl similar to noble gases
[12]. Other predictions based on semi-empirical extrapolations summarized in [1]
and density functional theory [13] predicted a metallic behavior for both elements.
Already in 1980 gas phase investigation possibilities were suggested for Cn and Fl,
able to distinguish a rather noble-gas like from a noble-metal like behavior [14].
The measurement of the adsorption interaction of elemental atomic Cn and Fl with
noble metal surfaces was proposed. The large difference in the interaction potential
between a metal adsorption bond and a physisoption interaction was expected to
reveal first chemical properties of both elements. However, these suggestions have
been made in support of the so far unsuccessful search for SHE in nature.

The suggested principles were taken up by our group and transformed into most
sensitive experimental devices to investigate first chemical properties for Cn and Fl
[15–17]. Here, a short description of the experimental technique applying the gas
adsorption thermochromatography will be given followed by a discussion of the
results.
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2 The Chemical Investigation of Elements Cn and Fl

2.1 Element Copernicium (Cn, Element 112)

The most efficient production path of element Cn leads over the heavy ion induced
nuclear fusion of 48Ca with Pu targets [8]. Hereby, the most long-lived isotopes
283Cn(T1/2 = 4 s) and 285Cn (T1/2 = 29 s) are produced using as targets material
the quite rare and expensive highly enriched isotopes of 242Pu and 244Pu, respec-
tively, in amounts of several milligrams. The primarily produced flerovium isotopes
287Fl(T1/2 = 0.5 s) and 289Fl(T1/2 = 2.5 s) are expected to decay during the trans-
port time of the species from the production place to the experimental setup. Figure 1
depicts the working principle of the chemical identification device used.

For the chemistry experiments described here, nuclear reaction products recoil
from the target of typically 1–2 mg/cm2 thickness with the momentum of the beam
particles, pass through the target backing which is typically 2µm Ti thin foil and
are finally thermalized in a gas stream of highly purified noble gases (e.g. mixtures
of He and Ar). Subsequently, they are flushed through a quartz wool filter held at
1150 K for removing beam sputtering induced aerosol particles from the gas, and
through a 3–4 m long PFA Teflon® capillary. Thus, after these separation steps only
volatile products end up in the COLD device consisting of an array of sandwiched
silicon detectors covered with thin layers of gold and forming thus a rectangular
chromatography column sensitive to the decay of radioactive species deposited in
the column or decaying in-flight. The gas phase is looped back to the target area

Fig. 1 Principal schematic of the experiments with Cn and Fl adopted from [15]
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through a dedicated helium purification line by a He-tight metal bellows pump. The
gas flow is exactly monitored by a mass flow meter.

Along the COLD detector array a temperature gradient of about 5–7 K/cm is
applied established by heat conductance between a thermostate-based heating device
at the entrance of the chromatography channel and a liquid-nitrogen based cooling
device at the exit. This gradient ranges typically from ambient temperatures down
to 90 K. The volatile species are retained on the surface at temperatures character-
istic for their adsorption interaction with the stationary detector surface. Typically
the experiment has to work in a stable and reproducible way for several weeks.
The result of the experiment is the thermochromatogram which shows the distrib-
ution of identified species along the temperature gradient applied to the stationary
chromatography phase. Figure 2 shows the distribution of all observed Cn atoms
deposited in COLD in experimental campaigns between 2006 and 2007. They show
a reproducible and stable chemical behavior, that can be perfectly reproduced by

Fig. 2 Observed events of 283Cn at three different experimental conditions compared to Monte-
Carlo simulations considering the given experimental conditions using as −ΔHads

298
Au(Cn) =

52 kJ/mol adopted from [16]
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Monte-Carlo simulations (Fig. 2, red lines) of the microscopic adsorption chromato-
graphic process suggested in [18, 19] and further explained in [1]. The observed
distribution pattern at the varied experimental conditions allowed to determine the
first thermodynamic quantity ever measured for copernicium its standard adsorption
enthalpy on gold as −ΔHads

298
Au(Cn) = 52 ± 2 kJ/mol [15, 16]. The chemical

results were recently confirmed in another experiment with the COLD device using
mixed 242,244Pu targets (see Figs. 3 and 4). Another independent experiment fully
confirmed the observation [20].

Hence, this value can be compared directly with the best predictions based on
relativistic density functional theory which suggest −ΔHads

298
Au(Cn) = 0.67 eV

(65 kJ/mol) [13] and −ΔHads
298

Au(Cn) = 0.46 eV (44 kJ/mol) [21]. Note here,
despite the careful cleaning procedure of the carrier gas the COLD array was cov-
ered with ice beginning at temperatures below 95–100 ◦C. This temperature was
assessed by measuring the dew point of the carrier gas. The ice did not influence the
deposition behavior of Cn at temperatures below this dew point. However, the depo-
sitions on detectors with numbers larger than 20 have to be considered as depositions
on ice surfaces.

Properties of macroscopic phases of transactinides cannot be assessed experi-
mentally. Therefore, in [22] an empirical correlation was established between the

Fig. 3 Decay chains related to the isotopes 283Cn and 285Cn observed in the most recent experiment
using 242,244Pu mixed targets and the COLD device. NR are the number of expected random
correlations for the observed chain or the group of detected chains, respectively. This transfers
into about three of the eight observed 285Cn being of random origin, whereas the observed 283Cn
(chains 8 and 9) are very safe. Det represents the detector number and τ is the lifetime of the decay
daughter. The decay energies are given in MeV
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Fig. 4 Thermochromatographic distribution of the recently observed events of 283Cn and 285Cn
together with Monte-Carlo simulations considering the given experimental conditions using as
−ΔHads

298
Au(Cn)=52 kJ/mol. Note that 285Cn has about a factor of seven longer half-life com-

pared to 283Cn and thus participates longer in the chromatographic transport. Thus its deposition is
moved towards lower temperatures as expected by the Monte-Carlo simulation

experimentally assessable microscopic quantity −ΔHads
298

Au and a macroscopic
standard thermodynamic value related to the volatility of the solid phase—the stan-

Fig. 5 Empirical correlation between the microscopic property adsorption enthalpy on gold and
the macroscopic elemental volatility expressed as the standard sublimation enthalpy updated from
[1, 22]
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dard sublimation enthalpy ΔHsubl
298 for a variety of elements. This correlation is

updated here with the most recently measured data for the adsorption of single atomic
species on gold [23–26] and is shown in Fig. 5.

Thus, the most up-to-date estimation of the macroscopic volatility of a hypothetical
solid phase of copernicium is deduced from this correlation as ΔHsubl

298(Cn) =
36±10 kJ/mol. A comparison with the most recent predictions shows, that solid state
calculations of cohesive energies [27] seem to severely underestimate the volatil-
ity and overestimate the solid state binding of copernicium with Ecoh = 1.13 eV
(109 kJ/mol) by almost a factor of three. Modern relativistic calculations based
on density functional theory calculate atomic properties for copernicium such as
radii, ionization potentials, and polarizability [10, 13, 28]. Using these properties
empirical physisorption models can be applied to estimate the expected interaction
of a hypothetical inert-gas like copernicium with gold as −ΔHads

298
Au(Cn)inert =

30 ± 5 kJ/mol [29]. The straight forward comparison of this value to the experimen-
tally determined adsorption enthalpy allows already for the qualitative statement,
that metal bonding must be partially involved in the interaction of Cn with gold,
despite of Cn being a very volatile element. The trends established in group 12 of
the periodic table are preserved [16] as already suggested in 1976 [30].

2.2 Element Flerovium (Fl, Element 114)

As stated above the production of Cn over the decay of Fl isotopes promised larger
production rates compared to its direct production in the nuclear fusion of 48Ca with
238U [8, 31, 32]. Hence, this production path was used in the experiments with Cn. As
a full surprise the gas phase transport was observed also for the primarily produced
isotopes of element flerovium simultaneously with its alpha-decay product Cn [17]. In
the first experimental campaign 242Pu was used as a target. Thus 287Fl(T1/2 = 0.5 s)
was the primary fusion reaction product. Indeed, a decay event identical with the
decay characteristics of this isotope reported in [8] was observed in the COLD array.
Subsequently, switching to the use of 244Pu as target material promised the production
of even more long-lived flerovium isotopes 288Fl(T1/2 = 0.8 s) and 289Fl(T1/2 =
2.5 s). Thus, it was possible to confirm the initial observation [17, 33]. Figure 6 depicts
the thermochromatograms obtained for flerovium adsorption on gold surfaces. It can
be seen, that the deposition temperature is very close to the starting deposition of ice.
However, the flerovium atoms had to pass the gold surface down to temperatures of
180 K, which already points towards a very weak interaction of flerovium with gold.

Using the same statistical approach for the directly observed flerovium atoms as
it was used for the Cn data evaluation the adsorption enthalpy of flerovium on gold
could be determined as −ΔHads

298
Au(Fl)=38+20−3 kJ/mol. This compares again

to the best predictions based on relativistic density functional theory which sug-
gest −ΔHads

298
Au(Fl)=0.71 eV (69 kJ/mol) [13] and −ΔHads

298
Au(Fl)=0.55 eV

(53 kJ/mol) [34]. The further evaluation of the volatility of flerovium using the rela-
tion depicted in Fig. 5 leads to a standard sublimation enthalpy of ΔHsubl

298(Fl)=
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Fig. 6 Thermochromatogram of the events related to 287Fl and 288Fl (red arrows) together
with events that support the observations, but where the observation of the first Fl alpha decay
was missed (black arrows). For comparison the deposition of 185Hg and 219Rn are shown.
The stepped lines represent Monte-Carlo simulations for the applied experimental conditions
with −ΔHads

298
Au(Hg)=98 kJ/mol (grey), as −ΔHads

298
Au(Fl) = 38 kJ/mol (red), and as

−ΔHads
298

Au(Rn) = 19 kJ/mol (blue)

25+22−10 kJ/mol. The best available theoretical prediction of the cohesive energy
of flerovium is Ecoh = 0.5 eV (48 kJ/mol) [35]. Again atomic properties are prob-
ably the best estimated properties for the superheavy elements [21, 36, 37]. Thus,
using empirical physisorption models −ΔHads

298
Au(Flinert) = 42 ± 5 kJ/mol was

estimated for a noble-gas like flerovium [29]. A direct comparison to the results
of the measurements indicates that the suggestion from Pitzer [12] for flerovium
behaving as a noble gas was quite adequate. We note here also the recent observation
of two decays attributed to flerovium atoms depositing at room temperature in the
thermochromatography detector COMPACT [20] that seem to question this interpre-
tation. Hence, we conclude that more data is needed in the future to assess the quite
surprising but truly interesting behavior of atomic flerovium.

2.3 Chemical Systems for the Future Investigation of SHE

The chemistry of superheavy elements is full of surprises, as we have learned in the
first investigations of copernicium and flerovium. Hence, chemists have to search
for chemical systems, where the influence of relativistic effects is expressed in an
even more pronounced way. Elements flerovium and copernicium represent an excit-
ing couple since they can be produced simultaneously and their properties can be
directly compared with each other. A look into the thermodynamic data available for
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Fig. 7 Mutual correlation of thermodynamic state functions [38] for the monosulphides of the
elements of groups 12 and 14 of the periodic table. Correlated are the standard formation enthalpies
of the corresponding compounds in the gas phase or solid phase with the standard enthalpy of the
formation of monoatomic gaseous elements (i.e. standard sublimation enthalpies)

compounds of group 12 and 14 [38] reveals interesting chemical systems. Mutual
correlations of thermodynamic state functions of the elements and their compounds
are used to depict chemical trends established by the periodic table [1]. One of the
most interesting cases are the compounds with the heavier chalcogenes in group 16,
such as sulfur (see, e.g., Fig. 7). Here, a trend reversal is observed leading to more
stable sulfides of Fl compared to less stable sulfides suggested for Cn. The hydride
case is for group 12 and 14 theoretically well assessed [4]. However, gas phase exper-
iments do not seem possible because of the low thermal stability of these compounds.
The recent observation of in-situ hydride formation for Bi and Po as exciting side
effects of the superheavy element experiments [39] suggests this compound class for
future gas phase chemistry experiments with elements 115 and 116 aside from their
elemental state.

2.4 Technical Developments for the Future Investigation of SHE

The main challenge of future chemical investigations of SHE represent their short
half-lives and their low production rates. The production rates can be influenced by
the intensity of the heavy ion beam and in a limited way by the thicknesses of the
target materials. The current developments of heavy ion sources and new accelerators
promise a 10-fold increase of beam intensity up to 10–15 pµA48Ca in the near future.
So far actinide oxide based targets electrochemically deposited onto thin titanium or
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beryllium backing foils have been used. These targets stand if used in a stationary
way as discussed above beam intensities up to 1 pµA. Rotating targets were recently
shown to stand maximum beam pulses of 4 pµA [20]. Thus, it becomes obvious
that new types of targets have to be developed which are able to stand the promised
intense heavy ion beams. Recently, we suggested and successfully experimentally
introduced targets based on intermetallic compounds of actinides with palladium
[40, 41]. These targets showed clearly a better thermal, chemical, and mechanical
stability upon irradiation with intense beams of 48Ca. If used as rotating targets fur-
ther developments on the basis of intermetallic rhodium compounds with actinides
may solve the problem for the future production of SHE for chemistry experiments.
Regarding the short half-lives of the heavier SHE, gas phase chemical systems based
on standard gas-jets have reached their current limits with assessing 288Fl with a
half-life of about 0.5 s. Therefore, setups based on vacuum chromatographic tech-
niques are under development [42, 43]. The use of vacuum for adsorption chromato-
graphic studies of elemental states of SHE has some advantages: The rapidity of
the transport; the high quality particle spectroscopy; the cleanliness and stability of
chromatographic surfaces. This method shall allow assessing the millisecond time
domain for future chemical experiments with SHE also performed at the SHE Fac-
tory built at the Flerov Laboratory of Nuclear Reactions of the Joint Institute for
Nuclear Research (JINR) Dubna.
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Nucleon Transfer Reactions in Very
Heavy Ion Systems

H.W. Gäggeler

Abstract Nucleon transfer reactions in the 238U + 238U system were studied at the
energies Eeff = 6.3 MeV/u, Eeff = 6.9 MeV/u, and Eeff = 8.0 MeV/u, respectively.
Production of above-target nuclides point to formation of transfer products with
excitation energies between 30 and 40 MeV and angular momenta of about 18�,
independent of bombarding energy. Predictions of heavy element production rates up
to lawrencium (Z = 103) in the system 238U + 248Cm showed that yields drop sharply
with increasing number of transferred protons leaving little perspective for possible
future production of new neutron-rich isotopes in this reaction. However, a recent
theoretical prediction claimed much higher cross sections for elements lawrencium
(Z = 103) and higher due to assumed increased longer sticking times of the dinuclear
system.

1 Introduction

Nucleon transfer in so-called deep-inelastic reactions between very heavy ions were
considered suitable for production of new heavy elements since long ago. The uni-
versal linear accelerator UNILAC at GSI started operation in the mid-1970th as first
device worldwide able to accelerate all elements up to uranium to a sufficiently high
energy in order to enable nuclear contact—hence enabling nuclear reactions—with
all elements of the periodic table. Of highest priority were extensive search experi-
ments for superheavy elements using the systems 238U + 238U [1] and 238U + 248Cm
[2]. Unfortunately, all these attempts failed. However, the reached sensitivities were
rather low, mostly around 1 nb to 100 pb only, depending on the assumed half-life
of the superheavy nuclei. These values are about three to four orders of magnitude
higher compared to actual production cross sections for heaviest elements in fusion
reactions with e.g. 22 fb for the formation of element 113 in the reaction between
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70Zn particles particles and a 209Bi target [3]. It was therefore recently speculated
[4–7] that deep-inelastic reactions should be reconsidered as a possible tool for
heaviest element synthesis applying up-to-date online separators that enable to reach
sensitivities at the sub-pb level. This renewed interest was much corroborated by
predicted long contact times of heavy dinuclear systems that should result in an
increased probability for nucleon transfer [4–7].

One reason for renewed interest in such reactions is the well known fact that
proton exchange reactions are always followed by fast charge equilibration processes.
Charge equilibration proceeds along the β-stability line. As pointed out in Ref. [4] this
would enable access to very neutron-rich isotopes of heaviest elements not accessible
by any fusion reaction with currently available beam projectiles and target nuclei (see
Fig. 1). An exception might be future use of radioactive ion beams (RIB) with very
neutron-rich isotopes but prospects for such options are very limited given the still
very low beam intensities accessible at RIB facilities.

In this contribution early studies of nucleon exchange reactions in the system
238U + 238U are described. Part of these experimental studies have been published
recently [8] but have also been presented at a conference in the series “Nuclei far
from stability” and in an internal report, both being only documented in unpublished
manuscripts [9, 10].

Fig. 1 Potential energy surface of the dinuclear system 238U + 248Cm. The dashed line indicates
the minimum of the potential energy surface along which primary products from deep inelastic
reactions are formed. The black dots represent nuclides formed in cold fusion reactions with Pb
and Bi targets and open circles represent nuclides formed in 48Ca induced fusion reactions with
actinide targets (reproduced from [7])
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Fig. 2 Charge distribution
from the reaction 238U + 238U
at three different bombarding
energies (from [10]). The
solid lines depict predicted
values from [12]

2 Charge Distribution in the 238U + 238U Reaction

Yields were determined for below-target elements for the effective energies 6.3, 6.9
and 8.0 MeV/u, respectively (Fig. 2). They were deduced after chemical separation
of the corresponding elements after bombardment and measurement of isotopes
using radiometric techniques (see e.g. [8] and references therein). Missing isotope
yields (e.g. for nuclides with too short half-lives or missing suitable decay lines
for detection) were extrapolated assuming Gaussian yield distributions for isotope
yields of a given element. The solid lines depicted in Fig. 2 represent calculated values
based on a model from Wollersheim [11, 12]. Obviously, at the highest bombarding
energy for elements with Z ≥ 82 an increasing deviation between experimental
and estimated cross section is observed. This points to an increasing loss of heavy
elements caused by prompt fission due to high excitation energies.

If the yield curves depicted in Fig. 2 are extrapolated to higher values of pro-
ton transfer the extrapolated yield curve for production of the superheavy element
flerovium (Fl, Z = 114) may be deduced as a function of beam energy (Fig. 3). At
a first glance, the cross section values for production of Fl look promisingly high.
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Fig. 3 Excitation function for charge split Z = 70/114 in the reaction 238U + 238U. The interaction
barrier is 6.13 MeV/u

3 Excitation Energies and Survival Probability

From measured isotope distributions the average number of evaporated neutrons can
be deduced assuming the primary products to be centered at the minimum of the
potential energy surface of the dinuclear system (see Fig. 1). An example is shown in
Fig. 4 for Au (Z = 79). The deviation of the maxima of the yield curves from the most
probably primary mass (A′ = 205) increases from 7 neutrons at Eeff = 6.3 MeV/u
to 10 neutrons at Eeff = 6.9 MeV/u and finally to 12 neutrons at Eeff = 8.0 MeV/u,
respectively.

If we assume that both fragments in the binary reactions have equal temperature
then the total excitation energy of a given charge split is proportional to the masses
of both primary products. This allows to deduce the total kinetic energy loss (TKEL)
for different charge splits. As example the resulting TKEL values for the study at
Eeff = 6.9 MeV/u are shown in Fig. 5. The solid line depicts predicted values using
the above mentioned model of Wollersheim. From Figs. 4 and 5 it follows that the
high values of excitation energy must heavily influence the survival probability of
highly fissile products such as those of actinides and even more of transactinides.

Indeed, as an example Fig. 6 depicts cross sections of various isotopes of radon
and californium from the 6p transfer in the system 238U + 238U at a bombarding
energy of Eeff = 8.0 MeV. The cross section of surviving isotopes of californium
are many orders of magnitude lower compared to those of its partner, radon.

Moreover, if the data are depicted on a common x-axis which is normalized to the
primary products of both elements at the minimum of the potential energy surface
(see Fig. 1), it becomes evident that the average number of neutrons emitted to form
surviving isotopes of californium is much lower compared to the situation for radon.
We interpret this observation as evidence that surviving californium isotopes are
preferentially formed in transfer reactions with excitation energies of about 30 to
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Fig. 4 Cross sections (in mb)
for isotopes of gold at three
different bombarding
energies. The x-axis lists the
mass number of the isotopes
and the dashed vertical line
the minimum of the potential
energy surface which is taken
as most probable mass
number for primary products.
The arrows indicate the
average number of evaporated
neutrons to form surviving
residues (figure taken from
[10])

Fig. 5 Total kinetic energy
loss (TKEL) values for
different charge splits in the
reaction 238U + 238U at a
bombarding energy
Eeff = 6.9 MeV/u. The solid
lines depict a prediction from
[12] (figure taken from [10])

40 MeV while radon isotopes are formed in reactions with much higher excitation
energies. There seems to exist an energy-cut off at values below about 30 MeV that
prevents transfer of 6 protons. On the other hand, californium isotopes formed with
much higher excitation energies than 40 MeV obviously do not survive.
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Fig. 6 Cross sections of
isotopes of radon (Z = 86)
and of californium (Z = 98)
from the transfer of six
protons in the reaction 238U +
238U at a bombarding energy
of Eeff = 8.0 MeV/u.
Reproduced from [8]

The difference of cross sections between the maximum of the curve for cali-
fornium (about 2 × 10−31 cm2) and the corresponding value at this mass split (about
10−28 cm2) reflects an average survival probability for emission of 3.5 neutrons.
This results in an average value for Γn/Γ f of about 0.17, which agrees reasonable
well with prediction based on the empirical Sikkeland systematics [13] with, e.g.,
Γn/Γ f = 0.36 for 249Cf.

In contrast to the situation for Au (see Fig. 4), the isotope distributions for actinides
remain approximately identical for different beam energies. Fig. 7 underlines this
observation with the experimental data for californium at four different bombarding
energies. Obviously the position of the most probable mass numbers (maximum of
Gaussian distribution), the width of the distributions as well as the average cross
sections are only slightly influenced by the beam energy. This observation, again,
is in support of the assumption that in this reaction highly fissile products such as
actinides are formed with approximately 30 to 40 MeV excitation energy.

One additional aspect is angular momenta involved in deep inelastic reactions
To study this aspect the ratio between the fission shape isomer 242mf Am and its
ground state 242Am was measured in the 238U + 238U reaction at energies between
the interaction barrier (6.13 MeV/u) and 8.6 MeV/u. This ratio turned out to be 4 ×
10−5, independent of bombarding energy. This surprising result is in support of the
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Fig. 7 Yields of isotopes of Cf from the reaction 238U + 238U at four different energies (reproduced
from [8])

assumption that surviving products are formed with identical excitation energy but
also angular momentum, independent of bombarding energy. The value 4 × 10−5,
however, is about one order of magnitude lower compared to measured ratios in
γ -induced reactions with zero angular momenta of the products [14]. The measured
value of shape isomer to ground state results in an average angular momentum of
18 � [9] and can be well explained with the cranking model [15]. The cranking model
is based on single-particle energies and wave functions at a given deformation. The
value of 18 � is in good agreement with prediction (Riedel and Nörenberg [16])
for production of actinides in the 238U + 238U reaction with excitation energies of
35 MeV.

4 Prospects for Formation of Heavy Elements
in the 238U + 248Cm Reaction

Measured charge distribution from the 238U + 238U reaction (Fig. 2) moved by four
protons to scale to the 238U + 248Cm reaction, isotope yield distribution as shown
in Fig. 4, and assuming the surviving products to be mainly formed in the 4n evapo-
ration channel allowed to calculate production cross sections for heaviest elements
(Fig. 8a). Γn/Γ f values were taken from [13]. Fig. 8b shows the result of a calculation
performed more recently [7].

Indeed, both predictions agree rather well up to atomic number 102 (nobelium).
For the atomic number 103 (lawrencium) and above the values predicted in [7] are
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Fig. 8 a (left) Predicted cross sections from this work for the reaction 238U + 248Cm at Eeff = 6.9
MeV/u (see text, from [10]). b (right) Prediction for the same system from [7]. The relative increase
in cross sections compared to the general trend (dashed line) comes from predicted long sticking
times of the dinuclear system

significantly higher compared to those depicted in Fig. 8a. This may be explained
by increased sticking times of the interacting system caused by a pronounced local
minimum in the potential energy surface due to shell effects of the dinuclear system
at about Z = 102 and the complementary product Pb [7]. Such increased sticking
times were not taken into account in the predictions shown in Fig. 8a.

5 Conclusion

Analysis of formation cross sections in the reaction 238U + 238U allowed to conclude
that very heavy elements are formed in this system with about 30 to 40 MeV excita-
tion energy favouring the 4n evaporation channel and with 18 � angular momentum.
These findings were applied to the system 238U + 248Cm to extrapolate cross sec-
tions for isotopes of elements up to the heaviest actinide, lawrencium. Predicted
cross sections drop sharply with increasing atomic number leaving little perspective
for production of new nuclides in the system 238U + 248Cm with current accelerator
technology. However, in a more recent calculation, due to predicted significantly
increased sticking times caused by shell effects, the situation might be much more
favourable. In the framework of this calculation it seems possible to produce some
new neutron rich isotopes of elements up to about atomic number 105 (dubnium) in
deep inelastic reactions in the system 238U + 248Cm. However, still much techno-
logical effort is needed to reach similar sensitivities (e.g. about 100 fb) with online
separators dedicated to deep-inelastic reactions as has been reached with separators
designed to isolate products from fusion reactions.
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New Insights into the Structure
of Neutron-Rich Nuclei A = 108 − 118
and 160−162Gd

J.H. Hamilton, Y.X. Luo, A.V. Ramayya, J.K. Hwang, E.H. Wang,
N.T. Brewer, B. Doll, S.H. Liu, J.O. Rasmussen, I.Y. Lee, S. Frauendorf,
G.M. Ter-Akopian, A.V. Daniel, Y.T. Oganessian, S.J. Zhu, Y. Shi,
F.R. Xu and J.C. Batchelder

Abstract The level structures of 108,110,112Ru (Z = 44) and 112,114,115,116,117,118Pd
(Z = 46) have been significantly expanded through studies of prompt γ -γ -γ and
γ -γ -γ -γ coincidences observed with Gammasphere following the spontaneous
fission of 252Cf. Chiral doublet bands were observed in 110,112Ru. Softness to triax-
iality perturbs the bands of 108Ru and even-N Pd isotopes. In 112Ru, evidence for
wobbling motion is found in the behavior of the γ vibrational band. Similar evidence
for wobbling motion is found in 114Pd, the N = 68 isotone of 112Ru. A transition
from triaxial prolate to triaxial oblate was found in 112−116Pd with shape coexistent
bands in 115Pd. New levels were observed in 162,163Gd.

1 Introduction

There is surprising richness of different collective modes in neutron-rich, A = 100−
124 nuclei. These include:
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(A) Super-deformed ground states from Z = 38, 40 N = 60, 62 for re-enforcing
shell gaps at same super-deformation

(B) Shape coexistence, near spherical-super-deformed 100Zr, 100Nb; prolate-oblate
115Pd

(C) Prolate-to-oblate transition 114Pd→116 Pd
(D) One and two phonon γ vibrational bands the first in odd A and odd Z nuclei,

105Mo, 103,105Nb,107,109Tc
(E) Transition from super-deformed axial symmetric 99Y to triaxial 113Rh
(F) Chiral doublet bands in triaxial nuclei, 110,112Ru, 114Pd, 106Mo
(G) Wobbling motion of triaxial shapes, 112Ru, 114Pd

In this paper, we will concentrate on Ru and Pd nuclei as noted in B, C, F and G
along with new data on 162,163Gd.

New region centered around 108Ru, Z = 44, N = 64 was predicted by Möller
et al. [1] to have the largest lowering of the nuclear ground state energy when axial
symmetry is broken. In our studies of 99,101Y to 111,113Rh we found a smooth tran-
sition from axial symmetry, essentially superdeformed 99,101Y to well deformed β2
approximately 0.27, maximum triaxial γ = −300 in 111,113Rh. In triaxial nuclei two
new types of motion were predicted. Frauendorf and co-workers [2–4] proposed that
rotating triaxial nuclei can exhibit chiral behavior with a superposition of left- and
right- handed symmetry. The signature of such behavior would be two sets of ΔI = 1
rotational bands with the same parity and degenerate in energy for the same spin.
A second new behavior not seen in symmetric nuclei but triaxial nuclei is wobbling
motion of their angular momentum, where there is a deviation of the axial collective
motion away from the axis with the largest moment of inertia. Wobbling motion
produces a series of wobbling bands with quantum numbers nw = 0, 1, 2, . . ..

We have studied the energy levels in 108−114Ru and 112−118Pd populated in the
spontaneous fission of 252Cf. We have found evidence for chiral bands in 112Ru and
perturbed chiral bands in 108Ru and 112−116Pd. In addition, we found clear evidence
for wobbling bands in N = 68 112Ru and 114Pd. A transition from triaxial prolate to
triaxial oblate shapes was found in 112−117Pd and coexistence bands built on these
two shapes were found in 115Pd. The data revealed that it is not 108Ru as predicted
[1], but 112Ru that is the center of a stable region of triaxial deformation [5].

Finally examples of studies of 162,163Gd in both 252Cf spontaneous fission and
238U proton induced fission are presented.

2 Experimental Procedures

A 62 μCi source of 252Cf was placed in Gammasphere with 101 high purity germa-
nium detectors. A large data set with 5.7 × 1011 triple and higher-fold coincidences
was obtained (see Ref. [7] for details on the experiment). The 101 detectors were
subdivided into 64 angular bins for angular correlation studies [8]. Gamma-gamma
angular correlation measurements were carried out to determine spins of the highest
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level and transition multipolarities of transitions out of the highest levels by using as
the lower transition a known E2 transition between two yrast levels, like 6+ → 4+.
By determining branching ratios to the yrast levels and the multipolarities of the up-
per transitions, unique spins and parities were assigned to at least one level in each of
the two sets of doublet bands found in 108,110,112Ru [5, 9, 10] and 112,114,116Pd [6].
And recently, the data were sorted into 1.1×1011 four and higher-fold coincidences.
These data are most helpful in searching for weak transitions and weakly populated
bands.

The 162,163Eu isotopes were produced in proton-induced fission of 238U at the
Holifield Heavy Ion Research Facility and then transferred to a moving tape collector.
The beams were separated with a high resolution (Δm/m = 10,000) magnet and
delivered to the Low energy Radio-active Ion Beam Spectroscopy Station, LeRIBSS
with four segmented clover Ge detectors and two plastic scintilators. The Gd nuclei
were studied from decays of Eu activities.

3 Chiral Band Results

The finger prints of chiral doublets are (a) ΔI = 1, doublet bands with the same
parity and states with the same spins have very close energies; (b) nearly constant
moments of inertia, (c) nearly constant signature splittings with spin and equal value
for partner levels. Examples of double levels are shown for 108,112Ru and 112,114Pd.
The details of other isotopes are found elsewhere [6, 9, 10].

From the analysis of multiple gates in each nucleus and γ -γ (θ) measurements
of at least one level in each of the bands observed, the level schemes of 108−112Ru
and 112−118Pd were established. Details are found elsewhere [6, 9, 10]. The doublet
bands seen in 108,112Ru are shown in Fig. 1 while the doublet bands in 110Ru are
found in [5, 9, 10]. As seen in Fig. 1, there is an energy staggering in bands 4, 5 in
108Ru that is not present in 112Ru. The doublet bands in 112Ru have all the properties
expected for chiral doublets in a rigid triaxial nucleus while 108Ru is best described
as a γ -soft nucleus with perturbed chiral bands [5]. These data indicate that 112Ru is
the center of the region with broken axial symmetry not 108Ru as proposed by Möller
et al. [1].

In our new study, ΔI = 1 doublet bands are now seen in 112,114,116Pd. New level
schemes for 112−118Pd were obtained with those of 112,114Pd shown in Fig. 2. From
γ -γ (θ) and branching ratios, the spins and parities is at least one member of each
of the four bands in each nucleus were determined. At first glance these doublet
bands in 112,114Pd look similar to those in 110,112Ru that one would consider them as
chiral doublets built on a rigid triaxial shape. However, as one examines the details of
their energy level staggering, the absence of many crossing E1 transitions, and their
signature splitting compared to 110,112Ru, one sees that 112,114,116Pd are more soft
triaxial nuclei rather than rigid triaxial. This can be seen, for example, in Fig. 3 where
the signature splitting for bands 4 and 5 in 110,112Ru and 112−116Pd are compared.
As expected for rigid triaxial nuclei, the splitting is essentially zero and constant
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Fig. 1 Doublet bands in 108,112Ru

with spin for 110,112Ru, while there is considerable staggering in 112,114,116Pd. Note
112,114Pd are the N = 66 and 68 isotones of 110,112Ru, respectively. The differences
between 110,112Ru and 112,114,116Pd can be understood by the latter having a less
pronounced triaxial minimum than 110,112Ru as predicted by Möller et al. [1]. This
rigid triaxiality seen centered in 112Ru is softened as Z increases from 44 to 46 in
Pd. The soft triaxiality disturbs the structure of the chiral doublets.

4 Wobbling Motions in 112Ru and 114Pd

The wobbling excitations in a triaxial nucleus constitute a revolving motion of J
about an axis of the triaxial nucleus. Such wobbling motions were first identified in
161,163,165,167Lu [11–14] and 167Ta [15, 16] at high spin. Wobbling excitations in
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Fig. 2 Partial level schemes of 112,114Pd with yrast, gamma and doublet bands
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Fig. 3 Signature splitting in bands 4 and 5 in 110,112Ru and 112,114,116Pd

Fig. 4 Yrast and gamma bands in 108,112Ru

a triaxial nucleus are expected to occur at moderate spins if the predicted triaxial
shapes lead to different moments of inertia for the three principal axes [17, 18]. Note
112Ru with substantial triaxiality [5] was found to be the first even-even wobbler
[17–19]. The wobbling motions in 112Ru were identified by analyzing the signature
splitting in the quasi-γ band.

The yrast and γ -band structures in 108,112Ru are shown in Fig. 4. Note the energy
staggerings in the quasi-γ band of 108Ru are opposite to those in 112Ru [5]. Now very
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similar behavior is found in 112,114Pd. In our study of 112−118Pd, the data indicate
an evolution of their shapes from triaxial prolate via triaxial oblate to oblate shape.

Caprio [20] made new theoretical calculations of the consequences of this evo-
lution of shapes toward increasing triaxiality for the collective excitation spectrum.
A particularly clear signal is the even-odd staggering in the quasi-γ band. For soft
axial nuclei, the energies of the even spin members are lower than the odd spin mem-
bers. For a well-developed triaxial minimum the odd-spin members are below the
even-spin ones. In fact, for the well-developed triaxiality, the odd-spin members rep-
resent the one-phonon wobbling excitation, and the even-spin ones the two-phonon
wobbling excitations.

The search for wobbling motions in 114Pd, the N = 68 isotone of 112Ru, and
in the neighboring Pd isotopes yielded promising results. In Fig. 5, the excitation
energies of the quasi-γ band levels were plotted against spins for N = 68 isotones
112Ru and 114Pd (a), and N = 64 isotones 108Ru and 110Pd (b), respectively. Note
for the lighter N = 64 isotones 108Ru and 110Pd, the α = 1 odd-spin curve always
lies above the α = 0 even-spin curve which is normal behavior, to indicate that no
wobbling motion is identified. While not shown in Fig. 5, the α = 1 odd-spin curve

Fig. 5 Excitation energies versus spins in gamma bands in 108,112Ru and 110,114Pd
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of 112Pd is higher than that of the α = 0 even-spin curve until a crossing takes place
at a spin as high as I = 10, and in 110Ru the two curves follow a similar trend,
but they are very close to each other, and the crossing takes place at spin I = 7.
However, one can see in Fig. 5 that for the γ bands of both 112Ru and 114Pd the
α = 1 odd-spin curve (n = 1wobble) crosses the α = 0 even-spin curve (n = 2wobble)
at a spin as low as I = 3.5, and then the latter becomes considerably higher than the
former, as expected for wobbling motions. Thus, both 112Ru and 114Pd are identified
as even-even wobblers. These are the first evidence for wobbling motion at low to
medium spin and in an even-even nucleus.

5 Prolate-Oblate Transition

Plots of spin vs �ω in Figs. 6 and 7 show clear evidences for first band crossings in the
ground state bands in 112,114,116Pd around �ω of 0.36 MeV which is associated with
ν(h11/2)

2 band crossing. This crossing is blocked in the h11/2 bands in 115,117Pd. In
116Pd, there is a second crossing at 0.41 MeV and in band 1 in 117Pd a crossing at the
same �ω. Total Routhian calculation shows the band crossing around �ω = 0.41 MeV
is a π(g9/2)2 oblate band. In Fig. 7, one sees there is no crossing in band 1 of 115Pd
around 0.41 MeV like in 117Pd but there is in band 2 of 115Pd. The low-spin crossings
in 115Pd are associated with an oblate ν(g7/2)

2 band crossing from the theoretical
calculations. The differences of bands 1 and 2 in 115Pd are related to triaxial prolate—
triaxial oblate shape coexistence in 115Pd. The new data and TRS calculations allowed
a systematic study of the band crossings in the even-N 112,114,116Pd and odd-N
115,117Pd isotopes. Now we find a new overall, more complex shape evolution than
previously proposed from triaxial prolate in 110Pd via triaxial oblate in 112Pd to nearly

Fig. 6 Band crossings in 112−118Pd
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Fig. 7 Band crossings in 115,116,117Pd

Fig. 8 Level scheme of 162Gd from the beta decay of 152Eu produced from the proton induced
fission of 238U

oblate in 114,116Pd with the large change of the deformation parameter toward nearly
oblate in the π(g9/2)

2 alignment in 114−118Pd and triaxial-prolate—triaxial-oblate
shape coexistence bands in 115Pd.

6 New Levels in 162,163Gd

The levels in 162,163Gd were studied from the beta decays of 162,163Eu produced from
the proton induced fission of 238U and 162Gd from spontaneous fission of 252Cf. The
results of these data are illustrated in Figs. 8, 9 and 10. One sees in 162Gd of Fig. 8
we found the first evidence of a gamma vibrational band from 2+ to 7+ as well as
numbers of other levels. Illustrated in Fig. 9 are some of levels identified in 162Gd
from SF. Many excited levels were found in 163Gd of Fig. 10, for the first time.
Figure 10 is to illustrate the quality of the data obtained for 163Gd. These results are
still being analysed.
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Fig. 9 Level scheme of 162Gd from the spontaneous fission of 252Cf

Fig. 10 Level scheme of 163Gd from the beta decay of 153Eu produced from the proton induced
fission of 238U
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Paradigmatic Lessons from Nuclear Driplines

J.S. Vaagen, S.N. Ershov and M.V. Zhukov

Abstract Science is—as emphasized 50 years ago by ThomasKuhn in his academic
bestseller The Structure of Scientific Revolutions—driven by paradigms, rooted in
outstanding discoveries and practice. At the centennial for the nuclear atom, it may
be appropriate to address the current paradigmatic situation for nuclear physics on
background of the large investmentsmade during the last decades. Following Ruther-
ford’s paradigm, nuclear physics has developed by colliding nuclei and from studying
the fragments that emerge. With restriction to new forms of transient cold nuclear
matter, we will address if and how new discoveries have influenced the way we think
about nuclear architecture, drawing parallels with comparable development in other
branches of science. Recent discoveries in halo nuclei, 11Be and the Borromean 22C
will serve as our cardinal examples. The challenges at driplines may appear less
dramatic than what calls for a Kuhnian turnover, still we hope to convey that valu-
able lessons may be learned. The attention-grabbing dripline lessons we address are
rooted in emergent degrees of freedom involving cluster constituents. This is a great
challenge for the ruling paradigm, a shell-model inspired ab initio nucleon-based the-
ory, developed and tested for stable nuclei, and currently being tuned to encompass
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dripline lessons. Our mental pictures and dynamic understanding of many of the
outstanding dripline phenomena will, however, remain linked to cluster degrees of
freedom. This duality makes our paradigmatic lessons conceptually less dramatic
than what Kuhn’s “incommensurability” may imply.

1 Energy Culture

Last summer the newly built Viking ship “Harald Harfagre (Hairfair)” sailed through
historic waters in Western Norway. At the starboard of present days’ largest Viking
ship, a 35 m long dragon, stood a grey haired physicist. Proud, filled with the feeling
of being part of a timeless ENERGY CULTURE!

The NUCLEAR PARADIGM is very much about energy and stability of mat-
ter. Our theoretical understanding made a transition 100 years ago with the Bohr-
Rutherford atom and Niels Bohr’s ad hoc quantum theory, which introduced the
concepts of stationary states and quantum jumps. June 11–14 an International His-
tory of Science Conference in Copenhagen, organized by the Niels Bohr Archive,
addresses young Bohr’s 1913 paper Trilogy [1].

Our late colleague Jens Bang contributed to both atomic and nuclear physics. In
his book “Raids into Niels Bohr’s Thoughts” [2] Bang emphasizes Bohr’s focus on
designing an energy(state) architecture, with correct stability and radiation proper-
ties, involving the known charged constituents (electron(s) and nucleus) in Ruther-
ford’s nuclear atom of 1911, tuning the model to reproduce emergent features of
radiation data.

Nuclear Physics is an energy driven science. Our field now spans from tran-
sient matter under the extreme conditions of the Early Universe, to weakly bound
cold matter at nuclear driplines, calling for a better understanding of many-body
open quantum systems. In 2011 we contributed paradigmatic dripline lessons to the
Rutherford Centennial [3]. We welcome the opportunity to make the picture more
complete at this contemplative gathering at Jakobsberg.

2 The Role of Paradigms

Physicists seldom use thewords paradigm and paradigm shift, coined in their modern
meaning just 50 years ago by MIT professor of philosophy Thomas Kuhn in his
bestseller “The Structure of Scientific Revolutions” (1962). This may be a loss. The
book was reprinted last year in a 50th Anniversary Edition [4] and is still worth
reading, a gateway to bridging the Two Culture gap. A quick look in Google reveals
the role of the paradigm concept in “intellectual” discourses.

Historically the word paradigm dates back to the Greek word paradeigma which
played an important part in Aristotle’s theory of argument, especially in the book
called Rhetoric (see Ian Hacking in Kuhn’s Structure [4]). The word paradigm,
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in spite of its numerous interpretation variants, also in Kuhn’s own writings, has
been important in highlighting how scientific puzzle-solving is guided or framed by
specific attention-grabbing successes. In an anniversary article [5] on Structure in
Science last year, Lehoux and Foster point out that: “These ‘paradigms’ or ‘exem-
plars’ structure inquiry by providing a touchstone for the coordination of research,
the formulation of experimental routines, and, in many cases, a theory worthy of
further articulation”.

ThusRutherford’s paradigm is linked to his scientific practice, his epistemological
way to extract and develop lessons and knowledge—we still measure transverse
and longitudinal momentum transfer. Bohr drew inspiration from this, and focused
his thinking on emergent degrees of freedom: An atomic “architectural” paradigm,
which still is kept in our school books. Kuhn himself had background in physics, a
field which provided historic content to his use of the notion paradigm or exemplar.
It may be of interest to know that Kuhn was in Copenhagen for a Bohr interview
when Bohr suddenly died—in November 1962, the year of Kuhn’s book.

The nuclear stuff has rich possibilities for combinations, internal clustering that
reveals itself in collision experiments. The binding energy in a nucleus is however
very small compared with the total mass of its constituents, less that 1 %, the most
extreme cases occuring at driplines where nearly free (Borromean) cluster binding
is part in a million of the mass. Comparing this with models of the nucleon, the mass
of current quarks carries only 1 % of the nucleon mass, here the interplay dominates.
Thus it is futile to treat Borromean nuclei within a current quark model.

3 Is the Nuclear Paradigm Still an Eye Opener?

Borromean nuclei represent exemplars of exotic dripline behaviour rooted in emer-
gent three-body cluster degrees of freedom and no binary bound states. Here we
address two examples.

Recently 22C has made headlines as the so far most outstanding exemplar discov-
ered; Three constituents 20C + n + n, dominated by binary relative s-motions and a
very small but still not settled three-body separation energy. Last year we published
[6] a hyper-harmonic model study of binding energy constraint on matter radius and
soft dipole excitations of 22C. A very low three-body separation energy of some
tens of keV was found required to obtain even the lower experimental bound on the
matter radius. More details are given in Sect. 5. This conclusion has been supported
by a very recent “Search for 21C and constraints on 22C”, at NSCL, MSU by Mosby
et al. [7]. We also found in our hyper-harmonic analysis that the soft dipole mode in
22C is strongly affected by the loose binding, arguing for a Coulomb fragmentation
study.

The next case is rooted in a prediction we made in 1995, in the paper [8] “β decay
of 11Li to the deuteron channel and halo analog states in 11Be”. More than a decade
later, the prediction was confirmed at TRIUMF [9] by Raabe et al., published in
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2008 with the title “β-Delayed Deuteron Emission from 11Li: Decay of the Halo”.
A decay that proceeds mainly to the 9Li + d continuum.

These studies leave little doubt about the real nature of Borromean clustering and
the validity of the theoretical three-body paradigm.

Unveiling Borromean exotics seems still to make it to the catwalk of science, not
only in nuclear physics, but also in a number of other branches of science where
Borromean rings (loops) are literally formed. See also the FIAS logo. Google has
a list of beautiful examples. Here we also learn that Borromean links should not be
used to make armour. It becomes too stiff!

4 Halo Nuclei

While Bohr in 1913 published his Trilogy on the atom, working in Rutherford’s
lab in Manchester, the master himself published a textbook on nuclear phenomena
“Radioactive Substances and their Radiations” ([10], see Ref. [3]).

“No doubt the positively charged centre of the atom is a complicated system in
movement, consisting in part of charged helium and hydrogen atoms” [10]. This
sentence is from Rutherford’s 1913 textbook. Alphas pop out of nuclei, so why
should they not pre-exist within? Clustering, in particular alpha clustering in nuclei
has a rich but also controversial history, with the three-alpha Hoyle resonance state
as a landmark.

Clustering, a true emergent aspect of nuclear structure, has had a revival with
halo physics. Rutherford would have been pleased to learn that much of our present
understanding has been derived fromHelium, from the beta-unstable but hadronically
very loosely bound isotopes 6He and 8He. While the Helium atom is an alpha with
a veil of two electrons, the 6He nucleus is an alpha with a veil—a halo—of two
neutrons, 8He four neutrons. Since neither a neutron–neutron nor a neutron–alpha
pair can form bound states, a new binding mechanism has been discovered, different
from one dominated by a mean field, the atom model for the electrons.

The challenge of understanding this and similar consecutive observations, became
of interest for the nuclear physics community and among theorists in particular, only
after the Scandinavian experimentalists P. Gregers Hansen and Björn Jonson in 1987
put forward an ad hoc halo theory, conceived according to the legend in a lunchroom
conversation at the Niels Bohr Institute with the late Danish theorist Jens Bang,
already mentioned in Sect. 1. Hansen and Jonson turned the idea into a Europhysics
Letters [11] “The Neutron Halo of Extremely Neutron-Rich Nuclei”, with proper
reference to discussion with Bang. Thus the name halo nuclei came into being.

A second quote from Rutherford’s 1913 textbook shows that he was puzzled by
the question of nuclear binding, “It would appear as if the positively charged atoms
of matter attract one another at very small distances for otherwise it is difficult to see
how the component parts at the centre are held together” [10]. Now we know more
after pioneering theory work by Efimov and Migdal, and two decades of few-body
modelling of Borromean nuclei.
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Hansen and Jonson refer toMigdal in their ground-breaking paper; “This suggests
that for a nuclear potential that leaves a single neutron marginally unbound, the
additional attractive contribution from the nn interaction will frequently be sufficient
to bind two neutrons to the nucleus. This special case of three-body problem has been
considered byMigdal [12], who finds that several nuclei should exhibit a bound state
of this kind, which may be interpreted as a dineutron near the nuclear surface. He
also points to the possibility that cluster states more complex than dineutrons may
exist”.

Hansen and Jonson made a phenomenological model with a point-dineutron,
useful in the spirit of Rutherford for understanding important aspects of the new
halo phenomenon, and challenging for theorists seeking a more complete quantum
mechanically correct picture.

5 The Cluster Approach to Nuclear Structure

In a domain of the low-energy nuclear physics the nuclear structure can be described
by taking into account only nucleons—protons and neutrons. At small energy and
momentum transfers we do not need to account for degrees of freedom that involve
the internal nucleon structure. Very often the opposite tendency is observed—we see
effects from the cooperative action of nucleon groups (clusters). Recall Rutherford’s
1913 observations (Sect. 4), the first nuclear structure paradigm. This does not mean
that the respective phenomena cannot in principle be described using nucleons, but
by considering explicitly the cluster degrees of freedom we get a simpler and more
transparent physical explanation.

Clustering phenomena in nuclear physics have many facets. Three may be men-
tioned here:

(i) Clustering is a widespread phenomenon and is met across the whole periodic
table but particularly frequent among the lighter nuclei below calcium.

(ii) It is a real phenomenon—clusters appear often as decay fragments. The alpha
particle is the most remarkable cluster example, being the most tightly bound
nucleus which tends to keep its own identity inside nuclei.

(iii) It is an elusive phenomenon. By elusive we mean that clusters appear in bound
states within a nuclear environment produced by other nucleons that affects
the cluster structure and attempts to dissolve it. But some physical conditions
enhance clustering phenomena. They emerge in weakly bound systems and find
extreme realization in halo nuclei where only a few percent of thewave functions
of halo nucleons overlap with core cluster wave functions.

The importance of cluster degrees of freedomwas already emphasized at the dawn
of the nuclear structure theory when Wheeler suggested [13] the resonating group
method where “The wave function for the composite nucleus is written as a properly
antisymmetrized combination of partial wave functions, corresponding to the various
possible ways of distributing the neutrons and protons into various groups, such as
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alpha-particles, di-neutrons, etc”. In a relatively simple but physically natural way
the clustering phenomena in nuclei can be described within few-body cluster models
[14] that assume an approximate treatment of the antisymmetrization. Below two
selected examples of cluster model applications to descriptions of halo structure are
discussed in more detail.

