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Preface

This book is the fifth volume of a series of Lecture Notes in Physics, which emerged
from the Euroschool on Exotic Beams. This book appears in 2018, when the 25th
anniversary of the establishment of this school will take place. This anniversary
will be celebrated in August in Leuven (Belgium), where the Euroschool started
in 1993. With one exception (in 1999), the Euroschool on Exotic Beams has been
held every year, first in Leuven from 1993 to 2000, and then, starting in 2001, it
travelled to various places in Europe: Finland (2001, 2011), France (2002, 2007,
2017), Spain (2003, 2010), United Kingdom (2004), Germany (2005, 2016), Italy
(2006), Poland (2008), Belgium (2009), Greece (2012), Russia (2013), Italy (2014),
and Croatia (2015). Based on lectures given at these Euroschool events, the Lecture
Notes provide an introduction, for graduate students and young researchers, to novel
and exciting fields of physics with radioactive ion beams and their applications. The
fifth volume in this series covers topics that were presented in Euroschool lectures
between 2006 and 2015 and comprises recent updates.
Current research in nuclear physics aims at a comprehensive understanding and
description of atomic nuclei and their properties, based on their fundamental degrees
of freedom, protons and neutrons, and their interaction. The field has advanced
tremendously with the advent of radioactive ion-beam facilities and intense stable
beams, which allow the production and study of exotic nuclei, i.e., short-lived nuclei
far-off stability, and superheavy elements. These studies opened the pathway to
the terra incognita of the nuclear chart, leading, for instance, to the discovery
of new chemical elements, novel magic numbers in nuclei with a large neutron
excess, and new phenomena, such as neutron skins and collective excitations, in
which these neutron skins oscillate against a rigid nuclear core. Laboratory access
to exotic nuclei is also essential for the understanding of many astrophysical objects
whose dynamics and associated nucleosynthesis are driven by short-lived nuclei. A
new degree of freedom to study the strong interaction in nuclei has been opened
up by hypernuclei, which involve hyperons, i.e., baryons that contain at least one
strange quark. Studies of the baryon-baryon interactions in hypernuclei are also
an essential approach for the understanding of extreme astrophysical objects with
high densities, such as the cores of neutron stars, where hyperons are predicted to
v
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play important roles in the equation of state. This wide field, including applications
in material research, biology, medicine, imaging techniques, security, and other
areas, is explored on theoretical grounds and in experiments with exotic beams.
These experiments are now being carried out at existing facilities and will be
performed at future facilities. It is the goal of the Euroschool lectures and the
present Lecture Notes to fill the gap between classical university education and
research life in laboratories, and in this way to contribute to the education of the
next generation of scientists, who will explore the terra incognita. Also, the Nuclear
Physics European Collaboration Committee (NuPECC) states, in its Long Range
Plan 2017, that activities such as the Euroschool on Exotic Beams are vital for
training highly qualified researchers in nuclear science and are a very important
element for maintaining development in the field. In the very first original funding
request for the Euroschool on Exotic Beams, which was submitted to the European
Commission in 1992, we read: “The school forms an ideal basis for exchange
of technical and scientific know-how, and for mobility between different research
institutes and universities”. Now, 25 years later, this statement is still valid, and
the Euroschool’s Board of Directors, which organizes the Euroschool every year, is
indebted to this mission.
Clearly, the present book cannot cover all the topics and methods in the broad
field of radioactive beams. Therefore, with this fifth volume, we follow the previous
examples and have selected topics from the traditional core of the field of exotic
nuclei (fission, alpha decays, giant resonances) and included new directions (hypernuclei and nucleon resonances) and applied areas (laser acceleration and dating
methods). None of these topics has been treated before in this series; therefore,
the present volume complements the previous editions. This is an indicator of the
breadth and prosperity of an active field. Owing to the engagement of Euroschool
lecturers who are world class experts in their domains, the Euroschool Lecture Notes
are a valuable asset for the high-level education of present and next-generation
scientists. We hope that this volume will be as useful and as successful as the
previous ones.
It is our pleasure to thank the sponsors for their support over many years; this
support makes the Euroschool events possible and contributes to the education of
next-generation scientists. The sponsors, to whom we are indebted, are:
•
•
•
•
•
•
•
•
•

ADS; Arenberg Doctoral School (Belgium)
CEA; Commissariat à l’énergie atomique et aux énergies alternatives (France)
CNRS; Centre national de la recherche scientifique (France)
Demokritos; National Center for Scientific Research, Athens (Greece)
ECT*, European Centre for Theoretical Studies in Nuclear Physics and Related
Areas, Trento (Italy)
GANIL; Grand Accelerateur National d’lons Lourds, Caen (France)
Gobierno de España; Ministerio de Economia y Competitividad FANUC Network and CPAN Ingenio 2010, Madrid (Spain)
GSI: Helmholtz Centre for Heavy Ion Research, Darmstadt (Germany)
HIC-4-FAIR; Helmholtz International Center for FAIR, Darmstadt (Germany)
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• IFIC-CSIC; Instituto de Fisica Corpuscular, Consejo Superior de Investigaciones
Cientificas, Madrid (Spain)
• INFN; Istituto Nazionale di Fisica Nucleare (Italy)
• INFN-LNL; Laboratori Nazionali di Legnaro (Italy)
• IRB; Institut Ruder Boskovic (Croatia)
• ISOLDE-CERN, Geneva (Switzerland)
• JINR; Joint Institute for Nuclear Research, Dubna (Russia)
• JYFL; University of Jyväskylä (Finland)
• KU Leuven; Instituut voor Kern- en Stralingsfysica, Leuven (Belgium)
• KVI-CART; Center for Advanced Radiation Technology, Groningen (The
Netherlands)
• UCL; Centre de Ressources du Cyclotron, Louvain-la-Neuve (Belgium)
• Università degli Studi di Padova (Italy)
• University of Warsaw (Poland)
• University of Zagreb (Croatia)
• USC; University of Santiago de Compostela (Spain).
At this point, we would like to thank all those who have contributed to this
volume in various ways. We owe the lecturers the largest debt of gratitude, for their
efforts in preparing and giving the excellent lectures for Euroschool participants, and
for their dedication of much time and effort to the preparation of the contributions
to this book: very warm thanks for writing these educational and understandable
pieces for our students! Next, we would like to thank all the members of the Board
of Directors of the Euroschool on Exotic Beams, who inspired the development of
this book with their many ideas. Finally, it is, once more, our pleasure to thank
Dr. Chris Caron and his colleagues at Springer Verlag for their encouragement and
continuous support in a fruitful collaboration.
Warsaw, Poland
Darmstadt/Giessen, Germany
November 2017

Marek Pfützner
Christoph Scheidenberger
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Chapter 1

Applications of 14 C, the Most Versatile
Radionuclide to Explore Our World
Walter Kutschera

Abstract Carbon consists of the two stable isotopes (12 C and 13 C) often accompanied with minute traces of the long-lived radioisotope 14 C (half-life D 5700
years). This allows one to use isotope-sensitive methods to trace carbon throughout
the environment at large on Earth. In particular, 14 C can be used for dating
during the past 50,000 years. It has thus revolutionized archaeology, but also
many fields of geophysics. Although 14 C is a cosmogenic radionuclide produced
primarily by cosmic-ray interaction in the atmosphere, the dramatic increase of
14
C by the atmospheric nuclear weapons testing period generated a characteristic
spike (14 C bomb peak) in the early 1960s, which can be used for a variety of
unique applications. After describing the basic properties of 14 C, the current review
focusses on applications of both cosmogenic and anthropogenic 14 C, emphasizing
the versatility of this extraordinary radionuclide.

1.1 Introduction
The development of the 14 C dating technique in the late 1940s by Willard Libby
at the University of Chicago [1–3] earned him rightfully the 1960 Nobel Prize in
Chemistry. The fact that life as we know it is based on carbon, and 14 C is a naturally
occurring radioactive carbon isotope with a long half-life (5700 years), makes it a
unique tracer. From a nuclear physics point of view, such a long half-life of 14 C is
not expected for the ß decay of 14 C to 14 N. With a normal strength of this so-called
Gamov-Teller ß transition, observed in neighboring nuclei, the half-life should be
on the order of hours, completely useless for archaeological dating. The extreme
hindrance of the 14 C decay cannot be easily explained by nuclear models [4–5], and
might perhaps be called a ‘gift of nature’ to archaeology.
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Fig. 1.1 Schematic presentation of the processes leading to the production and distribution of 14 C
on Earth [6]. The oxidation of carbon is a two-step process, where the very reactive OH radical
plays an important role to convert CO into CO2 [7, 8]. The approximate fractions of the global 14 C
inventory for the different archives is given in percent

Libby assumed that the continuous cosmic-ray production of 14 C through the
N(n,p)14C reaction in the atmosphere and its global distribution through the CO2
cycle resulted in the same 14 C/12 C isotope ratio in all living matter through all times.
Figure 1.1 shows in a schematic way the processes which govern the production and
distribution of 14 C on Earth, as we know it now [6].
In 1949, the measurement of 14 C in several objects of known age [3] gave
a reasonably good confirmation that 14 C dating works for objects of the last
5000 years if their organic carbon all had the same 14 C/12 C isotopic ratios at the
moment of death (Fig. 1.2). However, the assumption of the temporal constancy
of the 14 C/12 C isotope ratio turned out to be not strictly fulfilled [9] and caused
problems when 14 C dating started to challenge the time scale of archaeologists
[10].
The situation improved when a 14 C calibration was established by measuring 14 C
in objects of known age. The ideal natural archive for this are the yearly growth
rings of trees, whose cellulose content reflects the 14 C/12 C ratio of atmospheric
CO2 for the respective year [11]. With the help of dendrochronology it was
possible to establish a continuous series of absolutely dated tree rings covering
14
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Fig. 1.2 First verification of 14 C dating with samples of known age. The figure is reproduced
from ref. [3]. All samples used were wood dated by accepted methods [3]. Tree ring counting
was used for two samples from North America (Tree Ring and Redwood). The ages of the three
samples from Egypt, including specimens from a coffin (Ptolemy), a funerary boat (Sesostris),
and pyramid tombs (Zoser; Sneferu), were determined through their Egypt-historical context.
One sample (Tayinat) came from a large palace of the Syro-Hittite period in northwestern Syria.
Samples of 8 g carbon were measured by ß counting and the specific activity (counts per minute per
g of carbon) is plotted against the known age of the samples. The solid curve describes the decrease
of the initial 14 C activity 14 Co with age t, following the exponential decay law: 14 Ct D 14 Co eœt .
Here, œ is the decay constant of 14 C, related to the half-life by œ D ln2/t1/2

the last 12,000 years, resulting in a detailed 14 C record of the atmosphere showing
considerable temporal variations (Fig. 1.3).
The overall trend of atmospheric 14 C is due to variations of Earth’s magnetic
field, which influences the intensity of cosmic rays and therefore the production
rate of 14 C. The smaller and more rapid 14 C fluctuations are caused by solar activity
variations and its inter-connected solar magnetic field. This, again, leads to a varying
shielding effect of cosmic rays, particularly of the galactic cosmic ray component
[13]. In addition, atmospheric 14 C/12 C ratio can also change, when old CO2 from
the deep ocean, which is depleted in 14 C, is exhaled for some reason more strongly
than usual. The resulting rather ‘wiggly’ calibration curve limits the precision of
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Reference value: 14C/12C = 1.2x10-12
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Fig. 1.3 Deviation of the 14 C/12 C ratio in tree rings of known age from a constant reference value
of 1.2  1012 for the last 12,000 years. The figure is based on a graph shown in [12]

obtaining absolute ages with 14 C dating, which is often lower than the precision of
the 14 C/12 C measurement itself [14]. It is, however, important that the calibration
curve is globally applicable, because atmospheric CO2 in the troposphere—which
matters for the uptake of CO2 in plants—is a well-mixed reservoir. Beyond the treering range, other archives of known age are being used for calibration (e.g. varved
lake sediments [15]), allowing one to extend the calibration back to the full dating
range of 14 C, i.e. back to about 50,000 years [16].
It is worthwhile to mention that with the existence of a calibration curve 14 C
dating became independent of knowing the accurate half-life value of 14 C. Because
the age of an object is essentially determined by comparing its 14 C/12 C ratio with a
tree ring of known age having the same 14 C/12 C ratio. Although this assumption
is well fulfilled for many terrestrial objects, small deviations may occur where
seasonal 14 C variations matter [17].
It should also be mentioned that 14 C dating in its present form is not really an
absolute dating tool per se, since it needs the calibration curve. Absolute dating
with 14 C would require to measure both 14 C and its stable decay product 14 N* [18].
Here, 14 N* means that it is a radiogenic product. The age t of an unknown object
is then determined from the relation t D 1/œ  ln(1 C 14 N*/14 C). The hitherto
unsolved problem is the measurement of the tiny radiogenic 14 N*, in the presence of
an overwhelming background of 14 N (e.g. 14 N comprises 78% of the atmosphere!).
Besides solving this seemingly unsurmountable problem, one also has to know an
accurate half-life value of 14 C. On the other hand, absolute 14 C dating would be able
to get rid of the wiggly calibration curve, which limits the 14 C dating precision as
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mentioned above [14]. There is, however, hope that pronounced yearly spikes in the
tree-ring calibration curve [19, 20] will substantially increase the precision of 14 C
dating.
The use of 14 C as a versatile tool for many applications benefitted greatly from
the development of accelerator mass spectrometry (AMS) in the late 1970s [21–
24]. With AMS, 14 C atoms are counted directly rather than detecting it by the
classical ß-decay method. The decay of 14 C is governed by the radioactive decay
law: d14 C/dt D  œ  14 C. Here, d14 C/dt is the decay rate for a given number
of 14 C atoms, and œ is the decay constant, which is inversely proportional to
the half-life: œ D ln2/t1/2 . With a typical 14 C/12 C isotopic ratio of 1.2  1012
in living organic matter, 1 mg of carbon contains 6.0  107 14 C atoms. With
t1/2 D 5700 years D 5.0  107 h, the resulting ß-decay rate of 14 C is 0.83 decays
per hour. In contrast, with AMS approximately 1% of the 14 C atoms in the 1-mg
sample, i.e. 6  105 14 C atoms, can be detected in 1 h. This led to an enormous
gain in detection sensitivity (about one million!), and allows one to reduce the
amount of carbon needed for a 14 C measurement from grams to milligrams, and
even micrograms [25], and the counting time from days to an hour. This clearly
revolutionized the use of 14 C, both with respect to technical developments [26] and
applications [6].
Recently, two methods to measure 14 CO2 at natural abundances by highly selective laser-induced excitations of 14 CO2 molecules have been developed: Intracavity
optogalvanic spectroscopy (ICOGS) [27] and saturated-absorption cavity ringdown
spectroscopy (SCAR) [28]. While several groups could not reproduce the claimed
sensitivity of ICOGS [29–31], SCAR looks more promising [32–35]. SCAR is
promoted as a “smaller, faster, and cheaper detection of radiocarbon” [36] than
AMS. One has to see whether this promise holds up in the years to come. An
important factor for ‘routine’ measurements is also the robustness of the method,
which can only be demonstrated by measuring many samples. Table-top size
facilities have also been developed for AMS measurements of 14 C [37], and recently
research is being conducted for mass-spectrometric detection of 14 C, even without
an accelerator stage [38].

1.2 The Unique Properties of 14 C
Since cosmogenic 14 C ends up as 14 CO2 in the atmosphere, it penetrates any object
on Earth which is in exchange with the global CO2 cycle. This includes both plants
and animals, and humans as well. Since a human body of 70 kg contains about
16 kg of carbon—mainly in the form of organic molecules—an isotopic ratio of
14 12
C/ C D 1.2  1012 , leads to 3700 14 C decays per second (Bq)—all life long.
When the famous Iceman Ötzi was found in a glacier of the Ötztal Alps at the
Austrian-Italian border, this number had decreased to about one half, because he
had perished 5200 years ago [39, 40].
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Without carbon, life as we know it would not have developed on Earth. It has
been noted that only small changes in the strength of the Coulomb force and the
nuclear force governing the nucleosynthesis of carbon in stars could have prevented
the existence of carbon and life in the Universe altogether [41]. Besides being so
ubiquitous in the living world, several physical and chemical properties of 14 C make
it a radioactive tracer of extraordinary properties. These properties are summarized
in Table 1.1.
Table 1.1 The unique properties of 14 C (updated from [6])
Property
Favorable production
process

Uniform atmospheric
distribution

Photosynthesis of plants
High solubility of CO2

Radiocarbon dating

Strongly hindered beta
decay

No build-up of 14 C after
death

Calibration of 14 C

Comment
Spallation reactions of cosmic rays in the atmosphere liberate
neutrons, which in turn produce 14 C through the 14 N(n,p)14 C
reaction. The high nitrogen content of the atmosphere (78% N2 )
results in a production rate of about 2 14 C atoms cm2 s1
[13], which is substantially higher than that of other long-lived
radionuclides [42]
14
C oxidizes to 14 CO2 (Fig. 1.1) and becomes part of the
well-mixed tropospheric CO2 content. Since the production of
neutrons by cosmic rays in the atmosphere is altitude and
latitude dependent [43], atmospheric mixing is important to
provide a nearly uniform 14 CO2 concentration in the troposphere
around the globe
Plants take up atmospheric 14 CO2 through photosynthesis, which
is the main path of 14 C to enter the biosphere
The solubility of CO2 in water is 0.04 mol/L H2 O at NTP. This is
30 and 60 times higher than that of O2 and N2 , respectively, and
leads to a relatively high 14 CO2 content of the oceans
After death, organic material stops the uptake of 14 C and the
long half-life (t1/2 D 5700 years) is ideally suited as a radioactive
clock for the last 50,000 years, covering the decisive period for
the development of modern humans
The beta decay of 14 C to 14 N (a so called Gamov-Teller
transition) is unusually hindered due to nuclear structure effects
[4, 5]. A normal transition strength, as it is observed in
neighboring nuclides, would lead to a half-life on the order of
hours making it completely useless for archaeological dating.
The actual half-life is (5700 ˙ 30) years [6]
Due to the low isotopic abundance of 13 C (1.1%), and the small
cross section for the 13 C(n,”)14 C reaction (¢ D 1.4 mbarn), 14 C
build-up by environmental neutrons in organic matter after death
is negligible
The determination of an absolute age with 14 C requires to know
the atmospheric 14 C content as a function of time. This has been
established by 14 C measurements in objects of known age such
as tree rings, corals, stalagmites [16]. The calibration beyond the
range of tree rings (12,000 years) has been improved with an
extensive analysis of 14 C in varved lake sediments [15]
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Table 1.1 (continued)
Property
Mass fractionation
correction

The ideal AMS nuclide

Comment
Because carbon has two stable isotopes, mass fractionation both
in natural and in instrumental processes can be determined
through 13 C/12 C ratio measurements, and the effect on 14 C can
be corrected correspondingly [44, 45]
Negative ion currents of around 50 A 12 C can easily be
produced from solid graphite in a cesium-beam sputter source.
With a modern 14 C/12 C ratio of 1.2  1012 , about 400 14 C
ions per second are then emitted from a carbon sample of 1 mg,
and half of it ends up in the final particle detector. Even for a
50,000-year old sample, one will still detect about 12 14 C atoms
per minute. Most important is the suppression of the stable
isobar 14 N in the ion source due to the instability of N [22]. In
addition, cross contamination between adjacent graphite samples
in the ion source is less than 105 , allowing one to measure the
true 14 C content of very old samples without the risk of adding
14
C from samples with much higher 14 C content (e.g. calibration
samples)

1.3 Applications of 14 C
In the current review, 14 C application will be described by using the several domains
of our environment at large as a guiding principle: Atmosphere, Hydrosphere,
Biosphere, Cryosphere, Lithosphere. There exist, of course, interactions and/or
exchanges between these domains (e.g. the CO2 cycle) which can be well traced
by 14 C. Besides applications with natural 14 C, various uses of anthropogenic 14 C
will also be described. This includes (1) biomedical studies of new drugs labeled
with enriched 14 C, (2) the amazing multitude of applications using the so called 14 C
bomb peak produced by atmospheric nuclear weapons testing between 1952 and
1963, and (3) the effect of releasing ‘dead’ CO2 (zero 14 C) from fossil fuel burning
into the atmosphere, which lowers the 14 C/12 C ratio of atmospheric CO2 . The last
two effects suggest that anthropogenic 14 C may be used as one of the markers for a
new geological time period, the so called Anthropocene [46], originally promoted
by Nobel Laureate Paul Crutzen [47].

1.3.1 Atmosphere
Cosmic Rays were discovered by Victor Hess in 1912, when he found a significant
increase of the ionization of air in balloon flights up to an altitude of 5350 m [48]. It
took more than 30 years before Willard Libby figured out that 14 C must be produced
by the interaction of cosmic rays with the air [1] (see Fig. 1.1). Not long after this
first idea it became possible to measure natural 14 C in organic material on Earth by
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Fig. 1.4 Picture of the first hydrogen bomb test (“Mike”) of the USA on Eniwetok Atoll of the
Marshall Islands in the Pacific Ocean on 1 November 1952. The explosive power was estimated to
10.4 Megatons of TNT, about 700 times the one of the Hiroshima bomb. The simplified schematic
indicates that neutrons from the bomb tests convert 14 N into 14 C, just like the neutrons emerging
from the spallation of atmospheric nuclei with high-energy protons from cosmic rays. The Figure
is reproduced from [55]

ß-counting [2], and the 14 C dating method was developed [3]. In the second half
of the 1950s, the first anthropogenic effects altering the modern 14 C content were
noticed [49, 50]. On the one hand, a few percent reduction of the 14 C/12 C ratio
was measured in modern wood due to the atmospheric addition of ‘dead’ CO2 from
fossil fuel burning depleted in 14 C [49]. On the other hand, an increase of a few
percent was measured in atmospheric 14 CO2 in 1957 due to the effect of nuclear
weapons testing in the atmosphere [50], and this increase was also found 2 years
later in human beings as well [51]. In the ensuing years nuclear weapons testing
continued with ever more powerful nuclear explosions (Fig. 1.4), eventually leading
to an increase of atmospheric 14 CO2 in 1963 by almost 100%.
In 1963 the limited Nuclear Test Ban Treaty (NTBT) was signed by the USA,
the Soviet Union and Great Britain, essentially putting a halt to above-ground
testing. Since that time the 14 CO2 content decreased due to the exchange with the
biosphere and the ocean and by now is only a few percent above the reference
value of 14 C/12 C D 1.2  1012 . The resulting rise and fall of the 14 C content in
the atmosphere is usually referred to as ‘14 C bomb peak’ [52, 53], and constitutes
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a rapidly changing 14 C-signal for the second half of the twentieth century. Since
the emission of anthropogenic CO2 is likely to continue, 14 C will fall well below
the reference value, possibly confusing future archaeologists when they apply 14 C
dating to objects affected by the reduced 14 C values [54].

1.3.1.1 Measurements of 14 CO2 Concentration
Measurements of 14 C in atmospheric CO2 started well before the advent of the
AMS technique [56], and to this day can be performed by beta counting if large air
samples (10,000 L) are available. These measurements already revealed a clear
picture of the 14 C excess produced by the atmospheric nuclear weapons testing
period between 1950 and 1963 [56]. However, often there is much less material
available, and AMS measurements of high accuracy have been developed for air
samples of a few litres [57]. High-precision monthly measurements of 14 CO2 at high
northern (Point Barrow, the most northern point of Alaska) and southern latitude
(South Pole) revealed lower values for the former, which are probably caused by
changes in the air-sea 14 C flux in the Southern Ocean. Seasonal cycles indicate a
strong influence of stratosphere-troposphere air exchanges [58].

1.3.1.2 Measurements of 14 CO Concentration
As depicted in Fig. 1.1, 14 CO is mainly oxidized to 14 CO2 by the reaction with the
rare but very reactive OH radical in the atmosphere: 14 CO C OH ! 14 CO2 C H.
Since the production of 14 CO is quasi-constant, the measurement of the 14 CO
concentrations in air has been used as a proxy to monitor seasonal OH concentration
[59–61].
In order to measure the 14 C production directly in air at higher altitudes,
compressed-air cylinders were carried along cruising altitudes of commercial
airplanes for 2 years, and the resulting 14 CO2 and 14 CO contents were measured with
AMS [62]. The comparison with model calculation showed significant deviation
from both the production rate and the 14 CO2 /14 CO ratio. More of these direct
measurements would be useful particularly for 14 CO, since it is used as a proxy
to monitor the hydroxyl radical (OH) concentration in air. OH has been called the
‘detergent’ of the atmosphere [7], because of its oxidizing power and its important
role to remove trace gases [63].

1.3.1.3 Measurements of 14 CH4 Concentration
Another trace gas of considerable importance in the ongoing debate about global
warming is methane (CH4 ). Although its concentration in air is about a factor of
200 lower than the one of CO2 its global warming potential is 20 times higher [64].
At present, the radiative forcing of CH4 is about a factor of four smaller than the

10

W. Kutschera

one of CO2 [65]. 14 CH4 has been studied with AMS in the atmosphere, e.g. [66–
68], and recently also in CH4 extracted form Greenland ice around the last glacial
termination [69].

1.3.2 Hydrosphere
It is well known that our Earth is the only planet in the Solar System which harbors
liquid water through most of its 4.5-billion year history. The recent discovery of a
temperate terrestrial planet around the red dwarf star Proxima Centauri, the closest
star to the Sun (4.22 light-years away) offers hope that liquid water may be present
on its surface [70]. Shortly thereafter, seven temperate terrestrial planets were
discovered around the ultracold dwarf star TRAPPIST-1(39.5 light-years away) in
the constellation Aquarius [71]. Even though theses exoplanet systems are out of
reach for human travel, it would be very exciting to find out more about their
composition, particularly about their atmosphere. This may well be possible with
the newest generation of ground-based and/or space-based telescopes.
At the present time on Earth—and probably throughout the Holocene (the last
10,000 years)—the distribution of water on Earth is estimated to be: ocean 97.3%,
ice sheets 2.1%, groundwater 0.6% [64]. During the last Ice Age (from 100,000
to 12,000 years ago), the land-locked ice increased to about 5% of the total water.
Correspondingly the ocean water was reduced by 3%. Since the average depth of
the world oceans is now 3800 m, the sea level during the Ice Ages was 100–120 m
lower, leading to landbridges between continents (e.g. Bering Strait) and large areas
of exposed land. Nowadays, more than two thirds of the surface of the Earth is
covered by the oceans, and the transport of heat around the globe by the oceans
is roughly of the same magnitude as the one transported by the atmosphere. This
clearly has a strong impact on the climate. Therefore the study of ocean currents
both on the surface and in the deep ocean in ever more detail is of considerable
interest. This is achieved by methods of chemical and physical oceanography, which
are briefly described in the following.

1.3.2.1 Chemical Oceanography
In chemical oceanography, 14 C and other radionuclides are used as “Tracers in the
Sea” [72], allowing a multitude of investigations to study the oceans [73]. One of the
most attractive features which came out of these studies, when large water samples
(250 L each) had to be used for 14 C decay counting, is the great ocean conveyor
depicted in Fig. 1.5 [74, 75]. This idealized picture was later refined [76], but we are
still far away from getting a comprehensive picture of the dynamics of the oceans. A
big step forward in analytical capability was AMS, where measurements of 14 C in
ocean water allowed one to reduce the sample size from 250 to 0.5 L, and well
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Fig. 1.5 The great ocean conveyor logo [74]. Illustration by Joe Le Monnier, Natural History
Magazine. It is a simplified picture of the main ocean currents transporting heat around the globe.
In the northern Atlantic Ocean the warm surface water cools off, gets saltier and sinks into the abyss
forming the cold and salty deep current (blue) which moves south and east, eventually surfacing
again in the northern Indian and Pacific Oceans

over 13,000 water samples were measured within the World Ocean Circulation
experiment (WOCE) project in the 1990s at the National Ocean Science AMS
facility (NOSAMS) in Woods Hole [77]. By now the number of 14 C measurements
in ocean water samples has surely surpassed 20,000. The analysis of this enormous
bulk of data is being undertaken by dedicated oceanographers leading to a better
understanding of ocean currents in three dimensions [78].
Another cosmogenic radionuclide of great interest for oceanography is 39 Ar,
which was measured by low level counting as long as large ocean water samples
were taken [79]. The half-life of 39 Ar (269 years) is well matched to global water
movements around the globe (500–2000 years). However, with the advent of AMS
only small water samples were taken for 14 C measurements (see above), too small
for low-level counting of 39 Ar. Successful AMS measurements at the ATLAS linac
at Argonne National Lab have been undertaken to measure the very low isotope
ratios of 39 Ar/40 Ar (<8  1016 ) in argon extracted from ocean water samples
[80]. But eventually it turned out that these measurements are too sensitive to the
stable 39 K isobar interference which cannot be consistently controlled to the level
required for these ultra-low isotope ratio measurements, despite big efforts [81].
Releases from nuclear reprocessing into the sea provide long-lived anthropogenic
radionuclides well suited as quasi-stable tracers for studying ocean circulation.
These include 129 I (t1/2 D 1.57  107 years) studied in the Norwegian Sea [82],
99
Tc (2.11  105 years) [83], and 237 Np (2.14  106 years) [84]. Recently, fall-out
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of 236 U (2.34  107 years) from the nuclear weapons testing period is also showing
promise to be used as an oceanic tracer [85].

1.3.2.2 Physical Oceanography
In physical oceanography, one attempts to gain knowledge about the dynamics
of the oceans by different means as compared to the tracer methods in chemical
oceanography. Precise altitude measurements of the ocean surface are performed
from satellites called JASON (Joint Altimetry Satellite Oceanographic Network),
and temperature, salinity, pressure, velocity and other characteristic parameters
of ocean water are measured in the field by more than 3000 floats within the
ARGO project [86, 87]. The names of the project where chosen according to Greek
mythology, where the Greek hero Jason set out with the Argonauts and the ship
Argo to find the Golden Fleece. A recent analysis of the ocean temperature from
these measurements can be found in [88].
It is clear that the enormous collection of data in both chemical and physical
oceanography will improve our knowledge about the oceans, which in turn should
lead to better modeling of the climate.

1.3.2.3 Groundwater Dating
Groundwater is a natural resource of great importance for providing freshwater to
many places on Earth. Similar to oil, groundwater is a limited resource, as long as
more water is being used than recharged through precipitation. Age determinations
of groundwater or objects directly related to groundwater formation allows one to
gain information on recharging times. An example for identifying short recharge
times was the measurement of the 14 C bomb peak in young stalagmites growing
in areas of freshwater supply [89]. In the case of the Wombeyan cave near
Sydney, the time shift of the 14 C bomb peak indicated a recharging time of only
6 years for this important freshwater source. If one employs natural 14 C and 36 Cl
(t1/2 D 3.01  105 years) to ground water dating, more complex hydrologies can be
deciphered such as the one in the Palm Valley of central Australia [90].
Of particular interest to groundwater hydrology are the large aquifers in the
world, with very old groundwater in the range from several hundred thousand to a
million years. In this case 14 C cannot be used, but longer-lived cosmogenic radionuclides are available for this purpose. An example is the Great Artisean Basin (GAB)
in Australia, which has been first investigated with 129 I (t1/ 2 D 1.57  107 years)
[91] and 36 Cl [92], indicating groundwater ages of more than 100,000 years. Since
dating with both radionuclides is problematic because of unknown underground
contributions, groundwater dating in the GAB was also performed with cosmogenic
81
Kr (t1/2 D 2.29  105 years), an almost ideal tracer for this purpose. AMS measurements were performed at the National Superconducting Cyclotron Laboratory
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at Michigan State University, and groundwater ages in the range from 200,000 to
400,000 were established [93]. It is interesting to note, that 81 Kr dating of old
groundwater in the range from 0.5 to 1 million year has also been performed with the
laser-based ATTA technique (Atom Trap Trace Analysis) in the Nubian aquifer of
the Western Egypt Desert [94]. Groundwater dating with the laser method has also
been demonstrated for 39 Ar [95]. This would be particularly important for dating
younger ground waters, and could be combined with 14 C measurements. Noble
gas radionuclides cannot be measured with AMS based on tandem accelerators,
because they do not form negative ions. AMS at large positive-ion machines is very
complex [93], and sometimes marginally possible [80, 81]. They do not allow one
to develop a truly applied program of groundwater dating. Therefore, ATTA is the
method of choice for measuring noble gas radionuclides in groundwater [96], and
very recently also in Antarctic ice [97, 98]. In general, it is relatively straightforward
to understand the distribution of cosmogenic noble gas radionuclides into the
hydrosphere, because the atmosphere is the main reservoir, and the solubility of
noble gases in freshwater and ocean water is well understood.

1.3.3 Biosphere
The main use of cosmogenic 14 C in the biosphere is the dating of archaeological
objects. In the more than 60 years since its beginning (see Fig. 1.2), countless
archaeological projects around the world have benefitted from 14 C dating, which
sometimes was called the radiocarbon revolution in archaeology. Although limited
in precision by the wiggly calibration curve as depicted in Fig. 1.3 [14], 14 C dating
nevertheless provides an extremely useful tool to establish absolute chronologies in
archaeology [99]. Refinements in the calibration process using Bayesian statistics
[100] has resulted in a substantial reduction of the uncertainty of calibrated ages,
when additional information (so-called prior probability) is available in cases where
a sequence of dates with clear chronological ordering exists. In this way good
agreement between the historical and 14 C-based chronology of dynastic Egypt was
established [101]. But not always such an agreement is reached, and in the following
we discuss two famous cases were a difference of about 100 years persists since
many years, and is still awaiting a solution.

1.3.3.1 Dating the Volcanic Eruption of Santorini
Santorini (ancient Thera) is a Greek island in the Mediterranian Sea, and has
experienced several large volcanic eruptions during its history. The most recent one
happened about 3500 years ago during the Late Bronze Age. A volcanic eruption is
a geophysical phenomenon, but it likely had a large impact on the life of people
living on the island and in neighboring areas. In fact, the relatively close-lying
island of Crete (120 km south of Santorini), which had harbored the Minoan
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Civilisation for some 2000 years, must have been affected by the eruption too. Some
scholars thought that the eruption ended the Minoan Civilisation, and to this day
the Santorini eruption is sometimes called the Minoan eruption. Although this was
probably not the case to its full extent at the time of the eruption, huge tsunamis may
have hit the harbors on Crete [102] causing considerable damage. In any case the
eruption constitutes a clear beacon in time, and an accurate date is highly desirable
to anchor relative chronologies in archaeology to a reliable absolute date. However,
there is a longstanding discrepancy of about 100 years between the date established
by archaeological reasoning (1530–1500 BC) and the one determined from 14 C
dating (1630–1600 BC) [103]. The volcanic eruption may have also produced global
climatic effects traceable in tree-ring records, and the deposit of SO2 emissions and
airborn tephra in ice cores are other possible fingerprints of a volcanic eruption.
A summary of the situation is shown in Fig. 1.6 [104]. This and the more recent
discussion [103] seem to link the 100-year discrepancy to a similar problem which
showed up in the chronology of Tell el Dab’a [105].

Fig. 1.6 Graphical summary of different efforts to arrive at the date of the Santorini volcanic
eruption [104]. The width of the bars indicate the uncertainty of the respective method. While the
results from radiocarbon dating, ice core analysis, and tree ring records cluster between 1650 and
1600 BC, most of the archaeology-based results give a date some 100 years later
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1.3.3.2 The Chronology of Tell el-Dab’a in the Nile Delta
In simple terms, the political structure of ancient Egypt was a sequence of Kingdoms
when powerful kings (pharaos) ruled the entire country, interconnected with socalled Intermediate Periods when several smaller kingdoms—usually in competition
which each other—prevailed in parallel for a while. A schematic presentation
of The Chronology of Ancient Egypt is shown in Fig. 1.7, indicating also the
eruption of Santorini with a current uncertainty of 100 years, and the end of the
Minoan Civilisation which lasted from 3600 BC to 1450 BC. The 14 C dating of the
dynastic period mentioned above included the Old Kingdom, the Middle Kingdom,
and the New Kingdom [101]. No 14 C data were assigned for the Intermediate
Periods. In contrast, a big effort was undertaken within the SCIEM 2000 project
(Synchronisation of Civilisation in the East Mediterranian in the Second Millennium
B.C.) [106] to establish the chronology of the Second Intermediate Period at the
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Archaic Period

Calendar Date (Years BC)

2500

Old Kingdom
(Great Pyramids)

First Intermediate Period

2000

Middle Kingdom
Second Intermediate Period
(Hyksos)

1500
New Kingdom
(Echnaton, Ramses)

Santorini Eruption
1620 – 1520 BC
End of Minoan
Civilisation 1450 BC

1000
Third Intermediate Period

500

Historical Dates

Fig. 1.7 Simplified schematic of the chronology of Ancient Egypt. The crucial events at the
transition from the Second Intermediate Period to the New Kingdom around 1500 BC are marked
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(95.4 % probabilty ranges)
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C
3
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Santorini
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Fig. 1.8 The chronology of Tell el-Dab’a from 14 C dating and archaeology [105]. The sequence of
the Tell el-Dab’a phases is synchronized to the Historical Egyptian Chronology by two finds linked
to specific pharaos (vertical dashed lines). For an agreement of the time scale established by 14 C
dating and archaeology, the 14 C dates should fall on the solid diagonal line. This is obviously not
the case, rather there is an overall shift of about 120 years between the two time scales. In contrast,
the red bars indicating 14 C dates of objects directly related to specific pharaos [101] fall well on
the diagonal line, thus agreeing with the Historical Chronology of ancient Egypt. At the bottom
the 100-year time shift discussed for Santorini is also shown. Interestingly, Minoan paintings and
pumice from Santorini show up in late Tell el-Dab’a phases, incompatible with the 14 C results

excavation site of Tell el-Dab’a in the Nile delta by a comparison of 14 C dating
with archaeological dating linked to the Egyptian historical time scale [105]. The
situation is depicted in Fig. 1.8, which is taken from this work.
A shift of 120 years between 14 C data and archaeological dating linked to the
Egyptian chronology is clearly visible. A detailed discussion of this and a similar
shift at Santorini mentioned in the previous chapter is beyond the scope of this
review. However, recent work on king Kayan of the Second Intermediate Period at
other excavation sites in Egypt [107] opens the possibility that the archaeological
assigment at Tell el-Dab’a may need to be corrected. There seems to be also other
evidence, that the so-called ‘high chronology’ for the Late Bronze Age favoured by
14
C dates is gaining ground [103, 108].
In general, radiocarbon results are reported since 1959 in the Journal Radiocarbon which should be consulted if one is interested in the full breadth of 14 C
applications.
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1.3.3.3 Applications of the 14 C Bomb Peak
The production of 14 C from neutrons released in nuclear weapons testing is depicted
in Fig. 1.4. It resulted in a rapidly changing 14 C excess in atmospheric CO2 in the
second half of the twentieth century. Since the above-ground testing was stopped
after the limited nuclear test ban treaty (NTBT) in 1963, the rapid rise of 14 CO2 up
to this year was followed by a slower decrease due to the exchange of 14 CO2 with
the biosphere and hydrosphere (Fig. 1.9).
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Fig. 1.9 The 14 C bomb peak. (a) Display of the 14 C variations from the reference value of
14 12
C/ C D 1.2  1012 in atmospheric CO2 as measured in tree rings for the last 4000 years
[109]. (b) Details of the 14 C variations for the second half of the twentieth century as measured in
atmospheric CO2 [52]
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This created the so-called “14 C bomb peak”, which has also been called “The
mushroom cloud’s silver lining” [110]. In the following a few selected examples of
using the 14 C bomb peak will be described.
Due to the rapid exchange of food on Earth, newly formed living matter will
have approximately the same 14 C/12 C ratio in organic carbon as compared to the
one in atmospheric CO2 of that year. This allows applications in forensic medicine to
determine the time of death of a person [111]. It is also possible to determine the year
when a person was born by analyzing tooth enamel [112] or eye lens crystallines
[113].
The most exciting application of the bomb peak was developed at the Karolinska
Institute in Stockholm, where DNA was extracted from brain cells of humans after
death, and the time when new brain cells were formed after birth were determined
from the 14 C content of the DNA [109]. In this work, the authors made a bold
conjecture which turned out to be confirmed by the measurements: “Most molecules
in a cell are in constant flux, with the unique exception of genomic DNA, which
is not exchanged after a cell has gone through its last division. The level of 14 C
integrated into genomic DNA should thus reflect the level in the atmosphere at
any given point, and we hypothesized that determination of 14 C levels in genomic
DNA could be used to retrospectively establish the birth date of cells in the human
body.” This method has been applied to different cells in humans, and is graphically
summarized in Fig. 1.10.
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Fig. 1.10 Principle of how to determine the mean birth date of cells from different parts of a
human body of known life span by measuring the 14 C in the respective DNA extracts [108]
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Fig. 1.11 Evidence for neurogenesis in the hippocampus from 14 C measurements in DNA of 57
individuals [115]. The 14 C results are plotted at the birth date of the respective individuals. Points
for individuals born before the rise of the curve indicate a clear evidence of the formation of new
cells after birth. The effect is more pronounced for non-neuronal cells

14

C Bomb peak dating of human DNA has now been applied to cells of
the neocortex in humans [114], providing evidence for (1) neurogenesis in the
hippocampus of humans [115], (2) the age of olfactory bulb neurons in humans
[116], (3) the age and genomic integrity of neurons after cortical stroke in humans
[117], (4) the dynamics of fat cell turnover in humans [118, 119], and (5) the
dynamics of cell generation and turnover in the human heart [120]. Particularly
important is the observation that neurons are formed after birth in the hippocampus
[115], since it is part of the human brain that is involved in memory forming,
organizing and storing. Clearly, neurogenesis after birth is good news in this case
(Fig. 1.11).
In a different application, the 14 C bomb peak has been used for age estimates
of white sharks. It has revealed ages up to 73 years [121], longer than previously
assumed to be possible for this species. Recently, a 14 C study of eye lens crystallines
in Greenland sharks resulted in extreme longevity of this species, up to 400 years
[122]. This would indeed be the longest-lived vertebrate known.
Since the 14 C bomb peak is such a distinct signature in time, it can also be used to
discover forgeries and illegal trade. For example, 14 C measurement of the canvas of
a painting, supposedly produced by the French painter Fernard Legér (1855–1955)
at the beginning of the twentieth century, revealed a date between 1959 and 1962,
several years after the death of the painter [123]. The illegal trade of ivory has been
uncovered by “Carbon-14 measurements on 231 elephant ivory specimens from 14
large ivory seizures (0.5 ton) made between 2002 and 2014 showing that most
ivory (ca. 90%) was derived from animals that had died less than 3 years before
ivory was confiscated” [124]. The poaching of elephants in Africa had also been
investigated by genetic assignement of ivory [125].
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1.3.3.4 Biomedical Developments with 14 C-labelled Compounds
Atom counting of 14 C with AMS opened the possibility to reduce the amount of
C-labelled compounds to such an extent that experiments with negligible radiation
doses could be performed on living subjects including humans. Pioneering work
in this respect was conducted at the Biomedical Science Division and the AMS
facility of Lawrence Livermore National Laboratory [126]. AMS measurements
of 14 C-labelled carcinogenic compounds in rats and human cancer patients were
performed at the VERA Lab in Vienna [127]. The field developed steadily at
existing AMS facilities, driven by both biologist [128] and by physicists [129].
When small AMS facilities were developed for this kind of work [130], the
pharmaceutical industry got interested in using the method of ‘microdosing’ in
humans [131]. This means that in the pre-clinical and clinical stage of developing
new drugs, only 1/100th or less than the pharmacological dose is being administered
to humans to study e.g. the metabolic products in detail [132]. This shortens
the total development time of a new drug by a year or so, resulting in considerable savings. Several companies specializing on biomedical 14 C measurements
using small AMS facilities are now on the market, e.g. Exceleron (Germantown,
MD), Vitalea Science (Davis, CA), Accium BioSciences (Seattle WA). They
are performing their own research but also providing service to pharmaceutical
companies.
14

1.3.4 Study of the Natural Changes of Alpine Glaciers
Climate change and global warming is one of the most discussed issues in our
time. It concerns science, economy, politics and the public. One of the difficulties in making prediction about climate change is the fact that it is affected
by both anthropogenic and natural influences. One of the striking observations
is the ongoing retreat of Alpine glaciers most likely accelerated by anthropogenic greenhouse gases (e.g. CO2 , CH4 , N2 O). On the other hand, large variations of Alpine glaciers happened also at much earlier times, in fact throughout
the Holocene (last 10,000 years), when human impact must have been negligible.
The interest in the geophysical phenomenon of glacial movements was greatly
enhanced in 1991 with the accidental discovery of the famous Tyrolean Iceman
“Ötzi” at a high-altitude mountain pass (3210 m) in the Ötztal Alps near the
Austrian-Italian border. The well-preserved body emerged from a shallow ice
patch, and 14 C measurements quickly established that the Iceman had lived some
5200 years ago [133, 134]. Later, a large number of 14 C measurements were
performed on equipment and other objects found at the discovery site, essentially
confirming the great age of the Iceman [40]. In addition, a detailed study of
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radiogenic (lead and strontium) and stable (oxygen and carbon) isotopes allowed
one to pin down the origin of the Iceman to a particular region in South Tyrol,
Italy [135]. It was also revealed from 14 C measurements at other locations in the
Ötztal Alps that humans were present at high altitudes already some 9000 years ago
[40].
Considerable glacial movements have been established by 14 C dating of tree logs
and other organic remains released from retreating glaciers or buried in morains,
sometimes combined with dendrochronology [136–146, 40]. A surprising result
was found at the Pasterze Glacier in Austria illustrated in Fig. 1.12 [147]. Several
pine tree logs, which surfaced in the forefield of the retreating glacier, were dated
by 14 C and dendrochronology [136], with the surprising result of very old age
(9000–10,000 years). This means that the Pasterze Glacier was essentially absent
at that time allowing trees to grow in a region which today is still covered with
ice.
These studies were complemented by surface exposure dating of bolders and
moraines with 10 Be, which is produced by secondary cosmic ray particles (neutrons, muons) in quartz [148–151]. The method of surface exposure dating with
10
Be has also been applied on glaciers in the New Zealand Alps, where similar
fluctuations were found [152, 153]. Interestingly, some of these fluctuations are out
of phase with the one from the European Alps, indicating hemisphere-selective
climate changes. In addition to the specific use of studying glacial movements,
terrestrial in situ cosmogenic nuclides are widely used in lithological studies [154],
e.g, to determine incision rates of rivers [155] and erosion rates of landscapes
[156].
A graphic summary of the observed movements of glaciers and tree lines in
the European Alps during the last 10,000 years (Holocene) is shown in Fig. 1.13
[147]. This allows one to reconstruct temperature fluctuations which are shown in
the top curve of the figure. It is quite obvious from this curve that the first half of
the Holocene was on average warmer than the second half, becoming progressively
colder after the time of the Iceman Ötzi (red line). This may have contributed to the
excellent preservation of the Iceman’s body, being always covered by snow and ice
at the high altitude of his resting place (3210 m) [147].
The fact that considerable natural variations of glaciers and temperatures existed
throughout the Holocene complicates predictions about climate change in our time.
Even though we are quite sure that human actions do influence the climate, it is
difficult to predict the combined influence of anthropogenic and natural causes, as
long as we do not fully understand the causes for the natural fluctuations. One of
the possibilities for the latter may be small activity changes of the sun [157, 158],
which could trigger climatic processes on Earth ultimately leading to the observed
phenomenon of glacier fluctuations.
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Fig. 1.12 Changes of the Pasterze Glacier in the Austrian Alps [147]. (a) The glacier as seen by the painter Thomas Eder in 1832, close to the end of the
Little Ice Age. (b) Photograph of the strongly reduced glacier in 2000. Today the tongue of the glacier retreats approximately 15 m per year. (d) Enlarged area
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Fig. 1.13 Schematic presentation of glacier and tree-line movements during the Holocene,
reproduced from [147]. The periods of smaller glaciers and higher tree lines are indicated with
the box symbols. Glacial advances are indicated with filled triangles and curves. The largest
advances took place during the Little Ice Age (AD 1300–1850). The top curve depicts the
relative summer temperature variations deduced mainly from the tree-line movement. The mean
temperature between AD 1900 and 2000 is used as the zerodegree reference. The red vertical line
marks the time of the Iceman [147]. At the bottom of the figure, the paleoclimatic periods (YD
Younger Dryas, PB Preboreal, BO Boreal, AT Atlantic, SB Subboreal, SA Subatlantic) and the
archaeological periods (BA Bronze Age, H Hallstatt period, L La Tène period, LCH Iron Age, RT
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1.4 Conclusion
This review could only give a glimpse of the enormous breadth of applications
which are possible using 14 C as an isotope dating and tracing tool. By selecting
a few examples which the author is familiar with, it is nevertheless hoped that
the uniqueness of this radioisotope is somehow conveyed. 14 C is truly a ‘gift of
nature’, which allows us to explore many domains of our environment at large in
a way not possible with any other radioisotope. Worldwide, more than 100,000
14
C measurements are performed each year, allowing us progressively deeper views
into the wonders of the world around us. The author remembers well an inspiring
lecture by the great astrophysicist and Noble laureate Subrahmanyan Chandrasekhar
at Argonne National Laboratory in Chicago, where Chandrasekhar posed the simple
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question, “How does it all happen?”. There is indeed hope that 14 C will help us to
answer such questions in many different fields.
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Chapter 2

Giant Resonances: Fundamental
Modes and Probes of Nuclear
Properties
M. N. Harakeh

Abstract To study the properties of nuclear matter, we use nuclear reactions to
excite the fundamental modes of the nucleus, which can yield information on the
equation of state (EOS) and are also important for understanding nuclear structure
aspects of nuclei. Furthermore, it is very important to understand the nuclear
processes that precede a supernova event and to understand the properties of nuclear
matter in order to explain why stars sometimes explode throwing most of the star
material into space leaving a neutron star or a black hole behind.
In the last three decades, the compression modes, the isoscalar giant monopole
(ISGMR) and dipole resonances (ISGDR), were extensively studied because of their
importance for the determination of the nuclear-matter incompressibility and consequently their implications for the EOS of nuclear matter. Though the nuclear matter
incompressibility (K1 ) has been reasonably well determined ( 240 ˙ 10 MeV)
through comparison of experimental results on several spherical nuclei with microscopic calculations, the asymmetry term was determined with much larger uncertainty. This has been addressed in measurements on a series of stable Sn and Cd
isotopes, which resulted in a value of K D 550 ˙ 100 MeV for the asymmetry
term in the nuclear incompressibility.
Spin-isospin modes, and in particular the Gamow–Teller (GT) transitions, aside
from their interest from the nuclear structure point of view, play very important
roles in various phenomena in nature. In nucleosynthesis, the “-decay of nuclei
along the s- and r-processes determine the paths that these processes follow and the
abundances of the elements synthesised. In supernova explosions, GT transitions are
of paramount importance in the pre-supernova phase where electron capture occurs
on neutron-rich fp-shell nuclei at the high temperatures of giant stars. Electron
capture is mediated by GT transitions. Electron capture removes the electron
pressure that keeps the star from collapsing precipitating an implosion followed by
a cataclysmic explosion throwing much of the star material into space and leaving a
neutron star or black hole behind.
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2.1 Introduction
The isovector giant dipole resonance (IVGDR) was discovered by Bothe and
Gentner [1]. Later, Migdal, Baldwin, and Klaiber [2, 3] rediscovered the IVGDR,
which was interpreted by Goldhaber and Teller [4] and Steinwedel and Jensen [5] as
dipole oscillations of protons versus neutrons. In the following decades, systematic
studies were performed employing bremsstrahlung radiation produced by electron
accelerators to study the resonant ” absorption in nuclei. In addition, experiments
with quasi-monochromatic photons could be performed by using a tagged-photon
beam or eC e annihilation in flight; see [6] and references therein.
In addition to the IVGDR, there exist other types of giant resonances that can be
described in a hydrodynamical model as the oscillations of a liquid drop composed
of four different types of fluids: protons and neutrons with spins up and down.
The giant resonances can therefore be characterised by their multipolarity, spin
and isospin. An isoscalar mode corresponds to protons and neutrons oscillating in
phase whereas an isovector mode corresponds to protons and neutrons oscillating
out of phase. Similarly, a scalar (electric) mode corresponds to nucleons with spinup and spin-down oscillating in phase and a vector (magnetic) mode corresponds
to nucleons with spin-up and spin-down oscillating out of phase. In Fig. 2.1, a
schematic representation is given for the lowest three multipolarities: L D 0
(monopole), L D 1 (dipole) and L D 2 (quadrupole) and for isoscalar electric,
isovector electric, isoscalar magnetic and isovector magnetic, respectively. The
representation for the isoscalar giant dipole resonance (ISGDR) is missing because
in first order it corresponds to a spurious centre-of-mass (c.o.m.) motion, i.e.
translational motion of the nucleus as a whole without intrinsic excitation of it. In
higher order, the ISGDR exists as will be discussed below.
The study of giant resonances including the IVGDR has been very intensive in
the last six decades. This started with the discovery of the isoscalar giant quadrupole
resonance (ISGQR) in electron scattering in 1971 [7] and isoscalar giant monopole
resonance (ISGMR) in inelastic ’ scattering in 1977 [8–10]. Other modes were
discovered and investigated extensively. Among these, the ISGMR and ISGDR are
of special interest because they are compression modes and their excitation energies
are dependent on the compression modulus of the nucleus. Charge-exchange modes
are also very important because of the role they play in nucleosynthesis and other
astrophysical phenomena as we will discuss in more detail below.
In microscopic models, a giant resonance can be described as a coherent
superposition of one-particle-one-hole excitations that are induced by the operation
of one-body operators on the ground state of a nucleus:
˛
˛
j‰ œ¢£ D Oœ¢£ j‰g:s:
where œ refers to the multipolarity of the giant resonance, and ¢ and £ to its spin and
isospin structure, respectively. In the long-wave length limit (qr << 1), the multipole
operators are obtained from the first-order terms in the expansion of the spherical
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Fig. 2.1 Schematic representation of giant resonances (GRs) for the monopole (M), dipole (D)
and quadrupole (Q) modes. Isoscalar (IS) and isovector (IV) modes correspond to neutrons and
protons moving in phase and out of phase, respectively. Similarly, electric (scalar) and magnetic
(vector; also spin (S)) modes correspond to nucleons with spin-up and spin-down moving in phase
and out of phase, respectively. The notation used is self-explanatory

Bessel function j (qr) of order (multipolarity) œ [6]; here, q is the momentum
transfer and r is the spherical radial coordinate. This is true except for the isoscalar
monopole and dipole operators.
The transition operators for the isoscalar monopole and dipole excitations can
be obtained from the expansion of the Bessel function of order œ D 0 and œ D 1,
respectively. For the monopole, the first-order term is a constant that does not induce
any excitations. The second-order term in the expansion is proportional to r2 and
thus can lead to 2 -h¨ monopole excitations. For the dipole, the first-order term
is proportional to the centre-of-mass (c.o.m.) coordinate and corresponds to the
spurious c.o.m. motion.
O D

X
k

rk Y1 .˝k / C

1X 3
r Y1 .˝k / C : : :
2 k k

Intrinsic isoscalar dipole excitations can be induced by the second-order term
- and 3 h¨
in the expansion which is proportional to r3 and thus can lead to 1 h¨
excitations. The isoscalar dipole resonance is associated with the 3 -h¨ excitation.
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Table 2.1 Multipole operators for the first four multipolarities (L D 0, 1, 2 and 3) isoscalar and
isovector electric modes and isovector magnetic modes

L D 0: Monopole
L D 1: Dipole
L D 2: Quadrupole
L D 3: Octupole

S D 0,
T D 0
ISGMR
r2 Y0
ISGDR
(r3  5/3‹r2 ›r)Y1
ISGQR
r2 Y2
ISGOR
r3 Y3

S D 0,
T D 1
IAS
 ˙ Y0

S D 0,
T D 1
IVGMR
 r2 Y0
IVGDR
 rY1
IVGQR
 r2 Y2

S D 1,
T D 1
GTR
 ˙  Y0

S D 1,
T D 1
IVSGMR
  r2 Y0
IVSGDR
  rY1
IVSGQR
  r2 Y2

The operators for the isoscalar magnetic modes are not included, since these are expected to be
weak and have not been observed experimentally. The operators for the IAS (Fermi) transition
and Gamow–Teller resonance (GTR) are also given and do not involve a radial part. Note the
extra term in the second-order isoscalar dipole operator, which is to correct for the c.o.m. motion

In Table 2.1, multipole operators for the first four multipolarities: monopole,
dipole, quadrupole and octupole are given for both isoscalar and isovector modes,
and electric and magnetic (spin) modes. The operators for the isoscalar magnetic
modes are not shown since these modes have not been observed experimentally.
The operator for the isobaric analogue state (IAS) is given and it consists of
an isospin lowering or raising operator that changes a neutron to a proton or a
proton to a neutron, respectively, without changing the other quantum numbers,
i.e. the radial, orbital and spin wave functions remain the same. The operator
for the Gamow–Teller (GT) excitation involves in addition the spin-operator and
therefore it will induce a spin flip in addition to the isospin flip. It induces
thus transitions of neutrons to protons (lowering) or protons to neutrons (raising) without changing the radial and orbital wave functions. However, the spin
wave function may change. Thus, transitions between spin-orbit partners are also
allowed.