The first example is again the three-body cluster model of the Borromean 22C
with an inert 20C core. Figure 1 shows the calculated dependence of the 22C matter
radius on the value of the two-neutron separation energy [6]. The experimental value
2.98 fm extracted from reaction cross sections was used as the 20C core matter
radius. The two curves correspond to calculations with different potentials for the
interaction of halo neutron with 20C core (the lower and upper curves are for the
narrow and broader geometry, respectively). As expected a broader potential leads
to larger radii at the same binding energy. The upper curve starts from ground state
energies of about 400 keV. Continuation of this curve to larger binding energies
requires larger depths of the core-neutron potential and leads to appearance of two-
body bound states. Concerning the general behaviour of the 22C matter radius with
binding energy, we notice that this dependence (see the insert in Fig. 1) is close to
linear at larger separation energies, becoming strongly nonlinear at smaller energies
and diverging in the vicinity of the breakup threshold. The main frame of Fig. 1
shows the same curves versus a logarithmic scale of energy. The figure compares
calculations with the values of the 22C matter radius tentatively extracted [15] from
experimental cross sections. Bars show that even the lower experimental value of

Fig. 1 The dependence of the 22C r.m.s. matter radius on the two-neutron separation energy (log-
arithmic scale). The lower and upper curves correspond to calculations with the radius of the
neutron-core potential equal to 3.5 and 4.5 fm, respectively. The horizontal solid and dashed lines
are the mean value and lower boundary of the experimental matter radius [15], respectively. Bars
show theoretical estimations of the S2n energy at which the experimental mean value and lower
boundary of the matter radius can be obtained. The insert shows the same curves, but for a linear
energy scale
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this radius would require very small binding energy of a few tens keV, diminishing
to a very tiny binding for the suggested 22C experimental value.

The second example is a recent application [16] of a two-body cluster model
with core excitations to description of the 11Be nuclear structure. A coupling with
excited core states involves additional partial waves. This allows to account for some
emergent core degrees of freedom and provides a more comprehensive description
of nuclear properties. Such extension is analogous to increasing the number of shells
within the framework of shell-model approaches.

The 11Be nucleus is the cardinal example of the one-neutron halo system. The
neutron separation energy of 11Be is only 0.5 MeV, significantly smaller then in
neighbouring isotopes. There is a parity inversion near the ground state of 11Be,which
is not a 1/2−, as one would expect from the spherical shell model, but a 1/2+ state.
That such an inversion should occur in 11Be was already suggested a long time ago
[17].But, the notionof ameanfield is not sowell established in nuclei of this very light
mass region and models starting directly from an effective two-body interaction have
failed to reproduce the inversion without an ad hoc renormalization. In calculations
shown below the lowest 10Be core excited 2+ state was considered as a quadrupole
vibration. Shallow potentials were applied for neutron-core interaction, preventing
motion in Pauli forbidden orbits. A good description of available experimental data
including dipole excitations of 11Be is obtained. The dipole excitations of the 11Be
continuum may play an important role to clear up the structure of negative parity
resonances. Dipole transitions excite predominantly the 3/2− continuum states. If
the 3/2− resonance has a structure that can be reached by the dipole transition
from the ground state then the traces of the resonance may be seen in the dipole-
strength distribution d B(E1)/d E obtained from Coulomb dissociation experiments
[18]. The experimental data shown in Fig. 2 do not indicate a presence of the first
3/2− resonance at 2.1 MeV but have irregular behaviour in the vicinity of 3 MeV
where the second 3/2− resonance has been found. Within the current realization
of the two-body cluster model of 11Be only one the 3/2− low-lying resonances is
obtained. The other negative parity resonance may have structure which falls outside
ourmodel assumptions. Our theoretical calculations of the d B(E1)/d E distributions
made under the condition that the resonance has excitation energy 2.8 MeV (the
second 3/2− resonance) are shown in Fig. 2 and describe well the experimental data.
The theoretical dipole strength has a deep minimum after that energy. If the energy
of the 3/2− resonance was fixed at 2.1 MeV (position of the first 3/2− resonance),
the deep minimum in the d B(E1)/d E theoretical distribution appeared after this
excitation energy which is not compatible with the measured experimental data.

Noteworthy continuum progress has been made very recently [19] for the doubly
closed 16O, in a first principle description of the Giant Dipole Resonance, combin-
ing the Lorentz Integral Transform and the Coupled-Cluster ab initio many-body
expansion Method. Thus nucleon-based ab initio approaches are making impressive
headway away from driplines.
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Fig. 2 Dipole-strength distributions of 11Be. The lower and middle lines show the dipole transition
from the 1/2+ ground state to the 1/2− and 3/2− continuum excitations, respectively. The energy
E is calculated from the 10Be + n threshold. The upper line is the total distribution. Experimental
data are taken from the work [18]

6 A Respected Physicist

Aspirations to become a nuclear physicist ranked high among professions in the
post-war years.

In his book [20] on Reminiscences of a White House Science Advisor, “The
President’s Scientists”, D. Allan Bromley gives the key to his country’s post war
science success (p. 224):

1. Find the best people in the country on the basis of peer review.
2. Fund them as generously as possible within the overall available resources to do

what they (our emphasis) think represent the best use of their time.
3. Keep the hell out of their hair while they are doing it.

Was this the Garden of Eden?—It had not always been so: “It’s rather odd,” said
G. H. Hardy (the mathematician), one afternoon in the early Thirties, “but when
we hear about ‘intellectuals’ nowadays, it does not include people like me and
J.J.Thomson and Rutherford”. This quote is taken from Snow [21], novelist and
scientist with access to both camps. He watched the new science grow, and also
the growing divide between the two cultures, about which he later expressed great
concern in his famous essay.

Now there are dark clouds in the horizon. Not only have times changed, also atti-
tudes, and unqualified interference is increasingly “getting into the hair of science”.

In his editorial in Science Magazine 3 May this year [22], Prewitt (International
and Public Affairs of Columbia University) asks the question: Is Any Science Safe?
Is peer review safe from marginalization? He gives examples, very relevant to our
field, nuclear physics.
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We may ask if conditions for fundamental discoveries and paradigmatic changes
are impeded, in spite of large technological investments. Is computational physics
within the present theory framework the future of nuclear structure science?With no
surprises calling for paradigm shifts?

In recent years Public management has grown, some will say out of proportion.
We may doubt that this brings science forward, nor Humanities and Sciences closer.

7 Perspectives

The paradigmatic aspects of the nuclear stuff under extreme conditionsmostly belong
to the last 25 years, preceded by forty years of shell model (SM) based theory
work, normal work for normal matter. The new findings do not challenge the SM
as paradigm for Normal Science (Kuhn) work in nuclear structure, the question is
if and how the SM can address and encompass dripline exotics and the pathway to
open quantum systems, reactions.

Here we are in doubt. The SMmay for normal science provide a ‘Unified view of
Nuclear Structure’, the name of a recent expert conference (2012) in Strasbourg (see
[23]), but not a satisfactory exhaustive paradigm. Itwill however help in showing how
and possibly why we fail when driplines are approached. The challenges at driplines
may however appear less dramatic than what calls for a full Kuhnian turnover, a
paradigm shift, and to what?

Nuclear structure, with all its beautiful collective phenomena, has lived well with
a composite paradigm. We will continue to do so, but new dripline lessons will keep
alive the hope for a more complete understanding of the transition to open quantum
systems.

Return again to last summer. While the first author was crew member on the
Norwegian Viking ship, a Chinese ice-breaker Xue-Long, the Snow-Dragon, was
exploring theArctic.WhileHaraldHairfairwas exploring by a simulation experiment
how things might have be done in the past, the Chinese explored future sailing routes
in Nordic waters and foreign resources.

And not for the first time; in the early 1400s, China had 7 fleets of giant junks
under sail to foreign destinations to map the world. In 1429 the Norwegian coastal
defence “leidangen” was called out for the last time: To protect Bergen against the
Hansa. The dragons were now outdated, Norway no longer a sea power. Europe
had learned the value of ‘ruling the waves’ and taken marine development further, its
future strength. In 1452 Leonardo da Vinci was born, an icon for a new Europe where
also technologymattered.Nuclear Sciencewas born in Europe 500 years later—time
scales should be kept in mind. Today it is an essential aspect of our world society
and growing rapidly in Asia. We are proud to have been part of this venture, which
has transgressed ordinary matter into matter under extreme conditions, extending the
range of the nuclear paradigm.

This conference is dedicated toMisha Itkis’s 70th birthday.We join in the congrat-
ulations. Two of the authors of this paper also congratulate the third, Misha Zhukov
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who turns 70 in July, twenty years after the seminal paper on Borromean nuclei, to
which his contribution was essential. Acknowledging the support from our Institu-
tions, we also add that Georgy Flerov (JINR) would have been 100 and that Spartak
Belyaev (The Kurchatov institute) celebrates 90 this year.
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Preliminary Results on Observation of New
Shape Isomers

Yu.V. Pyatkov, D.V. Kamanin, A.A. Alexandrov, I.A. Alexandrova,
N.A. Kondratyev, E.A. Kuznetsova, A.O. Strekalovsky,
O.V. Strekalovsky and V.E. Zhuchko

1 Introduction

In our previous publications devoted to the collinear cluster tri-partition (CCT) of
the low excited nuclei [1, 2] we have discussed the role of scattering medium in the
registration of the CCT products. This decay mode has been called by us “collinear
cluster tri-partition” (CCT) in view of the observed features of the effect, that the
decay partners fly apart almost collinearly and at least one of them hasmagic nucleon
composition. Briefly, even if initially two CCT partners fly in the same direction
perfectly collinearly they get some angular divergence after passing the scattering
medium on the flight pass due to the multiple scattering. Thanks to such effect they
can be registered independently in the “stop” mosaic detector. Actually even thin
backing of the radioactive source provides the observable effect.

2 Experiments and Results

In order to increase the effect the additional absorbers (metal foils) were introduced
just behind the source at the distance of approximately 1 mm. The layout of the
experiments (Ex1 and Ex2) is presented in Fig. 1.

The geometry of the source unit is shown in detail in Fig. 2. Additional absorber
foil was placed at 1 mm distance from the Cf source. Typical fission fragment over-
comes such distance approximately in 0.1 ns.

Ternary events were analyzed. It means that three fragments were really detected
in coincidence in three different silicon detectors. For the sake of convenience, the
FFs from such events are labeled as M1, M2 and M3 in an order of decreasing masses
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Fig. 1 Layout of the setup used in two first experiments aimed at studying of the influence of the
additional absorber on the characteristics of the CCT products. D1 and D2 are the mosaics of PIN
diodes. Mosaics D3 and D4 are based on the surface-barrier detectors (SBD). All in all 32 silicon
detectors were used. Micro-channel plates based timing detector (in the center) gives “start” signal
while silicon detectors provide signals for measuring of both time-of-flight (TOF) and energy (E) of
the fragments. Thus themass of each fragment detected can be estimated using these two parameters

Fig. 2 252Cf source and
additional foils placed around

in the ternary event. Mass distribution for ternary events from mosaics D1 and D2
is shown in Fig. 3. The total mass of the two heavier fragments M1 + M2 is plotted
vs. the mass of the lighter fragment M3. As can be inferred from the figure in all the
events where the lightest fragment corresponds to the knocked out Ti ions (M3 is
around 48 amu)we observemissingmass of fission fragments. It is a very astonishing
fact.

Really, if the elastic Rutherford scattering of one of the fission fragments (FF)
took place on the Ti foil the total mass M1 + M2 should lie in the vicinity of the
mass of the mother system namely 252 amu (taking into account emitted neutrons,
approximately four on the average and experimental mass resolution).
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Fig. 3 Mass distribution for the ternary events from Ex1. Ti foil 1.1 mkm thick was used as the
additional absorber

Fig. 4 Mass distribution from Ex2 for ternary events detected in the mosaics D1 and D2. Ti foil
2.2 mkm thick was used as the additional absorber

Similar result was obtained in Ex2 (Fig. 4) where twice thicker Ti absorber was
used. Some points in the expected region for the events resulted from the elastic
scattering (dashed oval) can be traced back to random coincidences alpha-FF.

Unfortunately, the quality of the SBD detectors, namely essential effective “dead”
layer on the surface, did not let us to reconstruct correctly themasses of the FF hitting
the mosaics D3 and D4 at large angles in relation to the symmetry axis of the setup.



82 Yu.V. Pyatkov et al.

Fig. 5 Layout of the spectrometer used in Ex3 and Ex4

Fig. 6 Mass distribution for ternary events from Ex3. Cu foil 0.83 mkm thick was used as the addi-
tional absorber. The events which are caused by the random coincidences alpha-FF were excluded
thanks to the selection on energy E3. See text for details

In the revised version of the spectrometer only PIN diodes were used and the position
of the mosaics was changed (Fig. 5).

Mass distribution similar to those shown in Figs. 3 and 4 is presented in Fig. 6.
The panel in the figure demonstrates the mass resolution achieved. We can resolve
two isotopes of Cu in the natural mixture. The peculiarity of the plot emphasized
above confirms in this case as well. A better mass resolution let us conclude that
the effect of Rutherford scattering being accompanied by the loss of the mass of the
scattered fission fragment takes place also in scattering on 16O and 27Al nuclei from
the source backing. At the same time at least some part of the FF scattered on the
12C nuclei from the organic foil (Fig. 5) undergo scattering without loss of mass.
Corresponding events are marked by the arrow.
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The mass distribution M1 − M2 obtained in Ex4 for the heaviest fragments of
ternary events within knocked out Ni ion as a third one is shown in Fig. 7. The points
in the vicinity of the line M1 + M2 = 252 amu are due to the random coincidences
of the Ni ions detected in the mosaics D3 and D4 with the FF of binary fission.
The counting rate in those mosaics is high enough following the probability of the
Rutherford scattering at big angles. The linear structures observed (to guide the eye
they are marked in Fig. 7 by the blue lines) are linked with the known magic nuclei.
From themethodical point of view it confirms thatmass calibration for themasses M1
and M2 is unbiased. In principal, negative shift in the mass calibration i.e. incorrect
lower values of the sum M1 + M2 could be the reason of the effect observed.

Linear structures similar to those shown in Fig. 7 were observed in our previous
experiments at the COMETA setup where only source backing played a role of
scatteringmedium (Fig. 8). There are some differences caused likely by the geometry
of the experiments compared but in all the cases we observe very brightmanifestation
of clustering linked with magic nuclei.

The experimental findings presented above allow us to assume the following:

1. Inelastic impact, at least the frontal one, makes free the constituents of the di-
nuclear system (fission fragment) formed in the binary fission.

2. Bearing in mind the distance between the Cf source and the generating foil
(∼1mm) the lower limit of the life-time of this di-nuclear system (shape isomer)
is about 0.1 ns.

3. Relative probability of elastic Rutherford scattering of fission fragments i.e.
taking place without missing mass seems to be much less in our experiments
than those in the inelastic channel. In other words, the bulk of the fragments from
the conventional binary fission are born apparently, as shape-isomers.

3 Discussion

In the frame of the hypothesis put forward there are at least three main questions
to be discussed, namely, population of the isomeric states in the FFs in the fission
process, survival probability of these states and mechanism of their break-up.

Preformation of the FF of the conventional binary fission in the form of a di-
nuclear system (DNS) is very much expected keeping in mind both theoretical and
experimental indications known. Vladimirski [3] wasmay be the first who postulated
that the fission probability has a noticeable value only if two cluster structures such
as magic cores within the light and heavy fragment corresponding to the N = 50 and
Z = 50, N = 82 shells are not destroyed. A dumbbell-like configuration consisting
of twomagic clusters connected by a flat cylindrical neck was considered as a typical
shape of the fissioning system. In this case the fragment at the scission point should
look like a di-nuclear system consisting of the magic core and some part of the neck.
Preformation of two magic clusters in the body of the mother system at the early
stage of the descent from the fission barrier was established in the calculations of
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Fig. 7 Mass distribution for ternary events fromEx4with the lightest fragment to be the ion knocked
out from the Ni foil 1.5 mkm thick (a). All the mosaics (see Fig. 1) were taken into account. The
same distribution processed by the filter sensitive to the density of the points in the image (b).
Rectangular-like structure is vividly seen. By the less “strong” filter more details are revealed (c).
Four different directions of the linear structures observed are shown in the bottom of the figure

the potential energy surface in ten dimensional deformation space for some actinides
[4]. It takes place in the valley both mass-asymmetric (marked by number 3 in Fig. 9)
and symmetric (valley 4) shapes of the fissioning system. Similar calculations reveal
as well three cluster aligned configurations [5, 6]. After the first rupture of such
configuration a di-nuclear system can be also formed. In our work [7] we supposed
a fissioning system to be completely clusterised. The fission ways obtained in the
frame of the model agree well with those predicted by Brosa et al. [8] and with
experimental findings [9].

From the experimental side, for instance, systematic investigations of the far-
asymmetric fission at the mass separator Lohengrin [10] let conclude that “fission is
not only determined by the double shell closure in the heavy sphere of the scission
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Fig. 8 Mass distribution for ternary events from the experiment at the COMETA setup. The source
backing only played a role of scattering medium

point dumbbell configuration around A = 132 (Z = 50, N � 82) but also by the
effect of the double shell closure of Z = 28 and N � 50 in the corresponding light
sphere”.

Survival probability of the DNS is determined by the competition between its
possible fusion andfission. Both partial probabilities depend from theDNSexcitation
energy just after scission of the mother nucleus. An idea concerning the possibility
of fusion can be obtained from the driving potential for the typical fission fragment
(E. A. Cherepanov, private communication) (Fig. 10).

The driving potential Vdr is defined as follows:

Vdr = B1 + B2 + V (R) − Bin ,

where B1, B2, Bin are the nuclear binding energies of the DNS nuclei and the mother
system, the nucleus-nucleus potential V (R) incorporates the nuclear and Coulomb
potentials. The spin is supposed to be zero for all the nuclei involved. As can be
inferred from the figure fusion is preferable at any division of the mother nucleus. At
the same time initial DNS representing, for instance, the pair of 82Ge (magic)/25Ne
nuclei should overcome essential barrier (up to sixMeV) depending on the excitation
energy of the DNS on its way to fusion. Comparable barrier preserves the system
from fission. Thus, the heights of the barriers let expect the DNS life time at least in
the nanosecond range.



86 Yu.V. Pyatkov et al.

Fig. 9 The bottoms of the fission valleys as a function of parameter Q (proportional to the quadru-
pole moment) for 246Cm. The panels depict the shapes of the fissioning system at the points marked
by arrows

Fig. 10 Driving potential of the DNS as a function of the mass of one of the fragments for the
107Mo (a) and 142Ba (b) nuclei

We suppose the break-up of the DNS to be the result of its inelastic scattering in
the degrading foil. Decreasing of the inter-center distance between the constituents
of the molecule during the front impact leads to increasing of interaction energy
sufficient to overcome the barrier (Fig. 11).
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Fig. 11 Interaction energy of two nuclei as a function of the distance between their centers. See
text for details

4 Conclusions

1. A newmechanism of ternary decay based presumably on the Rutherford break-up
of the fragment in the shape-isomeric state is observed.

2. Break-up is only one of the different ways leading to the CCT.
3. The results obtained let us to suppose that the bulk of the fragments from the

conventional binary fission are born in the shape-isomeric states.
4. The conclusions above can be regarded as preliminary until further estimation of

the life times of the shape isomers under discussion will be obtained.

5 Congratulation

I’d like to join cordially to the congratulations addressed to Prof. Itkis and say many
thanks for his role in my own professional trajectory based on the effective formula:
help by fruitful criticism.
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Features of Nuclear Reactions with Light
Weakly Bound Nuclei at Energies Near
the Coulomb Barrier

N.K. Skobelev, Y.E. Penionzhkevich, S.M. Lukyanov, V. Kroha,
A. Kugler and J. Mrázek

Abstract Experiments for studying the cross sections of fusion and transfer reactions
involving beams of halo (6He), cluster (6Li and 7Li), and loosely bound (3He) nuclei
and nuclei of light and heavy elements are presented. The analysis of the experi-
mental cross sections for these reactions was undertaken. The specific features of
the behavior of the cross sections of evaporation residual nuclei and transfer reaction
products at energies near the Coulomb barrier were observed. In particular, there was
an increase in the fusion cross sections with halo nuclei at sub-barrier energies. The
neutron and cluster transfer cross sections in the reactions with cluster nuclei reach
their maximum values at an energy near the Coulomb barrier.

1 Introduction

Understanding the mechanisms of fusion and transfer reactions with beams of
radioactive and weakly bound stable nuclei is essential for the synthesis of superheavy
elements and astrophysics. Small binding energies of the valence nucleons in halo
nuclei and nuclear clusters in loosely bound nuclei should influence the processes
of interacting nuclei at energies close to Coulomb reaction barriers. Moreover, the
possibility of the occurrence of the reaction affects the Q value, which is typically
positive in these cases.

Reactions induced by halo nuclei such as 6He have been actively studied by
numerous scientific centers. The studies revealed several interesting phenomena,
i.e., the sub-barrier fusion enhancement and high probability of direct processes
(particle breakup, one- and two-nucleon transfer reactions) which have different
reaction mechanisms [1–4].

Similar to radioactive nuclei with a halo structure, loosely bound nuclei, such as
6,7Li, etc., have a low threshold of breakup into clusters, and thus a high probability
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of clusterization in an excited state. The 6Li threshold excitation energy for the
formation of the α + d clusters is 1.47 MeV, and 7Li is observed to decay into the
α + t clusters at the excitation energy exceeding 2.47 MeV. These threshold values
are of the same magnitude as the two-neutron separation energy for 6He, which is
0.975 MeV. Transfer reactions may dominate at different bombarding energies below
the Coulomb barrier because of both the cluster structure of nuclei and a large positive
Q value. Can one expect any specific features to arise in reactions that involve stable
projectiles, such as 3He, and have low binding energy of 7.718 MeV (2.57 MeV/A)?
Since 3He is characterized by a lower proton separation energy (Sp = 5.49 MeV)
and a low two-proton separation energy (S2p = 7.71 MeV), reactions with 3He
should result in an increasing contribution from direct reactions, such as pickup and
stripping reactions.

This report is aimed at investigating the reaction mechanisms that arise from
bombardment of 45Sc, 197Au, and Pt with 6He, 6Li, and 3He ions at energies in the
vicinity of the Coulomb barrier. The goal was accomplished by analyzing excitation
functions for the formation of various nuclides as products of the complete fusion,
and radioactive nuclei in direct reactions, including those with a positive Q value.

2 Experimental Procedure

The experiments were conducted at the JINR accelerator complex DRIBs [4], the U-
400M JINR cyclotron with ACCULINNA separator [5] and the U120M cyclotron of
the Institute of Nuclear Physics of the Czech Republic in R̆ez̆ [6] using the activation
technique. After the irradiation of thin 45Sc, 197Au, and Pt foils by the beams of
accelerated 6He, 6Li, and 3He ions, the induced activity in targets was measured. All
measurements were carried out using an HPGe detector with 50 % efficiency relative
to NaJ and the HWHM of 1.3–1.8 keV for a γ -ray energy of 1.3 MeV. To identify
the nuclides produced in the reactions, we considered their γ -decay energies and
lifetimes and used the nuclear data [7].

3 Experimental Results

3.1 Fusion Reactions

Based on the measured yields of isotopes formed after the evaporation of neutrons
from the compound nucleus 203Tl and taking into account the 6He beam intensity
and the target thickness, we calculated the cross sections for the formation of various
isotopes and determined their dependence on the bombarding energy (the excita-
tion functions) [4]. Contrary to the excitation functions for neutron evaporation
x = 3 − 7 (Fig. 1), the cross sections for the 2n-evaporation channel (the nucleus
201Tl is formed) are significantly higher than the values calculated using the statisti-
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Fig. 1 Excitation functions for the 197Au + 6He → 203−xnTl reaction, where x = 2 − 7. The
symbols are evaporation channels (2n–7n). The curves are the calculations with the “ALICE-MP”
code, using the following parameters for the interaction potential: r0 = 1.29 fm, V = −67 MeV
and d = 0.4 fm. Bc is the Coulomb barrier

cal model with the one-dimensional barrier between the interacting nuclei. This may
be connected with the fact that the reaction with total absorption of 6He by the 197Au
target nucleus has a large positive Q value equal to +12.2 MeV.

We have observed quite a similar situation in the case of the interaction of 6He with
206Pb. The difference between the two reactions lies in the fact that in the 6He+206Pb
case, the Q value is equal to +4.2 MeV. The difference between the experimental
and calculated data is particularly well seen in Fig. 2, where the excitation function

Fig. 2 Excitation function measured for the 206Pb(6He, 2n)210Po reaction. The experimental cross
sections for the formation of 210Po(•), dashed line— calculations within the framework of the statis-
tical model, solid line—calculations using the two-step fusion model [9], Bc is the Coulomb barrier
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for the 206Pb(6He, 2n)210Po reaction is shown. According to the statistical model
calculations (see the dashed line), the cross section for this reaction at the peak of
the excitation function should be small since its maximum is located at energies
below the Coulomb barrier [8]. The agreement between the experimental reaction
cross sections for the 206Pb(6He, 2n)210Po reaction and the data calculated for the
two-step fusion process can be considered as evidence that the sequential fusion
process for weakly bound nuclei is the main process which influences the fusion
probability of 6He with 206Pb and leads to an increase in the reaction cross section
at energies deeply below the barrier. The data on fusion reactions, followed by the
evaporation of two neutrons (206Pb + 6He and 197Au + 6He) at energies close to
the Coulomb barrier differ from predictions within the framework of the statistical
model for compound nuclei decay. Strong enhancement is observed for these exit
channels, which is in agreement with prediction of the sequential fusion model [9].

The sub-barrier fusion has recently been investigated in detail in the reactions with
beams of loosely bound cluster nuclei 6Li and 7Li bombarding 209Bi [10, 11] and
198Pt [12]. These fusion reactions have a large positive Q value for 198Pt and a small
negative Q value for 209Bi. The experimental excitation functions for individual
fusion channels and excitation functions for complete fusion obtained by summing
up cross sections for all evaporation channels were compared with the calculated
excitation functions for evaporation models that take into account coupled channels.
Compared with the calculations, no suppression or enhancement of fusion cross
sections was found in these studies for the reactions with 6Li and 7Li.

In studies on the reaction 197Au + 3He, the Q value for the compound nucleus
reaction is 10.84 MeV, and it is possible to observe appreciable cross sections for
fusion products in the sub-barrier energy region. The cross section measurements for
the 197Au(3He, 2n)198Tl and 197Au(3He, 3n)197Tl reaction channels were performed
using the 3He beam at the U120M cyclotron, R̆ez̆. Figure 3 shows a sum of the cross
sections for the 2 N and 3n evaporation reaction channels as a function of 3He energy.

The production cross sections of 197Tl and 198Tl calculated with the NRV program
[13] and the PACE [14] code are also presented in the Fig. 3. As can be seen from
the figure, the results of the calculation done with the PACE4 code agree well with
the experimental data on fusion cross sections with 3He. The comparison suggests
that channel couplings in fusion reactions induced by 3He can be neglected.

3.2 Transfer Reactions

Large cross sections were observed for the first time for the neutron transfer with
6He to the nucleus of the target in the 6He + 197Au reaction at sub-barrier energies
[4]. The measured excitation functions for the formation of the gold isotopes 194Au,
196Au and 198Au for the reaction are shown in Fig. 4.

The contribution of complete fusion with subsequent evaporation of charged par-
ticles to the formation of these isotopes is negligibly small. The neutron transfer
mainly contributes to the formation of gold isotopes. Thus, the simplest ways in
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Fig. 3 The dependence of the total cross sections for the 197Au(3He, 2n)198Tl and
197Au(3He, 3n)197Tl reactions on 3He energy (squares) and their comparison to the cross sec-
tions calculated with the NRV program (channel couplings taken into account, solid line; channel
couplings not taken into account, dashed line) and the PACE4 code (dotted line). Bc = 22.38 MeV
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Fig. 4 Experimental excitation functions for the formation of the isotopes triangle 194Au, black-
square 196Au and circle 198Au in the 197Au + 6He reactions

which target-like isotopes might be formed in the given reaction are the following:
the isotopes 196Au and 194Au result after the removal of one and three neutrons
from 197Au, respectively, whereas 198Au is formed after the pickup by 197Au of one
neutron from 6He. The one-neutron transfer reaction from 6He to the 197Au target at
deep sub-barrier energies takes place with relatively high probability, which might
be due to the interaction of quasi-free neutrons.
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Fig. 5 Excitation function for the isotope 199Au produced in the interaction of 6Li with 198Pt.
The symbols represent: bullet our data; square data for the d +198Pt reaction are presented for
comparison

Transfer reactions induced by 6He ions have also been studied in light nuclei
[15–17]. The most complete data [17] were obtained for the 45Sc + 6He reaction, in
which the neutron transfer to the target nucleus was observed with a relatively large
cross-section for the 46Sc formation, reaching its maximum value near the Coulomb
barrier.

In the study of the reactions with the 6Li beam, yields of isotopes with nucleon
transfer on the target nuclei have been measured [10]. Figure 5 depicts the excita-
tion function with the formation of isotope 199Au in the reaction 198Pt(6Li, αn)199Au,
which has a positive Q value. The large cross sections of reactions with the formation
of gold isotopes 199Au and 198Au and the position of the excitation functions indicate
that these isotopes can be formed neither in fusion nor in charge-exchange reactions.
Comparison of the formation cross section values for 199Au production in reactions
involving deuterons and 6Li nuclei indicate that, apparently, mainly in the bombard-
ment of Pt nuclei by 6Li, the reaction of so-called inelastic sequential breakup of 6Li,
leading to the deuteron capture, may proceed. These data were confirmed in work
[18]. The one-neutron transfer cross sections for this reaction are much smaller.

It is noteworthy that the comparison of reaction cross sections for 6Li and d shown
in Fig. 5 clearly suggests a conclusion that that the deuteron cluster in 6Li has exactly
the same properties as a free deuteron in the vicinity of the Coulomb barrier. We also
observed the deuteron transfer in the 209Bi + 6Li reaction with the maxima of the
cross sections located at the Coulomb barrier [10].

Thus, in the reactions involving halo nuclei (e.g., 6He) and nuclei with clus-
ter structure (such as 6Li), the sub-barrier nucleon or cluster transfer is observed.
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Fig. 6 The excitation functions of the reaction products 45Sc+3He. The cross sections are presented
with symbols: square-cross section of the 45Sc (3He, 2p)46Sc, triangles—45Sc (3He, αn)43Sc and
circles—45Sc (3He, α)44Sc. Curves are calculated cross sections for these reactions using the code
ALICE-MP (dashed-and-dotted, dashed and solid curves, respectively)

It reaches its maximum in the vicinity of the Coulomb barrier, which clearly points
to the peripheral nature of these reactions.

Figure 6 shows the dependence of the Sc formation cross sections on the 3He
projectile energy. The 44Sc and 46Sc isotopes are formed in one-nucleon transfer
reactions, which in the case of light projectiles are referred [6] to as stripping (46Sc)
and pickup (44Sc) reactions.

Due to the positive Q value, both reactions are well manifested in 3He energy
below the Coulomb barrier. In the case of transfer to the 45Sc target nucleus, one neu-
tron from the 3He excitation function (46Sc) has behavior typical of one-neutron trans-
fer reactions. The excitation function resulting in formation of 44Sc shows slightly
unusual behavior. Despite the large positive Q value (+9,254 MeV) for the (3He,
α) reaction, a distinct peak is observed in the excitation function near the Coulomb
barrier. Competition with the (3He, αn) channel reaction manifests itself at energies
above the Coulomb barrier, but the neutron pickup channel 3He still exists and has a
noticeable cross section, even with an increase in the cross section for this reaction,
for example, in response to 59Co + 3He [6].

The cross sections for the formation of 196Au and 198Au nuclei in the 197Au +3He
reaction were measured [18] (Fig. 7). It is noteworthy that in this case both reactions,
197Au (3He, 2p) 198Au and 197Au (3He, α) 196Au, occur at sub-barrier energies.
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Fig. 7 The excitation functions for formation of a 196Au and b 198Au in the interaction of 197Au
with 3He (Bc = 22.38 MeV)

The excitation function for 196Au, which formed the α particle just like in reactions
with 45Sc (Fig. 6), reaches its maximum near the Coulomb barrier.

4 Conclusions

We have considerably extended the experiments to study fusion and transfer reactions
at higher energy of accelerated 6He ions (up to 20 MeV/A) [5]. The comparison of
calculations with the experimental data did not reveal significant suppression of
complete fusion as 6He energy increases.

The following conclusions can be drawn from the above results:

• The data on fusion reactions, followed by the evaporation of two neutrons
(206Pb + 6He and 197Au + 6He) at energies close to the Coulomb barrier, dif-
fer from predictions in the framework of the statistical model for the compound
nuclei decay. For these exit channels, a strong enhancement is observed, which is
consistent with calculations within the sequential fusion model.

• The data on reaction cross sections and their comparison with experiments con-
ducted at lower energies suggest that the specific features of the nuclear structure
of 6He are more pronounced at energies near the Coulomb barrier. As the 6He
energy increases, the nature of the interaction in similar reaction channels does
not qualitatively differ from the interaction with other light particles (α and d).

• The reaction channels with a positive Q value are well profound in the case of the
interaction of weakly bound nuclei.
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• In particular, in reactions with a positive Q value, neutron transfer to the target
nucleus and projectile nucleus most likely occur.

• Neutron transfer reaction cross sections or cluster capture cross sections reach
their maximum values in the vicinity of the Coulomb barrier in the case of the
formation of a reaction product of a densely packed core or a cluster (in this case,
α particles).

The authors thank Prof. M.G. Itkis for the support of international cooperation
conducive to the implementation of these works, and constant interest in the obtained
results.
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Stability Peninsulas in the Neutron-Rich Sector

K.A. Gridnev, V.N. Tarasov, D.K. Gridnev, X. Viñas and Walter Greiner

Abstract Using HF + BCSmethod with Skyrme forces we analyze the neutron drip
line. It is shown that around magic and new magic numbers the drip line may form
stability peninsulas. It is shown that the location of these peninsulas does not depend
on the choice of Skyrme forces. It is found that the size of the peninsulas is sensitive
to the choice of Skyrme forces and the most extended peninsulas appear with the
SkI2 set.

1 Introduction

Oneof the fundamental questions in nuclear physics iswhat combinations of neutrons
and protons can build up a stable nucleus. The nuclear landscape called nuclear chart
is shown in Fig. 1. A large number of stable isotopes are still nuclear “terra incognita”.
Moving away from stable nuclei by adding either protons or neutrons, one finally
reaches the particle drip lines where the nuclear binding ends. Stable nuclei are
confined between proton and neutron drip lines, beyond which it is impossible to
add any to the nucleus protons or neutrons. The nuclei beyond the drip lines are
unbound to nucleon emission.

The yet unexplored parts of the nuclear chart may help answering many questions
of fundamental importance: What are the limits of nuclear existence? What are the
properties of nuclei with an extreme N/Z ratio? There are also related important
questions in the field of nuclear astrophysics. Nuclei far from stability valley are
different from that around the stability line: here one finds the distortion of the
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known “magic” numbers, large spatial extensions of such nuclei and other interesting
structural phenomena [1].

The standard theoretical approach in locating the neutron drip line is to take a
stable nucleus with a fixed proton charge Z and increase the number of neutrons
N until the resulting nucleus would be “overloaded” in the sense that it gets rid of
extra neutrons through decay. This method, however, implies a simple structure of
the drip line, namely, that every line corresponding to a fixed number of protons on
the nuclear chart crosses the neutron drip line only once. Yet, it might happen that
the drip line has a more complicated structure [2–11]. In the vicinity of “magic”
numbers or “quenched magic” numbers the following scenario can take place. At
some point being filled with neutrons the nucleus looses its stability but then after
adding more neutrons the stability is restored. This leads to a new phenomenon in
nuclear physics: formation of stability peninsulas on the nuclear chart, see Fig. 1. The
analysis of the phenomenon of stability restoration through adding neutrons has been
undertaken in [2–11], where long isotope rows of the elements Pb, Zr, Ar, Kr, Rn, Gd,
Ba, S, U were considered. Thereby, the phenomenon of stability restoration through
adding neutrons was in focus. Having found such new isotopes we also investigated
their properties like masses, deformation, root mean square radii etc. The stability
peninsulas appear for almost all variants of the Skyrme forces: they are all elongated

Fig. 1 The nuclear chart and the 1n drip line. Filled blue area shows experimentally known nulei.
The solid line going through the dark squares is the 1n drip line in HFB calculations [1]. Red empty
squares a nuclei stable against one–neutron emission according to DEF HF calculations with SkM*
(a), SkI2 (b), SLy4 (c) and SkP (d) forces. The dotted line goes corresponds to magic numbers
N = 8, 20, 28, 50, 82, 126, 184 and to the new magic numbers N = 32, 58
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along magic numbers but the degree of elongation depends on the particular type
of force.

2 Results

The aforementioned scenario of formation of stability peninsulas has been analyzed
by us in [2–11] for the isotopes of O, Ar, Ni, Zr, Kr, Pb, Rn and other elements.
The calculations were performed using the HF+BCS approach with Skyrme forces
accounting for deformations (DEF HF approach). In [4–8] it was shown that nuclei
lying close to such peninsulas possess low–lying quasistable one–particle states.
By adding neutrons one makes these levels dive into the discrete spectrum, thus
stabilizing the isotope.

The discussion of the DEF HFmethod one finds, for example in [3]. The DEF HF
calculations are performed using the deformed harmonic oscillator basis, where the
basis parameters are optimized on each iteration, for details see [3]. The optimization
procedure consists in choosing optimal oscillator frequencies, which minimize the
total energy within a given basis. Let us mention that the optimization procedure
facilitates the calculation and, more important, corrects the basis functions for the
spatially extended density distributions near the drip line [3]. The pairing constant is
set to G = (19.5/A)[1 ± 0.51(N − Z)/A], where the plus and minus signs refer to
protons and neutrons respectively. In DEF HF calculations we include only bound
one particle states. In spite of ignoring the continuum states this method still provides
a good agreement with the HFB, see [4–8]. Since all nuclei, which lie on the stability
peninsulas are spherical we also use a spherical code (SPH HF) , which solves the
HF equations directly rather than using a particular basis. In the BCS scheme of
the spherical code we implement the inclusion of localized quasibound continuum
states.

We used the following sets of Skyrme forces Ska, SkM*, SLy4, SkI2 and SkP
(below under Skyrme forces we shall mean only these sets of forces). Stability
peninsulas originate for all Skyrme forces, which produce low–lying quasibound
one–particle states with high angular momentum (which are responsible for a high
centrifugal barrier confining the particles).

The observed stability peninsulas with respect to one neutron emission are shown
in Fig. 1 for different Skyrme forces. It is easy to see from Fig. 1 that the formation
of peninsulas on the neutron drip line happens at the same N values for all forces but
peninsula edges have different Z values.

It should be stressed that nuclei forming stability peninsulas are spectrally bound in
the sense that there exists awell-definedground statewave function,whichminimizes
the energy functional for such nuclei. At this point they becomewell-defined compact
objects and the question about their lifetime becomes correctly formulated. And
though for some nuclei it may be energetically favorable to get rid of two or more
neutrons, a large centrifugal barrier of the last filled levels may serve as an indication
that this lifetime would be large.
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We found that Ska and SkM* forces occupy an intermediate position between
SkI2 and SkP, in the sense that more elements are stable with SkI2 and less with SkP.
The forces SkI2 are the most optimistic, at the same time the formation of stability
peninsulas for SkP is rather rare. The difference between two of these forces is
depicted in Fig. 1.

In Fig. 1 one finds the comparison with benchmark HFB calculations [1]. We
denote one–neutron separation energy by Sn . By definition, 1n drip line separates on
nuclear chart the regions, where Sn > 0 (nuclei stable against one neutron emission)
and Sn ≤ 0 (nuclei unstable against one neutron emission). In our method we use
the Koopmans theorem to approximate one neutron separation energy Sn through
the energy of the last occupied level and determine the drip line from the condition
Sn = 0, where even small positive Sn indicates the stability against one–neutron
emission.

1n drip line in Fig. 1 for various Skyrme forces has typical bend points around
known magic numbers N = 82 (SLy4), 126 (SkM*, SkI2, SLy4, SkP), 184 (SkM*,
SkI2, SLy4, SkP) and also for N = 32 (SkM*, SkI2, SkP) and 58 (SkM*, SkI2,
SLy4, SkP). The bend points indicate the stability enhancement around these N -
values. It is worth noting that the stability peninsulas are formed for various Skyrme
forces around the same neutron numbers. As we have already mentioned the stability
restoration results from low–lying quasibound states, which immerse into the bound
spectrum for higher N , see [4–8].

Belowwe list the stable isotopes that form stability peninsulas and the responsible
subshells for the Skyrme forces SkM* and Ska. 1 f7/2 – 40O; 2d5/2 – 76Ar, 74S; 1h11/2
– 110Ni, 108Fe; 1i13/2 – 174Cd, 172Pd, 170Ru, 168Mo, 166Zr; 1 j15/2 – 256Hf, 254Yb,
252Er, 250Dy, 248Gd, 246Sm, 244Nd, 242Ce, 240Ba. From Fig. 1 it can be seen that the
stability peninsulas with SkI2 forces are by one or two Z longer than those formed
with SkM*. For N = 184 the last stable isotope with SkI2 forces is 236Te having
Z = 52, which is close to the magic Z = 50. The neutron to proton ratio in 236Te
reaches N/Z = 3.54. In the case of 40O one has N/Z = 4! For SLy4 and SkP
forces the whole nuetron drip line becomes shifted in the positive Z direction. The
edges of stability peninsulas for SLy4 are formed by the isotopes 42Ne, 80Ti, 112Zn,
172Pd, 248Gd. And for SkP forces the edges of stability peninsulas correspond to the
isotopes 42Ne, 78Ca, 114Ge, 174Cd, 252Er.

For all Skyrme forces the nuclei forming stability peninsulas are spherical in DEF
HF calculations, which is characteristic ofmagic numbers. The spherical form allows
to run additional checkwith SPHHFmethod, where pairing is treatedmore precisely.
Such additional calculations were done for 40O, 74S, 108Fe, 166Zr and 240Ba using
SkM*, and taking into account localized states with n ≤ 10 and l ≤ 14. The pairing
contribution for these nuclei was equal to zero, which testifies for the magicity of
corresponding neutron numbers. Let us add that 74S (SkM*, Ska), 72Si (SkI2), 80Ti
(SLy4) and 78Ca (SkP) have N = 58.

The most impressively extended stability peninsula occurs at N = 184. Figure2
shows the fragment of the neutron drip line around N = 126 and 184 for SkM* forces
(Fig. 2a) and SLy4 forces (Fig. 2b). The edge of stability peninsula, which is formed
at N = 126 (SLy4 forces) corresponds to 172Pd (Fig. 2b). The quasistable 170Ru is
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(a)

(b)

Fig. 2 A detailed fragment of Fig. 1. The notations are that of Fig. 1

marked with a star on Fig. 2b; its last filled level with quantum numbers 1i13/2 has a
positive energy 0.27MeV, but the centrifugal barrier, which corresponds to this state
has a height of 9.28MeV. One can see that that the peninsulas broaden with higher
Z . Such broadening of peninsulas allows for some nuclei lying at these peninsulas a
correct evaluationof two–neutron separation energies S2n = E(Z , N−2)−E(Z , N ).
The shift of the drip line compared to HFB calculations results from the different
conditions for its determination, namely, zero one neutron separation energy (in
the Koopman’s approximation) in our case and zero chemical potential in the HFB
method.

Figure3 shows one neutron separation energies for the isotone chain N = 184
(SkM* forces). One can see that Sn and S2n decrease monotonically. The nucleus
240Ba lies on the edge of stability peninsula, its one neutron separation energy is very
small Sn = 0.024MeV (DEF HF calculation) and 0.064MeV (SPHHF calculation).
The last filled one–particle level is 1 j15/2, which has the HF potential with the
centrifugal barrier height of 8.58MeV.
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Fig. 3 One and two–neutron
separation energies for the
series of isotones
corresponding to N = 184 for
SkM* forces. a One neutron
separation energies in DEF
HF calculations without
continuum states in the BCS
scheme. b Two–neutron
separation energies. Dark
squares are DEF HF
calculations (without
continuum in the BCS). Light
squares are SPH HF
calculations with continuum
states. Red stars are DEF HF
in grid calculations with
continuum states. Green
circles are HFB
calculations [1]

Two–neutron separation energies for isotones corresponding to N = 184 are
shown in Fig. 3b. For Z = 56, 58, 60 and N = 184 we used the binding energies
of the isotopes, which are not stable against one neutron emission. This might, of
course, reduce the precision of S2n values. One can see that DEF HF, SPH HF and
HFB calculations are in good agreement. The nucleus 248Gd, which has Z = 64 has
a positive S2n value. Thus for N = 184 the stability peninsula contains isotopes that
are stable against both one and two–neutron emission. Let us emphasize again that
accounting for continuum states hardly affects the values of S2n when N = 184.
This is a consequence of N = 184 being a magic number.

In conclusion, using DEF HF (oscillator basis and grid) and SPH HF approaches
with Skyrme forces we show that stability peninsulas, which contain nuclei stable
against either 1n or 2n emission or both, may exist beyond the conventional theoreti-
cally predicted 1n drip line. The peninsulas are formed at N = 32, 58, 82, 126, 184,
which are either magic or newmagic numbers. This was shown for various choices of
Skyrme forces. All isotones with such neutron numbers are spherical. Since stability
peninsulas lie along magic neutron numbers, the obtained results should not depend
strongly on the way of accounting pairing correlations. All this indicates that the
neutron drip line may have a more complicated structure than it was assumed earlier.
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Dynamics of Collinear Ternary Fission

Wolfram von Oertzen, K.R. Vijayaraghavan and M. Balasubramaniam

Abstract True ternary fission of heavy nuclei has been predicted under condi-
tions of large Z2/A-parameters, and a decay into three fragments of comparable
masses has been predicted repeatedly. Studies for these ternary decays with third
fragments with masses around A = 40 have been done using the missing mass
approach with two FOBOS-detectors in coincidence at 180◦. A new kind of radioac-
tive fission decay, the so called collinear cluster tri-partition (CCT) has been dis-
covered as reported in Refs. [1, 2], namely for spontaneous fission of 252Cf(sf)
and with neutron induced fission in 235U(n, fff). We discuss the dynamics of the
collinear ternary fission decay in a model, where the ternary decay is considered to
be a sequential process of two binary decays, with two neck ruptures in a strongly
deformed (hyperdeformed) nucleus. The kinetic energy of the third fragments are cal-
culated as well as the potential energy surfaces are discussed for the ternary collinear
decay.

1 Introduction: Ternary Fission

The phenomenon of ternary fission for heavy nuclei has been discussed already
40–50 years ago. These decays can easily be predicted using the liquid drop model
[3–6]. True ternary fission, with comparable masses of the fragments, appears with
a higher Q-value as compared to binary fission, because the three fragments are all
closer to the maximum of the values of EB/N (binding energy/nucleon). A particular
feature for larger values of the charges of the three fragments is the fact, that the
emission of the three fragments occurs collinearly. This has been predicted also in
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theoretical earlier work e.g. [5, 6] and references therein. This fact has been neglected
in the earlier experiments, see Refs. [7, 8], and therefore has remained undiscovered
until recently, see in particular Refs. [1, 2].

2 The Collinear Ternary Fission Process

In the recent analysis of the fragmentation potentials of the true ternary fission process
in Ref. [9], the potentials for oblate and prolate (collinear) geometries have been
compared (see Figs. 1 and 2). The shapes for touching spheres are shown in Fig. 1, the
dominant part of the differences between the two geometries are due to the Coulomb-
interaction. From the fragmentation potentials the relative yields (the yield for α’s
can not be obtained correctly) can be predicted by the statistical model and they are
shown in Fig. 2. We observe, that for third fragments A3, heavier than M3 = 35 (the
crossing point of the two curves for the yields with the two geometries), the prolate
(collinear) fission for comparable three fragments will dominate by many orders of
magnitude. Looking into the calculations of Ref. [9], it can be easily understood that
this effect is due to the dominance of the Coulomb interaction, the nuclear potential
is weak in comparison.

Fig. 1 The two geometries of three clusters in the ternary decay (true ternary fission). The frag-
mentation potentials of the two arrangements are calculated, see Ref. [9]. a Equatorial, b collinear
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Fig. 2 Curves for relative
yields in ternary decays of
252Cf(sf) are compared (from
Ref. [9]) for oblate
(equatorial, triangular) and
prolate (collinear) geometries.
Prolate fission dominates for
heavier third fragments, A3

2.1 Some Experimental Facts

Previous experiments have mainly concentrated to observing light particle emission
perpendicular to the fission axis, see Refs. [7, 8]. According to Ref. [9] true ternary
fission is dominated by prolate (collinear) ternary geometries and the corresponding
fission yields are many orders of magnitude larger then those for oblate (triangular)
geometries. Actually, in an experiment devoted for the establishment of true ternary
fission in an triangular geometry for 252Cf(sf), a detector set-up was used to detect
three coincident masses with the possible heaviest third particle, by Schall et al. [10],
with four segments of gridded ionisation chambers (covering each a range of 80◦).
These ionisation chambers have been previously used in a system called “Diogenes”,
they imply a lower energy threshold of 25 MeV, which was set in order to reduce
background. This experiment gave a lower limit for true ternary decays of 1 × 10−8,
relative to binary decays. The yield with this limit is connected to larger masses of
the three particles (and relative angles of ca. 120◦) with a central nuclear fragment at
around A = 35 − 50. This experimental result once more emphasizes, as discussed
above, that true ternary fission will occur collinearly. In Ref. [1] the process was
therefore called collinear cluster tri-partition (CCT).