2.2 The Compression Modes and Incompressibility
of Nuclear Matter
As stated above the compression modes, ISGMR and ISGDR, provide the possibility to determine the nuclear matter incompressibility experimentally because of
the relation between their excitation energies and the incompressibility of nuclei.
These two compression modes are depicted in Fig. 2.2. The ISGMR (also called
breathing mode) shows a volume oscillation around an equilibrium shape, thereby
moving between rarefied and denser situations. The ISGDR (also called squeezing

2 Giant Resonances: Fundamental Modes and Probes of Nuclear Properties

35

Fig. 2.2 Oscillation of the
nucleus about an equilibrium
shape shown for ISGMR
(top), ISGDR (middle) and
ISGQR (bottom). The
ISGMR (breathing mode) and
the ISGDR (squeezing mode)
display density variations and
therefore are denoted as
compression modes

mode) displays oscillations wherein the density increases on one side of the nucleus
and decreases on the other keeping the c.o.m. fixed.
The incompressibility of ‘infinite’ nuclear matter is an important ingredient of the
equation of state (EoS) of nuclear matter. The EoS is more complex than for infinite
neutral liquids because the nuclear fluid has protons and neutrons with different
interactions. In particular, the long-range Coulomb interaction for protons becomes
very important for large volumes. The EoS governs: (1) the collapse and explosion
of giant stars (supernovae explosions), (2) the formation of neutron stars (mass,
radius and crust) and (3) the collisions of heavy ions.
In fluid mechanics, compressibility is a measure of the relative volume change of
a fluid as a response to a pressure change:
ˇD

1 @V
V @P

where P is the pressure, V is the volume. Incompressibility or bulk modulus (K) is
a measure of a substance’s resistance to uniform compression and can be formally
defined:
K D V

@P
@V

The incompressibility is an important ingredient of the nuclear forces that determine
the properties of nuclei. For a definition of the incompressibility of ‘infinite’ nuclear
matter, one notes that for the EoS of nuclear matter at saturation nuclear density of
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Fig. 2.3 Binding energy per nucleon as function of nuclear density for a soft and a hard EoS. At
saturation density (0.16 fm3 ) the curves are flat

0.16 fm3 [11] we have (see also Fig. 2.3):


d .E=A/
d


D

D0
0

Here, E/A is the binding energy per nucleon, is the nuclear density and 0 is
the nuclear density at saturation.
The incompressibility of infinite nuclear matter can then be derived as the second
derivative with respect to the nuclear density [11]:
Knm


D 9

2d

2

.E=A/
d 2


D

0

2 Giant Resonances: Fundamental Modes and Probes of Nuclear Properties

37

The excitation energies of the ISGMR and ISGDR are given in the constrained and
scaling models as [6, 11, 12]:
s
EISGMR D ¯

KA
m hr2 i

and
s
EISGDR D ¯

"
7 KA C 27
25 F
2
3 m hr i

where m is the nucleon mass, hr2 i is the mean-square radius, "F is the Fermi energy
and KA , the finite-nucleus incompressibility, is given by [11]:

 
KA D r2 d2 .E=A/ =dr2 rDR0
where R0 is the nucleus half-density radius. In the scaling model the nucleus
incompressibility can be expanded (Leptodermous (thin-skin) expansion) into
several terms, as follows [13]:
KA D Kvol C Ksurf A1=3 C Ksym ..N  Z/ =A/2 C KCoul Z 2 A4=3
In principle, one can obtain the various terms through a fit to KA values obtained
from the excitation energies of the ISGMR and ISGDR for many nuclei. In this way,
Kvol , Ksurf and Ksym (also referred to in the literature as K ) can be determined. Ksurf
does not play a role in the EoS of infinite nuclear matter. KCoul can be calculated
from the well-known Coulomb interaction. Kvol can be associated with the incompressibility of nuclear matter, Knm  K1 . This is, however, not what is done because
using the Leptodermous expansion is not considered a reliable method to determine
the parameters. Instead, it is considered more correct and reliable to determine the
excitation energies of the compression modes through non-relativistic or relativistic
calculations with different types of nucleon-nucleon (NN) interactions. The incompressibility of nuclear matter is then taken from the NN interaction that leads to the
best reproduction of the isoscalar giant monopole and dipole resonances.
The most important experimental and analysis steps for determining the excitation energies of the ISGMR and ISGDR are discussed briefly in the following. The
best reaction to study these isoscalar compression modes is inelastic ’ scattering at
incident energies of 160 MeV or higher and at very forward angles including 0ı .
At these angles and bombarding energies, the angular distributions are characteristic
of the different multipolarities. However, for measuring at and near 0ı the use
of a magnetic spectrometer is imperative to separate the beam from inelastically
scattered ’ particles. Inelastic ’-scattering spectra for different scattering angles are
generated by software division of the angular bins. Special techniques have to be
used to remove the experimental background. Once the experimental background
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is removed, a multipole-decomposition analysis (MDA) is performed. In this procedure, excitation-energy bins are defined in the inelastic ’-scattering spectra obtained
for the different scattering angles measured. The angular distributions for the
different excitation-energy bins are determined. These are then fit with the angular
distributions of the various possible multipolarities. The fraction of the energyweighted sum rule (EWSR) strength for each multipolarity exhausted in each
excitation-energy bin is deduced in this way. This finally results in spectra for the
strength distributions of the different multipoles as a function of excitation energy.
In Fig. 2.4, the results of such an analysis for the strength distributions of the
ISGMR and the ISGDR in 90 Zr, 116 Sn, and 208 Pb are shown. The experimental
spectra have been obtained in inelastic ’ scattering at an incident energy of

Fig. 2.4 Strength distributions of the ISGMR and the ISGDR in 90 Zr, 116 Sn, and 208 Pb determined
from MDA of experimental spectra obtained [14] in inelastic ’ scattering at an incident energy of
386 MeV. The results of fitting the ISGMR with a Breit-Wigner function are indicated by solid
curve. For the ISGDR, the results of fitting with two Breit-Wigner functions for the region of
Ex > 10 MeV are shown by solid curve
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Fig. 2.5 Strength distributions of the ISGMR for all even-A Sn isotopes obtained [16, 17] from
inelastic ’ scattering at an incident energy of around 400 MeV. The results of fitting the ISGMR
strength distributions with a Lorentzian function are shown

386 MeV [14]. The results of fits with Breit-Wigner functions are shown. From
the ISGMR data on 90 Zr and 208 Pb, the incompressibility of nuclear matter is
determined [15] to be K1 D 240 ˙ 10 MeV. This value seems to be consistent with
both ISGMR and ISGDR Data and with non-relativistic and relativistic calculations.
To determine the coefficient of the symmetry term of the incompressibility,
inelastic ’ scattering at around 400 MeV incident energy was studied on all stable
even-A Sn isotopes [16, 17]. Isoscalar monopole strength as a function of excitation
energy was determined via MDA. These are shown in Fig. 2.5 together with fits with
Lorentzian functions. The energies of the ISGMR obtained from these fits are within
the uncertainties
in good agreement with the values obtained also from the moment
p
ratio m1 /m1 , where the kth moment of the strength distribution is defined as:
Z
mk D

Ex k S .Ex / dEx

where S(Ex ) is the EWSR strength function and the integration has p
been performed
in the excitation-energy interval 10.5–20.5 MeV. The moment ratio m1 /m1 gives
the excitation energy of the resonance which has the strength function S(Ex ).
The nucleus incompressibility given above can be rewritten:


KA  KCoul Z 2 A4=3  Kvol 1 C cA1=3 C K Œ.N  Z/ =A 2
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Fig. 2.6 Systematics of the difference KA  KCoul Z2 A4/3 determined for the Sn isotopes as
discussed in the text as function of • D (N  Z)/A [16, 17]; KCoul D 5.2 MeV [19]. The line
represents a least-squares quadratic fit to the data

Here, c  1 [18] and KCoul is essentially model independent allowing to
calculate the Coulomb term for each of the isotopes. Hence, the difference
KA  KCoul Z2 A4/3 for an isotopic chain can be approximated to be a quadratic
function of • D (N  Z)/A, with K as coefficient. In Fig. 2.6, the difference
KA pKCoul Z2 A4/3 is plotted for all the even Sn isotopes, for which the moment
ratio m1 /m1 was determined as discussed above, as function of the asymmetry
parameter,
(N  Z)/A. The values of KA were determined using the moment ratios
p
m1 /m1 for EISGMR ; see above. The data were fitted with a quadratic function.
This is shown as a solid line in Fig. 2.6. The fit gives K D 550 ˙ 40 MeV; the error
is only due to the fitting procedure. Considering all other uncertainties that arise
from different sources, a value K D 550 ˙ 100 MeV is obtained.

2.3 Spin-Isospin Excitations
Neutrino scattering from nuclei can proceed via neutral currents, i.e. elastic and
inelastic scattering ( , 0 ), and charged currents, i.e. ( e, e ), (anti e, eC ). Neutrino
scattering proceeds largely through spin-flip and isospin-flip transitions (in chargedcurrent transitions isospin-flip occurs by nature of reaction). These types of
transitions are important in various phenomena some of which will be discussed
below and are mediated by the weak interaction. Neutral-current transitions of spin-
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flip and isospin-flip character, in short spin-isospin excitations, can be studied also
with inelastic electron scattering and/or inelastic proton scattering at intermediate
energies. In this way, the important transition matrix elements, such as for M0, M1
and M2 transitions, can be determined. Charged-current transitions can be studied
with charge-exchange reactions such as (p,n) and (3 He,t) which induce transitions
analogous to “ decay, i.e. isospin-lowering transition Tz D 1, or as (n,p),
(d,2 He) and (t,3 He) which induce transitions analogous to “C decay, i.e. isospinraising transition Tz D C1. These charge-exchange reactions induce excitations
of GTR, IVSGMR, IVSGDR, etc. These excitation modes play important roles in
nuclear astrophysics, neutrino physics, double-beta decay, determination of neutronskin thickness, etc. In order to study spin-isospin modes with charge-exchange
reactions a few points have to be considered. For example, if one wants to study
spin-flip transitions one has to choose an incident energy where the V¢£ spin-isospin
part of the nucleon-nucleon (NN) interaction dominates over the V£ isospin part.
This is illustrated in Fig. 2.7 where the various central parts of the NN interaction
are plotted versus incident energy [20]. In the region between 100 and 500 MeV
incident energy, V¢£ dominates strongly over V£ . In this region, also the dominant
V0 part of the NN interaction has a broad minimum. In the (3 He,t) studies that were
performed at RCNP, Osaka a bombarding energy of 150 MeV/u has been used,
where the ratio of V¢£ /V£  3 resulting in a ratio of cross sections of 10.
Other considerations that come into play are the complexity of the reaction
mechanism and the experimental conditions. The first favours light projectiles with
no bound states at intermediate incident energies, i.e. in the region where the V0 part

Fig. 2.7 Volume integrals of the central components of the NN interaction are plotted as function
of the incident energy [20]. “c” denotes central. Note that whereas V¢£ varies slightly in the energy
range 100–500 MeV, V£ goes through a minimum
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of the NN interaction has its broad minimum. The second favours certain reactions
over others. For example, the (p,n) reaction has a simpler reaction mechanism than
the (3 He,t) reaction, but it is more difficult to get high energy resolution because
this would require very long flight paths with the time-of-flight method. Long flight
paths imply loss of geometrical efficiency. In the case of the (3 He,t) reaction, very
high energy resolution can be obtained with the use of a magnetic spectrometer
with a detection efficiency approaching 100%. For the (n,p)-type reactions, all of
the light-ion reactions (n,p), (d,2 He) and (t,3 He) present experimental problems. The
first and third reactions require secondary beams which result in low beam intensities and very low energy resolutions, which is worse for neutron beams than for triton beams. In principle, one can use primary triton beams with very high energy resolution, but this presents other problems with radio protection. The (d,2 He) reaction
can be performed with primary beams of high energy resolution but the 2 He ejectile
is not bound and the two protons have to be detected with high energy and angular
resolutions in order to reconstruct the 2 He in its singlet S state with high resolution.
In Fig. 2.8, the relative dependence of V¢£ and V£ as function of proton
incident energy is demonstrated making use of the 14 C(p,n)14 N reaction at 0ı . The
ground and first-excited states of 14 N have spin-parity of 1C and 0C , respectively.
Transitions from the 0C ground state of 14 C to the 1C and 0C levels in 14 N are
mediated by the V¢£ and V£ parts of the NN interaction, respectively. The displayed
spectra have been measured for proton incident energies ranging from 60 MeV to
about 650 MeV. The height of the peak of the 1C level at 3.95 MeV excitation energy

Fig. 2.8 The spectra show the yields for the 1C and 0C states of 14 N populated by the 14 C(p,n)14 N
reaction at 0ı and the indicated bombarding energies. The spectra have been arbitrarily normalised
so that the height of the 1C peak at 3.95 MeV excitation energy is constant as function of
bombarding energy. See [21, 22]
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has been arbitrarily normalised to be a constant as function of bombarding energy
similar to the dependence of V¢£ in Fig. 2.7. Interestingly, the height of the peak of
the 0C level follows the same energy dependence as that of the V£ in Fig. 2.7.
Therefore, to study GT transitions (L D 0, S D 1, T D 1) in nuclei it is
important to measure at and near 0ı using a bombarding energy between 100 and
500 MeV/u where strong excitation of levels by GT transitions is expected. For GT
transitions, the (p,n) and (3 He,t) reactions can be used. If the target ground state has
isospin T0 then three components of the GTR can be populated with: T0  1, T0 ,
and T0 C 1. For GTC transitions, the (n,p), (d,2 He) and (t,3 He) reactions can be
used. If the target ground state has isospin T0 then in this case only one component
of the GTR can be populated with T0 C 1.

2.3.1 GT Strength in fp-Shell Nuclei
Bethe et al. [23] and Fuller, Fowler and Newman (FFN) [24–27] recognised that
(GT) transitions in fp-shell nuclei play an important role in determining the weakinteraction rates of processes taking place during the last few days of a heavy
star in its pre-supernova stage. This led to renewed interest in determination of
the GT strength distributions in fp-shell nuclei, and there were many studies, both
experimentally and theoretically, of the GT strength in fp-shell nuclei in the last two
to three decades. This is important for a number of reasons. The core of a heavy
star with a mass of 10 solar masses and heavier is composed of fp-shell nuclei after
having burnt its fuel and reached the pre-supernova stage. These fp-shell nuclei can
capture electrons at the high temperatures in which the stars find themselves thus
reducing the electron pressure that counteracts gravitational collapse precipitating
the collapse that is followed by a cataclysmic supernova explosion. Furthermore,
neutrino absorption cross sections by fp-shell nuclei are essential for understanding
of nuclear synthesis in supernova explosions. The matrix elements that govern
electron capture and neutrino absorption have been difficult to calculate in the shell
model because of the open shell structure of fp-shell nuclei though there has been
much progress recently with large basis shell-model calculations. Therefore, it is of
the utmost importance to measure spin-isospin responses of fp-shell nuclei to gauge
theoretical calculations.
For GT transitions, the (p,n) and (3 He,t) reactions can be used, and for GTC
transitions, the (n,p), (d,2 He) and (t,3 He) reactions can be used. The cross section
can be written at momentum transfer q D 0 as [28, 29]:
i f
d
.q D 0/ D
d˝
.¯2 /2



kf
ki

ND jJ j2 B.F/ C ND  jJ  j2 B.GT/

Here, i and f are the reduced masses in the initial and final channels, and ki
and kf the momenta of the incoming and outgoing particles, respectively. ND is the
distortion factor for Fermi (£) or GT (¢£) transitions, J and J  are the volume
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integrals of the isospin and spin-isospin components of the central part of the NN
interaction and B(F) and B(GT) are the transition strengths for the Fermi and GT
parts of the transition, respectively. Note the similarity between this cross section
of the (p,n) and (3 He,t) reactions at q D 0 and the neutrino absorption cross section
given by:
D


1  2
GV B.F/ C G2A B.GT/  F .Z; Ee / pe Ee
4
3
¯ C

Here, GV and GA are the vector and axial-vector coupling constants. This similarity
indicates the importance of charge-exchange reactions at intermediate energies for
determining B(GT) values. In the case of pure GT transitions, the cross-section
equation simplifies to:
i f
d
.q D 0/ D
d˝
.¯2 /2



kf
ki

ND  jJ  j2 B.GT/

In principle, one can determine the B(GT) value directly from measuring the
cross section at 0ı and extrapolating it to q D 0 and calculating ND and J  .
However, after these steps are taken usually the value is normalised to a calibrated
B(GT) value for a known transition from “-decay. In this way, a unit cross section
for B(GT) transitions could be defined.

2.3.2 Determination of GT Strength
In order to demonstrate the power of intermediate energy charge-exchange reactions, we show in the following the results of the 176 Yb(3 He,t)176 Lu reaction [30].
Because of the low-lying GT transitions from 176 Yb to 176 Lu, 176 Yb has been
considered for solar-neutrino detection to resolve the discrepancy between the
observed neutrino flux from the Sun [31, 32] in comparison with the predicted
neutrino flux by the Standard Solar Model [33]. The dominant part of the neutrino
flux from the Sun is due to the pp ! deC with a maximum energy of the neutrinos
of 420 keV, which nicely matches with the energy needed for the GT transition
to the lowest 1C level in 176 Lu. The GT transition to the second 1C level requires
neutrinos with energies above 445 keV, which is beyond the maximum energy of the
pp neutrinos; see left panel of Fig. 2.9, which shows the maximum neutrino energies
from the different sources as arrows and gives the low-lying levels of 176 Lu.
In a (p,n) experiment [34] performed in parallel, the two levels at 195 and
339 keV could not be resolved and a summed B(GT) value of 0.32 ˙ 0.04 was
reported. Since the pp neutrinos can only excite the 195 keV level, it was imperative
to resolve these two levels. An experiment was performed [30] with the highresolution Grand Raiden Spectrometer [35] at RCNP, Osaka with 3 He beam at an
incident energy of 150 MeV/u. The two low-lying 1C levels could be resolved as
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Fig. 2.9 Left panel: Level scheme and ”-ray tags for solar-neutrino detection by 176 Yb (12.8%
natural abundance). All energies are in MeV. Right Panel: Triton energy spectrum from the
176
Yb(3 He,t)176 Lu reaction taken at 0ı and incident energy 150 MeV/u. In addition to structures
observed at high excitation energies, the two 1C states at low excitation energy are observed and
resolved as displayed in the expanded inset; see [30] for details
Table 2.2 Gamow–Teller B(GT) of the levels observed in the 176 Yb(3 He,t)176 Lu [30]
Ex (MeV)
B(GT)

0.195 C 0.339 (p,n)
0.32 ˙ 0.04

0.195
0.20 ˙ 0.04

0.339 (3 He,t)
0.11 ˙ 0.02

can be seen in the inset of the right panel of Fig. 2.9. Their B(GT) values could be
calibrated with the known 164 Dy weak matrix element. The obtained B(GT) values
are listed in Table 2.2. The B(GT) of the higher level is found to be about half of that
of the lower level, but their sum is in excellent agreement with the result obtained
from the (p,n) experiment [34].
Almost an order of magnitude improvement of the resolution of detected scattered particles was obtained when the West-South (WS) beam line was constructed
at RCNP, Osaka [36]. This allowed unprecedented high-resolution measurements at
a 3 He incident energy of 450 MeV using the momentum-dispersion technique.
Beams from the Ring Cyclotron are transported to the target through the highdispersive WS beam line; see Fig. 2.10. After charge-exchange reactions with target
nuclei, the ejectile tritons are measured with Grand Raiden applying dispersion
matching. A high resolution of around 30 keV has been achieved with thin targets.
This provides excellent new opportunities to study GT strength in fp-shell nuclei in
great detail.
To illustrate the excellent potential of this facility, we present here the study
of the 58 Ni(3 He,t)58 Cu reaction with the aim to study the structure of the GTR
in 58 Cu and decompose its isospin components. Starting from 58 Ni ground state
with isospin T0 D 1, one can, in principle, separate the isospin components by
comparison among the spectra obtained by (n,p), (p,p0) and (p,n) reactions on
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Grand-Raiden
Spectrometer

High-dispersive WS-course

RCNP Ring
Cyclotron

Fig. 2.10 Schematic layout of the experimental setup at RCNP allowing high-resolution measurements making use of dispersion-matching technique. Beams from the Ring Cyclotron are
transported to the scattering chamber of the Grand-Raiden spectrometer through the highdispersive WS beam line [36]

58

Ni. This is, however, very difficult in practice because of the high level density
for populated states with different isospin. High energy resolution experiments are
therefore necessary to be able to perform this decomposition. A successful attempt
to decompose the isospin components of the GTR in 58 Cu was performed by Fujita
et al. [37, 38].
The 58 Ni(3 He,t) reaction at 0ı strongly excites J D 1C states with T D 0, 1 and
2 in 58 Cu starting from the T0 D 1 58 Ni ground state because of the T D 1 transfer
in the charge-exchange process. In (p,p0 ) and (e,e0 ), excited 1C (M1) states with
T D 1 or 2 are observed as analogue states in 58 Ni. In Fig. 2.11, the various isospin
components that can be populated in the (n,p), (p,p0 ) and (p,n) reactions and their
analogue relationships and isospin Clebsch-Gordan (CG) coupling coefficients are
shown. Since 58 Ni ground state has isospin T0 D 1, the square of the CG coefficient
of isospin coupling leads to a transition strength ratio of ¢ TD0 :¢ TD1 :¢ TD2 D 2:3:1
for the T0  1, T0 and T0 C 1 components, respectively; see Fig. 2.11. Because of the
nuclear structure of 58 Ni, which corresponds to a large extent to 2 neutrons outside
a 56 Ni core of 28 protons and 28 neutrons filling all shells up to and including 1f7/2 ,
one can show that in this simple model the expected J D lC B(GT) strength of 19.7
in 58 Cu is distributed among the three isospin components T0  1, T0 and T0 C 1
with the ratio of 47%, 41% and 12%, respectively [37, 38].
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Fig. 2.11 Schematic representation of population of various isospin components of 1C levels
in (n,p) [GTR], (p,p0 ) [M1 resonance] and (p,n) [GTR] reactions starting from a target nucleus
with isospin quantum number T D T3 D T0 . Dashed lines connect analogue levels in the parent
and daughter nuclei. Isospin CG coefficients that determine the relative excitation of the different
components are shown. For 58 Ni T0 D 1

In Fig. 2.12a, the 0ı spectrum of the 58 Ni(3 He,t)58 Cu reaction obtained at a
bombarding energy of 450 MeV is shown [37, 38]. The energy resolution was
140 keV that was achieved before the WS beam line was constructed. Because of
the strong excitation of L D 0 transitions at 0ı and this high bombarding energy,
mainly 1C levels are excited in addition to the isobaric analogue state (IAS) at
0.20 MeV excitation energy in 58 Cu. This spectrum should be compared to the
1C levels observed in 58 Ni(e,e0 ). In Fig. 2.12b-1, the B(M1) strength distribution
deduced from inelastic electron scattering measurement [39], in which an energy
resolution of 30 keV was achieved, is shown. In order to compare with the
spectrum obtained in the 58 Ni(3 He,t)58 Cu reaction the B(M1) strength distribution
was convoluted with the experimental energy resolution of the (3 He,t) experiment;
see Fig. 2.12b-2. Before the final comparison is made, one notes that the relative
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Fig. 2.12 Comparison between the 0ı 58 Ni(3 He,t) spectrum (a), which is mainly GT strength,
and the Ml strength distribution obtained in the 58 Ni(e,e0 ) experiment [39]. (b-1) The B(M1)
distribution deduced in the 58 Ni(e,e0 ) experiment. (b-2) The reconstructed 58 Ni(e,e0 ) spectrum after
convoluting with the experimental energy resolution of the (3 He,t) experiment. (b-3) The same as
(b-2), but T D 2 strength scaled down by a factor of 3. Since the IAS of the 58 Ni ground state is
observed at 0.20 MeV in 58 C, the excitation energy in 58 Ni is shifted with 0.20 MeV relative to
58
Cu. This figure is from [37, 38]

excitation of the T0 and T0 C 1 components in 58 Cu is ¢ TD1 :¢ TD2 D 3:1, whereas
in 58 Ni it is ¢ TD1 :¢ TD2 D 1:1; see Fig. 2.11. Therefore, one has to identify the
T D 2 levels in 58 Ni and reduce their relative excitation by a factor 3 before
the final comparison is made. This was done by comparing to the results of a
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Ni(t,3 He)58 Co measurement performed at 25 MeV bombarding energy [40, 41]
and a recent 58 Ni(n,p)58Co measurement at 198 MeV bombarding energy [42],
both of which populate only T D 2 levels. In the (t,3 He) measurement, six 1C
levels populated by GT transitions were identified and consequently their analogues
in 58 Ni were identified. These are marked with the small circles in Fig. 2.12b-1.
The (n,p) measurement did not have sufficient energy resolution to resolve discrete
levels. However, the T D 2 GT strength was found to exist continuously between
1 and 5 MeV excitation energy. This corresponds in 58 Ni to the excitation-energy
region above 11.5 MeV. Therefore, the relative strength of the six 1C states and the
region above 11.5 MeV were scaled down by factor of 3. The resulting spectrum is
shown in Fig. 2.12b-3.
By comparing Figs. 2.12a and b-3 and knowing the T D 2 GT distribution
from the (t,3 He) and (n,p) measurements, Fujita et al. were able to determine the
B(GT) strength distributions for all three isospin components. These are shown in
Fig. 2.13 after convoluting with the experimental energy resolution of the (3 He,t)
experiment. It can be seen that the observed B(GT) strength is fragmented for
all isospin components. Furthermore, the integrated strengths for the three isospin
components are in better agreement with the predictions of the simplified shellmodel calculations than with the predictions purely on basis of the CG coefficients.
With the construction of the WS beam line at RCNP, Osaka, it became possible
to achieve much better energy resolution through use of the dispersion-matching

Fig. 2.13 The B(GT) strength distributions for the three isospin components as could be deduced
from comparison of various probes as discussed in detail in the text [37, 38]
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Fig. 2.14 A 58 Ni(3 He,t)58 Cu spectrum taken at 0ı and 450 MeV incident energy is shown; the
energy resolution achieved is about 50 keV. States with L D 0 character are indicated by their
excitation energies [37, 38]

technique. In Fig. 2.14, a 0ı spectrum of the 58 Ni(3 He,t)58 Cu reaction taken at
a bombarding energy of 450 MeV is shown. A high resolution of 50 keV was
achieved. By comparing this spectrum with that of Fig. 2.12a, one can observe the
great improvement in resolving the low-lying levels and the fine structure of the
GTR. With this achieved high-resolution, the (3 He,t) reaction becomes a powerful
tool to study spin-isospin modes and, in particular, the GT strength in great detail. It
has indeed been used very effectively in the last decade in studies of the spin-isospin
modes with the facility at RCNP, Osaka. Many nuclei in the sd and fp shells have
been studied in this period allowing the extraction of the B(GT ) distributions in
the final nuclei with very high energy resolution of about 35 keV full width at half
maximum [43–45].

2.3.3 Determination of GTC Strength and Its Astrophysical
Implications
In a heavy star that initially is formed of hydrogen gas but with a mass larger
than ten solar masses (M > Mˇ ), the collapse due to gravitational pressure
increases the temperature in the star interior to 107 –108 K initiating thus a
fusion of hydrogen through the weak process: pp ! deC . The thermal pressure
keeps the star from further collapsing while all the hydrogen in the star interior is converted to 4 He through different reaction paths essentially converting:
4p ! 4 He2eC 2 C 26.7 MeV. After about 106 –107 years, hydrogen burning ends
in the core of the star. The star starts contracting again under gravitational pressure
and the temperature increases to 2  108 K resulting in a red giant wherein He-
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burning occurs in the core while hydrogen burning starts in the surrounding region
at temperatures appreciably exceeding 107 K. After about 5  105 years, the
processes of burning heavier elements at higher temperatures occur resulting in
an onion-shell structure of the star with a core constituted mainly of Fe and Ni
isotopes at a mass of around 1.4 Mˇ surrounded by shells filled consecutively
with Si, O, C, He and H. At this stage, gravitational pressure increases but is
balanced by the pressure due to a degenerate electron gas which keeps the star
from completely collapsing up to the Chandrasekhar limit, which is about 1.4 Mˇ .
Above this limit, the electron gas pressure cannot keep the star from collapsing.
The collapse starts when the temperature reaches T D 109 K and a density
¡ D 3107 g/cm3 . This is accelerated by the neutronization (de-leptonization) of
the star core through electron capture processes on nuclei of Fe and Ni isotopes.
The reduction of Ye , the electron-to-baryon ratio, through the electron capture
process leads to reduction in the pressure of the degenerate gas and to accelerated
collapse followed by a re-bounce from the star core resulting in a supernova
explosion.
The electron-capture (EC) process on fp-shell and, in particular, Fe and Ni
nuclei plays a dominant role during the last few days of the life (pre-supernova
stage) of a heavy star [23]. The rate for EC is governed by the GTC strength
distributions at low excitation energy; which are not accessible to “C -decay.
First estimates of EC rates in stellar environments were made in the early 1980s
by FFN using a simple single-particle model [24–27]. In the late 1990s, shellmodel codes were developed and new computer hardware became available that
allowed to perform large-basis shell-model calculations [46]. This made it possible
to calculate relevant GT strength distributions in fp-shell nuclei using a very
large number of configurations. The results obtained in these large-scale shellmodel calculations [46–50] marked deviations from FFN EC rates and indicated
that the EC rates are in general smaller than was calculated by FFN [24–27].
These conclusions have led to revisiting pre-supernova models [51, 52]. The new
evaluations resulted in a smaller mass of the iron core of the pre-supernova star and
a larger value for the electron-to-baryon ratio Ye as compared to calculations by
FFN.
It became evident that stellar weak reaction rates should be determined with
improved reliability compared to FFN. Large-scale shell model calculations provided the possibility to improve the prediction of EC rates by tuning these to
reproduce GTC strength measured in, e.g., (n,p) reaction. Calculations of the EC
rates relied on (n,p) data from TRIUMF, which have a rather poor energy resolution
[42, 53–56]. The calculations showed agreement with the data after folding with the
energy resolution of 1 MeV for the (n,p) reaction; see Fig. 2.15.
At low temperatures, the EC rates depend sensitively on the discrete structure of
the low-lying GT strength. Therefore, it is important to resolve the low-lying GT
transitions. To test this a case study was made to determine the low-lying 1C levels
of 58 Ni in a reaction with which a much better energy resolution can be obtained
compared to the (n,p) reaction [57, 58]. For this reason, the (d,2 He) reaction was
chosen which in addition to a better energy resolution offers other advantages; see
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Fig. 2.15 Comparison of GTC data obtained with the (n,p) reaction on several nuclei in the fpshell [42, 53–56] with calculated strength distributions making use of large-scale shell-model
calculations [46]. The theoretical predictions are shown by discrete lines which are folded with
the experimental energy resolution to obtain the plotted histograms; figure obtained from [46]

Fig. 2.16. In this figure, a schematic representation of the charge-exchange (d,2 He)
reaction is shown. The deuteron ground state is a 3 S1 state (S D 1) with isospin
T D 0. The unbound di-proton system (isospin T D 1) is referred to as 2 He, if the
two protons are in a relative 1 S0 state. The 1 S0 state dominates if the relative 2proton kinetic energy " < 1 MeV. Experimentally, an almost pure 1 S0 state can be
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Fig. 2.16 Schematic
representation of the (d,2 He)
charge-exchange reaction on
a nucleus A with atomic
number Z. The deuteron has
S D 1, T D 0, and the
unbound 2 He has S D 0,
TD1

selected by limiting the relative energy of the di-proton system to less than 1 MeV,
as in this case the contribution of higher-order partial waves is of the order of a few
percent only. Furthermore, the reaction mechanism forces a spin–flip and isospin–
flip transition (S D T D 1). Therefore, the (d,2 He) reaction is an (n,p)-type probe
with exclusive S D 1 character and at small momentum transfers, mainly probes
the GTC transition strengths. However, a disadvantage of this reaction near 0ı is the
tremendous background originating from d-breakup.
The 58 Ni(d,2 He) reaction was studied at KVI using the Big-Bite Spectrometer
[59] and the EuroSuperNova (ESN) focal-plane detection system [60–62]. The
focal-plane detection system consists of two vertical-drift chambers (VDC), with
the capability to determine the position of incidence of a scattered particle in
two-dimensions, and a scintillation detector for particle identification and timing
purposes. The angle of incidence can be determined from the positions of incidence
on the two VDCs, and this can be converted to scattering angle of the particle
through ray-tracing techniques. Because of the large background due to d-breakup
the VDCs need to have fast readout which is realised with pipeline TDCs and
decoding using imaging techniques. Furthermore, the VDCs have to have good
double-tracking capability which is essential for detecting the two protons from
2
He down to very small separation distances at the focal plane. Using the VDC
information obtained in this way, good phase-space coverage for small relative
proton energies is assured making it possible to select the 1 S0 state of the two
coincident protons.
In the 58 Ni(d,2 He) experiment, a 170 MeV deuteron beam was used to bombard
a self-supporting 58 Ni target. The experimental details can be found in [57, 58].
Using the dispersion-matching technique, an energy resolution of 130 keV was
achieved, which is an order of magnitude better than has been achieved in the (n,p)
experiments [42, 53–56]. The experimental method and data-reduction techniques
have been described in [63]. In Fig. 2.17, the double-differential cross section up to
Ex D 10 MeV is shown and compared to data from the 58 Ni(n,p) reaction obtained
with 1-MeV energy resolution [42]. The superiority of the spectrum obtained with
the (d,2 He) is evident.
In order to determine the B(GT) distribution, the double-differential cross
sections have to be determined as a function of scattering angle. The cross section
due to L D 0 transfer has to be determined through a DWBA analysis in order
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Fig. 2.17 A spectrum obtained with the 58 Ni(d,2 He) charge-exchange reaction in the angular
range ™ D 0ı –1ı . The peak caused by contamination of the target with hydrogen is indicated
by ‘H’. The dashed histogram represents the spectrum from the (n,p) reaction at ™ D 0ı [42]

to subtract any L D 2 contribution which could be mediated by the tensor part
of the NN interaction. The cross section is then extrapolated to q D 0 transfer
(see Eq. given in last paragraph of Subsect. 2.3.1) and then the B(GT) value is
determined.
For the region Ex < 4.1 MeV, the experimental angular distributions were
obtained for all the peaks indicated with numbers in Fig. 2.17 by fitting the spectra
with peaks at 6 angular bins in the range between ™ D 0ı and 6.5ı [57, 58]. Peaks
with L D 0 strength corresponding to J D 1C states can be identified based on
their enhanced cross sections near a scattering angle of 0ı as compared to more
backward scattering angles (i.e., c.m. D 4ı ).
As discussed earlier, the B(GT) values have to be normalised to a B(GT) value
known, e.g., from “-decay. This was performed for the (d,2 He) charge-exchange
reaction using the GT transitions to low-lying states in 12 B and 24 Na [63]. This
is illustrated in Fig. 2.18 for 24 Na. In this figure, the 24 Mg(d,2He) spectrum [63]
obtained at ™ D 0.4ı and 170 MeV incident energy (Fig. 2.18a) is compared to the
24
Mg(p,n) spectrum [64] obtained at ™ D 0.2ı and 135 MeV incident energy (Fig.
2.18b). These two reactions lead to mirror nuclei and therefore to mirror transitions
with the same B(GT) values. Since the B(GT) values determined from (p,n) have
been calibrated making use of several B(GT) values deduced from “-decay in even-
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Fig. 2.18 (a) 24 Mg(d,2 He) spectrum [63] obtained at ™ D 0.4ı and 170 MeV incident energy. (b)
24
Mg(p,n) spectrum [64] obtained at ™ D 0.2ı and 135 MeV incident energy. (c) The B(GT) values
determined from the 24 Mg(p,n) reaction for several levels in 24 Al are plotted versus the differential
cross sections extrapolated to q D 0 for the mirror levels in 24 Na determined in the 24 Mg(d,2 He)
reaction

even sd-shell nuclei, they could be used to calibrate the ones determined from
the 24 Mg(d,2He) reaction. In Fig. 2.18c, the B(GT) values determined from the
24
Mg(p,n) reaction for several levels in 24 Al are plotted versus the differential cross
sections extrapolated to q D 0 for the mirror levels in 24 Na determined in the
24
Mg(d,2 He) reaction. There is a linear proportionality relationship between the two
quantities indicating that extracting the B(GT) values for 58 Co as described above
will be reliable.
In Fig. 2.19, a comparison is made between the B(GTC ) values obtained from
the 58 Ni(d,2 He) experiment [57, 58] with those obtained from the (n,p) experiment
[42]. The dots in the upper panel represent the B(GTC ) values determined for
the numbered peaks as obtained from the fitting procedure. The grey histogram
represents the B(GTC ) values as obtained from MDA taking 1-MeV energy bins.
Up to an excitation energy of 4 MeV, the integrated Bexp (GTC ) strength obtained
through the two different methods is consistent. Taking into account systematic
errors, the integrated Bexp (GTC ) strength up to Ex D 4 MeV of 2.1 ˙ 0.4 from
58
Ni(d,2 He) is in agreement with the integrated Bexp (GTC ) strength of 2.7 ˙ 0.3
deduced from the (n,p) reaction. However, the two distributions differ significantly
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Fig. 2.19 Upper panel: the experimental GTC strength distribution displayed per peak (dots) and
per bin of 1 MeV (grey histogram) and the results from the (n,p) reaction [42] displayed per bin of
1 MeV. Lower panel: the results from calculations using the KB3G interaction [47–50, 57, 58] and
those using the GXPF1 interaction [65]

in shape. In the lower panel of Fig. 2.19, the results of large-scale shell-model
calculations for the GT strength distribution are presented. The open squares show
the results of the calculations performed by Honma et al. [65] which have been
obtained using the GXPF1 effective interaction. The results displayed as dots have
been obtained using the KB3G effective interaction [47–50]. It should be noted that
the theoretical results have been calculated using a quenching factor of 0.74 for the
GT operator. Both calculations reproduce fairly well the GT strength distribution
obtained from the (d,2 He) reaction. However, the enhancement of the GT strength
in the region around 1.9 MeV is only reproduced using the KB3G interaction. The
results from the earlier calculations [46] (not shown here) do not reproduce as well
the GT strength distribution obtained from the (d,2 He) reaction.
The experimental data shown in Fig. 2.19 were used to check whether the new
results have an impact on the electron-capture rates in the stellar environment. The
method to calculate electron-capture (EC) rates follows the formalism derived by
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FFN [24–27]. The formula for determining the EC rate is:
ec 

X
i

Z1

Bi .GT/ !p.Qi C !/2 F .Z; !/ Se .!; T/ d!
!1

Here, Bi (GT) is the Gamow–Teller strength distribution as determined from
experiment or theory, ! and p are the energy and momentum of electrons,
respectively, F(Z,!) is the relativistic Coulomb barrier factor and Se (!,T) is the
Fermi-Dirac distribution for an electron gas at temperature T. As representative
values for the temperature, density and Ye the conditions following silicon depletion
are taken for the model labelled LMP listed in Table 2.2 of [51, 52], i.e. T9 D 4.05
where T9 measures temperatures in units of 109 K, D 3.18  107 gcm3 , and
Ye D 0.48. This corresponds to the evolution of the core of a 25 Mˇ star using the
weak-interaction rates of [47–50].
At finite temperatures, there is a finite probability that nuclei are found in their
excited states as well. In such a case, EC occurs not only through the ground state of
a nucleus but also through the populated excited states. At the conditions present in
a hot heavy star, the contribution of transitions starting from excited nuclear states is
thus non-negligible. For the particular conditions mentioned above, the shell-model
calculations predict that the rate for EC through excited states of 58 Ni is 50% the rate
as calculated using only the ground-state contribution [47–50]. This contribution
was fixed and added to the EC capture rate through the ground state of 58 Ni. The
latter contribution was recomputed using the GT-strength distribution measured in
the (n,p) and (d,2 He) reactions or computed using the various available theoretical
model calculations including the one with KB3G interaction. The results of the rates
are displayed in Fig. 2.20 as a function of temperature and for the values of density
and Ye mentioned above. Because of the high sensitivity to the Q-value for EC at low
temperatures, the calculated theoretical rates use experimental excitation energies
for the first two 1C states in 58 Co. The details of the GT-strength distribution
(excitation energies and B(GT)-values) have a strong impact on the electron-capture
rate. This can be seen in Fig. 2.20, where the rates calculated applying the results
from the MDA (see Fig. 2.19) are substantially larger than the rates using the highresolution data. They also differ especially at the low temperatures from the rates
based on the (n,p) data [42]. Also, the rates calculated with the large-scale shellmodel calculations with the KB3G interaction [57, 58] differ substantially from the
earlier ones by Caurier et al. [46] and the ones based on the results of FFN [24–27].
The electron-capture rates in Fig. 2.20 are shown in Fig. 2.21 relative to the
ones computed using the (d,2 He) data for the ground-state contribution. It can
be seen that the rates based on the large-scale shell-model calculations with the
KB3G interaction reproduce the rates based on the (d,2 He) data rather well over
the whole temperature range only exceeding them by a constant factor of about
30%. These rates based on the KB3G interaction are also in good agreement with
those based on the (n,p) data in the relevant temperature range (3 < T9 < 4).
The rate based on the calculations of Caurier et al. [46] deviate by a factor 3 or
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Fig. 2.20 Upper panel: EC
rates based on B(GT)
distributions from the (n,p)
measurement [42] and the
(d,2 He) measurement [57,
58]. Lower panel: EC rates
obtained from the shell-model
calculations using the KB3G
interaction [47–50, 57, 58],
the earlier works of FFN
[24–27] and Caurier et al.
[46]; see text for details

more for the lowest temperatures. For the relevant temperature range, the FFN
rate deviates by about a factor 2. It should be noted that this FFN rate [24–27]
does not include any quenching factor. If such a factor is taken into account,
it will cause the rates to become smaller. It is clear from Fig. 2.21, that highresolution experimental information can provide opportunities to decide between
different effective interactions used in large-scale shell-model calculations at zero
temperature. This gives, of course, more confidence in these calculations at higher
temperatures when they reproduce the data at T D 0.
It is important to note that there are many nuclei which contribute to the electroncapture rate in the pre-supernova stage. It is therefore quite important to check the
shell-model predictions for other nuclei. In particular, the difference between the
FFN [24–27] and the large-scale shell-model calculations calls for high-resolution
determination of GT strength distributions relevant to the pre-supernova evolution
using the (d,2 He) reaction to test both calculations.
At KVI, several experiments have been performed to provide such tests and a few
of the results have been published: 51 V(d,2 He)51 Ti [66], 50 V(d,2 He)50 Ti [67] and
64
Ni(d,2 He)64 Co [68] . Several other target nuclei of importance for the EC process
in the pre-supernova stage have also been investigated with the (d,2 He) reaction
such as: 56 Fe, 57 Fe, 61 Ni and 67 Zn [69]. The latter studies have not been published as
separate journal articles, but summarised in a talk by Frekers [69]. As an example,
we show in Fig. 2.22 a comparison between the spectrum of extracted B(GTC )
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Fig. 2.21 Electron-capture
rates relative to the rate
obtained from the
58
Ni(d,2 He) data. For the
details on the various curves
representing experimental
and theoretical EC rates, see
also caption of Fig. 2.20

Fig. 2.22 Comparison
between the B(GTC )
distribution deduced from the
(d,2 He) reaction (top) and the
results from the large-scale
shell-model calculation
(bottom) [47–50, 66]. The
error bars in the top figure are
statistical only

strength obtained in the 51 V(d,2 He)51 Ti reaction and the results from large-scale
shell-model calculations.
The ground state of the initial (i) nucleus 51 V has Ji D 7/2 , which allows
GT transitions to Jf D 5/2 , 7/2 , and 9/2 in the final (f ) nucleus 51 Ti. The
shell-model calculation was performed in the complete fp shell employing the
KB3G interaction [47–50, 66]. It should be noted that the shell-model calculations
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Table 2.3 Comparison of the centroids (given in MeV) of the GTC strength distributions obtained
from FFN [24–27], from large-scale shell-model calculations (SM) [47–50] and from the (d,2 He)
reaction on the various nuclei: 51 V [66], 50 V [67] and all others [69] (Exp.)
Even-Even
Odd A-Odd Z
Odd A-Odd N

Odd-Odd

Nucleus
56
Fe
58
Ni
51
V
57
Fe
61
Ni
67
Zn
50
V

FFN
3.8
3.8
3.8
5.3
3.5
4.4
9.7

SM
2.2
3.6
4.7
4.1
4.6
–
8.5

Exp.
1.9
3.4
4.1
2.9
4.2
3.4
8.8

show little strength above 6 MeV in agreement with the experimental results.
Furthermore, the data and the calculations are in excellent agreement as far as
the distribution of B(GTC ) strength is concerned, both in magnitude and excitation
energy of the fragmented strength. Similar observations could be made with respect
to the other nuclei studied.
In order to have a feeling of how the results of the FFN and the large-scale
shell-model calculations compare to the experimentally deduced GTC strength
distribution, the centroids of these distributions are compared in Table 2.3 for several
nuclei that play a very important role in the final steps of the pre-supernova stage
preceding the star collapse. Several observations can be made:
1. The centroids predicted by the shell-model calculations are in general lower than
those predicted by FFN except for the odd-A nuclei 51 V and 61 Ni.
2. The centroids predicted by the shell-model calculations are all in better agreement with the ones deduced from experiments except possibly for 51 V, where the
FFN result seems to reproduce the experimental result slightly better.
3. Since a lower centroid energy implies enhanced EC rates, then one would expect
that the EC rates predicted by the shell model will be higher thereby lowering
the value of Ye except in the cases of 51 V and 61 Ni. This is, however, not the full
story since the GT strength in FFN is not quenched whereas in the shell-model
distribution a quenching factor of (0.74)2 is included.
One can conclude from the above comparison and the comparison of the
experimental and shell-model GTC strength distributions of the different nuclei,
case by case, that the large-scale shell-model calculations with the KB3G interaction
reproduces these experimental distributions very well. Therefore, it is important to
take the large-scale shell-model calculations and use them to calculate the EC rates
in stellar scenarios at finite temperatures. These can be then used in large nuclear
networks of pre-supernova models to determine the course that the star follows until
the moment of collapse.
The collapse models describe the final collapse and the explosion phase. At the
resulting high temperature, all reactions mediated by the strong and electromagnetic
interactions are in equilibrium. The star collapse continues until the central density
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becomes substantially larger than the nuclear density. Then nuclear pressure slows
down the collapse and finally stops it before it rebounds and a shock starts. The
equation of state (EoS) plays a decisive role in this stage of the collapse. The
important parameters of the EoS are the incompressibility of infinite nuclear matter
and the coefficient of the symmetry term of the incompressibility, both of which
could be determined from studies of the compression modes: the ISGMR and
ISGDR.

2.4 Conclusions and Outlook
The study of the compression modes in stable nuclei furnished information on the
incompressibility of nuclear matter. It has been fairly well determined from the
ISGMR and ISGDR data on the spherical doubly-closed shell nuclei, 90 Zr and 208 Pb,
by comparison of experimental results with microscopic calculations. The incompressibility of nuclear matter is determined in this way to be K1 D 240 ˙ 10 MeV.
The asymmetry term in the nuclear incompressibility has been addressed in measurements on a series of stable Sn and Cd isotopes. First, the values of
p the nucleus
incompressibilities, KA , were determined using the moment ratios m1 /m1 for
EISGMR. The data were then fitted with a quadratic function of (N  Z)/A yielding a
value K D 550 ˙ 100 MeV, i.e. with a much larger uncertainty than for K1 .
An experimental observation, which has not been discussed above, is the fact
that experimentally observed excitation energies of the ISGMR in Sn and Cd fall
substantially below those predicted with microscopic calculations using nucleonnucleon interactions with a nuclear matter incompressibility as deduced from 90 Zr
and 208 Pb, i.e. K1 D 240 ˙ 10 MeV. This observed softness of the Cd and Sn
isotopes has not yet been explained and it does require some further theoretical
efforts as well as more experimental data on nuclei in different regions of the nuclear
chart.
The determination of the asymmetry term in the expansion of the nucleus
incompressibility K£ requires studies of the compression modes in an isotopic
chain spanning a wide range of • D (N  Z)/A values. As mentioned above,
this has been done recently for the stable Sn nuclei [16, 17] and a values of
K£ D 550 ˙ 100 was determined. It also was performed on Cd nuclei [70], where
a value of K£ D 555 ˙ 75 MeV was obtained. With the advent of radioactive
ion beam facilities and the availability of exotic neutron-rich and neutron-deficient
nuclei, it becomes possible to cover a wider range in •-values. This will allow a more
accurate determination of K£ and possibly also to resolve the inconsistency of K1
obtained from 208 Pb and 90 Zr compared to that from Sn and Cd nuclei, because of
the slight dependence of these two parameters when extracting them from a limited
set of data. Furthermore, in these exotic nuclei new phenomena emerge such as
pygmy resonances that have multipole strengths reflecting the collectivity due to
the extra neutron-skin or proton-skin relative to the core.
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The study of giant resonances in unstable nuclei is quite involved experimentally
and has up until recently been restricted to the study of the isovector giant dipole
resonance (IVGDR) in a number of nuclei [71, 72]. In pioneering experiments,
Monrozeau et al. [73], Vandebrouck et al. [74, 75] and Bagchi et al. [76] measured
the isoscalar giant resonances, in particular the ISGMR, ISGDR and ISGQR, in
the exotic 56 Ni and 68 Ni nuclei and determined their properties, i.e. excitation
energies, widths and fraction of EWSRs. These experiments were performed at
GANIL for deuteron and alpha scattering in inverse kinematics making use of the
MAYA active-target detector [77, 78]. In another pioneering experiment, Zamora
et al. [79] performed an inelastic ’-scattering experiment in inverse kinematics
in the experimental storage ring (ESR) at GSI. A stable 58 Ni beam was used as
a proof of principle of the method. The parameters of the ISGMR determined in
this experiment were in perfect agreement with measurements made in normal
kinematics on a 58 Ni target. Both these techniques, the active-target method and
the storage-ring method, promise to be very effective in the study of isoscalar giant
resonances in exotic nuclei in the future.
Pre-supernova models depend sensitively on electron-capture (EC) rates on fpshell nuclei. In turn, GTC strength distributions in fp-shell nuclei play a decisive
role in determining EC rates and thus provide input into modelling of explosion
dynamics of massive stars. In principle, these GTC strength distributions can be
determined experimentally through the high-resolution (d,2 He) reaction at intermediate energies. However, these new high-resolution (d,2 He) experiments should
be considered as providing essential tests for the shell-model calculations at zero
temperature. For finite temperatures as exist in heavy stars, it is important to perform
large-scale shell-model calculations. This can yield the EC rates as function of T.
These large-scale shell-model calculations lead to smaller EC rates than FFN as a
result of the interplay between centroids and quenching of GTC strength and thus
they lead to larger Ye (electron-to-baryon ratio) and smaller iron core mass.
In addition, the use of radioactive-ion beams to study the GT strength distribution
is of importance, especially for nuclei with (N  Z)/A > 0.1, where the GT strength
moves to even lower excitation energy. At the moment, radioactive ion beams at
intermediate energies where it is possible to study GT transitions are available at
RIKEN and GSI, and they will become available at NSCL, FAIR, and EURISOL in
the future. This will allow to determine GT˙ strengths in unstable sd and fp shell
nuclei. This will provide excellent opportunities to determine electron-capture rates
and neutrino-capture rates on key radioactive nuclei. Such a key nucleus is 60 Co,
since in the FFN model, the most important EC rate is caused by the 60 Co(e , )60 Fe
reaction for a huge range of temperatures and densities during the pre-supernova
evolution. This rate is greatly reduced in the shell-model calculations [47–50].
Future high-resolution (d,2 He) data taken in inverse kinematics could provide an
accurate determination of the EC rate on 60 Co.
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Chapter 3

Alpha Decay and Beta-Delayed
Fission: Tools for Nuclear Physics
Studies
P. Van Duppen and A. N. Andreyev

Abstract ˛ decay and ˇ-delayed fission are two important decay modes of heavy
exotic nuclei. Experimental ˛ decay and ˇ-delayed fission studies deliver significant
nuclear-structure information in regions of the nuclear chart with limited accessibility. This information is important to improve the predictability of contemporary
nuclear models used for e.g. nuclear astrophysics calculations. The basic principles
and the current understanding of ˛ and ˇ-delayed fission decay are introduced.
Examples of recent experiments and their impact on the understanding of heavy
nuclei are presented.

3.1 Introduction and Physics Motivation
As emphasized in the previous volumes of The Euroschool on Exotic Beams Lecture
Notes (volume I–IV), nuclides with a proton-to-neutron ratio different from stable
nuclei are ideal laboratories to study the strong and weak interaction acting in
the nuclear medium (see e.g. [1]). Combining experimental and theoretical work
improves our understanding and, in particular, increases the predictive power of
nuclear models. The latter is essential as, in spite of the tremendous progress in
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radioactive ion beam research, certain regions of the nuclear chart, e.g. heavy nuclei
close to the neutron drip line or the region of the superheavy elements, still remain
poorly accessible for experimental studies. Understanding the nuclear properties
is not only essential for nuclear physics but also for nuclear astrophysics and for
applications.
Exotic nuclei can be investigated with several different methods like e.g. decay
and in-beam studies, mass and laser spectroscopy, Coulomb excitation and nuclear
reactions.
In the present Lecture Notes, we will discuss two radioactive decay modes: ˛
decay and ˇ-delayed fission (ˇDF). ˛ decay, known since the beginning of the
twentieth century, was one of the first ‘nuclear’ decay modes to be discovered.
Fission was discovered in 1938. Interestingly, soon after the respective discoveries,
a sufficiently detailed qualitative understanding of the decay mechanism was
realized—˛ decay in 1928 [2–4] and fission literary a few months after its discovery
[5, 6].
˛ decay and ˇDF happen in heavy nuclei, have quantum-mechanical tunneling
through a potential barrier in common and are pivotal for nuclear physics research
and other related fields. For example, in nuclear astrophysics studies, ˛-capture
reactions (equivalent to the inverse ˛-decay process) are important for nucleosynthesis and ˇDF, together with other fission modes, determine the so-called “fission
recycling” in the r-process nucleosynthesis (see e.g. [7, 8]).
These notes report on the current understanding of ˛ and ˇDF decay and discuss
recent examples of experimental studies and their impact on nuclear structure. They
are not aimed to give a concise review of the theory of these processes, but rather
to supply the essential elements necessary to understand the way nuclear-structure
information is deduced from these experiments.
A general introduction on ˛ decay starting from the well-known Geiger-Nuttall
(GN) rule and its modern versions followed by a global discussion on semi-classical
and microscopic approaches are presented. New insights in the success of the GN
rule have surfaced recently and will be discussed along with selected examples
where ˛ decay played a key role.
ˇDF is a sub-class of beta-delayed particle emission processes. It is an exotic
process coupling beta decay and fission. A special feature of ˇDF is that it
can provide low-energy fission data (excitation energy of the fissioning nucleus
<10 MeV) for very neutron-deficient and neutron-rich nuclei which do not fission
spontaneously and which are difficult to access by other methods. Some of these
nuclei have recently become reachable for experiments due to new development
in production techniques of radioactive beams [9], especially in the lead region.
Already these first exploratory experiments led to surprising discoveries which will
be highlighted in these lecture notes.
This chapter is structured in the following way. Section 3.2.1 discusses the
basics of the ˛-decay process while Sect. 3.2.2 presents its current understanding
from a semi-classical and a microscopic viewpoint. The experimental methods
are summarized in Sect. 3.2.3 and recent examples of ˛-decay studies are given
in Sect. 3.2.4. Section 3.3.1 gives an introduction in low-energy fission while the
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mechanism of ˇDF is discussed in Sect. 3.3.2. An overview of the production
methods of ˇDF nuclei is presented in Sects. 3.3.3–3.3.5 discuss recent results
obtained at radioactive beam facilities. A discussion on the ˇDF rates and their
use to investigate the fission barrier height is presented in Sect. 3.3.6. A summary
and conclusion are given in Sect. 3.4.

3.2 Alpha Decay
3.2.1 Basics of the ˛-Decay Process
In this section, the basics of the ˛-decay process will be shortly reviewed. More
detailed descriptions and discussions are available from a number of excellent
nuclear-physics and nuclear-chemistry textbooks (see e.g. [10–12]), review papers
[13] and in the previous volumes of these lecture notes series [14, 15].
Every radioactive decay process is characterized by its energy balance and its
transition probability. The ˛ decay of the parent nucleus (AZ XN ) to the daughter
nucleus A4
Z2 YN2 can be represented by:
A
Z XN

A4
!Z2
YN2 C42 He2 C Q˛

(3.1)

where A, Z and N are, respectively, the atomic mass number, proton number and
neutron number of the ˛-decaying nucleus. The Q˛ value represents the negative of
the ˛-particle binding energy of the parent nucleus and can be obtained from mass
differences or differences in binding energy of the parent nucleus and the sum of the
daughter nucleus and the ˛ particle:
A4
YN2 / C M˛ //c2
Q˛ D .M.AZ XN /  .M.Z2

(3.2)

Q˛ D .BE.A  4; Z  2/ C 28:3 MeV/  BE.A; Z/

(3.3)

where M represents the mass and BE the total binding energy expressed in MeV.
As the differences in electron binding energies between parent and daughter are
small, the nuclear masses can be replaced by atomic masses which are tabulated
in the Atomic Mass Evaluation (AME) tables [16]. When the ˛-binding energy
becomes negative, resulting in a positive Q˛ value, the nucleus can undergo
spontaneous ˛ decay. As shown in e.g. Fig. 4.2 from [10], along the chart of nuclides
this happens for nuclei with mass atomic number A  150, though, a small island
of alpha-decaying nuclei also exists north-east of doubly-magic 100Sn. However,
because of the strong (exponential) dependence of the ˛-decay probability on the
Q˛ -value, ˛ decay only becomes the dominant decay mode for some of the more
heavy nuclei. Interesting to note is that even the doubly magic 208 Pb nucleus is
unstable with respect to ˛ decay with a Q˛ D 517:2.1:3/ keV [17]. Based on the
Geiger-Nuttall rule (see further) this would lead to a partial ˛-decay half life of
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10123 years, much beyond the age of the Universe which justifies the notation
that 208 Pb is a stable nucleus. The longest half-life measured for an ˛-emitting
nucleus has been obtained for 209 Bi where, using bolometric techniques, a half life
of 1:9.2/  1019 years and an ˛-decay energy of 3.137 MeV were measured [18].
˛ decay is a two-body process and the energy released is shared between the ˛
particle and the recoiling nucleus following conservation of energy and momentum.
The relation between Q˛ and the kinetic energy of the ˛ particle (E˛ ) is given as:

Q˛ D E ˛

E˛

Md C M˛
Md

(3.4)

A
A4

(3.5)

where Md is the mass of the daughter nucleus. After ˛ decay, the typical recoil
energy is about 100 keV for an A D 200 parent nucleus and a Q˛ value of 5 MeV.
The influence of the recoil effect has to be considered carefully in experiments with
e.g. thin ˛ sources as part of the daughter nuclei recoils out of the source sample
risking to influence the measurements (see Sect. 3.2.3).
From the half life of the nucleus (T1=2 ) and the ˛-decay branching ratio (b˛ ),
the partial ˛-decay half life (T1=2;˛ ) or mean lifetime (˛ ), decay constant (˛ ) and
decay width (˛ ) can be deduced:

T1=2;˛ D

T1=2
b˛

˛  ˛ D

D ˛ ln2

˛
D„
˛

(3.6)
(3.7)

A connection between the ˛-decay energy and the partial ˛-decay half-life was
first established by Geiger and Nuttall who discovered a linear relationship between
the logarithm of the ˛-decay constant and the logarithm of the range of ˛ particles
in matter [19, 20]. This led to the well known Geiger-Nuttall (GN) rule for ˛ decay
which, in its simplified form, can be written as:
A
LogT1=2;˛ D p
CB
Q˛

(3.8)

where A and B are constants, deduced from a fit to the experimental data. The
first successful theoretical explanation of this dependence was given by Gamow
[2] and independently by Condon and Gurney [3, 4], who explained ˛ decay as the
penetration (tunneling) through the Coulomb barrier. This was the first application
of quantum mechanics to a nuclear-physics problem. This so-called semi-classical
description of the ˛-decay process assumes that the ˛ particle is ‘pre-formed’
inside the nucleus with a certain probability and it ‘collides’ with the Coulomb
barrier. Upon every collision, it has a finite probability to tunnel through the barrier
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V(r)
quasi stationary state
C/r

Qα
R

C/Qα

r

bound states

Fig. 3.1 A one-dimensional representation of the ˛-decay process. The full line shows the nuclear
square well and Coulomb potential (see Eqs. (3.10) and (3.11)). R is the nuclear radius and C D
2.Z2/e2
represents the constant due to the Coulomb interaction, with 0 the vacuum permittivity.
40
The dashed line shows the sum of the Coulomb potential and the centrifugal part of the potential
(C/r + l˛ .l˛ C 1/„2 =2r2 ) with l˛ representing the transferred angular momentum in the ˛-decay
process and  the reduced mass of the ˛ particle and daughter nucleus

[10–12]. Figure 3.1 gives a schematic representation. The ˛ particle moves in
an attractive, effective potential created by the strong interaction (VN ) and the
Coulomb interaction (VC ) and is quasi-bound by the Coulomb barrier (details are
given in Sect. 3.2.2). The square well potential (VN ) and the Coulomb interaction
as deduced from a spherical charge distribution are approximations; however, they
give a reasonable description of the basic features of the ˛-decay process.
As ˛ decay involves quantum mechanical tunneling through the Coulomb barrier,
its partial half life or transition probability depends exponentially on the Q˛ value
as represented by the GN rule. Figure 3.2 shows the logarithm of the experimental
partial ˛-decay half lives (in s) for the even-even Yb-Ra nuclei with neutron number
1=2
N < 126 as a function of Q˛
(in MeV1=2 ). For most of the isotopic chains
considered, the GN rule gives a reliable description except when crossing the magic
N D 126 shell and, as will be discussed later, for the case of the polonium
(Z D 84) isotopic chain. Note that the A and B parameters are dependent on Z
and experimental data suggest a linear dependence on Z as shown in Fig. 3.3. This
was already introduced as a generalization of the GN rule by Viola and Seaborg
[21]. Recent studies, which investigate the Geiger-Nuttall rule from a microscopic
perspective, give rise to different parameterizations or dissimilar Z-dependencies
of the A and B parameters. However, as will be discussed further, the basic linear
1=2
log(T1=2 ) versus Q˛
dependence, deduced from systematic studies remains (see
e.g. [22–24]).
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Fig. 3.2 (a) Geiger-Nuttall plot for selected isotopic chains. The straight lines show the description of the GN rule from which the A.Z/ and B.Z/ values are fitted for each isotopic chain. The
results are presented in Fig. 3.3. (b) The deviation of the experimental ˛-decay half-lives from
those predicted by the GN rule for the light Po isotopes. Adapted from [25]

Fig. 3.3 (a) The coefficients A.Z/ and B.Z/ for even-even nuclei with Z  82 (region I) and,
Z > 82 and N  126 (region II). (b) Same as (a) but for nuclei with Z > 82 and N > 126
(region III). The red dashed lines are linear fits through the data of region I (a) and III (b). Adapted
from [25]
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Next to the ground-state to ground-state ˛ decay also decay to excited states can
happen, giving rise to what is referred to as fine structure in the ˛-decay energy
spectra. Studying the fine structure in the ˛ decay reveals the energies of excited
states, while from the relative intensities for different fine structure decay branches
information on the structure of different states can be obtained (see e.g. Sect. 3.2.4).
As angular momentum needs to be conserved, the ˛ particle might have to carry
angular momentum depending of the spin difference between the parent and the
daughter states. As in the 4 He nucleus the protons and neutrons are coupled to spin
and parity I D 0C , the angular momentum carried away by the ˛ particle is solely
of orbital character which introduces a parity selection rule. If the ˛ particle’s orbital
angular momentum is represented by l˛ , the parity change associated with the ˛
decay should then be (1)l˛ . For example, the ˛ decay from the 0C ground state
of an even-even nucleus towards an excited 2C state requires the ˛ particle to take
away two units of angular momentum and is allowed, however the decay towards a
1C state is forbidden.
˛ decay involving non-zero orbital angular momentum gives rise to an effective
potential barrier consisting of a Coulomb and a centrifugal part that is proportional
to l˛ .l˛ C 1/„2 =2r2 . This modified potential, shown in Fig. 3.1 by the dashed
line, becomes higher and the barrier thicker, which in turn decreases the ˛-decay
probability. As will be shown in Sect. 3.2.4, the study of the fine structure in e.g.
the neutron-deficient lead region has allowed to identify low-lying 0C states and
supported the appearance of shape coexistence at very low excitation energy.

3.2.2 Theoretical Approaches to the ˛-Decay Process
3.2.2.1 Semi-Classical Approach
In this section we will discuss the semi-classical description of the ˛-decay process.
Following the approach similar to [26], the parameters of the GN rule will be
extracted and, more generally, an expression will be deduced to evaluate the ˛formation probability from experimental data.
The ˛-decay constant can be written as:
˛ D p˛ T

(3.9)

where p˛ represents the probability to form an ˛ particle inside the nucleus,  the
collision frequency of the ˛ particle’s assault against the barrier and T the tunneling
probability through the barrier. The one-dimensional potential, as shown in Fig. 3.1,
gives all the ingredients necessary to discuss the ˛-decay process.
The tunneling probability can be calculated using different levels of complexity
in the assumed potentials (see for example [10, 11] and for a recent review see [24]).
Following [26] and neglecting the centrifugal barrier, thus only considering l˛ =0,
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the potential can be written as
V.r/ D VN C C=R .r < R/

(3.10)

VD

C
.r > R/
r

(3.11)

CD

2.Z  2/e2
40

(3.12)

where Z is the parent’s proton number, e is the electron charge (in Coulomb), 0
the vacuum permittivity and R the radius of the daughter nucleus (see Fig. 3.1). The
potential in the nuclear interior (r < R) is dominated by the nuclear part, while
outside the Coulomb part takes over. Note that at this stage a constant Coulomb
potential was assumed inside the nucleus which is an over-simplification. One
can then calculate the ˛-decay width using the Wentzel-Kramers-Brillouin (WKB)
approach as:

˛ D

Z

p ˛ „2 K
2R

!

C=Q˛

exp 2

k.r/dr

(3.13)

R

where  represents the reduced mass of the ˛ particle and daughter nucleus, while
K and k(r) are the wave numbers in the internal (r < R) and barrier regions (R <
r < C/Q˛ ), respectively,

KD


2
C
Q˛ C V N 
„2
R


k.r/ D

2
„2



C
 Q˛
r

1=2

(3.14)
1=2

(3.15)

leading finally to an expression of the partial ˛-decay half life,
T1=2;˛

2ln2
D
p˛



R
exp 2
„K

Z

!

C=Q˛

k.r/dr

(3.16)

R

One recognizes the ˛-particle formation probability (p˛ ), a measure for the
collision time (the term between the first brackets) and the tunneling probability
as represented by the exponential function of the integral. Buck et al. were able
to describe experimental ˛-decay half lives by adjusting the inner radius (R) to
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reproduce the Q˛ value using the Bohr-Sommerfeld quantization condition:
RD

 GC1
2 K

(3.17)

Here, the ‘global’ quantum number G equals 2n C l˛ , with n is the harmonic
oscillator quantum number and l˛ the angular momentum transfer. This description
assumes that the ˛ particle is constructed from the valence protons and neutrons
in the heavy nucleus (see Sect. 3.2.2.2). The value of G was also adapted to achieve
the best agreement between the calculated and experimental half lives. For example,
from a simple perspective, the ˛ decay of 212 Po to 208 Pb involves the clustering of
two protons above the Z D 82 (n D 5) and two neutrons above the N D 126
(n D 6) shell, which, for n D n C n , results in values of G around 22 [26]. By
adjusting VN to 140 MeV and assuming p˛ =1, a good overall agreement between
experimental and calculated values was obtained provided G was changed from 22
to 24 for nuclei with N  126 and N > 126, respectively [26, 27]. The influence
of more ‘realistic’ barriers, including a centrifugal barriers, was also evaluated [28].
The success of these and other cluster-based calculations supports the assumption
of ˛-cluster formation inside nuclei.
Before turning to a more microscopically-based description of the formation
amplitude, let us evaluate the tunneling through the barrier by calculating the
integral in (3.16). This leads to the following general relation [10, 11],
r
LogT1=2;˛ D aZ

p

C b Z C c
Q˛

(3.18)

This expression resembles very much the Geiger-Nuttall rule (3.8), however,
the linear dependence of the coefficients a; b and c on Z, as extracted from the
experimental data [21, 25], is not observed.
Rasmussen introduced a reduced ˛-decay width deduced from a combination of
the experimental ˛-decay constant and a calculated tunneling probability [30]. This
gave rise to:
˛ D ı 2

T
h

(3.19)

The reduced ˛-decay width, ı 2 , is expressed in keV, and is used in many papers to
calculate hindrance factors in the fine structure ˛-decay studies.
Recently, a general description of ˛ and cluster decay using the R-matrix
approach was proposed [31, 32]. From R-matrix theory, one obtains the following
expression for the decay half life,
T1=2;˛

ˇ
ˇ
ln2 ˇˇ H ˇˇ2
'
v ˇ RF˛ .R/ ˇ

(3.20)
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Fig. 3.4 ˛-particle formation probability for the decays of even-even isotopes in the mercury to
thorium region as a function of neutron number of the parent nucleus. The values were obtained
using Eq. (3.20) combined with experimental Q˛ and T1=2;˛ values. The symbols connected by a
dashed line show the jRF˛ .R/j2 values for fine structure ˛ decays of polonium isotopes to the 0C
2
states in the corresponding lead daughter nuclides. Adapted from [29]

with H the Coulomb-Hankel function [33], v the outgoing velocity of the ˛
particle and jRF˛ .R/j2 the ˛-formation probability at radius R. Note that the
velocity is equivalent to „K/ in (3.16). Qi et al. realized that the Coulomb-Hankel
function, that describes the tunneling process, can be approximated by an analytical
expression and they obtained the following global expression for the ˛-decay half
life,
s
LogT1=2;˛ D a2Z

q
A
1=3
C b 2ZA.Ad C 41=3 / C c
Q˛

(3.21)

with Ad the atomic mass number of the daughter nucleus and A D 4Ad /(Ad C 4/
proportional to the reduced mass. Values for the constants a, b and c are reported
[31, 32], but important to note is that a and b are of similar magnitude, that a is
positive, and b and c are negative with a value of c D
p 21:95. Again the GN rule
dependence on Q˛ is reproduced; however, a similar Z dependence of the second
term as in (3.18) is observed. Expression (3.20) allows to extract the experimental
formation probability using the experimental Q˛ values and T1=2;˛ values. This gives
a more precise and unambiguous assessment of the clustering process compared to
the reduced ˛-decay width from [30]. Figure 3.4 shows the formation probability for
the even-even nuclei from mercury to thorium. A behavior similar to the reduced ˛width plots (see e.g. Fig. 3 from [34]) is observed. In [25] it was discussed that the
GN rule is broken as soon as the logjRF˛ .R/j2 dependence on neutron number is
not linear. Therefore a separate GN fit for N > 126 and N < 126 is performed (see
Fig. 3.3).
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It was furthermore underlined that the previously noticed success of the GN rule
to describe the available data was somehow due to the limited data range within
each isotopic series. A notorious exception are the polonium isotopes where a
deviation from the GN rule up to a factor of ten has been reported for the most
neutron deficient isotope 186 Po (see Fig. 3.2). Because of the large data range—
from 218 Po (N = 134) to 186 Po (N D 102)—deviations from the linear behavior in
the formation probability could be observed. In addition, as will be discussed later,
the fine structure in the ˛ decay and nuclear-structure effects reveal an even larger
discrepancy.
Finally, the linear Z-dependence of the A.Z/ and B.Z/ parameters in the GN rule
deserves some further attention. It can be easily shown that this leads to a critical
Q˛ value where the ˛-decay half lives are equal irrespective of Z: all lines from
the GN rule converge to the same point as can be seen by extrapolating the linear
fit curves in Fig. 3.2. Using the coefficients reported in [25], for the isotopes with
N < 126, this corresponds to Q˛ D 20:2 MeV and logT1=2;˛ D 21:5. This is
an un-physical effect and reinforces the limited validity range of the GN rule or
other adaptations. Interesting to note, however, is that the critical logT1=2;˛ value is
close to the logarithm of typical semi-classical collision time of 21.1 (see [11]).
By invoking similar conditions using the Universal Decay Law approach [31, 32]
gives a value of 21.95. A closer look to the expressions from [26] (see Eq. (3.16))
and of the Universal Decay Law [31, 32] (see Eq. (3.21)) reveals that this condition
1=3
corresponds to Q˛ ' .2Zd /=.Ad C 41=3 / for the former and R D C=Q˛ for
the latter. These are Q˛ values corresponding to the top of the one-dimensional
Coulomb barrier.

3.2.2.2 Microscopic Description
Determining the formation probability of an ˛ particle inside a heavy nucleus from
basic principles is challenging. Several microscopic calculations using shell model
and cluster formation approaches, based on the early work by Mang [35] and Fliessbach et al. [36], have been undertaken. In these calculations the ˛-particle formation
probability at the surface of the daughter nucleus is calculated starting from the
single-particle shell-model wave functions. Shell-model calculations applied for
nuclei around the doubly magic 208 Pb nucleus reveal that the calculated ˛ decay
width underestimates the experimental value at least by one order of magnitude [36].
Further improvements complementing shell-model with cluster-model approaches
in the framework of R-matrix calculations [37] to determine the cluster formation
probability, lead to consistency between the calculated and the experimental ˛decay width of 212 Po [33, 38]. Following the description of [33, 38, 39], the key
ingredient is a careful evaluation of the formation amplitude that represents an
overlap integral of the parent ˛-decaying state with the daughter nucleus coupled to
an ˛ particle [25, 39]. Several methods have been developed and applied to describe
the ˛-decay process from a microscopic view point, including deformed nuclei [40],
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but a detailed review of such efforts is outside the scope of the present lecture notes
and we refer the reader to [24, 33, 41]. One general conclusion from these works
is that they support the large degree of clusterisation happening inside the nucleus
which explains the success of the semi-classical approaches where cluster formation
is explicitly assumed.
A lot of the work has been concentrated on the ˛ decay of 212 Po to the doubly
magic nucleus 208 Pb [33, 38] which is considered as a text-book example of the
fastest ˛ decay observed. Recently, however, the super-allowed character of the ˛
decay of 104 Te has been investigated theoretically [42]. This work was triggered
by the experimental data obtained in the 109 Xe-105 Te-101 Sn ˛-decay chain [43, 44]
(see Sect. 3.2.4) and the importance of these studies was also emphasized in [14].
As the protons and neutrons that form the ˛ particle are occupying similar singleparticle orbitals for the N D Z nuclei (around 100 Sn) but different ones for 212 Po, an
increase in proton-neutron correlation and cluster formation probability is expected.
The calculations reported in [42] support this interpretation.
In closing this part of the notes, we mention that several attempts have been
undertaken to develop a common description of ˛ decay, cluster decay (whereby
the parent nucleus emits a heavier nucleus like e.g. 14 C) and fission. The reader is
referred to [45, 46] and references therein.

3.2.3 Experimental Approaches and Observables
The ˛-decaying medium heavy and heavy isotopes are typically produced using
heavy-ion fusion evaporation reactions at beam energies around and above the
Coulomb barrier, or high-energy proton induced spallation reactions. In order to
purify the reaction products from the primary and possibly other secondary beams,
two complementary approaches are used: the ‘in-flight’ separation technique and the
‘Isotope Separator On Line (ISOL)’ technique. Heavy-ion beams are used for the
former as ‘in-flight’ separation makes use of the reaction kinematics, while highenergy protons impinging on thick actinide targets (238 U or 232 Th) are used for
the latter. ˛-decay studies have been performed at several different in-flight recoil
separators like SHIP and TASCA at GSI (Germany), RITU and MARA at JYFL
(Finland), FMA and AGFA at Argonne, BGS at Berkeley (USA), GARIS/GARIS2
at RIKEN (Japan), VASSILISSA/SHELS and DGFS at Dubna (Russia) (for a review
on these facilities, see [47]). The two main ISOL-based facilities where ˛-decay
studies are performed are ISOLDE [48] and TRIUMF [49]. For completeness,
we note interesting results on the production and decay properties of suburanium
isotopes following projectile fragmentation of 238 U at 1 GeV/u beams [50, 51].
Details on the ISOL and fragmentation approach have been described in previous
chapters of these lecture notes series [9, 52].

3 Alpha Decay and Beta-Delayed Fission: Tools for Nuclear Physics Studies

77

In Sect. 3.3.5, an experimental set-up used at ISOLDE-CERN for ˛ and betadelayed fission studies will be presented. In this section, dedicated to ˛ decay, we
will demonstrate the use of the method of ˛-˛ correlations which is extensively
applied in modern experiments to study ˛ decay and e.g. to synthesize new isotopes
and elements. As an example, we discuss the ˛-decay study performed at the SHIP
velocity filter at GSI to identify the new isotope 194 Rn [55]. The SHIP velocity
filter [53, 56, 57] is shown schematically in Fig. 3.5. The nuclei of interest were
produced in the heavy-ion fusion-evaporation reaction 52 Cr C 144 Sm ! 194 Rn C 2n
(evaporation of two neutrons) at several beam energies between 231 and 252 MeV
and a typical intensity of 500–700 pnA. Eight enriched 144 Sm targets of 400 g/cm2
thickness were mounted on a rotating target wheel. The target rotation allows to
spread the incoming beam over a larger target area to reduce the target temperature.
This is especially necessary when using high beam intensities of heavy ions to reach
e.g. the super heavy elements (see further). SHIP acts as a velocity filter using
electrical and magnetic fields in a perpendicular configuration like a Wien filter.
Due to the difference in kinematical properties of the primary beam, passing through
the thin target, and of the nuclei of interest, recoiling from the target, they can be

Ge
Detectors
Si
Detectors
ToF
Detectors

7.5° Magnet

Target wheel
Beam stop
Magnets
Electric field
Quadrupoles
Ion beam

Fig. 3.5 Schematic layout of the SHIP velocity filter at GSI. The heavy ion beam enters SHIP from
the left, hits the targets mounted on a rotating wheel. The recoil products, leaving the target with a
rather broad angular distribution, are focused by the first triplet of quadrupole lenses. The sequence
of perpendicular electric and magnetic fields, serving as a Wien filter, separates the recoils from
the projectiles. Because of the large velocity difference between recoil products and the primary
heavy ion beam, the latter is deviated from the former and stopped in the beam stop. The recoils are
further focused by the second triplet of quadrupole lenses and finally implanted in the PSSD at the
focal plane of SHIP. The inset shows the silicon box and germanium detection system surrounding
the PSSD, and typical decay channels (see text for details). Adapted from [53, 54]
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spatially separated by the filter. The primary beam is dumped in the beam dump,
while the recoiling nuclei are implanted in a 300 m thick 35  80 mm2 16-strip
position-sensitive silicon detector (PSSD) at the focal plane of SHIP. This detector
measures the energy, time and position of recoils and their subsequent decays, e.g.
˛, fission and conversion electrons. Upstream of the PSSD, six silicon detectors of
similar shape were mounted in a box geometry, see Fig. 3.5. The box detector can
be used to reconstruct the energy of ˛ particles and conversion electrons that escape
from the PSSD in the backward hemisphere [54]. This increases the total detection
efficiency for decays, up to 80%. Due to the position resolution of 0.5 mm along
the strips, the whole PSSD can be considered as an array of 35 mm/0.5 mm 16
strips 1100 effective detector pixels, which allows to reduce the rate of random
correlations. As the identification is based on correlating the recoil implantation with
subsequent decays (˛, fission or electrons), this high degree of pixelation allows to
extend the correlation times and thus the accessible range of half-lives. Nowadays,
most advanced focal plane implantation detectors are double-sided strip detectors
(DSSD), which have up to 120 strips  60 strips D 7200 effective pixels. Combined
with digital electronics read-out this results in a further performance increase.
The time and position correlations between the recoil implantation and the
subsequent decays makes the identification of the isotopes unambiguous. For
example, as shown in Fig. 3.6, by searching for fourfold recoil-˛1 -˛2 -˛3 events,

Fig. 3.6 Principles of identification of the new isotope 194 Rn in the reaction 52 Cr C 144 Sm !
194
Rn C 2n. (Left panel) The decay scheme of 194 Rn with the decay information and the triple ˛decay sequence 194 Rn ! 190 Po ! 186 Pb! 182 Hg, used for identification. (Right panel—top) The
˛1 decay spectrum obtained with a constraint on the time between the implantation of the recoiling
nucleus and the subsequent first ˛ decay. (Right panel—bottom) A two-dimensional correlation
E˛1 versus E˛2 plot with the correlation time between ˛1 and ˛2 less than 15 s. Adapted from [55].
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observed within the same position of the PSSD, allowed to identify the new
isotope 194 Rn. The identification of unknown ˛ decays of 194 Rn was performed
via establishing their time and position correlations with the known ˛ decays of the
daughter 190 Po (T1=2 D 2:5 ms) and granddaughter 186 Pb (T1=2 D 4:8 s).
The ˛-decay spectrum observed with a time condition between the arrival time of
the recoil and the observation of the first ˛ particle (T(recoil-˛1) < 5 ms) reveals ˛
decays from known nuclei (e.g. 190 Po, 196;197 Rn,. . . ) produced in the studied reaction
or in the reactions on heavier samarium isotopes present as impurities in the target.
The ˛ peak at 7.7 MeV could be identified as due to ˛ decay of the new isotope
194
Rn by using the two dimensional ˛-˛ correlation plot. It was constructed by
imposing as extra condition that the first ˛ decay (˛1 ) is followed by a second ˛
decay (˛2 ) within 15 s in the same position as the ˛1 decay. In this way a correlation
between the ˛ decay of 194 Rn and 190 Po/186 Pb and between 190 Po and 186 Pb could be
established. The correlation times were chosen as a compromise between statistics
(a few times the half life of the longest lived isotope) and random correlated events.
Essentially the same principles are used in the search for new elements in the
region of the Super Heavy Elements (see Sect. 3.2.4.3). For example, element Z D
113 was observed with a cross section as low as 20 fb using cold fusion reaction
with 208 Pb and 209 Bi targets, and Z D 118 was identified in fusion reactions using
beams of 48 Ca on actinide target with cross sections around 0.6 pb [53, 57, 58].

3.2.4 Examples of Nuclear-Structure Information Extracted
from ˛-Decay Studies
Recent experiments in the very neutron-deficient nuclides around Z D 82 and in the
heavy and superheavy element region have considerably expanded the number of
˛-decaying isotopes. In this section, a number of selected examples where ˛ decay
plays an important role will be discussed.
3.2.4.1 Super-Allowed ’ Decay Around 100 Sn
The ˛ decay of 212 Po is a textbook example of ‘allowed’ ˛ decay as it involves
two protons and neutrons just outside the respective shell closures at Z D 82 and
N D 126. From a reduced width [30] or ˛-particle formation probability [29] point
of view (see Fig. 3.4), it is indeed the fastest ˛ decay observed. However, from
the fact that the protons and neutrons occupy different shell-model orbitals, it was
conjectured that ˛ decay of nuclei along the N D Z line could be “super-allowed”.
This is because in the latter case the protons and neutrons occupy the same shellmodel orbitals, which could lead to enhanced clustering into an ˛ particle. Thus
˛-decay studies of nuclei close to 100 Sn nucleus reveal interesting information on
the nuclear-structure of N D Z  50 nuclei and on the ˛-decay process itself
[14, 59].
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The peculiar issue with these studies is that, because of the stabilizing effect of
the proton and neutron shell closures, the Q˛ values of the daughter nuclei increase
and thus their half life decrease. This is similar to the region ‘north-east’ of 208 Pb
as e.g. illustrated by the sequence: 224 Th (E˛ D 7:17 MeV, T1=2 D 1:05 s) !
220
Ra (7.45 MeV, 18 ms) ! 216 Rn (8.05 MeV, 45 s) ! 212 Po (8.79 MeV, 0.3 s)
! 208 Pb(stable). The same happens around 100 Sn where the double ˛-decay chain
110
Xe (3.73 MeV, 105 ms) ! 106 Te (4.16 MeV, 70 s) ! 102 Sn was reported from a
study at the GSI on-line separator [59]. Experiments at the Holifield Radioactive Ion
Beam Facility Recoil Mass Spectrometer extended these studies towards the 109 Xe
(4.06 MeV, 13 ms) ! 105 Te (4.88 MeV, 0.62 s) ! 101 Sn decay chain [43]. This
experiment required special attention to the signal treatment because of the very
short-half life of 105 Te. This half life is much shorter compared to the typical time
processing of silicon detector signals using analog electronics. The latter is of the
order of s due to the shaping applied in analog amplifiers. Thus using spectroscopy
techniques, the ˛-decay signal from 109 Xe would pile up with the one from 105 Te.
Digital electronics, where the signal traces from the preamplifiers are sampled every
25 ns, allowed to separate these two decays as is shown in Fig. 3.7. In a follow up
experiment, fine structure in the ˛ decay of 105 Te was observed and it was concluded
that the ˛ line originally assigned to the ground-state to ground-state transition
decays in fact towards an excited state at 171.7 keV in 101 Sn [44]. This state was
already reported from an in-beam  -ray experiment at the Argonne Fragment Mass
Analyser separator [60] and was interpreted as a 7/2C to 5/2C transition, proposing
the ground-state spin and parity of 101 Sn to be I D 5=2C. However from the ˛decay probability, as determined in [44], it was concluded that the order of two
states should be reversed, suggesting an I D 7=2C ground state spin and parity
for 101 Sn. The order of these two states in 101 Sn, one neutron outside the N D 50
shell closure, has a profound impact on the nuclear-structure understanding of the
100
Sn region as it determines the effective neutron single-particle energy and can
discriminate between shell-model calculations using different effective interactions
[44, 60]. This controversy could possibly be solved using other experimental tools
like e.g. laser-spectroscopy studies as described in [61, 62].
The reduced ˛-decay width (see Sect. 3.2.2 and [30]) of 105 Te was compared
with the ‘equivalent’ decay of 213 Po (2 protons plus 3 neutrons above the doublymagic cores of 100 Sn and 208 Pb, respectively) and an enhancement factor of 3
was observed hinting to the super-allowed nature of the former decay. Recently
this has been interpreted in the framework of a full microscopic shell-model based
calculation to analyze the formation probabilities and subsequent ˛ decay of 212 Po
and 104 Te [42]. The calculated ˛-particle formation probability in 104 Te is 4.85 times
larger compared to 212 Po and thus, based on these results, the ˛ decay towards 100 Sn
can be considered as ‘super allowed’.
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Fig. 3.7 (Left panel, top) The ˛-decay energy spectrum obtained after implantation of 109 Xe in a
DSSD and filtered for double-pulse recording is shown together with an example of a preamplifier
trace from the DSSD detector. Recording the full trace allowed to separate the parent from
the daughter decay and to determine the ˛ energy precisely. The weak ground-state to groundstate transition at 4880 keV and a much stronger fine structure decay at 4711 keV are marked
in the spectrum. The panel below provides the coincident -ray spectrum showing evidence for
populating the excited level at 171 keV in 101 Sn. (Right panel) A partial ˛-decay scheme for the
decay of 109 Xe ! 105 Te ! 101 Sn. The fine structure decay of 105 Te is strongly suggesting that the
structure of the connected states is similar. In contrast, the much smaller intensity of the groundstate to ground-state decay suggests different structures for the parent and daughter states. Adapted
from [44]

3.2.4.2 Shape Coexistence in the Neutron-Deficient Lead Region
Shape coexistence in atomic nuclei is a topic introduced in 1956 by Morinaga
[63] when the first excited state at 6.049 MeV in 16 O, which has spin and parity
I D 0C , was interpreted as a deformed state. The observation of a strongly
deformed state in a doubly-magic nucleus came as a big surprise. Its structure was
deduced as due to proton/neutron multi-particle multi-hole excitations across the
closed proton and neutron shell gaps at N D Z D 8. Shape coexistence is manifested
by the appearance of so-called ‘intruder’ states with different deformation situated
at relatively low-excitation energy in the atomic nucleus. Since the work of [63],
shape coexistence has been identified in most regions of the nuclear chart and recent
reviews on the subject can be found in [64, 65]. ˛ decay has played an important role
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in the study of shape coexistence in the neutron-deficient lead region as it allowed,
through the study of the fine structure in the ˛ decay of even-even nuclei, to identify
and characterize low-lying 0C states.
For even-even nuclei these are low-lying 0C states on top of which collective
bands can be build—see e.g. Fig. 1 from [66] where the systematics of the excited
states in the even-even mercury isotopes is shown. While these states involve
proton multi-particle multi-hole excitation across Z D 82, they are situated at low
excitation energy due to the gain in pairing energy and extra residual interactions
between the valence protons and neutrons. The latter is dominated by quadrupole
correlations which induce quadrupole deformation and give rise to the typical
parabolic behavior of the excitation energy of intruder states as a function of valence
neutron numbers. In the lead nuclei, it was expected that these shape coexisting
states come lowest in excitation energy around N D 104 (186 Pb) midshell between
N D 82 and 126.
A study was undertaken at the SHIP velocity filter to investigate the ˛ decay of
190
Po to identify and characterize excited 0C states in the daughter 186 Pb nucleus.
The results of this and other studies are shown in Fig. 3.8. In 186 Pb two excited 0C
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Fig. 3.8 The results from the ˛-decay fine structure study of the neutron-deficient even-even
188198
Po isotopes are shown. These studies revealed the existence of low-lying 0C states in the
corresponding daughter lead isotopes. In 186 Pb it could be shown that the first three states have
0C spin and parity. The excitation energy of the 0C states is given in keV and the half life of
the polonium isotopes is shown. Next to the arrows indicating the ˛-decay branch, the ˛ particle
formation probability (jRF˛ .R/j2 ) is given as calculated following [31, 32] (see (3.20)). The color
code indicates the nuclear-model dependent interpretation of the deformation of the 0C states (see
also Fig. 3.9)
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Fig. 3.9 The total potential energy surface of 186 Pb showing three minima in the beta/gamma
deformation plane. The minima of the spherical (0p-0h) (blue), oblate (2p-2h) (red) and prolate
(4p-4h) (green) shapes are indicated. The 2p-2h and 4p-4h denote the number of protons excited
across the Z D 82 shell closure, 2 and 4 respectively. Adapted from [67]

states were identified below the first excited 2C state making this nucleus unique
in the nuclear chart as this is the only nucleus which has three lowest states as
0C [67]. By using different types of calculations, like e.g. mean-field, beyond
mean-field as well as symmetry based calculations [64], which provide a robust
picture of shape coexistence, the three 0C states were interpreted as spherical,
oblate and prolate deformed. Figure 3.9 shows the calculated total potential energy
surface of 186 Pb and demonstrates the three minima, that give rise to these three
different shapes. The ˛-formation probability (jRF˛ .R/j2 ) for the individual ˛ decay
towards the three 0C states could be deduced (see Eq. (3.2.2)) and is indicated in
Fig. 3.8. From this we learn that the jRF˛ .R/j2 feeding the excited 0C
2 state increases
over one order of magnitude when going from 198 Po to 188 Po (see also Fig. 3.4).
Differences in charge radii as deduced from laser spectroscopy studies show that
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the neutron-deficient lead isotopes stay spherical in their ground states while for
polonium the onset of deformation is evidenced for the lightest isotopes [68, 69].
Combining this information with data from in-beam gamma spectroscopy studies
in lead and polonium [64, 70] we can infer a gradually stronger mixing of the
intruder states in the ground state of the lightest polonium isotopes. This mixing
is pictorially represented by the color code of Fig. 3.8. Dedicated calculations have
been performed with a focus on the fine structure observed in ˛ decay in the lead
region [71–75]. They show agreement with the data supporting the importance of
˛ decay as a probe for nuclear-structure studies. Further, because of the increased
mixing in the polonium ground state [70], the jRF˛ .R/j2 value of the ground-state
to ground-state ˛ decay of the lightest polonium isotopes is reduced as can be seen
in Fig. 3.4. Finally, the smaller ˛ formation probability of the lightest polonium
isotopes to populate the ground state of the corresponding lead isotopes causes the
strong deviation of the lightest polonium isotopes from the Geiger-Nuttall rule as
seen in Fig. 3.8 which can now be understood as being due to a nuclear-structure
effect.

3.2.4.3 Searching for the Heaviest Elements
Studying the heaviest elements at the end of Mendeleev’s table impacts different
research domains ranging from atomic physics and chemistry, over nuclear physics
and nuclear astrophysics [53, 57, 76]. How do relativistic effects influence the
electron configuration and thus the chemical properties of the heaviest elements?
Where is the end of the periodic table and does the long-predicted island of increased
stability exist? How does the nucleosynthesis r-process end? These are only a few
key questions that are addressed by heavy element research. Recently, the discovery
of four new elements have been acknowledged and names and symbols have
been given by the International Union of Pure and Applied Chemistry (IUPAC):
Nihonium (Nh) for element 113, Moscovium (Mc) for element 115, Tennessine
(Ts) for element 117 and, Oganesson (Og) for element 118. In a recent Nobel
Symposium NS160, entitled “Chemistry and Physics of Heavy and Superheavy
Elements”, the field was reviewed and the reader is referred to the individual
contributions for a detailed overview of the current state of the art [77].
Because of its high sensitivity to detect decay events of single, individual atoms,
˛ decay plays a pivotal role in the discovery and study of the heavy and superheavy
elements (see Sect. 3.2.3). Cold fusion reactions combining projectiles around and
above doubly-magic 48 Ca with targets of doubly-magic 208 Pb (or 209 Bi), are used
to produce the new elements up to Z D 113. These reactions result in lowexcitation energy of the compound nucleus and thus in the emission of at most
one or two neutrons. The identification of the reaction products could be established
using the recoil-˛-˛ time and position correlations method and ˛-decay chains that
link to known regions of the nuclear chart [78]. This is similar to the example
of 194 Rn shown in Fig. 3.6. For the discovery of the more heavy elements fusion
reactions using 48 Ca beams on long-lived actinide targets (that are more neutron-
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Fig. 3.10 Different ˛-decay chains supporting the discovery of the new Z D 114; 116; 118
elements (Fl, Lv and Og, respectively). These were obtained using 48 Ca reactions on different
actinide targets. The number of decay chains observed in the different experiments is indicated.
The color code indicates the facility where the events were identified and the reader is referred
to the original paper for further information. The average ˛-decay energy and half lives are given
for the ˛ emitters observed (yellow square). The green squares indicate spontaneously-fissioning
nuclei. Figure from [58]

rich as compared to 208 Pb) were used [58]. These reactions lead to higher excitation
energies in the compound nucleus and thus to the emission of typically three to
four neutrons (hot fusion). Still this results in more neutron-rich isotopes, than
those produced in cold-fusion reactions, from which the ˛-decay chains end in
so-far unknown spontaneously fissioning nuclei (see Fig. 3.10). Therefore, often,
other means as e.g. cross bombardment with different beam/target combinations
(see Fig. 3.10) and measurements of excitation functions have to be used to firmly
establish the Z and A of the newly discovered element and isotope.
The fact that ˛-decay energies can be determined with good accuracy (typical
up to a few tens of keV uncertainty) allows to deduce accurate masses and binding
energies of these heavy isotopes provided the mass of one of the isotopes in the
˛-decay chain is measured with good accuracy. Penning trap mass spectroscopy is
an excellent tool to measure absolute values of atomic masses [79] and it has been
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applied to the heavy mass region, in particular for 252254 No (Z D 102) [80, 81].
These measurements revealed new masses and binding energies for a wide range of
isotopes giving information on the deformed shell closures around N D 152 and
N D 162 [81]. Other mass spectroscopic techniques like multi-reflection time of
flight mass spectrometer (MR-ToF-MS) have recently been commissioned and are
now used in the super heavy element region [82]. It should be noted, however, that
the use of ˛-decay energies to link isotopes with accurately known mass with other
isotopes only works if the ground-state to ground-state ˛-decay energy is known.
While the latter is obvious for even-even isotopes as their ˛ decay is dominated by
the 0C –0C ˛ decay, it is less straightforward for odd mass and odd-odd isotopes.
Because of the fine structure in the ˛ decay of most nuclei and of the potential
presence of long living isomers, it might not be possible to extract the groundstate to ground-state ˛-decay energy from the ˛ spectra. Therefore detailed ˛-
spectroscopy studies are necessary [83]. In turn, through these fine-structure ˛decay studies excited states can be identified and their characteristics determined.
The latter data serve as important input to improve theoretical models and to make
predictions more reliable [84].

3.3 Beta-Delayed Fission
3.3.1 Introduction to Low-Energy Fission
Nuclear fission, discovered in 1938 [5], provides one of the most dramatic examples of nuclear decay, whereby the nucleus splits preferentially into two smaller
fragments releasing a large amount of energy [85, 86]. Figure 3.11a shows the
simplified concept of the fission process within the so-called macroscopic ‘Liquid
Drop Model’ (LDM), as used in 1939 to explain fission [6]. The nuclear potential
energy surface (PES) for a 238 U nucleus is shown as a function of two important
parameters in fission: elongation (e.g. quadrupole deformation) of the initial nucleus
and the mass asymmetry of resulting fission fragments. Within the LDM, the
nucleus elongates along the line of zero mass asymmetry during the fission process.
This is shown as a red line in Fig. 3.11a. Thus, initially the nucleus increases its
potential energy, until at some moment the maximum of the potential energy surface
is reached. This point is called the saddle point (the top of the fission barrier).
Afterwards, at even further elongation, the nucleus reaches the scission point and
splits in two equal fission fragments.
While the classical LDM was able to qualitatively explain why fission is one
of the important decay modes of heavy nuclei, it failed to describe e.g. the
experimentally-observed asymmetric mass split in two un-equal fragments, which
was realised already in 1938. Following the recognition of the importance of the
microscopic shell corrections, which arise due to specific/non-uniform occupancies
of levels by protons and neutrons, the description of the fission process was
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Fig. 3.11 (a) Macroscopic, Vmacro (LDM), and (b) total, Vtotal D Vmacro (LDM)+Vmicro (Shells)
potential energy surface for the 238 U nucleus as a function of elongation and fission-fragment
mass asymmetry. The most probable fission paths (or ‘fission valleys’), which follow the lowest
energy of the nucleus, are shown by the red lines with arrows. While in the LDM approach only
symmetric fission can happen along the single ‘symmetric’ valley, the introduction of microscopic
shell effects produces the asymmetric fission valleys. The mass asymmetry parameter is defined
A1A2
, where A1 and A2 are masses of the two fission fragments (thus, the mass
as the ratio A1CA2
asymmetry =0 for symmetric mass split). The energy difference between the ground state and the
saddle point defines the quantity, dubbed as ‘fission barrier height’. Figure modified from [87]

discussed within the so-called macroscopic-microscopic framework [88–90]. In this
model, the total potential energy becomes the sum of macroscopic (LDM) and
microscopic shell effects (Shells) energy: Vtotal D Vmacro (LDM)+Vmicro (Shells). This
naturally led to the appearance of the asymmetric fission valleys on the potential
energy surface (see, Fig. 3.11b), thus to the asymmetric fission-fragment mass
distribution (FFMD).
Therefore, fission is a unique tool for probing the nuclear potential-energy
landscape and shell effects at extreme values of deformation, and as a function of
mass asymmetry, spin, and excitation energy. In particular, fission enables the study
of nuclear-structure effects in the heaviest nuclei [91], has direct consequences on
their creation in nuclear explosions [92] and in the astrophysical r-process [93–
95]. The latter is terminated by fission, thus fission has a direct impact on the
abundance of medium-mass elements in the Universe through so-called “fission
recycling”. The fragments, resulting from fission of very heavy nuclei, become
the new seed nuclides for the r-process. Apart of its importance for fundamental
studies, fission has many practical applications, such as the generation of energy
and the production of radioisotopes for science and medicine. Fission is also a very
powerful mechanism to produce nuclei far from the stability line [96].
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It is important to note the strong dependence of microscopic effects on the temperature (or, excitation energy) of the nucleus. Indeed, the shell effects are ‘washed
out’ at sufficiently high excitation energies, which leads to the disappearance of
asymmetric fission valleys on the potential energy surface, reverting it to the smooth
LDM-like surface, as shown in Fig. 3.11a. Therefore, the nucleus will again fission
symmetrically. This explains the strong need for fission studies as a function of
excitation energy, and also as a function of proton and neutron number to reveal
specific nuclear-structure effects on fission.
As a function of the excitation energy of the fissionning nucleus, the fission
process is often broadly classified either as high-energy fission, in which the
excitation energy strongly exceeds the fission barrier height, or as low-energy
fission. In contrast to high-energy fission, in which the microscopic effects are
washed out, the interplay between macroscopic and microscopic effects in fission
can be sensitively explored at low excitation energy. In particular, in spontaneous
fission (SF) from the ground state, the excitation energy is E D 0 MeV, while in
SF from isomeric states or in thermal neutron-induced fission it does not exceed a
few MeV [85]. However, being the ultimate tool for low-energy fission studies, SF
is limited to heavy actinides and trans-actinides [97]. Recently, by using Coulomb
excitation (often dubbed as “Coulex”) of relativistic radioactive beams, fission
studies became possible in new regions of the Nuclidic Chart, earlier unexplored by
low-energy fission [98, 99], see Sect. 3.3.5.4. In this case, the excitation energy is
centered around E  11 MeV. In terms of the excitation energy, the beta-delayed
fission (ˇDF), which is the topic of this section, is intermediate between SF and
Coulex-induced fission. As will also be shown below, ˇDF allows to study lowenergy fission of some of the most exotic nuclides, which are not yet accessible to
fission studies by other techniques, and which do not fission spontaneously from
their ground state.