The fact, that true ternary decay in nuclei with large charges, has to occur
collinearly was shortly discussed in [11]. Collinear decay has been neglected in
the work on fission in the last decades [7, 8], thus it came as a surprise that it
has been observed in the work presented in Refs. [1, 2], there the ternary decay is
observed by the missing mass method. In a binary coincidence with two Fobos-
detectors [12] placed at 180◦, two vectors of the ternary decay are completely deter-
mined (two angles, two energies, two masses). In the sequential decay (see Ref. [13])
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Fig. 3 The geometry of the experimental arrangements with the Fobos-detectors from Ref. [1]:
ternary decay from the Cf-source (marked with label 1) with one fragment (H) moving to the left
and the intermediate fragment to the right, splitting into two (L1 and L2) lighter fragments. The
entrance of the main Fobos-detectors has a support-grid with a beehive-structure (a). The angular
dispersion of the two lighter fragments due to the passage through the backing of the source (and
the blocking one of them on the support-grid), creates a missing mass event in the coincidences of
M1 and M2

two fragments are emitted in the direction opposite to the first fragment. The latter
two are emitted towards arm1 at a relative angle of 0◦, however, they are dispersed
to small relative angles by passing through dispersive media, namely, the backing
of the source or target: 50µg/cm2 of (Al2O3), and the foils of the start detector
positioned only in one of the detector arms, in arm1. This produces an angular dis-
persion (see Ref. [14] for details) between the two fragments of 0.5◦, traveling to
the ionisation chamber towards arm1. With this circumstance and the support grid
(beehive-honey-comb) in front of the main Bragg-ionisation counter, separating its
high pressure gas region from the low pressure PPAC (Parallel Plate Counters), a
blocking of one of the fragments can occur. These give position information in x, y,
(and timing signals) and block one of the fragments, while the other passes though
the grid, see Refs. [1, 2] and Fig. 3. In the final analysis the differences of the coinci-
dent counts (arm1–arm2) is taken. In this experiment a relative yield of 4.3 × 10−3

per binary fission has been observed (Fig. 4).
As a test for the observed phenomenon we show the experimental results with

similar conditions from Refs. [1, 2] for neutron induced fission 235U(n, fff) using
thermal neutrons from the reactor of JINR at Dubna. Also in this experiment with a
target of 100µg/cm2 uranium, the support has been an Al2O3 backing of 50µg/cm2

pointing to arm1. The target was integrated in a special start detector to obtain a
very compact device for the time of flight measurements (TOF), which give a mass
resolution of 2–3 a.m.u. In total 1.6×106 events have been recorded in this experiment
with 235U(n, ff). In this case the projections of coincident events on the Ms- and the
M1-axis are shown in Fig. 5. Whereas the projection on M1 shows again a bump
for the Ni-isotopes, the missing mass bump in the Ms-spectrum is lower in mass,
then in the case of 252Cf(fff), implying the dominance of the Sn and Ni-clusters, and
resulting in a smaller ternary central fragment.
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Fig. 4 The binary coincidences of two registered masses in Fobos-detectors, M1 and M2, at relative
angles of 180◦. The missing mass events are created due to the dispersion of the two fragments
moving towards arm1, after passage through the backing of the source, and the blocking of one
(see Fig. 3). Missing mass events appear below the region of the coincidences of M1 and M2, from
binary fission. Note the line with (M1+M2) = 225 shown for illustration. The missing mass events
(a broader bump) are centered around the peak labeled 7, with a missing mass of A3 = (40–48)

3 The Phase Space and Potential Energy Surface (PES)
of Ternary Fission Decay

One of the major objections of the referees of the papers published (Refs. [1, 2])
has been the high yield of 4.3 × 10−3 relative to the binary fission observed. Other
objections were connected to the fact that with the detection of Ni-isotopes in the
coincidences with 132Sn, mostly Ca-isotopes have been observed as the missing
fragments. Also the collinearity of the fragments had been questioned, we give the
result of a calculation of the ternary fission valley at the end of this paper (see Figs. 9
and 10). In the following we clarify the circumstances leading to the high yield of
the observed phenomena, mainly determined by the phase space of the process. All
these questions are connected to a proper appraisal of the phase space. The latter
problem is connected to the potential energies for different configurations. With Ca
at the center we have a 10 MeV deeper value of PES (see Figs. 6 and 7).
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Fig. 5 The results of the fission reaction 235U(n, fff) measured with a modified FOBOS (mini-
Fobos) set-up. For technical details we refer to the paper on CCT by Pyatkov et al. [1]. For the
comparison with other systems the projections onto the axis with the sum Ms of the registered masses
are shown. The projection on M1 shows the dominance of the Sn and Ni-clusters, the projection
on Ms shows for 235U(n, fff) the shift towards smaller mass, implying a smaller total mass and a
smaller mass for the central ternary fragments, isotopes of S and Ar, instead of Ca in the case of
252Cf(fff)
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Fig. 6 Geometrical arrangements for the potential energies (dominated by the Coulomb interaction)
of two collinear geometries of the three clusters (Sn + Ca + Ni), illustrating the difference in the
PES, for different central fragments

Fig. 7 The potential energy surface (PES) for the ternary decay of 252Cf(fff), for the range of
fragments (Z3, Z1) with (A3, A1) between 10 and 80. This gives a potential valley, with two minima
for the different order of the two charges (Z3, Z1) as (20, 28) or (28, 20), (courtesy of A. Nazirov)
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3.1 The Phase Space of Ternary Fission Decay

Fission decay is proceeding as a statistical decay, see also Ref. [15], from an equili-
brated compound nucleus as formulated in the Hauser-Feshbach theory of the decay
of compound nuclei. The potential energy surfaces (PES, and Q-values) govern the
range of momenta, the number of pairs of fragments, with the ranges in mass and
charge favored in the decay. The most important ingredients in this model describ-
ing the total decay probability are enumerated below. There is principally no model
dependence, the statistical factors are active, when the fragments are separated at the
scission point. The factors governing the decay probability are:

(1) The penetration factors in the sequence of binary channels,
(2) The phase space of the decay:

(a) Q-values for the different channels (fragment combinations). Momentum
range in each channel.

(b) number of open channels, combinations (A3, A1) allowed by the Q-values,
(c) number of excited states in each fragment in the different channels,

(3) Statistical factors, spin and spin-multiplicity of these states, formed in different
fragment combinations. As the most important factor we discuss the PES.

In the calculations of Vijay et al. [13], using the assumption of a sequential decay
(two neck ruptures in a short time sequence) as illustrated in Fig. 8, the PES and
kinetic energies in different fragment combinations have been calculated. In this
figure we show a PES-Q-value-surface for the various fragment combinations. We
find, that in the mass ranges of M1 and M2 (48–54) and (133–128), there are 30
fragment combinations for decay-channels with favorable Q-values. In the fragments
due to favorable conditions (Q-values), the number of excited states, in the average
(N = 5, or more) can be populated, with spins up to 6+ (many spins are observed

Fig. 8 The sequential ternary fission decay of the collinear arrangements of the three clusters
(Sn + Ca + Ni). With this assumption, the Q-value ranges (right side) and the kinetic energies of
the fragments have been calculated, see Ref. [13]
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in γ -spectroscopy of fission fragments, see Ref. [16] and citations therein). The
average spin multiplicities would be 〈M〉 = 10. With higher momenta due to the
rather high Q-values for “true ternary fission”, a total phase space factor of 5,000 or
more is expected, as the factor to be multiplied to the probability for a single isotope-
combination, and if compared to single isotope light particle emission, as observed
in previous work on “ternary fission” [7]. This fact explains the large relative yield of
CCT mentioned before, it refers to a bump of ternary fission fragments in the mass
spectrum, similar to the “bumps” observed in binary fission.

3.2 Potential Energy Surface for Three Clusters

The potential energy surface (PES) for ternary decays has been calculated by
Nazirov [17], Vijayaraghavan et al. [13] and Balasubramanian et al. [18]. We see
particular minima (with optimal Q-values) in the PES, in Fig. 7, giving rise to higher
yields for the favored mass combinations, mostly combinations of clusters, nuclei
with closed shells in the neutron or proton number.

A major item influencing the fission decay is the available potential energy. We
inspect the PES as calculated by Nazirov [17] shown in Fig. 7. We note two different
minima for the charge-numbers (Z1–Z3) in either order (20, 28) or (28, 20), the latter
with a deeper valley, favoring the Ca-Isotopes as central fragments.

Another question has been the collinearity of the ternary decay. We have calculated
the energy of the collinear three-body arrangement, as function of the deviations from
a straight line [18], defined by an angle θ , as shown in Fig. 9. The result is shown
in Fig. 10. The Coulomb energy is again the dominating factor, it is screened for the
clusters at the borders in the linear arrangement. A valley with a strong minimum
for θ = 0 appears, forcing the decay into a strictly collinear geometry.

Fig. 9 The different orientations a, b and c of three charges for the ternary decay of 252Cf(fff),
with an angle θ , giving a potential valley, into which the collinear decay will be confined [18]
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Fig. 10 The potential valleys created by three charges in the ternary decay of 252Cf(fff) for devia-
tions from the collinear geometry (see Fig. 9). The figure shows the steep increase of the potential
energy if the orientation of the central Ni- or Ca-clusters changes, deviating from the collinear
geometry with an angle θ (Fig. 9). Note the deeper valley for the case that Ca is the central fragment

4 Recent Results and Perspectives for Future Work

Recent work on true ternary fission was concerned with neutron coincidences and
using Pin-diodes (instead of Fobos-detectors) for the measurements of TOF and
energy. We show in Fig. 11 the result of the 252Cf(ff, n) in coincidence with neutrons
and measured with pin-diodes, instead of Fobos-counters. The background due to the
scattering on the entrance support grid (see Fig. 3) has disappeared. The projections
onto the M1 and Ms axis are also shown for three cases, this experiment, as well as
for the previous ones with Fobos for 252Cf(ff, n) and for 235U(n, fff). The essential
features are very similar in all three cases (for details see Refs. [1, 2]).

We summarize, that the missing mass method for the study of collinear ternary
decays has given consistent results for three independent experiments, for different
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Fig. 11 Spontaneous fission
in coincidence with neutrons
of 252Cf(ff) in comparison
with the fission reaction
235U(n, ff) measured with the
Fobos (mini Fobos) set-up.
For technical details we refer
to the paper on CCT by
Pyatkov et al. [1]. The
projection on M1 shows the
dominance of the Sn and
Ni-clusters, the projection on
Ms shows for 235U(n, ff) the
shift towards smaller total
mass, implying also smaller
masses for the ternary
fragments (isotopes of S and
Ar). Note the lower
background due to the use of
pin-diodes
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nuclei and for different detector systems. Further studies are planned with neutron
coincidences, and registering the three fragments in coincidence. A unique way
to study the collinear ternary (or multiple) decay will be by fission in flight after
Coulomb excitation. Such experiments could be realized with inverse kinematics [19]
at the fragment separator FRS at GSI (see also Refs. [20, 21]), and with the FRS’s
at other laboratories (MSU, RIKEN, FAIR). These experiments can be performed
at energies up to 1.0 GeV/u. In this case the large momentum of the center of mass
of the decaying nucleus will boost all decay vectors to high energies, allowing the
registration in a multiple coincidence of all three (or more) fragments.
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General Laws of Quantum and Statistical
Mechanics Governing Fission

Karl-Heinz Schmidt and Beatriz Jurado

Abstract It is shown that many of the apparently complex empirical features of
low-energy fission can be explained by general laws of quantum and statistical
mechanics. Early studies with the two-centre shell model have shown that the shells
of the separated fragments decisively influence the microscopic properties of the
fissioning system already way before scission. This lead us to postulate the separa-
bility of macroscopic and microscopic features of the potential energy surface, of
the friction and of the inertia on the fission path. According to this postulate, only
the macroscopic properties are specific to the compound nucleus, while the micro-
scopic properties are attributed to the nascent fragments. The fragment shells may
strongly differ from the shells of the separated fragments, because the Coulomb force
favours strongly elongated shapes on the fission path. Scarce experimental informa-
tion on prompt-neutron yields indicates that the thermal energy available at scission
is fully transferred to the heavy fragment. This is explained by the laws of statistical
mechanics that lead to an energy-sorting process. The semi-empirical model GEF
was developed on the basis of these ideas.

1 Introduction

Nuclear fission is characterized by a huge number of final configurations and a
rich variety of observables. The protons and neutrons of the fissioning system can be
divided in more than thousand different ways between the two fragments. In addition,
the fragments can be produced in a variety of shapes and a wide range of excitation
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energy and angular momentum. This is why nuclear fission is one of the best suited
processes for studying the dynamical properties of microscopic systems.

Most effort is presently invested in modelling nuclear fission with stochastic [1]
and with self-consistent [2] approaches. In the present contribution, however, it will
be shown that a systematic view on the large body of experimental data reveals
the dominant influence of general laws of quantum and statistical mechanics on
the fission process. These are responsible for some very peculiar and unexpected
dynamical features of the system.

2 Localization of Wave Functions in a Di-nuclear System

2.1 Systematics of Fission-Fragment Distributions

Figure 1 gives an overview on the measured mass and nuclear-charge distributions
of fission products from low-energy fission. Fission of target nuclei in the actinide
region, mostly induced by neutrons, shows predominantly asymmetric mass splits.
A transition to symmetric mass splits is seen around mass 258 in spontaneous fission
of fusion residues.

Electromagnetic-induced fission of relativistic secondary beams covers neutron-
deficient nuclei from mass 204 to 234 [3]. A transition from asymmetric to symmetric
fission occurs around mass 226. A pronounced double-humped structure close to

Fig. 1 General view on the systems for which mass or nuclear-charge distributions have been
measured from [4]. The distributions are shown for 12 selected systems. Blue circles (blue crosses)
Mass (nuclear-charge) distributions, measured in conventional experiments [5, 6] and references
given in [3]. Green crosses Nuclear-charge distributions, measured in inverse kinematics [3]
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symmetry appears in 201Tl [5] and in 180Hg [6]. It is difficult to observe low-energy
fission in this mass range. Thus, 201Tl could only be measured down to 7.3 MeV above
the fission barrier due to its low fissility. Only 180Hg was measured at energies close
to the barrier after beta decay of 180Tl. For 201Tl it was observed that the structure
weakens strongly with increasing excitation energy [5]. Considering this trend and
extrapolating it to energies close to the fission barrier, the fission characteristics of
these two nuclei, 201Tl and 180Hg, are rather comparable. Also other nuclei in this
mass region show similar features [7].

In the range where asymmetric fission prevails, e.g. from 227Ra to 256Fm, the
light and the heavy fission-product components gradually approach each other with
increasing mass of the fissioning nucleus, see Fig. 1. A quantitative analysis revealed
that the mean mass of the heavy component stays approximately constant [9] at about
A = 140. This has been explained by the influence of a deformed (β ≈ 0.6) fragment
shell at N = 88 and the combined influence of the spherical shells at N = 82 and
Z = 50 [10].

Newer data on Z distributions over long isotopic chains [3, 11], however, revealed
very clearly that the position in neutron number varies systematically over more than
7 units, while the position in proton number is approximately constant at Z = 54,
see Fig. 2. The rather short isotopic sequences covered in former experiments did
not show this feature clearly enough and gave the false impression of a constant
position in mass, although indications for a constant position in Z in proton-induced

Fig. 2 Mean neutron and proton number of the heavy component in asymmetric fission before
prompt-neutron emission in the actinide region from thorium to einsteinium from [4]. The lines
connect the data for a fixed element. The values were deduced from measured mass and nuclear-
charge distributions using the semi-empirical GEF code [8] for the correction of charge polarization
(the deviation of the N/Z ratio of the primary fragments before emission of prompt neutrons from the
N/Z value of the fissioning nucleus) and prompt-neutron emission. Open symbols denote results from
conventional experiments, full symbols refer to an experiment with relativistic projectile fragments
of 238U [3] (See [8, 11] for references of the underlying experimental data.)
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Fig. 3 Measured prompt-neutron yields as a function of the pre-neutron fragment mass for 0.8 MeV
neutron-induced fission of 237Np [13] and spontaneous fission of 252Cf [14]

fission have already been deduced previously [12]. Only for the most neutron-rich
systems, the curves in the upper and in the lower panel have about the same slopes
with opposite signs, which indicates an approximately constant position in mass.

2.2 Mass-Dependent Prompt-Neutron Yields

In Fig. 3, the measured mass-dependent prompt-neutron yields are shown for two
representative systems, with rather different mass, 237Np(n,f) [13] and 252Cf(sf)
[14]. It seems that the prompt-neutron yields for the same fragments are very close
for the two systems. The larger total prompt-neutron yield for 252Cf(sf) is essentially
caused by the shift of the light fission-fragment group to heavier masses, where the
prompt-neutron yield increases strongly.

2.3 Separability Principle

When the two-centre shell model became available, it was possible to study the single-
particle structure in a di-nuclear potential with a necked-in shape. Investigations of
Mosel and Schmitt [15] revealed that the single-particle structure in the vicinity of
the outer fission barrier already resembles very much the sequence of single-particle
levels in the two separated fragments directly after scission. They explained this
result by the general quantum-mechanical feature that wave functions in a necked-in
potential are already essentially localized in the two parts of the system.

This finding immediately leads to the expectation that the shells on the fission path
that are responsible for the complex structure of fission modes are essentially given
by the fragment shells. Potential-energy surfaces of fissioning systems calculated
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Fig. 4 Schematic illustration of the potential energy for mass-asymmetric shape distortions on the
fission path, after an idea of Itkis et al. [17]. The black curve shows the macroscopic potential that
is minimum at symmetry, while the red curve includes the extra binding due to an assumed shell at
Z = 55

with the macroscopic-microscopic approach (e.g. Ref. [16]) support this assumption.
Itkis et al. [17] quoted this feature as a qualitative argument to explain the systematic
features of the fission-fragment distribution depicted in Fig. 1. Figure 4 illustrates
the interplay of macroscopic and microscopic contributions to the potential-energy
surfaces near the transition from single-humped mass distributions to double-humped
mass distributions around mass number A = 226. Also the prompt-neutron yields
which are sensitive to the shape of the fragments at scission seem to be mostly specific
to the nature of the fragment and independent from the fissioning system, see Fig. 3.

A more quantitative test of the role of fragment shells for the fission-fragment
properties has been performed recently. Since only the macroscopic potential is
specific to the fissioning system, while the shells on the fission path are the sum of
the neutron- and proton shells of the two fragments, the shells can be determined by
an un-folding procedure from the body of measured fission-fragment distributions.
In this spirit, named separability principle, the GEF code [8] is based on the empirical
positions of the fission channels as illustrated in Fig. 2 and on a unique set of shell-
strength parameters for all fissionning systems. The effective temperatures are given
by a suitable rather simple parameterisation as a function of the initial excitation
energy of the fissionnig system and the calculated potential-energy gain from saddle
to scission. The fission-fragment distributions are deduced from the population of the
quantum oscillators in mass asymmetry in the different fission valleys in statistical
equilibrium. Figure 5 illustrates that the measured fission-fragment distributions are
very well reproduced with this approach.
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Fig. 5 Mass and Z distributions of fission fragments from spontaneous fission (sf), thermal-neutron-
induced fission (nth,f) and electromagnetic-induced fission (e.m.). (In most cases the post-neutron
masses are shown. Aprov is the “provisional mass” that is directly deduced from the ratio of the
kinetic energies of the fragments and, thus, it is not corrected for neutron emission.) Measured or
evaluated data (black lines, respectively histogram) are compared with predictions of the GEF code
[7] (pink and green lines). The contributions of different fission channels are shown. (See [7] for
references of the data.) Figure from [4]

3 Energy Sorting

3.1 Energy-Dependent Prompt-Neutron Yields

Data on the variation of prompt-neutron yields as a function of the initial excita-
tion energy of the fissionning system are scarce and their uncertainties are often
rather large. Figure 6 presents one of the most reliable results of this kind. It shows
the prompt-neutron yields of the system 237Np(n,f) for two energies of the incom-
ing neutrons. The additional energy introduced by the 5.5-MeV neutrons obviously
enhances the prompt-neutron yields in the heavy fission-fragment group, only, while
the neutron yields in the light group remain unchanged.

3.2 Nuclei in Contact—a Microscopic System of Coupled
Thermostats

There is increasing evidence [18, 19] that the nuclear level density in the regime of
pairing correlations essentially deviates from the widely so-called Fermi-gas level-
density formula that had been derived by Bethe [20] for a system of non-interacting
Fermions. Due to the gradual breaking of Cooper pairs, the effective number of
degrees of freedom of the nucleus increases strongly, leading to a large heat capacity,
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Fig. 6 Measured prompt-neutron yield in 237Np(n,f) as a function of pre-neutron mass at two
different incident-neutron energies [13] (data points) in comparison with the result of the GEF code
[8] (histograms) figure from [23]

and, therefore, the level density as a function of excitation energy is well approx-
imated by an exponential function. This means that the nuclear temperature in the
regime of pairing correlations is essentially constant.

The early manifestation of fragment shells on the fission path, mentioned above,
indicates that the fragments acquire their individual characteristics long before scis-
sion. Thus, the fissioning nucleus represents a very interesting system of two micro-
scopic objects that behave as coupled thermostats with a limited total energy. Driven
by entropy, thermal energy is exchanged between the nascent fragments by trans-
fer of particles through the neck [21, 22]. Since the nuclear temperature is grossly
proportional to A2/3, this process leads to an energy sorting, where essentially all ther-
mal energy is concentrated in the heavy fragment [23]. This explains the enhanced
prompt-neutron yield for the higher initial excitation energy shown in Fig. 6. Of
course, this process ends at scission, and the deformation energy of the individual
fragments at scission that is dissipated after scission remains in the respective frag-
ment and represents the main source of the saw-tooth like behaviour of the mean
mass-dependent prompt-neutron fission yield.

4 Conclusion

The nuclear fission process provides a unique test object for studying the dynamical
behaviour of two microscopic objects with different structural and thermodynamical
properties in contact. The relative velocity is so low that the heating of the system
due to the window formula of the one-body dissipation, which normally dominates
in heavy-ion reactions, is negligible.
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Experimental data on the mass-dependent prompt-neutron yields reveal that the
fissioning system on the way to scission represents a unique system of microscopic
thermostats with a fixed total energy in contact. These thermostats act like two heat
baths with different temperatures, leading to a transport of essentially all available
thermal energy to the heavy fragment.

A nucleus in the regime of pairing correlations is certainly one of the smallest
thermostats to be found in nature, offering the possibility to study the combined
influence of quantum structure and statistical mechanics.

It was shown that major trends of the general dynamic behaviour of the fissioning
system are driven by general laws of quantum and statistical mechanics.
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How Rare Is Cluster Decay
of Superheavy Nuclei?

D.N. Poenaru, R.A. Gherghescu, W. Greiner and N.S. Shakib

Abstract Superheavy nuclei produced until now are decaying by α emission and
spontaneous fission (SF). For atomic numbers larger than 121 cluster decay (CD) has
a good chance to compete. While the majority of calculated α decay (αD) half-lives
are in agreement with experimental data within one order of magnitude and CD are
also very well accounted for, the discrepancy between theory and experiment can be
as high as ten orders of magnitude for SF. Further improvement of accuracy comes
from finding the optimal parameters of our models: analytical superasymmetric fis-
sion model, universal curve and semiempirical formula. For SF we study the nuclear
dynamics based on potential barriers computed by the macroscopic-microscopic
method and employing various nuclear inertia variation laws. Applications are illus-
trated for 284Cn and even-even Z = 118 − 124 parent nuclei.

1 Introduction

In the region of heavy nuclei with atomic number Z = 87−96, the measured 14C, 20O,
23F, 22,24−26Ne, 28,30Mg, and 32,34Si cluster radioactivities (CD) [1] confirmed our
predictions of 1980 [2, 3] and shows up as a rare phenomenon in a huge background
of α particles.

Neutron deficient superheavy (SH) nuclei with Z = 104 − 118 synthesized by
fusion reactions [4–8] are decaying mainly by alpha emission (αD) or in a few cases
by spontaneous fission (SF). Production of SHs closer to the β-stability line could
be possible in the future [9].
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Our calculations [10, 11] have shown a trend toward a branching ratio b = Tα/Tc

relative to αD larger than unity for heavier SHs with Z > 121. Despite the good
agreement between theory and experiment for αD [12] and CD [13, 14], in the regions
of the nuclear chart which are not experimentally reached there is a large uncertainty
of the calculated half-lives as a consequence of the differences of calculated atomic
masses by different models. We continue our systematic search by using new mass
tables: experimental AME12 [15] available for neutron deficient SHs up to Z = 118
and theoretical ones WS-10 and WS3-11 [16, 17] well extended up to the neutron
drip line.

For SF we refer to the recent publications [18–20] as well as to the earlier ones
[21–24].

In the three decay modes mentioned above (αD, CD, SF), from one parent nucleus
AZ , one obtains an emitted particle (or a light fragment) A2 Z2, and a daughter (heavy
fragment) A1 Z1:

AZ → A2 Z2 + A1 Z1 (1)

In the present work we consider the competition of SF, by performing calculations
using the Werner–Wheeler approximation [25, 26] for the nuclear inertia and the two-
center shell model [27, 28] to obtain the input for Strutinsky’s [29] shell and pairing
corrections to the macroscopic [30, 31] deformation energy. We also try some simple
laws of variation of nuclear inertia allowing to obtain an agreement with experiment.

2 Alpha and Cluster Decay

The nuclear decay modes we study (αD, CD and SF) are explained by quantum
tunneling through the potential barrier.

The decay constant
λ = ln 2/T = νS Ps (2)

is expressed by a product of three model dependent quantities ν, S and Ps where ν is
the frequency of assaults on the barrier per second, S is the preformation probability
and Ps is penetrability of external barrier. In the equation above T = Tα or T = Tc

or T = Tf (for fission). According to our method the preformation in a fission theory
is given by the penetrability of the internal part of the barrier.

For αD and CD we are using our ASAF (analytical superasymmetric fission)
model [32, 33] employing Myers-Swiatecki’s liquid drop model [34] adjusted with
a phenomenological correction, Ecor , and the UNIV (universal curve) [13]. For αD
we also have the semFIS (semiempirical model) [14] based on fission theory.

Unlike the majority of other models exhibiting large deviations from experimental
values in the vicinity of the magic number of neutrons (e.g. N = 126) semFIS model
behaves well around hence at least for the even-even emitters σ = 0.225 compared
to 0.420 for ASAF. For 147 even-odd, 130 odd-even, and 113 odd-odd α emitters,
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Table 1 The standard rms deviations of calculated half-lives (log10 Tα) compared to experimental
ones for α emitters, before and after optimization of ASAF

Group n σASAF σ
opt
ASAF σUNIV hUNIV σsemFIS

e-e 188 0.420 0.420 0.358 0.023 0.225

e-o 147 0.720 0.714 0.641 0.573 0.527

o-e 130 0.651 0.643 0.564 0.428 0.436

o-o 113 0.869 0.869 0.805 0.963 0.603

UNIV and semFIS model values are included
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Fig. 1 The ratio of the correction energy to the Q value versus mass number of the emitted cluster
in four groups of parent nuclei: even-even, odd-even, even-odd, and odd-odd. The points correspond
to the experimental values

the standard deviations within semFIS, UNIV and ASAF are given in Table 1. As
can be seen in this table, for αD the improvement of ASAF after optimization is not
very important because practically the four points at Ae = 4 in Fig. 1 are lying on
the four smooth curves; anyway the semFIS values are better.

The optimization of ASAF model consists in choosing the best values of the
parameters (see Fig. 1). For emitted cluster with mass numbers larger than 19, the
experimental points are more or less scattered around the smooth lines we choose to
improve the ASAF model. Consequently after optimization we can reproduce better
the experimental data on αD, 14C radioactivity of all kind of parent nuclei, as well as
24Ne, 28Mg, and 32,34Si radioactivities of even-even parent nuclei which are either
on the smooth line or very close to it.

For universal curve (UNIV model) the values given in tables are slightly dif-
ferent from previous publications [13] for αD and [12] for CD because we in-
cluded more experimental data for αD (578 compared to 534 α emitters) and new
Q−values calculated using AME12 mass table [15]. hUNIV is the hindrance factor
fitted to experimental data. The largest deviations for e-e αD within UNIV model are:
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Table 2 The standard rms deviations of calculated half-lives (log10 Tc) compared to experimental
ones for CD, before and after optimization of ASAF

Group n σASAF σ
opt
ASAF σUNIV hUNIV

e-e 16 0.975 0.681 0.565 −0.388

e-o 6 2.014 1.791 0.859 0.593

o-e 5 0.303 0.391 0.674 0.583

UNIV model values are included

1.330 −1.071 and −1.194 for 114Ba 210Po and 218U α emitters (daughters 110Xe
206Pb and 214Th), respectively. For e-o emitters σUNIV = 0.641 and there are 15
deviations who’s absolute value is over one order of magnitude, of which 5 are over
1.5: 1.582, −1.686, −1.611, −1.733, −1.512 for 199Rn 215Ra 217Th, 251Cf and 279Ds
parents. There are 13 deviations over one order of magnitude for o-e α emitters of
which just one is over 1.5: −1.611 for 281Rg. From 23 deviations over one order of
magnitude for o-o parent nuclei, 6 are over 1.5: 1.570, 1.769, 1.638, 2.238, −1.644
and −1.550, for 158Lu, 164Ta, 166Ir, 228Ac, 218Pa, and 274Rg, respectively. There is
only one case, 228Ac, with a deviation larger than 2 within ASAF, UNIV, and semFIS:
2.220, 2.238, 2.037.

For 16 even-even cluster emitters we obtained σ
opt
ASAF = 0.681 compared to

σASAF = 0.975 before optimization, as shown in Table 2. The largest deviations
of 1.222, 1.188, and 2.654 for 20O radioactivity of 228Th, 26Ne emission from 234U,
and 30Mg radioactivity of 236U, respectively before optimization became 1.001,
0.673, and 1.965 after optimization. Optimized UNIV model with hUNIV = −0.388
performs slightly better: σUNIV = 0.565 with only one deviation over 1 for 30Mg
radioactivity of 236U: 1.148. For 20O radioactivity of 228Th and 26Ne emission from
234U one has: 0.809 and −0.908, respectively.

For 6 even-odd cluster emitters we obtained σ
opt
ASAF = 1.791 compared to

σASAF = 2.014 before optimization. The largest deviations of 2.841 and 3.230
for 24Ne radioactivity of 235U, and 25Ne emission from 235U before optimization
became 2.553 and 2.956 after optimization. Again within UNIV model we have
σUNIV = 0.859 with largest deviations of −1.114 and 1.160 for 24Ne radioactivity
of 235U, and 25Ne emission from 235U, respectively.

For 5 odd-even cluster emitters we obtained σ
opt
ASAF = 0.391 compared to σASAF =

0.303 before optimization. There is no very large deviation exceeding one order of
magnitude in this case. It happens that here we have the best result for ASAF. The
σASAF after optimization is slightly higher because we adopted a smoother law of
variation of Ecor/Q = f (Ae). This time UNIV model with σUNIV = 0.674 is less
performant compared to ASAF; the largest deviation of −0.915 corresponds to 23F
radioactivity of 231Pa. There are only two cases with deviations larger than 2 (within
ASAF model): 24,25Ne from 235U: 2.553 and 2.956.

Predicted CD and αD half-lives for even-even SH nuclei with Z = 118 − 124 are
compared in Fig. 3. These nuclides are chosen as we expect to observe in this region
in the future the competition of CD.



How Rare Is Cluster Decay of Superheavy Nuclei? 135

3 Spontaneous Fission

From Eq. (2) by denoting P = SPs = exp(−K) the half-life, T , expressed in seconds,
is calculated as

T = ln 2

νP
= h ln 2

2

1

EvP
; K = 2

√
2m

�

Rb∫

Ra

{B(R)[E(R) − Q]}1/2dR (3)

where h is the Planck constant, Ev = hν/2 is the zero point vibration energy, K is
the action integral, Ra and Rb are the turning points [E(Ra) = E(Rb) = Q], B is
the dimensionless inertia in units of the nucleon mass m, Q is the released energy
expressed in MeV.

Nuclear inertia may be calculated either classically within the Werner–Wheeler
approximation [25, 26] or with the cranking formula [35]. The potential energy
surface in a multidimensional hyperspace of deformation parameters q1, q2, ..., qn

gives the generalized forces acting on the nucleus. The information concerning how
the system reacts to these forces is contained in a tensor of inertial coefficients, or the
effective mass parameters {Bij} [36]. In contrast to the potential energy E = E(q),
which only depends on the nuclear shape, the kinetic energy

Ek = 1

2

n∑

i,j=1

Bij(q)
dqi

dt

dqj

dt
(4)

also includes the change in time of this shape. By choosing the distance between
fragments, R, as deformation coordinate, the inertia at the touching point of the two
fragments is equal to the reduced mass μ = (A1A2/A)m in a binary system. When
we only consider one deformation coordinate, R, the inertia tensor becomes a scalar,
B. An example of the nuclear inertia for the decay of 284Cn into 138Ba and 146Ba is
given by full line (W–W) in Fig. 2.

As shown in Table 3, we are not able to reproduce the experimental half-life if we
use a Werner–Wheeler nuclear inertia, known to be too small. We concentrate on the
particular splitting giving the shortest half-life for the quantum tunneling from the 2nd
minimum of the potential barrier which is the lowest in energy. In the right-hand side
of the Table 3 we compare the results obtained by combining the Werner–Wheeler
nuclear inertia with potential barriers calculated only with shell corrections (W–W no
pairing) and by including both shell and pairing corrections (W–W with pairing) for
the tunneling from the 1st minimum higher in energy, implying two fission barriers.
In the following we disregard the calculations without pairing (which are not correct
despite giving closer half-life to the experiment) as we did in the left-hand side of
the table.

To increase the half-life we need a smaller penetrability, hence a larger action
integral, or for a given potential barrier, a larger nuclear inertia. In order to fulfill the
requirement mentioned above it should approach the reduced mass at the touching
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Fig. 2 Nuclear inertia variations for the SF of 284Cn with light fragment 138Ba. Besides W–W
(Werner–Wheeler) and ct (B/m = Aμ), which are not large enough to fit the data, the three parabolic
approximations and the exponential one correspond to Eqs. (5–8) with parameters Bi or d, g fitted
to reproduce the experimental half-life

Table 3 Decimal logarithm of SF half-lives log10 Tf (s) of 284Cn along various paths leading from
the 2nd or from the 1st minimum to a final state with a given light and heavy fragment

Light From 2 From 1

frag B var B = ct. W–W B = ct. W–W with pairing W–W no pairing
138Ba −0.98 −7.90 −10.44 −1.81 −6.32 −3.63
130Cd − −8.03 −10.15 11.79 −13.97 −12.67
132Sn − −5.51 −7.97 −7.68 −10.63 −8.68
142Ba − −4.37 −7.52 −0.04 −4.72 0.50
140Ce − −1.64 −6.52 1.64 −6.52 −4.57

Experimental value: log10 Texp
f (s) = −0.98

point. As may be seen from the table by simply taking B = Bt = const we can come
closer to experiment by a few orders of magnitude.

We can do better, to reproduce exactly the experiment, by further increasing the
inertia; we consider four different laws of variation for the nuclear inertia: three de-
creasing parabolic functions and an exponential variation. These functions represent
a smooth approximation of the cranking inertia. Since we choose for the independent
deformation parameter the separation distance of the fragments, R, or equivalently
the normalized quantity ξ = (R −Ri)/(Rt −Ri) we should have always at the touch-
ing point R = Rt = R1 + R2 and beyond, R > Rt , a nuclear inertia equal to the
reduced mass; in units of nucleon mass, m, Bt = Aμ = A1A2/A.

We use a parabolic approximation B = B(ξ) with one free parameter, Bi, which
can be adjusted to fit the experimental data. By requesting a smooth matching
(vanishing first derivative) at the touching point with Bt = Aμ we have:

B(ξ) = (Bi − Bt)(ξ − 1)2 + Bt (5)
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The nuclear inertia is given in units of the nucleon mass m. In order to increase the
log10 Tf (s) from −10.44 to −0.98 we need to take a very large value of the parameter
Bi = 1018.50 compared to the final Bt = 70.94. Consequently we may try another
law of variation with a slower decrease from Bi toward Bt . Let’s make

B(ξ) = Bi − Bt

3
(ξ − 1)2 + 4Bt − Bi

3
(6)

This time the parameter Bi = 484.50 is smaller. Another parabolic law could be

B(ξ) = (a − ξ)2 + c (7)

with a = (Bi − Bt + 1)/2 and c = Bi − a2. In this case Bi = 400.05 is even smaller.
We had also used an exponential law

B(ξ) = Bt{1 + d exp[g(0.75 − ξ)]} (8)

inspired from [21]; it was recently employed in Ref. [18]. Figure 2 illustrates different
laws of variation B = B(ξ). The exponential law had d = g = 1.2765 in order to fit
the experimental half-life.

Few fission channels could be efficiently used to test different methods of cal-
culating SF half-lives of 284Cn who’s experimental value is known. We know from
the mass distributions of fission fragments that few splittings give the largest yield,
very likely explained by shell effects (spherical and/or deformed magic numbers
of neutrons and protons). Consequently we can guess that the following channels
would be among those major splittings: 284Cn→132Sn+152Sm; →130Cd+154Gd;
→138Ba+146Ba; →142Ba+142Ba; →140Ce+144Xe. The largest reduced mass is
obtained at symmetry, where also the touching point separation distance reaches
its maximum.

The potential barriers are calculated within macroscopic-microscopic method.
The phenomenological deformation energy is of Yukawa-plus-exponential type [30]
for binary systems with different charge densities [31]. The microscopic two center
shell model [27, 28] was used to obtain the nuclear level schemes—the input data for
shell and BCS pairing corrections [14]. With one exception (140Ce light fragment)
the 1st minimum is higher in energy than the 2nd one which means that the ground
state of 284Cn is well deformed and the shape isomer is almost spherical.

In our calculation using Werner–Wheeler inertia for a given mass asymmetry
η = (A1 −A2)/A = 0.0282 (light fragment 138Ba) we obtained log10 Tf (s) = −4.12
when the tunneling was taken from the 2nd (lowest in energy and well deformed)
minimum with no pairing and −10.44 with pairing. If we consider the starting point
of tunneling the first minimum (smaller deformation and higher energy—very likely
a shape isomer) atη = 0.0845 (130Cd light fragment) then the corresponding numbers
are even further from the experimental one: −12.67, and −13.97, respectively.

For the SH nucleus 284Cn the SF half-life was measured [37] Texp
f = 104 ms,

i.e. log10 Tf (s) = −0.98. Theoretical values already published are the following:



138 D.N. Poenaru et al.

-10

0

10

20

30

180 200 220 240

semFIS
exp

cls ASAF

118

120

122

124

-10

0

10

20

30

lo
g

10
T

(s
)

Smo
fis Smo

180 200 220 240

N

War
fis War

Sta
fis Sta

Fig. 3 Comparison of theoretical half-lives for αD, CD and SF for neutron numbers N ≤ 206.
On the line of β-stability Nβ = 194, 198, 202, 206 for Z = 118, 120, 122, 124, respectively. The
proton drip-line position according to the mass tables from [16, 17] are Np = 169, 174, 179, 183
or 184

log10 Tf (s) = 0.60 [38]; 2.36 [20]; −9.15 [19]. One can also make calculations with
simple relationships leading to −3.93 [24], and −4.43 [22]. The closest value to
the experimental one was obtained by using a dynamical approach [38]. Predictions
for the heavier even-even SHs with Z = 118 − 124 are given in Fig. 3. By taking
into account that on the line of β-stability one has Nβ = 194, 198, 202, 206 for
Z = 118, 120, 122, 124 it is clear that SF half-lives in Fig. 3 refer to neutron deficient
nuclei; there are no numbers for nuclides with N > 190.

4 Competition of the Three Decay Modes for Z = 118 − 124

In Fig. 3 we can see how behave the various decay modes (αD, CD, SF) in the region
of the heaviest SHs with atomic numbers Z = 118 − 124. Only even-even parent
nuclei are considered. The three publications mentioned above [19, 20, 23] give not
only SF half-lives, but also αD half-lives in the region of neutron deficient SHs. αD
half-lives predicted by all models we considered are not very far from each-other and
they are close to the experimental point for 294118. CDs are calculated only by us.

For SF there are very large differences from model to model. In Refs. [18, 23]
we only found calculations for the isotopes of Z = 118, 120 nuclei. The Bao [18]
half-lives of Z = 118 isotopes are shorter than that given by Smolanczuk [23], but for
Z = 120 they are longer, except for 294120. The data by Staszczak [19] are in good
agreement with Smolanczuk when Z = 118, but for Z = 120 the Staszczak half-lives
are longer. Much longer SF half-lives are predicted by Warda [20] which nevertheless
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are closer to Staszczak for heavier neutron numbers approaching N = 190. There
are no predictions for N > 190.

We extend these calculations, using semFIS for αD and ASAF for CD, for a
broader range of neutron numbers using the theoretical mass tables [16, 17]. For
even-even neutron deficient isotopes of the elements 118 and 120 αD is the dominant
decay mode (shortest half-life). For few isotopes of the elements 118, 120, and 122 SF
may compete with αD. CD is the most important decay mode (gives the shortest half-
life) of the element 124. It could also be important for several neutron-rich isotopes
of 118, 120, and 122. From this point of view the element 122 is a transitional one
because the dominance of CD may alternate with that of αD when the neutron number
is increased.

In conclusion we should stress the need to make reliable calculations for spon-
taneous fission half-lives of heavy and SH nuclei and the need to extend these cal-
culations for superheavy nuclei closer to the line of β-stability and for neutron-rich
nuclei. Our ASAF and UNIV models may reproduce both α and cluster decays with
deviations not larger than two orders of magnitude, except for αD of 228Ac and
24,25Ne radioactivities of 235U. Within ASAF, UNIV, and semFIS models the devi-
ations for 513 (88 %), 524 (90 %), and 554 (95 %) α emitters out of the total of 578,
are under one order of magnitude. Similarly, ASAF and UNIV may reproduce 23
(85 %), and 24 (89 %) experimental data from the total of 27 cluster emissions with
deviations under one order of magnitude.
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New Kind of Nuclear Multi-body Decay
(CCT)—Status and Perspectives of Studies

D.V. Kamanin, Yu.V. Pyatkov, A.A. Alexandrov, I.A. Alexandrova,
N. Mkaza, N.A. Kondratyev, E.A. Kuznetsova, G.V. Mishinsky,
V. Malaza, A.O. Strekalovsky, O.V. Strekalovsky and V.E. Zhuchko

1 Introduction

The present paper is devoted to the observation of a new kind of ternary decay of
low-excited heavy nuclei. This decay mode has been called by us “collinear cluster
tri-partition” (CCT) in view of the observed features of the effect, that the decay
partners fly apart almost collinearly and at least one of them has magic nucleon
composition. CCT is observed together with conventional binary and ternary fission.
It could be one of the rare fission modes but for the moment it is not matter-of-fact.
For instance, many years have passed between the experimental discovery of the
heavy ion radioactivity and working out of a recognized theory of the process.

At the early stage of our work the process of “true ternary fission” (fission of the
nucleus into three fragments of comparable masses) was considered to be undiscov-
ered for low excited heavy nuclei. Another possible prototype—three body cluster
radioactivity—was also unknown. The most close to the CCT phenomenon, at least
kinematically, stands so called “polar emission” [1], but only very light ions (up to
isotopes of Be) were observed so far.

From the theoretical side there are numerous indications on possible ternary
decays of the low excited heavy nuclei with comparable masses of the decay prod-
ucts. Swiatecki [2] has shown within the framework of the liquid drop model (LDM)
that fission into three heavy fragments is energeticallymore favorable than binary fis-
sion for all nuclei with fission parameters 30.5 < Z2/A < 43.3. In 1963 Strutinsky
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[3] has calculated the equilibrium shapes of the fissioning nucleus and has shown,
that along with the ordinary configuration with one neck, there is the possibility of
more complicated elongated configurations with two and even three necks, at the
same time it was stressed, that such configurations are much less probable. Later
Diehl and Greiner [4, 5] have shown a preference for prolate over oblate saddle-
point shapes for the fission of a nucleus into three fragments of similar size. Such
pre-scission configurations could lead to almost collinear separation of the decay
partners, at least in a sequential fission process. Results demonstrating a decisive
role of shell effects in the formation of the multi-body chain-like nuclear molecules
were obtained by Poenaru et al. [6]. We want to refer as well on very recent the-
oretical articles, devoted to unusual ternary decays of heavy nuclei including CCT
[7–10]. The authors analyze the potential energy of different pre-scission configu-
rations leading to ternary decays, and the kinetic energies of the CCT partners [11]
are calculated for a sequential decay process. These results, being strongly model
dependent can be considered as only the first step in the description of the CCT
process.

Bearing in mind both theoretical and experimental background mentioned we
came to the conclusion, that collinear tri-partition of low-excited heavy nuclear sys-
tems would be a promising field of research. The basic results obtained so far are
represented here.

2 The Most Pronounced Manifestation of the CCT

The bulk of our results were obtained within the framework of the “missing-mass”
approach.With the two-arm spectrometers binary coincidences have been measured,
with a special mechanism, which blocks the registration of a third fragment, as
explained below and in Fig. 1. This means that only two fragments were actually
detected in each fission event and their total mass, the sum Ms will serve as a sign of
a multi-body decay if it is significantly smaller than the mass of the initial system.

Figure2 shows in a logarithmic scale the two-dimensional distribution (M2− M1)
of the two registered masses of the coincident fragments [13]. In the FOBOS setup
used in the experiment M1 is defined as the fragment mass derived from the arm
pointing towards the detector arm with the additional dispersive (scattering) mate-
rials. Only collinear fission events with a relative angle of 180 ± 2◦ were selected,
which corresponds to the typical angular spread for conventional binary fission frag-
ments. The “tails” in the mass distributions marked 3–6 in Fig. 2a extending from
the regions (1) and (2) which are used to mark the conventional binary fission, are
mainly due to the scattering of fragments on both the foils and on the grid edges
of the “stop” avalanche counters and the ionization chambers. We emphasize the
small but important asymmetry in the experimental arrangement for the two arms,
which consists in the thin source backing (50mg/cm2 of Al2O3) of the target and
the “start” detector foil located only in arm 1 (Fig. 2a). An astonishing difference
in the counting rate and in the shapes of the “tails” (3) and (4) attracts attention. In
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Fig. 1 Scheme for coincidencemeasurements of twofission fragments of 252Cf(sf). The experiment
has been performed at the FOBOS setup [12]. Here: 1 Cf source, 2 source backing, 3 micro-channel
plate (MCP) based timing “start” detector, 4 position sensitive avalanche counter (PSAC) as “stop”
detector, 5 ionization chamber (BIC) with the supporting mesh, 6 the mesh of the entrance window.
The front view of the mesh is shown in the insert (a), an enlarged mesh section is presented in the
insert (b). After passage of the two fragments through the source backing, two light fragments L1
and L2, are obtained with a small angle divergence due to multiple scattering. In (b) we show that
one of the fragments (L1) can be lost hitting the metal structure of the mesh, while the fragment L2
reaches the detectors of the arm 1. The source backing (2) exists only on one side and causes the
mentioned angular dispersion in the direction towards the right arm1

Fig. 2 a Contour map (in logarithmic scale, the steps between the lines are approximately a factor
2.5) of the mass–mass distribution of the collinear fragments of 252Cf (sf), detected in coincidence
in the two opposite arms of the FOBOS spectrometer. The specific bump in arm1 is indicated by
an arrow. b the spectra of the summed masses Ms for the “tails” (4 and 3) shown as spectrum a
and b, respectively, are compared. The result of the subtraction of spectrum, b, from spectrum, a,
(difference spectrum) is marked as c

the case shown in Fig. 2a there is a distinct bump, marked (7), on top of the latter
“tails” (4). The bump is located in a region corresponding to a large “missing” mass.
The statistical significance of the events in the structure (7) can be deduced from
Fig. 2b, where the spectra of total (summed) masses Ms for the “tails” (4) and (3) are
compared. The yield of the events in the difference spectrum c, is (4.7±0.2)×10−3

relative to the total number of events in the distribution shown in Fig. 2a. It is only
a lower limit of the yield because the following reason. If both fragments (L1 and
L2 in Fig. 1) pass on and enter into the (BIC), we register a signal corresponding to
the sum of the energies of the two fragments. In this case the event will be treated as
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Fig. 3 Scheme of the COMETA setup, which consists of twomosaics of eight PIN-diodes each (4),
MCP based start detector (2) with the 252Cf source inside (1), and a “neutron belt” (3) consisting of
28 3He-filled neutron counters in a moderator. The cross section of the belt is marked by the arrow

binary fission with the usual parameters. The existence of the bump with the similar
yield was confirmed in two other experiments carried out at the modified FOBOS
spectrometer [14].

As it was stressed a specific supporting grid in the FOBOS detecting modules
provides selecting of the ternary events. At the same time it serves a source of the
scattered fragments forming the “tails” (Fig. 2a) simulating missing mass events.
This effect is essentially suppressed in the mosaic COMETA spectrometer (Fig. 3)
which lets to detect in principal all the partners of the ternary decay.

This methodically quite different experiment confirms our previous observations
concerning the structures in the missing mass distributions. In this case there is
no tail due to scattering from material in front of the E-detectors. Figure4a shows
the region of the mass distribution for the FFs from 252Cf (sf) around the “Ni”-
bump (M1 = 68 − 80 amu, M2 = 128 − 150 amu). The structures are seen in
the spectrometer arm facing the source backing only. No additional selection of the
fission events has been applied in this case, the experiment has no background. A
rectangular-like structure below the locus of binary fission is bounded by magic
nuclei (their masses are marked by the numbered arrows) namely 128Sn (1), 68Ni (2),
72Ni (3). In Fig. 4b we show the projection of the linear structure seen at the masses
68 and 72amu. Two tilted diagonal lines with Ms = 196 amu and Ms = 202 amu
(marked by number 4) start from the partitions 68/128 and 68/134 (all the nuclei to
be magic), respectively.

The result for the measured charges (Fig. 5) confirms the previous finding with
the mass distributions, namely the existence of an additional bump linked with Ni
isotopes (“Ni”-bump) in the arm with the scattering medium.
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Fig. 4 Region of the mass–mass distribution for the FFs from 252Cf (sf) around the CCT-bump
(similar to this marked by the arrow in Fig. 2a). Result was obtained at the COMETA setup. No
additional gates were applied. The background of scattered fragments is very low due to the use of
PIN-diodes (absence of a grid before the surface). An internal structure of the “bump” seen as the
horizontal lines from points (marked by the arrows, 2 and 3) is shown in Fig. 4b, as a projection

Fig. 5 Nuclear charge spectra for the FF from the reaction 235U (nth, f), the FF are detected in the
two opposite spectrometer arms. A difference in the yields (bump) presented in the upper panel in
a linear scale is visible for the charges around Z = 28 (isotopes of Ni)

One of the decay modes which contribute to the bump and manifests itself by
the tilted ridges M1 + M2 = const can be treated as a new type of cluster decay as
compared to the well-known heavy ion or lead radioactivity. Key features of both
are summed up in Fig. 6. The relatively high CCT yield can be understood if one
assumes collectivemotion through hyper-deformed pre-scission shapes of themother
systems, which is supported by the fact that the linear arrangement realizes the lowest
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Fig. 6 Cluster scheme for the comparison of the lead radioactivitywith collinear cluster tri-partition

Coulomb potential energies of three clusters. We also emphasize, that the Q values
for ternary fission are by 25–30MeV more positive, again due to the formation of
magic fragments, as in binary fission. The ternary fission process must be considered
to proceed sequentially, with two neck ruptures in a short time sequence characteristic
for binary fissions.

3 Conclusions from the Neutron Gated Data

The results of our previous experiments let us to assume that there are several CCT
modes [15], with the middle fragment of the three-body pre-scission chain with very
low velocity after scission. Such fragments are expected to emit neutrons almost
isotropically. The neutrons emitted from the moving binary fission fragments are
focused predominantly along the fission axis. In order to exploit this difference for
revealing the CCT events, the “neutron belt” was assembled in a plane perpendicular
to the symmetry axis of the spectrometer (Fig. 3).According tomodeling andprevious
experiments, the detection efficiency is estimated to be∼5 and∼12%for the neutrons
emitted in binary fission and from an isotropic source, respectively. The array of
neutron counters of the similar geometrywas exploited earlier at themodifiedFOBOS
spectrometer [14]. One of the results obtained at the COMETA setup is presented in
Fig. 7.

As can be inferred from the figure, the rectangular structure seen in its upper right
corner is bounded by the nuclei with themasses in the vicinity of knownmagic nuclei
(shown in the brackets). Thesemasses (except of doublemagic 132Sn)were calculated
based on the unchanged charge density hypothesis for the fission of the 252Cf nucleus.
Actually we know that at least three neutrons were emitted in each fission event
presented in the figure. A change in the nuclear composition of the mother system
can lead to a shift of the masses of the magic nuclei if neutrons were emitted from
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Fig. 7 Results obtained at the COMETA set-up: mass–mass distribution of the FFs from 252Cf
(sf) under the condition that three neutrons (n = 3) were detected in coincidence and an additional
selection with the gate in the FF velocity-energy distribution [14]

the decaying system (pre-scission neutrons). Likely this is what we observe here.
For the upper right corner of the rectangle both mass and charge conservation laws
are met only if the upper side of the rectangle corresponds to10943Tc nucleus while
mass 140 amu corresponds to the isotope combination of 14055Cs.

The structure manifests itself exclusively thanks to the difference of the neutron
sources for the fragments appearing in both binary fission and CCT, respectively.
These two decay modes must differ in the neutron multiplicity or/and in their angu-
lar distributions of the emitted neutrons in order to provide the higher registration
efficiency for neutrons linked with the CCT channel. At the same time the excitation
energy of the system at the scission point defined as Eex = Q −TKE (where Q is the
reaction energy, TKE is the total kinetic energy of all the decay fragments), is known
from our experimental data. It does not exceed Eex = 30MeV. This value of the
excitation energy is high enough to allow for the emission of three or four neutrons,
which corresponds almost to the mean neutron multiplicity of binary fission. Thus
the neutron source linked with the new CCT channels must have a much smaller
velocity as compared to conventional binary fragments, or it can be almost at rest in
the extreme case [11]. The latter agrees with the hypothesis put forward above that
we deal with the pre-scission neutrons at least for very light missing masses.

Thus, the neutron gated data confirm an existence of the rectangular structures
bounded by the magic nuclei in the FF correlation mass distributions. Analysis of
the structures let to suppose that at least some of the CCT modes are linked with the
emission of four pre-scission neutrons on the average.
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Table 1 Mass conservation
law is met in the events
presented

Point number Decay scheme

1 128Sn + 32Mg +80 Ge
︸ ︷︷ ︸

112Ru

+2n

2 132Sn + 68Ni +42 S︸ ︷︷ ︸
110Ru

3 130Sn + 72Ni +40 S︸ ︷︷ ︸
112Ru

4 Results from the Triple Coincidences

Evidently, for almost collinear decay partners a probability of their independent
detection even by the spectrometer of high granularity decreases rapidly with mul-
tiplicity. Nevertheless ternary events caused by multi-body decays were detected in
our experiments at the mosaic spectrometers. For instance, ternary events observed
in the reaction 238U + 4He (40MeV) [16] are presented below. In the following three
events magic or double magic Sn nuclei were detected as the heaviest fragments
(Table1). Corresponding light fragment (deformed magic nucleus) was clusterized
in the scission point forming di-nuclear system. Presumably, its breakup appears to
occur due to inelastic scattering on the material of the start-detector. Such hypothesis
is based on the fact that a momentum conservation law is not met in all three events.

In the next set of events the decaying systemwas also fully clusterised i.e. its mass
was exhausted by two magic constituents. “Initial” clusters undergo fragmentation
leading to formation of two di-nuclear systems. In contrast with previous case both
“initial” clusters are relatively soft deformed nuclei. Some examples of the events
under discussion are presented in Table2. Really detected fragments are shown in
bold.

Table 2 Di-nuclear systems based on deformed magic constituents

Point
no.

Decay scheme Point
no.

Decay scheme

1 121Ag +23 F
︸ ︷︷ ︸

144Ba

+ 65Mn +33 Al︸ ︷︷ ︸
98Sr

4 140Xe +25 Ne︸ ︷︷ ︸
165Gd

+ 62Cr +15 C︸ ︷︷ ︸
77Zn

2 113Ru +31 Mg
︸ ︷︷ ︸

144Ba

+ 78Ni +20 Ne︸ ︷︷ ︸
98Sr

5 134Te +30 Ne︸ ︷︷ ︸
164Gd

+ 50Ca +27 Ne︸ ︷︷ ︸
77Zn

+n

3 130Sn +14 C︸ ︷︷ ︸
144Ba

+ 62Cr +33 Mg
︸ ︷︷ ︸

95Rb

+3n 6 110Tc +11 Be︸ ︷︷ ︸
121Ag

+ 62Cr +58 V︸ ︷︷ ︸
121Ag
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5 Perspectives

In order to increase radically the registration efficiency in the cinematically complete
experiments i.e. with the direct registration of all (three and more) decay partners
we are developing newmethodical approaches. The following one is among them. A
digital image of the current pulses from the two CCT partners hitting the same PIN-
diode during registration gate can be obtained using fast flesh-ADC (“double-hit”
technique). Both energy and time-reference linked with each signal from PIN diode
will be calculated event by event. In our recent experiments in addition to standard
analog electronics the multichannel 5GC/s switched capacitor waveform digitizer
DT5742 was set. Signals from all detectors were connected to active splitters and
fed to proper inputs of our standard DAQ electronics and to the digitizer in order to
compare different approaches of the FF spectrometry.

6 Conclusions

1. Clear manifestations of a new kind of at least ternary decay of low excited heavy
nuclei (CCT) were observed so far in series of our experiments [17].

2. Close to collinear kinematics of the recession of the decay products and magic
composition of at least one of them are the key features of new decay.

3. The properties of isotropic neutron sources can be assigned to someof themultiple
CCT modes.
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Possible Production of Neutron-Rich
Heavy Nuclei in Fissile Spallation Targets

Igor Mishustin, Yury Malyshkin, Igor Pshenichnov and Walter Greiner

Abstract In recent years the interest of researchers is attracted to a new type of
neutron sources using so-called Acceleration Driven Systems (ADS), where primary
neutrons are produced in a spallation target irradiated by an intensive proton beam.
We propose to use spallation targets made of fissile materials in order to increase
the neutron flux due to the (n, fission) reaction. Such targets can be used for the
incineration of nuclear waste (Minor Actinides) and for generating extra strong neu-
tron fields for production of new elements in neutron capture reactions. We have
developed a Monte Carlo model for ADS (MCADS) using the Geant4 toolkit. In this
talk we present our studies on the physical conditions in such spallation targets and
on the possibility of synthesizing transuranic elements in multiple neutron capture
reactions.

1 Preface

It is my pleasure to present this talk on this conference dedicated to 70th anniversary
of Prof. Itkis. I wish Mikhail excellent health, joy of life and new great discoveries
in physics.

2 Introduction: Multiple Neutron Capture Reactions

In a medium containing neutrons different types of nuclear reactions are possible
depending on the neutron energy. Apart of the elastic scattering, the main reaction
types are fission and neutron capture, which dominate respectively at higher and
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lower energies with the boarder line around 1 MeV. Generally, the average number
of neutrons captured by a nucleus A in time Δt is given by the formula:

ΔN = f σn A Δt, (1)

where σn A = (1 ÷ 3) b = 10−24 cm2 is the cross section of (n, γ ) reaction and
f = 〈v dn

dv 〉 is the neutron flux averaged over the velocity distribution.
The possibility to capture many neutrons in nuclear explosions was considered

already in 60s and 70s, see, e.g., Refs. [1, 2], and recently in Refs. [3, 4]. In this case
the neutron flux is about 3×1030 n

s cm2 , and the explosion time Δt � 1 µs, therefore:

ΔNexpl = f Δt σn A = 3×1030 n

s cm2 ×10−6 s×10−24 cm2 � 3,

assuming that σn A � 1 b. As shown in [4], macroscopic quantities of super heavy
elements (SHE) located on the Island of Stability can be produced in multiple nuclear
explosions.

In ordinary fission reactors the average neutron flux does not exceed about 1015

n/(s cm2), and the nuclei up to Z = 100 (Fm) can be produced by this method
[5]. In this talk we consider the possibility of producing neutron-rich (super)heavy
nuclei in ADS with fissile spallation targets (U, Am, ...). In this case the neutron flux
could be as large as 6×1016n/(s cm2) (see below). Since the (n, γ ) reaction is only
efficient at relatively low energies, En < 1 MeV, the flux of such neutrons is about
twice lower. On the other hand, the target can be irradiated for a long time, say 1 year.
Then taking σn A = (1 ÷ 2) b, one obtains:

ΔNADS � 3×1016 n

s cm2 ×3×107s×(1 ÷ 2)×10−24cm2 � (1 ÷ 2)

If all other reactions are ignored, the distribution of nuclides in the number of
captured neutrons follows a Poisson distribution, see, e.g., Ref. [3]. With a simple-
minded correction to fission it can be written as:

Pn(n̄) = n̄ne−n̄

n! (1 − qfission)
n (2)

where qfission � 1
2 is the probability of fission on each single step. With n̄ = 2 and

qfission = 1
2 the probability of capture of 20 neutrons, i.e. to produce isotopes with

atomic mass A + 20, can be estimated as 6×10−20. For a small Am target with mass
of about 40 kg the number of nuclei in the target is ∼1026, therefore ∼106 nuclei
with the mass of A + 20 can be accumulated after 1 year of operation.

Neutrons suitable for transmutation of MA in the spallation targets should have
hard spectrum, thus no moderating materials are required. In contrast, neutrons suit-
able for SHE production should have softer spectrum to increase efficiency of neutron
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capture reactions. Therefore, such targets should include some moderating material.
However, too intensive moderation of neutrons would suppress neutron breeding in
fission reactions. A special investigation is required to find an optimum.

3 Monte Carlo Model for Accelerator Driven
Systems: MCADS

3.1 Description of the Code

For simulation of neutron production and transport in spallation targets irradiated by
proton and deuteron beams we use our Monte Carlo model for Accelerator Driven
Systems (MCADS) described and tested in several publications [6–9]. Its main
features are:

• Based on Geant4 toolkit (currently version 9.4 p01) [10];
• Employs several cascade models for the fast initial stage of pA and dA interactions,

and evaporation, multi-fragmentation and Fermi break-up models for the slow
de-excitation of residual nuclei;

• Includes secondary interactions of fast neutrons, protons and fragments in the
target;

• Capability to visualize target volumes, histories of primary protons and all secon-
daries;

• Flexible scoring techniques to calculate neutron flux, heat deposition and leakage
of particles from the target;

• Ability to work with minor actinides (MA).

Several extensions of the Geant4 source code and additional data libraries are
needed [8, 9] for the proton- and neutron-induced reactions and elastic scattering on
transuranic nuclei.

Among other characteristics the yields of newly produced and destroyed nuclides
are calculated. Knowing the beam intensity and the exposition time the final abun-
dances of the isotopes in the target can be calculated. As an example, neutron flux
and heat deposition distributions inside a cylindrical 241Am target irradiated by a
600 MeV proton beam are shown on Fig. 1.

When dealing with fissile materials one must control the criticality of the target.
This can be done with MCADS by calculating the neutron multiplication factor k (the
ratio between numbers of neutrons in two subsequent generations). Obviously, the
target should not exceed so-called critical mass which corresponds to the condition
k = 1. As an illustration, in Fig. 2 we show the time dependence of neutron number
in cylindrical 241Am targets after an impact of a single proton. The targets have same
lengths of 15 cm and different radii from 4 to 11 cm. As one can see, in the target
with radius of about 106 mm k = 1 and the number of neutrons stays constant. For
larger targets the supercritical regime is reached (k > 1) and the number of neutrons
grows with time.



154 I. Mishustin et al.

Z (cm)
0 2 4 6 8 10 12 14

R
 (

cm
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

10

20

30

40

50

1510×
Average flux, n/s/cm2: 

1.397831e+16
Maximal flux, n/s/cm2: 

3.728471e+16

241p(600 MeV) + 2n/s/cm

Z (cm)

0 2 4 6 8 10 12 14

R
 (

cm
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

10

20

30

40

50

60

70
Total power, MW: 

7.216660

Am rod;      beam FWHM: 20 mm

Am rod;      beam FWHM: 20 mm241p(600 MeV) + 3kW/cm

Fig. 1 Spatial distributions of neutron flux and energy deposition in the pure 241Am target

3.2 NuCoD: Nuclide Composition Dynamics

The NuCoD (Nuclide Composition Dynamics) code is created to take into account
decay chains of produced nuclides, which are important for modeling long time
irradiation of spallation targets. This allows us to perform calculations with a target
composition changing in time. The modeling process is a sequence of steps consisting
of (a) Monte Carlo simulation with a fixed target, (b) calculation of radioactive chains
and (c) target composition update and preparing input for the next step.
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Fig. 2 Number of neutrons
in Am targets of 15 cm length
and different radii as a
function of time
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In practical simulations there is no need to include in the target all the isotopes
produced in the previous step. First of all, this is too expensive in terms of computa-
tional time. However, many isotopes which are present in the target do not influence
significantly the yields of the isotopes we are interested in. Secondly, the total number
of atoms of some isotopes in the target may be very small, many orders of magni-
tude less than the number of generated events in Monte Carlo modeling. This means
that these isotopes most probably will not be hit even once and we will not get the
products of the interactions on these nuclei. To avoid these problems, the following
technique was used.

Instead of modeling one target containing all the isotopes with “real” abundances,
a set of special targets is used. The first one, the “base” target, contains only isotopes
with relative abundances exceeding a threshold value of 0.001. MCADS modeling
with this target gives amounts of newly produced isotopes and consumed ones.
Besides, for every low-yield isotope, which we are interested in, a separate calculation
with modified material composition is performed. In each of these calculations the
abundance of a given isotope is scaled up to 0.005 and a corresponding scale factor
is stored. Combining all the results, the isotope composition variation due to primary
and secondary nuclear reactions is calculated for the current step. Then radioactive
decays are simulated.

4 Validation

Isotope abundances in a Pb target irradiated by protons were simulated with
NuCoD. The calculated yields of spallation products at the depth of 6 cm were com-
pared with experimental data from [11] and with results of calculations with the
CASCADE/INPE code [12], see Fig. 3. The target was assembled from ten sections
and had a diameter of 20 cm and a total length of 60 cm. It was irradiated by a 1 GeV
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Fig. 3 Yields of spallation products in the lead target calculated with CASCADE/INPE [12],
MCADS and NuCoD (this work) and compared with experimental data [11]. The cylindrical target
section has a diameter of 20 cm and a length of 6 cm. The yields are measured and calculated at the
back side of the section. For more details see [11]

proton beam with a current of 0.3µA for 3 h. In the experiment [11] the γ -spectra
measurements started 7 h after the termination of the beam and were continuing for
8 days.

From Fig. 3 one can conclude that CASCADE/INPE and MCADS are not able to
describe the isotope yields accurately, but CASCADE/INPE predicts closer values to
the experimental data. The reason is that both these codes calculate prompt yields and
don’t take into account radioactive decays of reaction products. In contrast, NuCoD
calculates decay chains and notably improves the accuracy of MCADS calculations,
especially in the region of lighter elements (from Pt to Lu), where corresponding
abundances are significantly increased due to decays of heavier elements.

5 Results

Production of heavy transuranic elements, up to Fm, was calculated with NuCoD in a
cylindrical target irradiated by a 1 GeV deuteron beam with a current of 20 mA. The
target made of Am(OH)3 has radius of 6 cm and length of 36 cm, see Fig. 4. Due to
the lack of information on the americium hydroxide properties the density was set to
10 g/cm3, which corresponds to the mass of the target of 40.7 kg. The hydrogen in this
compound plays a role of a moderator, where the neutrons transfer on average 1/2
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Fig. 4 Spallation target with
a reflector for SHE production

of their energy in each n-H collision. With decreasing neutron energy the probability
of capture increases and, therefore, the rate of neutron-rich elements production also
increases. In order to prevent, at least partly, the leakage of neutrons, the target was
covered by a 12 cm layer of beryllium. Beryllium has a very low neutron capture
cross section and by this reason is widely used as a neutron reflector in reactors.

The isotope ratio of americium was set approximately as in spent nuclear fuel
241Am : 243Am = 3 : 2. Nuclei of 243Am are of the most importance for the pro-
duction of SHE, because the probability to capture a certain number of neutrons
decreases very fast with a number of required captures. By this reason it is assumed
that elements with atomic numbers A > 243 are mostly produced by multiple cap-
ture of neutrons on 243Am and heavier products. The calculated average number of
neutrons captured on 243Am or heavier nuclei is about n̄(0.5y) = 0.6 for 6 months
and n̄(1y) = 1.2 for 1 year of irradiation, which is more precise than it was estimated
in the Introduction.

The isotope maps of nuclides produced after 5 days (one time step between the
target composition updates), 1 month and 6 months of irradiation are presented in
Fig. 5. The first map represents the isotopes produced before the first target com-
position update, i.e. direct output of MCADS simulation corrected for radioactive
decays. Hence, on this map one can see only secondaries of (d, Am), (p, Am) and
(n, Am) reactions and their decay. The main path of TRU elements production,
starting from 243Am, is shown by thick arrows up to 249Bk. Produced in neutron
capture 244Am undergoes β−-decay with the half-life of t1/2 = 10 h. Resulting long-
lived isotope 244Cm (t1/2 = 18 years) can capture one more neutron. The next four
isotopes of Cm have half-life times of several thousands years and longer, so that
they can be accumulated in the target after corresponding number of (n, γ ) reactions.
Isotope 249Cm has half-life time of 64 min and decays into relatively long-lived 249Bk
(t1/2 = 320 days). Heavier isotopes are produced in a similar way, see thin arrows
on Fig. 5 up to fermium. The isotopes 254−256Fm have half-life times of 2.5–20 h and
undergo α-decay or spontaneous fission and thus drop out from the chain of neutron
capture reactions. This region on the map of isotopes is called “fermium gap” and
further move to the heavier isotopes is practically impossible. As seen from Fig. 5,
the relative abundance of Fm isotopes in the considered spallation target is extremely
low, ∼10−17.
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Fig. 5 Calculated maps of isotope abundances after 5 days (top), 30 days (middle) and 180 days
(bottom) of irradiation. The initial isotopes, 241Am and 243Am, are marked with the squares, the
crosses indicate 249Bk, 250Cm and 254Es
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Production of 250Cm and 254Es is suppressed by the fast β−-decay of 249Cm and
the α-decay of 253Es, respectively. However, the situation may change in the case of
pulse-mode accelerator with pulse duration of ∼1μs and very intensive bunches of
protons.

Relative abundances of 243Am, 244,246Cm, 249Bk and fission products as functions
of time are shown in Fig. 6. As one can see, the abundance of 244Cm raises rapidly
at the beginning and after ∼135 days exceeds the 243Am abundance. In order to
produce 246Cm three neutrons must be captured by one nucleus. This means that
246Cm can be seen only after three steps. This inaccuracy of the modeling method is
only noticeable on the first steps and then becomes negligible. The abundance level
corresponding to the mass of 10 mg for nuclides with atomic mass of about 250 is
drawn by the black dashed line. 249Bk reaches this level after 150 days.

Abundances of some long-lived isotopes after 2, 4 and 6 months of irradiation
are presented in the Table 1. One can see that 249Bk exceeds the required level of
several mg for a fusion target fabrication [13]. 249Cf can also reach this level after
some cooling time after the irradiation termination due to the β−-decay of 249Bk
(t1/2 = 320 days).

An increase of irradiation time should strongly enhance the yields of produced
neutron-rich elements. Indeed, if the irradiation time is prolonged by a factor of 2,
i.e. from 6 months to 1 year, the corresponding amounts of neutron-rich nuclei with
n captured neutrons will increase by a factor F(n) = 0.55 × 2n (see Eq. 2). For
257Es n = 14 and F(14) � 104. According to the results of NuCoD calculations
the mass of accumulated 257Es is 3 × 10−11 mg (see Table 1) after half a year of
irradiation. However, it was assumed that 257Es does not decay, while in reality it has a
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Fig. 6 Time evolution of the abundances of 243Am, 244Cm, 246Cm, 249Bk and fission products in
the target calculated with NuCoD. The abundance corresponding to the mass of 10 mg is presented
by a dashed black line (valid for elements with atomic mass A of ∼250)
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Table 1 Abundance of
249Bk, 249,251Cf, 250Cm,
254Es and 257Es after 2, 4 and
6 months of a continuous
irradiation by a 1 GeV
deuteron beam with a current
of 20 mA

Isotope Mass (mg)

2 months 4 months 6 months
249Bk 7.5×10−3 1.6 32
249Cf 1.0×10−4 0.042 1.2
250Cm 2×10−7 1.1×10−4 4.1×10−3

251Cf 2×10−6 8.2×10−3 0.55
254Es 10−14 10−8 1.4×10−5

257Es − 3×10−15 3×10−11

half-life time of about 8 days and undergoes β−-decay into 257Fm, which has a half-
life time of 100 days. This means that calculated mass of 257Es actually corresponds
to 257Fm. Multiplying 3 × 10−11 mg by the factor F(14) one can obtain that the
mass of accumulated 257Fm should be of the order of 10−7 mg.

6 Conclusions

After extensive MCADS+NuCoD simulations we came to the following conclu-
sions:

(1) Elimination of long-lived radioactive waste, e.g., MA is feasible with advanced
ADS technologies using fissile targets (5 kg/year in a single target);

(2) With high neutron fluxes at such facilities one can also produce significant
amounts of neutron-rich heavy elements in (n, γ) reactions;

(3) Synthesis of super-heavy elements in measurable amounts is in principle possible
at operation times of several years.
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FAIR—Cosmic Matter in the Laboratory

H. Stöcker and C. Sturm

Abstract To explore cosmic matter in the laboratory—this fascinating research
prospect becomes available in 2018 at the Facility for Antiproton and Ion Research,
FAIR. The new facility is being constructed within the next five years adjacent to the
existing accelerator complex of the GSI Helmholtz Centre for Heavy Ion Research
at Darmstadt/Germany, expanding the research goals and technical possibilities sub-
stantially. This includes new insights into the dynamics of supernovae depending
on the properties of short-lived neutron-rich nuclei which will be investigated with
intense rare isotope beams. New insights will be provided into the interior of stars
by exploring dense plasmas with intense heavy-ion beams combined with a high-
performance laser—or into neutron star cores by probing the highest baryon densities
in relativistic nucleus-nucleus collisions at unprecedented collision rates. To the lat-
ter, the properties of hadrons play an important part which will be systematically
studied by high precision hadron spectroscopy with antiproton beams at unmatched
intensities. The worldwide unique accelerator and experimental facilities of FAIR
will open the way for a broad spectrum of unprecedented fore-front research sup-
plying a large variety of experiments in hadron, nuclear, atomic and plasma physics
as well as biomedical and material science which will be briefly described in this
article.
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1 Introduction

The new international facility Facility for Antiproton and Ion Research (FAIR in
Europe [1–3]) is being constructed adjacent to the site of the GSI Helmholtz Centre for
Heavy Ion Research at Darmstadt, Germany (see Fig. 1). It will substantially expand
research goals by providing worldwide unique accelerator and detector facilities for a
large variety of unprecedented fore-front science.1 The main thrust of FAIR research
focuses on the structure and evolution of cosmic matter on a microscopic scale. This
will deepen our understanding of fundamental questions such as:

• How does the complex structure of matter at all levels arise from the basic con-
stituents and the fundamental interactions?

• How can the structure of hadronic matter be deduced from the strong interaction?
In particular, what is the origin of hadron masses?

• What is the structure of matter under the extreme conditions of temperature and
density found in astrophysical objects?

• What was the evolution and the composition of matter in the early Universe?
• What is the origin of the elements in the Universe?

To address these fundamental questions FAIR will provide an extensive range of
particle beams from protons and their antimatter partners, antiprotons to ion beams
of all chemical elements up to the heaviest (stable) one, uranium, with world record
intensities. As a joint effort of more than 50 countries the new facility builds, and
substantially expands, on the present accelerator system at GSI Helmholtz Centre
for Heavy Ion Research, both in its research goals and its technical possibilities.
Compared to the present GSI facility, the beam intensities will increase by a factor
of 100 for primary beams and up to a factor of 10,000 for secondary radioactive
beams with an excellent beam brilliance of primary as well as secondary beams.
This will be achieved through innovative beam handling techniques, many aspects
of which have been developed at GSI over recent years with the present accelerator
complex. This includes in particular stochastic, laser and electron-beam cooling of
high-energy, high-charge state ion beams in storage rings and bunch compression
techniques. To realize parallel operation of the research programs the design of
FAIR includes the superconducting double-ring synchrotrons SIS100 and SIS300.
Both have a circumference of 1,100 m each and a magnetic rigidity of 100 and
300 Tm, respectively. Since a key feature of the new facility will be the generation
of intense, high-quality secondary beams, the facility design contains a system of
associated storage rings for beam collection, cooling, phase space optimization and
experimentation (see Fig. 1).

After the official launch of the project in 2007, nine countries2 signed the inter-
national agreement on the construction of FAIR on October 4th, 2010. Civil work

1 This article is based on the FAIR Green Paper [4] and gives an update of former publications
[5–9]. A copy of this manuscript will be published in [10, 11].
2 In alphabetical order: Finland, France, Germany, India, Poland, Romania, Russia, Slovenia and
Sweden.
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Fig. 1 The existing GSI facility is shown on the left, in dark-blue the existing accelerators and ion
sources. On the right the new FAIR complex is displayed in red with its 100 and 300 Tm super
conducting double-ring synchrotrons SIS100 and SIS300, detector areas (i) for atomic and plasma
physics, biomedical and material sciences (APPA), (ii) for the relativistic nucleus-nucleus collision
experiments CBM and HADES, (iii) for the radioactive beam facility (NuSTAR) and (iv) for the
hadron physics detector system PANDA as well as the rare-isotope and antiproton production targets
with storage rings. Possible beam lines for transport of protons and ions from SIS18 directly to the
High Energy Storage Ring (HESR) and of antiprotons and ions from HESR to the ESR are shown
with light-blue color. These beam lines are currently subject of detailed investigations

started in 2013, first beams will be delivered in 2018. The Modularized Start Ver-
sion [3, 4] of FAIR consists of the superconducting synchrotron SIS100 which feeds
primary beams for fixed-target experiments and production targets for secondary
beams of rare isotopes and antiprotons with the two cooler-storage rings HESR
(High Energy Storage Ring) and CR (Collector Ring). Detector areas for all scien-
tific pillars are included. Following an upgrade for high intensities, the existing GSI
accelerators UNILAC and SIS18 will serve as injectors. The facility will be com-
pleted by experimental storage rings enhancing capabilities of secondary beams and
by the superconducting synchrotron SIS300 providing parallel operation of experi-
mental programs as well as particle energies twenty-fold higher compared to those
achieved so far at GSI.
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2 The Experimental Program of FAIR

The approved FAIR research program embraces 14 experiments. These form the
four scientific pillars of FAIR and offer a large variety of unprecedented forefront
research in hadron, nuclear, atomic and plasma physics as well as applied sciences.
Already today, over 2,500 scientists and engineers are involved in the design and
preparation of the FAIR experiments. The four scientific pillars are named

• APPA—Atomic Physics, Plasma Physics and Applications,
• CBM and HADES—Compressed Baryonic Matter,
• NuSTAR—Nuclear Structure, Astrophysics and Reactions,
• PANDA—AntiProton ANnihilation in DArmstadt.

2.1 APPA—A Look into the Interior of Giant Planets and Stars

In the Universe at large, matter exists predominantly either as hot dense plasma
in the interior of stars or in stellar atmospheres, as medium- or low-temperature
dense plasma in the interior of giant planets, or as hot plasma of very low density in
interstellar space. In particular the regime of dense plasmas is so far only scarcely
explored, since it is difficult to approach experimentally. Intense heavy-ion beams
provide an efficient tool to create large samples of this high-energy-density matter
with volumes of the order of a few mm3 or even cm3 and lifetimes of the order of
several tenths of nanoseconds by isochoric and uniform heating of solid matter. The
uniform physical conditions and comparatively long life times facilitate application
of a broad spectrum of the diagnostic tools for studying these states of matter. For
Plasma physics the availability of high-energy, high-intensity ion-beams in unique
combination with a petawatt-laser enables the investigation of high energy density
matter in regimes of temperature, density and pressure not accessible so far [12]. It
will allow probing new areas in the phase diagram and long-standing open questions
of basic equation-of-state research can be addressed.

Atomic physics with highly charged ions [13, 14] will concentrate on two central
research themes: (i) the correlated electron dynamics in extremely strong, ultra-
short electromagnetic fields including the production of electron-positron pairs and
(ii) fundamental interactions between electrons and heavy nuclei, in particular the
interactions described by Quantum Electrodynamics, QED. Here bound-state QED
in critical and supercritical fields is the focus of the research program. In addition,
atomic physics techniques will be used to determine properties of stable and unstable
nuclei and to perform tests of predictions of fundamental theories besides QED.
Since FAIR is promising the highest intensities for relativistic beams of stable and
unstable heavy nuclei, combined with the strongest available electromagnetic fields,
for a broad range of experiments. This will then allow the extension of atomic physics
research across virtually the full range of atomic matter, i.e. concerning the accessible
ionic charge states as well as beam energies.
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Very recently a realization scheme has been worked out for experiments with
highly-charged heavy-ions at relativistic energies in the High-Energy Storage Ring
HESR and at very low-energies at the CRYRING coupled to the present ESR (see
Fig. 1) [15]. In particular, the storage ring HESR will be exploited for collision stud-
ies. Here, fundamental atomic processes can be investigated for cooled heavy-ions
at well-defined charge states interacting with photons, electrons and atoms. These
studies can be extended at the CRYRING (at ESR) to the low-energy regime where
the atomic interactions are dominated by strong perturbations and quasi-molecular
effects. Both facilities, the HESR and the CRYRING at the present ESR, will pro-
vide unprecedented physics opportunities already at the very early stage of FAIR
operation.

FAIR will provide beams of high energy and very high intensity, whose biolog-
ical effectiveness was never studied in the past, but whose contribution to the dose
equivalent in space is very significant. It will be possible to investigate the radiation
damage induced by cosmic rays and protection issues for Moon and Mars missions.
Furthermore, the intense ion-matter interactions with projectiles of energies above 1
GeV/u will enable systematic studies of material modifications.

2.2 CBM and HADES—A Look into the Interior
of Neutron Stars

The stability of neutron stars is guaranteed by the Pauli principle of nucleons together
with the repulsive part of the nucleon-nucleon interaction. Therefore the structure of
a neutron star is dictated by the strong interaction with the nuclear equation-of-state
as key ingredient. The transition from the outer to the inner core of a neutron star
is specified by the appearance of exotic phases, e.g. matter containing additional
particles species carrying strangeness such as hyperons, pion or kaon condensed
matter or deconfined quark matter. The question whether the interior of a neutron
star is already in a (superconducting) quark phase is an active field of research. To
explore nuclear matter densities beyond saturation density in the laboratory nucleus-
nucleus reactions provide the only possibility.

The mission of high-energy nucleus-nucleus collision experiments worldwide
is to investigate the properties of strongly interacting matter under these extreme
conditions. At very high collision energies, as available at RHIC and LHC, the
measurements concentrate on the study of the properties of deconfined QCD matter
at very high temperatures and almost zero net baryon densities. Results from lattice
QCD indicate that the transition from confined to deconfined matter at vanishing
net baryon density is a smooth crossover, whereas in the region of high net baryon
densities, accessible with heavy-ion reactions at lower beam energies, a first-order
phase transition is expected [16]. Its experimental confirmation would be a substantial
progress in the understanding of the properties of strongly interacting matter.
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Complementary to high-energy nucleus-nucleus collision experiments at RHIC
and LHC, the CBM experiment [17–19] as well as HADES [20–25] at SIS100/300
will explore the QCD phase diagram in the region of very high baryon densities
and moderate temperatures by investigating heavy-ion collision in the beam energy
range3 2–35 AGeV. This approach includes the study of the nuclear matter equation-
of-state, the search for new forms of matter, the search for the predicted first order
phase transition to the deconfinement phase at high baryon densities, the QCD critical
endpoint, and the chiral phase transition, which is related to the origin of hadron
masses.

In the case of the predicted first order phase transition, basically one has to search
for non-monotonic behavior of observables as function of collision energy and system
size. The CBM experiment at FAIR is being designed to perform this search with
a large range of observables, including very rare probes at these energy regime like
charmed hadrons. Produced near threshold, their measurement might be well suited
to discriminate hadronic from partonic production scenarios. The former requires
pairwise creation of charmed hadrons, the latter the recombination of c-quarks created
in first chance collisions of the nucleus-nucleus reaction. Ratios of hadrons containing
charm quarks as a function of the available energy may provide direct evidence for
a deconfinement phase.

The properties of hadrons are expected to be modified in a dense hadronic envi-
ronment which is eventually linked to the onset of chiral symmetry restoration at
high baryon densities and/or high temperatures. The experimental verification of this
theoretical prediction is one of the most challenging questions in modern strongly
interacting matter physics. The dileptonic decays of light vector mesons (ρ,ω,φ) pro-
vide the tool to study such modifications since the lepton daughters do not undergo
strong interactions and can therefore leave the dense hadronic medium essentially
undistorted by final-state interaction. For these investigations the ρ meson plays an
important role since it has a short lifetime and through this a large probability to decay
inside the reaction zone when created in a nucleus-nucleus collision. As a detector
system dedicated to high-precision di-electron spectroscopy at beam energies of 1–2
AGeV, the modified HADES detector at SIS100 will measure e+e− decay channels
as well as hadrons [23–25] in collisions of light nuclei up to 10 AGeV beam energy.
In addition and complementary, the CBM experiment will cover the complete FAIR
energy range by measuring both the e+e− and the μ+μ− decay channels.

Most of the rare probes like lepton pairs, multi-strange hyperons and charm will
be measured for the first time in the FAIR energy range. The goal of the CBM
experiment as well as HADES is to study rare and bulk particles including their
phase-space distributions, correlations and fluctuations with unprecedented precision
and statistics. These measurements will be performed in nucleus–nucleus, proton–
nucleus, and proton–proton collisions at various beam energies. The unprecedented
beam intensities will allow to study extremely rare probes with high precision which
have not been accessible by previous nucleus-nucleus experiments at the AGS, SPS
and the beam energy scan program (BES) at RHIC.

3 Light nuclei up to 44 AGeV.



FAIR—Cosmic Matter in the Laboratory 171

Complementary to the CBM program at FAIR and at about the same time as FAIR
the Nuclotron-based Ion Collider facility NICA will come into operation at the Joint
Institute for Nuclear Research (JINR) in Dubna [26]. The main goal of the project
is to study hot and dense strongly interacting matter in nucleus-nucleus collisions at
center-of-mass energies

√
sNN = 4–11 GeV with the Multi-Purpose Detector (MPD).

As a collider, NICA achieves higher collision energies4 while CBM will perform
experiments with up to 4 orders of magnitude higher collision rates.

2.3 NuSTAR—Rapid Nuclear Processes in Supernovae
and the Elemental Abundances in the Universe

Reactions between nuclei play a decisive role in many astrophysical processes in the
universe. Nuclear structure effects and the dynamics of nuclear reactions are directly
reflected in the various evolutionary stages of stars, in the light curves of stellar
explosions, and in the elemental abundance distributions in the Universe. Unstable
nuclei, far away from stability, are involved and their properties determine the fate
of the relevant astrophysical processes. The radioactive beam facility at FAIR offers
world-wide unique experimental opportunities for this area of research.

The main scientific thrusts in the study of nuclei far from stability are aimed at three
areas of research: (i) the structure of nuclei, the quantal many-body systems built by
protons and neutrons and governed by the strong force, towards the limits of stability,
where nuclei become unbound, (ii) nuclear astrophysics delineating the detailed paths
of element formation in stars and explosive nucleosynthesis that involve short-lived
nuclei, (iii) and the study of fundamental interactions and symmetries exploiting the
properties of specific radioactive nuclei.

The central part of the NuSTAR programme at FAIR [27, 28] is the high accep-
tance Super-FRS with its multi-stage separation that will provide high intensity
mono-isotopic radioactive ion beams of bare and highly-ionized exotic nuclei at
and close to the driplines. This separator, in conjunction with high intensity primary
beams with energies up to 1.5 AGeV, is the keystone for a competitive NuSTAR
physics programme. This opens the unique opportunity to study the evolution of
nuclear structure into the yet unexplored territory of the nuclear chart and to deter-
mine the properties of many short-lived nuclei which are produced in explosive
astrophysical events and crucially influence their dynamics and associated nucle-
osynthesis processes.

4 Au + Au collisions at FAIR: Ekin = 2–35 AGeV,
√

sNN = 2.7–8.3 GeV.
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2.4 PANDA—The Structure of Hadrons and the Generation
of Mass in the Visible Universe

In the evolution of the universe, microseconds after the big bang, a coalescence of
quarks and gluons to hadrons occurred associated with the generation of hadron
masses. The elementary light quarks, the up and down quarks that make up the
nucleon, have very small masses amounting to only a few percent of the total mass
of the nucleon. Most of the baryon’s masses, and hence of the visible universe
stems from the QCD interaction. The generation of mass is thus associated with
the confinement of quarks and the spontaneous breaking of chiral symmetry, one of
the fundamental symmetries of QCD in the limit of massless quarks.

The big challenge in hadron physics is to achieve a quantitative understanding
of strongly interacting complex systems at the level of quarks and gluons. In p p̄-
annihilation, particles with gluonic degrees of freedom as well as particle-antiparticle
pairs are copiously produced, allowing spectroscopic studies with unprecedented
statistics and precision. The PANDA experiment at FAIR [29–31] will bring new
fundamental knowledge in hadron physics by pushing the precision barrier towards
new limits. The charmonium (cc̄) spectroscopy will take advantage of high-precision
measurements of mass, width and decay branches. Particular emphasis is placed on
mesons with open and hidden charm, which extends ongoing studies in the light
quark sector to heavy quarks, and adds information on contributions of the gluon
dynamics to hadron masses. The search for exotic hadronic matter such as hybrid
mesons or heavy glueballs will profit by precise scanning of resonance curves of
narrow states as well. Additionally, the precision gamma-ray spectroscopy of single
and double hypernuclei will allow extracting information on their structure and on
the hyperon-nucleon and hyperon-hyperon interaction.

Recently, much attention has been attracted by the observation at electron-positron
colliders of the so-called X, Y and Z states with masses around 4 GeV as measured by
experiments e.g. Belle at KEKB [32], BESIII at BEPC [33] and others. These heavy
mesons show very unusual properties, whose theoretical interpretation is entirely
open.

An extension of the FAIR antiproton facility to a p̄ p-collider with a maxi-
mum center-of-mass energy

√
smax = 30 GeV [34] and luminosities of about

3 × 1030 cm−2s−1 [35] would allow to analyze these exotic objects and their beauty
complements at quantal states not accessible to electron-positron colliders. FAIR
would thus open the way to a rich spectrum of Beauty Physics by formation of
beauty baryon-antibaryon pairs with a large variety of beauty, charm, strange and
light quarks, as well as beauty mesons with spin �= 1. Technically, the antiproton
and proton beam would be stored and accelerated in opposite directions inside the
HESR which would require a second injection point as well as a second electron
cooler. Furthermore the PANDA detector can serve as the mid-rapidity detector sys-
tem. This fascinating opportunity will enrich the PANDA physics program into new,
unprecedented realms and will push the physics program of the High Energy Storage
Ring HESR for decades to come.
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3 Summary

The construction of the Facility for Antiproton and Ion Research, FAIR, has started
in 2013, so that the first beams will be delivered in 2018. The scientific program of
FAIR covers

• the investigation of bulk matter in the dense and hot plasma state, atomic physics of
ultra-high electro-magnetic fields, material and biological research using intense,
highly-stripped ions and high-intensity laser fields (APPA);

• the exploration of the QCD phase-diagram and the phase transition to the decon-
finement phase at high baryon densities in high-intensity nucleus-nucleus colli-
sions (CBM and HADES);

• the investigation of the nuclear chart and nuclear structure far from stability and
of nuclear astrophysics with radio-active beams (NuSTAR);

• the exploration of the hadron structure, QCD vacuum, and the nature of the strong
force in the non-perturbative regime of quantum chromo dynamics with high-
energy beams of antiprotons (PANDA),

forming together the four scientific pillars. The design of FAIR includes the super-
conducting double-ring synchrotrons SIS100 and SIS300 to realize parallel operation
of the research programs. Since a key feature of the new facility will be the generation
of intense, high-quality secondary beams, the facility design contains a system of
associated storage rings for beam collection, cooling, phase space optimization and
experimentation.

The first phase of the FAIR project comprises the superconducting synchrotron
SIS100 as well as experimental areas to perform experiments for all research pil-
lars. It will allow to carry out an outstanding and world-leading research program
in hadron, nuclear, atomic and plasma physics as well as applied sciences. Due to
the high luminosity which exceeds current facilities by orders of magnitude, exper-
iments will be feasible that could not be done elsewhere. FAIR will expand the
knowledge in various scientific fields beyond current frontiers. Moreover, exciting
synergy effects between the various research fields and instruments at FAIR in five
parallel and crossed operation modes will prove what has been the basic idea of the
FAIR communities: four scientific pillars with one machine.
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Turbulence in Low Viscosity Quark-Gluon
Plasma

László P. Csernai

Abstract Collective flow processes were the first phenomena showing that nuclear
matter in heavy ion collisions can behave collectively, and not just as a set of inde-
pendent nucleon nucleon collisions. The present highest energy experiments show
the dominance of the fluid dynamical processes due to much higher particle mul-
tiplicities. In addition the possibility of new collective phenomena occurs which
were known only in macroscopic systems up to now as rotation and turbulent
instabilities.

1 The Beginnings of Fluid Dynamics for Heavy Ions

The role of fluid dynamical approach was recognized from the first high energy heavy
ion experiments in the 1970s. This model uses the Equation of State (EoS) as the
direct information characterizing the matter. The first theoretical predictions came
from Walter Greiner’s institute. The most important of these early works is Scheid
et al. [1]. In this work the compression of nuclear matter in shock waves was first
suggested as a basic process. The work by Scheid, Ligensa and Greiner discussed
nuclear compressibility in such collisions earlier, while in another early subsequent
work of Baumgardt et al. [2] possible experimental consequences were discussed.
The importance of shock waves in a work by Chapline et al. [3], was pointed out also.

The first undebatable proof of collective flow was achieved by Gustafsson et al.
[4]. This group constructed a large new detector in Berkeley, “The Plastic Ball”, and
this helped them to achieve undebatable results. Afterwards other groups confirmed
the results, and by the flow observations are used to study the details of the equation
of state and transport properties. The importance of transport properties, especially
the viscosity and transport processes was recognized also [5–7].
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At the first heavy ion experiments the dominant flow patterns were the bounce
off, side splash or directed flow, which led to a well defined azimuthal and polar
direction in the reaction plane [8–11]. These typical flow patters were observed in
Los Alamos model calculations [12, 13].

In a concerted theoretical effort it was shown that the fluid dynamical predictions
are different from predictions of random nuclear cascade. Thus the experimental
results proved the the existence of collective flow [14]. This directed flow effect
was then observed in different observables, including two-particle and multi-particle
correlations, among nucleons and nuclear fragments [8–11].

After the first experimental work that confirmed the existence of collective flow
the streamer chamber measurements could also confirm the collective flow, using
a sensitive evaluation method developed by Danielewicz and Odyniecz [15]. This
method was so sensitive that it could be used even in emulsion experiments [16].

The transport properties, viscosity and Reynolds number of the hot and com-
pressed nuclear matter were also studied early [17] via energy and mass scaling of
collective flow data.

The beam energy increased with time and it was predicted that the signature of
QGP formation and the related softening of the EoS modifies the flow observables
and lead to an appearance of the “third flow component” or “anti-flow” [18]. This
was observed a few years later together with several other signals of QGP formation.
In these observations the collective flow played an important role.

2 Dominance of Fluid Dynamics in Present Heavy Ion Studies

In 2010 studying heavy ion collisions at LHC energies in a high-resolution 3+1D
fluid dynamical model we observed that the flow leads to collective rotation [19] in
peripheral collisions, arising from the initial angular momentum [20], see Fig. 1. This
rotation leads to a modification of the flow pattern, and the antiflow, characterized
by the v1 parameter weakens and peaks at angles which point more forward.

Unfortunately the v1 parameter becomes very small at high, e.g. LHC energies,
less than one per cent. Thus its measurement is not easy. Still the trend that the
antiflow peak moves to more forward rapidities is seen in experiments up to the
energy where the peak position could be identified.

At high energies the role of random fluctuations became obvious, and these ran-
dom fluctuations became strong, exceeding the magnitude of the v1 flow component.
Flow harmonics were identified up to v8, having a maximum amplitude at v3, in cen-
tral heavy ion collisions (where due to symmetry reasons all flow harmonics should
have vanished). This in itself indicated the low viscosity of the underlying matter
which enables large random fluctuations.

In fact, the stability of the flow requires a given amount of viscosity. This sta-
bility against turbulent instabilities is characterized by the dimensionless, Reynolds
number:

Re = l1u1/ν
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Fig. 1 The positions of the marker particles at a final stage of the flow development in the reaction
plane of a heavy ion collision in a peripheral collision where the projectile is on the top and the
projectile moves to the right. Only the participant matter is seen, the projectile and target spectator
residues have moved away from the participants. The density of marker particles is proportional
to the net baryon charge of the matter which is a conserved quantity. The marker particles rotate
clockwise (to the right on the top). Notice that in the calculation by this time the position of the local
maximum density appears on the right, i.e. at forward rapidities. It depends on the relative strength
of rotation versus the radial expansion whether the peak can reach the positive rapidity side or not

where u1 is the characteristic flow velocity, l1 is the characteristic length scale of the
flow pattern, η is the shear viscosity, ν = η/ρ is the kinetic viscosity, and ρ is the
mass (or energy) density.

In a recent paper Kovtun, Son and Starinets have shown that in certain field theo-
ries, that are dual to black branes in higher space-time dimensions, we have the ratio
η/s = 1/4π [21]. Interestingly, this bound is obeyed by N = 4 supersymmetric
SU (Nc) Yang-Mills theory in the large Nc limit. Subsequently in our recent work
with Kapusta and McLerran, [22] we pointed out that η/s has a minimum at the
critical point of the QGP—Hadronic Matter phase transition. At pressures below the
critical pressure there is a discontinuity in η/s, and at pressures above it there is a
broad smooth minimum.

The simplest way to understand the general behavior is that for a dilute gas the
mean free path is large, thus it is easy for a particle to carry momentum over great
distances, leading to a large viscosity. In the other, liquid, phase the momentum
transport can be accomplished by voids, that can be considered as quasi-particles,
and their motion can transfer momentum. As the temperature is reduced at fixed
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pressure in a liquid, the density of voids increases, thus increasing the viscosity. The
viscosity, normalized to the entropy, is observed to be the smallest at the critical
temperature, the condition to transport momentum is the worst.

Apart of the low viscosity, the phase transition leads to critical fluctuations also.
These fluctuations, and their multipolarity spectrum can identify and characterize
the phase transition. This is discussed in a large number of publications, including
[23, 24]. These fluctuations can shed light on the critical properties of the phase
transition.

Another consequence of the low viscosity is turbulence. The most typical occur-
rence of turbulence is the Kelvin Helmholtz Instability (KHI) which is well known
in macroscopic systems, as breaking waves on the sea in strong wind, or in the air
with strong wind shear in different vertical layers. It was observed in low viscosity
numerical fluid dynamical model calculations that the KHI may occur in heavy ion
collisions under favorable conditions [25], see Fig. 2. The development of the KHI
is dependent on several conditions, discussed in Ref. [25], but most importantly low
viscosity is required. Thus, this phenomenon is a direct measure of the low viscosity.

Fig. 2 (color online) The position of the marker particles in the reaction plane of a peripheral
(b = 0.7bmax) Pb + Pb heavy ion reaction. The marker particles on the upper, projectile side
are painted red, while on the lower, target side blue. The division line was originally at the exact
horizontal central plane. In case of very low viscosity the dividing plane with time (t = 7.99 fm/c)
becomes a non-sinusoidal wave, which is the initial development of a Kelvin—Helmholtz Instability.
The figure shows that the KHI increases the rotation considerably
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Turbulent phenomena may occur also from random fluctuations. We have seen
that these fluctuations are significant. In Ref. [26] vorticity arising from random
fluctuations in the transverse plane were studied, and a maximum vorticity amplitude
of 0.2 c/fm was found. Due to the fact that this vorticity is a product of random
fluctuation in a sample of a large number of collisions the average integrated vorticity
should vanish.