3.3.2 Mechanism of Beta-Delayed Fission, Conditions to
Occur, Observables
The exotic process of ˇ-delayed fission can be considered as a sub-class of a more
general group of beta-delayed decay processes, which includes ˇ-delayed proton
(denoted ˇp), ˇ-delayed neutron (ˇn), ˇ-delayed gamma (ˇ ) and ˇ-delayed ˛
particle (ˇ˛) emission, see detailed reviews [100, 101]. All these decay modes
proceed via two steps, first the ˇ (ˇ C =EC or ˇ  ) decay happens, which can be
accompanied, under certain conditions, by the subsequent emission of one of the
particles (or more particles, in case of multiparticle ˇ-decay processes, e.g., ˇ2n
for ˇ-delayed two neutron emission). Similarly, ˇ-delayed fission, discovered in
1965–1966 [102–104] is a two-step nuclear-decay process that couples ˇ decay and
fission. In these lecture notes we will review the most salient features of ˇDF and
discuss some of the most recent methods and results, while we refer the reader to a
comprehensive review [105] for a detailed discussion of this topic.
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Fig. 3.12 Schematic representation of the ˇDF process on the neutron-deficient side of the nuclear
chart. The Qˇ value of the parent .A; Z/ nucleus is indicated, while the curved line shows the
potential energy of the daughter .A; Z  1/ nucleus with respect to nuclear elongation. The fission
barrier Bf is also shown. The color code on the right-hand side represents the probability for excited
states, with excitation energies close to Bf , to undergo fission; the darker colors correspond to
higher probabilities. The plot is from [110]

In ˇDF, a parent nucleus first undergoes ˇ decay, populating excited state(s) in
the daughter nuclide. In the case of neutron-deficient nuclei, electron capture (EC)
or ˇ C decay is considered (referred further as ˇ C /EC), while ˇ  decay happens on
the neutron-rich side of the Nuclidic Chart. Figure 3.12 shows a simplified diagram
of ˇDF for the case of neutron-deficient nuclei, which are mostly considered in
this study. If the excitation energy of these states, E , is comparable to or greater
than the fission barrier height, Bf , of the daughter nucleus (E  Bf ), then fission
may happen in competition with other decay modes, e.g.  decay and/or particle
emission (neutron, proton or ˛), depending on which side of the ˇ-stability valley
the parent nucleus is situated. Therefore, the special feature of ˇDF is that fission
proceeds from excited state(s) of the daughter nuclide, but the experimentallyobserved time behavior of the ˇDF events is determined by the half-life of the
parent nucleus (as with any ˇ-delayed particle decays). As in most cases the ˇdecay half-lives are longer than tens of ms, it makes ˇDF more easily accessible for
experimental studies. The experimental observables from ˇDF include: half-life,
probability (PˇDF , see Sect. 3.3.6), kinetic energies of resulting fission fragments,
and energies and multiplicities of e.g.  rays and neutrons, accompanying the fission
process. It is important to stress that the unique experimental signature for ˇDF is
the coincidences between the x rays (usually, K x rays) of the daughter nucleus
(which arise after the EC decay of the parent) with the fission fragments. This
method was used by the Berkeley group in some of their experiments to directly
confirm the ˇDF process in e.g. 232;234 Am [106–108] and in 228 Np [109].
Two main conditions must be satisfied for ˇDF to occur in measurable quantities.
First of all, the parent nucleus must possess a non-zero ˇ-branching ratio (bˇ > 0).
Secondly, the Qˇ -value of the parent must be comparable to or be higher than
the fission barrier of the daughter Qˇ (Parent)  Bf (Daughter). These conditions
are fulfilled for three regions of nuclei (a) very neutron-deficient isotopes in the
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lead region (see Sects. 3.3.5.1–3.3.5.3), (b) very neutron-deficient nuclides in the
neptunium-to-mendelevium (Np–Md) region, and (c) very neutron-rich isotopes
between francium and protactinium. In these three regions, ˇDF was indeed
experimentally observed.
Historically, ˇDF studies were performed first for the neutron-deficient nuclei
in the uranium region, as a by-product of extensive searches for new elements in
the 1960s. Since the EC decay dominates over the ˇ C decay in these cases, the
term EC-delayed fission (ECDF) was often used in the literature, while the term
ˇDF was predominantly reserved for ˇ  -delayed fission in the neutron-rich nuclei.
However, since in the neutron-deficient lead region the ˇ C decay can effectively
compete with the EC decay, we will use throughout this review the term ˇDF for
both the neutron-rich and neutron-deficient nuclei.
A distinctive feature of ˇDF is its low-energy character. Previously, low-energy
fission studies were limited to nuclei along the valley of stability from around
thorium (Th) to rutherfordium (Rf) and above, mostly using SF and fission induced
by thermal neutrons. In ˇDF, the maximum excitation energy of the daughter
nucleus is limited by the QEC (Qˇ in case of neutron-rich nuclei) of the parent
nuclide. The typical QEC (Qˇ ) values are in the range of 3–6 MeV and 9–12 MeV
for the known ˇDF nuclei in the trans-uranium and lead regions, respectively.
The importance of ˇDF is also highlighted by its ability to provide low-energy
fission data for very exotic nuclei which do not decay by SF and which are difficult
to access by other techniques. For example, the recently-studied ˇDF nuclei in the
lead region possess very different neutron to proton ratios, e.g. N=Z D 1:23–1.25
for 178;180 Hg (see Sect. 3.3.5.1) in contrast to a typical ratio of N=Z D 1:55–1.59
in the uranium region, where numerous SF and ˇDF cases were long-known. This
allows to investigate potential differences in the ˇDF process and its observables in
the two regions, which differ in many nuclear-structure properties, see discussion in
Sects. 3.3.5.1–3.3.5.3.
Finally, the potential role of ˇDF for the r-process termination by fission (along
with neutron-induced and spontaneous fission) is the subject of on-going discussion
[93–95], also in view of its possible implications for the determination of the age of
the Galaxy by the actinide geochronometers [111, 112].
We refer the reader to Table 1 from [105, 110] where all 26 ˇDF nuclei, known
by 2013, are summarized. In [105] a review of production/identification methods
and of the ˇDF probability values is provided, while [110] discusses the partial
ˇDF half-lives. Since then, three new ˇDF nuclides—230 Am, 236 Bk and 240 Es were
discovered, see Sect. 3.3.4. The data, shown in these tables, demonstrate that so far
all known ˇDF emitters are odd-odd nuclei. To explain this point and to highlight
common phenomena relevant to ˇDF, we analyse in Fig. 3.13 an example of ˇDF
of neutron-deficient At isotopes. The calculated QEC (At) and Bf (Po) values in the
region of our interest for the Finite Range Droplet Model/Finite Range Liquid Drop
Model (FRDM/FRLDM) [113, 114] and for the Thomas-Fermi (TF) model [115]
are compared to the extrapolated or experimental QEC (At) values from Atomic
Mass Evaluation (AME2012) [17]. However, the latter values should be considered
with caution since in most of the lightest odd-odd astatine isotopes, e.g. in 192;194 At
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Fig. 3.13 Calculated QEC (At) (closed circle and square symbols) and Bf (Po) (open symbols)
values from the FRDM/FRLDM [113, 114] and from the TF model [115]. The QEC values from
AME2012 [17] are shown by the closed triangles. The plot is from [116]

[117, 118], there are more than one long-lived nuclear state with unknown relative
excitation energy and ˇ-branching ratios. Furthermore, it is not always known which
of them is the ground state and for which the experimental mass determination was
quoted. This is quite a general issue in the odd-odd nuclei, which might influence
the derivation of fission fragments mass distributions and probability values in ˇDF
studies.
A few important features are evident in Fig. 3.13. First of all, the good agreement
for the QEC (At) values between the two mass models is most probably because
the QEC values are deduced as a difference of the calculated parent and daughter
masses. Therefore, even if the two models give masses, systematically shifted by
some value, this shift will largely cancel out in their difference.
Secondly, due to the odd-even staggering effect in masses, the QEC values of the
odd-odd (thus, even-A) parent astatine isotopes are on average 1.5–2 MeV larger
than for their odd-A neighbors. This is one of the main reasons why so far all nuclei
where ˇDF was observed experimentally are odd-odd. Another reason is that after
the ˇ decay of an odd-odd isotope, an even-even daughter is produced, which is
expected to fission easier than an odd-A neighbor, produced after the ˇ decay of an
odd-A precursor. The very strong (several orders of magnitude) hindrance for SF of
the odd-A and odd-odd nuclei in comparison with the even-even nuclides is a wellestablished experimental fact, see e.g. [97]. As the excitation energy of the fissioning
daughter nucleus in ˇDF is relatively low, similar fission hindrance factors could be
also expected for ˇDF, however this is still an open question.
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Another important feature shown in Fig. 3.13 is that while both models predict a
fast decrease of the calculated fission barriers as a function of lowering neutron
number, the rate of decrease is different. As a result, the respective calculated
QEC .At/  Bf (Po) values are quite different, e.g. 0.08 MeV (FRDM/FRLDM)
and C1.7 MeV (TF) for 194 At. Thus, one could expect that the chance of ˇ-decay
feeding to states in the vicinity or above the fission barrier in the daughter 194 Po
should be higher in the TF model in comparison to FRDM/FRLDM model, however
the specific ˇ-decay strength function needs to be considered, see Sect. 3.3.6.
For 198 At, both models predict large negative QEC .At/  Bf (Po) values, thus
only sub-barrier fission of 198 Po can happen, which will most probably result in
negligible/unmeasurable ˇDF probability. On the other hand, both models predict
large positive QEC .At/  Bf (Po) values for 192 At, thus higher probabilities are
expected in this case, which was indeed confirmed in the SHIP experiments [119].
A similar effect occurs for several ˇDF cases in the lead region, as discussed for
178
Tl [120], 186;188 Bi [121] and 196 At.
Several ˇDF studies explored the sensitivity of ˇDF probability values to the
QEC  Bf differences, to infer information on the fission barrier height [122–125],
thus to check the validity of different fission models far from the ˇ-stability line,
this will be discussed in Sect. 3.3.6.

3.3.3 Production of ˇDF Nuclei and Determination of Their
Properties
Historically, four methods were exploited to produce nuclei which exhibit the ˇDF
decay, they are described in more details in review [105].
– Charged-particle induced reactions, typically fusion-evaporation or transfer reactions at beam energies in the vicinity of the Coulomb barrier. E.g. the first ˇDF
cases in 228 Np and 232;234 Am were identified in the fusion-evaporation reactions
10;11
B C 230 Th ! 232;234 Am and 22 Ne C 209 Bi ! 228 Np [102, 103].
– Reactions induced by  rays and neutrons, see e.g. [126, 127].
– Radiochemical separation from naturally-occurring long-lived, usually neutronrich, precursors, see e.g. [126, 128].
– Spallation reactions with 1-GeV protons on a thick uranium target, followed by
mass separation with an electromagnetic mass-separator [9]. The recent novel
experiments at the ISOLDE mass separator at CERN (Geneva) [48] used the
same method to identify ˇDF of 178;180 Tl [120, 129, 130], 194;196 At [119] and
200;202
Fr [131], they will be discussed in details below.
In the earlier ˇDF experiments in 1960–1980s, which mostly exploited the first
two production methods described above, rather simple ‘mechanical’ techniques,
e.g. the rotating drum or a thick catcher foil [132] were used to collect all reaction
products for subsequent observation of their decays. The main drawbacks of such
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experiments were discussed in [105] and are briefly summarized here. First of
all, many other reaction channels can be open, including those involving possible
impurities in the target, which could produce other nuclei, that possess a fission
branch (e.g. SF). Therefore, in the absence of direct determination of A and/or Z
of the fissionning parent nucleus, the assignment of the observed activity to ˇDF
to a specific isotope could often be ambiguous. To partially overcome this issue,
a tedious series of cross-bombardments to produce the same ˇDF candidate in
different projectile-target combinations had to be performed, also as a function of
the projectile energy, to obtain the so-called excitation functions, see e.g. [133]. The
latter can be used to differentiate between different reaction channels.
The chemical separation of the element of interest from the collected sample
(e.g. from the catcher foil) in some experiments allowed both to get a purer sample
and to achieve the Z-value determination of the fissioning parent nucleus, see e.g.
[108]. The use of He-jet technique to transport the fissionning activity from the
target region with high radiation levels to a detection system situated some distance
(meters) away in a shielded environment is another common method to reduce the
background to measure rare decay events [108, 134].
On the detection side, often the so-called mica foil detectors were used in the
earlier experiments to register fission events [132]. Such detectors allow to measure
the fission rate (thus, production cross sections/excitation functions) and also halflives of the fissionning activities. However, mica foils fully lack information on
the kinetic energy of coincident fission fragments, thus e.g. FFMD’s measurements
were impossible, as they require the detection of coincident events.
The use of silicon detectors in the earlier experiments was not wide-spread, and
at most only single silicon detectors were used. This prohibited the measurements
of coincidence fission fragments. From the mid-90s, more complex arrangements of
silicon detectors, e.g. the merry-go-around detection system at Berkeley [135, 136],
were introduced in fission research, which provided coincidence measurements of
fission fragments.
From the mid-90s, the use of kinematic separators (see Sect. 3.2.3) to study the
decay of heavy elements and, in particular, of ˇDF was introduced, see an example
of ˇDF study of 194 At in Fig. 3.14 and Sect. 3.3.4. The use of ISOL-type separators
for ˇDF studies in the lead region, e.g. ISOLDE at CERN, was introduced since the
last decade and brought substantial progress to ˇDF studies in the lead region, see
Sect. 3.3.5.

3.3.4 Recent ˇDF Results at Recoil Separators
Here we will discuss the ˇDF study of 194 At performed at SHIP as one example
of ˇDF studies at recoil separators. The principles of radioactive ion beam production and identification at SHIP were briefly explained in Sect. 3.2.3. Figure 3.14
shows the identification of ˇDF of 194 At [119]. Despite its success, this study
also demonstrated several drawbacks of the present ˇDF experiments at recoil
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Fig. 3.14 Identification of ˇDF of 194 At at SHIP in the reaction 141 Pr(56 Fe, 3n)194 At. (a) The
total energy spectrum in the PSSD. The primary beam is provided with a pulsed structure of 5 ms
‘beam on’/15 ms ‘beam off’, the spectrum shows all data, with no condition on the beam. Note
the ˛ decays around 5 MeV, the recoiling nuclei around 20 MeV. The spectrum at higher energies
is dominated by the 56 Fe beam that leaks through SHIP or is scattered on its way to the PSSD.
(b) same as (a) but obtained solely during the 15 ms ‘beam off’ period. Note the very strong
suppression of the primary 56 Fe beam and the recoils. Only the ˛ spectrum as well as events due
to beta-delayed fission of 194 At remain. (c) Two dimensional EBOX versus EPSSD of coincident
events detected in the PSSD and in the BOX detector. The group of events in the middle of the
plot corresponds to detection of coincident fission fragments, whereby one of the fragments is
registered in PSSD, while the second (escaping) fragment—in the BOX detector. (d) The sum
energy EPSSD C EBOX , providing the TKE determination for the fission of daughter nuclide 194 Po.
A Gaussian fit is shown by the red solid line. Adapted from [119]

separators. Indeed, 66 fission events were clearly identified in the experiment at
SHIP, see Fig. 3.14b. However, the interpretation of these decays was hindered
due to the presence of two states in 194 At with similar half-lives of 310(8) ms and
253(10) ms [118] with yet unknown ˇ-decay branchings. Therefore, the assignment
of the observed fission events to a specific (or to both) isomeric states in 194 At is not
yet clear, see detailed discussion in [119]. Another drawback of such experiments
is that the parent nuclei are implanted in the silicon detector at a depth of several
micrometers. This prevents an accurate measurement of the individual energies of
the coincident fission fragments, as the fission fragment escaping the PSSD detector
in the backward hemisphere leaves some of its energy in the PSSD. This energy will
be summed up with the energy of the second fission fragment stopped in the PSSD.

3 Alpha Decay and Beta-Delayed Fission: Tools for Nuclear Physics Studies

95

Therefore, the measured energies of coincident fission fragments in the PSSD and
BOX will be distorted, depending on implantation depth and fission fragments angle
relative to the detector surface. There is no clear procedure how to account for these
effects. As a result, no FFMD’s derivation is yet possible in such experiments, as
it requires the knowledge of unperturbed kinetic energies of both fission fragments.
This is because, in the first approximation, the ratio of fission fragments masses is
inversely proportional to the ratio of their kinetic energies. Only information on total
fission kinetic energy (TKE) with a rather large uncertainty can be extracted via a
tedious calibration procedure, see Fig. 3.14d.
Using the same method, 23 ˇDF events of two isomeric states in 192 At were
identified at SHIP [119], with similar difficulties encountered with respect of their
assignment to a specific isomeric state, as in case of 194 At.
The difficulty of isomer separation can, however, be overcome by using the
technique of laser-assisted isomer separation, as discussed in the next section.
To conclude this section, we mention that recently, ˇDF of 236 Bk and 240 Es was
identified at the gas-filled separator RITU at JYFL [137], while ˇDF of 230 Am was
observed at the GARIS gas-filled separator at RIKEN [138, 139]. For 236 Bk and
240
Es, quite large ˇDF probabilities, of the order of 10% were derived, while a
lower limit of PˇDF >30% was derived for 230 Am. The latter value is the highest so
far among all measured ˇDF probabilities. Both experiments used a technique, very
similar to the SHIP study, but employed more advanced multi-strip DSSSD’s.

3.3.5 A New Approach to Study ˇDF at the ISOLDE Mass
Separator at CERN
About a decade ago, a new technique to study ˇDF nuclei in the lead region was
developed at the mass separator ISOLDE [48], by using low-energy 30–60 keV
radioactive beams. This method allows to extend low-energy fission studies to very
exotic neutron-deficient and neutron-rich nuclei, which are difficult to access by
other techniques.
As an example, Fig. 3.15 (see also Fig. 3.16) provides a brief overview of the
production method of the isotope 180 Tl in the pilot ˇDF study at ISOLDE [129].
A novel and unique feature of this ˇDF experiment was the combination of Zselective ionization of a specific element (Tl, in this case) with RILIS [9, 140, 141]
and subsequent mass separation at A = 180 with ISOLDE. After selective ionization,
acceleration up to 30 keV, and mass separation, a pure beam of 180 Tl with an
intensity of 150 ions/s was analyzed by the Windmill (WM) detection system
[129]. Here, the radioactive beam was deposited on a thin carbon foil, surrounded
by two silicon detectors (Si1 and Si2), along with HPGe detectors for coincident
particle— -ray measurements. The use of two silicon detectors in a compact
geometry allowed both singles ˛/fission decays and double-fold fission-fragment
coincidences to be efficiently measured. The same method was later used for
ˇDF studies of 178 Tl [120], 194;196 At [116, 131] and of 200;202 Fr [131]. A detailed
discussion of the results will be given in Sect. 3.3.5.3.
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Fig. 3.15 Schematic view of the ISOLDE and Resonance Ionization Laser Ion Source (RILIS)
operation as applied in the ˇDF study of 180 Tl [129]. The 1.4-GeV 2 A proton beam impinges
on a thick 50 g/cm2 238 U target, producing a variety of reaction products via spallation and fission
reactions. The neutral reaction products diffuse towards the hot cavity, where the thallium atoms are
selectively ionized to the 1C charge state by two overlapping synchronized laser beams, precisely
tuned to provide thallium ionization in a two-color excitation and ionization scheme. The ionized
thallium ions are extracted by the high-voltage potential of 30 kV, followed by the A D 180 mass
separation with the ISOLDE dipole magnet. The mass-separated 180 Tl ions are finally implanted
in the carbon foils of the Windmill system (see Fig. 3.16), for subsequent measurements of their
decays with the silicon and germanium detectors, as described in the main text. Plot modified
from [142]

Fig. 3.16 Left side: The Windmill setup used in the experiments at ISOLDE to study ˇDF of
178;180
Tl, 194;196 At and 200;202 Fr; right side: a zoom of the detector arrangement. The case of 180 Tl is
shown as an example, with mass-separated 180 Tl ions being implanted through a hole in an annular
silicon detector (300 m thickness) into a thin carbon foil of 20 g/cm2 thickness. A second Si
detector (300 m thickness) is placed 3 mm behind the foil. A set of Ge detectors is used for and K X-ray measurements in coincidence with particle decays. Plot is taken from [129]
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The uniqueness of this technique is the unambiguous A and Z identification of
the precursor, via the combination of the Z-selection by the RILIS and the massseparation by ISOLDE. Other advantages include a point-like radioactive source,
the implantation in a very thin foil whereby both fission fragments can be efficiently
measured with little deterioration of their energies, and the proximity of germanium
detectors for  -ray spectroscopy. Simultaneous measurement of fission and ˛ decays
in the same detectors removes some of the systematic uncertainties for branching
ratio determination.

3.3.5.1 New Island of Asymmetric Fission in the Neutron-Deficient
Mercury Region: The Case of 180 Tl
In this section, as an example of what can be learned from ˇDF studies, the results
of the ˇDF experiments at ISOLDE will be discussed, in which ˇDF of 178;180 Tl
[66, 120, 129], 194;196 At [116, 119] and 202 Fr [131] was studied, resulting in the
low-energy fission data for daughter (after ˇ decay) isotopes 178;180 Hg, 194;196 Po
and 202 Rn, respectively.
Historically, the first ˇDF study at ISOLDE was performed for the isotope
180
Tl, whose production method was described in Sect. 3.3.5. The QEC (180 Tl/ D
10:44 MeV and the calculated fission barrier is Bf (180 Hg/ D 9:81 MeV, thus
QEC (180 Tl/Bf (180 Hg/ D 0:63 MeV, which allows for some above-barrier fission to
happen. Despite this, a rather low ˇDF probability of PˇDF (180 Tl/ D 3:2.2/  105
was deduced [105].
In a  50-h long experiment, 1111 singles and 356 coincidence fission events
were observed and attributed to the ˇDF of 180 Tl, see Fig. 3.17. The mass distribution for fission fragments of 180 Hg is clearly asymmetric with the most
abundantly-produced fragments being 100 Ru and 80 Kr and their neighbors. No
commonly-expected symmetric split in two semi-magic 90 Zr (Z D 40, N D 50)
nuclei was found, and the observation of “new type of asymmetric fission in protonrich nuclei”, which differs from asymmetric fission in the trans-uranium region, was
claimed [129, 143].
3.3.5.2 Mass-Asymmetry in 180 Tl and in 238 U: What Is the Difference?
This discovery caused an intense interest from the theory community, whereby very
different approaches, such as the macroscopic-microscopic model [129, 143, 144],
two modern versions of the scission-point model [145–148] and two fully selfconsistent models, HFB-D1S and HFB-SkM [149, 150], were used to shed light
on the observed phenomenon.
In particular, the five-dimensional (5D) macroscopic-microscopic model [143,
151] was first to be applied to explain the observed asymmetric mass split of
the fission fragments of 180 Hg. Figure 3.18 from [143] shows two-dimensional
potential-energy surfaces (PES) for 180 Hg and 236 U and highlights the crucial
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Fig. 3.17 Top panel: a coincidence energy spectrum for ˇDF of 180 Tl measured by two silicon
detectors of the Windmill setup. The two-peaked structure originates because the two fission
fragments have different energies, a direct result of the asymmetric mass distribution; Bottom
panel: The derived fission-fragment distribution of the daughter isotope 180 Hg as a function of the
fragment mass and the total kinetic energy. The conversion from energy to mass spectra relies on
the conservation of mass and energy, and assumes that the masses of fission fragments add up to
the mass of the parent nucleus, see details in [129]. Plots are taken from [129, 130]
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Fig. 3.18 Calculated PES surfaces for 180 Hg and 236 U, as a function of the dimensionless
quadrupole moment and the mass asymmetry, as defined in Fig. 3.11. The shapes of the nuclei at
several key deformations are drawn, connected to the points on the surface by arrows. The saddle
points are indicated with red crosses. The plots are modified from [143]

differences in the nature of asymmetric fission for proton-rich nuclei in the lead
region compared to the classical region of asymmetric fission in the actinide region
around 236 U.
The PES for 236 U shows features common to many actinide nuclei with
226  A  256, such as a deformed ground state, a relatively low two- or threehumped fission barrier, and most prominently, well-separated symmetric (˛g D 0)
and asymmetric (˛g  0:2) valleys. The latter valley is usually attributed as being
due to the strong shell effects (spherical and/or deformed) of fission fragments in the
vicinity of the double-magic 132 Sn. Fission starts from the ground state on the lefthand side of the figure, passes through the nearly symmetric first saddle point to the
symmetric fission isomer minimum around q2 2. Then the mass asymmetry begins
to increase as the nucleus passes over the mass-asymmetric second saddle point,
through a shallow third minimum, and finally over a third asymmetric saddle at the
head of the asymmetric valley to a shape near the asymmetric scission point. The
higher symmetric saddle point reduces the probability of entering the symmetric
valley by requiring barrier penetration for systems with near-threshold energies.
In contrast, the PES for 180 Hg is very different, with only a single pronounced
symmetric valley corresponding to separated semi-magic 90 Zr nuclei, and no
deep asymmetric valley extending to scission. The dominant symmetric valley is,
however, inaccessible due to the high barrier along the symmetric path from the
ground state. The symmetric valley remains separated from a shallow asymmetric
valley by a high ridge in the potential. It is important to note that, within this
model description, by the time the separating ridge disappears, a quite well-defined
mass-asymmetric di-nuclear system has already developed with two nascent fission
fragments still connected by a narrow neck. However, such a system does not have
the possibility for mass equilibration towards an energetically more favorable masssymmetric split, due to the very small neck size at this moment.
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A similar result can also be seen in Fig. 3.19, which shows the PES calculations
within the HFB-SKM approach [150]. This plot nicely demonstrates the difference
between the asymmetric fission of 180 Hg and nearly symmetric fission of 198 Hg,
which is known from earlier experiments.

3.3.5.3 Multimodal Fission in the Transitional Neutron-Deficient Region
Above Z D 82
Following the discovery of asymmetric fission of 178;180 Hg, further theoretical
efforts were undertaken to cover a broader region of fission in the vicinity of the Z D
82 shell closure. Extensive calculations of the mass yields for 987 nuclides were
performed in Ref. [152]. The Brownian shape-motion method [153] was applied,
which involves the “random walks” to determine the most probable fission path
on the previously calculated five-dimensional potential-energy surfaces [151]. One
of the aims of this study was to establish theoretically whether 178;180 Hg represent
separate cases of asymmetric fission in this region, or whether they belong to a broad
contiguous region of asymmetric fission, and if so, its extent. Figure 3.20 shows
the map of expected asymmetric and symmetric fission, whereby a broad island of
asymmetric fission in the neutron-deficient lead region is predicted. In agreement
with the experimental data, this new region of asymmetric fission also includes
178;180
Hg, though they are predicted to lie on its left-most border. Furthermore, this
island is separated from the classical region of asymmetric fission in the actinides
by an extended area of symmetric fission (see the large blue region in figure).
Therefore, to explore further this region, and especially the predicted
asymmetric-to-symmetric transition of FFMDs between 178;180 Hg and e.g. 204;208 Rn,
210
Ra (which are known to fission symmetrically), the ˇDF experiments at ISOLDE
aimed at studies of transitional ˇDF isotopes of 194;196 At and 202 Fr [116, 131]. The
low-energy fission data for daughter (after ˇ decay) isotopes 194;196 Po and 202 Rn,
respectively, were collected. A summary of the results is shown in Fig. 3.21.
Experimentally, the mixture of two fission modes can be directly manifested by
the two observables: the appearance of three peaks in the fission fragments energy
distribution and by the skewness/broadness of the TKE distribution for fission
fragments.
To illustrate these effects, for a reference, the top panel in the leftmost column
of Fig. 3.21 shows the two-dimensional Si1-Si2 energy plot of coincident FFs of the
daughter isotope 180 Hg (the same plot as in Fig. 3.17). The dominant asymmetric
fission of 180 Hg is clearly demonstrated by a double-humped structure seen in this
plot, with practically no events in between the peaks. The respective single-peaked
and quite narrow Gaussian-like TKE distribution, depicted in the middle panel of
the same column, indicates that a single fission mode dominates in 180 Hg. Finally,
the deduced clearly asymmetric FFMD is depicted in black in the bottom panel,
whereby the most probable fission fragments were found in the vicinity of 80 Kr and
100
Ru.
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Fig. 3.19 Ground-state potential-energy surfaces for (a) 180 Hg and (b) 198 Hg in the (Q20 ,Q30 )
plane calculated in HFB-SkM . The Q20 value represents the elongation along the axial symmetry,
while Q30 parameter defines the deviation from the axial symmetry. The static fission pathway
aEF corresponding to asymmetric elongated fragments is marked. The difference between the
two nuclei is mainly seen in the magnitude of the final fission fragments mass asymmetry,
corresponding to very different Q30 values. The figure is taken from [150]
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Fig. 3.20 Calculated ratios of the intensities of symmetric to asymmetric fission modes for 987
fissioning isotopes. Black squares (open in colored regions, filled outside) indicate ˇ-stable nuclei.
Two extended regions of predominantly asymmetric fission (small symmetry-to-asymmetry ratios)
are drawn in the red color, the one in the left bottom corner is the region of a new type of
asymmetric fission and includes 178;180 Hg, while the previously known asymmetric fission region
in the heavy actinides is seen in the top right corner. The region of predominantly symmetric fission
in between is shown in blue. The figure is taken from [152]

The results for ˇDF studies of 194;196 At and 202 Fr are shown in the second-tofourth columns in Fig. 3.21. In contrast to 180 Hg, a single broad hump is seen in the
2D energy distribution of 194;196 Po and 202 Rn (top row, columns 2–4). In addition,
TKE distributions are significantly broader compared to the 180 Hg reference (middle
row), as can be concluded from the standard deviation values, extracted from singleGaussian fits, see [131] for details. Deduced FFMDs spectra, drawn in black in the
bottom row, exhibit a mixture of symmetry with asymmetry, resulting in their triplehumped shape.
The triple-humped FFMDs and the breadth of the extracted TKE distributions
suggest the presence of at least two distinct fission modes in these nuclei, each
having different mass and TKE distributions. This feature was therefore further
investigated by discriminating between fission events with high or low TKE, similar
to the method used in Refs. [154, 155] to illustrate the bimodal fission in the
transfermium region. In Fig. 3.21, FFMDs of fission events with respectively higher
or lower TKE in comparison to a certain threshold energy Ethres are shown by
respectively the dashed blue and full green lines. The value Ethres was arbitrarily
taken as the mean TKE value and is indicated by a dashed red line on the TKE
distributions and the 2D energy plots. Remarkably, the 194;196 Po cases exhibit a
narrow symmetric distribution for fragments with higher TKE, while a broader,
possibly asymmetric structure is observed for lower TKE. In contrast, this feature
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Fig. 3.21 Summary plot of the ISOLDE experiments to study ˇDF of 180 Tl, 194;196 At and 202 Fr.
2D energy distribution of coincident fission fragments in two silicon detectors (top), total kinetic
energy (middle) and mass distributions (bottom) of the investigated nuclei are shown. The green
and blue curves represent data below and above the average TKE values for each case shown by
the red dashed lines in the first and second rows of the plot. Details are given in the main text.
Figure is taken from [116, 131]

is absent in 180 Hg in which only one asymmetric fission mode was identified. In the
case of 202 Rn, statistics prohibit drawing definitive conclusions.
These results establish a multimodal fission for these three isotopes, lying
in the transitional region between the asymmetry of 178;180 Hg and symmetry of
e.g. 204;208 Rn and 210 Ra. Self-consistent PES calculations performed within the
HBF-D1S framework [150] provide a clear insight in the underlying reasons for
the occurrence of the multimodal fission in this region. As an example, Fig. 3.22
shows the PES for 196 Po, where two distinct competing paths—an asymmetric and
symmetric—are marked. Beyond Q20 = 250 b, the PES flattens in such a way that
a mildly asymmetric fission pathway competes with the symmetric pathway, which
allows multimode fission to happen.
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Fig. 3.22 Ground-state PES for 196 Po in the (Q20 ,Q30 ) plane calculated in the HFB-D1S approach.
Two competing fission pathways corresponding to different mass asymmetries are marked. The
figure is taken from [150]

Such a flat, relatively structure-less PES is expected to represent quite a general
behavior of PES’s in this region of nuclei, and it is very different from the typical
PES’s in the actinides, where a dominant asymmetric valley is usually present, as
discussed in respect of Fig. 3.18. It is also very different from the PES’s for e.g.
180
Hg, which might indicate that the fission below and above the shell closure at
Z D 82 also has some inherent differences. Clearly, the outcome of any FFMD
calculations on such flat PES’s will strongly depend on specific details of a subtle
and complex interplay between several degrees of freedom, including a yet not fully
understood dependence on the excitation energy. In such a way, these data provide
a crucial text of the modern fission approaches.

3.3.5.4 Complementary Approaches to Study Low-Energy Fission in the
Lead Region
Unfortunately, due to relatively low fission rates of only up to some tens fissions
per hour in the present ˇDF experiments at ISOLDE, no further details could be
extracted, unless much longer experiments are performed. In this respect, earlier
and recent experiments exploiting the Coulomb excitation of relativistic radioactive
beam followed by fission at the SOFIA setup at GSI [156], have all potential to
establish a complementary way for low-energy fission studies in this region. One
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Fig. 3.23 Calculated FFMDs (gray), with fission-fragment masses on the horizontal and their
relative yields on the vertical axis, for even-N neutron-deficient isotopes between gold and radium
at excitation energies slightly above the theoretical fission-barrier heights Bf;th from Ref. [114]. The
calculated yields are compared with selected experimental FFMDs from particle-induced (blue
symbols, [157, 158]), ˇDF (red, [120, 129, 131]) and Coulex-induced fission from FRS@GSI
(green, [98, 99]) and SOFIA (dashed light green, [156]). The isotopes 180;190 Hg [159], 182 Hg [160]
and 179;189 Au [161], recently measured by fusion-fission reactions are also marked in blue. The
border of the lightest known isotopes is shown by the thick solid line, ˇ-stable nuclei are shown
on a gray background. Figure is modified from [131]

of the main advantages of SOFIA is its access to all types of nuclides—odd-odd,
even-even and odd-A, while only the odd-odd cases can be studied via ˇDF, see
Sect. 3.3.2. The feasibility of this approach was already confirmed by the first
SOFIA campaign, which reached some of the neutron-deficient Hg isotopes.
This complementarity is demonstrated by Fig. 3.23, which shows a subset of the
calculated data from Fig. 3.20, but in the mass-yield representation, with selected
examples (solely due to the space limitation) of the measured FFMDs via ˇDF,
Coulex and fusion-fission approaches. A good agreement between measured and
calculated FFMDs can be noted for many nuclides, shown in the plot, e.g. for 180 Hg,
201
Tl, 210 Po, 204;208 Rn, 210 Ra. On the other hand, one also notices a clear discrepancy
for e.g. 195 Au and 198 Hg, for which a strongly asymmetric mass division is predicted,
while experimentally a symmetric mass split was observed, see also [131] for further
details.
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3.3.6 ˇ-Delayed Fission Rates and Their Use to Determine
Fission Barrier Heights
The previous sections concentrated mainly on the fission fragments energy/mass
distributions and their theoretical interpretation. In this section, we will discuss what
interesting physics conclusions can be drawn from the measured ˇDF probabilities.
At present, it is believed that ˇDF could, together with neutron-induced and
spontaneous fission, influence the fission-recycling in r-process nucleosynthesis
[93, 94]. Therefore, a reliable prediction of the relative importance of ˇDF in nuclear
decay, often expressed by the ˇDF probability PˇDF , is needed. PˇDF is defined as
PˇDF D

NˇDF
;
Nˇ

(3.22)

where NˇDF and Nˇ are respectively the number of ˇDF and ˇ decays of the
precursor nucleus.
Before the recent ˇDF experiments in the lead region, a comparison of PˇDF
data in a relatively narrow region of nuclei in the vicinity of uranium showed a
simple exponential dependence with respect to Qˇ [136, 162]. These nuclei have
comparable and relative low Qˇ .Parent/ and fission-barrier heights Bf .Daughter/
values, Qˇ  3–6 MeV and Bf  4–6 MeV, respectively. In addition, these nuclei
have a typical N/Z ratio around 1.4–1.5, which is close to that of traditional
spontaneous fission of heavy actinides.
The recent ˇDF studies at ISOLDE allow to further explore such systematic
features by including the newly obtained data in the neutron-deficient lead region,
in which the ˇDF nuclides have significantly different N/Z ratios ( 1:2–1.3), Bf
(7–10 MeV) and Qˇ values (9–11 MeV) as compared to those in the uranium
region.
However, from an experimental point of view, the dominant ˛-branching ratio
(90 %) in most ˇDF precursors in the neutron-deficient lead region [17] makes
precise determination of Nˇ in Eq. (3.22) difficult. Therefore, the partial ˇDF halflife T1=2;ˇDF , as discussed in details in [110], can be useful.
By analogy with other decay modes, T1=2;ˇDF is defined by
T1=2;ˇDF D T1=2

Ndec;tot
;
NˇDF

(3.23)

where T1=2 represents the total half-life and Ndec;tot the number of decayed precursor
nuclei. The relation between T1=2;ˇDF and PˇDF can be derived from Eqs. (3.22) and
(3.23) as
T1=2;ˇDF D

T1=2
;
bˇ PˇDF

(3.24)
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with bˇ denoting the ˇ-branching ratio. If the ˛-decay channel dominates, as is often
the case in the neutron-deficient lead region, one can safely approximate Ndec;tot
in Eq. (3.23) by the amount of ˛ decays N˛ . This removes part of the systematic
uncertainties as the fission fragments and the alpha decay are detected in the same
silicon detector with identical detection efficiency.
Following [132, 163], the expression for PˇDF , as a function of excitation energy
E, is given by
R Qˇ
0

PˇDF D

Sˇ .E/F.Qˇ  E/ totf .E/
dE
.E/

R Qˇ
0

Sˇ .E/F.Qˇ  E/dE

;

(3.25)

whereby the ˇ-strength function of the parent nucleus is denoted by Sˇ and
the Fermi function by F. The fission and total decay widths of the daughter,
after ˇ decay, are respectively given by f and tot . Equation (3.24) can be
combined with Eq. (3.25) to deduce the decay constant of ˇDF, defined as ˇDF D
ln.2/=T1=2;ˇDF , as
Z
ˇDF D

Qˇ
0

Sˇ .E/F.Qˇ  E/

f .E/
dE:
tot .E/

(3.26)

This expression shows a few important points. First of all, the strong dependence
on the fission barrier Bf of the daughter nucleus (via the f ) allows the determination
of its fission barrier. This method was indeed used in several studies, see e.g. [122,
124, 125, 164]. It is important to note that, by exploring four variants of ˇ strength
function, it was suggested that a specific choice of Sˇ only weakly influences the
calculation of PˇDF [125]. The Fermi function F can be fairly well described by a
function linearly proportional to .QEC  E/2 [110] for EC decay.
A dedicated study [110] was performed to verify Eq. (3.26) by using experimental ˇDF partial half-lives and theoretical values for (Qˇ  Bf ). Tabulated fission
barriers from four different fission models were used (see Table 1 in [110]), of which
three are based on a macroscopic-microscopic and one on a mean-field approach.
The latter model employs the Extended Thomas-Fermi plus Strutinsky Integral
(ETFSI) method [165], but tabulated barriers for the most neutron-deficient isotopes
of our interest are absent in literature. The microscopic-macroscopic approaches
all rely on shell corrections from [113] and describe the macroscopic structure of
the nucleus by either a TF model [115], LDM [166] or the FRLDM [114]. The
Qˇ values were taken from the 2012 atomic mass evaluation tables [17] and are
derived from the difference between the atomic masses of parent MP and daughter
MD nuclei.
Figure 3.24 shows log10 .T1=2;ˇDF / against (Qˇ  Bf ) for the fission barriers from
the four different models under consideration. Using the same evaluation criteria as
proposed in [105] for PˇDF measurements, 13 reliable T1=2;ˇDF values, were selected.
These data points, represented by the closed symbols, are fitted by a linear function.
An equal weight to all fit points is given because the experimental uncertainties on
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Fig. 3.24 Plots of T1=2;ˇDF versus (Qˇ  Bf ) for four different models, see the main text. The
closed symbols, representing “reliable” values for T1=2;ˇDF are used for a linear fit with equal
weights to the data points. Other data are indicated by the open symbols. The color code represents
the different regions of the nuclear chart for which ˇDF has been experimentally observed: the
neutron-deficient lead region (red), the neutron-deficient (black) and neutron-rich (blue) uranium
region

log10 .T1=2;ˇDF / are in most cases much smaller than the deviation of the data points
with the fitted line. The remaining data points from Table 1 from [110] are shown by
open symbols and were excluded from the fit. The color code discriminates between
the neutron-deficient lead region (red), neutron-deficient (black) and neutron-rich
(blue) uranium region.
Figure 3.24 illustrates a linear dependence of log10 .T1=2;ˇDF / on .Qˇ  Bf / for
TF and LDM barriers for over 7 orders of magnitude of T1=2;ˇDF . The dependence
is somewhat less pronounced for the FRLDM model. A similar linear trend is
observed for the ETFSI model, but the lack of tabulated fission barriers in the
neutron-deficient region, especially in the lead region, prohibits drawing definite
conclusions.
In contrast to a rather good agreement for most neutron-deficient nuclei, all
models show a larger systematical deviation from this linear trend for the neutronrich ˇDF precursors 228 Ac and 234;236 Pa. In [105], concerns were raised on the
accuracy of the PˇDF values measured in this region, which could explain this
deviation. Note also that the precursors in this region of the nuclear chart undergo
ˇ  decay in contrast to the EC-delayed fission on the neutron-deficient side for
which Eq. (3.26) was deduced. In particular, the Fermi function for ˇ  decay is
approximately proportional to .Qˇ  E/5 [132, 167], in contrast to the quadratic
dependence on .Qˇ  E/ for EC decay, and some modifications of the f =tot ratio
might need to be considered, see [110].
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3.4 Conclusion and Outlook
Despite ˛ decay was discovered more than a century ago and fission 80 years ago, a
full microscopic understanding of these important decay processes is still missing.
˛ decay is now a standard experimental tool in radioactive beam research
programs. As an example, we discussed its use to unravel nuclear-structure effects
in the N  Z nuclei in the vicinity of 100 Sn and the neutron-deficient lead region. ˛
decay is furthermore indispensable for the study and identification of new elements
and new superheavy isotopes. While not explicitly addressed in these notes, it plays
an important role in the atomic physics and chemistry research program at the end
of Mendeleev’s table.
ˇDF represents a unique probe to study low-energy fission and provides new
information that improves our understanding of fission. With the availability of
intense neutron-deficient beams in the lead region and using the mechanism of ˇDF,
the low-energy fission process could be characterized in a new area of the nuclear
chart previously unexplored by low-energy fission. A new region of asymmetric
fission was identified and this finding had an impact on the theoretical description
of the fission process.
New or upgraded facilities that will become operational in the next decade
will have a profound impact on this research field. Facilities like e.g. the Dubna
superheavy element factory, the GARIS2 separators at RIKEN, the new heavy ion
injector at GSI and the Super Separator Spectrometer (S3) at GANIL, will use
higher primary beam intensities and longer beam times. This creates potential to
discover new elements and isotopes but it will, at the same time, allow for more
detailed and higher precision studies in the heavy and superheavy element region.
Also the plans to develop the next generation ISOL facility, called the European
Isotope Separator On-Line (EURISOL) facility, will have major impact on ˛ and
ˇDF studies in the heavy element region both on the neutron-deficient and neutronrich side. For example, provided the necessary degree of isomer selectivity can be
reached, ˇDF studies on isomeric beams might become possible. Moreover, new
observables, like prompt neutron and  -ray energies and multiplicities, will become
available as well as more accurate fission fragment yield distributions, total kinetic
energies and ˇDF probabilities for very neutron-rich nuclei. This information will
guide refinements and improvements of the nuclear models used to explain e.g. the
r-process nucleosynthesis.
Finally, it should be mentioned that ˛ decay and fission are important in
practical applications like medical radioisotope and energy production. An in-depth
understanding of both processes might also lead to more efficient procedures and
new usage in the applied sector.
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Chapter 4

Introduction to Hypernuclear
Experiments, and Hypernuclear
Spectroscopy with Heavy Ion Beams
Take R. Saito

Abstract The information on a hypernucleus, a bound nuclear system with
hyperon(s), contributes essentially to understand the baryon-baryon interaction
under the flavoured-SU(3) symmetry. After the discovery of the first event of
hypernuclear production and decay in 1952, hypernuclei have been studied
extensively with cosmic-rays, secondary meson beams and primary electron beams
from accelerators facilities mainly at CERN, BNL, KEK, LNF-INFN, JLab, MAMI
C and J-PARC. With these experiments, many interesting properties of hypernuclei
have been revealed. Hypernuclei can also be produced by using heavy ion induced
reactions. Experiments at LBL and JINR were performed with heavy ion beams
bombarded on fixed targets to produce hypernuclei as projectile-like fragments,
while the STAR and ALICE collaborations produced and identified hypertriton
and anti-hypertriton at mid-rapidity by colliding ultra-relativistic heavy ion beams.
Hypernuclear experiments with heavy ion beams bombarding a fixed target have
been extended by the HypHI collaboration at GSI, and hypernuclear final states
produced by the 6 Li C 12 C reaction at 2 A GeV have been successfully studied in
the HypHI experiment. The method will be also extended by employing a forward
spectrometer with an excellent momentum resolution such as FRS at FAIR Phase
0 (GSI) and super-FRS at FAIR Phase 1. In this article, a brief overview of former
hypernuclear experiments with cosmic-rays, secondary meson beams and primary
electron beams will be presented and discussed. An overview of hypernuclear
experiments with heavy ion beams will also be given. Then, details of the HypHI
experiment will be discussed as well as future plans at FAIR Phase 0 (GSI) and
Phase 1 will be briefly summarized.
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4.1 Introduction to Hypernuclear Experiments
In this section, a brief overview of the former and on-going hypernuclear experiments will be given. Hypernuclear experiments were started with nuclear emulsions
and then continued with counter techniques with meson- and electron-beams at
CERN, BNL, KEK, LNF-INFN, JLab, MAMI C and J-PARC. Motivations of
hypernuclear experiments with heavy ion beams, that are the main subject of this
article, will also be given in this section.

4.1.1 Physics Motivation in Brief
The investigation of fundamental interactions is one of the keys to understand our
Nature. All the ordinary materials consist of atomic nuclei, and they are composed
by nucleons (neutrons and protons, N). Nucleons are baryons that contain three
quarks. Precise knowledge of baryon-baryon interactions with the lightest three
quarks, up-, down- and strange-quarks, is an essential issue to understand Nature.
Such an interaction can be described by a symmetry group, so called flavored-SU(3).
In flavored-SU(3), there are 64 interaction vertexes. Among them, only four vertexes
are only with nucleons, and the rest is with hyperon(s) (Y) which is a baryon with
at least one strange-quark. The interaction involving only nucleons has been well
studied by reaction experiments involving nucleons and nuclei. However, none of
the interactions with hyperon(s), YN and YY, has been well known since it is not
practical to perform a reaction experiment with a hyperon as a beam or a target
because of a short life time of hyperons, 1010 s.
Information on the baryon-baryon interaction with a hyperon can also contribute
to the understanding of the nature in the astronomical scale. Many model calculations predict stellar objects which contain a significant fraction of hyperons. In some
predictions hyperons are even the dominant component in the center of dense objects
like the core of neutron stars. In order to explore the properties and the evolution of
such stars, detailed information on the baryon-baryon interaction with hyperons(s)
is required. Recently, the neutron star J1614-2230 has been reported to have its mass
of approximately two times of the solar mass [1], and this observation excludes the
equation of state with hyperons in its core. However, the exclusion also depends on
properties of the YN-interactions at large density of nuclear matter, which is still to
be investigated.
So far, the only possibility to study YN- and YY-interactions is to employ a
hypernucleus as a micro-laboratory. A hypernucleus consists of not only nucleons but also hyperon(s). The conventional method of hypernuclear spectroscopy,
however, is so far tightly limited in both production and possible observable of
the produced hypernuclei. Especially, information of YN- and YY-interactions in
neutron rich nuclear matter can hardly be obtained in the conventional way, although
it is highly demanded to understand the extreme astrophysical objects.
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4.1.2 Discovery of Hypernuclei and the Nuclear Emulsion Era
The first hypernuclear event was discovered by Danysz and Pniewski in 1952 with
the observation of the emission and the subsequent, highly energetic disintegration
of a multiply-charged fragment from a cosmic ray interaction in the nuclear
emulsion [2]. Figure 4.1 shows a photomicrograph of this event. A cosmic ray
(track p) hit the nuclear emulsion, and it interacted with the nucleus in the emulsion
at point A. From this point another particle emerged as track f and propagated to
point B where it stopped. Then, it decayed into three charged particles (tracks 1,
2 and 3). The path length in the nuclear emulsion of this fragment, indicated as
track f, of 90 m indicated a survival time of a few times 1012 s, many orders of
magnitude longer than those expected of an ordinary de-excitation process of such
a highly excited nucleus, which indicated a -hyperon is bound and decays inside
the nucleus. After this discovery, a variety of light hypernuclei was observed with
the nuclear emulsions and they are summarized in [3]. The binding energy B (or
separation energy) of a  hyperon in a hypernucleus is defined by the following
relation
.Mcore C M /c2  B D Mhyp c2
Fig. 4.1 The first
hypernuclear events observed
in the nuclear emulsion [2]. A
cosmic ray (track p) was
induced in the nuclear
emulsion, and it interacted
with the nucleus in the
emulsion at point A. From
this point a hypernucleus
emerged as track f and
propagated to point B where
it stopped. Then, it decayed
into three charged particles
(tracks 1, 2 and 3). The
picture is taken from [3]

(4.1)
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where Mcore , M and Mhyp are respectively the masses, for example in unit of
MeV/c2 , of the nuclear core in its ground state, of the  hyperon and of the
hypernucleus, the last being determined from the complete kinematic reconstruction
of its decay process in the nuclear emulsions. These determinations of hypernuclear
mass, and hence binding energy, have been confined to measurements made in
nuclear emulsions of 71   -mesonic decays ( ! p C   in hypernuclei).
The observed B values are also summarized in [3], and they show that the separation energies are significantly smaller than the nucleon-separation energies,
being approximately 1/3 of the nucleon separation energy of ordinary nuclei.

4.1.3 Hypernuclear Experiments with Secondary Meson
Beams and Counter Techniques
Later in 1973, the production and observation of the hypernucleus 12
 C by using low
momentum secondary K  beams at CERN was reported as the first hypernuclear
counter experiment [4]. Figure 4.2 shows the observed   momentum distribution,
which was induced with the secondary K  beams stopped in a 12 C target. Two
bumps above 250 MeV/c, that are also shown in the insert with the background
subtracted, correspond to   mesons from the ground and excited states of the produced 12
 C hypernucleus. It was an epoch making experiment for the hypernuclear
spectroscopy with beams from accelerators and the counter techniques. With the
K  beams, a production cross section value of hypernuclei is reasonably large since
a strange-quark is already involved in K  mesons as beam particles, and it is a
production of hypernuclei by transferring a strange-quark from the K  beam in the

Fig. 4.2 Observed spectrum of   -mesons with stopped-K  beams at the 12 C target. The insert
is the magnification above 250 MeV/c with the background subtracted. The figure is taken from [4]
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target nucleus. Studies of hypernuclei at CERN by using the (K  ;   ) reaction were
continued with low momentum K  beams with limited intensities (104 –105 /s) and
with rather large pion background in the beams.
Hypernuclear production with the inverse reaction of (K  ;   ), the ( C ; K C )
reaction, was invented at the Brookhaven National Laboratory in 1984. The quality
and the intensity of the  C beams is better and larger than the K  beams since the
mass of the  C meson is smaller than K  . Momentum transfer from the  C beams
to the produced hypernuclei is also larger than that in the (K  ;   ) reaction, and
therefore, the probability to produce excited hypernuclear states at higher spins is
also larger. Hypernuclear experiments with the ( C ; K C ) reaction were continued
at KEK until the beginning of the twenty-first century.
One of potential ways to study hypernuclei with the K  and  C beams is to
employ a missing mass method. The missing mass M, for example with the 89 Y
target nucleus, is expressed as
p
.E C M.89 Y/  EK /2  jp  pK j2
q
D .E C M.89 Y/  EK /2  . p2 C p2K  2p pK cos /2

MD

(4.2)

where E and p are the total energy and three-momentum, respectively, and subscripts
 and K are respectively for  C beams and out-going K C . The angle between the incoming  C beam and the out-going K C is denoted as , and M.89 Y/ is the mass of
the 89 Y target nucleus. These quantities are measured by dedicated spectrometers.
As an examples, the Superconducting Kaon Spectrometer (SKS) with the Beam
spectrometer (QQDQQ) [5] is shown in Fig. 4.3. Four-momenta of in-coming  C
beams impinging in the target are measured by the Beam Spectrometer, and those
of out-going K C mesons are measured by SKS. Then, the missing mass defined in
Eq. (4.2) can be deduced. With the deduced missing mass, the  binding energy,
B , can be extracted by subtracting the mass of the core nucleus to which the hyperon is attaching as well as subtracting the mass of the -hyperon. Figure 4.4
shows the deduced distribution of B in the 89
 Y hypernucleus [5]. The upper
panel shows the deduced B distribution and the lower panel shows the one with
fittings. Details of the analyses can be found in [5]. One of the striking results
in this experiment is that the -orbitals can be clearly seen even in the deep sorbitals. It is because that the -hyperon is a different Fermion in comparison with
nucleons and because it does not obey the Pauli principle with the other nucleons in
the observed hypernucleus. Therefore, -hyperons can move freely among the orbitals. This phenomena can be seen only with hypernuclei. Such an observation
has shown that a -hyperon can be used as a probe to study the deep part of the
potential of the core nucleus, and the investigation of the hypernucleus can also
contribute to understand the nucleus without hyperons. Further experimental studies
with the secondary meson beams including K  and  C are continued at the J-PARC
accelerator facility.
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Fig. 4.3 Schematic view of the SKS spectrometer together with the Beam Spectrometer
(QQDQQ). Four-momenta of  C beams and out-going K C mesons are respectively measured
by the Beam Spectrometer and SKS. The figure is taken from [5]

The FINUDA collaboration at LNF-INFN invented another unique method
to produce -hypernuclei with low-energy K  stopped at thin nuclear targets.
Collisions of electrons and positrons at 0.51 GeV are produced by the DA˚NE
eC e collider and the production of .1020/ mesons takes place in the center of the
FINUDA spectrometer shown in the top part of Fig. 4.5. The collision point is also
shown by “+” on the bottom part of the figure. At the collision point, the .1020/
meson decays to K  C K C with 127 MeV/c, as shown in the bottom left part of the
figure. Because of the low momentum of the produced K  from the decay, the K 
meson can be stopped in the thin target foils as shown in the bottom part of Fig. 4.5,
and hypernuclei are produced with the stopped K  by emitting   (conventional
production) or  C (double-charge exchange reaction). The figure shows the case
for the double-charge exchange reaction for searching for neutron rich hypernuclei.
In the figure, a candidate of neutron rich nuclei are stopped in the Si-micro vertex
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Fig. 4.4 The observed
distribution of the binding
energy of -hyperons, B ,
for 89
 Y (top) and with fittings
(bottom). The observed
distribution is fitted with a
single Gaussian for the s orbit
or two Gaussians for the other
orbits (F1), where the
Gaussian widths were fixed to
be the energy resolution. The
whole bound region were
fitted well by additionally
introducing three Gaussians
(F2) representing extra yields
in between the bumps. The
figure is taken from [5]

detectors inside the target barrels, and it emits a proton and   . By measuring fourmomenta of K  and   as well as identifying K C , the missing mass of the produced
hypernuclei are measured (for example, see [6]). Figure 4.6 shows the distribution
of deduced B of the 12
 C hypernucleus with different fittings [6]. They show that
the resolution in the missing spectroscopy has been improved in comparison to the
other experiments at CERN, BNL and KEK since the experiment can be performed
with thin target foils to reduce the straggling of the out-going   . Though the series
of the FINUDA experiments were very successful, the project was unfortunately
terminated.
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Fig. 4.5 Schematic view of the FINUDA spectrometer (top part) and the magnification around
the target station. Description of the tracks are found in the text. The figure is the courtesy of the
FINUDA collaboration

Fig. 4.6 Distributions of deduced B for the 12
 C hypernuclei studied by FINUDA. Two figures
are with fitting by (a) six and (b) seven Gaussian functions. The figure is taken from [6]
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4.1.4 Hypernuclear Experiments with Primary Electron Beams
Single -hypernuclei can also be studied by employing primary electron beams.
With electron beams, hypernuclei are produced by virtual photons involved in the
(e,e’K C) reaction. One of the unique features of the hypernuclear production with
(e,e’K C) is that the energy of the primary beam is well defined by the accelerator
rigidity thus there is no ambiguity on the momentum of the in-coming beams in the
missing mass deduction by using Eq. (4.2). The intensity of the primary electron
beams is much larger than the secondary meson beams, and the hypernuclear
spectroscopy can be conducted with a thin target foil even though the hypernuclear
production in the (e,e’K C) reaction is small. Therefore, the resolution in the
missing mass spectroscopy has been expected in the sub-MeV scale. Furthermore,
hypernuclei can be produced with a large spin flip amplitude for the produced hyperon due to the unity spin of the photon involved in the hypernuclear production.
The (e,e’K C ) reaction produces a neutron-rich hypernucleus since a proton is
converted to a -hyperon. The challenge in this kind of experiment is to deal with
a huge electromagnetic background.
One successful experiment with primary electron beams is the E01-011 experiment performed at Thomas Jefferson Laboratory (JLab) [7]. Figure 4.7 shows
the experimental layout of the JLab E01-011 experiment. It is a double armed
spectrometer. The out-going K C mesons were measured by the HKS spectrometer,
which has a central momentum of 1.2 GeV/c and a 16 msr solid angle. The scattered
electrons (central momentum of 0.35 GeV/c) were measured by the ENGE-type

Fig. 4.7 Schematic layout of the JLab E01-011 experiment. Scattered electrons are measured by
the ENGE spectrometer, and out-going K C mesons are measured by the HKS spectrometer. The
figure is taken from [7]
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Fig. 4.8 Spectra of the
deduced binding energy B
of the 7 He hypernucleus
measured by the emulsion
experiment [8] (top) and the
JLab E01-011 experiment [7]
after background subtraction
and acceptance corrections
(bottom). It is clearly shown
that the missing mass
resolution in the JLab
E01-011 experiment is
excellent compared to the
former emulsion experiment.
The figure is taken from [7]

split-pole spectrometer that was vertically tilted by 8ı from the dispersion plane and
shifted vertically to suppress electron backgrounds originating from bremsstrahlung
and Møller scattering that have very sharp forward distributions (tilt method). The
electron beam energy was set to 1.851 GeV, giving a virtual photon energy of about
1.5 GeV. The bottom panel of Fig. 4.8 shows the distribution of the deduced binding
energy B of the 7 He by the JLab E01-011 experiment [7] after background
subtraction and acceptance corrections. It is compared with the result of a former
emulsion experiment reported in 1973 [8], which is shown in the top panel of the
figure. It is clearly shown that the missing mass resolution in the JLab E01-011
experiment is excellent in comparison with the former emulsion experiment. The
width of the observed peak by JLab E01-011 is 0:63 ˙ 0:12 MeV in FWHM.
The KaoS-A1 collaboration at the MAMI C accelerator facility of JohannesGutenberg Mainz University in Germany also employed the (e,e’K C ) reaction
to produce light single- hypernuclei but measure discrete  C from the twobody decay of the 4 H hypernucleus. This method can give the best possible
pion momentum resolution from the two-body decay of hypernuclei with counter
techniques. Figure 4.9 shows the deduced   momentum distribution from the twobody decay of the 4 H hypernucleus measured by the KaoS-A1 experiment for true
coincidences (green) and accidental coincidences (blue) scaled by the ratio of the
time gate widths [9]. A monochromatic peak at 133 MeV/c was observed, which
is a unique signature for the two-body decay of the stopped 4 H hypernucleus. The
top panel shows on the corresponding binding energy scale the distribution of data
on the -hyperon binding energy in 4 H from the former emulsion experiments

Events
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World data on 4ΛH from nuclear emulsion
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Fig. 4.9 Pion momentum distribution from the two body decay of the 4 H hypernucleus measured
by the KaoS-A1 experiment for true coincidences (green) and accidental coincidences (blue) scaled
by the ratio of the time gate widths [9]. A monochromatic peak at 133 MeV/c was observed, which
is the unique signature for the two-body decay of stopped 4 H hypernucleus. The top panel shows
on the corresponding binding energy scale the distribution of data on the -hyperon binding energy
in 4 H from the former emulsion experiments [8, 10, 11]. The figure is taken from [9]

[8, 10, 11]. The clear peak has shown that the momentum resolution is comparable
or better than the former emulsion experiments serving the best resolution in the
past. It has shown that the decay pion spectroscopy from the hypernuclear twobody decay can be a very powerful tool to measure the hypernuclear binding
energy with excellent mass resolution. With such a technique, the measured binding
energy by the former old emulsion experiments can also be crosschecked by modern
spectroscopy techniques, which has not been possible for almost a half century.

4.1.5 Gamma-Ray Spectroscopy on Hypernuclei
Though the resolution of hypernuclear spectroscopy with the induced reaction
of secondary meson beams and primary electron beams has been improved by
employing different techniques, as discussed above, the resolution has still to be
better in order to study spin-dependent interactions in -hypernuclei. Figure 4.10
shows schematically an example of low-lying states in -hypernuclei. A -hyperon
is bound with a core nucleus, A1 Z, thus a forming a hypernucleus, A Z. Because of

128

T. R. Saito

Fig. 4.10 Schematic
explanation of the low-lying
level of -hypernuclei
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the spin of the -hyperon, s D 1=2, and because of the spin dependent interaction
between a nucleon and , levels of the core nucleus, for example the ground state
and the first excited state shown in the figure, are split to two levels due to the
coupling of the -hyperon to these levels. This is the so called hypernuclear fine


structure. Splittings are induced by different spin-dependent interactions with !
sN !
s ,
! !

lN s and the tensor part S12 [12, 13]. Since the spin-dependent interactions are
expected to be small, the energy differences between the spilt levels should be also
small, which has to be measured in order to deduce the parameters for the spindependent interactions. It can be made by measuring two  -rays feeding to the split
levels from the same state as shown in the figure by red arrows in the level scheme.
Because of the small energy difference of the split levels, two  -ray energies are
very similar, and they can be resolved by measuring  -rays only with Ge detectors
that have a typical energy resolution of approximately 2 keV for 1 MeV  -rays.
A pioneering experiment to measure hypernuclear  -rays with Ge detectors was
the KEK E336 experiment by the Hyperball collaboration with the 7 Li( C , K C )
reaction to study the 7 Li hypernucleus [14]. Figure 4.11 shows  -ray spectra in
coincidence with in-coming  C beams and out-going K C mesons with different
conditions. The bound and unbound regions are selected by the ( C , K C ) missing
mass method. The panels (a) and (b) show  -ray spectra respectively in the unbound
and bound regions. A  -transition at 2050 keV is assigned as a slow E2 transition
which is emitted after the produced hypernucleus is stopped in the target. Fast M1
transitions are not observed in the panel (b). They are Doppler broadened since they
are emitted while the produced hypernucleus is moving in the target. An event-byevent Doppler correction has been made, and the Doppler corrected  -ray spectrum
is shown in panel (c) in the figure. Peaks of three M1 transitions at 692, 3186
and 3877 keV are sharply observed in the Doppler corrected spectrum. With these
observations, a level scheme of the 7 Li hypernucleus is built as shown in Fig. 4.12.
After the pioneering experiment, the Hyperball collaboration also measured  -rays
15
16
of 9 Be [15], 11
 B [16],  N [17] and  O [17, 18] hypernuclei.
Another striking result has been also reported recently by the Hyperball-J
collaboration. They have measured  -rays feeding from the 1C excited state to the
0C ground state in 4 He produced by the 4 He(K  ;   ) reaction at J-PARC [19]. The
four panels of Fig. 4.13 show  -ray spectra measured in the 4 He(K  ;   ) reaction,
(a) and (b) with the unbound region in the missing mass, and (c) and (d) with the
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Fig. 4.11 Gamma-ray spectra measured in the 7 Li( C ,K C ) reaction for (a) the unbound region
and for (b) the bound region. The two peaks at 692 and 2050 keV in (b) are assigned as M1 and E2
transitions, respectively, in 7 Li. The panel (c) is the same spectrum as (b) but the event-by-event
Doppler-shift correction was applied. The figure is taken from [14]
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Fig. 4.12 Level scheme and -transitions of 7 Li. Thick arrows show transitions observed, and
the column labeled “present” shows level energies measured in the experiment at KEK [14]. The
calculated cross section values to populate those states are also shown in the left column. The figure
is taken from [14]
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Fig. 4.13 Gamma-ray energy spectra measured by Hyper- ball-J in coincidence with the
4
He(K  ,  ) reaction. Missing mass selections are applied to the highly unbound region for (a)
and (b), and to the 4 He bound region for (c) and (d). An event-by-event Doppler correction is
applied for (b) and (d). A single peak is observed in (d) attributed to the M1 1C ! 0C transition.
The figure is taken from [19]

bound region. Event-by-event Doppler corrections are applied for (b) and (d). One
can clearly see that a  -transition at 1406 keV is only observed in (d), and it is
assigned as a transition of 1C ! 0C of the 4 He hypernucleus. By the measurement,
a level scheme of the 4 He hypernucleus has been built as shown in Fig. 4.14. The
level is compared to that of 4 H hypernucleus studied in [20, 21] (A. Kawachi,
1997, Ph. D. thesis, University of Tokyo, unpublished). The ground state energy of
4
 H has also been confirmed by the KaoS-A1 collaboration [9] as discussed above.
Figure 4.14 show that the energy of 1C ! 0C transitions is different in 4 He and
4
 H. It is a strong evidence of the existence of charge symmetry breaking involving
 and nucleons.
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Fig. 4.14 Level schemes of the mirror hypernuclei, 4 H and 4 He. The  binding energies (*B )
of the ground states of 4 H and 4 He are taken from past emulsion experiments [8]. The B values
of the ground and the first excited 1C states are obtained using the present data and past -ray data
[20, 21] (A. Kawachi, 1997, Ph. D. thesis, University of Tokyo, unpublished). The first error value
of the measured energy of the -ray in 4 He corresponds to the statistical error, and the second
one is the systematic uncertainty. The B of the ground state of 4 H was also confirmed by the
KaoS-A1 experiment as discussed above [9]. The figure is taken from [19]

4.1.6 Spectroscopy on Double- Hypernuclei
Studies on double- hypernuclei are the only way to extract the information of
the - interaction. They can be produced by the double-strangeness exchanging
reaction (K  , K C ) via a production of   -hyperons.1 The study of double-
hypernuclei is an experimental challenge since the production cross section of
double- hypernuclei is expected to be small. Furthermore, twofold mesonic- or
non mesonic-decay of the produced double- hypernuclei has to be reconstructed
with excellent precisions in order to extract the binding energy B and B
of two -hyperons. Though the nuclear emulsion is a traditional experimental
technique employed in the early era of the hypernuclear experiments, it still serves
the best resolution in the reconstruction of the particle tracks and decays. The
emulsion technique with a modern track scanning system can be employed together
with a modern technique of counter experiments, and the pioneering experiment
with this combination was the KEK E373 experiment with an emulsion/scintillatingfiber hybrid system [22]. In the KEK E373 experiment, the first uniquely identified
double- hypernuclear event, so called “Nagara event” was observed, and it is
shown in Fig. 4.15.

1

This particle is called “cascade” particle.
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Fig. 4.15 Photograph and
schematic drawing of
NAGARA event. See text for
detailed explanation. The
figure is taken from [22]

In Fig. 4.15, a   -hyperon came to rest at point A, from which three charged
particles (tracks No. 1, No. 3, and No. 4) were emitted. One of them decayed into a
  meson (track No. 6) and two other charged particles (tracks No. 2 and No. 5) at
point B. The particle of track No. 2 decayed again to two charged particles (tracks
No. 7 and No. 8) at point C. The measured lengths and emission angles of these
tracks are measured. The particle of track No. 7 left the emulsion stack and entered
the downstream scintillating-fiber block detector. Track No. 5 ended in a 50-mthick acrylic base film. The kinetic energy of each charged particle was calculated
from its range. The single hypernucleus (track No. 2) was identified from event
reconstruction of its decay at point C. Mesonic decay modes of single hypernuclei
were rejected because their Q values are too small. The decay mode of the single
hypernucleus is non-mesonic with neutron emission. If either track No. 7 or No.
8 has more than unit charge, the total kinetic energy of the two charged particles
is much larger than the Q value of any possible decay mode because of the long
ranges of tracks No. 7 and No. 8. Therefore, both tracks No. 7 and No. 8 are singly
charged, and only  He isotopes are acceptable. The kinematics of all possible decay
modes of the double hypernucleus (track No. 1) which decays into  He (track No.
2) and  C (track No. 6) were checked, and B and B were calculated. Since
track No. 5 ended in the base film, only the lower limit of its kinetic energy can
be determined. For the decay modes without neutron emission, the range of the
particle of track No. 5 was increased to minimize the missing momentum. If the
sum of the momenta of the three charged particles (tracks No. 2, No. 5, and No.
6) deviated from zero by more than three standard deviations even after the range
of track No. 5 was increased from the missing momentum, that decay mode was
rejected. For the decay modes with neutron emission, the upper limits of B and
B were obtained. Kinematical analysis of the production reaction was made
by assuming that the   -hyperon was captured by a light nucleus in the emulsion
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Fig. 4.16 A superimposed image from photographs and a schematic drawing of the KISO event.
See [24] for the interpretation of the tracks. The figure is taken from [24]

(12 C, 14 N, or 16 O). This assumption is reasonable, taking into account the existence
of the short track No. 3 and the Coulomb barrier of the target nucleus. For each
of the modes without neutron emission, if the sum of momenta deviated from zero
by more than three standard deviations, the mode was rejected. For the modes with
one neutron emission, the momentum of the neutron was assigned to the missing
momentum of the three charged particles (tracks No. 1, No. 3, and No. 4). For the
modes with more than one neutron emission, the lower limits of the total kinetic
energy of the neutrons were calculated from the missing momentum. The values of
B and B were calculated with the   -hyperon binding energy B  set to
zero. Hence these values are lower limits of B and B , and their true values
are larger, depending on the actual value of B  . A comparison of the values of
B and B obtained from both points A and B was made. After rejecting the
modes which have inconsistent values, only one interpretation remained,
12

C C   ! 6 He C 4 He C t
6
 He

! 5 He C p C   :

It was the first uniquely identified double- hypernuclear event.
The further analyses of the KEK E373 experiment reveals more double-
hypernuclear events, Mikage-, Demachiyanagi- and Hida-events [23]. Recently, a
candidate of the production and decay of 14
 N bound system was discovered by the
analyses of the KEK E373 experiment, and the event was named as Kiso-event
[24]. The photomicrograph of the Kiso-event and its track interpretation is shown in
Fig. 4.16. Details of the Kiso-event can be found in [24].

4.2 Hypernuclear Spectroscopy with Heavy Ion Beams
In this and the following sections, an overview of the former hypernuclear experiment with heavy ion beams will briefly be given. The concept of the HypHI
hypernuclear studies at GSI and FAIR will also be discussed.
As discussed above, hypernuclei have been studied already for more than six
decades with different experimental techniques. However, because of the experimental difficulties and the very short lifetime of hyperons, the number of known and
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Fig. 4.17 Lambda-hypernuclear chart. The experimentally identified - hypernuclei and the
experimental methods used to study them are shown. The figure is the updated version from [25]

investigated hypernuclei has yet been limited. Figure 4.17 shows a chart of known
single- hypernuclei with symbols indicating the applied experimental methods.
As already discussed, they were produced with induced reactions of meson- and
electron-beams by converting one of the nucleons in the target nuclei to a hyperon. Therefore, the isospin of the produced hypernucleus in these reactions
is similar to the target nucleus. It implies that it is difficult to study neutronand proton-rich hypernuclei by the conventional hypernuclear production method.
Studies of hypernuclei with different isospin values are important to investigate the
isospin dependence of the interaction involving a -hyperon, and the importance
of the three-body force induced by the N-†N coupling may become pronounced
in hypernuclei with neutron or proton excess. Furthermore, with the meson induced
reaction, the maximum number of -hyperons bound in hypernuclei is limited only
up to two. Neutron- or proton-rich hypernuclei as well as triple or more-multiple
 hypernuclei can be produced by induced reaction of heavy ion beams at high
energies, and the hypernuclear spectroscopy with heavy ion beams will be discussed
in the following.
Hypernuclear production via heavy ion collisions was first discussed by Kerman
and Weiss [26]. They suggested that it could be the only way to produce very
exotic hypernuclei. Recently, Gaitanos et al. [27] studied theoretically hypernuclear
production with heavy ion beams based on the GiBUU model [27]. In high energy
heavy ion collisions, it is well known that the participant-spectator model explains
the general feature of the reaction. The nucleons in the region where two nuclei
overlap in collision can participate the reaction (they are called “participants”),
while the nucleons in the non-overlapping region pass by each other without
experiencing a large disturbance (they are called “spectators”). Hyperons such
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as  are produced in the participant region near mid-rapidity. Because of their
wide rapidity distribution, one may produce a hypernucleus in coalescence of
hyperon(s) in the projectile fragments. Thus the velocity of produced hypernuclei as
projectile spectators is close to that of projectile. Because of the energy threshold of
1:6 GeV for  production in an elementary process of NN ! KN, the produced
hypernuclei have a large velocity with ˇ > 0:9, and their effective lifetime in the
laboratory frame is longer than at rest due to a large Lorentz factor. Decays of
hypernuclei can be studied in-flight, and most of their decay vertices are located
a few tens of centimeters behind the target in which hypernuclei are produced.
The first attempt to produce and identify a hypernucleus as a projectile spectator
with heavy ion beams was made in reaction of 2.1 A GeV 16 O projectiles impinged
on a polyethylene target at Lawrence Berkeley National Laboratory (LBL) in the
70s [28]. However, the deduced hypernuclear cross section exceeded the theoretical
prediction by far, which was explained with the experimental difficulties on the
implemented kaon triggers. Later another attempt was undertaken in the late 80s at
Joint Institute for Nuclear Research (JINR) by using streamer chambers [29, 30]. In
the experiment at JINR, hypernuclei were produced with beams of 3.7 A GeV 4 He
and 3.0 A GeV 7 Li, which impinged on a polyethylene target. Figure 4.18 shows one
of the photographed indications of a hypernuclear decay taken in the experiment at
JINR Dubna [29]. In this experiment, the particle identification of particles from
hypernuclear decays was ambiguous, therefore, the identification of the produced
hypernucleus was not performed. Nevertheless, a production cross section for 4 H
of 0:3 b was deduced, which was reproduced by the theoretical calculation based
on a model of  coalescence in the projectiles [31, 32].
In the hypernuclear production with meson- or electron-beams as discussed in
the previous section, hypernuclei are produced by the elementary processes such as
n.K  ;   /, n. C ; K C / and p.e; e0 K C /, therefore, ground and excited states of
produced hypernuclei can be studied by the missing mass method only by measuring
in-coming beams and out-going particles from the reaction. On the other hand, in
the hypernuclear production with heavy ion beams, hypernuclei are not produced
by elementary processes. Therefore, the hypernuclear states must be reconstructed
by the invariant mass method with measurements of all particles emitted from the
hypernuclear decays. The invariant mass M is defined by the following relation;
.Mc2 /2 D

Fig. 4.18 One of the
photographed indications of a
hypernuclear decay taken in
the experiment at JINR
Dubna [29]
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Fig. 4.19 Invariant mass
spectrum with background
subtraction for 3 He C   .
The solid histogram overlaid
on the data is the simulated
(Monte Carlo, MC) 3 H signal
normalized so that the peak
bin matches the data. The
figure is taken from [33]

P
P!
p are the sum of the energy and the three-vector sum,
where
E and
respectively, of all decay particles. In the experiments at LBL and JINR Dubna,
the invariant mass of produced hypernuclei was not measured.
Hypernuclei have also been studied by central collisions of relativistic heavy ion
beams, and they are produced at mid-rapidity. In the E468 experiment employing
beams form the AGS accelerator at the Brookhaven National Laboratory (BNL) in
the USA, a hypertriton, 3 H, has been produced in central 11.5 A GeV/c Au C Pt
collisions [33]. Figure 4.19 shows an invariant mass spectrum with background
subtraction for 3 He C   . The solid histogram overlaid on the data is the simulated
(MC) and normalized 3 H signal. This experiment was the first successful attempt
to produce and identify a hypernucleus produced with heavy ions by using the
invariant mass method. The STAR collaboration with the Relativistic Heavy Ion
Collider (RHIC) at BNL used ultra-relativistic heavy ion collisions (Au C Au)
to study hypertriton and anti-hypertriton [34]. Figure 4.20 shows invariant mass
distributions for (a) 3 He C   and (b) 3 He C  C final states observed by the
STAR collaboration, and signals from the hypertriton (3 H) and anti-hypertriton
(3 H) are clearly shown respectively in panels (a) and (b). The ALICE collaboration
at the Large Hadron Collider (LHC) at CERN also observed anti-hypertritons by
reconstructing the 3 He C  C final state [35].
In the experiments at AGS/BNL, RHIC/BNL and LHC/CERN [33–35], hypernuclei were produced by central collisions. On the other hand, the former two
experiments at LBL and JINR produced hypernuclei by peripheral collisions.
By means of the central collision, the mass number of produced hypernuclei is
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Fig. 4.20 Invariant mass distributions for (a) 3 He C   and (b) 3 He C  C final states. Clear
signals of 3 H and 3 H are shown respectively in panels (a) and (b). The figure is taken from [34]

practically limited to A < 5, however, such a limitation does not exist in the
hypernuclear production with peripheral collisions of heavy ion beams.
The HypHI project [36] which the author of this article started and leads employs
peripheral collisions of relativistic heavy ion beams in fixed nuclear targets to
produce and identify hypernuclei in the projectile rapidity region, similar to the
experiments at LBL and JINR. A hypernucleus is produced as a projectile fragment.
In such reactions, a projectile fragment can capture a hyperon produced in the hot
participant region to produce a hypernucleus. In this reaction, the energy of heavy
ion beams should exceed the energy threshold for the hyperon production, and the
velocity of the produced hypernucleus should be similar to that of the projectile.
Thus, the produced hypernucleus has a large Lorentz factor ( > 0:9), and the
decay of the hypernucleus takes place well behind the production target. This makes
it possible to study hypernuclei in flight. Since a hypernucleus is produced from a
projectile fragment, isospin and mass values of the produced hypernuclei, unlike
in other hypernuclear experiments, can be widely distributed, similar to projectile
fragmentation reactions. As already mentioned, one of the unique features of the
hypernuclear spectroscopy with projectile fragmentation reactions is that due to the
large Lorentz factor of the produced hypernuclei the decay of the hypernuclei can
be observed in flight behind the production target. Lifetime values of the observed
hypernuclei can be deduced from the distribution of the proper decay time, obtained
from the measured distance from the target, in the rest frame of the mother state of
interest, thus making the deduced lifetime values independent of the detectors’ time
resolution. The lifetimes of hypernuclei are of interest since they are sensitive to the
overall wave function of the hyperon located within the core nucleus. The lifetime
of light -hypernuclei has been conjectured to be similar to the lifetime of a free
 hyperon if it is weakly bound to the core nucleus [37]. Deviations from the value
of 263.2 ps of the  lifetime would possibly provide new information on Lambda’s
wavefunction inside hypernuclei. Studies of hypernuclei as a projectile spectator
produced by peripheral collisions of heavy ion beams should be a uniquely good
way to look into hypernuclear lifetime values and their decay properties.
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Fig. 4.21 Chart of hypernuclei that can be reached with heavy ion beams together with those
already known. Unknown proton- and neutron-rich hypernuclei indicated by green and yellow
colours, respectively, are expected to be studied by using heavy ion or rare-isotope beams

With projectile fragmentation reactions and coalescence of hyperons, hypernuclei heavier than those produced in central collisions of heavy ion beams can be
produced, and hypernuclei with neutron or proton excess will also be produced.
Therefore, the -hypernuclear chart shown in Fig. 4.17 is expected to be expanded
to exotic nuclei containing hyperons, i.e., exotic hypernuclei. Furthermore, hypernuclei with multi-strangeness content, i.e., with S < 2 can be produced. Figure 4.21
shows reachable hypernuclei with the HypHI project at GSI and FAIR. It is shown
that hypernuclei with extreme isospin values can be well studied. The former two
experiments with projectile fragmentation reactions at LBL and JINR has revealed
a possibility to study hypernuclei with peripheral collisions of heavy ion beams
on fix nuclear targets, however the feasibility of precise spectroscopy with the
invariant mass method was never demonstrated. Therefore, the HypHI collaboration
performed its first experiment at GSI in 2009 to demonstrate the feasibility. In this
experiment, a reaction of 6 Li C 12 C at 2 A GeV was used to produce and identify
light hypernuclei.
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4.3 The HypHI Experiment
The HypHI experiment will be presented in this section. The experimental setup
and the analysis methods will briefly be discussed. Results on the analyses on hyperon, 3 H and 4 H as well as on the d C   and t C   final states will also be
discussed.
The HypHI collaboration has proposed a series of experiments at the GSI
Helmholtz Centre for Heavy Ion Research, using induced reactions of stable heavy
ion beams and rare-isotope beams, with the aim of producing and measuring
hypernuclei with the invariant mass method [36]. In the proposed experiments,
charged particles and neutrons from the mesonic or non-mesonic weak decay of
hypernuclei are tracked and identified in order to reconstruct the hypernuclear mass
values. The lifetime of produced hypernuclei can be extracted by measuring of the
proper time in the rest frame of the hypernuclear decay. This methodology also
allows investigating neutron- and proton-rich hypernuclei as well as hypernuclei
with more than two units of strangeness, and several hypernuclei can be studied in
a single experiment.
The first HypHI experiment to study 3 H and 4 H hypernuclei was performed
by means of projectile fragmentation reactions of 6 Li projectiles at 2 A GeV
delivered on a carbon target. It was performed to demonstrate the feasibility of
the new experimental method by observing the , 3 H and 4 H. It also aimed at
measurements of the lifetime of 3 H and 4 H as well as the production cross sections
of , 3 H and 4 H in the 6 Li C 12 C reaction at 2 A GeV. Furthermore, all possible
final states produced by the projectile fragmentation reaction with a capture of 
in the 6 Li C 12 C reaction were investigated. The experimental setup, analyses and
results will be summarized in the following subsection. The analyses on the HypHI
experiment were already completed, and results are published in [38–42].

4.3.1 Experimental Setup
The first HypHI experiment took place at the GSI Helmholtz Centre for Heavy
Ion Research. Figure 4.22 shows a schematic layout of the experiment. Projectiles
of 6 Li at 2 A GeV with an average intensity of 3  106 beam particle per second
bombarded at a carbon graphite target with a thickness of 8.84 g/cm2 . The ALADiN
magnet [43] was used as a bending magnet for charged particles produced from the
target and hypernuclear decay vertices, as shown in Fig. 4.22. A magnetic field of
approximately 0.75 T was applied. The distance between the target and the center
of the ALADiN magnet was 2.35 m. A small array of plastic finger hodoscopes
labeled in the figure as TOF-start was used as a start counter for Time-of-Flight
(TOF) measurements. In order to track charged particles, three layers of scintillating
fiber detectors [44], identified as TR0, TR1 and TR2 in the figure, were set in
front of the ALADiN magnet. TR0 was placed at 4.5 cm behind the target, and the
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Fig. 4.22 Schematic layout of the experimental setup in the first HypHI experiment

distance of TR1 and TR2 from the target center was 40 and 70 cm respectively.
A drift chamber BDC with six wire layers (xx0 , uu0 and vv 0 ) to track charged
particles was positioned between the two fiber detectors arrays, TR1 and TR2.
Since it was installed around the beam axis, the wires around the beam region
were made as insensitive by wrapping the wires by thin Teflon sheets. Behind
the ALADiN magnet, two hodoscopes with plastic scintillating bars, TFW and
ALADiN TOF wall, provided the stop signal for TOF measurements and the hit
position information for   mesons. Positively charged particles and fragments
were measured by another plastic hodoscope, labeled as TOF+ wall in the figure.
An additional drift-chamber, labeled SDC, with four wire layers (xx0 and yy0 ), was
positioned behind the ALADiN magnet to measure hit positions of outgoing charged
particles. Wires of SDC near the beam region were also made insensitive by shooting
the wires to the ground.
The trigger system for the data acquisition electronics combined three trigger
stages. The first stage was a tracking trigger which is generated by signals from
the scintillating fiber tracking arrays with VUPROM2 [45, 46]. It checked for
secondary vertex sites behind the target caused by free- and hypernuclear decays.
The second stage was linked to   detection by the TFW wall. The third stage
required the detection of Z D 2 charged fragments in TOF+ wall. More details
on the experimental setup and the preliminary results can be found in [38]. The
efficiency of the triggers as well as the acceptance is discussed in [41]. The
integrated luminosity was 0.066 pb1 .
The tracking system with scintillating fiber detector arrays and the two drift
chambers was used for reconstructing tracks and determining the secondary vertex.
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The four scintillating hodoscope walls, used to perform time-of-flight measurements
of charged particles, also worked as part of the tracking system. Track fitting was
done by means of the Kalman filter algorithm, as summarized in [47].

4.3.2 Particle Identification
First, the invariant mass distributions of the final states of two-body mesonic weak
decays of  ! p +   , 3 H !3 He +   , 4 H !4 He +   were analyzed. In each
event, daughter candidates for those decays were identified and used to reconstruct
the secondary vertex, as corresponding to the mesonic weak decay of interest. In
conjunction with the invariant mass calculation, the mother bound state candidates
were selected after a series of geometrical considerations in order to find the most
probable candidate per event.
After the track fitting procedure based on the Kalman Filter algorithm [47],
the different track candidates are associated with their p-values, the goodnessof-fit criteria. The p-value approach involves determining “likely” or “unlikely”
in statistical hypothesis testing by determining the probability, assuming the null
hypothesis were true. It is often used in high energy physics as well as commonly
used in economics, finance, political science, psychology, biology, criminal justice,
criminology, and sociology. The p-value for each of the candidates is used to exclude
poorly fitted tracks. The fitting procedure gives the most probable momentum vector
of the particle or fragment. The particle identification is obtained by applying
the additional information from the hodoscope walls, such as the time-of-flight
and the energy deposit. The charge, Z, of the positively charged particles and
fragments can be determined from the correlation between the energy deposit, E,
in the scintillating bars of the TOF+ wall and the momentum-to-charge ratio, P=Z,
obtained by the track fitting.
The left panel of Fig. 4.23 shows the correlation of Evs:P=Z. A clear separation
is seen between the hydrogen, helium and lithium isotopes. In the case of the
He isotopes, the species are determined by their momentum separation since they
have a velocity close to that of the projectile: the time-of-flight measurement does
not help in their identification. The right panel of Fig. 4.23 exhibits the separation
between the 3 He and 4 He species in the momentum-to-charge ratio distribution.
Each species’ contribution is modeled by a Gaussian probability density function
and allows determining intervals of momentum-to-charge [3.35 GeV/c, 4.5 GeV/c]
and [4.6 GeV/c, 6.6 GeV/c] for the identification of 3 He and of 4 He respectively.
The 3 He contribution to the contamination of the 4 He identification is estimated to
be approximately 1.7%, while the contamination of 4 He into the identification of
3
He is approximately 1.8%.
In the case of hydrogen isotopes, the time-of-flight measurement is used to
calculate the velocity, ˇ, of each of the track candidates. The correlation of ˇvs:P=Z
provides the identification of proton, deuteron and triton species.   mesons are
also identified with this correlation obtained from the time-of-flight measurement
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Fig. 4.23 Shown in the left panel is the correlation between the energy deposit of positively
charged isotopes in the TOF+ wall detector and the momentum-to-charge ratio P/Z. The right
panel depicts the projection of the momentum-to-charge ratio for the helium isotope identification
in the right panel. The drawn-in vertical lines show the momentum intervals (3.35 GeV/c  P/Z 
4.5 GeV/c & 4.6 GeV/c  P/Z  6.6 GeV/c) used to distinguish 3 He and 4 He. Each contribution is
modeled by a Gaussian probability density function shown individually by blue dashed lines and
obtained from the combined fit of the distribution, shown as a red solid line. The figure is taken
from [39]

Fig. 4.24 Correlation between the velocity ˇ and the momentum for the Z D 1pcharge isotopes
(left panel) and the   meson (right panel). The theoretical function ˇ D 1= .m=p/2 C 1 is
drawn as a black line for each hydrogen isotope (proton, deuteron and triton) and the   meson.
Selection bands for the particle identification are drawn as dashed lines for each species of interest.
The figure is taken from [39]

by the TFW detector. Figure 4.24 shows those correlations for the positively charged
particles (left panel) and the negatively charged particles (right panel). The species
of hydrogen isotopespand   meson should be distributed around the theoretical
function of ˇ D 1= .m=p/2 C 1, where m and p respectively are the mass of
the species of interest and the reconstructed momentum. Each theoretical line is
indicated by a solid line in Fig. 4.24. Each hydrogen species is identified by falling
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into the mass interval of ˙15% from the nominal mass of the species of interest. In
the left panel of Fig. 4.24, the selection bands used for the identification are indicated
by dashed lines, and can be observed in the correlation plot. The identification
of   mesons is achieved in a manner similar to hydrogen isotopes by using the
time-of-flight information at the TFW wall. The right panel of Fig. 4.24 shows the
corresponding correlation of ˇ vs: P=Z, and the selection of   mesons is made by
defining a band of ˙0:05 in ˇ around the theoretical line.

4.3.3 Vertex Reconstruction and Invariant Mass of pC  ,
3
He C   and 4 He C  
Once the particle and fragment identification has been performed, reconstruction
of the secondary vertex is necessary in order to obtain the information on the
 hyperon and the hypernuclei of interest. The secondary vertex of interest
corresponds to the two-body mesonic weak decay of the  hyperon and of the 3 H
and 4 H hypernuclei. First, the following pair of track candidates is associated to
match that two-body decay: pC  , 3 He C   and 4 He C   . Next, several criteria
are applied in selecting the best secondary vertex candidate per event among the
vertex candidates of paired daughter particles. To begin with, the p-value from the
track fitting for the daughter of interest has to be greater than 0.005 and 0.2 for the
positively charged fragment and the   meson candidates, respectively.
Next, geometrical considerations are applied. The distance of closest approach
for the track pair, d2tracks , shown schematically in the left panel of Fig. 4.25, is
calculated to define an estimated secondary vertex position. This distance has to
be less than 4 mm for the secondary vertex candidate to be accepted. This is

Fig. 4.25 Geometrical rules for vertex selection. The distance of closest approach of the track pair
and estimation of the secondary vertex position are shown in the left panel. The right panel shows
the distance between the extrapolated position of the reconstructed mother track candidate and the
beam position as measured by the TOF-start detector at the target position in the horizontal plane
of the laboratory frame. The figure is taken from [39]
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Fig. 4.26 Longitudinal
secondary vertex position in
the laboratory frame. The
tallest dashed black vertical
lines correspond to the
interval selection for the
secondary vertex candidate
vertex position (10 cm  Z
vertex position  30 cm). The
shorter red vertical line
corresponds to the
requirement for the lifetime
measurements (Z vertex
position > 6 cm). The figure
is taken from [39]

followed by evaluating the distance in the horizontal plane of the laboratory frame
between the extrapolated position of the reconstructed mother track candidate at
the target position and the beam position measured by the TOF-start detector.
A schematic view of this distance dtofs is shown in the right panel of Fig. 4.25.
During the experiment, the beam trajectories were adjusted by the accelerator to be
perpendicular to the surface layer of the TOF-start detector, allowing the hit position
of the TOF-start detector to represent the position of the production vertex in the
target.
The last rule applied in the vertex selection is based on the calculated longitudinal
vertex position of the secondary vertex of interest in the laboratory frame. The
secondary vertex is expected to be between the location of the production target and
the first layer of the TR1 fiber detector. Figure 4.26 shows the distribution of the
longitudinal Z positions of all secondary vertex candidates. The contribution from
the target and the TR0 fiber detector can be seen at 4 cm and 2 cm, respectively.
The contribution from combinatorial background becomes dominant after 30 cm,
peaking at the TR1 fiber detector position. The accepted secondary vertex candidate
must have a longitudinal vertex position between 10 and 30 cm in the laboratory
frame. After applying the rules for vertex selection, the invariant mass is calculated
from the reconstructed four-vector of the pair of daughter candidates, (p,   ), (3 He,
  ) and (4 He,   ). For the estimation of the lifetime of the mother states of interest,
the longitudinal position of the secondary vertex must be greater than 6 cm at a
minimum.
The top panels of Fig. 4.27 show the invariant mass distributions for p +   ,
3
He +   , and 4 He +   candidates. It has been shown in each distribution that
there is a signal peak at around the mass of , 3 H and 4 H. For the estimation of
the background contributions to the invariant mass distributions, the event mixing
method was initially employed. Estimated background distributions are shown
in Fig. 4.27 by the open symbols. After the first estimation of the background
contributions by the mixed event method, the background contribution was then
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Fig. 4.27 Invariant mass distribution for candidates of , 3 H and 4 H, are represented by the
filled circles in panels (1a), (1b), and (1c), respectively. The shaded orange region represents one
standard deviation of the fitted model centred at the solid blue line. The dotted lines show the
separate contributions of the signal and the background with, respectively, black and coloured
lines. The data represented by open triangles correspond to invariant mass distributions of the
mixed event analysis. The local p-value distribution of the background-only hypothesis in full
range of fit of , 3 H and 4 H, are shown in panels (2a), (2b) and (2c), respectively. The red dashed
lines illustrate the p-values corresponding to significances of 1 , 2 , 3 , 4 , 5 and 6 . The
figures are taken from [39]

modelled by a Chebychev polynomial probability density function with a signal
in the invariant mass distributions represented by a Gaussian probability density
function. An extended maximum likelihood estimator provided the share of signal
and background in each invariant mass spectrum. For estimating the significance
of the signals, a hypothesis test was applied, and a profiled maximum likelihood
ratio test gives us a significance of 6.7, 4.7, 4.9 for  hyperon, 3 H and 4 H,
respectively. Details of the analyses on the invariant mass were already discussed
in [39].

4.3.4 Lifetime of 3 H and 4 H, and the Puzzle
on the Hypertriton Lifetime
After reconstructing the invariant mass, the lifetime values of , 3 H and 4 H were
extracted. As described in the previous section, one of the merits in the present
work is to deduce the lifetime value of the observed hypernuclei in a different
way to the other conventional hypernuclear experiments since the deduction of the
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hypernuclear lifetime is completely independent of the time response of the detector
systems but dependent on the sensitivity to the particle tracking. The procedure of
the analyses to deduce the lifetime values was already discussed in [39]. It has also
to be noted that an unbinned maximum likelihood fitting method was employed to
infer the lifetime values in order to improve the accuracy of the estimation of the
lifetime values with limited statistics.
For deducing the lifetime values of the signals of interest, first the signal
contribution was determined by subtracting the background from the signalplus-background, and thus two data sets were built. To obtain the amplitude of
signal-plus-background contribution, the data in the fitted peak region with m
N ˙ 2m
were selected. While, for the background-only data set, the adjacent sideband
regions within the intervals of [m
N  4m ; m
N  2m ] and [m
N C 2m ; m
N C 4m ] were
selected, where m
N is the mean value of the peak in the invariant mass distribution
and m is the width of the peak. The portion of background inside the signal-plusbackground region was estimated deductively by using the mixed event method,
and the normalisation of the integrated area to the sideband region was made. Since
hypernuclei of interest as well as -hyperons decay well in the downstream of
the production target, a cut for the longitudinal vertex position was applied to be
more than 6 cm distant from the target in order to minimise contamination from
reaction events at the target and at the tracking detector immediately behind the
target. With the conditions described above, the proper decay time t D l=.ˇ c/
is calculated for the two data sets in the rest frame of the mother state of interest
by the measured decay length l, where ˇ c D p=m, p and m the momentum and
the mass of the mother state of interest. Then signal contributions were obtained
by subtracting the background-only data set from the signal-plus-background data
set. The correction by the acceptance and reconstruction efficiency was made by
means of full Monte Carlo simulations, as discussed in [39]. Because of the limited
statistics, an unbinned maximum likelihood fitting method was employed to deduce
the lifetime values. A model of an exponential probability density function with
the background was chosen to represent the distribution of the proper decay time
l=.ˇ c/ with a lifetime  [39]. Likelihood profiles for estimation of the mean decay
length c of  hyperon, 3 H and 4 H hypernuclei are shown in the top panels of
C42
Fig. 4.28, and deduced lifetime values for , 3 H and 4 H are 262C56
43 ps, 18332 ps
C48
and 14033 ps, respectively, with the error values estimated by a standard deviation
of ˙1 (68.3% confidence level).
In order to check the quality of the determined lifetime values, a 2 test was
performed with the binned data of decay length l=ˇ in the signal region. The
fitted model of the signal region included the binned contribution of the exponential
probability density function added to the binned data of the sideband regions. The
binned fitted model at the bin i can be expressed as discussed in [39] as;
Z
ModelFiti D
bini

A=.c/ exp.l=.ˇ c//dl 1=w0i C Bl Œli =.ˇi i / C Bh Œli =.ˇi i /
(4.4)
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Fig. 4.28 Ratio of likelihood functions for interval estimation of  hyperon (a1), 3 H (b1), and 4 H
hypernuclei (c1). Interval estimation for 1 standard deviation is shown on each profiled likelihood
ratio. Binned decay length distributions of the signal region of  hyperon (a2), 3 H (b2), and 4 H
hypernuclei (c2) with the fitted model, which included the exponential function resulting from the
unbinned maximum likelihood fit and the background contribution estimated by the sidebands.
The black line represents the fitted model, while the blue dotted line represents the contribution of
the exponential function. The figures are taken from [39]

where A is the normalisation factor of the exponential probability density function,
Bl Œli =.ˇi i / and Bh Œli =.ˇi i / are the two sideband data sets at bin i. In the bottom
panels of Fig. 4.28, fitted model distributions are shown by solid lines together
with binned data of the signal region of the signal-plus-background data shown
by filled circles with error bars. By comparing the two distributions, reduced
2 values
P of the modelled proper decay time function over the binned data as
2 D bini .SBŒli =.ˇi i /  ModelFiti /2 =.SBŒli =.ˇi i / / was calculated. They are
0.43 for , 1.14 for 3 H and 0.71 for 4 H. It has to be emphasised once more here
that the deduced lifetime values have been obtained by the unbinned fitting, and
the reduced 2 from the binned representation was used only to cross check the
goodness-of-fit.
One of the striking results in the HypHI experiment is the observation of a
significantly shorter lifetime value of 3 H than that of the -hyperon. With the
former data [34, 48–53], it had been difficult to determine the lifetime of 3 H since
these experimental data are distributed widely with large error bars. Therefore, it had
been concluded that due to its small -binding energy the lifetime of 3 H should
be similar to that of the free -hyperon without strong experimental evidences.
However, as shown above, our result on the lifetime of 3 H reveals 183C42
32 ps. Thus,
in order to summarise the former results for the lifetime of 3 H together with our
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Fig. 4.29 World data comparison of 3 H and 4 H lifetimes. The combined average is represented by
the arrow at the top, while the width of the hatched band corresponds to the one standard deviation
of the average. The blue vertical line at 263.2 ps with a width of ˙2 ps shows the known lifetime
of the free -hyperon. References to counter experiments are marked by an asterisk. Figures are
taken from [40] with reference numbers also according to [40]

result, all the existing data until 2014 for the lifetime observations of 3 H were
combined with a similar methodology of the Particle Data Group (PDG), and the
results were already discussed in [40]. The same analyses were also employed
for the lifetime of 4 H [40]. For 3 H, data are taken from [34, 39, 48–53] and for
4
 H from [30, 39, 48, 50, 54–56]. Results of the combined analyses are shown
in Fig. 4.29. Details are also discussed in [57] including an alternative statistical
analysis applying a Bayesian approach [40]. Figure 4.29 shows that the combined
lifetime values of 3 H and 4 H are significantly smaller than that of the -hyperon.
The exclusion band at 95% confidence level, useful for discarding theoretical
models, was also deduced. Theoretical values outside of the ranges between 186
and 254 ps for 3 H and between 158 and 233 ps for 4 H can be excluded with
95% confidence level [40]. In the analyses of the HypHI data with the Bayesian
approach described in detail in [40], lifetime values of 3 H and 4 H were estimated
C20
to be approximately 217C19
16 ps and 19418 ps, respectively, and the upper limit
at 95% confidence level was also deduced to be 250 ps and 227 ps, respectively,
excluding the possible theoretical prediction above this limit with 95% confidence
level [40]. The most recent theoretical model predicts 256 ps [37] for 3 H, and it
has to be noted that the result of this theoretical calculation is above the upper limit
at 95% confidence level obtained by both the combined analyses and the Bayesian
approach.
Very recently, the STAR and ALICE collaborations also measured the 3 H
C54
lifetime, and they observed 155C25
22 ps [58] and 18139 ps [35], respectively. It has
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to be noted that there are no theoretical models which can reproduce the short
lifetime of 3 H so far, and the errors on the experimental lifetime value should be
still minimized to come to conclusions about the lifetime of 3 H.
As discussed above, the lifetime of the 4 H hypernucleus is concluded to
be significantly shorted than that of the free -hyperon. It has not been fully
understood though the -binding energy in 4 H is much larger than that in 3 H,
being approximately 2.2 MeV. It is not practical to study the 4 H hypernucleus
by experiments using the ultra-relativistic heavy ion collisions such as STAR and
ALICE because of the extremely small production cross section, therefore, it has to
be experimentally studied further by heavy ion beams with a fixed target.

4.3.5 Production Cross Section of , 3 H and 4 H, and Their
Kinematics
Hypernuclear production cross sections for 3 H and 4 H as well as the production
p
cross section of the -hyperon in the reaction of 6 LiC12 C at 2 A GeV or sNN D
2:70 GeV have been deduced with the experimental data. Details of the analyses are
given in [41]. A production cross section of 3.9 ˙ 1.4 b for 3 H and of 3.1 ˙ 1.0 b
for 4 H in the projectile rapidity region was inferred. Also the yield of -hyperons in
the projectile rapidity region was deduced, and the total production cross section of
the -hyperon was extracted by employing UrQMD theoretical calculations [59, 60]
that are considered to model the  phase space reasonably [61–67]. It is found to be
equal to 1.7 ˙ 0.8 mb. A global fit based on a Bayesian approach was performed in
order to include and propagate statistical and systematic uncertainties. Production
ratios of 3 H/4 H, 3 H/ and 4 H/ were included in the inference procedure. A
summary of the cross sections as well as the production ratios is given in Table 4.1.
Table 4.1 Summary of the deduced cross sections and the yield ratios with the data of the HypHI
experiment
tot (mb)
obs (mb)
3
 H (b)
4
 H (b)
3
4
 H/ H
3
3
)
 H/ (10
4
3
)
 H/ (10

hxi
1:7
0:3
3:9
3:1
1:4
2:6
2:1

stat
˙0.7 (stat)
˙0.1 (stat)
˙1.3 (stat)
˙1.0 (stat)
˙0.7 (stat)
˙1.4 (stat)
˙1.1 (stat)

sys
˙0.4 (sys)
˙0.06 (sys)
˙0.3 (sys)
˙0.3 (sys)
˙0.1 (sys)
˙0.3 (sys)
˙0.1 (sys)

prior
˙0.2 (prior)
˙0.03 (prior)
˙0.3 (prior)
˙0.1 (prior)
˙0.2 (prior)
˙0.2 (prior)
˙0.2 (prior)

hxi and stat correspond to the expected value and its statistical standard deviation of the posterior
probability density function. sys and prior stand for the systematic uncertainties and the prior
sensitivity uncertainties [41]
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The multiplicity distributions of 3 H and 4 H signal as a function of the rapidity
in the center-of-mass system, y0, and transversal momentum, Pt, are also studied
[41], and they are shown in the top panels of Fig. 4.30. The hypernuclear signal was
extracted from the experimental data set and the mixed event data set of y0  Pt
observables. The bins size of data sets were 40 MeV/c in Pt and 0.02 and 0.03
unit of y0 for 3 H and 4 H respectively. For each bin, the signal contribution was
estimated by a maximum likelihood ratio method from the background contribution
(mixed event) and the signal-plus-background contribution (experimental data). The
panels (c) and (d) of Fig. 4.30 show the projected rapidity distribution of the data
set with the following distributions: the extracted signal (Smodel), the backgroundonly model from the mixed event analysis (Bmodel) and the signal-plus-background
contribution (SBmodel). The last four panels of Fig. 4.30, show the projected
rapidity y0 and Pt distribution of the extracted signal for 3 H and 4 H hypernuclei on
the left- and right-hand side, respectively. The mean value and standard deviation
of the rapidity distribution of 3 H and 4 H are respectively hy0i D 0:98 ˙ 0:01,
y0 D 0:06 ˙ 0:01 and hy0i D 1:00 ˙ 0:01, y0 D 0:07 ˙ 0:01. One can remark
that the experimental rapidity distribution 3 H and 4 H falls within the Monte Carlo
experimental acceptance. Moreover the multiplicity density decrease in the rapidity
region [0.8 ; 0.9] shown in the 3 H and 4 H rapidity distribution represents a physical
limit since it is still within the experimental acceptance.