On the other hand the vorticity in the reaction plane is arising from the initial angu-
lar momentum, thus the plane of the rotation is the reaction plane, [x, z] plane and
the rotation axis is the y axis. Due to the high angular momentum, ≈106

�c, at LHC
energies, the vorticity vector is large and pointing into one direction, to the y direc-
tion. The amplitude of the vorticity reaches a maximum of 3 c/fm [27], which is more
than an order of magnitude larger that the vorticity arising from random fluctuations.

3 Observation of Rotation and Turbulent Phenomena

The observation of the collective phenomena is not a trivial problem, although it
has been practiced for more than three decades. The recent emphasis of random
fluctuations has extended the evaluation methods to those classes of symmetries
which would not occur in case of collisions without fluctuations.

Without fluctuations, the heavy ion collision is mirror symmetric across the reac-
tion plane, as well as reflection symmetric with respect to the center of mass (c.m.)
point. Thus in the early, lower energy experiments the longitudinal distribution along
the z axis was antisymmetric across the c.m. point or with respect to the c.m. point
of the rapidity coordinate. From the mirror symmetry across the reaction plane it
followed that the distribution as function of the azimuth angle should be symmetric,
so only cosine functions can be present in the in azimuthal angle Fourier series.

For random fluctuations these restrictions do not apply. The azimuthal multipole
and longitudinal analysis should contain even and odd functions. This does not lead
to any problem in exactly central collisions, where global flow patterns do not lead
to specific angles.

The precise identification of the c.m. of the observed participant system would still
be necessary for “exactly” central collisions, because random azimuthal fluctuations
may be correlated with the longitudinal momentum in the c.m. system. Unfortunately
this is not done yet in any of the recent experiments, although longitudinal fluctuations
of the participant c.m. momentum are not negligible at high beam energies.

Several collective processes in peripheral collision are strongly correlated with the
symmetry axes of the collision, such as the reaction plane and the c.m. momentum
or rapidity. These include the directed flow, all odd flow harmonics, rotation, and
all polarization effects, which are correlated with the reaction symmetries. If these
symmetry axes and the c.m. are not identified, then these processes are not measurable
or are not measured accurately.

For example if we intend to measure polarization of particles which are arising
from the collective rotation in the reaction plane then it is necessary to identify the
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plane, the direction of the rotation, i.e. which is the projectile and target side, and the
position of the rotation axis, i.e. the c.m. momentum of the participants. If this is not
done with a given precision than the measurement of these collective phenomena is
not possible.

In view of these general comments we discussed the effect of rotation on the
directed flow, which turned out very sensitive and subject to significant perturbations
from random fluctuations [19]. As the v1 becomes small (∼1 % or less) at RHIC and
LHC energies, other measurements were studied which are more sensitive to rotation
and turbulence.

One of the consequences of rotation and local vorticity, which arises in a stratified
shear flow, is the polarization of particles. This can happen due to equipartition of
orbital rotation and spin due to local thermalization. It was shown that about 8–10 %
� or �̄ polarization can be reached in peripheral heavy ion collisions [28]. This is
observable for � or �̄ emitted into the ±x direction in the reaction plane and both
the � or �̄ will be polarized into the −y direction (i.e. transverse polarization). This
is in contrast to electromagnetic effects where the � and �̄ polarizations would be
opposite. Of course to perform this measurement the event-by-event identification
of the reaction plane, its direction, and the c.m. momentum are necessary. Otherwise
the overall integration of all directions eliminates the effect as it happened in recent
experiments at RHIC.

Another sensitive method of studying heavy ion reactions is the Hanbury-Brown,
and Twiss (HBT) effect. This is widely used for identifying the size of the emitting
source, and also the radial expansion speed, which also influences the observed effec-
tive radii. Furthermore, with the azimuthal HBT method the shape of the emission
ellipsoid can also be determined.

Recently, a Differential HBT (DHBT) method was worked out, which is similarly
sensitive to rotation and has advantages compared to the flow-harmonics type of
analysis. The estimated signal is of the order of 10 % also [29]. As in the previous
case this also requires the identification of reaction geometry.

This is not a fundamental problem and at lower energies this was done earlier.
Recently the shift of focus towards analysis of fluctuations, diverted attention from
this, but we hope that the experimental teams will pay attention to this task.

In conclusion, we have a good perspective to continue the research along the lines
and successes of the earlier research in this field.
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Abstract Numerical studies of shock waves in large scale systems via kinetic simu-
lations with millions of particles are too computationally demanding to be processed
in serial. In this work we focus on optimizing the parallel performance of a kinetic
Monte Carlo code for astrophysical simulations such as core-collapse supernovae.
Our goal is to attain a flexible program that scales well with the architecture of modern
supercomputers. This approach requires a hybrid model of programming that com-
bines a message passing interface (MPI) with a multithreading model (OpenMP)
in C++. We report on our approach to implement the hybrid design into the kinetic
code and show first results which demonstrate a significant gain in performance when
many processors are applied.
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1 Computational Many-Body Methods

During the last two or three decades computational approaches have become the
‘third leg’ of science, complementing the more traditional theoretical and experi-
mental/observational approaches. In particular in studies of dynamical systems addi-
tional insights can be obtained from large-scale computer simulations. Among the
most popular approaches are molecular dynamics simulations with explicit two-body
interactions, kinetic theory approaches solving Boltzmann like equations with mean
field and two-body collision terms, and hydrodynamics studies, which are based on
short mean-free-path assumptions.

In nuclear physics, in particular, the field of heavy ion reactions at intermediate
and high energies has been studied extensively on the basis of hydrodynamics [1–7],
kinetic theory [8–19], and molecular dynamics [20–25] methods. Since the physi-
cal phenomena in heavy ion collisions require spatial resolution of on the order of
10−15 m and time resolution of on the order of 10−24 s, direct observations are not
possible, and careful modeling of reaction dynamics is essential for any meaningful
comparison with experimental observables. Thus methods like the ones just listed are
indispensable tools for heavy ion physics. In particular, one can show that several of
these approaches have identical results in certain analytic test cases, which increases
our degree of confidence in the simulation results [3, 26, 27].

During the last few years our group has begun to apply the heavy ion modeling
expertise to the problem of supernova explosion. The preferred tool to study these
explosions has been hydrodynamics simulations for the baryons, coupled to Boltz-
mann transport for the neutrinos [28–35]. However, it can be shown that kinetic
theory based models can treat the baryon and neutrino transport on the same foot-
ing within the framework of a coupled transport theory [36], similar to the coupled
transport relativistic transport theory for baryons, mesons, and resonances for heavy
ion collisions [16]. This enables us to conduct fully relativistic 3 + 3 dimensional
studies of supernova core collapses [37–41]. In order for these studies to be able
to provide reliable predictions that can be compared to observables, however, one
has to utilize a very large number of test particles, on the order of 108. This, in
turn, requires the use of modern multi-processor environments with effective algo-
rithms for parallelization. The present manuscript describes such algorithms and our
implementation.

2 Initial Simulation Setup

Our kinetic simulation code models hydrodynamic shock waves by tracking the
collisions of millions of particles over a set number of time steps. Each collision is
determined by the distance of closest approach method. Hereby, each particle looks
for its nearest collision partner at every time step. The naive approach to this type of
collision detection problem is to compare the position and velocity of every particle to
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every other particle in the simulations to find a collision partner. The computational
complexity of such an algorithm scales with the total number of particles N as
O(N 2). For smaller-scale problems, this algorithm is sufficient. However, for larger-
scale problems the amount of computation time required to run such a simulation
is unreasonable. Achieving a minimal processing time is a common challenge for
computationally demanding computer models. Parallelization is a key ingredient
in these simulations as it divides up the workload among multiple processors. The
algorithm we chose is conceptually simple. The simulation space is divided up into a
grid of cells or so-called bins. Hereby, each bin is represented by a pointer. The grid is
thereby setup as a multidimensional array of pointers. The number of bins in the x , y,
and z dimensions and the size of the simulation space in each dimension are set by the
user. The characteristic length scale of the system corresponds to the width of a bin,
�x , and is therefore determined from the size of simulation space and the number
of bins. The mean free path must be set significantly smaller than the characteristic
length scale to ensure the simulation is fluid-like. We use an adaptive time step size
�t = �x/vmax, where vmax is the maximum speed of the particles. With that, we
can ensure that no particle can escape its scattering neighborhood within a single
time step. Furthermore, if the difference between the average particle velocity and
the maximum velocity is sufficiently small, this modification guarantees that the
time steps will not be too small. Each particle is an instance of a class that contains
a particle’s velocity, position, mass, effective radius, and two particle pointers. One
pointer is used to identify the collision partners, while the other is to connect particles
that are located within the same bin via a linked list.

At the beginning of the simulation, all particles are initialized within a box. The
boundary conditions of the box can be set as reflective, absorptive, or periodic and
depend, like the exact initialization of the particles, on the particular test being run.
Particles are sorted into their respective bins by appending them to a linked list based
upon their initialized position. Once all of the particles have been sorted, output data
is processed and printed to a file.

When output is complete, the binary collision detection phase of the program
starts. This is the most computationally intensive part of the program, and we make
use of the cell linked list structure to achieve greater computational efficiency. Our
program loops through all bins, with every particle in a bin being compared to all of
the other particles in the neighboring bins (26 bins in three dimensions and 8 bins
in two dimensions). A particle is considered as a collision partner if the following
criteria are met:
The collision partners

• are located within each other’s collision neighborhood,
• are within each other’s effective radii,
• and reach their distance of closest approach within the next time step.

If a potential collision partner is found, the pointer of the searching particle is set
to point to this new collision partner. If a closer collision partner is found later in
the search, then that pointer is updated accordingly to the new particle. In this way,
each particle finds its closest collision partner without searching through the entire
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simulation space. The computational efficiency of this algorithm scales as

O(B × N 2
bin/P), (1)

where B is the number of bins, Nbin is the maximum number of particles per bin,
and P is the number of processors. As opposed to scaling exponentially with the
total number of particles, our code scales exponentially with the number of particles
per bin, which can be controlled by using a large number of bins when there many
particles. Note that the binary collision detection step does not update any particle
properties other than the pointers to collision partners.

The number of processors P resides in the denominator of Eq. (1) due to the
parallelization of the binary collision detection phase. We use OpenMP to create a
new slave thread for each processor in addition to the processor running the master
thread. Since OpenMP uses a shared memory model, every thread can access the
same set of pointers and variables. Each thread searches approximately an equal
number of bins for scattering partners. No two threads are allowed to compute the
same bin and its collision neighborhood. This is a simple approach for keeping the
workload of all of the processors roughly the same. However, in tests with shock
fronts, some bins can have drastically higher particle densities and velocities than
others. These bins can take significantly more computational time than bins with
lower particle densities, which creates a load imbalance. When a load imbalance
occurs, some processors complete their computation before others and have to wait
for the other processors to finish before proceeding. A more sophisticated approach
to dividing up the workload, for example an adaptive bin size, will be considered in
future versions of this code. At the end of the binary collision step, all of the slave
threads share their information with the master thread and subsequently close. The
code beyond this point executes in serial on the master thread.

The final stage of the simulation updates particles’ positions and velocities. Two
particles only collide if they have both found each other as a collision partner in the
binary collision detection phase. If this occurs, the particles’ positions and velocities
are calculated accordingly, and boundary conditions are applied to particles that come
in contact with the walls of the simulation space. The program will then loop back
to the part of the code that sorts the particles into their bins, and then repeat the steps
described above.

3 Algorithm Optimization

Timing studies show that our algorithm can be optimized by using a low average
number of particles per bin, with some caveats. Figure 1 illustrates that the rela-
tionship between computation time and number of particles per bin is nearly linear
when the average number of particles per bin is significantly greater than one. This
indicates that decreasing the number of particles per bin can significantly improve
computation time. However, at roughly three particles per bin, the total wall time
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Fig. 1 Timing study for the wall time of our initial simulation as a function of the average number
of particles per bin. Each test was initialized with 108 particles in three dimensions, with all of
the particles having the same initial speed, random velocity directions, and random positions. The
number of time steps taken in each test ranges from 20 to 206. The tests with a lower average number
of particles per bin take more time steps to maintain the same elapsed simulation time. Each test
produced a total of 40 output files

reaches a minimum, and the correlation between the total simulation time and binary
collision detection time begins to diverge. Below this value, the total computation
time starts to increase and the binary collision detection computation time starts to
decrease. Further testing is needed to understand the cause of this divergence, and
how using a low number of particles per bin could effect shock fronts.

One limitation to this optimization method is high random access memory usage.
Our code uses a multidimensional array of pointers to sort the particles. Increasing
the number of bins increases the size of that array. In 2D simulations, this memory
increase is generally not large enough to be a significant limitation, but for 3D
simulations this can be a constraint for simulations with � 108 particles and a
correspondingly large number of bins. Nonetheless, modern supercomputers can
usually handle this amount of memory consumption.

Furthermore, changing the number of bins affects the time step size of the sim-
ulation. Our code has an adaptive time step that is proportional to �x . For a square
or cubic simulation space, increasing the number of bins in the simulation decreases
the time step size, and the simulation will need approximately twice as many time
steps to reach the same simulation time. To negate this potential drawback, a time
step counter ensures that output is only generated at a specified time interval. This
allows a user to maintain the same amount of output regardless of the time step size.
To control for the adaptive time step issue, all of the tests were run with the same
amount of total output and elapsed simulation time.



188 J. Howell et al.

4 Hybrid Simulations

Implementing MPI is generally more difficult than implementing OpenMP. OpenMP
uses straightforward preprocessor directives called pragmas that signal to the com-
piler when a section of code can be parallelized. The creation, destruction, and
communication of threads is established automatically by compiler at these points,
and most of the complex details are hidden from the user. One can implement more
specific control over threads with work sharing constructs and through the manipu-
lation of environmental variables to optimize performance. One advantage of using
OpenMP is that a program can still use the same compilers after parallel pragmas
have been added. This allows for incremental parallelization, without the need for
creating separate files for an OpenMP version of the code. OpenMP pragmas ordi-
narily are placed before the most computationally intensive loops of the program,
and the remainder of the code executes serially. One limitation of this method of par-
allelization is that simulations cannot run on multiple nodes simultaneously, because
nodes use a distributed memory system.

In contrast, using MPI requires a better understanding of parallelization and the
code that it is being applied to. MPI uses a standardized set of library routines to pass
bits of information and instructions from one processor to another. Often, this type
of parallelization involves determining how to break a large problem into smaller
pieces that share information between each other with MPI function calls. This
process is referred to as domain decomposition. Domain decomposition can require
a significant amount of code rewriting, particularly if it is being considered after a
code already been developed. An abstraction called ghost cells are frequently used
in conjunction with domain decomposition. Ghost cells are copies of neighboring
cells from different nodes, which allow each node to have access to the information
from other nodes.

The benefits of using MPI are that it allows: for finer control of parallelization,
for parallelization of the entire code, and a parallelized code to run on a distributed
memory system. By implementing a hybrid of both OpenMP and MPI, we can gain
the benefits of both types of parallelization, while mitigating some of the drawbacks
of each. There are various ways to structure a hybrid code. A standard method that
we use in our code is to create one MPI thread per node and use MPI routines to
communicate between each node. OpenMP is used to create additional threads on
each node in the binary collision detection phase.

For domain decomposition, we divide the simulation space by the number of
nodes in use. The number of rows in our simulation must be evenly divisible by the
number of nodes to split up the simulation space into equal parts. For example, if
a simulation with 12 rows is running on four nodes, then the grid of the simulation
space is split up into four domains of three rows each. Each domain is executed on
a different node. In this case, the two nodes designated to handle the middle of the
simulation space both have two neighboring domains: one domain above and one
domain below. The middle domains have one empty row added above, and one empty
row added below their normal simulation space. These extra rows are used to store
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a row of ghost cells that they receive from their respective neighboring domains. A
node designated to run the bottom part or the top part of the simulation space is a
special case. In this case, a node has only one neighboring domain, because it lies on
the boundary of the simulation space. In practice, there can be an arbitrary number
of middle domains, but there are always two special case domains on the boundaries.
Figure 2 demonstrates this example.

We have added four stages of communication between nodes to our simulation.
The first stage of communication transfers rows of ghost cells from neighboring
nodes. The second phase syncs the adaptive time step of all the nodes. The third phase
sends the collision information of the ghost particles found in the collision detection
phase. The lasts phase of communication transfers the real particles between nodes.

In the first stage of communication, we count the number of ghost particles that
will be sent from each node and send that information to the neighboring nodes. This
information allows each node to know how many ghost particles it will receive. In the
example with four nodes described above, each middle domain has a total five rows.
The first and the fifth rows are the ghost rows used for storing information received
from other nodes. The second and the fourth rows contain the particle information
that is sent to neighboring nodes. These particles are packed into a contiguous mem-
ory storage, sent individually with an MPI send function, and received with an MPI
receive function. For the middle nodes, all of the particles in the second row are sent
to the node above in the simulation space and copied into that node’s fifth row. All
of the particles in the fourth row are sent to the node below in the simulation space
and copied into that node’s first row. For the special case nodes, the top node sends
the particle information from its fourth row to the first row of the node below, and the
bottom node sends particle information from its second row to the fifth row of
the node above. Once the first communication phase is complete, all of the nodes’
ghost rows are filled with copies of particles from the neighboring rows of other

Fig. 2 Initial and hybrid simulation spaces
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nodes. This enables the binary collision detection phase to find all of the potential
collision partners for particles in the second and fourth rows.

The second stage of communication is brief but important. Since all of the nodes
are essentially running separate simulations that intermittently communicate with
their neighbors, each node can develop a different maximum particle velocity. Our
adaptive time step is derived from the maximum particle velocity, so each domain
can have different sized time steps if they are not synced. By using an MPI reduce
function, all of the nodes can acquire a global maximum particle velocity, and use
that information to set their adaptive time steps to the same value.

The third communication phase sends collision partner information found in the
binary collision detection step from particles in the second and fourth rows to the
ghost particle copies of themselves. The pointers must be converted into particle ID
integers, since pointers are not meaningful when transferred to other nodes. In our
four node example, if a real particle in the fourth row has found a ghost particle as a
collision partner in the fifth row, then that particle’s collision information will be sent
to the first row of the node below. The pointers of the corresponding ghost particle
will be updated with this information. This process repeats until all of the particles
in the second and fourth rows with ghost particle collision partners have sent their
collision information. Without this information, there is no way of determining if the
ghost particle in the fifth row has also found the real particle in the fourth row as a
collision partner.

The lasts phase of communication occurs after the collisions have been calculated.
Once the particles’ positions and velocities have been updated, and boundary con-
ditions have been applied, the code counts the number of particles with coordinates
outside of their respective domain spaces. Particles are removed from the domains
that they are leaving and added to the domain that they are entering. In our four node
example, if a real particle lies in the first row of a middle node, it will be transferred
to fourth row the node above, and if a real particle lies in the fifth row of a middle
node, it will be transferred to the second node of the node below. Each node has its
own coordinate system, so the particles’ positions are transformed accordingly. The
program either stops after this point or loops back to the part of the code that sorts
particles into their bins, depending on the number of time steps.

The advantage of our hybrid code is that each node runs almost entirely in parallel.
The drawback is that there is significant overhead and processing time required to
send the data of millions of particles between nodes. Also, each node produces a
separate output file, which are combined after the simulation is complete. Yet, as
the empirical timing studies in Fig. 3 show, the binary collision detection phase of
hybrid code scales well with an increasing number of processors. Furthermore, this
setup should allow the code to run with hundreds or thousands of processors, and
should greatly reduce job scheduling times.
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Fig. 3 Timing test for the speed-up of our hybrid implementation as a function of the number of
processors (4, 8, 16, and 32 nodes with one processor per node) used in the calculation. The dotted
line shows the theoretical maximum speedup possible. Each test was initialized with 40,000,000
particles in two dimensions, with all of the particles having the same initial speed, random velocity
directions, and random positions. Each test produced a total of two output files per node

5 Outlook

So far our hybrid code has only been developed in two dimensions for an initialization
in which all of the particles have random positions, random velocity vector directions,
and reflective boundary conditions. This scenario is ideal for parallelization since
each processor has approximately the same workload. The initializations for the
supernova simulations are more complex and will require more careful consideration
for implementation in the hybrid version. The supernova tests with shock fronts will
probably not scale as well. One solution for this issue is to use dynamic bins sizes
on the level of the OpenMP implementation, and dynamic domain sizes on the level
of the MPI implementation. Areas of higher density would have smaller bins sizes
and domain sizes than areas of lower density.
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Supercritical Fields



Probing Supercritical Fields with Real
and with Artificial Nuclei

Joachim Reinhardt and Walter Greiner

Abstract In the presence of strong electric fields the vacuum state of Quantum
Electrodynamics (QED) becomes unstable and decays through the spontaneous pro-
duction of electron-positron pairs. This is expected to occur, e.g., in constant electric
fields exceeding a critical strength of Ecr � 1.3 · 1018 V/m and also in hypothetical
atoms with a nuclear charge exceeding the critical value Zcr � 172. We discuss how
supercritical quasiatoms can be created transiently in collisions of two heavy ions
and discuss experimental signatures. We also report on an analogue of supercritical
QED which has been found in solid-state physics. The electron states in the material
graphene obey an effective Dirac-like equation. Depositing charged impurity atoms
on the surface of a graphene sheet one can construct artificial supercritical atoms.

1 Supercritical Atoms in QED

Strong fields and the related occurrence of nonperturbative effects play an important
role in many areas of physics. This is obvious in the area of strong interactions, char-
acterized by a large coupling constant αs � 1. However, strong-field effects can occur
even when the fundamental coupling constant is small, as it is in Quantum Electrody-
namics which is characterized by the fine structure constant α � 1/137 � 1. In the
following we will concentrate on strong and, to be more specific, on “supercritical”
electric fields in atomic physics. For references we refer the reader to the book [1].

When atomic structure is extrapolated from the known boundary of chemical ele-
ments into the region Z = 170 . . . 190 one finds that the inner-shell electrons gain
tremendously in binding energy. In particular, the 1s1/2-state and also the next higher
2p1/2 state traverse the gap between the positive and negative energy continuum
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Fig. 1 Atomic binding energies as function of nuclear charge Z

solutions of the Dirac equation. The total energy E1s becomes negative at Z = 150
and is predicted to reach the value −m (i.e., a binding energy of twice the electron
mass, 2m = 1.022 MeV) at the critical nuclear charge Zcr � 172. This dramatic
increase in binding is caused by relativity. It turns out that already in relativistic
classical mechanics the orbit of a particle bound by a Coulombic potential −Ze/r
becomes instable when the potential strength exceeds a critical valued (dependent
on angular momentum). The particle will fall into the center on a spiral path. (Math-
ematically this stems from the fact that the relativistic energy-momentum relation is
quadratic, resulting in an attractive 1/r2 term on par with the repulsive centrifugal
energy barrier.) The instability occurs also in quantum mechanics: Solving the Dirac
equation for a point like central charge one finds that all bound states with the rela-
tivistic angular momentum quantum number κ = ±1, i.e., all ns1/2 and np1/2 states,
cease to exist at a charge value Z0α = 1 or Z0 � 137. This “collapse of the wave
function” is the quantum analogue of the classical spiralling fall into the center.

Applied to atomic physics, however, this collapse at Z � 137 is an artifact since
the divergence of the Coulomb potential gets truncated owing to the final size of
the nucleus. As a consequence, as described above the bound states can be traced
continuously beyond Z = Z0 [2], although with steeply increasing binding energy
and rapidly shrinking spatial extension. Instead, a qualitative change is expected at
the critical charge Zcr: The 1s state leaves the discrete spectrum and merges with the
lower continuum of the Dirac equation which it enters as a narrow resonance. The
physics of this “supercritical” state was clarified in the early 1970s by our group in
Frankfurt [3] and by another group in Moscow [4].

The history of this topic dates back to the early days of relativistic quantum
mechanics when Oscar Klein discovered that scattering off an electrostatic potential
barrier V0 which exceeds the height of 2 mc2 leads to anomalous behaviour of the
transmission and reflection coefficients. In 1931 F. Sauter derived the transmission
coefficient for “tunneling through the gap of the Dirac equation” for a potential
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barrier of finite width a as T � exp
[−πmc2/(V0/a)(�/mc)

] = exp (−Ecr/E).
This expression displays a nonanalytic dependence on the electric field strength E
and is exponentially suppressed unless E reaches the value of the critical field strength

Ecr = πm2c3

e�
� 1.3 · 1018 V

m
. (1)

It soon became clear, in particular through the work Heisenberg and his student Euler,
that the vacuum of QED is a dynamical polarizable medium in which an external
field can induce the production of virtual and (provided the field is strong enough)
also real electron-positron pairs. An elegant formulation of this vacuum instability
later was given in 1951 by Schwinger so that today one often refers to “Schwinger
pair creation” in strong electric fields.

The existence of this mechanism is generally accepted, but in QED it has eluded
direct experimental verification so far. Macroscopic ultrastrong electrostatic fields
E � Ecr are unattainable in the laboratory. On an atomic scale, however, this is not
true: The electric field strength at the surface of a nucleus exceeds Ecr by about three
orders of magnitude. Nevertheless in ordinary atoms pair creation does not occur
because the created electron quantum mechanically would not fit into the narrow
well of the Coulomb potential. This changes when atomic structure is extrapolated
from the known region of chemical elements by about a factor of two. As discussed
above, supercriticality sets in at Zcr � 172 when the 1s1/2 state “dives into the lower
continuum” and is transformed into a resonance.

In the language of Dirac’s hole picture, if an empty bound state enters the lower
continuum it will get filled by a sea electron which can tunnel through the classically
forbidden gap of the Dirac equation, leaving behind a hole, i.e., a positively charged
positron, which escapes to infinity. This is just an instance of the Schwinger mecha-
nism for pair creation. The process also has been termed “spontaneous pair creation”
or “decay of the vacuum” of QED. The difference to Schwinger pair creation in a
constant electric field is that in supercritical atoms the strong field is confined to a
small region in space which can harbour only a small number of created electrons.
I.e., pair creation is stopped by “Pauli blocking” when the available electron states
are occupied. In a weakly supercritical atom (172 < Z < 185) just two positrons
(spin degeneracy) can be produced in this way.

In a world with a fine structure constant α somewhat larger than our physically
realized value supercritical atoms would be an everyday phenomenon. It would be
impossible to fully ionize heavy atoms since their inner shells would be filled by
“electron capture from the vacuum” (bound-free pair creation). The supercritical
atoms would exhibit narrow resonances in the scattering of positrons.

1.1 Supercritical Heavy Ion Collisons

As it happens, stable nuclei with a supercritical charge do not exist in nature. How-
ever, it is possible to assemble such a charge Z = Z1 + Z2 for a short time interval
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in close collisions of two very heavy nuclei. In this way charge values of up to
Z � 190 can be attained experimentally. It has been suggested to look for the signs
of supercriticality in “supercritical quasimolecules”. The solution of the Dirac equa-
tion with two Coulomb centers shows that the critical binding will be reached, e.g.,
in U+U collisions at an internuclear distance of Rcr � 34fm (unscreened) [5, 6].
However, the colliding nuclei move on their Rutherford trajectories which causes
the wave functions and binding energies to vary rapidly with time and also leads to
strong dynamically induced transitions. This makes it necessary to solve the time
dependent two-center Dirac equation.

This problem can be attacked in a number of ways. The direct brute-force approach
of solving the coupled partial differential equations numerically is quite demanding.
Instead, using tools from atomic collision theory one can expand the time-dependent
Dirac wave function Ψ into a complete set of basis states ϕ j :

Ψi (r, t) =
∑

j

ai j (t)ϕ j (R(t), r) e−iχ j (t) . (2)

Here the indices i and j run over the full spectrum of the Dirac equation, i designates
the initial state (t → −∞) of the electron under consideration. χ j (t) is a time
dependent phase factor.

The physics of the collision is encoded in the set of expansion amplitudes ai j (t).
They satisfy a set of coupled ordinary differential equations in time, the coupled
channel equations (infinite in principle but truncated in practical calculations). The
reliability of such a calculation depends on the choice of the expansion basis ϕ j .
At bombarding energies not much above the nuclear Coulomb barrier (i.e., E/A �
6 MeV) the ion velocity v � 0.1c is comparatively slow so that the relativistic
inner-shell electrons have time to adjust to the nuclear Coulomb field. This gives
justification for using adiabatic basis states (superheavy quasimolecules).

For the description of inner-shell excitation and pair production in very heavy
systems it was found sufficient to include only states with angular momentum j =
1/2 (s1/2 and p1/2) and, furthermore, to approximate the two-center potential by its
lowest-order term in the multipole expansion (the monopole approximation). This
framework has been employed with considerable success to calculate various atomic
excitation processes in heavy ion collisions, cf. the review [7].

Collisions with Z1 + Z2 > Zcr pose an extra challenge for the calculation. The
combined nuclear charge is sufficiently large to let the quasimolecular 1s-state enter
the Dirac sea at critical distance Rcr. Then in the adiabatic picture the 1s state vanishes
from the bound spectrum, becoming admixed to the lower continuum as a narrow
resonance. A method was developed [8] which introduces a normalizable state ϕ̃r

for the supercritical 1s-state. With the help of a projection operator technique then
a matching set of modified resonance-free continuum states ϕ̃E can be constructed.
As a consequence, in the coupled channel equations an additional coupling term
between the supercritical 1s state and the negative continuum arises

〈ϕ1s |∂/∂t |ϕE 〉 −→ 〈ϕ̃1s |∂/∂t |ϕ̃E 〉 + i〈ϕ̃1s |H |ϕ̃E 〉 . (3)
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These “induced” and “spontaneous” couplings act coherently over the course of the
collision, both contributing to the production of positrons. In principle there is a qual-
itative difference between them: The spontaneous coupling acts also for a stationary
nuclear charge configuration. It is related to the decay width of the supercritical
resonance at energy E = Er through the formula Γr = 2π |〈ϕ̃r |H |ϕ̃Er 〉|2.

For undelayed elastic collisions the contribution from the spontaneous coupling
constitutes only a small fraction of the produced positrons. Furthermore the time-
energy uncertainty relation leads to a large collision broadening. Accordingly, the
calculations do not yield a significant change in the shape of the predicted positron
spectra for such collisions when going from subcritical to supercritical systems.

Experiments investigating the production of positrons in heavy ion collisions at
the Coulomb barrier have been carried out for more than a decade, starting in the late
1970s, mainly at the unilac accelerator at GSI [9]. This was part of a comprehensive
experimental program to study a variety of atomic-physics excitation processes such
as K-hole production, δ-electron and positron emission, and quasimolecular X-ray
radiation. The theory sketched above turned out to be very successful in describing
the dynamics of the electron shell (including the electron-positron field) in heavy ion
collisons. The absolute values, impact-parameter and nuclear-charge dependences,
ionization rates, intensities and spectral shapes of electron and positron production
in most cases could be explained on a quantitative basis.

No direct proof of “supercriticality” has been found. However, from the heavy
ion collision experiments we can be quite sure that the underlying picture on which
our understanding of QED of strong fields is based—in particular the very steep
increase in binding energy and the near-collapse of the wave functions predicted in
the presence of strong Coulomb fields—is indeed realized in nature.

1.2 Collisions of Bare Nuclei

It should be noted that the experiments searching for positron creation in heavy ion
collisions so far were performed by colliding partly stripped projectile ions with
solid state targets. Under these conditions bound-free pair production is suppressed
by Pauli blocking: The K shell initially is occupied and can contribute to pair cre-
ation only after being emptied through ionization, which at best takes place in a few
percent of the collisions. Bound-free pair creation thus could be studied much more
cleanly if the required holes were brought in right from the start, i.e., by using fully
stripped ions.

Heavy ions can be stripped bare quite easily at high beam energies. In fact, bound-
free pair creation has been first observed at the Bevalac using 1 GeV/nucleon U92+
beams [10]. In the present context, however, we are interested in slow collisions allow-
ing the formation of quasimolecular electron states. Experimentally this could be
achieved by either by slowing down the ions after stripping [11] or in colliding-beam
experiments. There are two variants of the latter option, either colliding two beams of
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equal velocity under a small relative angle or colliding two collinear beams having dif-
ferent velocites. The feasibility of the latter option presently is studied at Dubna [12].

The consequences of the transition to collisions of fully stripped ions for positron
creation have been studied theoretically in [8, 13]. Apart from a sizable increase
in binding energy the main effect will be the removal of Pauli blocking. Since in a
completely stripped system bound-free pair production with the electron ending up
in the 1s state can proceed unimpeded as a one-step process, the positron production
cross section is predicted to grow by up to two orders of magnitude. Nearly all created
electrons end up in bound states (mostly 1s and 2p1/2).

Let us quote some numbers [13] for collisions of fully stripped U92+ + U92+
at an energy slightly below the Coulomb barrier, Ecm = 680 MeV corresponding
to E/A = 5.7 MeV/u in a fixed target experiment. Here the number of produced
positrons in central collisions (impact parameter b = 0) is predicted to be N bare

e+ =
1.06 · 10−2, out of which 1.04 · 10−2 end up in bound states. This is to be compared
with N F=3

e+ = 2.93 · 10−4 for GSI-type fixed-targed experiments with a Fermi-
surface F = 3, i.e., the lowest three s1/2 and p1/2 levels are initially occupied. The
enhancement in the rate of produced positrons clearly reflects the removal of Pauli
blocking. At larger impact parameters b the effect is even more pronounced since
the rate of inner-shell holes dynamically induced in non-bare collisions gets further
reduced. For the total positron cross section we expect σ bare

e+ = 105 mb as compared
σ F=3

e+ = 2.3 mb, an enhancement by a factor of 46.
It should be mentioned that essentially half of the advantage gained in bare-on-

bare collisions can be achieved already with fully ionized projectiles impinging on
neutral target atoms since in this case half of the K-holes (assuming Z1 = Z2)
brought in by the projectile ion will be transferred to the 1sσ state.

Collisions of fully stripped ions offer a further advantage: Significant information
can be obtained by simply measuring the ion’s change of charge state. The observation
of, e.g., a transition U 92+ → U 91+ would prove that bound-free pair production has
occurred, even if the emitted positron is not measured. This of course assumes that
background processes like electron capture from rest gas atoms can be excluded.
A less trivial background process would be bound-free pair conversion from the
de-excitation of Coulomb excited nuclei.

Does the foregoing discussion mean that successful experiments with fully
stripped ions would positively confirm the occurrence of spontaneous pair creation
and the decay of the neutral vacuum? We would argue that this question is not so clear
cut. Let us look at the results shown in Fig. 2 which depict positron creation in various
sub- and supercritial systems at a collision energy of E/A = 5.9 MeV/u. Figure 2a
refers to non-stripped fixed-target experiments, Fig. 2b to collisions of bare nuclei.
The number of produced positrons is drawn as a function of the distance of closest
nuclear approach Rmin, reflecting the impact parameter dependence. The combined
charges Z = Z1 + Z2 range from Z = 164 (Pb+Pb) over Z = 174 (Pb+U) and Z =
184 (U+U) to Z = 190 (U+Cf). We observe a steeply falling impact parameter depen-
dence for the F = 3 case where because of the (initial) Pauli blocking of the inner
shells a larger amount of energy has to be transferred from the nuclear motion to create
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Fig. 2 Number of produced positrons as function of the distance of closest approach Rmin for
various collision systems (Z1 + Z2 = 164 . . . 190) at impact energy ELab/A = 5.9 MeV/u. a The
inner shells are initially occupied (F = 3). b Bare nuclei (F = 0). The dashed line indicates the
border of the supercritical region. c Dependence of the total cross section for positron creation as
a function of the combined nuclear charge for filled inner shells (F = 3) and bare nuclei (F = 0).
Adapted from [8]

a pair, either in a continuum-continuum transition or through multi-step processes.
In the fully ionized case (F = 0) the fall-off with impact parameter is less steep.

The curves for different collisions systems look very similar, i.e., there is no
qualitative difference between the predicted positron creation rates in subcritical and
supercritical systems. In Fig. 2b the border of the region where supercriticality is
expected to set in is marked by a dotted line. The curves do not significantly change.
This is also true for the total positron cross section σe+ , see Fig. 2c which grows
smoothly when increasing the nuclear charge. Note, however, the extreme slope of
the curves: For F = 0 a 16 % increase of Z leads to an increase of the positron cross
section by a factor of nearly 70. The Z dependence can be well parametrized by a
power law with a remarkable large exponent:

σe+ ∝ Zn with n � 29 for F = 0 and n � 17 for F = 3 . (4)

Figure 3 demonstrates that also the shape of the energy spectrum of positrons is
not expected to change markedly when going to collisions of fully stripped ions.

The lack of qualitative distinguishing features and step-like threshold behaviour
when going from the subcritical to the supercritical region results from the shortness
of the collision time. For example, in U + U the internuclear distance falls below
the critical value Rcr for only Δtcr = 2.5 zs (the zeptosecond 1 zs = 10−21 s is
the appropriate unit of time here). This leads to a dynamical width or Heisenberg
broadening of the quasimolecular 1 s state of Γdyn = �/Δtcr � 300 keV. Actually,
one may argue that an extra factor of π should be included here [14], leading to a
broadening of the order of 1 MeV. This completely blurs the transition between sub-
und supercritical systems.
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Fig. 3 Energy spectra of positrons produced in U +U collisions at E/A = 5.7 MeV/u for various
impact parameters between b = 0 (top most) to b = 40 fm (lowest curves). a Non-bare collisions
(F = 3). b Collisions of bare nuclei (F = 0). From [13]

To put it differently: Our notion of supercriticality is based on stationary atomic
states and thus, when describing collisions uses the adiabatic (quasimolecular) pic-
ture. The dynamical wave function, however, does not behave fully adiabatically.

To find a qualitative experimental signal for supercriticality the dynamical broad-
ening should be reduced. In principle this could be done [15] by looking for positron
creation in collisions at energies above the Coulomb barrier which exhibit a nuclear
time delay (either through friction or through the actions of the attractive nuclear
force). Quantitative calculations assuming arbitrarily inserted time delays T were
performed in [14]. As shown in Fig. 4 for the same collisions as in Fig. 3b delays of

Fig. 4 Energy spectra of
positrons produced in central
U + U collisions at
E/A = 5.7 MeV/u. Full
curve same as b = 0 curve in
Fig. 3b. Dashed curves
Assuming nuclear delay times
from 1 to 10 zs. From [13]
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a few zs lead to strong enhancement of positron production, e.g., by a factor of 15
for T = 10 zs. In addition, a positron line structure emerges which narrows down for
large delays according to ΔE f whm � 5.56�/T . The corresponding behaviour
for subcritical systems is very different, leading to a reduction of positron production
with increasing delay time.

This would be the ultimate proof that spontaneous positron production has been
observed. Whether collisions with sufficient time delay can be observed, however,
is an open question. The problem of nuclear time delay is discussed in some detail
in the talks by H. Backe and S. Heinz at this conference.

2 Supercritical Atoms in Solid State Physics?

Quite recently, the study of supercritical atoms has received a boost from a rather
unexpected side, i.e. from the study of graphene in solid state physics. Graphene—a
two-dimensional crystals made from carbon atoms—is a material with many extra-
ordinary properties, like large tensile strength and thermal conductivity, support
of high current densities etc. It is the “mother” of many nanosystems like carbon
nanotubes, nonoribbons, fullerenes, and also of graphite. Nevertheless, the discovery
of graphene had to wait until 2004, although it turned out to be quite easy to produce
through micromechanical cleavage [16]. In 2010 A.K. Geim and K.S. Novoselov
were awarded the Nobel prize for discovering graphene. Presently graphene is in the
focus of research worldwide, not the least because of its many possible technological
applications. In 2013 the European Union has declared graphene research a “flaship
program” funded by 1 billion euros.

In the course of these studies it turned out that graphene possesses electron states
which (quite accidentally) obey an ultrarelativistic energy-momentum dispersion
relation and can be described by (massless) Dirac fermions which interact with a
strongly increased fine structure constant. Inserting charged impurities on a graphene
sheet allows to create “artificial atoms” which can become supercritical. We will give
a brief non-expert overview of this subject and the recent experimental discovery of
supercritical states [17].

2.1 Electronic Structure of Graphene

Since it is relatively easy to understand how the ultrarelativistic dispersion relation
comes about we will give a short derivation of the energy bands of graphene. For
details see the reviews [18, 19] and references therein. The valence-shell electrons of
the carbon atoms form hybridized sp2 orbitals which give rise to the covalent σ bonds
forming stable hexagonal benzene rings which combine to build up a honeycomb
lattice. In addition there are π electrons (one per carbon atom, arising from the 2pz

state) forming lobes orthogonal to the lattice plane (see Fig. 5a). The honeycomb
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Fig. 5 a Schematic sketch of the electron structure of graphene. The hybridized sp2 bonds (red)
form hexagonal benzene rings. In addition there are pz states (green) orthogonal to the plane. b The
honeycomb lattice of graphene is composed of two triangular sublattices (blue and yellow). c The
Brillouin zone of graphene. b1 and b2 are the reciprocal lattice vectors

structure can be thought as consisting of two interpenetrating triangular sublattices
A and B, marked yellow and blue in Fig. 5b.
The Bravais lattice unit vectors depicted in Fig. 5b have the form

a1 = a

2
(3,

√
3), a2 = a

2
(3,−√

3). (5)

while the three nearest-neighbour vectors (connecting atoms from the two sublat-
tices) are

δ1 = a

2
(1,

√
3), δ2 = a

2
(1,−√

3), δ3 = −a(1, 0). (6)

Here a = 1.42 Å is the carbon-carbon nearest-neighbour distance. The Brillouin
zone also has a hexagonal shape, see Fig. 5c. The corner points of the hexagon will
play a special role in the following. Two of them are non-equivalent. They are called
the Dirac points:

K = 2π

3a

(
1,

1√
3

)
, K′ = 2π

3a

(
1,− 1√

3

)
. (7)

The description of the electron structure [20, 21] can be based on the tight binding
approximation. One assumes that electron states are localized at one atom and are
influenced (in a first step) only by their nearest neighbours. Using second quantization
the most simple ansatz for the interaction Hamiltonian is

Ĥ = t1
∑

A

3∑

i=1

(
â†(A)b̂(A + δi ) + h.c.

)
(8)

Here â† creates an electron at lattice site A = n1a1 +n2a2 and b̂ annihilates an elec-
tron at neighbouring site A + δi . The hopping parameter t1 describes the interaction
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strength. Transformed to momentum space (8) becomes an integral over the Brillouin
zone ΩB

Ĥ =
∫

ΩB

d2k

(2π)2

(
â†(k) , b̂†(k)

)
(

0 t1γk
t1γ ∗

k 0

) (
â(k)

b̂(k)

)
(9)

with γk = eik·δ1 + eik·δ2 + eik·δ3 .
This Hamiltoniann can be easily diagonalized, leading to the energy spectrum:

Ek = ±t1 |γk| = ±t1

√

3 + 2 cos(kya
√

3) + 4 cos
(

kya

√
3

2

)
cos

(
kx a

3

2

)
(10)

One finds two symmetric bandsπ∗ andπ with positive and negative energies. Inspect-
ing the function Ek one finds that the bands touch at the corners of the Brillouin zone,
i.e., at the Dirac points (7): EK = EK′ = 0. The full energy surface is shown in
Fig. 6. We are particulary interested in the region surrounding the Dirac points were
the gap between the π and π∗ bands vanishes. Taking the low-energy limit on can
expand about the Dirac point K according to k = K + q assuming qa � 1.
Expansion of the factors eik·δi leads to (up to a phase factor)

γq � −3a

2
(qx + iqy) (11)

The resulting expression for the energy then reads

Eq = ±3a

2
t1 |q | = ±�vF |q | . (12)

E

qx

qy

band

band

Fig. 6 Energy spectrum of electrons in the hexagonal lattice. The inset shows the cone-shaped
energy spectrum in the vicinity of one of the Dirac points. The calculation includes also the effect
of next-to-nearest neighbour couplings. Adapted from [18]
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Here we have introduced the Fermi velocity

vF = 3a

2�
|t1| � 106 m/s � 1

300
c (with t1 � −3eV) (13)

Most interestingly, Eq. (12) corresponds to the dispersion relation of ultrarelativistic
particles E = c|p|, though with the much smaller Fermi velocity vF instead of the
velocity of light c. We have found that graphene is a zero-gap semiconductor with
massless “ultrarelativistic” quasiparticles which, however, move at a velocity 300
times smaller than the speed of light.

The connection to relativistic quantum mechanics goes beyond the dispersion
relation. Following [21] one can introduce an effective low-energy Hamiltonian

Ĥeff = −i�vF

∫
d2r Ψ̂ †σ · ∇Ψ̂ (r) (14)

with the Pauli matrices σ = (σx , σy). The corresponding wave equation reads

− i�vFσ · ∇ψ(r) = Eψ(r) (15)

This is identical to the massless Dirac equation (i.e. the Weyl equation). The
wave functions ψ(r) are two-component spinors. Note, however, that the intrinsic
degree of freedom is not the electron spin. Rather it is a “pseudospin” related to the
localization of the electron on one of the two sublattices A and B! (There is a further
degree of freedom called “valley symmetry”: The presence of the second Dirac point
K′ leads to an extra degeneracy factor 2.)

2.2 Supercritical States in Graphene

According to the discussion above, the electron bands π∗ and π of graphene are
an analogue of the relativistic particle and antiparticle states (electron and positron
continua) of QED. However, there is a marked difference: Because of vF � c the
effective fine structure constant is much larger:

αG = e2

ε�vF
� 300

ε
α � 1 . (16)

Here ε � 2.5 is the dielectric constant of graphene. This lead to the idea, that an
analogue of strong-field QED can be studied experimentally on the eV instead of
MeV scale: Impurities with a very modest charge inserted into graphene should
behave as artificial supercritical atoms!

This idea was first studied quantitatively by Shytov et al. and by Pereira et al.
[22, 23] who solved the 2D massless Dirac equation in the presence of an external
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Coulomb potential.

(−iσ · ∇ + V (r))ψ = Eψ with V (r) = β

r
, β = −ZαG . (17)

These studies showed that the system does not allow for true bound states (since
there is no gap in the energy spectrum). However, for a Coulomb strength parameter
exceeding a critical coupling, |β| > βcr, resonances (quasibound states) emerge. In
contrast to QED atoms (Zαcr = 1 for point nuclei) the critical coupling strength was
found to be βcr = 1

2 .
The electron states are illustrated in Fig. 7 which shows the scattering phase

shifts in the lower continuum E < 0. For supercritical coupling (β = −0.8, red and
β = −1.2, blue) the phaseshifts show the telltale jumps in phase shift by π indicative
for the presence of resonances.

The calculations also showed that, as in QED, in supercritical systems “real vac-
uum polarization” sets in which screens the inserted charge. Note that the calculations
use a cut-off radius for the 1/r -potential, typically on the scale of 1 nm.

A handle for measuring the supercritical state is the local density of states (LDOS)

ν(E, r) = 4

π�vF

∑

i

|ψi (kE , r)|2 (18)

where kE = |E |/�vF and the sum runs over the relevant angular momentum channels
in the continuum.

Fortunately, experimental solid state physics provides a tool for measuring the
LDOS of a sample as a function of energy and spatial position: Scanning tunneling
microscopy (STM). In an STM microscope a sharp tip of atomic extension scans
over a probe and measures the electric current I the tip draws from the surface as a
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Fig. 7 Phaseshift for states in the lower continuum of the 2D Coulomb problem. The blue and
red full curves referring to supercritical coupling show the presence of resonances. Dashed curves
repulsive coupling does not produce resonances. From Shytov et al. [22]
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consequence of the tunnelling effect. The current depends on the relative voltage V
between tip and probe and it can be shown from the laws governing the tunnel effect
that the derivative of I with respect to V is proportional to the local density of states

ν(E, r) ∝ d I

dV
. (19)

This technique is known as differential conductance mapping spectroscopy. By mod-
ulating V with an oscillating a.c. component this derivative is easily measured. In the
attempt to observe the supercritical state one further problem had to be solved: How
to introduce a sufficiently large impurity charge into graphene. The net charge of a
single impurity atom turned out to be too low. M.F. Crommie and his collaborators
[17] deposited Calcium dimers (Ca2) on the surface of a graphene sheet (sitting on a
flake of Boron nitride which in turn rested on a substrate of Silicon and Silicon diox-
ide). Each such dimer was found to posses a positive charge of about 0.6e which is
subcritical. However, an STM allows to “shuffle around” impurity atoms on a surface.
In this way clusters of up to 5 Ca2 dimers sitting closely together were formed.

The result of the experiment [17] with N = 1, 3 and 5 Ca2 dimers is shown in
Fig. 8. The insets show the positions of the Calcium dimers as seen by the STM.
The curves depict the differential conductance dV/d I (and thus the LDOS) as a
function of the bias voltage V . A change of V corresponds to changing the energy E
and thus allows to scan the band structure of the investigated material. The various
curves in each subpicture correspond to a different distances from the charge center,
in the range of about r = 2 . . . 20 nm. The vertical dashed line marks the position of
the Dirac point. The structure of the dV/d I curves is quite involved; for a detailed
understanding it is necessary, to include, e.g., phonon-assisted inelastic tunneling of
electrons and the finite quasiparticle width. However, the appearance of a clear narrow
maximum in the vicinity of the charge center in the N = 5 case is obvious. This is
interpreted as evidence for an “atomic collapse state” in graphene with a supercritical
impurity charge. This interpretation corroborated by the at least semiquantitative
agreement with theoretical calculations based on this concept.