4.3.6 Invariant Mass and Lifetime of d C   and t C  
Final States
In addition to the analyses discussed above, the invariant mass distributions of all
other possible final states were studied with the data of the HypHI experiment.
Surprisingly, signals in the d C   and t C   final states were observed. Details
of the analyses were discussed in [42]. Figure 4.31 shows the invariant mass
distributions of d C   in panels (a1) and (a2) and t C   in panels (b1) and
(b2). The longitudinal decay vertex position (Z) was requested to be set between
10 cm < Z < 30 cm in panels (a1) and (b1) and between 2 cm < Z < 30 cm
in (a2) and (b2). The production target was placed between 6 and 2 cm, thus
the cut condition of 10 cm < Z < 30 cm includes vertices from the production
target while the other condition excludes the target region. The deduced invariant
mass distributions are represented by the filled-in circles. The mass values were
calibrated by using the data for the reconstructed invariant mass peak positions of
, 3 H and 4 H. Fitting of the distributions of signal-plus-background from the data
were performed in a similar fashion to 3 H and 4 H. By hypothesis testing via profiled
likelihood ratio tests, the significance values of the observed peaks of d C   for
10 cm < Z < 30 cm and 2 cm < Z < 30 cm were determined to be respectively
5.3 and 3.7 , and for tC  they are 5.0 and 5.2 , respectively. Vertex distributions
of the d C   and t C   were analysed to deduce the lifetime values of the initial
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Fig. 4.30 Multiplicity distribution as a function of the rapidity observable y0 and of the transversal
momentum Pt in the center-of-mass system for 3 H in panel (a), 4 H in panel (b), respectively. In
panels (c) and (d) the projected rapidity distributions of the data set 3 H and 4 H respectively is
shown in black full circle together with the extracted signal contribution Smodel (open box), the
background-only distribution from the mixed event analysis Bmodel (open circle) and the signalplus-background model BSmodel (dash box representing the 1- standard deviation interval).
Panels (e), (f) and (g), (h) show the rapidity and Pt distribution of the extracted 3 H and 4 H signal,
respectively. Figures are taken from [41]
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Fig. 4.31 Invariant mass distributions of d+  final state candidate in panels (a1) (a2), and of
t C   in panels (b1) (b2). Panels (a1) and (b1) are for 10 cm < Z < 30 cm, and (a2) and
(b2) are for 2 cm < Z < 30 cm. Observed distributions are represented by filled-in circles. The
shaded orange region represents one standard deviation of the fitted model centred at the solid
blue line of the total best fit. The black and coloured dotted-lines respectively show the separate
contributions of the signal and the background. The open triangles represent the data corresponding
to the invariant mass distribution of the mixed event analysis. The figures are taken from [42]

states decaying the d C   and t C   final states by using a similar manner for 3 H
and 4 H. As shown in Fig. 4.32, the resulting lifetime values with the d C   and
C47
t C   final states are 181C30
24 ps and 19035 ps, respectively.
As discussed in [42], systematic uncertainties and the possibility to produce
peaks in the dC  and tC  invariant mass distributions by mis-reconstructing the
other possible decay channels were studied. It was concluded that the other channels
could not create peaks like those observed in the d C   and t C   final states.
Therefore, a possible interpretation for the observed t C   and d C   final states
might be the two- and three-body decays of an unknown bound state of two neutrons
associated with , 3 n, via 3 n ! t C   and 3 n ! t C   ! d C n C   ,
respectively. With this interpretation, the production mechanism of 3 n might be
the Fermi break-up of excited heavier hyperfragments [68]. On the other hand, the
direct coalescence of a -hyperon and a di-neutron state is unlikely, because the
di-neutron state is known to be unbound.
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Fig. 4.32 Profiled likelihood ratio for interval estimation of the lifetime of dC  (a1) and tC 
(b1) final states. Interval estimation for 1 standard deviation is shown on each profiled likelihood
ratio. Binned decay length distributions of the signal region of d C   (a2) and t C   (b2)
are shown with the fitted model. The model includes the exponential function that resulted from
the unbinned maximum likelihood fit and the background contribution estimated by the sidebands.
The fitted model is represented by the black line, while the contribution of the exponential function
is represented by the dotted blue line. The figures are taken from [42]

The possibility of a bound state made of a -hyperon and two neutrons, 3 n,
was studied recently in several theoretical works [69–72], all concluding that the
n  n   system is unlikely to be bound. These calculations are based on quite
general arguments relying on existing, well established hypernuclear data.
Since the results from the HypHI collaboration on 3 n are not conclusive, the
origin of the observed structures in the d C   and t C   final states must be
experimentally verified and clarified. The ALICE collaboration studied d C  
finals states, and there is no signal observed [73]. Since ALICE and HypHI observe
particles in different rapidity regions, the origin of the structures in the d C   and
t C   final states should be experimentally studied in the projectile rapidity region
like the HypHI experiment, which will be conducted at FAIR Phase 0 (GSI) and
FAIR Phase 1. Newly proposed experiments at FAIR Phase 0 (GSI) to study the
d C   and t C   structures as well as to measure lifetime values of 3 H and 4 H
with better accuracy will be discussed in the following sections. Future plans for the
hypernuclear spectroscopy at FAIR Phase 1 will also be discussed.
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4.4 Perspective of the Hypernuclear Spectroscopy
with Heavy Ion Beams at FAIR Phase 0 and 1
In this section, plans for hypernuclear experiments with the FRS at FAIR Phase 0
(GSI) and with the Super-FRS at FAIR Phase 1 will be discussed. A possibility of
hypernuclear experiments at the high energy cave of NuSTAR at FAIR will also be
briefly mentioned.
As discussed in the previous section, further experiments for hypernuclear
physics with heavy ion beams should be conducted with a better precision than the
HypHI experiment to confirm the short lifetime of 3 H as well as to clarify the origin
of the d C   and t C   signals. An experiment has been proposed by a part of the
HypHI collaboration together with the Super-FRS Experiment Collaboration [74] to
perform hypernuclear spectroscopy with the fragment separator FRS [75] as a highresolution forward magnetic spectrometer at FAIR Phase 0 (GSI). In the proposed
experiment, the same production reaction of the HypHI experiment, 6 Li C 12 C at
2 A GeV, will be employed since the hypernuclear production cross section and
kinematics in this reaction are already investigated by the HypHI experiment.
Figure 4.33 shows the layout of the SIS 18 synchrotron and the FRS at FAIR
Phase 0 (GSI). The 6 Li beams will be accelerated up to an energy of 2 A GeV and
will be injected to the FRS. Through the FRS via S1, the beams will arrive at the
mid-focal plane of the FRS, indicated as S2 in the figure. In the S2 area, a fixed
carbon target is situated together with a pion spectrometer complex.
A proposed experimental setup with two dipole magnets in the S2 area of the
FRS is shown in Fig. 4.34 schematically. The 6 Li projectiles with an intensity of
about 106 particles per second are delivered from the left side of the figure, and they
PRODUCTION TARGET

S2

TO CAVES

S5
S6

S3
S4
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FROM UNILAC

Fig. 4.33 Layout of the SIS-FRS-ESR at GSI. In the proposed experiment, a conventional
production target located at the entrance of the FRS is not used, but the hypernuclear production
target will be located at the mid-focal plane, S2. A system of the   measurements will be installed
at the mid-focal plane S2, too
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Fig. 4.34 Proposed setup for the future HypHI experiment with the Fragment separator FRS at
GSI

are bombarded to the fixed carbon target with a thickness of 8 g/cm2 . In front of
the target, a small plastic hodoscope which is similar to TOF-start employed in the
HypHI experiment [39] will be mounted to measure timing and positions of beam
particles to define start-time for time-of-flight measurements. It is shown together
with the target as indicated as “START + TARGET” in the figure. Hypernuclei
are produced in the target and fly to the forward direction. Then, hypernuclei
decay in flight, and they emit particles. Particles from the decay also fly to the
forward direction, and they are injecting to the dipole magnet indicated as D-magnet
in the figure. Decays of the hypernuclei taking place inside “Decay volume” as
shown in the figure will also be measured. Across the “Decay volume”, several
tracking detectors will be mounted, that consist of scintillating fibre detectors
and the drift chamber (SDC) used in the HypHI experiment [39]. These tracking
detectors will contribute to find decay vertices of hypernuclei. The   mesons
from the hypernuclear decay are bent in the D-magnet and swept upward in the
figure. Approximately 10% of   from the hypernuclear decay are registered in
the detector system indicated as “  detectors” in the figure. These detectors will
consist of a plastic hodoscope and a drift chamber. The plastic hodoscope will be
implemented by rearranging the TOF+ detector used in the HypHI experiment, and
the drift chamber will be SDC which was also used in HypHI experiment [39]. For
  , four momenta will be obtained by tracking across the magnet, time-of-flight
measurements and the information of E in the plastic hodoscope. In the proposed
system, a momentum resolution of   is expected to be 1–2%.
In the proposed experiment, positively charged decay residues of hypernuclear
  decay, such as 2 H, 3 He and 4 He, will propagate to the second half of the FRS,
and they should be in the aperture of the magnet located at the exit of S2 indicated
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as “S2 Exit Magnet” in the figure. However, decay residues are also bent inside
the D-magnet as shown in the figure, therefore, the bending of the decay residues
must be compensated in order to deliver them to the second half of the FRS. For
this purpose, another dipole magnet located in the right side of the D-magnet will
be installed. With this magnet, decay residues can be measured from S2 to S4 in
Fig. 4.33. A momentum resolution of measured decay residues from S2 through S4
is expected to be better than 103 . One of the disadvantages in this setup is the
small momentum and spatial acceptance for decay residues. However, it will make
a counting rate at S4 drastically smaller (about three orders of magnitude lower
than the rate of the projectiles), and one can make a trigger to the data acquisition
system only by coincident measurements of particle registrations in the detectors at
S4 and “  detectors” at S2. Because of a small trigger rate of an order of 102 –103
per second with this coincidence trigger, a secondary vertex trigger, which played
an important role in the HypHI experiment [39], will be unnecessary. Without the
vertex trigger, the efficiency of the data accumulation will be at least ten times larger
than that in the HypHI experiment.
With reconstructed   from the hypernuclear decay and decay residues together
with finding of hypernuclear decay vertices in “Decay volume”, an invariant mass of
produced hypernuclei will be calculated. Despite the small momentum acceptance
of decay residues due to the second half of the FRS, a resultant invariant mass
resolution will not be narrow around the observed peak region since   will be
measured with a large momentum range at S2 in the proposed setup. In order to
observe 3 H and 4 H as well as the d C   signal, only four magnetic settings of
the FRS between S2 and S4 including the magnets at S2 will be required; (1) 12.5
Tm for measuring 3 H, (2) 16.5 Tm for both 4 H and the d C   final state, (3)
11.0 Tm for 4 H and (4) 14.0 Tm for all the three states. Monte Carlo simulations
have been performed, and expected invariant mass distributions for 3 H and d C  
final state are shown in the left and right panels, respectively, of Fig. 4.35. For 3 H a

Fig. 4.35 Expected invariant mass distributions for 3 H (left) and d C   final state (right). In
the panels, “S/B” indicates a ratio of the signal to the background. “MC” indicates Monte Carlo
simulations
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ratio of the signal to the background is assumed to be 0.24. For d C   , a smaller
ratio of the signal to the background, 0.20, is assumed because the background for
d C   was observed larger than 3 H in the analyses of the HypHI experiment.
Resultant mass resolution for the both cases are approximately 800 keV/c2 , which is
much better than the results of the HypHI experiment (5 MeV/c2 ). The expected
mass resolution for the reconstruction of 4 H will be similar to the case of d C  
because of the similarity of the magnetic rigidity of decay residues. Measurements
with all the four magnetic setups mentioned above can be achieved within 2 weeks
of beamtime.
The proposed experiment can also be performed without the second dipole
magnet (right magnet in Fig. 4.34), but the acceptance for the decay residues will
be reduced by 25%. Another option with a superconducting solenoid magnet at
S2, instead of the dipole magnet(s), has been also considered, and Monte Carlo
simulations to design an experimental apparatus with these configurations are
currently in progress.
This method will be extended to measure other hypernuclei including those
towards the proton drip-line with Super-FRS [76] at FAIR Phase 1. Figure 4.36
shows the schematic layout of the Super-FRS. Primary beams or proton-rich
secondary beams will be delivered to the mid-focal plane of the Super-FRS, as
indicated by a red circle in the figure, through the pre-separator and the first half
of the main separator of Super-FRS. Hypernuclei will be produced at the mid-focal
plane, and pions from the production and decays of hypernuclei will be measured
there. Decay residues will be measured by the second half of the main separator
of the Super-FRS, in a similar fashion to the experiment with FRS as described
above. Because of a good separation power of the combination of the pre-separator
and the first half of the main separator, proton rich beams will also be used to
study proton-rich hypernuclei for the first time. Hypernuclear experiments can also
be performed at the high energy cave of NuSTAR, indicated as HEC in Fig. 4.36

Fig. 4.36 Layout of Super-FRS at FAIR. The detector system for measuring mesons including
  from the hypernuclear decay will be installed at the position indicated by the red circle
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together with the GLAD magnet and the neutron detector system NeuLAND.
Hypernuclear decay channels with neutron emissions will be measured, and some
of neutron-rich hypernuclei will be studied.
The success of the proposed hypernuclear experiments with the FRS and the
Super-FRS will open a new doorway to the hypernuclear studies with heavy ion
beams.
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Chapter 5

Hyperons and Resonances in Nuclear
Matter
Horst Lenske and Madhumita Dhar

Abstract Theoretical approaches to interactions of hyperons and resonances in
nuclear matter and their production in elementary hadronic reactions and heavy ion
collisions are discussed. The focus is on baryons in the lowest SU(3) flavor octet
and states from the SU(3) flavor decuplet. Approaches using the SU(3) formalism
for interactions of mesons and baryons and effective field theory for hyperons are
discussed. An overview of application to free space and in-medium baryon-baryon
interactions is given and the relation to a density functional theory is indicated.
SU(3) symmetry breaking is discussed for the Lambda hyperon. The symmetry
conserving Lambda-Sigma mixing is investigated. In asymmetric nuclear matter
a mixing potential, driven by the rho- and delta-meson mean-fields, is obtained.
The excitation of subnuclear degrees of freedom in peripheral heavy ion collisions
at relativistic energies is reviewed. The status of in-medium resonance physics is
discussed.

5.1 Introduction
In 1947, Rochester and Butler observed a strange pattern of tracks on a photographic
emulsion plate which was exposed in a high altitude balloon mission to cosmic rays
[1]. That event marks the inauguration of strangeness physics, indicating that there
might be matter beyond nucleons and nuclei. Seven years later, that conjecture was
confirmed by Danysz and Pniewski with their first observation of a hypernucleus
[2], produced also in a cosmic ray event. These observations had and are still
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having a large impact on elementary particle and nuclear physics. In recent years, a
series of spectacular observations on hypernuclear systems were made, giving new
momentum to hypernuclear research activities, see e.g. [3–7].
The group-theoretical approach introduced independently by Murray Gell-Mann
and Yuval Ne’eman in the beginning of the sixties of the last century was the long
awaited for breakthrough towards a new understanding of hadrons in terms of a
few elementary degrees of freedom given by quarks and gluon gauge fields as the
force carrier of strong interactions. One of the central predictions of early QCD was
the parton structure of hadrons. Once that conjecture was confirmed by experiment
in the early 1970s [9], Quantum Chromo Dynamics (QCD) has evolved into the
nowadays accepted standard model of strong interaction physics. Since long, QCD
theory has become part of the solid foundations of modern science. As indispensable
part of the scientific narrative QCD gauge theory has become a central topic in
particle and nuclear physics text books, for instance the one by Cheng and Li [8].
C
C
The 12 baryon octet and the 32 baryon decuplet together with their valence quark
structures are displayed in Fig. 5.1.
Lambda-hypernuclei are being studied already for decades. They are the major
source of information on the S D 1 sector of nuclear many-body physics. The
status of the field was comprehensively reviewed quite recently by Gal et al. [10].
The “hyperonization puzzle” heavily discussed for neutrons stars [11] is another
aspect of the revived strong interest in in-medium strangeness physics. In the
past, (; K) experiments were a major source of hypernuclear spectroscopy. More
recently, those studies were complemented by electro-production experiments at
JLab and, at present, at MAMI at Mainz. The FINUDA collaboration at the Frascati
-meson factory observed for the first time the exotic superstrange system 6 H [3].
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Fig. 5.1 The first two baryon SU(3) flavor multiplets are given by an octet (left) and a decuplet
(right). The valence quark content of the baryons is indicated explicitly. The vertical axes are
representing the hypercharge Y D S C B, given by the strangeness S and baryon number B; the
horizontal axes indicate I3 D Q  12 Y the third component of the isospin I, which includes also the
charge number Q. The group theoretical background and construction of these kind of diagrams is
discussed in depth in textbooks, see e.g. [8]
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The STAR experiment at RHIC has filtered out of their data samples exciting results
for a totally unexpected reduced lifetime of the Lambda-hyperon bound in 3 H.
Soon after, that result was observed also by the HypHI-experiment at the FRS@GSI
[5]. Observations by the ALICE collaboration at the LHC confirm independently
this unexpected—and yet to be explained—result. Recent observations on light
hypernuclei and their antimatter counterparts at RHIC [6] and the LHC [7],
respectively, seem to confirm the surprising life-time reduction and, moreover, point
to a not yet understood reaction mechanism. The HypHI group also found strong
indications for a nn bound state [4] which—if confirmed—would be a spectacular
discovery of the first and hitherto only charge-neutral system bound by strong
interactions.
Resonance studies with peripheral light and heavy ion reactions were initiated in
the late 1970s and thereafter continued at SATURNE and later at the Synchrophasotron at Dubna and at KEK. The major achievements were the observation of an
apparent huge mass shift of the Delta-resonance by up to M  70 MeV. Detailed
theoretical investigations, however, have shown that the observed shifts were in
fact due to distortions of the shape of the spectral distribution induced mainly by
reaction dynamics and residual interactions. The new experiments at GSI on the FRS
have shown already a large potential for resonance studies under well controlled
conditions and with hitherto unreached high energy resolution. Once the SuperFRS will come into operation resonance physics with beams of exotic nuclei will be
possible, thus probing resonances in charge-asymmetric matter.
Viewed from another perspective, investigations of nucleon resonances in nuclear
matter are a natural extension of nuclear physics. The Delta-resonance, for example,
appears as the natural partner of the corresponding spin-isospin changing S D
1; I D 1 nuclear excitation, well known as Gamow-Teller resonance (GTR). GTR
charge exchange excitations and the Delta-resonance are both related to the action of
 ˙ spin-isospin transition operators, in the one case on the nuclear medium, in the
other case on the nucleon. Actually, a long standing problem of nuclear structure
physics is to understand the coupling of the nuclear GTR and the nucleonic 33
modes: The notorious (and never satisfactorily solved) problem of the quenching of
the Gamow-Teller strength is related to the redistribution of transition strength due
to the coupling of  particle-nucleon hole (N 1 ) and purely nucleonic double
excitations of particle-hole (NN 1 ) states. Similar mechanisms, although not that
clearly seen, are present in the Fermi-type spectral sections, i.e. the non-spin flip
charge exchange excitations mediated by the ˙ operator alone. In that case the
nucleonic particle-hole states may couple to the P11 .1440/ Roper resonance. Since
C
that J  D 12 ; I D 12 state falls out of the group theoretical systematics it is a good
example for a dynamically generated resonance. From a nuclear structure point of
view the 33 .1232/ and other resonances are of central interest because they are
important sources of induced three-body interactions among nucleons. Moreover,
the same type of operators are also acting in weak interactions leading to nuclear
beta-decay or by repeated action to the rather exotic double-beta decay with or,
still hypothetical, without neutrino emission. These investigations will possibly also
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serve to add highly needed information on interactions of high energy neutrinos
with matter and may give hints on nucleon resonances in neutron star matter. On the
experimental side, concrete steps towards a new approach to resonance physics are
under way. The production of nucleon resonances in peripheral heavy ion collisions,
their implementation into stable and exotic nuclei in peripheral charge exchange
reactions, and studies of their in-medium decay spectroscopy are the topics of
the baryon resonance collaboration [12]. The strangeness physics, hypernuclear
research, and resonance studies belong to the experimental program envisioned for
the FAIR facility.
In this article we intend to point out common aspects of hypernuclear and nucleon
in-medium resonance physics. Both are allowing to investigate the connections,
cross-talk, and dependencies of nuclear many-body dynamics and sub-nuclear
degrees of freedom. Such interrelations can be expected to become increasingly
important for a broader understanding of nuclear systems under the emerging results
of effective field theory and lattice QCD. The unexpected observations of neutron
stars heavier than two solar masses are a signal for the need to change the paradigm
of nuclear physics. Already in low energy nuclear physics we have encountered
ample signals for the entanglement of nuclear and sub-nuclear scales, e.g. in threebody forces and quenching phenomena. In Sect. 5.2 we introduce the concepts
of flavor SU(3) physics and discuss the application to in-medium physics of the
baryons for a covariant Lagrangian approach. The theoretical results are recast
into a density functional theory with dressed in-medium meson-baryon vertices
in Sect. 5.3. Results for hypermatter and hypernuclei are discussed in Sect. 5.4,
addressing also the investigations by modern effective field theories. In Sect. 5.5 we
derive hyperon interactions in nuclear matter by exploiting the constraints imposed
by SU(3) symmetry. Investigations of baryon resonances in nuclei are discussed in
Sects. 5.6 and 5.7. In Sect. 5.8 the article is summarized and conclusions are drawn
before closing with an outlook.

5.2 Interactions of SU(3) Flavor Octet Baryons
5.2.1 General Aspects of Nuclear Strangeness Physics
Hypernuclear and strangeness physics in general are of high actuality as seen from
the many experiments in operation or preparation, respectively, and the increasing
amount of theoretical work in that field. There are a number of excellent review
articles available addressing the experimental and theoretical status, ranging from
the review of Hashimoto and Tamura [13], the very useful collection of papers in
[14] to the more recent review on experimental work by Feliciello et al. [15] to
the article by Gal et al. [10]. The latest activities are also recorded in two topical
issues: in Ref. [16] strangeness (and charm) physics are highlighted and in Ref.
[17] the contributions of strangeness physics with respect to neutron star physics
is discussed. In [18] we have reviewed the status of in-medium baryon and baryon
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resonance physics, also covering production reactions on the free nucleon and on
nuclei.
On free space interactions of nucleons a wealth of experimental data exists
which are supplemented by the large amount of data on nuclear spectroscopy
and reactions. Taken together, they allow to define rather narrow constraints on
interactions and, with appropriate theoretical methods, to predict their modifications
in nuclear matter. Nuclear reaction data have provided important information on the
energy and momentum dependence on the one hand and the density dependence
on the other hand of interactions in nuclear matter. For the hyperons, however, the
situation is much less well settled. All attempts to derive hyperon-nucleon (YN)
interactions in the strangeness S D 1 channel are relying, in fact, on a small sample
of data points obtained mainly in the 1960s. By obvious reasons, direct experimental
information on hyperon-hyperon (YY) interactions is completely lacking. A way
out of that dilemma is expected to be given by studies of hypernuclei. Until now
only single-Lambda hypernuclei are known as bound systems, supplemented by a
few cases of S D 2 double-Lambda nuclei. While a considerable number of hypernuclei is known, no safe signal for a particle-stable ˙ or a S D 2 Cascade
hypernucleus has been recorded, see e.g. [10, 13].
On the theoretical side, large efforts are made to incorporate strange baryons
into the nuclear agenda. The conventional non-relativistic single particle potential
models, the involved few-body methods for light hypernuclei, and the many-body
shell model descriptions of hypernuclei were reviewed recently in the literature
cited above and will not be repeated here. Approaches to nucleon and hyperon
interactions based on the meson-exchange picture of nuclear forces have a long
tradition. They are describing baryon-baryon interactions by one-boson exchange
(OBE) potentials like the well known Nijmegen Soft Core model (NSC) [19], later
improved to the Extended Soft Core (ESC) model [20, 21], for which over the
years a number of parameter sets were evaluated [22–24]. The Jülich model [25–
27] and also the more recently formulated Giessen Boson Exchange model (GiBE)
[28, 29] belongs to the OBE-class of approaches. In the Jülich model the J P D 0C
scalar interaction channel is generated dynamically by treating those mesonic states
explicitly as correlations of pseudo-scalar mesons. In the GiBE and the early
NSC models scalar mesons are considered as effective mesons with sharp masses.
The extended Nijmegen soft-core model ESC04 [20, 21] and ESC08 [22, 24]
includes two pseudo-scalar meson exchange and meson-pair exchange, in addition
to the standard one-boson exchange and short-range diffractive Pomeron exchange
potentials. The Niigata group is promoting by their fss- and fss2-approaches a quarkmeson coupling model which is being updated regularly [30, 31]. The resonating
group model (RGM) formalism is applied to the baryon–baryon interactions using
the SU(6) quark model (QM) augmented by modifications like peripheral mesonic
or .qNq/ exchange effects.
Chiral effective field theory ( EFT) for NN and NY interactions are a more
recent development in baryon-baryon interaction. The review by Epelbaum et
al. [32] on these subjects is still highly recommendable. The connection to the
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principles of QCD are inherent. A very attractive feature of  EFT is the builtin order scheme allowing in principle to solve the complexities of baryon-baryon
interactions systematically by a perturbative expansion in terms of well-ordered
and properly defined classes of diagrams. In this way, higher order interaction
diagrams are generated systematically, controlling and extending the convergence
of the calculations over an increasingly larger energy range.
In addition to interactions, studies of nuclei require appropriate few-body or
many-body methods. In light nuclei Faddeev-methods allow an ab initio description
by using free space baryon-baryon (BB) potentials directly as practiced e.g. in [33].
Stochastic methods like the Green’s function Monte Carlo approach are successful
for light and medium mass nuclei [34]. A successful approach up to oxygen mass
region, the so-called p-shell nuclei, is the hypernuclear shell model of Millener
and collaborators [35, 36]. Over the years, a high degree of sophistication and
predictive power for hypernuclear spectroscopy has been achieved by these methods
for light nuclei. For heavier nuclei, density functional theory (DFT) is the method
of choice because of its applicability over wide ranges of nuclear masses. The
development of an universal nuclear energy density functional is the aim of the
UNEDF initiative [37–39]. Already some time ago we have made first steps in
such a direction [40] within the Giessen Density Dependent Hadron Field (DDRH)
theory. The DDRH approach incorporates Dirac-Brueckner Hartree-Fock (DBHF)
theory into covariant density functional theory [41–46]. Since then, the approach
is being used widely on a purely phenomenological level as e.g. in [47–50]. In the
non-relativistic sector comparable attempts are being made, ranging from Brueckner
theory for hypermatter [51, 52] to phenomenological density functional theory
extending the Skyrme-approach to hypernuclei [53, 54]. In recent works energy
density functionals have been derived also for the Nijmegen model [24] and the
Jülich  EFT [55]. Relativistic mean-field (RMF) approaches have been used rather
early for hypernuclear investigation, see e.g. [56, 57]. A covariant DFT approach to
hypernuclei and neutron star matter was used in a phenomenological RMF approach
in Ref. [58] where constraints on the scalar coupling constants were derived by
imposing the constraint of neutron star masses above two solar masses. In Refs.
[59–61] and also [62, 63] hyperons and nucleon resonances are included into the
RMF treatment of infinite neutron star matter, also with the objective to obtain
neutron stars heavier than two solar masses. A yet unexplained additional repulsive
interaction at high densities is under debate. A covariant mean-field approach,
including a non-linear realization of chiral symmetry, has been proposed by the
Frankfurt group [64] and is being used mainly for neutron star studies.

5.2.2 Interactions in the Baryon Flavor Octet
In Fig. 5.2 the SU(3) multiplets are shown which are considered in the following.
C
The lowest J P D 12 baryon octet, representing the baryonic ground state multiplet,
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is taken into account together with three meson multiplets, namely the pseudoscalar nonet (P) with J P D 0 , the scalar nonet (S) with J P D 0C , and the vector
nonet (V) with J P D 1 , which, in fact, consists of four subsets, V D fV  gjD0:::3 ,
according to the four components of a Lorentz-vector. In addition, we include also
the corresponding meson singlet states, represented physically by the 0 ; ;  0 states
but not shown in Fig. 5.2. Masses and lifetimes of baryons are displayed in Table 5.1.

C

Fig. 5.2 The SU(3) multiplets considered in this section: the 12 baryon octet (upper left), the
scalar 0C (upper right), the vector 1 (lower left), and the pseudo-scalar 0 (lower right). The
octets have to be combined with the corresponding meson-singlets, which are not displayed, thus
giving rise to meson nonets
Table 5.1 Mass, lifetime,
and valence quark
C
configuration of the J P D 12
octet baryons

State
p
n

˙C
˙0
˙
0


Mass (MeV)
938:27
939:57
1115:68
1189:37
1192:64
1197:45
1314:86
1321:71

Lifetime (s)
> 6:62  10C36
880:2 ˙ 1
2:63  1010
0:80  1010
7:4  1020
1:48  1010
2:90  1010
1:64  1010

The data are taken from Ref. [65]

Configuration
[uud]
[udd]
[uds]
[uus]
[uds]
[dds]
[uss]
[dss]
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The mesons of each multiplet couple to the baryons by vertices of a typical,
generic operator structure characterized the Lagrangian densities
0

N 1 5 
LBB
M .0 / D  gBB0 M B0
m


B @ ˚M

0

N
LBB
M .1 / D  gBB0 M B0 

C

0

C
LBB
M .0 / D

gBB0M N B0 1


B VM

(5.1)

fBB0 M
N B0 
2.MB C MB0 /

B ˚M


B FM

(5.2)
(5.3)

given by Lorentz-covariant bilinears of baryon field operators B and the Dirac
conjugated field operators N B D 0 B and Dirac  -matrices, to which meson
fields (V; S) or their derivatives (P) are attached, such that in total a Lorentzscalar is obtained. Vector mesons may also couple to the baryons through their

field strength tensor FM (see Eq. (5.11)) and the relativistic rank-2 tensor operator
i
 D 2 Œ ;  , given by the commutator of  matrices. The tensor coupling
involves a separate tensor coupling constant fBB0 M . The mass factors in the P and
the tensor part of the V vertices are serving to compensate the energy-momentum
scales introduced by derivative operators for the sake of dimensionless coupling
constants. The Bjorken-convention [66] is used for spinors and  -matrices.
We introduce the flavor spinor B
B D .N; ; ˙; /T

(5.4)

being composed of the isospin multiplets

ND

0

p
;
n

1
˙C
˙ D @ ˙0 A ;
˙


D

0


(5.5)

and the iso-singlet . Each baryon entry is given by a Dirac spinor. For later use,
we also introduce the mesonic isospin doublets

KD

KC
K0

; Kc D

K0
K 

!
;

(5.6)

and corresponding structures are defined in the vector and scalar sector involving
the K  and the  mesons, respectively. The ˙ hyperon and the  isovector-triplets
are expressed in the basis defined by the spherical unit vectors e˙;0 which leads to
˙  D ˙ C  C ˙ 0 0 C ˙  C
also serving to fix phases [67].

;

(5.7)
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The full Lagrangian is given by
L D LB C LM C Lint

(5.8)

O
accounting for the free motion of baryons with mass matrix M,
h
i
O B
LB D  B i @  M

;

(5.9)

and the Lagrangian density of massive mesons,
LM D

1
2

X
i2fP;S;Vg




 1X 1 2
F  m2 V2
@ ˚i @ ˚i  m2˚i ˚i2 
2
2 

(5.10)

2V

where P; S; V denote summations over the lowest nonet pseudo-scalar, scalar,

and vector mesons. The field strength tensor of the vector meson fields V ,  2

f!; ; K ; ;  g is defined by




F D @ V  @ V

:

(5.11)

For the scattering of charged particles and in finite nuclei, the electromagnetic vector

field V of the photon is included.
Of special interest for nuclear matter and nuclear structure research are the
mean-field producing meson fields, given by the isoscalar-scalar mesons ,  0 ,
the isovector-scalar ı meson, physically observed as the a0 .980/ meson, and their
isoscalar-vector counterparts !,  and the isovector-vector meson, respectively.
While the pseudo-scalar and the vector mesons are well identified as stable particles
or as well located poles in the complex plane, the situation is less clear for the scalar
nonet. We identify  D f0 .500/, ı D a0 .980/, and  D K0 .800/ as found in the
compilations of the Particle Data Group (PDG) [65]. The so-called -meson is of
particular uncertainty. It has been observed only rather recently as resonance-like
structures in charmonium decay spectroscopy. A two-bump structure with maxima
at about 640 and 800 MeV has been detected. In the recent PDG compilation a mean
mass m D 682 ˙ 29 MeV is recommended [65]. We use m D 700 MeV. The octet
baryons are listed in Table 5.1, the meson parameters are summarized in Table 5.2.
Last but not least we consider the interaction Lagrangian Lint . SU(3) octet
physics is based on treating the eight baryons on equal footing as the genuine
mass-carrying fields of the theory. Although SU(3) flavor symmetry is broken on
the baryon mass scale by about ˙20%, it is still meaningful to exploit the relations
among coupling constants imposed by that symmetry, thus defining a guideline and
C
reducing the number of free parameters considerably. The eight J P D 12 baryons
are collected into a traceless matrix B, which is given by a superposition of the eight
Gell-Mann matrices i combined with the eight baryons Bi 2 fN; ; ˙; g, leading
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Table 5.2 Intrinsic quantum
numbers and the measured
masses [65] of the mesons
used in the calculations

Channel
0
0
0
0C
0C
0C
1
1
1

Meson


K 0;C

ı

!
K

Mass (MeV)
138:03
547:86
497:64
500:00
983:00
700:00
782:65
775:26
891:66

Cut-off (MeV/c)
1300
1300
1300
1850
2000
2000
1700
1700
1700

Also the cut-off momenta used to regularize the highmomentum part of the tree-level interactions are shown.
The mass of the isoscalar-scalar  meson is chosen at
the center of the f0 .500/ spectral distribution [65]

to the familiar form
0

1
˙0

C
˙
p C
Bp Cp
6
B 2
C
X
0
B
C
˙


BD
i B i D B
˙
p C p
n C
B
C;
B
C
2
6
iD18
@
2 A

0

p

6

(5.12)

which is invariant under SU(3) transformations. The pseudo-scalar (P), vector
(V), and the scalar (S) meson octet matrices are constructed correspondingly by
replacing the baryons Bi by the appropriate mesons Mi . Taking the J P D 0 pseudoscalar mesons as an example we obtain the (traceless) octet matrix
1
8
0
C
C
C

p
p
K
C
B
6
C
B 2
0
C
B

8

0 C:
P8 D B

p C p
K C
B
B
C
2
6
@
28 A
K
K0
p
6
0

(5.13)

which, for the full nonet, has to be completed
by the singlet matrix P1 , given
p
by the 3  3 unit matrix multiplied by 1 = 3. Thus, the full pseudo-scalar nonet is
described by P D P8 C P1 . We define the SU(3)-invariant baryon-baryon-meson
vertex combinations


˚
 
BBP D D Tr B; B P8


BBP S D Tr.BB/Tr.P1 /

;




 
BBP F D Tr B; B P8

;
(5.14)
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where F and D couplings correspond to anti-symmetric combinations, given by anticommutators, fX; Yg, and symmetric combinations, given by commutators ŒX; Y ,
respectively. The singlet interaction term is indexed by S. With these relations we
obtain the pseudo-scalar interaction Lagrangian
p ˚ 


 

1 
LP
BBP 1 S ;
int D  2 gD BBP 8 D C gF BBP 8 F  gS p
3

(5.15)

with the generic SU(3) coupling constants fgD ; gF ; gS g. The de Swart convention
[67], underlying the Nijmegen and the Jülich approaches, is given by using g8 
gD C gF , ˛  gF =.gD C gF /, and g1  gS leading to the equivalent representation
p ˚ 

 



p1
LP
int D g8 2 ˛ BBP 8 F C .1  ˛/ BBP 8 D  g1 3 BBP 1 S ;

(5.16)

In order to evaluate the couplings we define the pseudo-vector derivative vertex
operator m P D 5  @ , following Eq. (5.1). From the F- and D-type couplings,
Eq. (5.15), we obtain the pseudo-scalar octet-meson interaction Lagrangian in an
obvious, condensed short-hand notation, going back to de Swart [67],
LP
int D  gNN .NP N/  C ig˙˙ .˙ P ˙ / 
 g˙ .P ˙ C ˙ P /   g .P / 


 gNK .NP K/ C P .KN/


 gK . P Kc / C P .Kc /


 g˙NK ˙ P.KN/ C .NP K/ ˙


 g˙K ˙ P .Kc / C . P Kc / ˙
 gNN8 .NP N/8  g8 .P /8
 g˙˙8 .˙ P ˙ /8  g8 . P /8 :

(5.17)

The—in total 16—pseudo-scalar BB0 -meson vertices are completely fixed by the
three nonet coupling constants .gD ; gF ; gS / or, likewise, by .g8 ; g1 ; ˛/.
Corresponding relations exist also for interactions induced by the vector and
the scalar meson nonets. As in the pseudo-scalar case, they are given in terms




of octet (V8 ; S8 ) and singlet multiplets (V1 ; S1 ), resulting in V  D V8 C V1
and S D S8 C S1 , respectively, and having their own sets of respective coupling
constants .gD ; gF ; gS /S;V . The BBV coupling constants are obtained in analogy to
Eq. (5.17) by the mapping fK; ; 8 ; 1 g ! fK  ; ; !8 ; 1 g. Correspondingly, the
scalar couplings BBS are obtained from Eq. (5.17) by replacing fK; ; 8 ; 1 g !
f; ı; 8 ; 1 g. Thus, the baryon-baryon interactions as given by the exchange of
particles from the three meson multiplets M 2 fP; V; Sg are of a common structure
which allows to express the BBM coupling constants in generic manner. For that

172

H. Lenske and M. Dhar

purpose, we denote the isoscalar octet meson by f 2 f8 ; !8 ; 8 g, the isovector octet
meson by a 2 f; ; ıg, and the iso-doublet mesons by K 2 fK 0;C ; K 0;C g and
 D fK0;0 ; K0;C g. Irrespective of the particular interaction channel, the coupling
constants are then given by the relations [67]
gNNa D gD C gF ;
g˙˙a D 2gF ;
g˙a D

p2 gD ;
3

q
gNK D  13 .gD C 2gF /; gNNf D
gK D

p1 .3gF
3

 gD /;

g˙NK D .gD  gF /;

ga D .gD  gF /; g˙K D .gD C gF /;

p1 .3gF  gD /;
3
gf D  p2 gD ;
3
g˙˙f D p23 gD ;
gf D  p13 .3gF C gD /:

(5.18)

where gNNa D g8 and, depending on the case, fgD ; gF ; gS g denote either the pseudoscalar, vector, or scalar set of basic SU(3) couplings, respectively. The interactions
due to the exchange of the isoscalar-singlet mesons f 0 2 f1 ; 1 ; 1 g are treated
accordingly with the result
gNNf 0 D gf 0 D g˙˙f 0 D gf 0 D gS D g1 :

(5.19)

where again the proper gS  g1 coupling constant for the fP; V; Sg multiplet under
consideration has to be inserted. The complete interaction Lagrangian is given by
the sum over the partial interaction components
Lint D

X

LM
int

:

(5.20)

M2fP;S;Vg

The coupling constants above define the tree-level interactions entering into calculations of T-matrices. The corresponding diagrams contributing to the N and N˙
interactions in the S D 1 sector are shown in Fig. 5.3.
The advantage of referring to SU(3) symmetry is obvious: For each type of interaction (pseudo-scalar, vector, scalar) only four independent parameters are required
to characterize the respective interaction strengths with all possible baryons. These
are the singlet coupling constant gS , the octet coupling constants gD ; gF ; gS , and
eventually the three mixing angles P;V;S , one for each meson multiplet, which relate
the physical, dressed isoscalar mesons to their bare octet and singlet counterparts.
SU(3) symmetry, however, is broken at several levels and SU(3) relations will not
be satisfied exactly. An obvious one is the non-degeneracy of the physical baryon
and meson masses within the multiplets, also reflecting the non-degeneracy of
(u; d; s) quark masses. As discussed below, this splitting leads to additional complex
structure in the set of coupled equations for the scattering amplitudes because the
p
various baryon-baryon (BB0 ) channels open at different threshold energies sBB0 D
0
mB CmB0 . At energies s < sBB0 a given BB -channel does not contain asymptotic flux
but contributes as a virtual state. Thus, N scattering, for example, will be modified
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Fig. 5.3 Hyperon-nucleon OBE interactions in the S D 1 sector. Interactions without and with
strangeness-exchange are displayed in the upper and lower row, respectively. The interactions from
S D 0 scalar (; ı) and vector mesons (!; ) mesons will contribute to the hypernuclear mean-field
self-energies
Table 5.3 Baryon-baryon channels for fixed strangeness S and total charge Q
Q D 2
SD0
S D 1

Q D 1
˙n

S D 2

˙ ˙ 

 n ˙ 
˙˙0

S D 3

 ˙ 

S D 4

  

   0˙ 
 ˙ 0
  0

QD0
nn
n ˙ 0 n
˙ p
  0 n
 p ˙ C
˙ C˙ 0
 0   0˙ 0
 ˙ C
 0 0

QD1
np
p ˙ C n
˙ 0p
 0p ˙ C
˙ C˙ 0

QD2
pp
˙ Cp
˙ C˙ C

 0˙ C

at any energy by virtual or real admixtures of N˙ channels. For pratical purposes, a
scheme taking into account the physical hadron masses is of clear advantage, if not a
necessity. Irrespective of the mass symmetry breaking, total strangeness and charge
are always conserved. That is assured by using the particle basis, which at the same
time allows to use physical hadron masses. The corresponding charge-strangeness
conserving multiplets are listed in Table 5.3.
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5.2.3 Baryon-Baryon Scattering Amplitudes and Cross
Sections
In practice, the BB0 states are grouped into substructures which reflect the conservation laws of strong interaction physics. Assuming strict SU(3) symmetry, this can be
done in terms of flavor SU.3/ ˝ SU.3/ irreducible representations (irreps), as e.g. in
[8] and for a practical application in [24]. However, as seen from Table 5.1, SU(3)
symmetry is obviously broken on the mass scale: The average octet mass is m
N8 D
1166:42 MeV, the octet mass splitting is found as m8 D m
N m
N N D 379:19 MeV
and, thus, the mass symmetry is broken by about 32%. This implies differences in
the kinematical channel threshold and an order scheme which takes into account
those effects is of more practical and physical use. In Fig. 5.4 the kinematics for
the nucleonic S D 0 and the S D 1 nucleon-hyperon channels are illustrated in
terms of the invariant channel momenta in a two-body channel with masses m1;2 and
Mandelstam total energy s:
q2 .s/ D


1 
.s  .m1  m2 /2 /.s  .m1 C m2 /2 / ;
4s

(5.21)

Fig. 5.4 The channel momentum q.s/ is shown as a function of the Mandelstam variable s for the
nucleon-nucleon and the S D 1 nucleon-hyperon two-body channels. The threshold is defined
by q.s/ D 0
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where at the channel threshold s D sthres D .m1 C m2 /2 and q2 .sthres / D 0. In
observables like cross sections, the coupling to a channel opening at a certain energy
produces typically a kink-like structure, seen as a sudden jump in both the data and
numerical results. An example is found in Fig. 5.5. The spike showing up in the
elastic p cross section at about plab  640 MeV/c is duepto the coupling to the ˙ 0 p
channel which crosses the kinematical threshold at the s D M˙ 0 C Mp reached
that channel momentum, namely at plab ' 642 MeV/c for a proton incident on a 
hyperon. In scattering phase shifts such a channel coupling effect is typically seen
as a sudden jump.

Fig. 5.5 Total cross sections as a function of plab for p and ˙ ˙ p elastic scattering. The shaded
band is the LO EFT result for varying the cutoff as  D 550 : : : 700 MeV/c. For comparison
results are shown of the Jülich 04 model [25] (dashed), and the Nijmegen NSC97f model [19]
(solid curve) (from Ref. [32])
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The Lagrangian densities serve to define the tree-level interactions of the BB0
configurations built from the octet baryons. The derived potentials include in
addition also vertex form factors. Formally, they are used to regulate momentum
integrals, physically they define the momentum range for which the theory is
supposed to be meaningful. The OBE models typically use hard cut-offs in the range
of 1–2 GeV/c. The  EFT cut-offs are much softer with values around 600 MeV/c.
In the N=N˙-system, for example, the tree-level interactions are given by
./

. /

.!/

./

. /

.!/

VN;N D VN;N C VN;N C VN;N
.I/

(5.22)

VN˙;N˙ D VN˙;N˙ C VN˙;N˙ C VN˙;N˙
./

.I/

VN;N˙

.ı/

. /

C VN˙;N˙ C VN˙;N˙ C VN˙;N˙ hIjjN ˙ jjIi
(5.23)


1
1
./
.ı/
. /
D VN;N˙ C VN;N˙ C VN;N˙ I D jjN ˙ jjI D
; (5.24)
2
2

where N;˙ denote the isospin operators acting on the nucleon and the ˙ hyperon,
respectively. The strengths of the interactions inhibits a perturbative treatment.
Rather, the scattering series must be summed to all orders. For that purpose, the bare
interactions are entering as reaction kernels into a set of coupled Bethe-Salpeter
equations, connecting BB0 channels of the same total charge and strangeness. In
a matrix notation, V indicates the Born terms, G denotes the diagonal matrix of
channel Green’s functions, and the resulting T-matrix is defined by
T .q0 ; qj P/ D V.q0 ; qj P/ C

Z

d4 k
V.q0 ; kj P/G.k; P/T .k; qj P/
.2/4

(5.25)

describing the transition of the system for the (off-shell) four-momenta q0 ! q and
fixed center-of-mass four-momentum P with s D P2 . A numerically solvable system
of equations is obtained by projection to a three-dimensional sub-space. Such a
reduction depends necessarily on the choice of projection method as discussed in the
literature, e.g. [68, 69]. A widely used scheme is the so-called Blankenbecler-Sugar
(BbS) reduction [70] consisting in projection of the intermediate energy variable
to a fixed value, typically chosen as k0 D 0. In this way, the full Bethe-Salpeter
equation is reduced to an effective Lippmann-Schwinger equation in three spatial
variables, but still obeying Lorentz invariance:
T .q0 ; qjs/ D V.q0 ; qjs/ C

Z

d3 k
V.q0 ; kjs/gBbS .k; s/T .k; qjs/
.2/3

(5.26)
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where the propagator is now replaced by the Blankenbecler-Sugar propagator with
(diagonal) elements
gBbS .k; s/ D

1
s  .E1 .k/ C E2 .k//2 C i

(5.27)

q
where E1;2 .k/ D m21;2 C k2 is the relativistic energy of the particles in that given
channel. The T-matrix may be expressed by the K-matrix:
T D .1  iK/1 K

(5.28)

and very often the scattering problem is solved in terms of the (real-valued) Kmatrix [68],
0

0

K.q ; qjs/ D V.q ; qjs/ C

Z

d3 k
P
V.q0 ; kjs/
T .k; qjs/
.2/3
s  .E1 .k/ C E2 .k//2
(5.29)

given by Cauchy principal value integral. In practice, moreover, a decomposition
into invariants and partial wave matrix elements is performed which reduces the
problem to a set of linear integral equations in a single variable, namely the
modulus of the three-momentum involved. Here, we refrain from going into these
mathematically very involved details. They have been subject of many well written
standard text books and review papers, e.g. [68].
An interesting question is to what extent the higher order terms of the scattering
series are contributing to the scattering amplitude. That is quantified in Fig. 5.6
where the s-wave matrix elements for the .S D 0; I D 1/ NN singlet-even
channel are shown in Born approximation and for the fully summed K-matrix result.
The higher order correlation effects are seen to be of overwhelming importance
especially close to threshold and at low (on-shell) momenta.
Representative results for nucleon-hyperon scattering are shown in Fig. 5.5,
comparing total cross sections obtained by EFT and the Jülich and Nijmegen OBE
approaches, respectively. The latest  EFT account for interactions up to next-toleading-order (NLO) [71]. The resulting phase shifts in the spin-singlet channel are
shown in Fig. 5.7 for a few baryon-baryon channels: the pp (S D 0), p˙ C (S D 1),
and ˙ C ˙ C (S D 2). From the pp results it is seen that the NLO calculations are
trustable up to about plab  300 MeV/c.
In nuclear matter, the scattering equations are changed by the fact that part of the
intermediate channel space is unavailable by Pauli-blocking. Formally, that is taken
into account by the Pauli-projector QF .p1 ; p2 / D 1  PF .p1 ; p2 /, projecting to the
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Fig. 5.6 The np s-wave interactions in the .S D 0; I D 1/ singlet-even channel in Born
approximation, for which U.q; q/ denotes the s-wave component of V .q; q/ (upper curve, red),
and for the full K-matrix result, for which U.q; q/ corresponds to the s-wave component of K.q; q/,
(lower curve, blue). The difference between the Born-term and the fully summed K-matrix solution
of the Lippmann-Schwinger is indicated by the shaded (blue coloured) area. The K-matrix results
reproduce the measured scattering phase shift

Fig. 5.7 The pp, ˙ C p, and ˙ C ˙ C phase shifts in the 1 S0 partial wave. The filled bands represent
the results at NLO [71]. The pp phase shifts of the GWU SAID-analysis [72] (circles) are shown
for comparison. In the ˙ C p case the circles indicate upper limits for the phase shifts as deduced
from the measured sections (from Ref. [71])
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momentum region outside of the respective Fermi-spheres:
2
2
QF .p1 ; p2 / D ‚. p21  kF1
/‚. p22  kF2
/:

(5.30)

The particle momenta p1;2 are given in the nuclear matter rest frame. Together
with the time-like energy variables p0 they define the four-momenta p1;2 D
.p01;2 ; p1;2 /T which are related the total two-particle four-momentum P and the
relative momentum k by the Lorentz-invariant transformation
p1;2 D ˙k C x1;2 P

(5.31)

with
x1 D

s  m22 C m21
2s

I

x2 D

s  m21 C m22
2s

(5.32)

obeying x1 C x2 D 1 and which in the non-relativistic limit reduce to x1;2 D
m1;2 =.m1 Cm2 /. Furthermore, in-medium self-energies must be taken into account in
propagators and vertices. In total, the in-medium K-matrix for a reaction B1 C B2 !
B3 C B4 is determined by a modified in-medium Lippmann-Schwinger equation,
known as Brueckner G-matrix equation, given in full coupled channels form as
KB1 B2 ;B3 B4 .q; q0 / D VQ B1 B2 ;B3 B4 .q; q0 /
X Z d3 k
C
P
V
.q; k/GB5 B6 .k; qs /QF . p25 ; p26 /KB5 B6 ;B3 B4 .k; q0 / (5.33)
3 B1 B2 ;B5 B6
.2/
B5 B6
where the integration has to be performed as a Cauchy Principal Value integral and
the propagator GB5 B6 .k; qs / includes now vector and scalar baryon self-energies. If
the background medium consists only of protons and neutrons, the Pauli projection
affects only the nucleonic part of the intermediate states jB5 B6 i, i.e. if B5 D N or
B6 D N. The coupled equations have to be set up carefully with proper account of
flavor exchange and antisymmetrization effects for the interactions in the channels
of higher total strangeness, as discussed e.g. in [19, 73].
The calculation of in-medium interactions is in fact a very involved selfconsistency problem, see e.g. [45, 74]. Interactions are entering in a nested
manner to all orders into propagators, G-matrix equations, and self-energies. The
(Dirac-) Brueckner-Hartree-Fock ((D)BHF) self-consistency cycle is indicated in
Fig. 5.8 where the nested structure is recognized. However, as easily found, selfenergies contribute to the Brueckner G-matrix only in second and higher order.
Thus, a perturbative approach becomes possible for the channels which are weakly
coupled to the medium: To a good approximation it is sufficient to solve the
Brueckner equations with bare intermediate propagators, but including the Pauliprojector [29].
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Fig. 5.8 The (D)BHF self-consistency problem for the G-matrix (upper row), connecting the
single particle self-energy (middle row) and the one-body propagator (lower row). The two-body
Pauli-project is denoted by QF , Eq. (5.30), while PF is the projector onto the single particle Fermi
sphere
Table 5.4 Low energy
parameters for the indicated
YN system

Channel

a (fm)

r (fm)

Model

˙N (I D 12 )

C0:90

4:38

Jülich 04

3
)
2

4:71

3:31

Jülich 04

4:35
1:80
1:44

3:16
1:76
5:18

NSC97f 04
 EFT LO
GiBE

2:56

2:75

Jülich 04

2:60
1:01
2:41

2:74
1:40
2:34

NSC97f
 EFT LO
GiBE

˙N (I D

N (I D 12 )

Results from the OBE-oriented Jülich 04
[25], NSC97f [19], the recent Giessen Boson
Exchange (GiBE) [29] models are compared to
the leading order chiral EFT results [76]

For nuclear structure work, the low-energy behaviour of scattering amplitudes is
of particular importance. The low momentum behaviour of the s-wave K-matrix is
described by the effective range expansion for vanishing momentum q,
1
1
q cot ıjq!0 D  C q2 r C O.q4 /
a
2

(5.34)

where ı is the s-wave scattering phase shift and the expansion parameters a and r
denote the s-wave scattering length and effective range, see e.g. [75]. In Table 5.4
the low energy parameters are given for several OBE approaches and compared to
leading order (LO)  EFT results.
In Fig. 5.9 the medium effects are illustrated for the total cross sections of NNscattering and ˙ C p-scattering. Both for NN and ˙ C p scattering one observes a
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Fig. 5.9 Free-space and in-medium total cross sections for pp (up) and ˙ C p (down) elastic
scattering. As indicated, the cross sections are evaluated in free space ( D 0), at half ( D sat =2)
and at full nuclear matter density D sat D 0:16=fm3 , respectively (from Ref. [29])
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rapid set in of a reduction with increasing density. Already at half the nuclear
saturation density, i.e. kF D 209 MeV/c the cross sections are reduced by a factor
of 13 (NN) and a factor of 12 (˙ C p), respectively. At higher densities the reduction
factors converge to an almost constant value close to the one in Fig. 5.9 seen for
nuclear saturation density and kF D 263 MeV/c: the NN cross section is down by
a factor of 0.25, the ˙ C p cross section by a factor close to 0.35. Thus, in nuclear
matter the NN and the YN interactions are evolving differently, as to be expected
from Eq. (5.33). The main effect is due to the different structure of the Pauliprojector. While the intermediate NN channels experience blocking in both particle
momenta, in the intermediate YN channels only the nucleon states are blocked.
The elastic scattering amplitudes for B1 B2 ! B1 B2 we may separate into
N B1 B2 , amputated by
effective coupling constants gQ B1 B1 gQ B2 B2 and a matrix element M
all coupling constants. Thus, the cross section are given as
B1 B2  gQ 2B1 B1 gQ 2B2 B2 N B1 B2

(5.35)

where
N B1 B2 D

4 N
jMB1 B2 j2
q2

(5.36)

The cross sections provide an estimate for the interaction strength of the iterated
interactions, i.e. after the solution of the Bethe-Salpeter or Lippmann-Schwinger
equations, respectively. Assuming that N is an universal quantity within a given
flavor multiplet, we find
R2B2 B3 D

gQ 2B B
B1 B2
D 22 2
B1 B2
gQ B3 B3

(5.37)

From Fig. 5.9 we then obtain Rp˙ C  0:62 : : : 0:77 for D 0 to D sat and
similar results are found also for other channels. These values are surprisingly close
to assumptions of the naïve quark model, namely that hyperon interactions scale
essentially with the number of u and d valence quarks, discussed e.g. in [56, 77] and
in Sect. 5.4.
By evaluating the low-energy parameters as function of the background density
we gain further insight into the density dependence of interactions. In Fig. 5.10 the
scattering lengths of the coupled n and n˙ 0 channels are shown as a functions
of the Fermi momentum of symmetric nuclear matter, kF D .3 2 =2/1=3 . For
kF ! 0 the free space scattering length is approached. With increasing density of the
background medium the scattering lengths decrease and approach an asymptotically
constant value. Thus, at least in ladder approximation a sudden increase of the vector
repulsion as discussed for a solution of the hyperon-problem in neutron stars is not
in sight.
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Fig. 5.10 The in-medium scattering lengths as for the coupled n and n˙ 0 channels are shown
as a function of the Fermi momentum kFN of symmetric nuclear matter (from Ref. [29])

5.2.4 In-Medium Baryon-Baryon Vertices
0

A Lagrangian of the type as defined above leads to a ladder kernel V BB .q0 ; q/ given
in momentum representation by the superposition of one boson exchange (OBE)
0
potentials V BB ˛ .q0 ; q/. The solution of the coupled equations, Eq. (5.33) is tedious
and sometimes numerically cumbersome by occasionally occurring instabilities.
For certain parameter sets, unphysical YN and YY deeply bound states may show
up. While for free space interactions the problems may be overcome, an approach
avoiding the necessity to repeat indefinitely many times the (D)BHF calculations
may be of advantage for applications in nuclear matter, neutron star matter, and
especially in medium and heavy mass finite nuclei. Since systematic applications
of (D)BHF theory in finite nuclei is in fact still not feasible, despite longstanding
attempts, see e.g. the article of Müther and Sauer in [78], effective interactions
in medium and heavy mass nuclei strongly rely on results from infinite nuclear
matter calculations. Density functional theory (DFT) provides in principle the
appropriate alternative, as known from many applications to atomic, molecular, and
nuclear systems. However, DFT does not include a method to derive the appropriate
interaction energy density which is a particular problem for baryonic matter. In
the nuclear sector Skyrme-type energy density functionals (EDF), e.g. [79] for a
hypernuclear Skyrme EDF, are a standard tool for nuclear structure research. The
UNEDF initiative is trying to derive the universal nuclear EDF [39]. Finelli et al.
started work on an EDF based on  EFT. In [24] the ESC08 G-matrix was used to
define an EDF.
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Relativistic mean-field (RMF) theory relies on a covariant formulation of DFT
and the respective relativistic EDF (REDF) [80–83]. Similar to the Skyrme-case,
many different REDF versions are on the market, without and with non-linear selfinteractions of the meson fields. One of the first RMF studies of hypernuclei was
our work in [57] and many others have followed, see e.g. [84–86]. The Giessen
DDRH theory is a microscopic approach with the potential of a true ab initio DFT
description of nuclear systems. In a series of papers [40–43, 87] a covariant DFT was
formulated with an REDF derived from DBHF G-matrix interactions. The density
dependence of meson-baryon vertices as given by the ladder approximation are
accounted for. Before turning to the discussion of the DDRH approach, we consider
first a presentation of scattering amplitudes in terms of effective vertices, including
the correlations generated by the solution of the Bethe-Salpeter equations.
For formal reasons we prefer to work with the full BB0 T-matrix TBB0 . The ladder
summation is done in the BB0 -rest frame, but for calculations of self-energies and
other observables the interactions are required in the nuclear matter rest frame rather
than in the 2-body c.m. system. For that purpose the standard approach is to project
the (on-shell) scattering amplitudes on the standard set of scalar (S), vector (V),
tensor (T), axial vector (A) and pseudo scalar (P) Lorentz invariants, see e.g. [74, 88–
90]. A more convenient representation, allowing also for at least an approximate
treatment of off-shell effects, is obtained by representing the T-matrices in terms of
matrix elements of OBE-type interactions, similar to the construction of the tree0
level interactions V BB but now using energy and/or density dependent effective
vertex functionals a and propagators Da for bosons with masses ma . A natural
choice is to use the same boson masses as in the construction of the tree-level
kernels.
In the following, the expansion of a fully resummed interaction in terms of
dressed vertices and boson propagators is sketched. For the reaction amplitude of
the process B D .B1 B2 / ! B 0 D .B3 B4 / we use a the ansatz
TBB0 .q; q0 jqs kF / D

X

.a/

.a/

.a/

B1 B3 .qs ; kF /UBB0 .q; q0 /B2 B4 .qs ; kF /

(5.38)

a

where
.a/

.a/

UBB0 .q; q0 / D MBB0 Da .q; q0 /

(5.39)

is given by the invariant matrix element
.a/

MBB0 D hB4 B3 jOa .1/ Oa .2/jB1 B2 i D hB4 jOa jB2 i hB3 jOa jB1 i

(5.40)

containing the vertex operators Oa belonging to the interaction of type a 2
fA; P; S; T; Vg defined above, but without coupling constants. The scalar product of
the two operators is indicated by the dot-product. Non-relativistically, the operator
set is given by Oa D f1 ;  q;  ;   qg ˝ f1 ; g for scalar, pseudo-scalar, vector,
and pseudo-vector interactions of isoscalar and isovector character, respectively. The
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propagator Da .q; q0 / describes the exchange of the boson a, representing the specific
.a/
interaction channel. Since the vertices are attached to the matrix element MBB0 , the
propagators are in fact of simple Yukawa-form,
Da .q; q0 / D

1
;
.q  q0 /2 C m2a

(5.41)

thus depending only on the momentum transfer if meson self-energies are neglected,
as above. Accordingly, the Born-terms are given by
.a/

VBB0 a D UBB0 g2BB0 a

(5.42)

where g2BB0 a denotes the bare coupling constants in free space. Leaving out for
simplicity the baryon indices and momentum arguments, we find the important
relations
ıV
D g2a
ıU .a/
ıT
D  .a/  .a/ :
ıU .a/

(5.43)
(5.44)

Formally, the Lippmann-Schwinger equation is solved by

Z
T D 1  dkVG  QF

1

V

(5.45)

and applying Eqs. (5.43) and (5.44), we obtain

Z
 .a/  .a/ D 1  dkVG  QF

2

g2a C : : :

(5.46)

where the dots indicate terms given by the variational derivatives of baryon (and
meson) self-energies which, in general, are contained in the intermediate baryonbaryon propagator G  . Thus, the coupling constants of the dressed vertices are
determined in leading order by

Z
 .a/ ' 1  dkVG  QF

1

ga :

(5.47)

Hence, we have recovered the well known integral equation for dressed vertices,
generalizing Migdal’s theorem for dressed vertices in interacting many-body systems [91, 92] to interactions in infinite nuclear matter. Restoring the full index
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Fig. 5.11 Diagrammatic structure of the dressed vertex functionals BB0 a (filled square) in terms
of the bare coupling constant gBB0 a (filled circle) and the interaction UBB0 a , indicated by a wavy
line. The integral over the complement of the combined Fermi spheres of the intermediate baryons
is shown as a loop (see text)

structure, we find
BB0 a .qs ; kF / '

1

R

1
dq0 Va G  QF j

gBB0 a :

(5.48)

BB0

The diagrammatic structure is depicted in Fig. 5.11. Inspecting Eq. (5.48), one finds
that dressed and bare vertices are related by a susceptibility matrix

Z
BB0 a .qs ; kF / D 1  dq0 Va G  QF

1

(5.49)
jBB0

p
depending on the center-of-mass energy s through qs and the set of Fermi
momenta kF D fkFB gjBDn;p::: .
Two limiting cases are of particular interest. At vanishing density where QF ! 1,
and since Va  g2a we find that in free-space the dressed vertices retain their
general structure as a fully summed series of tree-level coupling constants. At
density ! 1, where QF ! 0 over the full integration range, we find a ' ga .
Albeit for another reason similar result is found in the high energy limit: The most
important contribution to the integral
is coming from the region around the Green’s
p
function pole. With increasing s the pole is shifted into the tail of the form factors
regularizing the high momentum part of Ua . Thus, at large energies the residues are
increasingly suppressed, as indicated by the decline of the matrix element shown in
Fig. 5.6. As a conclusion, the dressing effects are the strongest for low energies and
densities.

5.2.5 Vertex Functionals and Self-Energies
It is interesting to notice that a similar approach, but on a purely phenomenological
level, was used long ago by Love and Franey to parameterize the NN T-matrix over
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a large energy range, Tlab D 50 : : : 1000 MeV. Also the widely used M3Y G-matrix
parametrization of Bertsch et al. [93] is using comparable techniques, as also the
work in [94]. In order to generalize the approach a field-theoretical formulation
is of advantage which is the line followed in DDRH theory. For that purpose, the
1=3
dependence on kF  B is replaced by a functional dependence on the baryon four
current by means of the Lorentz-invariant operator relation B2 D jB jB leading to
vertex functionals
Oa .N B B /. The C-numbered vertices are recovered as expectation
p
values, a . s; kF / D hP; kF jOa .N B B /jP; kF i, under given kinematical conditions
P and for a baryon configuration defined by kF .
For studies of single particle properties it is sufficient to extract the vertices
directly on the mean-field level. An efficient way is to use the baryon self-energies.
For our present illustrating purposes it is enough to consider the Hartree tadpoleterm. The self-energy ˙aB .kF / due to the exchange of the boson a felt by the baryon
B is given by
˙aB .kF / D BBa .kF /

1 X
B0 B0 a .kF /
m2a 0

.a/
B0

(5.50)

B

where on the right side we have inserted the above decomposition. Thus, a set of
.a/
quadratic forms is obtained, bilinear in the vertex functions BBa .kF /. B denotes
either a scalar (a D s) or a vector (a D v) ground state density of baryons of type
B. Using on the left hand side the microscopic self-energies, the quadratic form can
be evaluated. The vertices are fixed in their (relative) phases and magnitudes by the
solutions
˙aB1 .kF /
B1 B1 a .kF /
D
B2 B2 a .kF /
˙aB2 .kF /
2
aB
.kF / D P

2
.kF /
˙aB
:
B0 aB0 ˙aB0 .kF /

(5.51)
(5.52)

Using DBHF self-energies as input the dressed vertices are obtained in ladder
approximation, being appropriate for use in RMF theory. Although nuclear matter
(D)BHF self-energies depend on the particle momentum [74], those dependencies
are cancelling in the above expressions to a large extent. As discussed in [87] the
mild remaining state dependence can be included by a simple correction factor,
ensuring the proper reproduction of the nuclear matter equation of state and binding
energies of nuclei.
Results of such a calculation using DBHF self-energies as input [74] are shown
in Fig. 5.12 and applications to stable and exotic nuclei and neutrons stars are found
e.g. in [41–43, 46, 87]. Hypernuclear results are discussed below.

188

H. Lenske and M. Dhar

Fig. 5.12 In-medium NN˛ isoscalar (˛ D ; !) and isovector (˛ D ı; ) vertices determined
from DBHF self-energies in asymmetric nuclear matter as explained in [74]

5.3 Covariant DFT Approach to Nuclear and Hypernuclear
Physics
5.3.1 Achievements of the Microscopic DDRH Nuclear DFT
The RMF scheme for the extraction of the vertices within the DBHF ladder
approximation has proven to lead to a quite successful description of nuclear matter
and nuclear properties. Out of that scheme, DDRH theory has emerged, which later
gave rise to the development of a purely phenomenological approach [47] by fixing
the density dependence of the vertex functionals by fits to data. Relativistic DFT
approaches based on density dependent vertices, e.g. by the Beijing group [95, 96],
are now a standard tool for covariant nuclear structure mean-field theory, describing
successfully nuclear ground states and excitations. While the DBHF realizations of
DDRH theory are of a clear diagrammatic structure, namely including interactions
in the ladder level only, the parameters of the phenomenological models are
containing unavoidably already higher order effects from core polarization selfenergies and other induced many-body interactions.
For obvious reasons, in nuclear structure research the meson fields giving rise to
condensed classical fields are of primary importance. The isoscalar and isovector
self-energies produced by scalar (J P D 0C ) and vector mesons (J P D 1 ) are
dominating nuclear mean-field dynamics. In this section, we therefore set the focus
on the mean-field producing scalar and vector mesons. The formulation is kept
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general in the sense that the concepts are not necessarily relying on the use of
a DBHF description of vertices as discussed in the previous section. For clear
distinction, here vertex functionals will be denoted by g BB0 M. /. The concepts
have been developed earlier in the context of the Giessen Density Dependent
Relativistic Hadron (DDRH) theory. By a proper choice of vertex functionals an
ab initio approach is obtained. Binding energies and root-mean-square radii of
stable and unstable nuclei are well described within a few percent [41, 42, 87].
The equations of state for neutron matter, neutron star matter, and neutron stars are
obtained without adjustments of parameters. In [46] the temperature dependence
of the vertices was studied and the thermodynamical properties of nuclear matter
up to about a temperature of T D 50 MeV were investigated, looking for the
first time into the phase diagram of asymmetric nuclear matter as encountered in
heavy ion collisions and neutron stars by microscopically derived interactions. For
that purpose, the full control of the isovector interaction channel—which is not
well under control in phenomenological approaches—was of decisive importance.
Results for hypermatter and hypernuclei will be discussed below.

5.3.2 Covariant Lagrangian Approach to In-Medium Baryon
Interactions
A quantum field theory is typically formulated in terms of bare coupling constants
which are plain numbers and the field theoretical degrees of freedom are contained
completely in the hadronic fields. The preferred choice is a Lagrangian of the
simplest structure, e.g. bilinears of matter field for the interaction vertices. That
apparent simplicity on the Lagrangian level, however, requires additional theoretical
and numerical efforts for a theory with coupling constants which are too large for
a perturbative treatment. Hence, the theoretical complexities are only shifted to the
treatment of the complete resummation of scattering series. DDRH theory attempts
to incorporate the resummed higher order effects already into the Lagrangian
with the advantage of a much simpler treatment of interactions. This is achieved
by replacing the coupling constants gBB0 M by meson-baryon vertices gBB0 M .F /
which are Lorentz-invariant functionals of bilinears of the matter field operators B .
The derivation of those structures from Dirac-Brueckner theory has been discussed
intensively in the literature [40–42, 45, 74]. The mapping of a complex system of
coupled equations to a field theory with density dependent vertex functionals is
leading to a formally highly non-linear theory. However, the inherent complexities
are of a similar nature as known from quantum many-body theory in general. In
practice, approximations are necessary. Here, we discuss the mean-field limit.
The essential difference of the Lagrangian discussed here to the one of Eq. (5.8)
lies in the definition of the interaction vertices. Overall, their structure is constrained
by the requirements of maintaining the relevant symmetries. Thus, at least the
functionals must be Lorentz-scalars and scalars under SU(3) flavor transformations.
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The simplest choice fulfilling these constraints is to postulate a dependence on the
invariant density operator O D j j of the baryon 4-current operator j D N B   B .
Thus, we use gBB0M .B / D gBB0M . O/. Applying the SU(3) relations, this implies
immediately a corresponding structure for the fundamental interaction vertices,
fgD ; gF ; gS g ! fgD . O/; gF . O/; gS . O/g. Thus, the interactions with density functional
(DF) vertices are described by
p
LDF
int D  2

X

.M/

gD



BBP 8



.M/

D

C gF

M2fP ;S ;V g




.M/ 1 
BBP 8 F  gS
p BBP 1 S :
6

(5.53)
By the same relations as in Eq. (5.17) we obtain baryon-meson vertices gBB0 M . O/ but
with the complexity of intrinsic functional structures.
With the standard methods of field theory we obtain the meson field equations
which are of the form
X

 s
0
@ @ C m2M ˚M
D
gBB0 M . O/ BB s
(5.54)





D
@ @ C m2M VM

BB0

X
BB0

gBB0 M . O/

BB0 

(5.55)

where Lorentz-scalar and Lorentz-vector fields are described by the first and second
equation, respectively. The baryons are obeying the field equations



.s/
 p  ˙B . O/  MF C ˙B . O/ B D 0

(5.56)

The general structure of the self-energies is given by a folding part, defined as
the sum over meson field multiplied by coupling constants, and an additional
rearrangement terms resulting from the variation of the intrinsic functional structure
of the vertices [41, 42]. As discussed above, the density dependence of the inmedium meson-baryon vertices is chosen by a functional structures given by O2 D

j jB which is the Lorentz-invariant baryon density operator. Since higher order
interaction effects are accounted for by the density-dependent vertex functionals,
they must be used in a first order treatment only, i.e. on the level of effective Borndiagrams.
The rearrangement self-energies account for the static polarization of the surrounding medium due to the presence of the baryon. As was proven in [42],
the rearrangement self-energies ensure the thermodynamical consistency of the
theory. Their neglection would violate the Hugenholtz-van Hove theorem. Similar
conclusion have been drawn before by Negele for non-relativistic BHF theory [97].
In mean-field approximation, the self-energies will become Hartree type meanfields. The diagrammatic structure of the mean-field self-energies is depicted in
Fig. 5.13. The structure of the rearrangement self-energies is discussed in detail in
[45, 97].
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Fig. 5.13 Derivation of the DFT mean-field self-energies by first variation of the energy density
with respect to the density, leading to tadpole and rearrangement contributions, indicated by the
first and second graph on the right hand side of the figure, respectively. The density dependent
vertices are indicated by shaded squares, the derivative of the vertices by a triangle. The DFT
tadpole self-energy accounts for the full Hartree-Fock self-energy shown in Fig. 5.8

With our choice of density dependence, only the vector self-energies are modified
by rearrangement effects. Thus, the scalar self-energy ˙Fs is obtained as a diagonal
matrix with the elements of pure Hartree-structure
.s/

˙B . O/ D

X

˚M . O/gBBM. O/:

(5.57)

M2S


The vector self-energies, contained in the matrix ˙F , are consisting of the direct
meson field contributions
X 
.d/
˙B . O/ D
VM . O/gBBM . O/
(5.58)
M2V

and the rearrangement self-energies
.r/

˙B

. O/ D

X @g0 00 . O/
ı
BB M
LDF
int

BB
@
ıg
0
0
0

BBf M
0 00

;

(5.59)

BB M

where the latter are generic for a field theory with functional vertices. Physically, the
˙ .r/ are accounting for changes of the interactions under variation of the density of
the system as resulting from static polarization effects. They are indispensable for
the thermodynamical consistency of the theory [41, 42, 46].
A substantial simplification is obtained in mean-field approximation. As discussed in [46], the vertex functionals are replaced by ordinary functions of the
expectation value of their argument. The meson fields are replaced by static classical
fields and the rearrangement self-energies reduce to derivatives of the vertex
functions with respect to the density. The mean-field constraint also implies that
in a uniform system we can neglect in the average the space-like vector self-energy
components. Thus, we are left with the scalar and the time-like vector self-energies.
The scalar and the direct, Hartree-type vector mean-field self-energies, respectively,
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are obtained as
.s/

˙B .

B/

X

D

B0 ;M2S
.d/

˙B .

B/

X

D

B0 ;M2V

1 
g
.
m2M BBM

.s/

B /gB0 B0 M . B / B0

(5.60)

1 
g
.
m2M BBM


B /gB0 B0 M . B / B0

(5.61)

and the time-like vector rearrangement self-energies are given by the derivatives
of the vertex functions with respect to the total baryon density of nucleons N and
hyperons Y, B D N C Y ,
.r/

˙B .

B/ D

X @g0 0 .
BBM
@ B
0

B ;M

B/

@Lint
;
@gB0 B0 M

(5.62)
.s/

where the usual number and scalar densities are denoted by B and B , respectively.
For later use we define the total time-like baryon vector self-energies
˙ .v/ .

B/

.d/

D ˙B .

B/

.r/

C ˙B .

B /:

(5.63)

By means of the SU(3) relations also the in-medium vertices in the other baryonmeson interaction channels can be derived [98], leading to a multitude of vertices
which are not shown here. In magnitude (and sign) the BB0 vertices are of course
different form the one shown in Fig. 5.12. But a common feature is that the relative
variation with density is similar to the NN-vertices in Fig. 5.12.

5.4 DBHF Investigations of  Hypernuclei and Hypermatter
5.4.1 Global Properties of Single- Hypernuclei
An important result of the following investigations is that at densities found in the
nuclear interior the  and nucleon vertices are to a good approximation related
by scaling factors, g;! ' R;! gNN;! . Microscopic calculations show that these
ratios vary in the density regions of interest for nuclear structure investigations
only slightly. Averaged over the densities up to the nuclear saturation density
3
N
N
eq D 0:16 fm , we find R D 0:42 and R! D 0:66 with variation on the level
of 5%. Hence, as far as interactions of the  hyperon are concerned it is possible
to describe their properties with interactions following the scaling approach. In fact,
the scaling approach was used widely before in an ad hoc manner, e.g. in [56, 57].
Occasionally, the quark model is used as a justification by arguing that non-strange
mesons couple only to the non-strange valence quarks of a baryon which for the 
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gives scaling factors R;! D 2=3. Surprisingly, the cited value of RN ! is extremely
close to the one expected by the quark counting hypothesis.
In this section, we investigate the scaling hypothesis by using self-consistent
Hartree-type calculations for single-Lambda hypernuclei. In view of the persisting
uncertainties on YN interactions, we treat R;! as free constants which are adjusted
in fits to  separation energies. Since wave functions, their densities, and energies
are calculated self-consistently we account simultaneously for effects also in the
nucleonic sector induced by the presence of hyperons.
The nucleons (B D n; p) and the Lambda-hyperon (B D ) single particle states
are described by stationary Dirac equations
.v/

˛  pO C ˙B .r/ C  0 MB .r/  "n`j

n`jm

D0

(5.64)

with pO D ir and ˛ D  0 . We assume spherical symmetry. The Dirac spinors
n`jm with radial quantum number n and total angular momentum j and projection
m are eigenfunctions to the eigenenergy "n`j . The orbital angular momentum of the
upper component is indicated by `. The direct vector self-energies are
.d/

˙B .r/ D gBB! .

0
B /V! .r/

C h3 iB gBB .

B /V

0

.r/ C qB V0 .r/:

(5.65)

B .r/ D p .r/ C n .r/ C  .r/ is the radial dependent total baryon density with a
volume integral normalized to the total baryon number AB D An C Ap C A where
in a single  nucleus A D 1. qB denotes the electric charge of the baryon. We use
h3 iB D ˙1 for the proton and neutron, respectively, and h3 iB D 0 for the . The
scalar self-energies, contained in the relativistic effective mass MB , are given by
.s/

˙B .r/ D gBB .

B /˚ .r/

C h3 iB gBBı .

B /˚ı .r/:

(5.66)

The condensed meson fields are determined by the classical field equations
 2



r C m2! V!0 D gNN! . B / p C n C g! . B / 
(5.67)


r 2 C m2 V 0 D gNN! . B / p  n
(5.68)
r 2 V0 D ep p.c/
 2

r C m2 ˚ D gNN .


r 2 C m2ı ˚ı D gNNı .
.c/

(5.69)
B/
B/




.s/
p

C

.s/
p



.s/
n




.s/

n

C g .

;

.s/
B/ 

(5.70)
(5.71)

where ep is the proton charge and p denotes the proton charge density, including
.s/
the proton charge form factor. The vector and scalar densities B and B are given in
terms of the sum and the difference, respectively, of the densities of upper and lower
components of the wave functions of occupied states. For further details we refer to
our previous work [42, 43, 45]. From the field-theoretical energy-momentum tensor
the energy density is obtained as the ground state expectation value EA .rI Z; N; Y/ D
hT 00 i for a nucleus with Ap protons, An neutrons and A hyperons [40, 42].
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Of particular interest are the nuclear binding energies defined by
BA D

1
A

Z


d3 rEA .r/  Ap Mp  An Mn  A M ;

(5.72)

from which the baryon separation energies are obtained as usual. We treat the
 interaction vertices in the scaling approach and determine the renormalization
constants R;! by a fit to the available single- hypernuclear data, as discussed
in [40]. The lightest nuclei were left out of the fitting procedure because they
are not well suited for a mean-field description. From a 2 procedure, we find
that the two scaling constants are correlated linearly, leading to a 2 distribution
with a steep, but long stretched valley. Two solutions of comparable quality are
.R1 ; R1! / D .0:506; 0:518/ and .R2 ; R2! / D .0:490; 0:553/. On a 20% level
both sets are compatible with the quark model hypothesis and with the SU(3)symmetry based results [98]. Taking into account also the light nuclei, the values
show a considerably large spread. In Fig. 5.14 relativistic mean-field the DDRH
results are compared to known measured single- separation energies. It is seen that

Fig. 5.14 Separation energies of the known S D 1 single  hypernuclei as a function of the
mass number A to power  D  23 . Results of two sets of scaling parameter sets are compared
to measured separation energies. For the ` > 0 levels the spin-orbit splitting is indicated. The
theoretical uncertainties are marked by colored/shaded bands. For A ! 1 the limiting value
1
' 28 MeV is asymptotically approached as indicated in the figure. Thus, we predict for the
S
in-medium -potential in ordinary nuclear matter a depth of 28 MeV. The data are from refs.
[99–103]
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Fig. 5.15 Energy spectra of
single- hypernuclei (13
 C,
28
51
139
208
 Si,  V,  La,  Pb)
derived by the multi-pomeron
exchange interaction MPa
(solid lines) and the bare
ESC08 interaction (dotted
lines). Details of the
Nijmegen approach are found
in [23]. The theoretical results
are compared to experimental
values, marked by open
circles (from [23])

the global two-parameter fit leads to a surprisingly good description of the observed
 separation energies. The remaining theoretical uncertainties are indicated.
Extrapolating the separation energies shown in Fig. 5.14 to (physical unacces1
sible) large mass number, the limiting value S
' 28 MeV is asymptotically
approached for A ! 1 which we identify with the separation energy of a single hyperon in infinite nuclear matter. Thus, we predict for the in-medium -potential
1
in ordinary nuclear matter a value of U
 28 MeV.
In Fig. 5.15 results of the Nijmegen group are shown for comparison. The ESC08
interaction with and without pomeron-exchange (see [23]) was used as input for
non-relativistic Brueckner G-matrix calculations which then was used in a folding
approach to generate the Lambda mean-field potentials. The relativistic DDRH
and the non-relativistic ESC08-results agree rather well for the Lambda separation
energies over the full known mass range of core nuclei. The agreement may be
taken as an indication that a common understanding of single particle dynamics for
single- hypernuclei is obtained, at least within the presently available data base.

5.4.2 Spectroscopic Details of Single- Hypernuclei
For the results shown in Fig. 5.14 the KEK-data of Hotchi et al. [99] for 41
 V and
89
 Y have been especially important because of their good energy resolution and
the resolution of a large number of  bound states. This wealth of spectroscopic
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information did help to constrain further the dynamics of medium and heavy
hypernuclei.
A caveat for those nuclei is that the hyperon is attached to a high-spin core,
40
V.6 / and 88 Y.4 /. Hence, the  spectral distributions are additionally broadened
by core-particle spin-spin interactions. A consistent description of the spectra could
only be achieved by including those interactions into the analysis. A phenomenological approach was chosen by adding the core-particle spin-spin energy to the 
eigenenergies
e. jJC /J D "RMF
j C EjJc h. jJC /Jjj J C j. jJC /Ji :

(5.73)

giving rise to a multiplet of states. The multiplet-spreading is found to account for
about half of the spectral line widths. Hence, if neglected, badly wrong conclusions
would be drawn on an extraordinary large spin-orbit splitting, too large by about a
factor 2. Including the spin-spin effect leads to a spin-orbit energy fully compatible
with the values known from light nuclei. The analysis includes also the contributions
from the relativistic tensor vertex [104], modifying the effective -spin-orbit
potential to
.so/

U D

1
r r
r

 

M f!
2 B 
C 1 ˙! C ˙ :
MB g!

(5.74)

Here, the tensor strength f appears as an additional parameter. For the NN case,
fNN! is known to be weak and usually it is set to zero. The small spin-orbit splitting
observed in hypernuclei have led to speculations that the tensor part may be nonzero, partly cancelling the conventional spin-orbit potential, given by the sum of
vector and scalar self-energies. This should happen for f =g  1 as seen by
so
considering that U
is a nuclear surface effect where M   M and also the selfenergies are about the same. The KEK-spectra are described the best with vanishing
 tensor coupling, f! =g! D 0, thus agreeing with the NN-case. Our results for
the  single particle spectra in the two nuclei are found in Table 5.5. The averaged
spin-orbit splitting is about 223 and 283 keV and the spin-spin interaction amounts
to EjJc D 106 keV and EjJc D 61:3 keV in Vanadium and Yttrium, respectively. The
experimentally obtained and the theoretical spectra of 89
 Y are compared in Fig. 5.16.

5.4.3 Interactions in Multiple-Strangeness Nuclei
In contrast to the YN data—scarce as they are—for hyperon-hyperon systems
like  no direct scattering data are available. The only source of (indirect)
experimental information at hand comes from double-Lambda hypernuclei. The
first observation of a double-Lambda hypernuclear event, assigned in an emulsion
11
experiment as either 10
 Be or  Be, was reported as early as 1963 by Danysz et
al. [105]. The probably best recorded case is the so-called Nagara event [106], a
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Table 5.5 DDRH results for  single particle energies
Level
1s1=2
1p3=2
1p1=2
1d5=2
1d3=2
1f7=2
1f5=2

89
Y

(MeV)
22:94 ˙ 0:64
17:02 ˙ 0:07
16:68 ˙ 0:07
10:26 ˙ 0:07
9:71 ˙ 0:07
3:04 ˙ 0:11
3:04 ˙ 0:11

41
V

(MeV)
19:8 ˙ 1:4
11:8 ˙ 1:3
11:4 ˙ 1:3
2:7 ˙ 1:2
1:9 ˙ 1:2
–
–

The experimentally unresolved fine structure due to the residual core-particle spin-spin interactions
inhibits a precise determination of the genuine, reduced  single particle energies, defined by
subtracting the core-particle spin-spin interaction energies. The shown errors are taking into
account the resulting uncertainties in the reduced DDRH single-particle energies

Fig. 5.16 Single  binding energies in 89
 Y. The DDRH results (dotted, dashed, and full lines) are
compared to the data of Hotchi et al. [99], shown as histogram. The extracted single particle levels,
obtained after defolding the spectrum and taken into account core polarization effects (see text),
are indicated at the top of the figure

safely identified 6 He hypernucleus produced at KEK by a .K  ; K C / reaction at
plab D 1:66 GeV/c on a 12 C target. The KEK-E373 hybrid emulsion experiment
[106] traced the stopping of an initially produced   hyperon, captured by a second
carbon nucleus, which then was decaying into 6 He plus an 4 He nucleus and a
triton. The 6 He nucleus was identified by it’s decay into the known 5 He and a
proton and a   . The data were used to deduce the total two-Lambda separation
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energy B and the Lambda-Lambda interaction energy B which is a particular
highly wanted quantity. A re-analysis in 2013 [107] led to the nowadays accepted
values B D 6:91 ˙ 0:16 MeV and B D 0:67 ˙ 0:17 MeV while the original
value was larger by about 50% [106].
These data are an important proof that double-Lambda hypernuclei are indeed
highly useful for putting firm constraints on the  1 S0 scattering length. Theoretical studies for the 6 He hypernucleus have been performed by a variety of
approaches such as three-body Faddeev cluster model, in Brueckner theory, or
with stochastic variational methods. In order to reproduce the separation energies
obtained from the Nagara event the theoretical results suggest a  scattering
length a D 1:3 : : :  0:5 fm, including cluster-type descriptions [21, 108–110],
calculations with the NSC interactions [111, 112], and variational results [113].
Analyses of hyperon final state interactions in strangeness production reactions
also allow to estimate a . A recent theoretical analysis of STAR data [114] led
to a D 1:25 : : :  0:56 fm [115] (note the change of sign in order to comply
with our convention).
The theoretical results on B agree within the cited uncertainty ranges which
should be considered an optimistic signal indicating a basic understanding of such
a complicated many-body system for the sake of the extraction of a much wanted
data as B .
The experimental results on the  interaction energy have initiated on the
theoretical side considerable activities, see e.g. [10, 13]. In [24] recent ESC results
are discussed. In the ESC model the attraction in the  channel can only be
changed by modifying the scalar exchange potential. The authors argue, that if the
scalar mesons are viewed as being mainly qNq states, the (attractive) scalar-exchange
part of the interaction in the various channels satisfies jV j < jVN j < jVNN j,
implying indeed a rather weak  potential. The ESC fits to the NY scattering
data give values for the scalar-meson mixing angle, which seem to point to almost
ideal mixing for the scalar mesons. This is also found for the former Nijmegen OBE
models NSC89/NSC97. In these models an increased attraction in the  channel,
however, gives rise to (experimentally unobserved) deeply bound states in the N
channel. In the ESC08c model, however, the apparently required  attraction is
obtained without giving rise to unphysical N bound states.

5.4.4 Hyperon Interactions and Hypernuclei by Effective Field
Theory
As mentioned afore, a promising and successful approach to nuclear forces is chiral
effective field theory which describes the few available NY scattering data quite
well, see Fig. 5.5 and Ref. [32]. Already rather early the Munich and the Jülich
groups have applied  EFT also to hypernuclei. The early applications as in [116]
were based on the leading order (LO) and next-to-leading order (NLO) diagrams
shown in Fig. 5.17.
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Fig. 5.17 Leading order (LO) and next-to-leading order (NLO) diagrams used in the  EFT
descriptions of hypermatter and hypernuclei. The full lines indicate either a nucleon or a hyperon,
preferentially a -hyperon. The LO contact interaction accounts for unresolved short range
interactions. NLO interactions by pions are indicated by dashed lines

Fig. 5.18  EFT results for  separation energies over the hypernuclear mass table shown as a
function of A2=3 . The shaded areas indicate the theoretical uncertainties for the range of hyperon
vertex scaling parameters # as indicated in the box. Also shown are results (dashed lines) obtained
in calculations where the relativistic mean-field self-energies were fitted by potentials with WoodSaxon form factors. The particle threshold is indicated by a dotted line (from Ref. [116])

The results obtained by Finelli et al. in [116] are in fact quite close to the
OBE-oriented approaches of the covariant DDRH-theory and the non-relativistic
ESC-model. The covariant FKVW density functional was used, incorporating
SU(3) flavor symmetry, supplemented by constraints from QCD sum rules serving
to estimate the scalar and vector coupling constants. In Fig. 5.18 the single-
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separation energies are shown. The LO and NLO nucleon-hyperon interactions were
16
40
89
139
208
derived by fits to the spectra of 13
 C,  O,  Ca,  Y,  La, and  Pb. As discussed
above, a scaling description was used to adjust the hyperon interaction vertices.
The -nuclear surface term, appearing in the gradient expansion of a density
functional for finite systems, was generated model-independently from in-medium
chiral SU(3) perturbation theory at the two-pion exchange level. The authors found
that term to be important in obtaining good overall agreement with  single particle
spectra throughout the hypernuclear mass table.
It is quite interesting to follow their explanation of the small spin-orbit splitting
seen in  hypernuclei. An important part of the -nuclear spin-orbit force was
obtained from the chiral two-pion exchange N interaction which in the presence of
the nuclear core generates a (genuinely non-relativistic, model-independent) contribution. This longer range contribution counterbalances the short-distance spin-orbit
terms that emerge from scalar and vector mean fields, in exactly such a way that the
resulting spin-orbit splitting of  single particle orbits is extremely small. A threebody spin-orbit term of Fujita-Miyazawa type that figures prominently in the overall
large spin-orbit splitting observed in ordinary nuclei, is absent for a  attached to
a nuclear core because there is no Fermi sea of hyperons. The confrontation of that
highly constrained approach with empirical  single-particle spectroscopy turns out
to be quantitatively successful, at a level of accuracy comparable to that of the best
existing hypernuclear many-body calculations discussed before. Also the  EFT
approach predicts a -nuclear single-particle potential with a dominant Hartree
term of a central depth of about 30 MeV, consistent with phenomenology.
Since then, the work on SU(3)- EFT was been intensified by several groups and
in several directions. The Munich-Jülich collaboration [55, 117–119], for example,
has derived in-medium baryon-baryon interactions. A density-dependent effective
potential for the baryon–baryon interaction in the presence of the (hyper)nuclear
medium has been constructed. That work incorporates the leading (irreducible)
three-baryon forces derived within SU(3) chiral effective field theory, accounting
for contact terms, one-pion exchange and two-pion exchange. In the strangenesszero sector the known result for the in-medium nucleon–nucleon interaction
are recovered. In [55] explicit expressions for the hyperon-nucleon in-medium
potential in (asymmetric) nuclear matter are presented. In order to estimate the
low-energy constants of the leading three-baryon forces also the decuplet baryons
were introduced as explicit degrees of freedom. That allowed to construct the
relevant terms in the minimal non-relativistic Lagrangian and the constants could
be estimated through decuplet saturation. Utilizing this approximation numerical
results for three-body force effects in symmetric nuclear matter and pure neutron
matter were provided. Interestingly, a moderate repulsion is found increasing with
density. The latter effect is going in the direction of the much wanted repulsion
expected to solve the hyperonization puzzle in neutron star matter.
A different aspect of hypernuclear physics is considered by the Darmstadt group
of Roth and collaborators. In [119] light finite hypernuclei are investigated by no
core shell model (NCSM) methods. In that paper, ab initio calculations for p-shell
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hypernuclei were presented including for the first time hyperon-nucleon-nucleon
(YNN) contributions induced by a similarity renormalization group (SRG) transformation of the initial hyperon-nucleon interaction. The transformation including the
YNN terms conserves the spectrum of the Hamiltonian while drastically improving
model-space convergence of the importance-truncated no-core shell model. In that
way a precise extraction of binding and excitation energies was achieved. Results
using a hyperon-nucleon interaction at leading order in chiral effective field theory
for lower- to mid-p-shell hypernuclei showed a good reproduction of experimental
excitation energies but hyperon separation energies are typically overestimated as
seen in Fig. 5.19. The induced YNN contributions are strongly repulsive, explained
by a decoupling of the ˙ hyperons from the hypernuclear system corresponding to
a suppression of the   ˙ conversion terms in the Hamiltonian. Thus, a highly

Fig. 5.19 Absolute and excitation energies of 13
 C. The convergence properties of the calculated
energies on the number of harmonic oscillator basis states is displayed, denoted by the number of
principal oscillator shells Nmax . (a) Nucleonic parent absolute and excitation energies, (b) hypernucleus with bare (dashed line) and SRG-evolved (solid line) YN interaction, (c) hypernucleus with
added YNN terms for cutoffs 700 MeV/c (solid line) and 600 MeV/c (dotted line). Energies are
determined with respect to the corresponding ground states (from Ref. [119])
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interesting link to the so-called hyperonization puzzle in neutron star physics is
found which provides a basic mechanism for the explanation of strong NN threebaryon forces.

5.4.5 Brief Overview on LQCD Activities
On the QCD-side the lattice groups in Japan (HALQCD) and the Seattle-Barcelona
(NPLQCD) collaborations are making strong progress in computing baryon-baryon
interactions numerically. The HALQCD method [120] relies on recasting the lattice
results into a Schroedinger-type wave equation by which binding and scattering
observables of baryonic systems are extracted. Baryon-baryon interactions in threeflavor SU(3) symmetric full QCD simulations are investigated with degenerate
quark masses for all flavors. The BB potentials in the orbital S-wave are extracted
from the Nambu-Bethe-Salpeter wave functions measured on the lattice. A strong
flavor-spin dependence of the BB potentials at short distances is observed, in
particular, a strong repulsive core exists in the flavor-octet and spin-singlet 8s
channel, while an attractive core appears in the flavor singlet channel, i.e. the
1 SU(3) representation. In recent calculation, the HALQCD group achieved to
approach the region of physical masses, obtaining results for various NN, YN, and
YY channels, see e.g. [121–123].
A somewhat different approach is used by the NPLQCD collaboration [124–
127]. The effects of a finite lattice spacing is systematically removed by combining
calculations of correlation functions at several lattice spacings with the low-energy
effective field theory (EFT) which explicitly includes the discretization effects.
Thus, NPLQCD combines LQCD methods with the methods of chiral EFT which a
particular appealing approach because it allows to match the  EFT results obtained
from hadronic studies. Performing calculations specifically to match LQCD results
to low-energy effective field theories will provide a means for first predictions at
the physical quark mass limit. This allows also to predict quantities beyond those
calculated with LQCD. In [127], for example, the NPLQCD collaboration report
the results of calculations of nucleon-nucleon interactions in the 3 S1 3 D1 coupled
channels and the 1 S0 channel at a pion mass m D 450 MeV. For that pion mass, the
n-p system is overbound and even the di-neutron becomes a bound states. However,
extrapolations indicate that at the physical pion mass the observed properties of the
two-nucleon systems will be approached.

5.4.6 Infinite Hypermatter
Calculations in infinite matter are simplified because of translational invariance. By
that reason, the baryons are in plane wave states and the meson mean-fields become
independent of spatial coordinates. Under these conditions the field equations
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reduce to algebraic equations and many observables can be evaluated in closed form.
The total baryon number density becomes
B

D

X

Z
trs

B

d3 k
nsB .k; kFB /
.2/3

:

(5.75)

where the trace is to be evaluated with respect to spin s. In cold spin saturated matter
the occupation numbers nsB are independent of s and are given by nB D ‚.kF2 B  k2 /
resulting in
B

D

Ns 3
k
3 2 FB

(5.76)

and Ns D 2 is the spin multiplicity for a spin-1/2 particle. Frequently we use B D
$B B where the fractional baryon numbers $B D B = B add up to unity. The scalar
densities are defined by
.s/
B

where EB .k/ D
finds

.s/
B

D

q

Z
D Ns

d 3 k MB
.2/3 EB .k/

(5.77)

k2 C MB2 . The integral is easily evaluated in closed form and one

B fs .zB /

where

fs .z/ D

p
p
3
2  log .z C
z
1
C
z
1 C z2 /
2z3

:

(5.78)

is a positive transcendental function with fs  1 depending on zB D kFB =MB . Since
.s/
MB depends on B via the scalar fields, the scalar densities are actually defined
through a system of coupled algebraic equations which has to be solved iteratively.
Thus, already on the mean-field level a theoretically and numerically demanding
complex structure has to be handled.
In infinite matter, also the energy-momentum tensor can be evaluated explicitly
in mean-field approximation. The energy density in the mean-field sector is
E.

B/

D hT 00 i D

X1h
B

C

4

3EFB

B

C mB

.s/
B

i

i
1h 2 2
2
2
2
(5.79)
m ˚ C m2ı ˚ı2 C m2 0 ˚20 C m2! V!0 C m2 V 0 C m2 V0
2

where the sum runs over all baryons and their energies are weighted by the partial
vector and scalar densities B and .s/B respectively. The (classical) field energies of
the condensed meson mean-fields are indicated. For completeness the field energy of
the SU(3)-singlet scalar and vector mesons  0 and , respectively, are also included.
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An important observable is the binding energy per particle
".

B/

D E.

B /= B



X

$B MB

:

(5.80)

B

In Fig. 5.20 results of DDRH calculation in the scaling approximation for . B / are
shown for . p; n; /-matter. A varying fraction of -hyperons is embedded into a
background of symmetric . p; n/-matter. Hence, we fix $p D $n and $ D 1  2$p .
The saturation properties of symmetric pure . p; n/-matter are very satisfactorily
described: The saturation point is located within the experimentally allowed region
at sat D 0:166 fm3 and ". sat / D 15:95 MeV with an incompressibility K1 D
268 MeV which is at the upper end of the accepted range of values. Adding 
hyperons the binding energy first increases until a new minimum for 10% -content
is reached at min D 0:21 fm3 with a binding energy of ". min / D 18 MeV.
Increasing either $ and/or the density, the binding energy approaches eventually
zero, as marked by the red line In Fig. 5.20. The minimum, in fact, is located in
a rather wide valley, albeit with comparatively steep slopes, thus indicating the
possibility of a large variety of bound single and even multiple- hypernuclei. Note,
however, that the binding energy per particle considerably weakens at high densities
as the -fraction increases: At high values of the density and the  fraction finally
p; n;  matter becomes unbound.

Fig. 5.20 Binding energy per baryon of (n; p; ) matter. The  fraction is defined as $ D  =
and the background medium is chosen as symmetric (p; n) matter, $n D $p . The absolute minimum
is marked by a filled circle. The line " D 0 is indicated by a red line
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5.5 SU(3) Constraints on In-Medium Baryon Interactions
The SU(3) relations among the coupling constants of the octet baryons and the
0 ; 0C ; 1 meson nonets are conventionally used as constraints at the tree-level
interactions. In this section we take a different point of view. First of all, the mixing
of singlet and octet mesons, to be discussed below, is considered. An interesting
observation, closely connected to the mixing, is that in each interaction channel the
three fundamental SU(3) constants gD ; gF ; gS are already fixed by the NN vertices
with the isoscalar and isovector octet mesons and the isoscalar singlet meson, under
the provision that the octet-singlet mixing angles are known. As shown below,
the mixing angles depend only on meson masses. Since the Brueckner-approach
retains the meson masses, the relations fixing the mixing angles are conserved by
the solutions of the Bethe-Salpeter or Lippmann-Schwinger equation, respectively.
Moreover, SU(3) symmetry in general will be conserved, as far as interactions are
concerned. The only substantial source of symmetry breaking is due to the use of
physical masses from which one might expect SU(3) violating effects of the order
of 10%. Although in low-energy baryon interactions the exchange particles are far
off their mass shell, the on-shell mixing relations will persist because the BB0 Tmatrices are symmetry conserving.

5.5.1 Meson Octet-Singlet Mixing
In the quark model, the isoscalar mesons have flavor wave functions

1 
N C jsNsi
j f1 i D p juNui C jddi
3

1 
N  2jsNsi
j f8 i D p juNui C jddi
6

(5.81)
(5.82)

Since they are degenerate in their spin-flavor quantum numbers the physical states
f8 ! f and f1 ! f 0 will be superpositions of the bare states. Taking this into account,
the physical mesons are written as
j fm i D cos

m j f0 i

C sin

m j f8 i

(5.83)

j fm0 i D sin

m j f0 i

 cos

m j f8 i

(5.84)

where fm 2 f; !; g and fm0 2 f0 ; ; s g. Ideal mixing is defined if fm does not
contain a sNs component
and fm0 is given as a pure sNs configuration, requiring ideal D
p
=2  arcsin. .2=3// ' 35:3ı . Physical mixing within a meson nonet, however,
is reflected by mass relations of the Gell-Mann Okubo-type. The widely used linear
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mass relation [65]
tan

m

D

4mK  ma  3mf 0
p
2 2.ma  mK /

(5.85)

leads to (; 0 ) mixing with P D 24:6ı and (!; )-mixing with V D C36:0ı ,
respectively. For the scalar nonet, the situation is less well understood, mainly
because of the unclear structure of those mesons. The 0CC multiplets are typically
strongly mixed with two- and multi-meson configurations or corresponding multiqNq-configurations, leading to broad spectral distributions. For the purpose of
low-energy baryon-baryon and nuclear structure physics we follow the successful
strategy and identify the lowest scalar resonances as the relevant degrees of freedom.
Thus, we choose the scalar octet consisting of the isoscalar  D f0 .500/, the
isovector a0 .980/ and the isodoublet  D K0 .800/ mesons, respectively. While
these mesons are observed at least as broad resonances [65], the isoscalar-singlet
partner  0 of the -meson is essentially unknown. From the SU(3) mixing relation,
however, one easily derives the instructive mass relation [65],
.mf C mf 0 /.4mK  ma /  3mf mf 0  8m2K C 8mK ma  3m2a D 0 ;

(5.86)

serving as a constraint among the physical masses. Solving this equation for the
scalar singlet meson we find the mass mf 0 D m 0 D 936C406
88 MeV. The large
uncertainty range indicates the uncertainties of the choice of the - and the  D K0 masses, mentioned before. We use the mean mass values m D 475 MeV and
m D 740 MeV, leading the scalar-singlet mass m 0 D 936 MeV, which lies close to
mass of the f0 .980/ state, in good compliance with general expectations [65]. Then,
the corresponding scalar mixing angle is S D 50:73ı . In Table 5.6 the mixing
results are collected.
Meson-mixing affects directly the baryon interactions. The transformed BBvector nonet coupling constants are displayed in Table 5.7 and corresponding
relations hold for the pseudo-scalar f!; ; K  ; g ! f; ; K; 0 g and the scalar
nonets, f!; ; K  ; g ! f; a0 ; ;  0 g.
Table 5.6 Octet-singlet
meson mixing used to
determine the in-medium
vertices

Channel
Pseudo-scalar
Vector
Scalar

f

!


f0
0

0

a

a0

.ı /
25:65
C36:0
50:73
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Table 5.7 SU(3) relations
for the !, and  baryon
coupling constants, relevant
for the mean-field sector of
the theory
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Vertex

Coupling constant

NN!

gNN! D gS cos. v / C

NN

˙

gNN D gS sin. v /  p1 6 .3gF  gD / cos. v /
p
gNN D 2.gF C gD /
q
g! D gS cos. v /  23 gD sin. v /
q
g D gS sin. v / C 23 gD cos. v /
q
g˙˙! D gS cos. v / C 23 gD sin. v /
q
g˙˙ D gS sin. v /  23 gD cos. v /
p
g˙˙ D 2gF
q
g˙ D 23 gD

!

g  ! D gS cos. v / 



g   D gS sin. v / C p1 6 .3gF C gD / cos. v /
p
g  D 2.gF  gD /

NN
!

˙˙!
˙˙
˙˙



1
p
6

1
p

6

.3gF  gD / sin. v /

.3gF C gD / sin. v /

5.5.2 SU(3) In-medium Vertices
Since we are primarily interested in mean-field dynamics we consider in this section
interactions in the vector and the scalar channels only. From DBHF theory we
have available in-medium isoscalar and isovector NN-vector and NN-scalar vertices
as density dependent functionals ˛ . /, see Fig. 5.12. Thus, the SU(3) relation,
Table 5.7, lead to the set of equations for the vector sector
1
.v/
.v/
.v/
! . / D gS cos. v / C p 3gF  gD sin. v /
6
1
.v/
.v/
.v/
 . / D gS sin. v /  p 3gF  gD cos. v /
6
p .v/
.v/
 . / D 2.gD C gF /

(5.87)

208

H. Lenske and M. Dhar

and accordingly for the scalar sector,
1
.s/
.s/
.s/
 . / D gS cos. s / C p 3gF  gD sin. s /
6
1
.s/
.s/
.s/
 0 . / D gS sin. s /  p 3gF  gD cos. s /
6
p .s/
.s/
ı . / D 2.gD C gF /

(5.88)

For the present discussion we assume that the NNf 0 -singlet vertices ; 0 vanish as
it would be the case in the quark-model under ideal mixing conditions. Obviously,
this constraint is easily relaxed and generalized scenarios with non-vanishing NNf 0
coupling can be investigated.
The resulting SU(3) vertices are displayed in Figs. 5.21 and 5.22 for the vector
and the scalar nonets, respectively. In both the vector and the scalar channel, gD
is found to be negative and with a modulus smaller than gF , gS by a factor 5–10
which is in surprisingly good agreement with the general conclusion that gD should
be small. However, here we derive this result from an input of coupling constants
which describe perfectly well infinite nuclear matter and nuclear properties. The
vertex functionals depend only weakly on the density with variations on the 10%
level over the shown density range. The resulting BB vector and scalar vertices are
shown in Figs. 5.23 and 5.24. The results may be taken as a confirmation of the
widely used scaling hypothesis at least for the -hyperon. Up to saturation density

Fig. 5.21 In-medium fundamental SU(3) vector vertices gvA (as indicated) versus the baryon
density
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Fig. 5.22 In-medium fundamental SU(3) scalar vertices gsA (as indicated) versus the baryon
density
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Fig. 5.23 In-medium SU(3) vector vertices. The NN and  vertices are found in the left column,
the ˙˙ and   vertices are displayed in the right column. Note that the NN and the 
coupling constants vanish identically
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Fig. 5.24 In-medium SU(3) scalar vertices. The NN and  vertices are found in the left column,
the ˙˙ and   vertices are displayed in the right column. Note that the NN 0 and the ı
coupling constants vanish identically.

indeed almost constant values of about R!;  0:5 : : : 0:6 are found which are
also surprisingly close to the quark model estimate. Roughly the same situation is
found for the isoscalar-octet vertices in the ˙- and -channels: The isoscalar-octet
˙-vertex scaling factors agree to a good approximation with the values found for
the . The isoscalar-octet  scaling factors are ranging close to 0:25 0:3 which
again is surprisingly close to the quark-model expectation of 13 . However, the 
vertex involves also a change of sign which would never be obtained by a scaling
hypothesis.
The isovector interactions, however, do not follow the naïve quark-model scaling
hypothesis. There, one finds scaling constants of the order of unity. In hypermatter
with more than a single hyperon, sizable condensed isoscalar-singlet fields will
evolve to which the , ˙ and  baryons will couple. The -interactions, for
example, are dominated by the isoscalar-singlet and the isovector-octet channels
which might shed new light on the dynamics of S D 2 hypernuclei.
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5.5.3 Mean-Field Self-Energies of Octet Baryons in Infinite
Nuclear Matter
An important global test of the SU(3)-constrained approach is the application
to nuclear dynamics. For that purpose we consider the mean-field potentials
predicted by the present approach. The leading order relativistic baryon potentials
in symmetric nuclear matter are shown in Fig. 5.25. Since the isovector self-energy
components are vanishing in symmetric matter the members of the nucleon, Sigma
and Cascade isospin multiplets are having their respective common mean-field
potentials. It is worthwhile to emphasize that without any attempt to fit the value
the  potential acquires at saturation density a depth of about 32 MeV. That value
is just perfectly in agreement with the afore cited s-wave Lambda separation energy
of about S ' 28 MeV. The ˙ experiences a slightly attractive potential which,
however, is much too weak for the formation of a bound state.
With increasing proton-neutron asymmetry the isovector potentials gain strength
and are inducing a splitting of the potentials within the iso-multiplets. The effect
is most pronounced in the limiting, albeit hypothetical case of pure neutron matter.
The Lambda, however, is not affected because of its isoscalar nature. In Fig. 5.25
the mean-field potentials for the three iso-multiplets are displayed. The proton and
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Fig. 5.25 Mean-field potentials of the octet baryons in symmetric nuclear matter (upper right)
with proton fraction $ D ZA D 12 and in pure neutron matter where $ D 0
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neutron potentials are showing the known behavior of a deepening of the proton and
a reduction of the neutron potential depth, respectively. The three Sigma hyperons
have obtained now mean-fields of a quite different depth: While the ˙  feels a
strongly repulsive interaction the ˙ C potential has become attractive. The latter may
indicate that there might be bound exotic ˙ C nuclei. With increasing asymmetry the
Cascade potentials remain throughout repulsive, indicating that it is unlikely to find
exotic bound   A systems or even double-Lambda hypernuclei with S D 2.

5.5.4 SU(3) Symmetry Breaking for Lambda Hyperons
There is an appreciable electro-weak mixing between the ideal isospin-pure  and
˙ 0 states. Exact SU(3) symmetry of strong interactions predicts g 0 D 0. This
effect was investigated, in fact, by Dalitz and von Hippel [128] already in the early
days of strangeness physics. They derived the effective coupling constant
g D cb g˙ ;

(5.89)

with the symmetry breaking coefficient
cb D 2

h˙ 0 jıMji
;
M˙ 0  M

(5.90)

given by the ˙ 0 - mass difference in the energy denominator and the ˙ element
of the octet mass matrix,

 p
h˙ 0 jıMji D M˙ 0  M˙ C C Mp  Mn = 3:

(5.91)

Substituting the physical baryon masses [65], we obtain cb D 0:02699 : : :. From
the nucleon-nucleon-pion part of the interaction Lagrangian, Eq. (5.17), we find the
isospin matrix element
.NN/  D pp 0  nn 0 C

p 

2 pn C C np  ;

(5.92)

which shows that the neutral pion couples with opposite sign to neutrons and protons. This implies that the non-zero induced g 0 coupling produces considerable
deviations from charge symmetry in p and n interactions.
This kind of induced SU(3) symmetry breaking is not specific for the pseudoscalar meson sector. Rather, it is generic for all kinds of isovector mesons. Thus,
the same type of mechanism is obtained with the (neutral) vector meson and the
ı=a0 .980/ meson:
g D cb g˙

;

gı D cb g˙ı

(5.93)
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and generalizing the above pion-nucleon relation for arbitrary isovector mesons a D
; ı : : :
.NN/ a D ppa0  nna0 C

p 

2 pnaC C npa ;

(5.94)

confirming the well known fact that isovector mesons couple to the baryonic
isovector currents. The symmetry breaking potentials are found as given in terms
of the condensed isovector meson fields ı;
.s/

USB D gı ı

(5.95)

.v/

USB D g 

(5.96)

and SU(3) symmetry breaking resides fully in the coupling constants. In Hartreeapproximation, the isovector fields are directly proportional to the differences of
vector and scalar proton and neutron densities:
 D gNN

1 
m2

.v/
p



.v/
n

ı D gNNı

1 
m2ı

.s/
p



.s/
n





;

(5.97)
(5.98)

as anticipated by the isovector vertex structure, Eq. (5.94). The field  is the static
time-like component of the full rho-meson vector field.
The mean-fields of Eq. (5.97) are also defining the SU(3) symmetry conserving
˙ mixing potentials
.s/

U˙ . / D g˙ı ı

(5.99)

.v/

U˙ . / D g˙  ;

(5.100)

which allow to express Eqs. (5.95) and (5.96) in a rather intriguing form
.s/

.s/

USB . / D cb U˙ . /

(5.101)

.v/
USB .

(5.102)

/D

.V/
cb U˙ .