What is the relevance of the experiment by Crommie and collaborators? Their
measurement roughly corresponds to the observation of an atom in QED with Z >

Zcr displaying a supercritical filled K-shell. Owing to the instability of very heavy
nuclei such an observation cannot be made in the case of real QED. The best one
can hope for is to find evidence for supercriticality through the emission of positrons
in the collision of (preferentially bare) heavy ions on a time scale of 10−21 s to
10−20 s. Therefore it is tempting to take the filled and empty bands in graphene as
a model for the electron-positron vacuum in QED. One should keep in mind that
QED is believed to be a fundamental field theory (embedded in the standard model)
while the Dirac-like band structure refers to quasiparticle excitation in an effective
low-energy approximation. The energy and lengths scales are 1 MeV and 100 fm
compared to 1 eV and 10 nm, respectively. And there are considerable qualitative
differences between the systems: graphene is two-dimensional and massless while
QED is three-dimensional and massive.
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Fig. 8 STM measurements of dV/d I for graphene with N = 1, 3, and 5 charged impurity clusters
(calcium dimers) put on top. In the lowest row the supercritical “atomic collapse state” shows up
(arrow). Left experiment, right calculation. Adapted from Crommie et al. [17]

The big advantage of graphene, of course, is its experimental accessibility. Super-
critical “collapse states” in graphene can be investigated in table-top experiments.
There is quite a number of parameters that can be varied (doping, back-gate volt-
age, bi-layer graphene, ...) allowing for further study. E.g., static molecules with
two charged impurities in graphene might be investigated; the corresponding two-
center Dirac equation already has been studied theoretically [24]. Also the “Klein
paradox”, i.e. anomalous transmission coefficients for high potential barriers can be
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studied experimentally in graphene [25], in contrast to QED where the necessary
microscopic potential steps are not available.
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Zepto-Second Atomic Clock for Nuclear
Contact Time Measurements

Hartmut Backe

Abstract Renewed interest in search for the spontaneous decay of the neutral
vacuum by emission of positrons in overcritical nuclear collision systems prompted
the question of how to find experimental triggers for the required long sticking times
in the order of 10−20 s in dissipative heavy ion collisions [1]. A survey of various
conceivable experimental methods led to the conclusion that the most promising way
may be either to search directly for the positron line [2] or to investigate the shape of
δ-electron spectra [3, 4], both as function of the total kinetic energy loss or a large
mass transfer between the collision partners. The δ-electron-spectroscopy tool has
been employed in a previous experiment for the dissipative U+Au collision system
at an uranium beam energy of 8.65 MeV/u [5] in which nuclear contact times in the
order of only 1 zs = 1 × 10−21 s were deduced.

1 Introduction

Although more than 40 years ago predicted by Walter Greiner and coworkers, the
observation of spontaneous positron creation in superheavy nuclear systems is still
an experimental challenge, see, e.g., Refs. [6, 7]. An ideal experiment would be
based on a chemical element with an atomic number greater than the critical charge
Zc = 173 for which the binding energy of the lowest bound state exceeds twice the
rest mass of the electron. For such an atom inner shell ionization would result in a
narrow positron line originating from a transition of an electron of the negative energy
continuum into the vacancy. The just described spontaneous decay of the neutral vac-
uum is a pure Gedanken experiment, since it is well known that elements with atomic
numbers exceeding Zc do neither exist in nature nor can be produced artificially by a
nuclear fusion reaction of two colliding heavy ions. However, a supercritical nuclear
charge can at least be assembled for a short period of time in a close collision of two
very heavy ions like uranium on uranium. Unfortunately, such a collision lasts only
for about 1 zs = 10−21 s which is much too short for the creation of spontaneous
positrons requiring about a factor of 10–100 more time. Therefore, it was proposed by
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-Electrons

Positrons

Fig. 1 Schematic representation of the correlation diagram for the inner electronic shells in an
inelastic U+U collision as function of time. The resonances in the positron continuum are indicated
together with the relevant widths [2]

Rafelski, Müller and Greiner [2] already in the year 1978 to delay the process between
the colliding partners by means of nuclear reactions, see Fig. 1. Electrons from the
1sσ atomic shell of the quasi-molecule are excited due to the strong dynamics in the
approaching phase of the nuclei and the remaining hole may decay spontaneously
by positron emission during the sticking phase. While the dynamics without sticking
results in a broad positron spectrum with a width of typically 660 keV, the mono-
chromatic positron lines may have widths down to about a few keV.

In a dissipative heavy ion collision the dinuclear system rotates for a certain
time before the collision partners separate again. Since the impact parameter in the
entrance channel is not an observable, the angular momentum cannot be determined
experimentally and, consequently, also not the time the dinuclear system exists.
However, it is generally accepted that during the nuclear contact a neck is formed
through which nucleons are exchanged and kinetic energy is dissipated. In such a
picture a correlation should exist between the sticking time, i.e. the time at which
the neck exists, and both, the dissipated energy, which is signaled as total kinetic
energy loss (TKEL) in the exit channel, and the number of totally transferred nucleons.
According to calculations of Zagrebaev et al. [1] rare subclasses of the reaction
products with large mass transfers are connected with sticking times in the order of
10 zs. From an experimental point of view such subclasses must be selected and be
used as a trigger on the positron detection system, in order to suppress the majority
of events with short contact times.

The article contributes to the question how sticking times in the order of 10 zs
may be found experimentally. In Sect. 2 a brief overview is given on experimental
methods for life time measurements between 10−21 s and 10−19 s. It turns out that the
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only viable method to search for sticking times in the 10 zs range, without employing
an efficient positron detection system, may be based on δ-electron spectroscopy. The
principle of this method will be explained in Sect. 3. In Sect. 4 an experiment [5] is
reviewed with the conclusion that some concepts proposed in Ref. [1] to prepare the
long sticking were already followed up in this U+Au experiment at 8.65 MeV/u.
Some facts will be repeated which might hamper a clean separation of subclasses
with long sticking times in dissipative collisions. The article closes with a discussion
and conclusions at Sect. 5.

2 Survey of Experimental Methods for Search
of Long Sticking Times

The conceptional simplest experimental method would be to search directly for
a narrow positron line emitted in coincidence with a certain subclass of reaction
products which belong to long sticking times. A successful experiment would prove
both, the existence of very long nuclear sticking times and the spontaneous decay
of the neutral vacuum. Such an approach was pursued at the early GSI experiments
at beam energies close to the Coulomb barrier [8, 9]. However, after some euphoria
triggered by the observation of monochromatic positron lines only shortly later it
was already recognized that these lines were not connected with the spontaneous
decay of the neutral vacuum [10, 11]. The particle detection systems used in these
early experiments were rather simple, allowing in essence only for the detection of
binary encounters in the exit channel. The challenge in resumed future experiments
will be to maintain the large positron detection efficiency of the early experimental
setups and to combine this feature with a modern and efficient heavy ion detection
system. The latter must be able to determine for dissipative heavy ion collisions both,
TKEL and masses of the separated binary system before fission. Such an experimental
setup is supposedly rather involved. Therefore, the question to be addressed in the
following will be, whether there are other more efficient experimental methods for a
search of the wanted long nuclear contact times in a preparatory experiment without
employing already a sophisticated positron detection system.

Already in the year 1978 Kaun and Karamyan pointed out in an internal report [12]
that the crystal blocking effect might be employed to distinguish between dynamical
positron creation and subsequent nuclear positron emission from internal pair decay
of excited nuclear levels. The latter is an important background process which must be
subtracted in any experiment. With the blocking technique, for a concise description
of this technique see, e.g., Ref. [13], direct evidence for very long fission times of
uranium-like nuclei at very high excitation energies has been reported [14]. More
recently this method has been applied for the investigation of the role of nuclear shell
structures in the superheavy elements formation [15, 16]. However, this technique
is only sensitive to lifetimes in the range between 3 × 10−19 s and 10−16 s [17] and
probably can not be applied to search for lifetimes in the order of 10−20 s.

Other conceivable experimental methods are based on atomic clocks. One of
them utilizes the characteristic X-ray fluorescence emitted either during the time
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the intermediate superheavy complex exists or from one of the separated nuclei.
The latter method is not suited for a lifetime measurement of the dinuclear sys-
tem. Instead, it has been employed for the investigation of the fission dynamics of
uranium-like nuclei in uranium-uranium collisions [18] as well as for some lighter
systems [19]. Recently, the former method has been used to estimate the mean char-
acteristic time for fusion followed by fission in 238U + 64Ni reactions at 6.6 MeV/u
[20, 21]. However, for an estimate of the time a superheavy nuclear complex exists,
such a method is only applicable if its lifetime matches about with the lifetime of a
K-vacancy. Soff et al. [22] calculated for a superheavy nucleus with atomic number
of Z = 188 and a radius of 9.4 fm that the fastest transition with a decay width of
0.383 keV is a M1 transition from the 2s1/2 to the 1s1/2 ground state. The corre-
sponding decay width by spontaneous positrons emission is about 15 keV [23]. The
corresponding numbers estimated for a nucleus with an atomic number of 184 and
a radius of 9.23 fm are 0.24 keV for the radiative transition and 8 keV for the spon-
taneous positron decay [23], assuming an (�ω)3 scaling of the radiative transition
rate. The transition energy for uranium was taken from Fig. 2 of Ref. [25]. However,
these numbers were obtained for spherical nuclei neglecting screening. An estimate
for the U + U collision system at minimum distance of approach of 15 fm, includ-
ing screening, results in a positron decay width of 1.2 keV at a resonance energy of
210 keV and a somewhat reduced M1 transition width which may still be in the order
of 0.14 keV. Since the total decay width with inclusion of all atomic orbitals may be
about a factor of two larger, it can be estimated that about 25 % of the K vacancies
may decay radiatively. The emission spectrum would be a broad distribution at

Fig. 2 Differential emission
probability with respect to
kinetic δ-electron energy. A
coincidence with created lsσ

formation is assumed.
Integration over all impact
parameters b ≤ bgrazing that
lead to a nuclear reaction has
been performed. The nuclear
delay times T = 0, 10−21 s,
and 10−20 s are considered.
Figure taken from Ref. [4]
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X-ray energies around 1 MeV. The additional broadening of about 66 keV originating
from the assumed lifetime of the giant nuclear complex of 10−20 s can be neglected
completely.

It should be mentioned that atomic clock methods applied for deep inelastic colli-
sions will most probably suffer from the huge background created by γ rays emitted
by the excited nuclei in the exit channel. Since such background components remain
constant, regardless of the sticking time, they mask the atomic clock signals all the
more, the shorter the sticking time will be. Assuming a total decay width of 0.28 keV
for radiative X-ray transitions, the transition rate corresponds to 4.3 × 1017/s which
results in a time interval of 10−20 s in only a fraction of 0.43 % X rays per vacancy
formed in the entrance channel of the collision. Extremely good statistics may be
required to separate the expected rather small signal unambiguously from the back-
ground.

Another class of experimental methods to search for contact times in the order of
10 zs is based on interference phenomena. The atomic inner shell ionization prob-
ability can be affected by the nuclear reaction time which causes time-dependent
interference effects between the amplitudes describing the ionization of the inner-
shell electrons during the approach and the separation phases of the two colliding
nuclei. This effect has been observed experimentally in the yield of characteristic
X-rays by Nessi et al. [24]. Another more direct approach which is based on a spec-
troscopy of δ electrons will be described in the following section.

3 Principle of Contact Time Measurements with δ-electron
Spectroscopy

The principle of nuclear contact time measurements employing this method will
also be explained by means of Fig. 1. In the phase when the two nuclei approach
each other, an electron from the 1 sσ orbital may be excited into the positive energy
continuum. This process is described by the amplitude ai which is given in the
monopole approximation by simply the Fourier transform of Ṙ(t)/R(t) with R(t) the
time dependent distance of the two colliding nuclei [4]. During the sticking phase of
duration T an amplitude ast = 0 results assuming Ṙ(t)/R(t) to be zero. In the exit
channel the excitation amplitude is ao the absolute value of which might be reduced
in comparison to |ai| in case of a damping of the kinetic energy during the contact
phase. The total amplitude is given by

aif = ai + ast + ao

= d(Eδ, Zu)

�ω

⎡

⎣
0∫

−∞

Ṙi(t′)
Ri(t′)

eiω t′dt′ +
T∫

0

0 × eiω t′dt′

+
∞∫

T

Ṙo(t′ − T)

Ro(t′ − T)
eiω t′dt′

⎤

⎦ (1)
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with ω = (Eδ − E1sσ )/� and d(Eδ, Zu) a constant depending essentially only on the
united nuclear charge number Zu = Zp + Zt of the projectile and the target nucleus.
With the substitution t = t′ − T one obtains

aif = ai(ω) + eiωT ao(ω). (2)

This important Eq. (2) expresses that the two phasors add coherently into the complex
plane whereby the second one rotates by an angleωT resulting in interference maxima
and minima as function of E = Eδ − E1sσ . The corresponding exact theory has been
developed by Soff et al. [4]. Fig. 2, taken from this reference, clearly demonstrates
that δ-electron spectroscopy should be applicable for a measurement of sticking times
in the order of 10 zs.

4 Contact Time Measurements for the Deep Inelastic
238U + 197Au Collision System with δ-electron Spectroscopy

If the two colliding nuclei come in close contact in a deep inelastic collision, the repul-
sive nuclear forces cause a rotation by an angle θ of the di-nuclear system before the
nuclei separate again, see Fig. 21 of Schröder et al. [26]. If this angle were known,
the nuclear contact time could simply be determined by the formula T = Jθ/L, with
J the moment of inertia of the di-nuclear system, and L = Mbv0 the angular momen-
tum. The latter depends on the mass M of the projectile, its velocity v0 at infinity
and the impact parameter b. Unfortunately, only the angle in the exit channel can
be measured. The impact parameter is not an observable. Experimental evidence on
fragment-mass distributions suggests that during the time the two constituents of the
intermediate double-nucleus system interact with each other, a mass equilibration
process proceeds which is accompanied by a damping of the relative kinetic energy
into other degrees of freedom. It is generally accepted that the total kinetic energy
loss TKEL signifies the total interaction time T , i.e. L = L(TKEL). This view is sup-
ported by classical dynamical calculations [27–29] which show that the energy loss is
a monotonic function of the initial angular momentum and the total interaction time.

The consequence of this picture of a deep inelastic collision for the design of an
experimental setup is, that it must be able to determine TKEL and the mass transfer.
The setup which fulfills this requirements is shown in Fig. 3, left panel. It allows the
measurement of the complete kinematics for binary, ternary and quadruple reactions.
In the latter, one or both colliding particles undergo fission, respectively.

With this experimental setup the δ-electron spectra for the 238U+197Au ternary
reaction at a beam energy of 8.65 MeV/u have been measured as function of TKEL ,
see Fig. 3, right panel [31]. The insets show the contact time distributions which
were used to reproduce the measurement as good as possible. For further details see
the papers of P. Senger et al. [31] and J. Stroth et al. [5].
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Fig. 3 Left panel Experimental setup [5]. The parallel plate particle counters with a size of
91 × 91 cm2 and a resolution δx = δy = 2 mm (FWHM) allow a measurement of the velocity
vectors of up to four particles in the exit channel. For that purpose advantage is taken of the beam
time structure which is delivered in bunches with a duration of typically 0.4 ns. These numbers allow
a measurement of the total kinetic energy loss with an accuracy δTKEL = 40 MeV, a mass resolution
δm = 5 u, and the scattering angle in the CM system with an accuracy δθCM = 0.5◦. Electrons are
measured with an orange spectrometer [30] located in backward direction. The BGO detector mea-
sures the γ -ray spectrum from which the conversion electron background can be determined. Right
panel δ-electron spectra for the 238U + 197Au ternary reaction at a beam energy of 8.65 MeV/u for
various TKEL : TKEL = 100 MeV a, TKEL = 190 MeV b, TKEL = 280 MeV c, and TKEL = 350 MeV
(d). The insets show the contact time distributions as used for the best fits (full lines) [31]

In addition, δ-electron spectra were generated belonging to different mass win-
dows, see Fig. 4. Within statistical errors the spectrum for the larger mass transfer,
window VI, shows no significant difference in comparison with the spectrum of win-
dow V belonging to low mass transfer. Indeed, these spectra resemble that ones taken
for window III with about the same TKEL . These experimental observations indicate
that all events have the same nuclear contact time, regardless of the mass diffusion.
Obviously, the nuclear trajectories during the sticking phase are rather similar. Such
a behavior could be explained in a picture in which the nuclei form at rupture a long
neck which constricts statistically at different locations [32].

It can be concluded that long contact times of up to 10 zs as predicted by the
analysis of deep inelastic collisions with the schematic model of Schröder at al.
[26] could not be verified by the analysis of the experimental δ-electron spectra,
neither as function of the TKEL nor of the mass drift. However, it must be conceded
that δ-electron spectra under the condition of very large mass transfer could not be
generated because of lack of sufficient statistics.
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Fig. 4 Wilczyński diagram a and mass diffusion plot b for ternary reactions of U + Au at E/A =
8.65 MeV. The roman numbers (I–VI) indicate the different sub classes in total kinetic energy and
mass diffusion for which δ-electron spectra were generated. The conversion electron background
as indicated by the histogram has not been subtracted. Taken from Ref. [32]

With the tool of δ-electron spectroscopy nice results have been obtained by the
TORI group on the subject of elastoplasticity in dissipative Pb + Pb collision at
12 MeV/u [35]. However, it would be worthwhile to re-investigate whether the first-
order adiabatic perturbation theory approach holds for the analysis of this collision
system, or not. As pointed out in a recent paper [34], the excess electron yield
observed for the U+Pd (Zu = 138) collision system at conditions when nuclear
forces become important is most likely of dynamical origin. The dynamics under the
influence of the nuclear forces can probably not anymore be analyzed with scaling
laws derived on the basis of first-order adiabatic perturbation theory. The reason may
be found in its breakdown if the system Hamiltonian, characterized by Ṙ/R, changes
too rapidly.
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5 Discussion and Conclusions

As the survey of possible experimental methods for the search of nuclear contact
times in the order of 10−20 s in superheavy collision systems has shown, there are
only two viable experimental methods, either to search directly for the spontaneous
positron line or to employ the zs-atomic clock. With the latter, which is based on
δ-electron spectroscopy, sticking times in dissipative collisions of uranium and gold
nuclei at 8.65 MeV/u not longer than 1.5·10−21 s have been deduced [5]. The sticking
times about a factor of 10 longer derived on the basis of a pure kinematical model are
not related to observables on which experimentally can be triggered. The prepara-
tion of well defined kinematical conditions as, e.g., TKEL or a very asymmetric mass
transfer suffers from the fact that diffusion processes or a statistical rupture, once the
nuclei have formed a neck, do probably not allow to prepare a single well defined
sticking time.

It should be mentioned that the search of the spontaneous positron line will also
suffer from the huge background created by internal pair decay of the excited nuclei
in the exit channel. For instance, at a total decay width for K holes by spontaneous
positron emission of 1.2 keV, the transition rate corresponds to 1.2 × 1018/s which
results in a time interval of 10−20 s in only a fraction of 1.8 % positrons per vacancy
formed in the entrance channel of the collision. Extremely good statistics and rather
sophisticated experimental methods are required to separate the expected small sig-
nals unambiguously from the background to which, in addition, also the dynamically
produced positrons belongs.

Unfortunately, even now about 30 years after the very suggestive Fig. 1 has been
published neither the spontaneous positron peak has been observed nor the model
dependent predictions of long sticking times in dissipative nuclear collisions have
been verified by an atomic clock experiment. The nice positron peaks which were
claimed to be observed by not only one group at GSI in the 80th and early 90th finally
disappeared, for references see [7]. It remains a challenge to observe the mentioned
effects at GSI, GANIL, FAIR or elsewhere. Experimentalists feel confident to address
again the subject of spontaneous positron emission [36]. However, a long way must
be gone to attain again the maturity of the experimental setups already reached at
GSI and Argonne more than 20 years ago.
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Superheavy Nuclear Molecules

Sophie Heinz

Abstract We investigated the formation of nuclear molecules and the occurrence
of time delays in collisions of the superheavy system 64Ni+ 207Pb (Z1 + Z2 = 110)
and of the giant system 238U+ 238U (Z1 + Z2 = 184). In Ni + Pb we observed
clear signatures for the formation of long-lived molecule-like nuclear systems which
rotate by large angles of 180◦. The results from U + U collisions revealed striking
similarities to the ones from Ni + Pb showing that significant time delays must
occur also in the heaviest accessible systems. The experiments were performed at
the velocity filter SHIP at GSI and at the VAMOS spectrometer at GANIL.

1 Introduction

The formation of molecule-like nuclear systems in heavy ion collisions is an inte-
resting phenomenon from different points of view. On one hand, nuclear MOlecules
(MOs) are regarded by some theoretical models as first step of fusion and quasi-
fission reactions. Therefore, the understanding of MO formation and properties is
important for understanding the proceeding of these reactions and, therewith, for a
successful application of fusion and quasi-fission reactions for the synthesis of new
exotic nuclei like, e.g., superheavy elements. On the other hand, MOs can serve as a
“laboratory” to study physics phenomena in very strong electric fields. An example
is the predicted emission of spontaneous positrons in the field of nuclear systems
with a total proton number Z ≥ 173.

According to theoretical models, a nuclear molecule is formed after mutual cap-
ture of projectile and target nucleus due to the nuclear force and trapped for some
time in a minimum (“pocket”) of the nucleus-nucleus potential. During this time,
a large amount of nucleons can be exchanged and kinetic energy is dissipated.
The evolution of the MO can either result in reseparation after nucleon exchange
(quasi-fission) or in complete fusion with formation of a compound nucleus. Due
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to their short lifetimes, which are typically on the order of (10−21 − 10−19) s, MOs
are not directly accessible in experiments. Information about their formation and
evolution can only be obtained indirectly by studying exit channel characteristics
like mass, charge, angular and energy distributions of deep inelastic binary reaction
products.

First signatures of MO formation were observed in 1960 in collisions of 12C+ 12C
at energies around the Coulomb barrier [2]. Resonances in the scattering excitation
functions revealed a fine structure which was interpreted as due to “formation of
high-spin quasi-molecular states with τ ∼ 10−21 s” [2]. First theoretical works on
the understanding and description of MOs followed 10 years later [10]. Around the
same time, MO formation was indicated also in experiments with heavy systems. In
one of the earliest experiments, 40Ar+ 232Th (Z1+Z2 = 108) [1], the energy spectra
of transfer products revealed for certain scattering angles two well separated maxima.
While the maximum at higher energy originated from elastic and quasi-elastic scat-
tering events, the maximum at lower energy was interpreted by Wilczynski as due
to “nuclear orbiting” [13]. The latter means that both nuclei stick together for some
time and rotate about their centre of gravity. During this time energy is dissipated
which leads to the observed second maximum at lower energy. From this observa-
tion, Wilczynski anticipated the possible existence of nuclear molecules: “The idea
of nuclear orbiting in collisions with angular momenta near to the critical value
implies another interesting effect which eventually could be found experimentally.
If some of the colliding systems survive more than half of a revolution, . . . such a
phenomenon would strongly indicate the existence of nuclear molecules rotating in
the dynamical force equilibrium” [13].

In the following decades, nuclear orbiting was observed in many further exper-
iments and various collision systems but MOs which performed “half of a revolu-
tion” like predicted by Wilczynski were not revealed. Only recently we observed
at the velocity filter SHIP at GSI structures in the velocity spectra of heavy
target-like quasi-fission products from 64Ni+ 207Pb (Z1 + Z2 = 110) collisions
which can consistently be explained as signatures of MOs rotating by angles of
180◦ [3].

Another interesting question concerns the limits of possible MO formation with
respect to the total nuclear charge of the system. With increasing Z1+Z2 the Coulomb
repulsion increases, the potential pocket becomes gradually flatter and the corre-
sponding quasi-fission barrier decreases until it is so small that trapping, and thus
MO formation, is no longer possible. Different theoretical models arrive at very
different conclusions concerning the region of Z1 + Z2 where trapping can still
occur. Calculations in the two-centre shell model with adiabatic potentials result in a
noticeable time delay even in the heaviest systems like U + U while the two-centre
shell model with diabatic potentials obtains no time delay and only direct reactions.
From experimental side there are only few data existing on the heaviest systems.
Therefore some years ago we investigated binary reactions in U + U at the VAMOS
spectrometer (GANIL) and observed the so far clearest signatures for the occurrence
of significant time delays even in such giant systems.
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2 Observation of MO Formation in Collisions of 64Ni+ 207Pb

At the velocity filter SHIP we investigated deep inelastic transfer reactions in the
system 64Ni + 207Pb at beam energies around the Coulomb barrier. In these experi-
ments we used SHIP to separate the target-like reaction products from background
events. The particles which passed SHIP were implanted in a position sensitive sili-
con detector in the focal plane where they were identified by their α-decay properties.
Velocity spectra were measured by scanning stepwise the electric and magnetic field
values of SHIP which determine the velocity at which a particle can pass the filter.
The velocity of a reaction product at fixed detection angle [(in the case of SHIP
(0 ± 2◦)] is a very sensitive probe for the reaction process (e.g. fusion, transfer, etc.)
in which a nucleus has been created. A detailed description of the method and results
can be found in [4].

A large region of α-emitters was populated in this experiment where we iden-
tified nuclei with 84 ≤ Z ≤ 89. The velocity spectra were measured in the range
(0.15 − 2.0) times the expected compound nucleus velocity vCN (the accepted velo-
city window at a certain setting is Δv/v = 0.1 (FWHM)). In Fig. 1, the velocity
spectra of the selected isotopes 212mAt, 213Rn, 213Fr and 215Ra (Z = 85 − 88) mea-
sured at 5.92 MeV/u are shown. The velocities are normalized to vCN. The spectra
revealed an unexpected double peak structure consisting of a pronounced maximum
at velocities v > 1.6 vCN and a small peak at v < 0.4 vCN where the low-velocity
peak becomes more pronounced with increasing proton number of the target-like

σ
Ω

σ
Ω

Fig. 1 Velocity spectra of the reaction products 212mAt, 213Rn, 213Fr and 215Ra measured at SHIP
in reactions of 64Ni+207Pb at 5.92 MeV/u. The velocities are given in units of the compound nucleus
velocity vCN
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reaction product. For each isotope the two peaks are located symmetrically with
respect to the compound nucleus velocity v/vCN = 1.0.

On a first glance the observations would suggest complete fusion reactions with
successive, very asymmetric fission of the excited compound nucleus (271Ds) as ori-
gin of the isotopes. Due to the restricted acceptance angle of (0±2◦), only those frag-
ments can enter the velocity filter which are emitted in beam direction. If the heavy
fission fragment (At, Rn, etc.) is emitted into 0◦ with velocity v′ in the centre-of-mass,
its velocity in the laboratory system is v = v′ + vCN. The centre-of-mass velocity
v′ is determined by the Coulomb barrier of the two fission fragments at the scission
point (Viola energy). If the heavy fission fragment is emitted in backward direction
in the centre-of-mass, it is still emitted in forward direction in the laboratory system
but with a reduced velocity v = −v′ + vCN. The observed peak positions would be
in accordance with the velocities expected for the heavy fragments after compound
nucleus fission. However, a closer look to the data reveals that compound nucleus fis-
sion as origin of the observed nuclei is unlikely. Fusion-fission fragments are emitted
isotropically in the centre-of-mass. Therefore one would expect the same intensity
for the low- and high-velocity peak after efficiency corrections. But the yields of the
low-velocity peaks are after corrections still about one order of magnitude lower than
the yields of the high-velocity peaks. With increasing proton number of the detected
reaction product, the yield of the low-velocity peak increases relative to the respec-
tive high-velocity peak. This indicates that the nuclei were rather produced in non-
isotropic decays of an intermediate nuclear system than in compound nucleus fission.
Also the measured cross-sections are more than three orders of magnitude larger than
expected from compound nucleus fission. In addition, the measured isotopic distri-
butions of the reaction products [4] cannot be explained with fusion-fission reactions
but are typical for deep inelastic transfer or quasi-fission products, respectively.

The total of the observations can best be explained by assuming the formation
of a molecule-like rotating nuclear system which decays before compound nucleus
formation as will be shown in the following. If MO formation with successive quasi-
fission is the origin of the observed isotopes, the high-velocity peak would result
from quasi-fission after central collisions where the light projectile-like nucleus is
emitted in backward direction and the target-like nucleus in beam direction, leading
to a peak at v = v′ + vCN. If the MO has angular momentum, it can rotate about
its centre of gravity and if it is long-lived enough a rotation by 180◦ leads again to
an alignment parallel to the beam axis where, however, projectile and target nucleus
have changed their positions like indicated by the small drawings on top of Fig. 1.
Therefore, if the reseparation occurs in this orientation, the projectile-like nucleus
will be emitted in forward direction and the target-like nucleus in backward direction
in the centre-of-mass. In the laboratory frame, the target-like nucleus is emitted in
beam direction with a velocity v = −v′ +vCN. Reaction products from other rotation
angles are not accepted by SHIP.

The position of the velocity peaks is directly correlated with the kinetic energy of
the corresponding target-like transfer product and can be used to calculate the total
kinetic energy (TKE) in the exit channel by assuming a binary reaction process. The
TKE values (in the centre-of-mass) obtained in this way are shown in Fig. 2 as a
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Fig. 2 Measured total kinetic energy (TKE) as a function of the proton number Z of transfer
products created in reactions of 64Ni +207Pb at beam energies of 4.80, 5.00, 5.20, 5.40, 5.53 and
5.92 MeV/u. The beam energies in the centre-of-mass are given in the inset. The data points for
a fixed Z but for different beam energies are plotted with an offset for better discrimination. The
energies expected from the Viola systematics are represented by the crosses. The open circles denote
the TKE values expected from elastic kinematics at the lowest beam energy

function of the proton number Z of the target-like reaction product for the six investi-
gated beam energies from 4.80 to 5.92 MeV/u. For all reactions leading to nuclei with
Z ≥ 84 the TKE values are located at or below the Viola energy for fission fragments
from an equilibrated compound nucleus and they are independent of the bombarding
energy. These are typical signatures for the formation of a compound system in a deep
inelastic reaction where the exit channel nuclei reseparate with their Coulomb barrier
energy. The low TKE values which decrease continuously with increasing number
of transferred protons or nucleons, respectively, indicate also a considerable defor-
mation of the fragments before reseparation. From the internuclear distance which
can be determined from TKE, we deduced quadrupole deformations of β2 ≈ 0.4.

The deep inelastic nature of the reactions is also reflected by the behavior of
the total kinetic energy loss (TKEL) which is given by T K E L = Ecm − T K E .
TKEL (normalized to Ecm) is shown in Fig. 3(left) as a function of the number of
transferred nucleons d A for the beam energy of 5.92 MeV/u. Here, d A is the number
of transferred nucleons which lead to the expected primary transfer products with
Z = 84 − 88 [4]. The slope of the curve reveals that a saturation value of about
0.5Ecm is reached for a net transfer of 10 or more nucleons. This is typical for deep
inelastic reactions where all kinetic energy above the barrier was transformed into
excitation. Towards smaller values of d A a decrease of TKEL is indicated, meaning
that the quasi-elastic region is entered for few nucleon transfer.

Assuming the scenario of rotating MOs, the ratio of the yields (i.e. decays), N2/N1,
in the low- and high-velocity peak must reflect the mean lifetimes of the MOs. From
this, we calculated the lifetimes according to the decay law d N/dt = −λN , where
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Fig. 3 Left Total kinetic energy loss (TKEL) for transfer reactions in 64Ni+ 207Pb at 5.92 MeV/u
as a function of the number of transferred nucleons d A. TKEL is normalized to the centre-of-mass
energy Ecm. Right Experimentally deduced lifetimes of nuclear molecules formed in collisions of
Ni + Pb at 5.92 MeV/u as a function of the number of transferred nucleons

λ is the decay constant of the MO. The lifetime τ = 1/λ is then obtained with
N2/N1 = exp(−λΔT ) where ΔT is the time needed by the MO to perform a
rotation by 180◦. The value of ΔT is a function of the MO angular momentum and
moment of inertia. For the critical angular momentum of MO formation in Ni + Pb we
deduced a value of 50 � from our own measurements and the experiment described in
[12]. For the calculation of the lifetimes we used the corresponding average angular
momentum 〈L〉 = 34 �. Concerning the moment of inertia, we regarded two limit
cases. In one case we assumed spherical nuclei in the MO and in the other case
deformed nuclei with β2 = 0.4 like deduced from the TKE values. In the latter
case, the moment of inertia is about two times larger. The lifetimes obtained for the
two limit cases are shown in Fig. 3(right) as a function of the number of transferred
nucleons. The data indicate that the lifetimes approach a limit value for the transfer
of more than about 10 nucleons. This is very similar to the behavior of the TKEL
values (Fig. 3, left). A possible, but still speculative, explanation for the saturation
might be that the MO approaches the properties of a compound nucleus, meaning
that the system reaches thermal equilibrium and the nucleons move without friction
like in a “normal” mononucleus. However, more data on similar systems are needed
to confirm this saturation before drawing final conclusions.

3 Time Delay in Reactions of 238U+238U

In 2006 we investigated binary reactions in collisions of 238U+238U at the VAMOS
spectrometer at GANIL where we measured excitation functions of deep inelastic
transfer products at five different beam energies between 6.09 and 7.35 MeV/u. The
reaction products were detected at angles of (35 ± 5◦). For the identification of the
reaction products we determined their mass by measuring time-of-flight and energy.
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Fig. 4 Total kinetic energy (TKE) of binary reaction products from collisions of 238U+238U at
beam energies of 6.09, 6.48, 6.91, 7.10 and 7.35 MeV/u. TKE is shown as a function of the mass
number A of the detected reaction product. The drawings sketch the increasing deformation of the
composite system U + U with increasing nucleon transfer

With this, a mass resolution of four units was obtained for nuclei in the region of
uranium. A detailed description of the experimental method and results can be found
in [5].

The mass spectra revealed a massive transfer of nucleons even at the lowest
beam energies leading to transfer products with masses down to A = 190 which
corresponds to a transfer of 50 nucleons (nuclei heavier than uranium were not
observed). The most surprising and new result was revealed by the TKE of the reaction
products which was calculated from the kinetic energy of the detected transfer product
by assuming a binary reaction. TKE as a function of the mass number A of the detected
transfer product is shown in Fig. 4. Two regions can be distinguished. For reaction
products with 225 < A < 238, TKE is strongly beam energy dependent like expected
for elastic and quasi-elastic reactions. However, for A < 225, TKE becomes within
error bars independent of the beam energy. This is a typical signature of deep inelastic
transfer reactions which is known since long time and was also revealed by the Ni
+ Pb reactions discussed in the previous section. In this experiment it was for the
first time observed in such a giant system like U + U. The decrease of TKE with
decreasing A indicates that the deformation of the compound system U + U becomes
larger with increasing number of transferred nucleons. For reaction products with
A < 225 we observed quadrupole deformations of 0.3 < β2 < 0.6. β2-values of
the order of 0.6 correspond usually to superdeformed nuclei with axis rations of
2 : 1 and are typical for the formation of two fragments from a fissioning compound
nucleus. In comparison, in the quasi-elastic region (A > 225) we observed very
similar deformation than for uranium (β2 = 0.27).

So far, the results from U + U look very similar to the ones discussed for the
system Ni + Pb in the previous section. The extrapolated Viola energy for the fission
of a hypothetical compound system U + U leading to the observed reaction products
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Fig. 5 Left Total kinetic energy loss (TKEL) for transfer reactions in 238U+ 238U at 7.35 MeV/u
as a function of the number of transferred nucleons d A. TKEL is normalized to the centre-of-mass
energy Ecm. Right Nuclear interaction times in collisions of U + U as a function of the number of
transferred nucleons

is between 510 and 520 MeV. This means, that the observed TKE values are at least
still 50 MeV higher than the expected Viola energy. However, the application of the
Viola formula for U + U must rather be considered as a rough extrapolation because
this system is far outside the range of nuclei where the empirical Viola formula has
been established (for U + U the parameter Z2/A1/3 = 4336 while the formula was
deduced for compound nuclei with Z2/A1/3 < 2000).

TKEL as a function of the number of transferred nucleons is shown in Fig. 5(left)
for the beam energy 7.35 MeV/u. After a steep increase of TKEL for few-nucleon
transfer, the curve approaches a saturation value for the transfer of about 30 or more
nucleons which reveals the deep inelastic nature of the reactions. The overall slope of
the curve is very similar to the one observed in collisions of Ni + Pb, see Fig. 3(left).
It is also noteworthy that in Ni + Pb as well as U + U the saturation is reached after a
net transfer of about 5 % of the total number of nucleons (A1 + A2) in the respective
system. The energy dissipation relative to the centre-of-mass energy is in Ni + Pb
collisions 1.8 times larger than in collisions of U + U (TKEL depends on the beam
energy and collision system; see, e.g., [11]).

The binary reaction products from U + U collisions reveal all features of deep
inelastic transfer or quasi-fission reactions but the data do not allow to conclude if
also trapping and MO formation occurred (full energy dissipation can also take place
in deep inelastic scattering without MO formation). Nevertheless, the data indicate
that significant time delays must occur in this system. Since the measured mass
spectra of binary reaction products are typical for a diffusion process, we applied the
diffusion model [8] to derive values for the time delay. According to this model, the
interaction time τ increases linearly with the variance σ 2

A of the mass distribution
according to σ 2

A = 2DAτ . The coefficient DA is the mass diffusion coefficient which
is 6.0 × 1022 s−1 for U + U at 7.5 MeV/u [9]. The experimentally deduced delay
times are shown in Fig. 5(right) as a function of the net mass transfer d A (d A is also
here related to the expected primary transfer products).
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In total, the interaction times deduced for U + U are about one order of magnitude
shorter than in Ni + Pb. One can notice that the interaction time increases with the
number of transferred nucleons in the displayed region of d A (for d A > 40 the yield
of transfer products was already too low to deduce reliable values for the interaction
times). Around d A = 40 a slight tendency towards a flatter slope is indicated but no
saturation is visible like in the system Ni + Pb (see for comparison Fig. 3, right).
This might indicate that the system U + U does not approach equilibrium in a
comparable measure as does the system Ni + Pb. From this one could deduce that
the Coulomb repulsion in U + U is already so large that no MO formation can take
place anymore. However, for a final answer, further experimental investigations of
U+U, in particular at very low beam energies (<6.5 MeV/u) and at further scattering
angles are necessary.

Finally one has to note that the experimentally deduced interaction times are
in good agreement with the values calculated in the two-centre shell model with
adiabatic potentials where time delays of about 7×10−21 s were obtained for binary
reactions of U+U with one Pb-like nucleus in the exit channel (corresponding to
d A = 30) and correlated with an energy dissipation of more than 200 MeV [14].

4 Summary and Outlook

Our experiments on deep inelastic binary reactions in 64Ni+ 207Pb revealed the
formation of long-lived nuclear molecules which rotate by large angles of 180◦.
Lifetimes of up to 5×10−20 s were deduced for these systems from the experimental
data. This well confirms theoretical models which assume the formation and trapping
of a molecule-like nuclear system as first step of fusion and quasi-fission reactions in
heavy systems. In addition, we studied binary reactions and the possible formation
of nuclear molecules in the giant system 238U+ 238U. Our data revealed all typical
signatures for deep inelastic transfer reactions in U + U but no clear indication for
MO formation. Nevertheless, a significant time delay of up to 5×10−21 s is revealed
in collisions of U + U.

This opens two interesting applications for reactions in the heaviest systems. One
is the search for spontaneous positron emission in supercritical electric fields of nuclei
or nuclear systems with Z ≥ 173 which was predicted many years ago [6, 7] but was
not observed experimentally so far. The electric fields which appear in collisions of
nuclear systems like U + U would be sufficiently high to allow this decay. The mean
decay time for spontaneous positron emission is 10−19 s but delay times of 5×10−21

s would already enable the observation of the related monoenergetic positron line.
For the observation of the line, binary reactions which lead to the longest lifetimes
could be used as a trigger.

The other interesting application is the possible synthesis of new neutron-rich
nuclei in the superheavy element region in deep inelastic transfer reactions with
heaviest available projectile and target nuclei. Such isotopes cannot be accessed
in fusion reactions due to the lack of sufficiently neutron-rich projectile and target
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nuclei. The application of deep inelastic transfer reactions in systems like U + U
or U + Cm was suggested on basis of theoretical calculations [15]. An important
point in these calculations is the occurrence of shell effects which would lead to a
preferred emission of Pb-like transfer products, leading in turn also to an enhanced
production of the complementary heavier transfer product which would be Z = 102
for the system U + U. Shell effects have so far not been revealed by our or other
experiments on collisions of the heaviest systems but are well known from the decay
of lighter systems or nuclei, respectively. Therefore, the search for shell effects is a
major goal of our next experiments on U + U.
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Compact Stars—How Exotic Can They Be?

S. Schramm, V. Dexheimer, R. Negreiros, J. Steinheimer and T. Schürhoff

Abstract Strong interaction physics under extreme conditions of high temperature
and/or density is of central interest in modern nuclear physics for experimental-
ists and theorists alike. In order to investigate such systems, model approaches that
include hadrons and quarks in a unified approach, will be discussed. Special atten-
tion will be given to high-density matter as it occurs in neutron stars. Given the
current observational limits for neutron star masses, the properties of hyperonic
and hybrid stars will be determined. In this context especially the question of the
extent, to which exotic particles like hyperons and quarks affect star masses, will be
discussed.

1 Introduction

Currently, the only way to investigate the properties of extremely dense and relatively
cold strongly interacting matter is the study of the properties of neutron stars, or
more general, compact stars. Depending on the equation of state, the central density
of such an object might reach or even exceed the value of ten times the ground
state density of nuclear matter. In this sense, neutron star physics complements the
efforts by many ultra-relativistic heavy-ion experiments to create a hot fireball in
the collision, which, depending on the collision energy, contain varying amounts of
net baryonic density. Both of these areas can be comprised as investigation of strong
interaction physics for hot and/or dense systems. In order to connect and relate results
from the different regimes of density and temperature, models that can realistically
describe all those conditions have to be developed and studied. In particular, this
includes a quantitatively reasonable description of ground state nuclear matter and
finite nuclei, as well as the correct asymptotic states at large values of temperature
and density, i. e. quarks and gluons. Such an approach has been developed and refined
over the recent years. In this article we will study some general observations within
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this theoretical approach related to the possibility of exotic matter in a neutron star,
including hyperons, kaon condensates and quarks.

A main problem of extracting the equation of state of very dense matter via the
study of neutron stars is that this matter is in the core of the star and, thus, not
directly detectable (with the exception of neutrinos that can leave the star without
secondary interactions). For theoretical modeling one therefore has to compare model
results with the observational data available, including star masses, radii, tempera-
ture/cooling behavior, and rotational periods. Here, there are still relatively few data
that can be used for cooling studies and the radii are very difficult to pin down to an
accuracy of about 1 km or less. As a consequence, the main input for modeling is still
the mass of the star. This is especially true, due to the recent accurate measurements
of two heavy neutron stars PSR J1614-2230 of M = 1.97 ± 0.04 M� [1] and PSR
J0348-0432 with a value of M = 2.01 ± 0.04 M� [2]. These high values point to a
stiff equation of state at high densities. How to reconcile these numbers with theory
will be discussed in the following.

2 The Hadronic Model

Within a simple (SU(2) isospin) description of a neutron star, the particles occurring
in the cold star are neutrons, protons, and electrons. Studying the early, proto-neutron
star phase, one also has to take into account neutrinos. As the new benchmark stellar
masses are rather high, the best scenario is to have relatively few populated degrees
of freedom inside of the star, as in this case filling up the energy levels of the par-
ticles leads to high fermi momenta, which in turn translates to high pressure and a
stiff equation of state (EoS). Such a stiff EoS can support larger star masses against
gravitational collapse than a soft EoS, therefore leading to larger maximum star
masses. However, from the observation of many hypernuclei it is well established
that at least the Lambda hyperon is bound in nuclear matter with a binding energy
of about 30 MeV. There are indications of binding of Xi baryons in nuclear mat-
ter with a binding of around 20 MeV [3]. The situation of the Sigma hyperons is
less clear, however, scattering and Sigma-atom data point to a repulsive potential
of the Sigma [4]. Overall a realistic model for the description of dense (and hot)
matter has to contain hyperons, i. e., should be constructed within a flavor-SU(3)
scheme.

We have followed this path for a number of years, developing an effective chiral
SU(3) hadronic model, in which the baryonic masses are largely generated by their
coupling to scalar fields that attain a vacuum expectation value due to spontaneous
symmetry breaking, analogously to simple chiral σ models.

The model is described in detail in various publications [7–9]. The key relations
of the model are as follows. The effective baryon masses m∗

i read

m∗
i = giσ σ + giζ ζ + giδδ + δmi . (1)
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The masses are generated by couplings to the scalar fields (σ, δ, ζ ) whose expectation
values are related to the scalar quark condensates, i.e. σ ∼ 〈uu + dd〉, ζ ∼ 〈ss〉, and
δ ∼ 〈uu − dd〉. A mass term δmi breaks chiral and SU(3) symmetry explicitly. The
various couplings contained in the equation result from the SU(3) coupling scheme.
Thus, the non-zero vacuum expectation values of σ and ζ generate the baryonic
masses in the vacuum, while the change of the scalar fields at finite density or
temperature is responsible for the scalar attraction. The other crucial relation defines
the effective baryonic chemical potentials

μ̃i = μi − giωω − giρρ − giφφ, (2)

where the different fields ω, ρ and φ are the analogous vector fields to the σ, δ, and ζ ,
respectively. The fields acquire non-zero mean fields in dense matter and, therefore,
shift the effective chemical potentials of the particles. In the case of the isospin 0 fields
ω and φ this leads to a reduction of the chemical potential, which corresponds to a
repulsive interaction, whereas for theρ the effect depends on the isospin of the baryon.

3 Results

With these preliminaries, we can address the topic of this article, the influence of
exotic particles on the compact star solutions. Here, for the sake of simplicity, we
will only consider static spherical stars, which can be solved straightforwardly by
integrating the corresponding Tolman-Oppenheimer-Volkoff equations [10, 11]. Per-
forming such a calculation for the purely hadronic case (and using the star-optimized
coupling parameters) we obtain masses and radii of the stars as shown in the left
panel of Fig. 1 [5]. The figure distinguishes the cases for a purely nucleonic star,
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Fig. 1 Left Mass-radius diagram for compact stars in the chiral SU(3) model. The curves distin-
guish results for nucleonic particles only, nucleons and hyperons, and nucleons, hyperons, and Δ

resonances, respectively. Right Normalized particle densities in the star including the Δ resonances.
Δ’s largely replace hyperons inside the star [5]
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a star with hyperons, i.e. a hyperstar, as well as solutions when in addition the
baryon decuplet is included, which is synonymous to adding Δ baryons as the
other states in the decuplet are too heavy to be populated. One can see that adding
new degrees of freedom leads to a reduction of the maximum star mass, however,
all scenarios are in good agreement with current observations. The right panel of
Fig. 1 shows that the structure of a nucleonic star can be changed quite drastically
by including Δ baryons. The fact that the hyperstar masses do not drop consider-
ably compared to the nucleonic case originates from the fact that the model also
includes the repulsive φ meson exchange between hyperons, which suppresses their
densities.

In addition to adding strangeness to the system by including hyperons, a con-
densation of K − mesons in very dense matter is in principle possible [12]. This
results from the fact that a K − consists of an anti-up quark and a strange quark. For
the anti-quark the vector repulsion experienced by the baryons changes to a strong
attraction. On the other hand the s quark in the meson does not couple strongly to
the matter as long as there are not too many hyperons in the system, in sum lead-
ing to a strong attraction for the K − in matter. There is a substantial amount of
electrons (and some muons) in the star as the whole system has to be electrically
neutral. In case the electron chemical potential becomes larger than the energy of
a K − at rest, the system will start to be neutralized by K − instead of additional
e−. As the kaons are bosons, they can condense in the same zero-momentum state.
This in turn leads to a strong reduction of the pressure of the system (no kinetic
energy for the kaons), softening the equation of state considerably and therefore
reducing star masses. However, a calculation of the effective kaon masses within
the model shows that the condensation effect only shows up at densities of about
6 ρ0 and beyond, which are not reached in the center of the star within our model
(Fig. 2) [6, 13]. Thus, kaon condensation does not affect the previously obtained
results.

Fig. 2 Energy of K − and K
0

at rest as function of density. When the energy of the K − drops
below the electron chemical potential kaon condensation sets in. The left panel shows the result for
nucleonic star matter, the right panel includes also hyperons [6]
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4 The Effect of Quarks

At some unknown high density the system does not consist anymore of hadrons but
of quarks. The main, unsolved question is when the transition to quark matter takes
place. It is in principle quite possible that quarks only occur at densities larger than 6
to 10 times nuclear matter saturation density, which would imply that no neutron stars
with a quark core, i. e. hybrid stars, would exist. In a simplified study we determine
the general impact of a quark core. For that purpose we adopt a standard equation
of state for the hadrons (G300 [14]) and a MIT bag model equation of state for the
quarks. For the latter EoS we vary the bag constant [15, 16]. The results are shown in
the left panel of Fig. 3. One can clearly see that the onset of the population of quarks,
signaled by the sharp bend in the curves, leads either to reduced maximum masses
of the stars or even to unstable solutions for the whole hybrid star branch. These
calculations were done assuming non-interacting quarks in the quark core. Taking
into account perturbative corrections due to the quark-quark interaction, the EoS
of the quarks stiffens, stabilizing the hybrid star solutions (see Fig. 3, right panel).
Changing the coupling constant to higher values stiffens the equation of state and
the maximum star mass increases. The equations of state corresponding to these
results can be seen in Fig. 4. In case that the first-order phase transition to quark
matter generates a large jump in energy density, the masses of the compact stars
are reduced. For a recent, even more schematic discussion of hybrid star properties
assuming a simplified structure of the quark EoS, see [17].

A more realistic description of a quark phase can be obtained by coupling quarks
to the system in a way very analogous to the PNJL model by introducing a Polyakov
loop field 	 that describes the deconfinement phase transition [18, 19]. In this case,
the quarks couple to the mean fields in the same form as the hadrons in Eqs. (1)
and (2) with their own SU(3)-invariant coupling strengths, thus coupling hadrons
and quarks in a unified description [20]. While the isospin-symmetric matter does
not show any first-order phase transition at high densities (see [20]), star matter, i.e.
charge neutral matter in β equilibrium, does. The latter transition is generated by

Fig. 3 Left Hybrid star mass-radius diagram for different choices of the vacuum pressure B are
shown (compare Fig. 3). Right Similar calculation as on the left, including quark interactions
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Fig. 4 Equation of state for hybrid star matter. Results for different bag pressures and interaction
strengths are shown

Fig. 5 Baryon number
densities of baryons and
quarks inside of the hybrid
star. Quarks already enter the
system a long time before the
first-order phase transition
that leads to a jump in the
s-quark densities

the strange quark sector and is therefore quite parameter-dependent and particularly
sensitive to the coupling of the strange quark to the φ vector field. If one follows the
baryon number densities contained in quark and hadron degrees of freedom, one can
observe a very early onset of a mixed quark-hadron phase long before the first-order
phase transition. The particle densities of star matter can be seen in Fig. 5. As the
plot shows the baryon number densities, the corresponding quark densities have been
multiplied by their baryon number 1/3. Here one can observe the jump of the strange
quark density at the critical chemical potential. In Fig. 6 the mass-radius diagram for
this approach can be seen with star masses of up to ∼2.2M�. As in the previous
schematic studies with the MIT bag model repulsive vector interactions in the quark
sector have been used [21]. The results for different choices of the value are shown
in the figure.

For very specific parameter choices of a strong vector coupling of the strange
quark the mass-radius diagram shows a second family of stable compact stars with
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Fig. 6 Mass-radius diagram for compact stars within the quark-hadron (QH) model. The first-
order transition causes a break for stable star solutions. Two curves for different choices of the
quark vector-coupling are shown

Fig. 7 Mass-radius diagram
for compact stars for specific
fine-tuned parameters. A
strangeness-rich stable
twin-star solution appears

a large strangeness content of values of strange quarks per baryon number fs larger
than 1, and a distinctly smaller radius than the other stable branch, which also consists
of hybrid stars albeit with very small strangeness content (Fig. 7).

Thus, the general solution for obtaining a sizable quark core in a hybrid stars seems
to be to introduce a repulsive quark vector interaction that stiffens the quark equation
of state. Note, however, that such an addition to models that contain quarks generates
problems at the other end of the parameter space, i. e., at small chemical potential
μB and high temperatures. In this case, lattice QCD simulations have determined
the general behavior of the pressure of matter for small μB by calculating the Taylor
coefficients for an expansion of the pressure in the chemical potential

P = P(μq = 0, T ) + c2(T )μ2
q T 2 + · · · , (3)

with the quark chemical potential μq = μB/3.
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Fig. 8 Taylor coefficient c2 of the expansion of the pressure in terms of chemical potential over
temperature. Lattice QCD results are indicated by circles and squares. The lines show the results
for different quark vector coupling. The left panel displays the results for the PNJL model, whereas
the right panel contains the computed values for the quark-hadron model [22]

The panels in Fig. 8 shows the results for zero and finite quark-vector coupling
for different model approaches. The results indicate that, independent of the specific
model applied, the curves with a non-zero coupling strength deviate significantly
from lattice data [23–25], far beyond any statistical or systematic error bars [22, 26].
Therefore, there is a currently unresolved problem with describing neutron stars that
contain a sizable quark core and simultaneously achieving agreement with lattice
data.

5 Conclusions

We have discussed compact star properties and the impact of exotic particles inside
stars on the attainable maximum star masses. We have shown that in a reasonable
flavor-SU(3) approach a 2-solar mass star, a so-called hyperstar, can be obtained, even
when one includes effects of the Δ resonances. However, the amount of strangeness
contained in the star through the population of hyperons is rather small. Considering a
kaon condensate we have shown that the critical density for the onset of condensation
in our model is too high to have any impact on star properties. If one extends the
approach to consider quarks in the inner regions of the star (a hybrid star), we have
demonstrated that a simple addition of a quark phase via a non-interacting MIT
model leads to either strongly reduced masses or no stable hybrid star solutions at
all. Interactions between the quarks that produce a stiffening of the equation of state
can remedy this effect. In the generalized quark-hadron model, a heavy hybrid star of
2.2 solar masses is obtained without any phase mixing (as obtained in the usual Gibbs
construction), as the quarks co-exist with hadrons without any first-order transition.
A later phase transition is triggered by a large increase of the strange quark density.
This value, however, is strongly parameter-dependent.
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Finally we discussed the general problem with adopting a large quark-vector
coupling in order to stiffen the quark equation of state and, in turn, obtain high-mass
hybrid stars. Comparing results for small chemical potential with QCD lattice simu-
lations shows a clear discrepancy generated by these interactions for very different
model approaches. Thus, a consistent picture of a heavy hybrid star and agreement
with lattice date is still elusive.
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Observational Tests of the Pseudo-complex
Theory of GR Using Black Hole Candidates

Thomas Boller and Andreas Müller

Abstract We have worked out astronomical tests of the pseudo-complex gravita-
tional field theory (pc-GR) proposed by Hess and Greiner [1] going beyond our first
paper on pc-GR tests [2]. Observational tests of the standard GR theory (standard-
GR) and the pc-GR theory include (i) Galactic binaries, (ii) the Galactic Center, and
(iii) supermassive black holes. For Galactic binaries with both relativistic Fe K line
emission and QPO frequencies we have calculated the distances of both observational
quantities to the central black hole. While the relativistic Fe K emission arises only
within a few gravitational radii (RG = G M/c2) from the black hole with mass M,
the QPO frequencies when related to Keplerian motions place their origin to much
larger distances. This discrepancy is not understood so far. As very little has been
done going beyond the phenomenological description of that problem, we applied
the pseudo-complex theory to these Galactic black hole binaries and find that the
Fe K and QPO emission is arising at quite similar radii from the black hole. While
this is not any proof for the pc-GR, it is worth pointing out that both theories give
different results. For the Galactic Center we show that the orbital frequencies of test
particles are different in pc-GR and standard GR. In addition, we show that VLBI
interferometry will result into the first direct image of the black hole in the GC and
that ray-tracing images in both theories are different for the GC and can be used to
probe standard GR and pc-GR. Finally, we argue that in supermassive black holes
the QPO frequencies and the relativistic Fe K emission occur from the same physical
origin. This further allows performing tests on pc-GR and standard GR from both
observational quantities.
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1 Introduction

GR theory has up to now withstood all experimental tests, (i) the spin down period
in binary pulsars (Hulse-Taylor pulsar, e.g. [3]), (ii) the Shapiro delay, (iii) the
deflection of light, and (iv) precession. Nevertheless, there are extreme situations
in standard-GR, like the formation of a coordinate singularity at the Schwarzschild
radius around black holes, which makes regions below the Schwarzschild radius not
accessible for an external observer. In addition, the curvature diverges in standard-
GR at the center of the black hole. This is illustrated in Fig. 1 with the Kretschmann
scalar [4]. The Kretschmann scalar, one of several curvature invariants in standard-
GR, shows how the curvature in the vicinity of the BH behaves. Far away from
the black hole the spacetime is flat. If one approaches the black hole the spacetime
curves strongly indicated by the hills and valleys. At r = 0 the curvature diverges.
This curvature singularity motivates the search for extensions of the standard-GR
which prevent from such singularities where also physics breaks down.

The ansatz of the pc-GR theory was published by Hess and Greiner [1], which is
that a pseudo-complex number X can be divided into a real part X R and an imaginary
part X I with I 2 = +1. This results into a new Einstein equation and a metric tensor
g00 and no coordinate singularity at r = 2m for a = 0 (see [6] and [2] for details).
There is growing interest from galactic and extragalactic experts to perform tests
going beyond standard-GR. Testing pc-GR is part of the Athena+ proposal for ESA’s
Large Mission program 2015–2030 [2, 7, 8]. The pc-GR is also part of the ALMA
white paper for direct imaging of black holes (Section C05: Alternative theories of
Gravity, Th. Boller, A. Müller, P. Hess, submitted to the ALMA consortium, 2013).

Fig. 1 Curvature as a function of radius and polodial angle ([4] based on [5])
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Table 1 Galactic Binaries with relativistic Fe K and QPO measurements

Name Spin a Mass (Msun) QPO frequency (Hz) Reference

GRO J1655-40 0.92 ± 0.02 6.3 ± 0.5 126–446 Miller [10], Belloni [11]

XTE4 J1550-564 0.5 ± 0.15 9.10 ± 0.61 134–284 Steiner [12], Belloni [11]

GX 339-4 0.93 ± 0.01 >5.8 105–279 Reis [13], Miller [14],

Hynes [15], Belloni [11]

XTE J1752-223 0.52 ± 0.11 9.8 ± 0.9 115–443 Belloni[11]

2 Tests on Galactic Binaries

2.1 The Sample

We searched the literature for Galactic Black hole binaries with both relativistic Fe
K line emission, QPO measurements and dynamically constrained masses. Only a
handful of objects were found to share these properties. They are listed in Table 1. The
black hole spin is determined from fitting standard-GR to the relativistic Fe K line
profile using relativistic disk line models (e.g. [9]). The black hole spin is determined
under the assumption that the emission arises at the last marginally bound radius.

2.2 Deriving Fe K and QPO Emission Radii in Standard-GR

In the following we discuss each individual object and describe how the distances of
the relativistic Fe K lines and the QPO distance have been determined. The distance
of the relativistic Fe K emission is determined from fitting the line profile using
standard-GR. It is assumed that the Fe K line emission arises from the last marginally
stable orbit, an assumption which has been questioned in the literature (e.g. [16]).

The distance r(Fe K), the black hole mass M and the spin a are related by the
relation r(Fe K) = (

√
M + √

M ± a)2. The measured (QPO) frequencies relate to
the distance r(QPO) by applying a Kepler frequency �K = (r3/2 − a)−1 [17]. The
relativistic Fe K line fitting results in inner radii of about 2 RG . The QPO frequencies,
if associated with Keplerian, Vertical, and Radial motion, would place the QPOs at
10 . . . 50 RG , and not within 2 RG , as these systems are not thought to have truncated
disks at high accretion rates. It is rather puzzling to have this discrepancy between
QPO frequency and the inner radius. Very little has been done beyond phenomeno-
logical description and this is all speculative and there is no clear model to explain
this. In the following we show the QPO frequencies as a function of the distance r to
the black hole for pc-GR and standard-GR. The 68 % confidence levels are indicated
by the blue (standard-GR) and red (pc-GR) dashed areas.
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2.2.1 GRO J1655-40

In Fig. 2 the QPO frequency as a function of black hole distance is shown for GRO
J1655-40. In standard-GR the frequency is increasing with decreasing distance to the
black hole, reaching infinity at the last stable orbit. In pc-GR a maximum value exists
when a test particle is getting closer to the central black hole. At smaller distances
the QPO frequency is decreasing, reaching zero at 4/3 RG . The QPO frequencies
are higher for standard-GR compared to pc-GR. The 68 % confidence region for the
Fe K emission line is marked with the vertical dashed lines. For GRO J1655-40, the
Fe K emission region is between about 2.1 and 2.4 gravitational radii. In Fig. 3 we

Fig. 2 Keplerian frequency as a function of distance (up to 3 gravitational radii) for GRO J1655-40
for standard GR (blue dashed) and pc-GR (red dashed)

Fig. 3 Keplerian frequency as a function of distance (up to 50 gravitational radii) for GRO J1655-40
for standard GR (blue dashed) and pc-GR (red dashed)
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show the QPO frequency-radius relation up to distances of 50 gravitational radii to
illustrate the discrepancy of the Fe K and QPO emission regions.

While the Fe K emission arises from about 2 gravitational radii, the measured
QPO frequencies translate into distances to the black hole between about 15 and
40 RG . This discrepancy is not yet understood.

2.2.2 XTE J1550-564, GX 339-4, XTE J1752-223

In Fig. 4 we show the corresponding plots for the remaining objects listed in Table 1.
For all objects the emission regions of the Fe K line and the emission region of the
QPO frequencies are not consistent in standard-GR. We do not argue that this suggests
that standard-GR being not correct. We only show that under the assumptions for
deriving the radii the emission regions in standard GR are different for the Fe K
emission and the QPO region. However, as can be seen from Fig. 3, in pc-GR the
radius of the Fe K emission appears consistent with the radius of the QPO emission
region at distances below about 2 gravitational radii. In order to work that out in
reliable detail, we have to fit the Fe K line profile with a relativistic pc-GR fitting
routine, which is work in progress.

Fig. 4 Keplerian frequency as a function of the distance the Galactic black hole binaries XTE
J1550-564, GX 339-4, and J1752-223 for standard GR (blue dashed) and pc-GR (red dashed). In
standard-GR the Fe K emission line region is much closer to the black hole compared to the regions
where the QPO frequencies arise
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3 Tests on the Galactic Center

3.1 Timing and Spectral Parameters

NIR / X-ray spectroscopy and orbital motions from the infalling gas cloud [18] might
provide additional tests for standard-GR and pc-GR. If parts of the gas cloud will
approach distances smaller than about three gravitational radii and if observations
will allow measuring the orbital frequencies via timing measurements and if rela-
tivistic Fe K line emission will become observable, then one can determine the radius
of the Fe K line emission and the radius of the QPO emission. The test for standard-
GR would be to measure the pair r(QPO) and r(Fe K) from the observations. If the
radii are different within the errors, then one should apply pc-GR to measure r(QPO)

and r(FeK). In pc-GR lower QPO frequencies (cf. [6]) are expected compared to
standard-GR. In addition, the gravitational redshift is also reduced, resulting in dif-
ferent radii for the relativistic Fe K line compared to standard-GR. The infalling gas
cloud provides a unique opportunity in this century to study accretion physics in the
strong gravity regime. If a relativistic Fe K line is associated with the flare emission,
from the line profile and the orbital frequency, we expect that both theories, GR and
pc-GR, to be distinguished for the first time.

3.2 Ray-Tracing Images and VLBI Interferometry Observations

The first spatially resolved images of black holes will be observed within the next
few years using the very long base-line interferometry technique at mm/sub-mm
wavelength (mm-VLBI) in combination with the ALMA telescopes [19]. The micro-
arcsec spatial resolution will allow obtaining images from the black hole in the
Galactic Center and the gas emission from the innermost accretion processes. The
same holds for the supermassive black hole in M87. These images are expected to
provide new and crucial tests for the standard-GR and the pc-GR. As the gravitational
redshift is different in both theories, the observed images can be compared with ray-
tracing images. We have produced ray-tracing images for standard-GR and pc-GR
[20]. With increasing spin a, the simulated images differ significantly due to the
different gravitational redshifts. In Fig. 5 we show a simulated pc-GR black hole
image and a simulated standard-GR image for a black hole spin of a = 0.9.

4 Test on Supermassive Black Holes

Relativistic Fe K emission and QPO frequencies are most probably associated in
supermassive black holes. As an example we show in Fig. 6 the light curve of one of
the most variable active galactic nuclei, IRAS 13224-3809 [21]. Persistent, rapid and
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Fig. 5 Simulated images [20] for a supermassive black hole with spin a = 0.9 and inclination 70◦
in standard-GR (left) and pc-GR (right). pc-GR black holes are brighter than standard-GR black
holes due to the reduced gravitational redshift. This offers a unique possibility to test GR theories
with upcoming spatially resolved images from the black hole in the Galactic Center and in M87

huge amplitude variations have been detected with a maximum amplitude variability
of a factor of about 60 within only 1,200 s. The most plausible explanation for such
type of variability is flux boosting. Temperature inhomogeneities in the accretion
disc lead to flux variation in the observer’s frame which scale as

f

f ′ = δ3+�

Fig. 6 30 day flux monitoring of the active galaxy IRAS 13224-3809 at X-ray with ROSAT in 1996.
The strong and persistent flux variations are most probably due to flux boosting of temperature
inhomogeneities in the accretion disc
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where f is the flux in the observer’s frame, f ′ is the rest frame flux, δ is the Doppler
factor and � is the photon index. In Narrow-Line Seyfert 1 Galaxies [22] the large
values of the photon index make these objects to the most highly variable objects at
X-rays in the Universe. Temperature inhomogeneties in the accretion disc with factors
of only about 2 result into flux variations in the observer’s frame up to 100. As the
blackbody-type emission of the temperature inhomogeneities in the disc scales with
the temperature to the power of 4, these higher temperature regions are also associated
with Fe K line emission, which is then strongly flux boosted in the observer’s frame.
Therefore Fe K line emission and QPO type variability should be physically linked.
As shown in the previous Section, the pair of the Fe K emission r(Fe K) and of the
quasi-periodic emission r(QPO) can be measured and compared to standard-GR and
pc-GR, which will be a powerful test of modified GR theories.

5 Summary

We have shown that Galactic binaries, the Galactic Center, and supermassive black
holes provide ideal test laboratories for modified GR theories. The discrepancy
between the emission region of the Fe K line and the QPO emission regions in Galac-
tic binaries is presently not understood in standard-GR. Spectral fitting of relativistic
X-ray lines within the pc-GR theory is required to further address that problem.

The infalling gas cloud in the Galactic Center provides a unique opportunity in
this century to study accretion physics in the strong gravity regime. X-ray and NIR
observations will allow testing GR via QPO frequencies and relativistic line emission.

mm-VLBI observations will allow to test “shadowing” towards the black hole in
the Galactic Center and in M87 within the next few years. Our gallery of pc-GR
ray-tracing images will be used to compare the simulated images with the observed,
spatially resolved images of the black holes and will provide the strongest test for
standard and pc-GR theory in the very nearby future.

Acknowledgments The authors would like to wish Prof. Mikhail Itkis all the best for the future.
The conference was held in honor of the 70th birthday of Prof. Mikhail Itkis.
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Pseudo-complex General Relativity
and Neutron Stars

Peter O. Hess, Isaac Rodríguez and Walter Greiner

Abstract The basic concepts of the pseudo-complex General Relativity (pc-GR)
are presented. The pc-GR is finally applied to neutron stars. We discuss the TOV
equations for the matter and the dark energy. It is shown that already with a simple
coupling of the matter with the dark energy, neutron stars with six solar masses can
be generated without difficulty.

1 Introduction

In this contribution we will give a brief overview on the pseudo-complex General
Relativity (pc-GR) and what has been achieved up to now. The central part consists on
basic concepts and some predictions, which can be measured in near future. Toward
the end a preliminary consideration of neutron stars with the presence of dark energy
will be given.

First of all, the motivation for this work has a long history. We are not the first
who tried to extend the theory of General Relativity (GR). Einstein [1, 2] already
applied an algebraic extension of his theory, introducing complex coordinates. His
intention was to unify GR with Electrodynamics. There was another concern made by
M. Born [3, 4] who complained that while in Quantum Mechanics the coordinates
and momenta are treated on equal footing, in GR this is not the case because in
the length element squared ds2 = gμνdxμdxν coordinates dominate. Therefore he
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proposed an extension of the length element to

dω2 = gμνdxμdxν + l2

c2 duμduν . (1)

The uμ refers to the 4-velocity. Actually he used instead of uμ the momenta pμ/m,
with m being the mass of a particle. We changed it here because (1) allows a more
general treatment. E.R. Caianiello [5] recognized that this length element squared
corresponds to the introduction of a maximal acceleration, or equivalent to a minimal
length scale l, with the acceleration being lower or equal to 1/ l. Here, we have
a case where for dimensional reasons a length scale l appears, corresponding to a
minimal length. This is a parameter, i.e., it is not affected by a Lorentz transformation!
Commonly, when a minimal length appears, one assumes that it is a physical length
affected by the Lorentz transformation (or the extended Poincaré transformation).
Thus, when the minimal length, as a natural constant, is not allowed to be affected,
one has to deform the Lorentz transformation, turning the treatment of the physical
system extremely difficult. This is not necessary in Born’s proposal. The length
element squared in (1) is invariant and all known symmetries are maintained. The
symmetry group is larger than the Lorentz group O(3, 1), namely U (3, 1) and the
mathematics is nicely exposed in [6].

The idea of Born and Caianiello were intensively worked out in [7–16].
In [14–16] also non-symmetric metrics where considered. This algebraic extended
theory is called hermitian gravity and well summarized in [17, 18].

In [19] all possible algebraic extension where investigated. The weak gravitational
limit was considered and the corresponding field equations. It was shown that in
most extensions so-called ghost solution exist, which are non-physical solutions,
like the tachyons. Only when real or pseudo-complex variables are used, no ghost
solutions appear. We introduced the notion of pseudo-complex (pc) which has to be
explained in more detail further below. There are different notations in the literature,
like hyperbolic, hyper-complex, para-complex, etc. The definition as introduced in
[20, 21] is used. The important point is that a complex extension has problems and the
only promising algebraic extension is to pc-coordinates, which was our motivation
to formulate a pc-GR.

The use of pc-variables also proved to be of great advantage in field the-
ory. As shown in [20, 21] its use permits to formulate a linear field theory
which is automatically renormalized due to the appearance of a minimal length.
The propagators are of the type Pauli-Villars, corresponding to a highly non-
linear field theory when no pc-variables and pc-fields are used. This might cre-
ate some concern, because in the theory of Pauli-Villars one has to introduce a
regularizing mass such that gauge symmetry is broken. In [22] a pc-field theory was
developed and shown that in the pc-formulation gauge symmetry is perfectly main-
tained. Thus, a pc-extension leads to a simple theory with a complicated content, i.e.
a great simplification! Pc-extensions where already proposed in the 60’s and 70’s
[23–26], though in very mathematical terms.
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There is also a philosophical reason to look for extensions of GR, besides the
argument given by Born: GR predicts under extreme conditions the formation of
a black hole. This happens when a very large mass contracts, then the collapse
continues until a singularity in the center is formed. While this singularity can be
discussed away by quantum effects, for us a more problematic phenomenon appears,
namely an event horizon. Event horizons may appear in various forms. For example,
all galaxies are flying away from us, due to the expansion of the universe, such that at
very large distances they fly away at more than the speed of light, disappearing from
us. This does not concern us, because it can be well understood due to expansion of
space. In the case of a black hole the problem is different: A nearby observer (not too
near but sufficiently far away) has no possibility to see inside a black hole, thus part
of a nearby space is excluded from his world. From a philosophical point of view
this is annoying. One can argue that the gravitational field is so strong that deviations
may appear, such that this event horizon disappears. It helps to note that the GR,
though very well tested in many ways, has not been tested up to now in such strong
gravitational environments.

Another comment may be that the event horizon is only a coordinate singularity,
because an infalling observers does not see it. This is true, but in our point of view
a singularity, even a coordinate singularity, should not appear for any observer. Of
course this is only a philosophical point of view.

Thus, we were motivated to extend the GR to a pc-GR. A first attempt has been
published in [27] and a pc-Roberston-Walker model of the universe was discussed
in [28]. The, for the moment, last version of pc-GR was published in [29].

This contribution is organized as follows: In Sect. 2 the pc-GR will be summarized.
Also some experimental prediction were determined in [30]. Due to lack of space,
we will not discuss them here but rather refer to the contribution of Boller [31]. At
the end, neutron stars will be treated within the pc-GR, showing that stars with six
solar masses can easily be generated.

2 Pseudo-complex General Relativity

First, we will shortly define pc-variables. A pc-variable is defined as X = xR + I xI ,
with xR being the pseudo-real and xI the pseudo-imaginary component. The I has the
important property that I 2 = 1, contrary to a complex variable. One can introduce the
operatorsσ± = 1

2 (1 ± I ) and rewrite the coordinate in the form X = X+σ++X−σ−,
with X± = xR ± xI . The operators satisfy σ 2± = σ± and σ+σ− = 0. Especially the
last property shows that the pc-variables do not form a field but a ring, because
one can multiply two variables, one proportional to σ− and the other to σ+, and
nevertheless the product is zero. This property is called a zero divisor. Mathematical
manipulations, like multiplication, addition, etc., can be done independently in both
components, which we will call zero-divisor components. A variable which is either
proportional to σ− or σ+ has zero norm and can be considered as a generalized
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zero. The mathematics of such variables is nicely explained in [32, 33], including
integration.

In pc-GR the pc-variables are Xμ = xμ + I yμ = Xμ
+σ+ + Xμ

−σ−. We stay in the
zero-divisor basis. In each component we can define a metric, i.e.,

gμν(X) = g+
μν(X+)σ+ + g−

μν(X−)σ−, (2)

which is pseudo-complex and we restrict to a symmetric metric (in general non-
symmetric metrics can be treated too).

In each zero-divisor component one can define covariant derivatives, Christoffel
symbols, parallel displacement, etc., as is done in the standard GR.

The length square element takes the form

dω2 = g+
μνd Xμ

+d Xν+σ+ + g−
μνd Xμ

−d Xν−σ−

=
[
gR
μν

(
dxμdxν + dyμdyν

) + 2gI
μνdxμdyν

]

+ I
[
gI
μν

(
dxμdxν + dyμdyν

) + 2gR
μνdxμdyν

]

g+
μν = gR

μν + gI
μν

g−
μν = gR

μν − gI
μν, (3)

where we related the metric components to the pseudo-real and pseudo-imaginary
part and we have used a symmetric metric.

As an additional requirement, we use a modified variational principle, as proposed
in [20, 21]. The argument is, that when δS, with S being the action, is set to zero,
then δS± has also to be set to zero, due to the properties of the zero-divisor. As a con-
sequence, we have formulated two independent GRs with no connection in between.
In order to get something new, [20, 21] proposes (field theories were considered in
these references, but it is a general argument) to require that the variation is within
the zero divisor, i.e., the variation gives a generalized zero. Taking as an example a
function proportional to σ− (the same holds if it is proportional to σ+) we have

δS = f (X−)σ−, (4)

with the liberty to choose the function f (X−). Alternatively one can also propose
to add to the Lagrangian in the σ− component a contribution such that its variation
gives − f (X−), in case someone prefers the old variational principle. In both views,
there is an additional contribution, providing further liberty. Varying the action leads
to the Einstein equations, which now read

Rμν − 1

2
gμνR = −8πκ

c2 T �
μνσ−, (5)
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where Rμν is the pc-Ricci tensor, R the pc-curvature scalar and κ is the gravitational
constant. The right hand side has been rewritten such that the identification of the
additional contribution due to the modified variational procedure is clear, i.e., it
represents an energy-momentum tensor.

The index � refers to the origin of this contribution, due to the appearance of a
fluid which we call dark energy. One has to be careful to compare it with the dark
energy on cosmological scale. Some idea how this contribution comes about can be
found in [35, 36].

In [35] the coupling of a central mass to the vacuum fluctuations is considered.
Semi-classical Quantum Mechanics is applied with the Schwarzschild metric as a
background, thus, an event horizon still exists. The resulting density distribution
of the dark energy is negative and the dominant term fall of as 1/r6. In [36] the
authors also speculate about the effect of this additional contribution and design
scenarios where the collapse of a star is halted before reaching the event horizon. It
is important to note, that the vacuum fluctuation is a local property and can only be
felt by a particle which is in a region where there is a non-zero contribution. For an
observer at large distance, this contribution can be neglected and only the mass of
the star is seen. Of course, the effects of the presence of the vacuum fluctuations can
be observed due to the changes inflicted to the particle motion. Also the red-shift
shows effects because the clock of the particle near the Schwarzschild radius runs
differently when the vacuum fluctuations are included or not. The important point
is that the dark energy does not act gravitationally to an observer very far away,
such that he sees only the (baryonic) mass of the star. This is very different from the
normal assumption of a fluid which acts gravitationally. The reason is that such a
fluid consists of real particles while in our case they are virtual particles.

The projection to a real metric is defined also in [29]. In a first step, one has to write
g±
μν(X±) in the same functional form, introducing the same additional parameter

dependent terms as in the σ− component but with parameters set to zero. Then
the variables and the parameters are mapped to their pseudo-real components. It is
shown in [29] that for the case of the parameters this is in analogy on how to map
the pc-Lorentz transformation, which contains acceleration, to the standard Lorentz
transformation, which do not contain acceleration. Furthermore, substituting the
pc-variables to their pseudo-real part corresponds to set the minimal length equal
to zero. This implies that an important part of the complete pc-GR is neglected,
namely the effects of the minimal length, which may play a role when for some other
reasons a singularity appears or accelerations approach their maximal value, or when
the quantization of the theory is considered.

In pc-GR we assume a model for T �
μν and calculate the effects of the fluid to the

local properties of the metric, which can be deduced solving the Einstein equations.
As a result [29] we obtain also a negative energy density but we assume a fall off
as −B/r5, with B = bm3 (note, that B is mass dependent and represents how mass
couples to the vacuum fluctuations), introducing the parameter B (or b). This is
the minimal requirement which satisfies that in solar system experiments, or known
systems of two neutron stars, no deviation is measured yet. The results computed
in [29, 30] are based on this assumption but also changes are discussed as when the



260 P.O. Hess et al.

dependence in r is changed, with no important differences. The advantage of our
procedure compared to [35, 36] is that we can calculate the effect of the vacuum
fluctuations on the metric, but we cannot determine the energy-density by first prin-
ciples. This can be done in [35, 36] but the disadvantage there is that they cannot
determine the back coupling to the metric and thus still an event horizon appears.

In pc-GR the metric component g00 acquires the form
(

1 − 2m
r + B

2r3

)
and we are

allowed to choose the parameter B such that no event horizon appears (g00 > 0
everywhere), with B > Bmin. The square root of the g00 component is interpreted as
the effective potential for zero angular momentum [37]. For the pc-Schwarzschild
case [29] this produces a repulsive part in the potential such that the collapse of a
very heavy star is halted at approximately 2/3 of the Schwarzschild radius. In other
words, space is distorted by the mass and by the coupling of the mass to the quantum
vacuum, such that space itself halts the collapse of a large mass. Thus, we predict
that the observed size of the black hole should be smaller than in standard GR.

Now, we apply a simplification in order to show that the volume element, as
proposed by Born, is contained within our theory. For that, we have to assume that
the pseudo-imaginary component yμ = ( l

c

)
uμ, with uμ as the four velocity. This is a

delicate assumption, because the four-velocity is in the tangent space of the manifold
given by (xμ), thus, it transforms differently to xμ in a curved space, a property
which is not needed when we associate to yμ just the pseudo-imaginary component
of the coordinate Xμ. For more details we refer to the contribution of M. Schäfer
[38]. As a further assumption, we use the same metric function in each zero-divisor
component, i.e., g±

μν = gμν(X±). This implies via (3) that the imaginary component

of the metric vanishes. Next, we note that we can neglect the
( l

c

)
uμ dependence

in the metric function, because | uμ |≤ c and l � 1, maybe of the order of the
Planck length of 10−33cm. With this, we can approximate the metric components by
gμν(X±) ≈ gμν(x). This cannot be applied for the differentials duμ, because these
are related to the acceleration and, for the moment, we still allow that it can reach
its maximal value of 1/ l. With this, the length element squared acquires the form

dω2 ≈ gμν(x)

(

dxμdxν +
(

l

c

)2

duμduν

)

+ 2I

(
l

c

)
gμν(x)dxμduν . (6)

We also demand that this length element square has to be real, when the motion
of a particle is considered. Thus, the pseudo-imaginary part has to vanish, which
is nothing but the dispersion relation, which therefore results automatically in our
theory. Finally, the pseudo-real part is nothing but the length squared elements as
proposed by Born and used by many others. We conclude that the pc-GR contains
all theories related to Born’s proposal, which treats a minimal length parameter.

When the acceleration is small, as we will assume from now on, then even the
contribution due to the acceleration can be neglected and we arrive at the standard GR.
The only property from pc-GR, which is left, comes from the modified variational
principle which requires the appearance of an additional energy-momentum tensor
on the right hand side of the Einstein equation.
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For the experimental verifications of pc-GR we refer to the contribution of
T. Boller [31].

We will directly go the the problem of neutron stars, which is the following:
Outside the star we can estimate very well how the energy density is coupled to the
mass (how it falls off as a function in the radial distance). There, an anisotropic fluid
has to be assumed, which is due to the TOV equation for the dark energy fluid

dp�r

dr
= − (ε�(r) + p�r (r))

r [r − 2m + 2m�(r)]

[
m − m�(r) + 4πk

c4 r3 p�r (r)

]

+ 2 (p�θ − p�r )

r
. (7)

The indexes r and θ referring to the radial and tangential pressure. For the equation
of state we have to assume that p�r = −ε�, because the energy density is negative
and in order to fulfill the Dominant Energy Condition [39]. But with this equation
of state, the first term in (7) vanishes. When an isotropic fluid is assumed, the radial
derivative of the pressure is zero, therefore the pressure is constant and also the
energy-density. Thus, in order to allow a fall-off of the energy density, an anisotropic
fluid has to be assumed.

Nevertheless, for simplicity we use inside the star an isotropic fluid for both the
baryonic and the dark energy density. For the baryonic equation of state we use
the one as deduced in [40], within the hadronic chiral SU (3) model. The coupling
between mass and the dark energy is not known, so we rely on models. We assume as
in [34] that the coupling is linear, i.e., ε� = αεm , with a negative α. In Fig. 1 the total
mass versus its radius is plotted. As one can see, a mass of up to six solar masses can

10 12 14 16 18 20 22 24
0

1

2

3

4

5

6

Fig. 1 The baryonic total mass versus total radius for different values of the coefficient α. The
central �-term pressure p�c has been fixed to 1ε0, where ε0 is the nuclear energy density
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Fig. 2 The baryonic energy density profile for different values of the coefficient α. The central
�-term pressure p�c has been fixed to 1ε0, where ε0 is the nuclear energy density

easily be achieved. However for large masses the fall-off of the dark energy density
with increasing r is not strong enough and it starts to evaporate outer layers. The
problem lies clearly with the right equation of state, which we have to reconsider in
future.

Another interesting observation is that for six solar masses the Schwarzschild
radius of possible stars range from 14 to 24 km, i.e. of the same order as as the
Schwarzschild radius. In Fig. 2 the density profile for a star with different values
of α is shown. For the six solar masses (α = −0.9) the radius is just above the
Schwarzschild radius. Thus, it behaves in pc-GR as a near black hole (not really
black, because it still may emit light) with a large red shift at the surface [30]. For the
next lower value o α = −0.7 the maximal mass is around four solar masses and the
corresponding Schwarzschild radius is around 11.7 m, already well inside the star.
Therefore, between 4 and 6 solar masses the neutron stars resembles more and more
a classical black hole.

3 Conclusions

In this contribution a review on the pc-GR was given, philosophical aspects were
discussed and also the basic assumptions. Definite prediction can be made on the
differences to standard GR and we refer to the contribution of Boller [31].

One important message of pc-GR is that not only mass curves the space around
it, but also changes the vacuum properties, which itself reacts back and provokes an
additional curvature. The collapse of a star will be thus stopped by space itself.
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We also discussed toward the end the inclusion of baryonic matter, with the
uncertainty to pin down the coupling between the mass and the dark energy distribu-
tion inside the star. As a result we showed that stable stars with six solar masses can
easily be obtained. With increasing mass, the calculated radius the star approaches
quickly a state which is similar to a black hole (large red-shift), but also with a radius
below the Schwarzschild radius.

Acknowledgments P.O.H. acknowledges financial support from DGAPA and CONACyT, and also
from FIAS and GSI.
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An Introduction to the Mathematics
of Pseudo-complex General Relativity

M. Schäfer, Walter Greiner and P.O. Hess

Abstract This contribution gives an introduction to the mathematical background
of the recently developed extension to the theory of General Relativity, called
pseudo-complex General relativity (pc-GR). Apart from presenting the calculus of
pseudo-complex (pc) numbers, the pc-GR is presented in more detail than in former
publications.

1 Introduction

In this workshop two contributions were presented [1, 2], related to applications of
the recently proposed pseudo-complex General Relativity [3–5]. This contribution
we take as a chance to present the mathematical background of the pc-GR and
also resume the foundations of the theory. In the second chapter we will introduce
the mathematics of pc-variables, relating the methods as much as possible to the
usual analysis of complex variables. In Sect. 3 some consequences of symmetry
transformations in the pc-space are discussed and then the basis ingrediences of the
pc-GR are given. Finally, in Sect. 4 conclusions are drawn.

2 Pseudo-Complex Mathematics

2.1 Definitions and Properties

Consider the following bases for the vector space of real-valued 2-tuples R2:

{1, I } : 1 = (1, 0), I = (0, 1),

{σ+, σ−} : σ+ = 1

2
(1, 1), σ− = 1

2
(1,−1). (1)
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An element x ∈ R
2 is written in terms of the respective bases as

x = x+σ+ + x−σ− = xR1 + xI I. (2)

It is straightforward to derive the following relations between the different basis
vectors and the respective components:

σ± = 1

2
(1 ± I ), x± = xR ± xI ,

1 = σ+ + σ−, I = σ+ − σ−,

xR = 1

2
(x+ + x−), xI = 1

2
(x+ − x−). (3)

We now construct the set of pseudo-complex numbers by endowingR2 with a multi-
plication rule. We define pseudo-complex multiplication as a linear product in terms
of the basis {σ±} by

σ± · σ± = σ± , σ± · σ∓ = 0. (4)

The algebra of 2-tuples together with the usual addition and this multiplication rule
gives the pseudo-complex numbers P. Addition of two elements x, x ′ ∈ P is given
by the usual component wise addition in R

2, including the definition of inverse
elements (x + (−x) = 0) and the neutral element (x + 0 = 0). Multiplication of
two pseudo-complex numbers is defined as the component wise multiplication of its
real-valued components with respect to the basis {σ±}. We immediately observe that
multiplication is associative and commutative, with the unity element 1 = σ+ + σ−.
The inverse of a pseudo-complex number x = x+σ+ + x−σ− is given by x−1 =
x−1+ σ+ + x−1− σ−. It follows directly that not all elements of P have a multiplicative
inverse. We define

P± = {λσ±|λ ∈ R}. (5)

The setP = P+∪P− is denoted as the set of zero-divisors, containing all elements
which do not have a multiplicative inverse in P. The pseudo-complex numbers thus
do not represent a field (as for example the real numbers), but only a ring (R2,+, ·).
Recall that a ring is an algebraic structure with an addition and multiplication, where
in general not every element has an a multiplicative inverse (as an example con-
sider the ring of integer numbers, where for instance there is no integer n such
that 2n = 1).

Up to now we have defined the pseudo-complex multiplication with respect to the
basis {σ±}. Using Eqs. (3), from the definition (4) we obtain

1 · 1 = I · I = 1 , 1 · I = I. (6)
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It follows that the multiplication of two pseudo-complex numbers x, x ′ ∈ P is
given by

x · x ′ = (x+σ+ + x−σ−) · (
x ′+σ+ + x ′−σ−

) = (x+x ′+)σ+ + (x−x ′−)σ−
= (xR1 + xI I ) · (

x ′
R1 + x ′

I I
) = (xR x ′

R + xI x ′
I )1 + (xR x ′

I + xR xI )I. (7)

In the following we will identify the set PR = {x ∈ P|xI = 0} with the real
numbers R.

We conclude this section by determining the inverse of x in terms of the compo-
nents xR, xI . Writing as usual 1

x± = x−1± , we get

x−1 = 1

x+
σ+ + 1

x−
σ− = 1

2(xR + xI )
(1 + I ) + 1

2(xR − xI )
(1 − I )

= xR

x2R − x2I
1 − xI

x2R − x2I
I. (8)

From this equation it becomes apparent that the set of zero divisors can also be
written as

P = {x = xR1 + xI I |x2R = x2I }. (9)

2.2 Calculus

We write a function f : P → P as

f (x) = f (xR + I xI ) = fR(xR, xI ) + I f I (xR, xI )

= f (x+σ+ + x−σ−) = f+(x+, x−)σ+ + f−(x+, x−)σ−, (10)

where fR, f I , f+, f− are real valued functions R2 → R. We now give two different
definitions for differentiability in P [6, 7]. In order to obtain a positive definite norm,
we will use the Euclidean norm in R

2 for the pseudo-complex numbers:

||x || =
√

x2R + x2I =
√

x2+ + x2−
2

. (11)

We always assume that fR,I and f± are infinitely times differentiable for each of its
components. Assume that for x0 ∈ P there exists f ′(x0) ∈ P such that

lim
x→x0

|| f (x) − f (x0) − f ′(x0)(x − x0)||
||x − x0|| = 0. (12)
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If this limit exists, we denote f ′(x0) as the pseudo-complex derivative of f at x = x0
[6]. It can be shown [7] that in general this definition of the derivative is equivalent
to the more familiar limit

f ′(x0) = lim
x→x0

x−x0∈P
∗

f (x) − f (x0)

x − x0
, (13)

where P∗ = P/P is the group of invertible pseudo-complex numbers. If the deriv-
ative of a function f exists at each point in its domain, we call the function pseudo-
holomorphic.

For complex numbers a necessary condition for holomorphy is that the function
fulfills the Cauchy-Riemann equations. Analogously it can be shown [6, 7] that
a function f is pseudo-complex differentiable at x0 if and only if the following
conditions are fulfilled:

∂ fR(x0)

∂xR
= ∂ f I (x0)

∂xI
,

∂ fR(x0)

∂xI
= ∂ f I (x0)

∂xR
, (14)

where we have again assumed that all the partial derivatives exist.
Using the relations f± = fR ± f I and the chain rule, it is straightforward to show

that Eq. (14) is equivalent to the following property of pseudo-holomorphic functions:

∂ f−
∂x+

= ∂ f+
∂x−

= 0. (15)

It follows the important statement that a pseudo-holomorphic function f can be
written as

f (x) = f+(x+)σ+ + f−(x−)σ−. (16)

Since σ±σ± = σ±, and σ±σ∓ = 0, the product of two pseudo-holomorphic functions
can be written as follows:

f (x)g(x) =
(

f+(x+)σ+ + f−(x−)σ−
)

·
(

g+(x+)σ+ + g−(x−)σ−
)

= f+g+σ+ + f−g−σ−. (17)

With Eq. (14) the derivative written explicitly in terms of components is given by

f ′(x) = ∂ fR

∂xR
+ I

∂ f I

∂xR
= f I

∂xI
+ I

∂ fR

∂xI
, (18)

or

f ′(x) = ∂ f+
∂x+

σ+ + ∂ f−
∂x−

σ−, (19)

where we have used Eq. (16).
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Similar to integration inRn orC, for the integration of pseudo-complex functions
f we have to provide a curve γ : (a, b) → P to determine the path along we integrate
in the pseudo-complex plane. We write

γ (t) = γR(t) + IγI (t), (20)

where t ∈ (a, b) is the real-valued parameter. We define pseudo-complex integra-
tion by

∫

γ

f Dx =
∫

γ

( fR dxR + f I dxI ) + I
∫

γ

( f I dxR + fR dxI ) . (21)

Written for components with respect to the basis {σ±} this can be recast into

∫

γ

f Dx = σ+
∫

γ

f+ dx+ + σ−
∫

γ

f− dx−. (22)

It is a well-known result of complex analysis, that a holomorphic function defined
on a disk is entirely determined by its values on the boundary of this disk. For pseudo-
holomorphic functions we can state a similar, but more general result. Consider a
domainD in the pseudo-complex plane, where the function f is pseudo-holomorph.
We have shown that in this case the function f in this domain can be written as

f (x+, x−) = f+(x+)σ+ + f−(x−)σ−, (23)

i.e. the function f+ does not depend on x−, and f− does not depend on x+. It follows,
that if we know the value of f+ at some point x∗+σ+ + x∗−σ−, we know its value at all
points x∗+σ+ + x−σ− in its domain of pseudo-holomorphicity. The analogous result
holds for f−. This means that we only need to know the value of f at a rather small
set of points in its domain of pseudo-holomorphicity.

2.3 Modules over the Pseudo-complex Numbers

The notion of a module is a generalization of the concept of a vector space. Recall
that a vector space is a collection of elements (called vectors), which can be added,
or multiplied by scalars, which are usually real numbers, but in general might be
elements of any field (R,C, . . .). For a module, this scalar multiplication is allowed
to take place with elements of a ring (the pseudo-complex numbers P in our case)
rather than a field (usually the real numbers). It follows that a vector field is always
a module, but a module might lack some properties of a vector space. An important
difference is, that not all modules have a basis. If a module has a basis, it is a called
a free module [8].
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Consider an n-dimensional vector space V over the real numbers. The pseudo-
complexification V P of this vector space is defined as

V P = {X + I Y |X, Y ∈ V }. (24)

Let {e1, e2, . . . , en} be a basis of V . Let X = Xi ei and Y i ei be two vectors. Since
the vector space is defined over the real numbers, it holds Xi , Y i ∈ R for all i . The
pseudo-complexified element is given by

X + I Y = Xi ei + I Y i ei =
(

xi
R + I xi

I

)
ei = xi ei , (25)

where we have identified the pseudo-complexified sum of the components of the vec-
tors X, Y ∈ V with the pseudo-complex components of the element X + I Y ∈ V P. It
directly follows, that a basis of V is also a basis of V P, which is thus a freemodule [8].

3 Pseudo-complex General Relativity

3.1 Pseudo-complex Lorentz Group

The pseudo-complex extension SOP(1, 3) of the proper part of the Lorenz group
SO(1, 3) is constructed by considering the finite transformations

SOP(1, 3) = {
exp[ωμν Lμν]

}
. (26)

Here ωμν are the pseudo-complex transformation parameters, and Lμν are the gen-
erators of the real Lorentz algebra. Writing ωμν in terms of the {σ±} basis, we obtain
for Λ ∈ SOP(1, 3)

Λ = exp
[
ωμν Lμν

] = exp
[
(ω

μν
R + Iωμν

I )Lμν

] = exp
[
ω

μν
+ Lμνσ+ + ω

μν
− Lμνσ−

]

= exp
[
ω

μν
+ Lμν

]
σ+ + exp

[
ω

μν
+ Lμν

]
σ− = Λ+σ+ + Λ−σ−, (27)

where Λ± are real finite Lorentz transformation. It follows, that

SOP(1, 3) = SO+(1, 3) ⊗ SO−(1, 3), (28)

where SO±(1, 3) is constructed from the real proper Lorentz group bymultiplication
with σ±.

Using ω
μν
± = ω

μν
R ± ω

μν
I we can rewrite Λ ∈ SOP(1, 3) as

Λ = exp
[
(ω

μν
R + ω

μν
I )Lμν

]
σ+ + exp

[
(ω

μν
R − ω

μν
I )Lμν

]
σ−

= (
exp

[
ω

μν
I Lμν

]
σ+ + exp

[−ω
μν
I Lμν

]
σ−

)



An Introduction to the Mathematics of Pseudo-complex General Relativity 271

× (
exp

[
ω

μν
R Lμν

]
σ+ + exp

[+ω
μν
R Lμν

]
σ−

)

=
(
Λ

(2)
+ σ+ + Λ

(2)
− σ−

)
×

(
Λ

(1)
+ σ+ + Λ

(1)
− σ−

)
= Λ(2)Λ(1), (29)

whereΛ
(1)
± andΛ

(2)
± are again real proper Lorentz transformations, withΛ

(1)
− = Λ

(1)
+

and Λ
(2)
− = (Λ

(2)
+ )−1.

Since

Λ(1) = exp
[
ω

μν
R Lμνσ+ + ω

μν
R Lμνσ−

] = exp
[
ω

μν
R Lμν

]
,

Λ(2) = exp
[
ω

μν
I Lμνσ+ − ω

μν
I Lμνσ−

] = exp
[
Iωμν

I Lμν

]
, (30)

it follows that every pseudo-complex Lorentz transformation Λ can be written as a
product of a real Lorentz transformation Λ(1) and a pseudo-complex Lorentz trans-
formation Λ(2) with purely pseudo-complex parameters [11]. It holds

Λ(2) = 1

2

(
Λ

(2)
+ + (Λ

(2)
+ )−1

)
+ I

1

2

(
Λ

(2)
+ − (Λ

(2)
+ )−1

)
= Λ

(2)
R + IΛ(2)

I . (31)

Let us consider a set of real orthonormal frame vectors ea [10, 11]. As shown in the
last paragraph, the application of a pseudo-complex Lorentz transformation can be
split up into the application of first a real and second a pure pseudo-complex Lorentz
transformation. We thus restrict our considerations to the latter case. By applying
Λ(2) to the vectors ea we obtain the new, now pseudo-complex, frame vectors Ea ,

Ea = Λ(2)ea =
(
Λ

(2)
R + IΛ(2)

I

)
ea = Λ

(2)
R (I + l Iθ) ea, (32)

with

θ = 1

l
(Λ

(2)
R )−1Λ

(2)
I . (33)

Here l is a scalar parameter with the dimension of a length. Let nowΛ
(2)
+ be a boost in

the direction 1 with rapidity φ. From Eq. (31) it follows that θ10 = θ01 = 1
l tanh[φ],

and all other components of θ vanish [11]. In [11] the tensor θ has been identified
with the Frenet-Serret tensor of a co-moving system along the world line of an
accelerated observer [9]. It follows that the form of θ implies a maximal value for
the acceleration [10], which is, using the limit tanh[φ] → 1 for φ → ∞,

θ10 = 1

l
tanh[φ] ≤ 1

l
. (34)

Following the arguments in [10, 11], we conclude that the pseudo-imaginary compo-
nent of the group parameter ω

μν
I leads to the appearance of a maximal acceleration,

and thus, the theory contains a minimal length scale.
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3.2 Mapping to the Real Part and Modification
of the Variational Principle

In the last section we have shown that the pseudo-complex extension of the Lorentz
group is given by the product structure

SOP(1, 3) = SO+(1, 3) ⊗ SO+(1, 3) ⊃ SO(1, 3), (35)

which contains the real Lorentz group SO(1, 3) as a subgroup. When acting on
functions of pseudo-complex coordinates x = xR + I xI , the representation of the
generators of the Lorentz group is given by L̂μν = x̂μ p̂ν − x̂ν p̂μ where p̂μ = �

i Dμ

is the pseudo-complex momentum operator. We can write both x̂μ and p̂μ using the
{σ±} basis and obtain again a product structure as in Eq. (35). The mapping of this
representation of the pseudo-complex Lorentz transformation to the representation
of the real subgroup SO(1, 3) is obtained by

exp
[
ωμν L̂μν

]
→ exp

[
ω

μν
R L̂ R

μν

]
, (36)

where L̂ R
μν is obtained from L̂μν by replacing the pseudo-complex coordinate and

momentum operators by their pseudo-real parts, that is x̂μ → x̂ R
μ , and p̂μ → p̂R

μ

[4, 10].
In the following we will always adopt this mapping from a pseudo-complex to

a real (physical) expression. As an example consider a pseudo-complex function
f (x, A), which depends on a pseudo-complex coordinate x andparameter A. Extract-
ing the real value of this function is then obtained by replacing x → xR , and A → AR

in f [4]. Using this approach we have already assumed, that the respective function
maps a pseudo-complex number to a real number, or that it can be expressed as a
real function with a pseudo-complex argument.

We have shown that the pseudo-complex numbers intrinsically display a product
structure, which becomes apparent in terms of the {σ±} basis. In a pseudo-complex
formulation of General Relativity this enables us to define two metric tensors, one
in σ+, and the other one in the σ− sector, and then to construct a standard General
Relativity in each sector. In order to obtain more than two independent theories in
the σ+ and the σ− sector, we have to add another ingredient. This ingredient is given
by a modification of the variational principle. We demand that the variation of the
action does not vanish, but lies in the zero divisor as a ‘generalized zero’, that is

δS ∈ P. (37)

For a more detailed account of this modified variational principle consult [4, 10].

3.3 Formulation of Pseudo-complex General Relativity

In the pseudo-complexGeneralRelativity, the space-time coordinates Xμ are pseudo-
complex numbers [3, 4]. The pseudo-real components are identified with the real
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space-time components Xμ
R = xμ, while the pseudo-imaginary components are

given by (l/c)uμ, proportional to the tangent vector at a given space-time point,
which can be identified in case of a world line of a particle with its four-velocity. The
parameter l is introduced for dimensional reasons and has the the units of a length.
Note that the mapping from pseudo-complex numbers to real numbers as presented
in the last section corresponds to setting l = 0.

In the pseudo-complex General Relativity the metric has a pseudo-real and a
pseudo-imaginary component, or the zero-divisor components,

gμν = gR
μν + IgI

μν = g+
μνσ+ + g−

μνσ−. (38)

Here the metric is assumed to be symmetric. Due to the division into the σ±-sectors
we can define a standard General Relativity in both sectors, but with a different
symmetric metric. Thus, parallel displacements, connections, four derivatives, etc.,
are defined in exactly the same way as in standard General Relativity. Also, the
four-derivative of the metric is zero, permitting the definition of a universal pseudo-
complex metric (for details, see [3]).

Due to the modified variational principle, the new Einstein equation is given by

Rμν − 1

2
gμνR = −8πκ

c2
T μν

− σ−, (39)

where we have chosen the right hand side to be proportional to σ−. We choose the
variation of the action proportional to σ− and note that using σ+ results in the same
description, only with an exchange of the σ+ and σ− component. The notation on
the right hand side is intentional, because the requirement that a function is within
the zero-divisor introduces in the σ− component a function, which can be associated
to the energy of a yet to be determined field. As shown in [3] this term is responsible
for the disappearance of the black hole (and the singularity), producing an anti-
gravitational effect for high central mass density, which halts the collapse of the
mass distribution.

As amapping to physical real results, we use the procedure as introduced in the last
section. Once a pseudo-complex function in terms of the coordinates andmomenta is
given, itsmapping is obtained by substituting all pseudo-complex variables,momenta
(velocities) and parameters of the theory by their pseudo-real parts. Also possibly
appearing parameters in these functions, like the transformation parameters ωμν in
a finite Lorentz transformation, have to be substituted by their pseudo-real part.

In general, let us denote by G± the geometrical space of the σ± component.
The zero-divisor metric components are given by g±

μν . The two geometrical spaces
commute due to the property of the σ± operators. This we denote via G+ ⊗ G−
which is finally reduced by the mapping to the real geometrical space G, i.e.

G+ ⊗ G− ⊃ G. (40)

Again, the mapping corresponds to set within the metric all contributions, which are
proportional to powers in l, to zero.
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For the metric, the final mapping is achieved by

gμν(X, A) → gμν(x, AR), (41)

where X , x is a shorthand notation for Xμ, xμ and A, AR for a set of pseudo-complex
Aμ and pseudo-real parameters Aμ

R respectively.

4 Conclusions

In this contributionwe gave in length an introduction to themathematical background
of pseudo-complex General Relativity, which in this detail is usually not possible in
a paper published in a regular journal. In one section we gave a detailed review on the
pseudo-complex numbers/variables, with rules of calculations. As shown, these rules
are very similar to standard complex analysis, with slight but important variations.
In the following section the basis ingrediences of pc-GR were reviewed in detail and
the mapping to the four-dimensional coordinate space was explained.
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The Gauge Principle in Covariant
Hamiltonian Field Theory

Hermine Reichau and Jürgen Struckmeier

Abstract In this contribution, a canonical transformation theory is presented that
is worked out on the basis of the covariant Hamiltonian field theory in local coor-
dinate description. To provide an unique covariant Hamilton approach in the realm
of gauge theory, a method is shown, that makes it possible to render every globally
gauge invariant Hamiltonian density into a locally gauge invariant Hamiltonian, and
subsequently into a Lagrangian density. On the basis of the example of the globally
gauge invariant Dirac Lagrangian density, the corresponding locally gauge invariant
system is derived by means of the canonical transformation approach.

1 Introduction

Gauge theories are commonly formulated on the basis of a Lagrangian density
[4, 5, 9]. Based on the pioneering work of De Donder and Weyl [1, 15], these
theories also can be formulated as canonical transformations of a Hamiltonian den-
sity that is related to a corresponding Lagrangian density by a covariant Legendre
transformation.

The covariant Hamiltonian density H then is defined to depend on a set of conju-
gate 4-vector fields π

μ
I that represent the dual quantities of the four derivatives ∂μφI

of the Lagrangian density L (φI , ∂μφI , xμ), such that H = H (φI , π
μ
I , xμ). Cor-

responding to the Euler-Lagrange equations of field theory, the canonical field equa-
tions then take on a symmetric form with respect to the four independent variables of
space-time. This approach is commonly referred to as multisymplectic field theory
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[3, 7, 11]. Mathematically, multisymplectic Hamiltonian field theory is formulated
in terms of modern differential geometry [6, 12]. This approach raises a couple of
mathematical issues that are not yet clarified [2]. Therefore much of the discussion
in covariant Hamiltonian field theory is shifted into the realm of mathematics. In this
approach, the differential geometry path is not pursued. Instead a local coordinate
treatise of De Donder’s and Weyl’s covariant Hamiltonian field theory is provided.
The local description makes it possible to confine mathematical efforts to the level of
tensor calculus. Nevertheless, the description is chart-independent and thus applies
to all local coordinate systems. With this property, the description is sufficiently
general from a physical point of view.

The standard model of particle physics is a quantum gauge field theory, which is
currently seen as providing the description of the fundamental set of particles [10,
13]. This gauge theory is a physical field theory which complies with a local gauge
symmetry, also called gauge invariance or gauge principle [14]. The interaction of
particle fields in the standard model is described to emerge from gauge symmetries.
As these symmetry transformations are supposed to map physical systems into phys-
ical systems, gauge theories can elegantly and most generally be formulated in terms
of canonical transformations in the realm of covariant Hamiltonian field theory.

2 Local Coordinate Representation of Relativistic
Field Theory

To obtain a covariant Hamiltonian density it is not sufficient to apply the conventional
Legendre transformation with respect to the time derivative ∂tφ of a field φ(t, x, y, z),
since this will abandon the equal footing of space and time variables. Instead,
the covariant Legendre transformation—first introduced by De Donder and Weyl
[1, 15]—is applied, which retains the equal footing of space and time variables of
the Lagrangian description. To this end, a four-vector of conjugate momentum fields
must be defined such that π

μ
I establishes the dual quantity of the derivatives ∂μφI ,

hence

π
μ
I = ∂L

∂
(
∂μφI

) ≡ ∂L

∂
(

∂φI
∂xμ

) . (1)

The covariant Hamiltonian as the covariant Legendre transform of L (φI , ∂φI , x) is
then given by

H (φI , πI , x) = πα
J
∂φJ

∂xα
− L (φI , ∂φI , x) (2)

The covariant Hamiltonian densityH (φI , πI , x) is also referred to as the De Donder-
Weyl Hamiltonian density. From H , the complete set of covariant canonical field
equations is obtained as
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∂H

∂φI
= −∂L

∂φI
= − ∂

∂xα

∂L

∂ (∂αφI )
= −∂πα

I

∂xα

∂H

∂π
μ
I

= δI J δα
μ

∂φJ

∂xα
= ∂φI

∂xμ
⇐⇒ ∂L

∂
(
∂μφI

) = πα
J δI J δμ

α = π
μ
I . (3)

Provided that L is a Lorentz scalar, which means that its form is invariant with
respect to Lorentz transformations, this property is passed to the Hamiltonian by the
covariant Legendre transformation.

Therefore, the covariant Legendre transformation allows to formulate a canonical
transformation theory for fields. A transformation of fields (φ, π)) �→ (Φ,Π) is
called canonical if the variational principle based on the action functional is main-
tained

δ

∫

R

(
πα

I
∂φI

∂xα
− H (φ, π, x)

)
d4x

!= δ

∫

R

(
Πα

I
∂ΦI

∂xα
− H (Φ,Π, x)

)
d4x . (4)

For this condition to hold, the integrands my differ by the divergence of a vector field
Fμ

1 , with

δ

∫

R

∂ Fα
1

∂xα
d4x = δ

∮

∂ R

Fα
1 d Sα

!= 0 (5)

This is called integrand condition, which means, that the variation of the divergence
must vanish on the boundary ∂ R of the integration region within space-time. As
a consequence of the form invariance of the variational principle, the form of the
covariant canonical field equations is maintained

∂H ′

∂Π
μ
I

= ∂ΦI

∂xμ
,

∂H ′

∂ΦI
= −∂Πα

I

∂xα
. (6)

The condition for Lagrangian densities then is

L = L ′ + ∂ Fα
1

∂xα
, (7)

which means that any Lagrangian is defined up to the divergence of an arbitrary vector
function, referred to as a generating function. In terms of a Hamiltonian density, the
condition (4) is

πα
I

∂φI

∂xα
− H (φ, π, x) = Πα

I
∂ΦI

∂xα
− H ′ (Φ,Π, x) + ∂ Fα

1

∂xα
(8)

The local coordinate representation of the field transformation rules from a gen-
erating function Fμ

1 = Fμ
1 (φ,Φ, x) is obtained by comparing the coefficients in

Eq.(8)
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π
μ
I = ∂ Fμ

1

∂φI
, Π

μ
I = −∂ Fμ

1

∂ΦI
, H ′ = H + ∂ Fμ

1

∂xα

∣
∣
∣
∣
expl

. (9)

The symmetry relations between the original and the transformed fields follow as

∂π
μ
I

∂ΦJ
= ∂2 Fμ

1

∂φI ∂ΦJ
= −∂Π

μ
J

∂φI
. (10)

Having set up one of the four possible generating functions, the remaining three can
be attained by means of Legendre transformations. The complete set of all covariant
canonical transformation rules can be summarized as

π
μ
I = ∂ Fμ

1

∂φI
, Π

μ
I = −∂ Fμ

1

∂ΦI
, H ′ = H + ∂ Fα

1

∂xα

∣
∣
∣
∣
expl.

π
μ
I = ∂ Fμ

2

∂φI
, ΦI δ

μ
ν = ∂ Fμ

2

∂Πν
I
, H ′ = H + ∂ Fα

2

∂xα

∣
∣
∣
∣
expl.

Π
μ
I = − ∂ Fμ

3

∂ΦI
, φI δ

μ
ν = −∂ Fμ

3

∂πν
I

, H ′ = H + ∂ Fα
3

∂xα

∣
∣
∣
∣
expl.

ΦI δ
μ
ν = ∂ Fμ

4

∂Πν
I
, φI δ

μ
ν = −∂ Fμ

4

∂πν
I

, H ′ = H + ∂ Fα
4

∂xα

∣
∣
∣
∣
expl.

. (11)

The complete set of symmetry relations between original and transformed fields is
then given by

∂π
μ
I

∂ΦJ
= ∂2 Fμ

1

∂φI ∂ΦJ
= −∂Π

μ
J

∂φI

∂π
μ
I

∂Πν
J

= ∂2 Fμ
2

∂φI ∂Πν
J

= ∂ΦJ

∂φI
δμ
ν

∂Π
μ
I

∂πν
J

= − ∂2 Fμ
3

∂ΦI ∂πν
J

= ∂φJ

∂ΦI
δμ
ν

∂φI

∂Π
β
J

= − ∂2 Fμ
4

∂πα
I ∂Π

β
J

= −∂ΦJ

∂πα
I

δ
μ
β . (12)

3 Example Part I: Dirac Hamiltonian Density

As an example for the application of the covariant Hamilton formalism in local
coordinate description consider the conventional Dirac Lagrangian density LD ,
given by
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LD = i ψγ α ∂ψ

∂xα
− mψψ, � = c = 1. (13)

It is possible to render this Lagrangian symmetric in ψ,ψ by combining the adjoints

LD = i

2

(

ψγ α ∂ψ

∂xα
− ∂ψ

∂xα
γ αψ

)

− mψψ. (14)

As a test, it can be seen that both Lagrangians, (13) and (14), yield the same Euler-
Lagrange equations

iγ α ∂ψ

∂xα
− mψ = 0, i

∂ψ

∂xα
γ α + mψ = 0. (15)

As the Lagrangians are linear in the derivatives of the fields, the Hessians of these
Lagrangian densities are zero,

det

[
∂2LD

∂
(
∂μψ

)
∂

(
∂νψ

)

]

= 0. (16)

Thus, the Hesse matrices are singular and, consequently, a Legendre transform does
not exist. With Eq. (7), a Lagrangian density is determined up to the divergence of
an arbitrary vector function. Thus, one can add to LD the divergence

∂ Fβ

∂xβ
= ∂ψ

∂xα

iσαβ

3m

∂ψ

∂xβ
, σαβ ≡ i

2

(
γ αγ β − γ βγ α

)
, (17)

which does not modify the subsequent Euler-Lagrange equations. Now, it is possible
to create a regularized Dirac Lagrangian density L ′

D = LD + ∂ Fβ/∂xβ . Making
use of the algebra of the γ matrices, this yields

L ′
D =

(
∂ψ

∂xα
− im

2
ψγα

)
iσαβ

3m

(
∂ψ

∂xβ
+ im

2
γβψ

)
. (18)

Now

det

[
∂2L ′

D

∂
(
∂μψ

)
∂ (∂νψ)

]

= det

[
iσμν

3m

]
�= 0 since det σμν = 1, ν �= μ (19)

shows that the Hessian is no longer singular and thus the covariant Legendre trans-
formation exists. Defining first the four-vector of conjugate momentum fields,
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πμ = ∂L ′
D

∂
(
∂μψ

) = i

2
ψγ μ + ∂ψ

∂xα

iσαμ

3m

πμ = ∂L ′
D

∂
(
∂μψ

) = − i

2
γ μψ + iσμα

3m

∂ψ

∂xα
, (20)

the covariant Dirac Hamiltonian density is finally obtained as

HD =
(

πα − i

2
ψγ α

)
3mταβ

i

(
πβ + i

2
γ βψ

)
+ mψψ, (21)

where τμα denotes the inverse of σαν , τμασαν = δν
μ1.

4 General U(N) Gauge Transformations

Given a Hamiltonian system H that is form-invariant under a global gauge transfor-
mation, the covariant canonical transformation formalism is now applied to determine
the corresponding Hamiltonian H3 that is form-invariant under U (N ) local gauge
transformations. This procedure will be worked out in the following in three steps.

Firstly, the canonical gauge transformation has to be defined by introducing a
vector φφφ of N complex fields φI , I = 1, . . . , N and φφφ as its adjoined vector field

φφφ =
⎛

⎜
⎝

φ1
...

φN

⎞

⎟
⎠ , φφφ = (

φ1 · · · φN
)
. (22)

A general local, linear transformation then can be expressed in terms of a dimen-
sionless complex matrix U (x) = (

uI J (x)
)

and its adjoint U †(x) = (
uI J (x)

)
that

generally depend explicitly on the independent variables xμ, as

ΦΦΦ = Uφφφ, ΦΦΦ = φφφU †, ΦI = uI J φJ , Φ I = φ J u J I . (23)

With this notation, φφφ stands for a set of I = 1, . . . , N complex scalar fields φI or
Dirac spinors. In other words, U is supposed to define an isomorphism within the
space of the φI , hence to linearly map the φI into objects of the same type. The
transformations will be restricted to those which preserve the norm φφφφφφ

ΦΦΦΦΦΦ = φφφU †Uφφφ = φφφφφφ =⇒ U †U = 1 = UU †

Φ I ΦI = φ J u J I u I K φK = φK φK =⇒ u J I u I K = δJ K = u J I u I K . (24)

The transformation in Eq. (23) follows from a generating function that, corresponding
to H , must be a real-valued function of the generally complex fields φI and their
canonical conjugates, π

μ
I ,
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Fμ
2 (φφφ,φφφ,ΠΠΠμ,ΠΠΠ

μ
, x) = Π

μ

K uK J φJ + φK uK J Π
μ
J . (25)

The set of transformation rules follows as

π
μ
I = ∂ Fμ

2

∂φI
= Π

μ

K uK J δJ I , Φ I δ
μ
ν = ∂ Fμ

2

∂Πν
I

= φK uK J δμ
ν δJ I

π
μ
I = ∂ Fμ

2

∂φ I
= δI K uK J Π

μ
J , ΦI δ

μ
ν = ∂ Fμ

2

∂Π
ν

I

= δμ
ν δI K uK J φJ . (26)

The complete set of transformation rules and their inverses then read in component
notation

ΦI = uI J φJ , Φ I = φ J u J I , φI = uI J ΦJ , φ I = Φ J u J I ,

Π
μ
I = uI J π

μ
J , Π

μ

I = π
μ
J u J I , π

μ
I = uI J Π

μ
J , π

μ
I = Π

μ

J u J I . (27)

5 From Global to Local Gauge Invariance

The given covariant Hamiltonian density H is supposed to be form-invariant under
the global gauge transformation (27), which is given for U = const., hence for
all uI J not depending on the independent variables xμ. In contrast, if U = U (x),
then the transformation in Eq. (27) is referred to as a local gauge transformation.
The transformation rule for the Hamiltonian is then determined by the explicitly
xμ-dependent terms of the generating function Fμ

2 from Eq. (25) according to

H ′ − H = ∂ Fα
2

∂xα

∣
∣
∣
∣
expl

= (
πα

K φJ − φK πα
J

)
uK I

∂uI J

∂xα
. (28)

To set up a Hamiltonian H1 that is form-invariant under local, hence xμ-dependent
transformations, the terms in Eq. (28) have to be compensated by the additional term

Ha = ig
(
πα

K φJ − φK πα
J

)
aK Jα (29)

where g is a real valued coupling constant, which means that also the interaction
Hamiltonian Ha is real. The amended Hamiltonian then reads

H1 = H + Ha . (30)

Submitting the amended Hamiltonian H1 to the canonical transformation generated
by the generating function in (25), the new Hamiltonian H ′

1 turns out to be
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H ′
1 = H1 + ∂ Fμ

2

∂xα

∣
∣
∣
∣
expl

= H + Ha + ∂ Fμ
2

∂xα

∣
∣
∣
∣
expl

= H + (
πα

K φJ − φK πα
J

)
(

igaK Jα + uK I
∂uI J

∂xα

)

!= H ′ +
(
Π

α

K ΦJ − ΦK Πα
J

)
ig AK Jα (31)

As the system Hamiltonian H is supposed to be invariant under global gauge trans-
formations, one has H ′ = H . Therefore, the gauge fields must satisfy the transfor-
mation rule

AK Jμ = uK L aL Iμ uI J − i

g

∂uI K

∂xμ
uI J . (32)

With the knowledge of the required transformation rule for the gauge fields, it is
now possible to redefine the generating function from (25) to also describe the gauge
field transformation. According to the general rules for canonical transformations
generated by functions of type Fμ

2 from Eq. (11), the transformation rules for the
complex fields φI and their conjugates, π

μ
I in conjunction with the rule (32) for the

gauge fields aL Iμ emerges from the amended generating function

F̃μ
2 = Π

μ

K uK J φJ + φK uK J Π
μ
J + Pαμ

J K

(
uK LaL IαuI J − i

g

∂uK I

∂xα
uI J

)
. (33)

The transformation of the momentum fields pαμ
I L of the gauge fields aL Iα is obtained

from this generating function as

pαμ
I L = ∂ F̃μ

2

∂aL Iα
= uI J Pαμ

J K uK L . (34)

Working out the difference of the Hamiltonians that are submitted to the canonical
transformation generated by (33) means to calculate the divergence of the explicitly
xμ-dependent terms of F̃μ

2 .

H ′
2 = H2 + ∂ F̃μ

2

∂xα

∣
∣
∣
∣
∣
expl

. (35)

All terms depending on the uI J and their derivatives must then be expressed through
the physical fields φI , φ I , aI Jμ and their respective conjugates by means of the canon-
ical transformation rules. In summary, the form-invariant amended Hamiltonian then
follows as

H2 = H + Ha + Hb. (36)
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with

Hb = 1

2
pαβ

J K

[
∂aK Jα

∂xβ
+ ∂aK Jβ

∂xα
− ig

(
aK IαaI Jβ − aK IβaI Jα

)
]

. (37)

In the last step a kinetic term must be added to ensure the consistency of the canonical
transformation rules with the subsequent field equations. This requirement uniquely
determines the kinetic term as

Hc = −1

4
pαβ

J K pK Jαβ. (38)

Concluding, any given Hamiltonian H that is globally form-invariant under the
SU(N ) symmetry transformation (23) of the fields φI , φ I is uniquely converted into
a corresponding locally form-invariant Hamiltonian H3 by amending H with Hg ,

H3 = H + Hg, Hg = Ha + Hb + Hc, (39)

or, explicitly

H3 = H − 1

4
pαβ

J K pK Jαβ + ig
(
πα

K φJ − φK πα
J

)
aK Jα

+ 1

2
pαβ

J K

[
∂aK Jα

∂xβ
+ ∂aK Jβ

∂xα
− ig

(
aK IαaI Jβ − aK IβaI Jα

)
]

. (40)

6 Locally Gauge-Invariant Lagrangian Density

A corresponding local gauge invariant Lagrangian density from a given globally
gauge-invariant HamiltonianH

(
φ I , φI , π I , πI , x

)
can be obtained by the Legendre

transformation

L3 = πα
K

∂φK

∂xα
+ ∂φK

∂xα
πα

K + pαβ
J K

∂aK Jα

∂xβ
− H3, H3 = H + Hg, (41)

where

pαβ
J K

∂aK Jα

∂xβ
− Hg = ig

(
πα

K φJ − φK πα
J

)
aK Jα − 1

4
pαβ

J K pK Jαβ. (42)

Therefore, the locally gauge-invariant Lagrangian for any given globally gauge-
invariant Hamiltonian H

(
φ I , φI , π I , πI , x

)
is given by

L3 = −1

4
pαβ

J K pK Jαβ+πα
K

(
∂φK

∂xα
− igaK JαφJ

)
+

(
∂φK

∂xα
+ igφ J aJ Kα

)

πα
K −H .

(43)
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7 Example Part II: Dirac Hamiltonian Density

To show an application of this method, the globally form-invariant Dirac Hamiltonian
density from Eq. (21) is rendered locally form-invariant by addingHg from Eq. (40),
which yields

H3,D =
(

πα
I − i

2
ψ I γ

α

)
3mταβ

i

(
π

β
I + i

2
γ βψI

)
+ mψ I ψI

− 1

4
pαβ

J K pK Jαβ + ig
(
πα

K ψJ − ψ K πα
J + pαβ

J I aI Kβ

)
aK Jα. (44)

By the Legendre transformation in Eq. (41), the related locally gauge-invariant Dirac
Lagrangian Density is found to be

L3,D =
(

∂ψ I

∂xα
+ igψ J aJ Iα − im

2
ψ I γα

)
iσαβ

3m

(
∂ψI

∂xβ
− igaI KβψK + im

2
γβψI

)

− 1

4
pαβ

J K pK Jαβ, (45)

wherein pK Jαβ no longer represents a canonical variable but abbreviates the
Lagrangian quantity

pK Jμν = ∂aK Jν

∂xμ
− ∂aK Jμ

∂xν
+ ig

(
aK Iν aI Jμ − aK Iμ aI Jν

)
. (46)

From this locally form-invariant Lagrangian density the Euler-Lagrange equations
are obtained as

iγ α ∂ψI

∂xα
+ gγ αaI KαψK − mψI − g

6m
pI KαβσαβψK = 0

i
∂ψ I

∂xα
γ α + gψK aK Iαγ α − mψ I − g

6m
ψ K σαβ pK Iαβ = 0. (47)

The gauge-invariant Dirac equation contains an additional term that is proportional
to pI Kαβ , hence to the canonical momenta of the gauge fields aI Kα . This term is
separately gauge invariant. One thus encounters the description of the coupling of the
anomalous magnetic moments of the fermions to the gauge bosons, i.e., a spin-gauge
field coupling.

For the case of a system with a single spinor ψ representing a fermion of mass me,
hence for the U (1) gauge group, the locally gauge-invariant Dirac equation reduces
to

iγ α ∂ψ

∂xα
+ gγ αaαψ − mψ + μB

3

(
∂aβ

∂xα
− ∂aα

∂xβ

)
σαβψ = 0, (48)
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with μB = g/2me the Bohr magneton. This term is invariant under the combined
gauge transformation of base and gauge fields

aμ(x) �→ Aμ(x) = aμ(x) + 1

g

∂Λ(x)

∂xμ
, ψ(x) �→ Ψ (x) = ψ(x)eiΛ(x) (49)

with the spin-gauge field coupling term being separately gauge invariant. Here, the
additional term corresponds to a coupling of the electromagnetic field with the spin-
induced magnetic moment of the fermion represented by ψ , commonly referred to
as Pauli coupling term. It is remarkable that Pauli interaction necessarily emerges
in the context of the Hamiltonian formulation of gauge theory. In the Lagrangian
description, this term is encountered if and only if the minimum coupling rule is
applied to the regularized Lagrangian from Eq. (18).

In this context, it should be remarked that the Pauli-coupling terms in the field
equations in Eq. (47) equally follow from the amended Dirac-Lagrangian

L3,Pauli = i

2
ψ I γ

α

(
∂ψI

∂xα
− igaI KαψK

)
− i

2

(
∂ψ I

∂xα
+ igψ J aJ Iα

)

γ αψI − mψ I ψI

− 1

2
�ψ J pJ KαβσαβψK − 1

4
pαβ

J K pK Jαβ (50)

if the coupling constant �[L] with � = g/3me. The addition of the term proportional
to � was proposed by Pauli [8]. It can be shown that the gauge-invariant Lagrangian
from Eq. (45) and Pauli’s amended Lagrangian from Eq. (50) yield the same classical
field equations for the gauge fields aJ Kμ. But, the term inducing Pauli coupling in the
Lagrangian of Eq. (50) is not consistent with the minimal coupling rule. In contrast,
with the locally gauge-invariant Lagrangian L3,D from Eq. (45) a description of
Pauli coupling was derived that conforms with the minimal coupling rule. While both
Lagrangians yield the same classical field equations, the QFT processes emerging
from both Lagrangians are different. The Pauli-coupling term in the Lagrangian
L3,D was obtained from canonical gauge theory—rather than being postulated—
and is consistent with the minimum coupling rule.

8 Conclusions

A consistent local coordinate description of the canonical formalism in covariant
Hamiltonian field theory has been worked out. In this context a consistent formalism
of canonical transformations was derived. On that basis, the procedure to amend
a given globally gauge-invariant Hamiltonian H in order to render the resulting
system Hamiltonian H3 locally gauge invariant has been derived.
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Combining Quantum Electrodynamics
and Electron Correlation

Ingvar Lindgren, Sten Salomonson, Daniel Hedendahl
and Johan Holmberg

Abstract There is presently a large interest in studying highly charged ions in order
to investigate the effects of quantum-electrodynamics (QED) at very strong fields.
Such experiments can be performed at large accelerators, like that at GSI in Darm-
stadt, where the big FAIR facility is under construction. Accurate experiments on
light and medium-heavy ions can also be performed by means of laser and X-ray spec-
troscopy. To obtain valuable information, accurate theoretical results are required to
compare with. The most accurate procedures presently used for calculations on sim-
ple atomic systems are (i) all-order many-body perturbative expansion with added
first-order analytical QED energy corrections, and (ii) two-photon QED calculations.
These methods have the shortcoming that the combination of QED and correlational
effects (beyond lowest order) is completely missing. We have developed a third
procedure, which can remedy this shortcoming. Here, the energy-dependent QED
effects are included directly into the atomic wave function, which is possible with
the procedure that we have recently developed. The calculations are performed using
the Coulomb gauge, which is most appropriate for the combined effect. Since QED
effects, like the Lamb shift, have never been calculated in that gauge, this has required
some development. This is now being implemented in our computational procedure,
and some numerical results are presented.

1 Introduction

Highly charged ions are frequently used to investigate QED effects at strong fields,
for instance at the GSI facility at Darmstadt, where H-, He-, Li-, and Be-like ions up
to uranium can be produced.

If theory is trusted, comparison between theory and experiment can yield infor-
mation about nuclear structure, fundamental constants, etc. One example is the
proton radius, where the established value, 0.8775(51) fm, is obtained from electron-
scattering data and by comparing theory and experiment for atomic hydrogen [1].
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Table 1 Theoretical value of
the electronic g-factor of C5+ Dirac theory 1.998 721 354 39(1)

QED 0.002 320 235 79(3)

Total theory 2.001 041 590 18(3)

Table 2 Transition
1s2s1 S0 − 1s2p3 P1 in
He-like Si (cm−1) (1eV �
8,000 cm−1)

References

Expt’l 7230.585(6) DeVore et al. [5]

RMBPT 7231 Plante et al. [6]

QED 7229(2) Artemyev et al. [7]

Table 3 Transition
1s2 1S0 − 1s2p 1 P1 in
He-like ions (eV)

Z Artemyev et al. [7] Plante et al. [6] Experimental

18 3139.582 3139.580 3139.553(38)

22 4749.644(1) 4749.639 4749.85(7)

36 13026.117(4) 13026.044 13026.8(3)

(Recently, new measurements on muonic hydrogen have yielded a significantly
smaller value, 0.8409(4) fm [2], and the reason for this discrepancy is presently
not understood.)

Another example is the measurement of the electronic g-factor of hydrogen-like
ions (see Table 1), which can be determined with high precision by means of a single-
ion trap [3]. From this comparison the value of the electron mass was deduced, 0.000
548 579 909 3(3) atomic mass units, which was four times more accurate than the
previously accepted value [4].

One question that can be raised here is, of course, to what extent QED can be
trusted? Is there a limit, and, if so, what is causing it? Accurate tests of QED can
help answering these fundamental questions.

Besides heavy-ion experiments, interesting results can also be achieved by means
of laser and X-ray spectroscopy. Some experimental data can be much more accu-
rate than corresponding theoretical evaluations (see Table 2). Here, there is a great
challenge to try to improve on the theoretical results.

In Table 3 we compare some X-ray data with accurate theoretical calculations
for some medium-heavy helium like ions. The experimental values are taken from
Ref. [7]. Here, we see that significant deviations can appear.

An interesting question is here how the accuracy of the theoretical calculations
could be improved? For most atomic and molecular systems the electron correlation is
the dominating perturbation. Therefore, a natural starting point is a procedure where
this effect is treated to high order. The standard procedure is then to add first-order
QED effects to the energy. In many cases this procedure yields sufficiently accurate
results [6]. In order to reach beyond that level, however, it is necessary to include
the QED perturbations into the wave function. Since most QED effects are time or
energy dependent, this requires a time/energy-dependent perturbation procedure.



Combining Quantum Electrodynamics and Electron Correlation 289

An alternative procedure that is also frequently used is the two-photon QED proce-
dure, which in many cases leads to quite accurate results [7]. It has the disadvantage,
however, that the electron correlation is included only to lowest order.

We have developed a procedure based upon a perturbation expansion, where the
electron correlation is essentially carried to all orders and with QED corrections
included in the wave function—a procedure that is presently being implemented.
We believe this has the potential of yielding higher accuracy than methods presently
employed. Before describing this procedure, we shall as a background review the
standard time-independent methods.

2 Time-Independent Methods for Atomic Calculations

2.1 Non-QED Methods

2.1.1 Standard Many-Body Perturbation Theory (MBPT)

We consider a number of “target states”, satisfying the Schrödinger equation [8]

HΨ α = EαΨ α (α = 1 . . . d). (1)

For each target state there exists a model state, which in intermediate normalization
is the projection on the model space

Ψ α
0 = PΨ α (α = 1 . . . d). (2)

A wave operator transforms the model states to the full target states

Ψ α = ΩΨ α
0 (α = 1 . . . d). (3)

An effective Hamiltonian can be defined, so that it generates the exact energies,
operating on the model functions

HeffΨ
α
0 = P HΩΨ α

0 = EαΨ α
0 . (4)

The Hamiltonian is partitioned into a model Hamiltonian and a perturbation

H = H0 + V . (5)

The wave operator satisfies a Bloch equation

[Ω, H0]P = Q[V Ω − ΩW ]linked P, (6)
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Fig. 1 Expanding the
two-body part of the wave
operator (without singles)
leads to the pair function

P

+ +

P

+ · · ·

P

where the subscript “linked” indicates that—under certain general conditions—only
linked diagrams contribute (linked-diagram theorem). Here,

W = PV Ω P (7)

is the “effective interaction”.
The last term of the Bloch equation represents the model-space contribution,

which is the remainder after the singularities due to intermediate model-space states
are eliminated. We shall see that this effect will play an important role in the gener-
alization to energy-dependent formalism that we shall consider below.

2.1.2 All-Order Methods

In the perturbation expansion certain effects, such as the pair correlation, can be
included iteratively to arbitrary order by separating the wave operator by means of
second quantization into one-body, two-body, . . . effects

Ω = Ω1 + Ω2 + · · · (8)

This leads to the coupled equations

[Ωn, H0]P = Q[V Ω − ΩW ]linked,n P . (9)

Expanding the two-body part (without singles) leads to the pair function, illustrated
in Fig. 1.

By means of the exponential Ansatz this leads to the Coupled-Cluster Approach [9].

2.1.3 Multi-Configuration Hartree/Dirac-Fock (MCHF/MCDF)

An alternative to the perturbation expansion is the Multi-Configuration Hartree/
Dirac-Fock Method, where also electron correlation can be included essentially to
all orders [10]. In neither scheme QED effects are included, but first-order QED
effects can be added to the energy.
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Non-radiative effects Radiative effects

Fig. 2 Examples of QED effects

2.1.4 Relativistic MBPT

The standard relativistic MBPT is based upon the Dirac-Coulomb-Breit Approxima-
tion [11]

H = Λ+
[ N∑

i=1

hD(i) +
N∑

i< j

e2

4πri j
+ HB

]
Λ+ , (10)

HB = − e2

8π

N∑

i< j

[αi · α j

ri j
+ (αi · ri j )(α j · ri j )

r3
i j

]
(11)

where the projection operators Λ+ eliminate negative-energy states. This is known
as the No-(Virtual)-Pair Approximation (NVPA).

2.1.5 QED Effects

The effects beyond NVPA are defined as the QED corrections, which are of the order
α3 or higher. They can be separated into (see Fig. 2)

• Non-radiative effects (retardation, virtual pairs)
• Radiative effects (Lamb shift etc.).

2.2 QED Methods

There exist several standard methods for QED calculations, the most frequently used
methods are

• S-matrix formulation [12],
• Two-times Green’s function, developed by Shabaev et al. at St. Petersburg [13],
• Covariant-evolution operator method, developed by the Gothenburg group

[14–16],
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All three methods are in practice limited to two-photon exchange, which implies that
the electron correlation is treated only to lowest order.

3 Time-Dependent Perturbation Theory: Unification of QED
and MBPT

We shall now see how we can go beyond the standard methods, described above, by
means of time-dependent perturbation theory. This will be based upon the Covariant
Evolution Operator (CEO) method mentioned above.

3.1 Covariant Evolution Operator (CEO)

The single-particle Green’s function can be defined (in Heisenberg representation,
T is the Wick time ordering)

G(t, t0) = 〈0H |T [ψ̂H (x)ψ†
H (x0)]|0H 〉

〈0H |0H 〉 . (12)

The single-particle CEO can be defined analogously

UCov(t, t0) =
∫ ∫

d3x d3x0 ψ̂†(x)〈0H |T [ψ̂H (x)ψ̂†
H (x0)]|0H 〉ψ̂(x0) (13)

The Green’s function is a function, while the CEO is an operator (see Figs. 3 and 4).
The covariant evolution operator represents the time evolution of the relativistic

state vector,
ΨRel(t) = UCov(t, t0)ΨRel(t0). (14)

Fig. 3 Graphical
representation of the Green’s
function. The free ends are
electron propagators

Electron prop.

Fig. 4 Graphical
representation of the
covariant evolution operator.
The free lines are
electron-field operators

ψ̂† ψ̂†

ψ̂ ψ̂

ψ̂† ψ̂†

ψ̂ ψ̂
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This is singular due to intermediate model-space states. The regular part is referred
to as the Green’s operator,

UCov(t, t0)P = G (t, t0) ··· PUCov(0, t0)P. (15)

The heavy dot on the right-hand side implies that operators to the left of the dot operate
on the model-space state at the position of the dot. In contrast to the definition of
the Green’s function (Eq. 12 ), the Green’s-operator definition (6) is valid also in the
multi-reference case.

The Green’s operator acts as a time-dependent wave operator

Ψ α(t) = G (t,−∞)Ψ α
0 , (16)

which can be compared to the wave operator of standard MBPT (3).
The Green’s operator satisfies the Bloch-type equation

[G , H0] = VG − G W +
[δ∗G

δE
, H0

]
W , (17)

where the asterisk indicates that the derivation is restricted to the last interaction. The
last two terms represent model-space contributions. This equation can be compared
with the standard Bloch equation (6)

[Ω, H0] = V Ω − ΩW. (18)

Here, we see that the only difference lies in the extra model-space term of Eq. (17),
involving the energy derivative of the interactions. This demonstrates that the per-
turbation expansion based upon the Green’s function is completely compatible with
the standard procedure.

Using the Bloch equation (17) for the Green’s operator, an iterative procedure can
be constructed, where time-independent as well as time-dependent interactions can
be arbitrarily mixed (see Fig. 5). This implies that also second- and higher-order QED
effects can be included, provided that they are reducible, i.e., separable into lower-
order effects. This is illustrated by the last diagram in Fig. 5. To include irreducible
QED effects in the perturbation expansion is for the time being beyond reach. Such
effects, however, can be expected to be extremely small.

4 Numerical Results

The combined effect of electron correlation and first-order QED beyond second order
is compared with the two-photon retardation effect (Coulomb-Breit) for the ground
states of some He-like ions in Table 4. We can see that the third- and higher-order
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+ + + + + +

Fig. 5 Iteration of the Bloch equation (17), can lead to a mixture of Coulomb and QED perturbations

Table 4 Combination of electron correlation and first-order QED beyond second order is compared
with second-order QED for the ground states of He-like ions (in eV)

Z Two-photon MBPT-QED beyond two-photon

Retarded Retardation Virtual pairs Self-energy Vertex correction

10 0.0033 −0.0011 0.0002

14 0.0080 −0.0019 0.0004 0.0022

18 0.0150 −0.0027 0.0006 0.0032

24 0.0305 −0.0042 0.0009

30 0.0519 −0.0057 0.0013 0.0086

42 0.112 −0.0087 0.0019

50 −0.011 0.002 0.017

effects with first-order retardation, are quite significant, representing 10-30 of the
corresponding second-order effect. These effects are out of reach for the standard
procedure presently used.

The calculations are performed in the Coulomb gauge in order to be able to take
full advantage of the development in MBPT. The renormalization in this gauge is
more complicated than in the more frequently used Feynman gauge and has never
been performed before. The procedure was recently developed by Holmberg and
Hedendahl [17, 18], based upon the theoretical work of Adkins [19, 20]. The values
of the self-energy contributions in the table are preliminary and do not include the
model-space contribution. This will be evaluated together with the vertex correction,
and such calculations are presently under way.

5 Summary and Conclusions

What has been presented here can be summarized in the following way:

• A procedure for time/energy-dependent perturbation theory has been developed
and is now being implemented.

• Time/energy-dependent perturbations can be mixed into the many-body wave
function, and the combination of electron correlation and QED can be evaluated.

• This has been applied to the ground states of He-like ions.
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• This can lead to higher accuracy than the currently used methods for stationary
problems, such as energy separations and atomic g-factors.

• The procedure can also be applied to dynamical processes.

References

1. P.J. Mohr, B.N. Taylor, D.B. Newell, Rev. Mod. Phys. 84, 1527 (2012). arXiv:1203.5425
2. A. Antognini et al., Science 339, 417 (2013)
3. H. Häffner, T. Beier, N. Hermanspahn, H.-J. Kluge, W. Quint, S. Stahl, J. Verdú, G. Werth,

Phys. Rev. Lett. 85, 5308 (2000)
4. T. Beier, H. Häffner, N. Hermanspahn, S.G. Karshenboim, H.-J. Kluge, Phys. Rev. Lett. 88,

011603 (2002)
5. T.R. DeVore, D.N. Crosby, E.G. Myers, Phys. Rev. Lett. 100, 243001 (2008)
6. D.R. Plante, W.R. Johnson, J. Sapirstein, Phys. Rev. A 49, 3519 (1994)
7. A.N. Artemyev, V.M. Shabaev, V.A. Yerokhin, G. Plunien, G. Soff, Phys. Rev. A 71, 062104

(2005)
8. I. Lindgren, J. Morrison, Atomic Many-Body Theory, 2nd edn. (Springer, Berlin, 1986, reprinted

2009)
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Ultra High Energy Neutrons and Other
Fermions

B.G. Sidharth

Abstract We revisit a formulation of relativistic Quantum Mechanical equations
given by Feshbach and Villars to exhibit novel particle-antiparticle effects.

1 Introduction

It is well known that the KG (Klein-Gordon) relativistic equation displays the phe-
nomenon of negative energies. The problems of the KG equation can be traced to
the second time derivative. Thus if d/dt denotes the Quantum Mechanical energy
E , then we have E2 admitting, as we will see, both +E and −E . To avoid this
Dirac considered a first-order equation, but here also there were negative energies
and he had to further propose his Hole Theory to circumvent this. difficulty. Pauli
and Weisskopf overcame the difficulties by treating the KG equation in a field theo-
retical sense, where the two degrees of freedom would represent distinctly charged
particles. Subsequently, the first-order Dirac equation itself had to be interpreted in
a field theoretic sense. In other words, there was no escape from an infinite particle
theory [1]. We will now consider a formulation that retains the intended single-
particle character of the original KG and Dirac equations.

2 The Feshbach Villars Formulation

We now come to an interesting formulation that has escaped much attention, but
which nevertheless can lead to fruitful interpretations and insights as brought out
by the author recently. Feshbach and Villars [2] interpreted the KG equation in a
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single-particle rather than field-theoretic context. In fact they showed that this (F-V)
formulation also applies to the Dirac equation. It is rather surprising that this study
is hardly ever mentioned in textbooks, an exception being [3].

To see this, we can rewrite the K-G equation in the Schrödinger form, invoking a
two-component wave function,

Ψ =
(

φ

χ

)
, (1)

The KG equation then can be written as (cf. Ref. [2] for details)

i�(∂φ/∂t) = (1/2m)(�/ i∇ − eA/c)2(φ + χ) + (eA0 + mc2)φ ,

i�(∂χ/∂t) = −(1/2m)(�/ i∇ − eA/c)2(φ + χ) + (eA0 − mc2)χ . (2)

It will be seen that the components φ and χ are coupled in (2). In fact we can analyse
this matter further, considering free-particle solutions for simplicity. We write,

Ψ =
(

φ0(p)

χ0(p)

)
ei/�(p·x−Et)

Ψ = Ψ0(p) ei/�(p·x−Et) (3)

Introducing (3) into (2) we obtain, two possible values for the energy E , viz.,

E = ±E p; E p = [(cp)2 + (mc2)2] 1
2 (4)

The associated solutions are

E = E p φ
(+)
0 = E p+mc2

2(mc2 E p)
1
2

ψ
(+)
0 (p): χ

(+)
0 = mc2−E p

2(mc2 E p)
1
2

⎫
⎪⎪⎬

⎪⎪⎭
φ2

0 − χ2
0 = 1,

E = −E p φ
(−)
0 = mc2−E p

2(mc2 E p)
1
2

ψ
(−)
0 (p): χ

(−)
0 = E p+mc2

2(mc2 E p)
1
2

⎫
⎪⎪⎬

⎪⎪⎭
φ2

0 − χ2
0 = −1 (5)

It can be seen from this that even if we take the positive sign for the energy in (4), the
φ and χ components get interchanged with a sign change for the energy. Furthermore
we can easily show from this that in the non relativistic limit, the χ component is
suppressed by order (p/mc)2 compared to the φ component exactly as in the case
of the Dirac equation [4]. Let us investigate this circumstance further [5, 6].

It can be seen that (2) are Schrödinger equations and so solvable. However they
are coupled. We have from them,
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i�(φ̇ + χ̇) = (eA0 + mc2)(φ + χ) − 2mc2χ (6)

In the case if
mc2 � eA0 (or A0 = 0) (7)

that is we are dealing with energies or interactions much greater than the electro-
magnetic (or in the absence of an external field) we can easily verify that

φ = ei/�(px−Et) and χ = ei/�(px+Et) (8)

is a solution.
That is φ and χ belong to opposite signs of E(m �= 0) (cf. Eq. 5). The above

shows that the K-G equation mixes the positive and negative energy solutions.
If on the other hand m ≈ 0, then (6) shows that χ and φ are effectively uncoupled

and are of same energy. This shows that if φ and χ both have the same sign for E , that
is there is no mixing of positive and negative energy, then the rest mass m vanishes.
A non vanishing rest mass requires the mixing of both signs of energy. Indeed it is
a well known fact that for solutions which are localized, both signs of the energy
solutions are required to be superposed [1, 4]. This is because only positive energy
solutions or only negative energy solutions do not form a complete set.

Interestingly the same is true for localization about a time instant t0. That is
physically, only the interval (t0 − Δt, t0 + Δt) is meaningful. This was noticed by
Dirac himself when he deduced his equation of the electron [7]. He pointed out that
averages over intervals at the Compton scale need to be taken. Strictly speaking, the
electron would have the velocity of light, if we work with spacetime points.

In any case both the positive and negative energy solutions are required to form
a complete set and to describe a point particle at x0 in the delta function sense.
The narrowest width of a wave packet containing both positive and negative energy
solutions, which describes the spacetime development of a particle in the familiar
non-relativistic sense, as is well known is described by the Compton wavelength.
As long as the energy domain is such that the Compton wavelength is negligible
then our usual classical type description is valid. However as the energy approaches
levels where the Compton wavelength can no longer be neglected, then new effects
involving the negative energies and antiparticles begin to appear (cf. Ref. [2]). It must
be stressed that these considerations are valid for the Dirac equation as well except
that φ and χ above are themselves two component spinors.

Further, we observe that from (8)

t → −t ⇒ E → −E, φ ↔ χ (9)

(Moreover in the charged case e → −e). It can be shown that the Schrödinger
equation goes over to the Klein-Gordon equation if we allow t to move forward and
also backward in (t0 − Δt, t0 + Δt) (cf. Ref. [6]). Here we have done the reverse of
getting the Klein-Gordon equation into two Schrödinger equations. This is expressed
by (2).
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In any case we would like to reiterate that the two degrees of freedom associated
with the second time derivative can be interpreted, following Pauli and Weisskopf as
positive and negatively charged particles or particles and antiparticles.

3 Remarks and Discussion

We summarize the following:

(i) From the above analysis it is clear that a localized particle requires both signs
of energy. At relatively low energies, the positive energy solutions predominate
and we have the usual classical type particle behaviour. On the other hand
at very high energies it is the negative energy solutions that predominate as
for the negatively charged counterpart or the antiparticles. More quantitatively,
well outside the Compton wavelength the former behaviour holds. But as we
approach the Compton wavelength we have to deal with the new effects.

(ii) To reiterate if we consider the positive and negative energy solutions given
by ±E p, as in (5), then we saw that for low energies, the positive solution φ0
predominates, while the negative solution χ0 is ∼ ( v

c )2 compared to the positive
solution. On the other hand at very high energies the negative solutions begin
to play a role and in fact the situation is reversed with φ0 being suppressed in
comparison to χ0. This can be seen from (5).

(iii) We could now express the foregoing in the following terms: It is well known that
we get meaningful probability currents and subluminal classical type situations
using positive energy solutions alone as long as we are at energies low enough
such that we are well outside the Compton scale. As we near the Compton
scale however, we begin to encounter negative energy solutions or these anti-
particles.
From this point of view, we can mathematically dub the solutions according to
the sign of energy (p0/|p0|) of these states: +1 and −1. This operator commutes
with all observables and yet is not a multiple of unity as would be required
by Schur’s lemma, as it has two distinct eigen values. This is a superselection
principle or a superspin with two states and can be denoted by the Pauli matrices.
The two states would refer to the positive energy solutions and the negative
energy solutions (cf. Refs. [5, 6]).

(iv) We now observe that in the above formulation for the wave function

Ψ =
(

φ

χ

)
, (10)

where, as noted, φ and χ are, for the Dirac equation, each two spinors. φ (or
more correctly φ0) represents a particle while χ represents an antiparticle. So,
effectively for one observer we have
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Ψ ∼
(

φ

0

)
(11)

and for another observer we can have

Ψ ∼
(

0
χ

)
(12)

that is the two observers would see respectively a particle and an antiparticle.
This would be the same for a single observer, if for example the particle’s
velocity got a boost so that (12) rather than (11) would dominate after some
time. However it must be borne in mind that, this idealization apart, the localized
particle has to include solutions of both signs of energy.
Interestingly, just after the Big Bang, due to the high energy, we would expect,
first (12), that is antiparticles to dominate, then as the universe rapidly cools,
particles and antiparticles would be in the same or similar numbers as in the
Standard Model, and finally on further cooling (11) that is particles or matter
would dominate.

(v) We now make two brief observations, relevant to the above considerations.
Latest results in proton-antiproton collisions at Fermi Lab have thrown up the
Bs mesons which in turn have decayed exhibiting CP violations in excess of
the predictions of the Standard Model, and moreover this seems to hint at a new
rapidly decaying particle. Furthermore, in these high energy collisions particle
to antiparticle and vice versa transformations have been detected.
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