/

showing explicitly the intimate relation between the electro-weak SU(3) symmetry
violation—contained in the symmetry breaking coefficient cb —and the SU(3)
symmetry conserving ˙ mixing potentials.
In Fig. 5.26 the in-medium g˙ and g˙ı vertices are shown together with
the resulting ˙ 0 mixing potentials. At low density, both potentials are of similar
strength but the vector potential starts to dominate at higher densities. The SU(3)symmetry breaking effective scalar and vector potentials are displayed in Fig. 5.27.
As an example, results are displayed for asymmetric nuclear matter with Z=A D 0:4,
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Fig. 5.26 In-medium ˙ 0 mixing and SU(3) symmetry breaking. The (symmetry conserving)
˙ 0 interaction vertices resulting from the isovector-vector and isovector-scalar interactions are
shown in left panel. The ˙ 0 mixing scalar (Eq. (5.99), lower curves) and vector (Eq. (5.100),
upper corves) potentials are shown in the right panel for asymmetric nuclear matter with $ D
Z=A D 0:4 and $ D Z=A D 0:1, respectively

Fig. 5.27 In-medium SU(3) symmetry breaking scalar, Eq. (5.101), and vector potentials,
Eq. (5.102), of the Lambda hyperon are shown for asymmetric nuclear matter with $ D Z=A D 0:4

6
as e.g. found in 208
 Pb or also  He. The symmetry breaking potentials amount,
in fact, to contributions of a few hundred keV only. Even in pure neutron matter
the magnitudes range well below 1 MeV at saturation density and also at higher
densities never exceed a few MeV. However, for high precision spectroscopic
investigations the effect must be taken into account.
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5.5.5 ˙ 0 Mixing in Asymmetric Nuclear Matter
As discussed in the previous section, SU(3) symmetry breaking and SU(3) mixing
are intimately connected as stated by Eqs. (5.101) and (5.102), respectively. The
SU(3) symmetry conserving ˙ 0 mixing by isovector mesons is included, of
course, on the level of two-body NY interactions when solving the Bethe-Goldstone
equations. This leads to the coupling of N and N˙ 0 channels. A new phenomenon,
however, is encountered in asymmetric nuclear matter. The non-vanishing isovector
rho- and delta-meson mean-fields are inducing a superposition of  and ˙ 0 states
with respect to the nucleonic core, such that the two hyperon single particle states
are becoming mixtures of the free-space hyperon states, i.e.
Q D cos ˛ji C sin ˛j˙ 0 i
ji
j˙Q 0 i D  sin ˛ji C cos ˛j˙ 0 i:

(5.103)

The total isospin of the hyperon-nuclear compound system is of course conserved
by virtue of the background medium. The coupling is determined by the effective
mixing self-energy
.s/

.v/

Um . / D  0 USB . / C USB . /

(5.104)

and a two-by-two coupled system of equations has to be solved. Without going
into the details, here we limit the discussion to two aspects. First, we note that the
(density dependent) mixing angle is given in leading order by
tan ˛. / D

hjUm . /j˙ 0 i
M˙ 0 M

(5.105)

where we neglected certain higher order terms from differences of the diagonal 
and ˙ 0 mean-field Hamiltonians.
Secondly, we remark that the diagonal  and ˙ 0 Hamiltonians should include
also weak interaction effects leading to the decay of the octet hyperons. Usually,
they are neglected because of their smallness against the strong interaction selfenergies. In a mixing situation, however, they should be included. The dispersive
interactions may be accounted for by a purely anti-hermitian weak interaction selfenergies
.w/

2˙;˙ D i;˙ D i

1
;
;˙

(5.106)

where we have denoted the free space lifetimes by ;˙ and the corresponding
spectral widths by ;˙ .
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A particular interesting aspect is that the mixing will modify the lifetime of the
 hyperon. The diagonalization leads to the effective in-medium  width

˙
tan2 ˛. /
 . / D  1 C


(5.107)

which is density dependent because of the in-medium mixing angle ˛. /. This width
is giving rise to a reduced in-medium lifetime of the Lambda hyperon
 ' 

1

1C


˙

tan2 ˛

:

(5.108)

In Fig. 5.28 the lifetime  is shown together with the mixing angle ˛. Already small
admixtures are changing the  lifetime drastically. Assuming that this mechanism
is the source for the lifetime reduction observed for the hyper-triton, admixtures of
˛ ' 4  106 rad will be sufficient to produce a lifetime of  .3 H/ ' 180 ps.

5.6 Theory of Baryon Resonances in Nuclear Matter
5.6.1 Decuplet Baryons as Dynamically Generated, Composite
States
Almost all of the decuplet baryons, Fig. 5.1 and Table 5.8, are decaying by strong
interactions to octet states [65], thus giving them lifetimes of the order of t 1 
2
1023 s. An exception is the S D 3 ˝  state with its seminal Œsss valence quark
structure. The ˝ baryon decays by weak interaction with a probability of  68%
into the K  channel with t 1  0:8  1010 s. In Table 5.8 masses, lifetimes, and
2
valence quark configurations of the decuplet baryons are listed.
The large decay widths of the decuplet baryons indicate a strong coupling to
the final meson-nucleon decay channels, thus pointing to wave functions with a
considerable amount of virtual meson-nucleon admixtures. However, as discussed
below, there is theoretical evidence that the amount of mixing varies over the
multiplet with the tendency to decrease with increasing mass. At present, QCDinspired effective models are still highly useful approaches to understand baryons at
least until LQCD [129] and functional methods, e.g. [130], will be able to treating
decay channels quantitatively. The coupling to meson-baryon configurations has
been exploited in a number of theoretical investigations, among others especially by
the Valencia group. Aceti and Oset [131, 132] are describing in their chiral unitary
formalism the decuplet states and hadronic states above the ground state octets as
dynamically generated, composite states in terms of meson-baryon or meson-meson
scattering configurations. They apply an extension of the Weinberg compositeness
condition on partial waves of L D 1 and resonant states to determine the weight of
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Fig. 5.28 The ˙ 0 mixing angle ˛, Eq. (5.105), and the effective in-medium lifetime  of the
mixed in-medium -like state are shown as functions of the nuclear matter density. Note that the
lifetime is given in picoseconds

the meson-baryon component in the .1232/ resonance and the other members of
C
the J P D 32 baryon decuplet.
The calculations predict an appreciable N fraction in the .1232/ wave
function, as large as 60%. At first sight this is a surprising result which, however,
looks more acceptable when one recalls that experiments on deep inelastic and
Drell-Yan reactions are indicating that already the nucleon contains admixtures of
N components on a level of up to
virtual below-threshold pion-like uNuN and ddN
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Table 5.8 Mass, width, lifetime, and valence quark configuration of the J P D
baryons (taken from Ref. [65])
State
CC
C
0

˙ C
˙ 0
˙ 
 0
 
˝

Mass (MeV)
1230
1232
1234
1237
1385
1385
1385
1530
1530
1672

Width (MeV)
120
120
120
120
100
100
100
50
50
9.9

Lifetime (s)
1023
1023
1023
1023
1023
1023
1023
1023
1023
0:8  1010

3C
2

decuplet

Configuration
[uuu]
[uud]
[udd]
[ddd]
[uus]
[uds]
[dds]
[uss]
[dss]
[sss]

30% [133, 134]. The wave functions of the larger mass decuplet baryons contain
smaller meson-baryon components, steadily decreasing with mass. Thus, the ˙  ,
  and especially the ˝  baryons acquire wave functions in which the mesonbaryon components are suppressed and genuine QCD-like configurations start to
dominate. Thus, a rather diverse picture is emerging from those studies, indicating
the necessity for case-by-case studies, assigning a large pion-nucleon component
to the .1232/ but leading to different conclusions about the decuplet baryons
with non-vanishing strangeness. These differences have a natural explanation by
considering particle thresholds: S D 1 baryons should couple preferentially to
N channel but that threshold is much higher than the pion-nucleon one. The
the KN
N or K˙
N channels with even
S D 2 baryons would couple preferentially to K
higher thresholds and so on. The Aceti-Oset approach was further extended by
C
investigating the formation of resonances by interactions of 32 decuplet baryons
with pseudo-scalar mesons from the lowest 0 octet [135] and vector mesons from
the lowest 1 octet [136], respectively, thus investigating even higher resonances.
The coupling to meson-baryon channels will also affect states below the particle
emission threshold by virtual admixtures of the meson-baryon continuum. Those
effects are found not only for the afore mentioned .1405/ state [137] but also the
.1520/ [138] resonances. A compelling insight from those and similar studies
C
is that the baryons above the lowest 12 octet have much richer structure than
expected from a pure quark model with valence quarks only. The same features,
by the way, are also found in mesonic systems. The best studied case is probably
.770/ J P D 1 vector meson which is known to be a pronounced   p-wave
resonance [65]. Also the other members of the 1 vector meson octet contain strong
substructures given by p-wave resonances of mesons from the 0 pseudo-scalar
octet. For example, in [139] the Aceti-Oset approach was used to investigate the Kcomponent of the K  .800/ vector meson. Prominent examples are also the scalar
mesons. All members of the 0C meson octet are dominated by meson-scattering
configurations of the 0 multiplet, as discussed in the previous sections.
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Besides spectral studies there is a general interest in meson-baryon interactions
as an attempt to generalize the work from NN- and YN-interaction to higher lying
multiplets. The chiral SU(3) quark cluster model was used in [140] to derive
interactions among decuplet baryons, neglecting, however, the coupling to the decay
channels. In the framework of the resonating-group method, the interactions of
decuplet baryon-baryon systems with strangeness S D 1 and S D 5 were
investigated within the chiral SU(3) quark model. The effective baryon-baryon
interactions deduced from quark-quark interactions and scattering cross sections
of the ˙   and   ˝ systems were calculated. The so restricted study led to
rather strongly attractive decuplet interaction, producing deeply bound ˙ and
˝ dibaryons with large binding energies exceeding that of the deuteron by at
least an order of magnitude. These results resemble the deeply bound S D 2 Hdibaryon predicted by Jaffe [141]. Here, we are less ambitious and consider mainly
interactions of the  baryon and few other resonances in nuclear matter.

5.6.2 The N N1 Resonance Nucleon-Hole Model
The Delta resonance is taken here as a representative example but the results can
be generalized essentially unchanged also to other resonances N  after the proper
adjustments of vertices and propagators as required by spin, isospin, and parity.
The creation of a resonances in a nucleus amounts to transform a nucleon into an
excited intrinsic states, Thus, the nucleon is removed from the pre-existing Fermisea, leaving the target in a N  N 1 configuration. That state is not an eigenstate of
the many-body system but starts to interact with the background medium through
residual interactions VNN  . The appropriate theoretical frame work for that process
is given by the polarization propagator formalism [92], also underlying, for example,
the approaches in [142–144].
In brief, the Delta-hole approach consists of calculating simultaneously the pion
self-energies and effective vertices by the coupling to the N 1 excitations of the
nuclear medium. These requirements are illustrated in Fig. 5.29 where the diagrams
representing the approach are shown. As seen in that figure, the Dyson equations
for the propagation of pions and ’s in nuclear matter have to be solved selfconsistently. The ultraviolet divergences of the loop integrals are regularized by
using properly defined hadronic vertex functions.
An elegant and transparent formulation of the N 1 problem is obtained by the
polarization propagator method [92]. We consider first the Green’s function of the
interacting system. Here, we limit the investigations to the coupling of NN 1 and
N 1 modes. For the non-interacting system the propagator is given by a diagonal
matrix of block structure
!
.0/
0
GNN 1 .!; q/
.0/
G .!; q/ D
(5.109)
.0/
0
GN 1 .!; q/
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Fig. 5.29 Diagrams entering into the self-consistent description of the dressed pion propagators
(upper row), the  propagator (second row), and the resulting dressed vertex (third row). Nucleon
propagators are given by lines, the  propagator is shown as a double-line. Bare vertices are
indicated by filled circles, the dressed vertices are denoted by  . V is the N 1 residual
interaction. Note that the -resonance obtains a self-energy due to its decay into intermediate
N configurations

Fig. 5.30 In-medium interactions of a baryon resonance N  via the static mean-field (left) and the
dispersive polarization self-energies (center) indicated here by the decay into intermediate nucleonmeson configurations. Moreover, in nuclear matter the coupling to NN 1 excitations contributes a
spreading width (right)

.0/

.0/

where GNN 1 and GN 1 describe the unperturbed propagation of two-quasiparticle
NN 1 and N 1 states through the nuclear medium, including, however, their selfenergies ˙N;N  of Fig. 5.30.
These propagators are given by the Lindhard functions [92]
Z
N .k/ D i
Z
 .˙k/ D i

d4 p
GN . p/GN . p C k/ ;
.2/4

(5.110)

d4 p
GN . p/G . p ˙ k/ :
.2/4

(5.111)
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Here, p denotes the 4-momentum and GN .p/ and G .p/ are the nucleon and 
propagators :
GN . p/ D

p0

1
C 2i n.p/ı. p0  ".p/  ˙N . p2 // ;
 ".p/  ˙N . p/ C i0
(5.112)



G . p/ D

1
ı  ;
p0  " .p/  ˙ . p2 /

(5.113)

with the single particle (reduced kinetic) energies "N; , and n.p/ is the nucleon
occupation number. We follow the general practice and approximate the Deltapropagator by the leading order term resembling a spin- 21 Green’s function, thus
leaving away the complexities of a Rarita-Schwinger propagator [145]. This is an
acceptable approximation in the low-energy limit used below where the neglected
terms will be suppressed, anyway. Since ˙ is generically of non-hermitian
character, we can omit the infinitesimal shift into the complex plane.
In the non-relativistic limit of cold infinite matter with nucleons filling up the
Fermi sea up to the Fermi momentum kF , we have n.p/ D .kF2  p2 /. The
nucleon propagator Eq. (5.112) consists of the vacuum part and the in-medium part
(/ n.p/). The  propagator Eq. (5.113) includes the vacuum part only, since we
have neglected the presence of  excitations in nuclear matter. Both propagators
take into account effective mass corrections if present.
After the contour integration over p0 (c.f. [92]) the nucleon-hole Lindhard
function, Eq. (5.110), takes the following form :
Z
N .k/ D 

d3 p
.2/3



n.p C k/.1  n.p//
n.p/.1  n.p C k//
C 

 " .p/ C i0
" .p/ C k0  " .p C k/ C i0

" .p C k/  k0

:

(5.114)

where for simplicity, we have introduced the quasiparticle energies "N .p/ D
"N .p/ C ˙N .p/. Corresponding expressions are found for the Delta-hole Lindhard
function, Eq. (5.111):
Z
 .˙k/ D 

n.p/
d3 p
:


3
.2/ "N .p/  " .p ˙ k/ ˙ k0

(5.115)

Replacing the dependence of the self-energies on the integration variable by a
conveniently chosen external value, for example by replacing the argument by the
pole value, the integration can be performed in closed form in the zero temperature
limit. Analytic formulas are found in Ref. [92].
Including the residual NN 1 and N 1 interactions by

VD

VNN VN
VN V

(5.116)
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the Green function of the interacting system is given by the Dyson equation for the
4-point function
G.!; q/ D G .0/ .!; q/ C G .0/ .!; q/VG.w; q/

(5.117)

truncated to the two-quasiparticle sector, i.e. evaluated in Random Phase Approximation (RPA). Actually, the approach discussed below corresponds to a projection,
not a truncation, to the 4-point function because the coupling to the hierarchy of
higher order propagators is taken into account effectively by induced self-energies
and interactions.
The coherent response of the many-body system with ground state jAi to an
external perturbation described by an operator Oa .q/  eiqr  Sa  Ta where a D
.S; T/ denotes spin (Sa D 0; 1), isospin (TA D 0; 1) and momentum ( eiqr )
transfer, is described by the polarization propagators of the non-interacting system
.0/



…ab .!; q/ D hAjOb G.0/Oa jAi

(5.118)

and the interacting system


…ab .!; q/ D hAjOb GOa jAi

(5.119)

which—by definition—has the same functional structure as the propagator G. For a
single resonance the polarization tensor is given by a 2-by-2 tensorial structure
!
!


.0/
.0/
.0/
.0/
…NN …N
…NN …N
…NN …N
…NN …N
VNN VN
D
C
.0/
.0/
.0/
.0/
…N …
VN V
…N …
…N …
…N …
(5.120)
where the reference to the transition operators Oa;b is implicit. The diagrammatic
structure is shown in Fig. 5.31. The mixing of the NN 1 and the N 1 configura-

Fig. 5.31 The RPA polarization propagator. The N 1 N ! N 1 N (left), the mixed N 1 N !
N 1  and the N 1  ! N 1  components are displayed. Also the bare particle-hole type
propagators are indicated. External fields are shown by wavy lines, the residual interactions are
denoted by dashed lines. Only part of the infinite RPA series is shown
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tions by the residual interactions is resulting in the mixed polarization tensors …N
and …N , respectively. The polarization tensor contains the full multipole structure
as supported by the nuclear system, the interaction V, and the external transition
operators Oa;b . Thus, a decomposition into irreducible tensor components may be
performed. Alternatively, a decomposition into longitudinal and transversal components is frequently invoked. In practice, one often evaluates the tensor elements
in infinite nuclear matter and applies the result in local density approximation by
mapping the particle densities and Fermi momenta to the corresponding radialdependent quantities of a finite nucleus, e.g. p;n ! p;n .r/, see e.g. [146–148].
Once the polarization propagator is known, observables are easily calculated.
Spectral distributions and response function are of particular importance because
they are entering directly into cross sections. The response functions are defined by
1
Rab .!; q/ D  Im Œ…ab .!; q/


(5.121)

The response function techniques are frequently used in lepton induced reactions
like .e; e0 p/ or neutrino-induced pion production .; /. In [149, 150] similar
methods have been applied in light ion-induced charge exchange reactions up to
the Delta-region including also the pion-production channel. A recent application to
N  excitations in heavy ion charge exchange reaction with Sn-projectiles is found
in [151, 152].
A widely used choice for V is a combination of pion-exchange and contact
interactions of Landau-Migdal type corresponding to the afore mentioned OPEM
approach, see e.g. [142–144]. The diagrammatic structure of the QPEM interactions
is shown in Fig. 5.32. Inclusion of other mesons, e.g. the -meson, is easily obtained.
The pion exchange part takes care of the long-range interaction component. In non-

Fig. 5.32 Direct (a) and exchange (b) diagrams of the OPEM approach for the process N1 N2 !
N3 4 . The wavy line denotes either  (and ) exchange or the contact interaction / g0N
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relativistic reduction (c.f. [153]), but using relativistic kinematics, the NN and
N interactions, the Lagrangians are:
LNN D

f
m



LN D

f
m


 ST



r ;

(5.122)

r C h:c: ;

(5.123)

where ;  and  are the nucleon,  resonance and pion field respectively. The
dot-product indicates the contraction of the spin and gradient operators. Typically
values for the coupling constants are f D 1:008 and f D 2:202, see e.g. [144, 154].
 and  are the spin and isospin Pauli matrices. The (1=2 ! 3=2) spin and isospin
transition operators are given by S and T, defined according to Ref. [155]. Pionexchange is seen to be of spin-longitudinal structure. Occasionally, also -meson
exchange is treated explicitly, e.g. [146, 150] introducing an explicit spin-transversal
interaction component into V which, however, can be decomposed into spin-spin
and spin-longitudinal terms [156].
The short range pieces are subsumed into the contact interactions, defined by the
following Lagrangian:
f2 0
g .   / .   /
2m2 NN


f 0



g .   / .  ST / C h.c.
m2 N

LSRC D 

f2 0

g .  ST / .  S T  /
2
m
 2

f 0



g . ST / .  ST / C h.c.
2m2  


(5.124)

g0NN , g0N and g0 are the Landau-Migdal parameters. The spin-isospin scalar
products are indicated as a dot-product.
In the literature the values of the Landau-Migdal parameters are not fixed
unambiguously by theory but must be constrained on phenomenological grounds.
Within a simple universality assumption g0NN D g0N D g0  g0BW , which is
the so-called Bäckmann-Weise choice (see Ref. [157] and Refs. therein), one gets
g0BW D 0:7 ˙ 0:1 from the best description of the unnatural parity isovector states
in 4 He, 16 O and 40 Ca. However, the same calculations within the Migdal model
[158] assumption g0N D g0 D 0 produce g0NN D 0:9 : : : 1. The description of
the quenching of the Gamow-Teller matrix elements requires, on the other hand,
g0 D 0:6 : : : 0:7 (assuming g0N D g0 ) [159]. The real part of the pion optical
potential in -atoms implies g0N D 0:2 and g0 D 0:8 [158]. The pion induced
two-proton emission is the best described with g0N D 0:25 : : : 0:35.
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The Delta self-energies are a heavily studied subject because they are of
particular importance for pion-nucleus interactions. c.f. [156, 160]. The general
conclusion is that the modifications of the decay width by the medium can be
expressed to a good approximation as a superposition of Pauli-blocking terms from
the occupation of the Fermi-sea and an absorption or spreading term due to the
coupling to NN 1 excitations [161, 162]
 .!; / D 2Im˙ .!; /  free .!/ C Pauli .!; / C abs .!; /

(5.125)

Since the self-energies are not known over the large energy and momentum regions
necessary for theoretical applications, parametrizations are introduced and used for
extrapolations. A frequently used parametrization of the in-medium width is
 .!/ D abs .!/

C
sat

0



q.!; mN ; m /
q.m ; mN ; m /

3

m ˇ02 C q2 .m ; mN ; m /
;
! ˇ02 C q2 .!; mN ; m /
(5.126)

where ˇ0 is an adjustable parameter and sat D 0:16 fm3 is the nuclear saturation
p
density. ! D s is the total relativistic energy of the Delta resonance in the
medium as defined in the  C N system. The spreading width due to the coupling
to NN 1 modes is denoted by abs and a simple scaling law is used for the density
dependence. The Lorentz-invariant center-of-mass momentum is defined as usual,
q2 .!; m1 ; m2 / D .! 2  .m1 C m2 /2 /.! 2  .m1  m2 /2 /=4! 2 :

(5.127)

The free and effective nucleon and Delta in-medium masses are denoted by mN;
and mN; , respectively. Using a (subtracted) dispersion relation the real part can be
reconstructed by a Cauchy Principal Value integral
Re.˙ .!// D 

!  m
P


Z

d! 0

 .! 0 /
;
.! 0  m /.! 0  !/

(5.128)

by which the dispersive self-energy is completely determined.

5.6.3  Mean-Field Dynamics
While the dispersive Delta self-energies have obtained large attention, the static
mean-field part is typically neglected or treated rather schematically. Some authors
use the universality assumption stating that the Delta mean-field should agree with
the nucleon one. In the relativistic Hartree scheme this amounts to use the same
scalar and vector coupling constants for nucleons and resonances. Obviously, that
assumption comes to an end in charge-asymmetric matter by the fact that the
Delta resonance comes in four charge states. A simple but meaningful extension
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is to introduce also an isovector potential, thus allowing for interactions of the
resonance and the background medium through exchange of isovector scalar and
vector mesons. In the non-relativistic limit, the Delta Hartree potential becomes a
sum of isoscalar and isovector potentials U0 and U1 , respectively:
.H/

U D U0 C

2   N
U  
A 1

(5.129)

where A is the nucleon number and   D 2T and  N denote the Delta and nucleon
isospin operators, respectively, with the known properties of isospin
3N j pi D Cj pi I

3N jni D jni

(5.130)

and
3
1
T3 jCC i D C jCC i I T3 jC i D C jC i
2
2
1
3
T3 j0 i D  j0 i I T3 j i D  j i:
2
2

(5.131)

In a nucleus, the resonance is moving in background medium with Z protons and
N neutrons and A D N C Z. Thus, integrating out the nucleons, our simple model
potential becomes
.H/

U ' U0  U1 z

NZ
:
A

(5.132)

Thus, we find
.H/

N Z
A
NZ
D U0  U1
A
N Z
D U0 C U1
A
N
Z
D U0 C 3U1
A

UCC D U0  3U1
.H/

UC
.H/

U0

.H/

U

(5.133)
(5.134)
(5.135)
(5.136)

N

and the universality assumption would mean to use U0;1
D U0;1
. At the nuclear
N
N
center, typical values are U0 D 40 : : :  60 MeV and U1 D C20 : : : C 30 MeV,
depending on the chosen form factor.1 These estimates agree quite well with those

1

More meaningful values are in fact the volume integrals per nucleon.
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of the involved many-body calculations in [163]. Actually, also spin-orbit potentials
will contribute about which nothing is known.
As for nucleons and hyperons the RMF approach is also being used to describe
the N  mean-field dynamics. In Refs. [59–61] and also [62, 63] the Delta resonance
was included into the RMF treatment. In [60]  dynamics in nuclear matter is
described by the mean-field Lagrangian density
L D




i @  .m  g /  g!  !   g   I3


3




;

(5.137)

where  is the Rarita-Schwinger spinor for the for the full set of .1232/-isobars
(CC , C , 0 ,  ) and I3 D diag.3=2; 1=2; 1=2; 3=2/ is the matrix containing
the isospin charges of the s. Assuming SU(6) universality, the same coupling
constants as for nucleons may be used. However, contributions form dispersive selfenergies will surely spoil SU(6) symmetry and deviations from that rule will occur.

5.6.4 Response Functions in Local Density Approximation
An application of the response function formalism is shown in Fig. 5.33 where
the spectra for the Fermi-transition operator Oa D  C for 58;64;78 Ni are shown.
The response functions are normalized to the nucleon numbers A D 58; 64; 78.
As discussed above, the polarization tensor, Eq. (5.120), was evaluated in infinite

Fig. 5.33 RPA response function per nucleon for the operator  C in the isotopes 58;64;78 Ni [164]
obtained by an energy density functional as in [94]. Note the apparent shift of the N 1 peak
to higher energy which is introduced by mixing with the NN 1 component due to the residual
interactions
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matter at a dense mesh of proton and neutron densities, thus leading to …BB0 . p ; n /
for B; B0 D N; . By mapping the nucleon densities to the radial densities p;n .r/
of the Ni-isotopes, we obtain in local density approximation …BB0 .r/. The response
function shown in Fig. 5.33 is obtained finally by integration
R.!; q/ D 

1 1
A

Z

d3 r

A .r/Im Œ…NN .!; q; r/

C … .!; q; r/

(5.138)

where q D jqj and A D p C n is the total nuclear density. In the response
functions of Fig. 5.33, the quasi-elastic NN 1 and the deep-inelastic N 1 are
clearly seen. The two components are mixed by the residual interactions, chosen
in that calculation according to the (non-relativistic) density functional of Ref. [94].
The configuration mixing induces an upward shift in energy of the Delta-component
and a downward shift in energy of the quasi-elastic nucleon component. In this
respect, the system behaves in a manner as typical for a coupled two-by-two system.
There is a large body of data available on inclusive .e; e0 / cross sections [165–
168] which are the perfect test case to the response function formalism. Since a
detailed discussion of the functional structure of .e; e0 / cross sections is beyond the
scope of the present work, we refer the reader to the ground-breaking monograph of
DeForest and Walecka [169] and the more recent review article of Benhar and Sick
[170]. The reactions proceed such that the incoming electron couples via virtual
photon emission to the charged nuclear currents, involving electric and magnetic
interactions. The cross sections are given by the superposition of response functions
for operators of spin-longitudinal (OL   q), and spin-transversal (OT   
q) structure, where q is the momentum transfer. These operators are defining the
corresponding response functions (RLL ), (RTT ), respectively. The cross sections are
obtained by weighting the response functions by the proper kinematical factors.
In the high energy limit, the electron scattering waves are approximated sufficiently well by plane waves Results of such a calculation [164] are shown in
Fig. 5.34 where the double differential cross section for the inclusive 40 Ca.e; e0 /
reaction at the electron incident energy Tlab D 500 MeV at fixed momentum transfer
q D 300 MeV/c are shown. The data are surprisingly well described by our standard
choice of self-energies and interactions although no attempt was made to optimize
parameters. The energy gap between the quasi-elastic and the N  resonance spectral
components seems to be slightly too large, indicating that the configuration mixing
interaction VN was chosen slightly too strong.
In Xia et al. [171], the close connection of in-medium pion interactions and
Delta-hole excitations on the one side and nuclear charge exchange reactions
and photo-absorption on the other side, were considered in detail. In that work
it is emphasized that, unlike the conventional picture of level mixing and level
repulsion for the pionic and N 1 states, the real part of the pion inverse propagator
vanishes at only one energy for each momentum because of the width of the Deltahole excitations. The results of this self-consistent approach has been compared
successfully to data on .p; n/ charge exchange reactions and photo-absorption on
nuclei in the -resonance region. Moreover, the interesting result is found that the
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Fig. 5.34 Double differential cross section for the inclusive 40 Ca.e; e0 / reaction at Tlab D
500 MeV [164]. The underlying longitudinal and transversal response functions were obtained
by an energy density functional as in [94]. Note the apparent shift of the N 1 peak to higher
energy which is introduced by mixing with the quasi-elastic NN 1 component due to the residual
interactions

baryonic vertex form factors obtained for pionic and electromagnetic probes agrees
with their interpretation as effective hadronic structure functions.

5.6.5 Resonances in Neutron Stars
Interestingly, neutron stars may be useful systems to study N  mean-field dynamics
[59, 60, 62] and also in [63]. In [59, 60] nucleons, hyperons and Deltas are described
within the same RMF approach, used to investigate the composition of neutron star
matter. In Fig. 5.35 particle fractions as a function of the baryon density nB D B
of sat are shown. With the -resonance included the particle mixtures are changed
considerably. Furthermore, the onset of the Delta appearance depends on the RMF
coupling constant. That effect is illustrated in Fig. 5.35 by varying x! D gg!
.
!N
Moreover, the investigations in [59, 60] lead to the important conclusion that
the onset of -isobars is strictly related to the value of the slope parameter L of
the density dependence of the symmetry energy. For the accepted range of values
of about 40 < L < 120 MeV [172], the additional Delta degrees of freedom
influence the appearance of hyperons and cannot be neglected in the EoS of betastable neutron star matter. This correlation of the  onset and the symmetry energy
slope are indicating also another interesting interrelation between nuclear and subnuclear degrees of freedom. These findings are leading immediately to the question
to what extent the higher N  resonances will influence the nuclear and neutron star
equations of state.
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Fig. 5.35 Particle fractions as functions of the baryon density within the SFHo model: only
hyperons (panel (a)), hyperons and s (panel (b)) for x D x! D x  D 1. The red line
indicates the fraction of the  which among the four s are the first to appear. The blue and the
green vertical lines indicate the onset of the formations of  for x! D 0:9 and x! D 1:1,
respectively (from Ref. [60])

5.7 Production and Spectroscopy of Baryon Resonances
in Nuclear Matter
5.7.1 Resonances as Nuclear Matter Probes
Exploring the spectral properties of resonances and their dynamics in the nuclear
medium is the genuine task of nuclear physics. In Fig. 5.36 interactions are indicated
which in heavy ion reactions are leading to excitation of nucleon resonances. In fact,
already in the 1970s first experiments were performed at the AGS at Brookhaven
with proton-induced reaction on a series of targets between Carbon and Uranium
[173]. It was recognized soon that charge exchange reactions would be an ideal
tool for resonance studies. As early as 1976 high energy .p; n/ reactions were used
at LAMPF to investigate resonance excitation in heavy target [174, 175]. About
the same time also .n; p/ reactions were measured at Los Alamos [176, 177]. A
few years later, similar experiments utilizing .p; n/ charge exchange were started
also at Saclay [178]. A broader range of phenomena can be accessed by heavy
ion charge exchange reactions with their particular high potential for resonance
studies on nuclei by observing the final ions with well defined charge numbers. This
implies peripheral reactions corresponding to a gentle perturbation by rearranging
of the initial mass and charge distributions by one or a few units. Thus, the colliding
ions are left essentially intact and the reaction corresponds to a coherent process in
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Fig. 5.36 Resonance production by charge-neutral meson exchange (left) and charged meson
exchange (right)

which the mass numbers of projectile and target are conserved but the arrangement
of protons and neutrons is modified. Experimental groups at SATURNE at Saclay
took the first-time chance to initiate dedicated experiments on in-medium resonance
physics especially with .3 He;3 H/ reactions on heavy targets [179, 180]. In a
series of experiments, the excitation of the Delta-resonance was observed. Due to
the experimental limitations at that time only fixed target experiments on stable
nuclei were possible. A few years later, similar experiments were started at the
Synchrophasotron at JINR Dubna, making use of the higher energy at that facility
to extend the spectral studies up to the region of the nucleon-pion s-wave and dwave resonances [181, 182]. While initially those experiments were concentrating
on inclusive reactions, a more detailed picture is obviously obtained by observing
also the decay of the excited states. Such measurements were indeed performed
in the early 1990s with the DIOGENE detector at SATURNE [183, 184], at KEK
using the FANCY detector [185]. However, with respect to the first experiments it
took another decade or so before those exclusive data were studied theoretically
[186]. A couple of years later, corresponding experiments were done at Dubna,
taking advantage of the higher energies of up to plab D 4:2 AGeV/c reached at
the Synchrophasotron [187–190]. In [191] the measurements were extended to the
detection of up to N  ! p C   three particle decay channels in coincidence
allowing to identify also the N  .1440/ Roper resonance and even higher resonances.
A spectral distribution is shown in Fig. 5.44.
The generic interaction processes shown in Fig. 5.36 are using a meson exchange
picture which describes successfully the dynamics of N  production in ion-ion
reactions. The .1232/ is produced mainly in NN ! N reactions and the Delta
is subsequently decaying into N, thus producing in total a NN ! NN transition.
The pion yield from the Delta source, coming from a p-wave process, competes
with direct s-wave pion production, NN ! NN. The intermediate population
of higher resonances like P11 .144/ will lead to NN ! NN  processes. With
increasing energy baryons will be excited decaying into channels with higher pion
multiplicities. Already the early theoretical studies lead to the conclusion that in
heavy-ion collisions at around 1 AGeV up to 30% of the participating nucleons will
be excited into resonances. Thus, a kind of short-lived resonance matter is formed
before decaying back into nucleons and mesons [192, 193]. That figure is largely
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confirmed by the work of Ref. [190] on deuteron induced resonance production
at the Synchrophasotron at plab D 4:2 AGeV/c, although there a somewhat lower
resonance excitation rate of 15 ˙ 2C4
3 % was found which is in the same bulk as the
excitation probability of 16 ˙ 3C4
%
derived from proton induced reactions at the
3
same beam momentum.

5.7.2 Interaction Effects in Spectral Distribution in Peripheral
Reactions
The excitation of the Delta resonance in proton and light ion induced peripheral
reactions at intermediate energies was studied theoretically in very detail by
Osterfeld and Udagawa and collaborators [149, 150, 194, 195]. The first round of
experimental data from 1980s and 1990s were investigated by microscopic theoretical approaches covering inclusive and semi-inclusive reactions. The conclusion
from those studies are still valuable and are worth to be recalled. In the OsterfeldUdagawa approach initial and final state interactions were taken into account
by distorted wave methods. A microscopic approach was used to describe the
excitation and intrinsic nuclear correlations of N  1 states. This combination of—
at that time—very involved theoretical methods was able to explain the observed
puzzling shift of the Delta-peak by M  70 MeV. In Fig. 5.37 conclusive

Fig. 5.37 Zero-degree triton spectra for the reaction 12 C.3 He; t/ at Tlab D 2 GeV, shown as a
function of the excitation energy !L . The data are taken from Ref. [179]. The full curve represents
the final result including initial and final state interactions, finite size effects, and particle-hole
correlations. In addition, the longitudinal (LO) and transverse (TR) partial cross sections are shown
(from Ref.[150])
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results on that issue are shown. The calculations did not include the quasi-elastic
component, produced by single and multiple excitations of NN 1 states and knockout reactions.
In the Delta region the theoretical 12 C.He; t/ cross section matches the experimental data almost perfectly well. Distorted wave effects, i.e. initial and final state
interactions of the colliding ions, are of central importance for that kind agreement.
They alone provide a shift of about MDW  50 MeV [150]. Finite size and
a detailed treatment of particle-hole correlations within the N 1 configurations
contribute the remaining Mc  20 MeV. The polarization tensor may be
decomposed into pion-like longitudinal contributions, the complementary transversal components, representative of vector-meson interactions, and mixed terms, see
e.g. [195]. An interesting results, shown in Fig. 5.37, is that the longitudinal (LO)
partial cross section appears to be shifted down to a peak values of !L  240 MeV,
while the transversal partial cross section peaks at !L  285 MeV. This is an
effect of the 3 He ! t transition form factor which reduces the magnitude of the
TR spectrum at high excitation energies because of its exponential falloff at large
four-momentum transfer. The shape of the LO spectrum is less strongly affected by
this effect. It is remarkable that in contrast to (p; n) reactions the full calculation
reproduces the higher energy part of the spectrum so well. This is due to the
fact that the high-energy flank of the resonance is practically background-free,
since the probability that the excited projectile decays to the triton ground state
plus a pion is extremely small. Also a negligible amount of tritons is expected
to be contributed from the quasi-free decay of the target. The cross section in
the resonance region shows an interesting scaling behaviour: A proportionality
following a .3Z CN/-law is found where Z and N are the proton and neutron number
of the target. This dependence of the cross section reflects that the probability for
the p Cp ! n CCC process is three times larger than that for the p Cn ! n CC
process.
An even more detailed picture emerges from semi-inclusive reactions observing
also decay products. For the reactions discussed in [183–185, 196] at incident
energies of about 2 AGeV, the p correlations were successfully analyzed and
the mass distribution of the .1232/ resonance could be reconstructed. In these
peripheral reactions on various targets, the resonance mass was found to be shifted
by up to M ' 70 MeV towards lower masses compared to those on protons. In
reactions on various nuclei at incident energies around 1 AGeV the mass reduction
of the .1232/ resonance was traced back to Fermi motion, NN scattering effects,
and pion reabsorption in nuclear matter. These findings are in rough agreement
with detailed theoretical studies of in-medium properties of the -resonance by the
Valencia group [161, 197], considering also the decrease of the Delta-width because
of the reduction of the available N decay phase space by Pauli-blocking effects of
nucleons in nuclear matter.
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5.7.3 Resonances in Central Heavy Ion Collisions
Different aspects of resonance dynamics are probed in central heavy ion collisions.
The process responsible for meson production in central heavy-ion collisions at
energies of the order of several hundred MeV/nucleon to a few GeV/nucleon is
believed to be predominantly driven by the excitation of baryon resonances during
the early compression phase of the collision [192, 193, 198–202]. In the later
expansion phase these resonances decay into lower mass baryon states and a number
of mesons. The influence of the medium is expected to modify mass and width of
the resonances by induced self-energies. In high density and heated matter, however,
the genuine self-energy effects may be buried behind kinematical effects.
The best studies case is the 33 .1232/ resonance which, in fact, is a 16-plet
formed by four isospin and four spin sub-states. In nucleon-nucleon scattering
one observes a centroid mass M ' 1232 MeV and the width  D 115–
120 MeV which is in good agreement with the direct observation in pion-nucleon
scattering [65]. Modifications of mass and width of the .1232/ resonances have
been observed in central heavy-ion collisions leading to dense and heated hadron
matter, e.g. at the BEVALAC by the EOS collaboration [203] and at GSI by the
FOPI collaboration [202]. In [203], for example, the mass shift and the width
were determined as functions of the centrality, both showing a substantial reduction
with decreasing impact parameter. The modification of 33 .1232/ properties has
been interpreted in terms of hadronic density, temperature, and various non-nucleon
degrees of freedom in nuclear matter [204–206]. The invariant mass distributions of
correlated nucleon and pion pairs provide, in principle, a direct proof for resonance
excitation. As discussed in [202], in the early heavy ion collision experiments a
major obstacle for the reconstruction of the resonance spectral distribution was
the large background of uncorrelated p pairs coming from other sources. Only
after their elimination from the data the resonance spectral distributions could be
recovered. Results of a first successful resonance reconstruction in central heavy
ion collisions are shown in Fig. 5.38.

5.7.4 The Delta Resonance as Pion Source in Heavy Ion
Collisions
Transport calculations are describing accurately most of the particle production
channels in heavy-ion collisions already in the early days of transport theory
[199, 201, 207, 208]. However, surprisingly the pion yield from heavy-ion collisions
at SIS energies (Tlab  1 AGeV) could not be reproduced properly by the transporttheoretical description. For a long time the pertinent overprediction of the pion
multiplicity [209–216] was a disturbing problem. At the beam energies of a few
AGeV the dominating source for pion production is the excitation of the .1232/
resonance in a NN collision NN ! N followed by the decay  ! N. In
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Fig. 5.38 The invariant mass spectrum of baryon resonances excited by the reactions stated in each
panel. The filled areas correspond to the analysis of the measured transverse momentum spectra
of  ˙ , the full points to the analysis of the measured p ˙ pairs. Traces of higher resonances are
visible in the high energy tails of the spectral distributions. The arrows point to the maximum of
the free .1232/ mass distribution (from Ref. [202])

transport calculations, the pion multiplicity, therefore, depends crucially on the
value of the in-medium NN ! N cross section. A first attempt to solve that
issue was undertaken by Bertsch et al. [142]. In the 1990s Helgesson and Randrup
[143, 217] took up that issue anew. In their microscopic  C NN 1 C N 1 model
[143] they considered the excitation of N 1 modes in nuclear matter by RPA
theory. The coupling to the purely nuclear Gamow-Teller-like NN 1 spin-isospin
modes and the corresponding pion modes was taken into account. They point out
that sufficiently energetic nucleon-nucleon collisions may agitate one or both of the
colliding nucleons to a nucleon resonance with especial importance of .1232/,
N  .1440/, and N  .1535/. Resonances propagate in their own mean field and may
collide with nucleons or other nucleon resonances as well. Moreover, the nucleon
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resonances may decay by meson emission and these decay processes constitute
the main mechanisms for the production of energetic mesons. The derived inmedium properties of pions and  isobars were later introduced into transport
calculations by means of a local density approximation as discussed in the previous
section, but for example also used in [212, 213]. Special emphasis was laid on inmedium pion dispersion relations, the  width, pion reabsorption cross sections,
the NN ! N cross sections and the in-medium  spectral function. Although
the medium-modified simulations showed strong effects on in-medium properties
in the early stages of the transport description the detailed in-medium treatment
had only little effect on the final pion and other particle production cross sections.
This is a rather reasonable result since in their calculations most of the emitted
pions were produced at the surface at low densities where the in-medium effects are
still quite small. Actually, in order to account also for the heating of the matter in
the interaction zone, a description incorporating temperature should be used. Such
a thermo-field theoretical approach was proposed independently by Henning and
Umezawa [218], and by Korpa and Malfliet [219]. The approach was intentionally
formulated for pion-nucleus scattering, where the coupling to the Delta resonance
plays a major role, but it does not seem to have been applied afterwards.
Years later, the problem was reconsidered by the Giessen group. Initially, a purely
phenomenological quenching prescription was used for fitting the data [216]. The
breakthrough was achieved in [144] when the in-medium NN ! N.1232/ cross
section were calculated within a one pion exchange model (OPEM), taking into
account the exchange pion collectivity and vertex corrections by contact nuclear
interactions. Also, the (relativistic) effective masses of the nucleon and  resonance
were considered. The N 1 and the corresponding nuclear NN 1 modes, discussed
above, were calculated again by RPA theory. In infinite matter the Lindhard functions [92], representing the particle-hole propagators, can be evaluated analytically.
It was found that even without the effective mass modifications the cross section
decreases with the nuclear matter density at high densities already alone by the
in-medium  width and includes the NN 1 Lindhard function (see below) in the
calculations. The inclusion of the effective mass modifications for the nucleons and
’s led to an additional strong reduction of the cross section. Altogether, the total
pion multiplicity data [215] measured by the FOPI collaboration on the systems
Ca+Ca, Ru+Ru and Au+Au at Tlab D 0:4; 1:0, and 1:5 AGeV, respectively, could be
described by introducing a dropping effective mass with increasing baryon density.
The results were found to depend to some extent on the in-medium value of the
-spreading width for which the prescription of the Valencia group was used:
sp D 80 = 0 MeV [163, 220].
The effect of the medium modifications of the NN $ N cross sections on the
pion multiplicity depends also on the assumption about other channels of the pion
production/absorption in NN collisions, most importantly, on the s-wave interaction
in the direct channel NN $ NN. In [144] it was found that including the
effective mass modifications in the NN $ N channel only, does not reduce pion
multiplicity sufficiently, since then more pions are produced in the s-wave channel.
An important conclusion for future work is that the in-medium modifications of the
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higher resonance cross sections do not influence the pion production at 1–2 AGeV
collision energy sensitively: other particles like  and mesons are, probably, more
sensitive to higher resonance in-medium modifications.
A subtle test for the transport description of pion production is given by ( ˙ ;   )
double charge exchange (DCX) reactions on nuclear targets. In Ref. [221] such
reactions were investigated by GiBUU transport calculations. The pionic double
charge exchange processes were studied for a series of nuclear targets, including
(16 O, 40 Ca and 208 Pb), for pion incident energies Tlab D 120; 150; 180 MeV
covering the Delta-region. As a side aspects, the results could confirm the validity
of the so-called parallel ensemble scheme for those reactions in comparison to
the more precise but time consuming full ensemble method [221]. GiBUU results
for the DCX reaction  ˙ O !   X at Tlab D 120; 150 and 180 MeV are shown
Fig. 5.39. A good agreement with data was achieved for the total cross section and
also for angular distributions and double differential cross sections. Some strength at
backward angles and rather low pion energies below Tlab  30 MeV is still missed.
A striking sensitivity on the thickness of neutron skins was found, indicating that
such reactions may of potential advantage for studies of nuclear density profiles.

5.7.5 Perspectives of Resonance Studies by Peripheral Heavy
Ion Reactions
The large future potential of resonance physics with heavy ions was demonstrated
by recent FRS experiments measuring the excitation of the Delta and higher
resonances in peripheral heavy ion charge exchange reactions with stable and exotic
secondary beams as heavy as Sn on targets ranging from hydrogen and 12 C to
208
Pb [12, 152, 223]. With these reactions, exceeding considerably the mass range
accessed by of former heavy ion studies, a new territory is explored. A distinct
advantage of the FRS and even more so, of the future Super-FRS facility is the high
energy of secondary beams, allowing the unique experimental access to sub-nuclear
excitations. This allows to perform spectroscopy in the quasi-elastic nucleonic
NN 1 and the resonance N  N 1 regions at and even beyond the Delta resonance.
The elementary excitation mechanisms contributing to peripheral heavy ion charge
exchange reactions are shown diagrammatically in Fig. 5.40.
These outstanding experimental conditions open new perspectives for broadening the traditionally strong branch of nuclear structure physics at GSI/FAIR to the
new territory of in-medium resonance physics. The most important prerequisites are
the high energies and intensities of secondary beams available at the SUPER-FRS.
In many cases, inelastic, charge exchange, and breakup or transfer reactions could
be done in a similar manner at other laboratories like RIKEN, FRIB, or GANIL,
only the combination of SIS18/SIS100 and, in perspective, the Super-FRS provides
access beyond the quasi-elastic region allowing to explore sub-nuclear degrees of
freedom.
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Fig. 5.39 Double differential cross sections for the DCX process  ˙ O !   X at Tlab D
120; 150 and 180 MeV. The results at different angles are shown as function of the kinetic energies
of the produced pions. Data are taken from [222], only statistical errors are shown. The GiBUU
results are shown as histograms, where the fluctuations indicate the degree of statistical uncertainty
(from Ref.[221])

The experimental conditions at the FRS are providing a stand-alone environment
of resonance studies in nuclear matter at large isospin. Reactions at the FRS will
focus on peripheral processes. The states of the interacting nuclei will only be
changed gently in a well controlled manner. Resonances can be excited in inelastic
and charge exchange reactions. In the notation of neutrino physics those reactions
are probing neutral current (NC) and charge current (CC) events and the corre-
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Fig. 5.40 The excitation mechanisms of peripheral heavy ion charge exchange reactions induced
by the exchange of charged mesons: quasi-elastic NN 1 excitations in target and/or projectile (a),
RN 1 resonance-hole excitations in the target (b), and RN 1 excitations in the projectile (c), where
R denotes the Delta P33 .1232/, the Roper P11 .1440/ or any other higher nucleon resonance

sponding nuclear response functions. Here, obviously strong interaction vertices
are involved but it is worthwhile to point out that the type of nuclear response
functions are the same as in the weak interaction processes. By a proper choice
of experimental conditions the following reaction scenarios will be accessible in
either inelastic or charge exchange reactions with resonance excitation in coherent
inclusive reactions or in semi-exclusive coherent reactions with pion detection. In
the first type of reaction the energy-momentum distribution of the outgoing beamlike ejectile is observed. Since the charge and mass numbers of that particle are
known it must result from a reaction in which it was produced in a bound state. Such
reactions primarily record resonances in the target nuclei, folded with the spectrum
of bound inelastic or charge exchange excitations, respectively, in the beam-like
nucleus. Hence, the reaction is coherent with respect to the beam particles. Results
of a recent experiment at the FRS, proving the feasibility of such investigations,
are shown in Fig. 5.41. In the spectra, the quasi-elastic and the resonances regions,
discussed in Fig. 5.40, are clearly seen and energetically well resolved.
The second scenario is different by the detection of pions emitted by the highly
excited intermediate nuclei. By tagging on the pions from the beam-like nuclei
one obtains direct information on the spectral distributions of the pion sources, i.e.
the nucleon resonances. This scenario, illustrated in Fig. 5.42, will provide access
to resonance studies in nuclei with exotic charge-to-mass ratios. Obviously, also
pions from the target nuclei can be observed which corresponds to similar early
experiments at SATURNE [183, 184], the Dubna Synchrophasotron [191] and,
at slightly lower energies, at the FANCY detector at KEK [185]. In the Dubna
experiments single and double pion channels have been measured. The gain in
spectroscopic information is already visible in the p singles spectra, Fig. 5.43, and
even more so in the p  spectra in Fig. 5.44. In coincidence experiments measuring
the decay particles of in-medium resonances are obviously complementary by
establishing a connection of meson production on the free nucleon and on nuclei.
Heavy ions and pions are strongly absorbed particles. Therefore, resonances will
be excited mainly at the nuclear surface. Also pions from grazing reactions will
carry signals mainly from the nuclear periphery. However, the high energies allow
resonance excitation also in deeper density layers of the involved nuclei. In order
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Fig. 5.42 Exclusive resonance production processes by observation of the decay products

to overcome those limitations at least on the decay side it might be worthwhile to
consider as a complementary branch to record also dilepton signals.
The scientific perspectives of resonance physics at a high-energy nuclear facility
like the Super-FRS at FAIR is tremendous. Pion emission will serve as indicator
for resonance excitation and record the resonance properties by their spectral distribution. In the past, theoretically as well as experimentally the Delta resonance has
obtained the largest attention. The work, however, was almost exclusively focused to
nuclei close to stability, i.e. in symmetric nuclear matter. On the theoretical side, the
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main reason for that self-imposed constraint is our lack of knowledge on resonance
dynamics in nuclei far off stability, although in principle theory is well aware of
the complexities and changes of resonance properties in nuclear matter. Despite
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the multitude of published work, until today we do know surprisingly little about
the isospin dependence of resonance self-energies. There is an intimate interplay
between in-medium meson physics and resonance self-energies. Since the width
and the mass location of resonances is closely determined by the coupling to mesonnucleon decay channels modifications in those sectors affect immediately resonance
properties. At the Super-FRS such dependencies can be studied over wide ranges of
neutron-proton asymmetries and densities of the background medium. Since such
effects are likely to be assigned selectively to the various channels, a variation of
the charge content will allow to explore different aspects of resonance dynamics,
e.g. distinguishing charge states of the Delta resonance by the different in-medium
interactions of positively and negatively charged pions.
Last but not least, resonance physics at fragment separators will also add new
figures to the astrophysical studies. In supernova explosions and neutron star
mergers high energy neutrinos are generated. Their interaction with matter proceeds
through quasi-elastic and, to a large extent, through resonance excitation. The
assumed neutrino reheating of the shock wave relies on the knowledge of neutrinonuclear interactions. Neutrino experiments themselves lack the resolving power for
detailed spectroscopic studies. However, the same type of nuclear matrix elements is
encountered in inelastic and charge exchange excitations of resonances in secondary
beam experiments thus testing the nuclear input to neutral and charged current
neutrino interactions.
A large potential is foreseen for studying nucleon resonances in exotic nuclei
which never was possible in the past and will not be possible by any other facility
worldwide in the foreseeable future. The results obtained until now from the FRSexperiment are very interesting and stimulating [12, 152]. Super-FRS will be an
unique device to access resonance physics in a completely new context giving the
opportunity to extend nuclear structure physics into a new direction.

5.8 Summary
Strangeness and resonance physics are fields of particular interest for our understanding of baryon dynamics in the very general context of low-energy flavor
physics. Although SU(3) symmetry is not a perfect symmetry, the group-theoretical
relations are exploited successfully as a scheme bringing order into to multitude
of possible baryon-baryon interactions. The SU(3) scheme allows to connect the
various interaction vertices of octet baryons and meson multiplets, thus reducing
the number of free parameters significantly by relating coupling constants to
a few elementary parameters. Since single hyperons and resonances, immersed
into a nuclear medium, are not subject of the Pauli exclusion principle, their
implementation into nuclei is revealing new aspects of nuclear dynamics. In that
sense, hyperons and resonances may serve as probes for the nuclear many-body
system. At first, hyperons, their interactions in free-space and nuclear matter was
discussed.
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For the description of hypernuclei density functional theory was introduced.
Except for the lightest nuclei, the DFT approach is applicable practically over the
whole nuclear chart and beyond to nuclear matter and neutrons star matter. The DFT
discussion was following closely the content of the Giessen DDRH theory. As an
appropriate method to describe the density dependence of dressed meson-baryon
vertices in field-theoretical approach, nucleon-meson vertices were introduced
which are given as Lorentz-invariant functionals on the matter fields. The theory
was evaluated in the relativistic mean-field limit. The Lambda separation energies of
the known S D 1 single- hypernuclei are described satisfactory well, however,
with the caveat that the experimental uncertainties lead to a spread in the derived
parameters of about 20%. In hypermatter the minimum of the binding energy per
particle was found to be shifted to larger density ( hyp  0:21 fm3 ) and stronger
binding (". hyp /  18 MeV) by adding  hyperons. The minimum is reached
for a -content of about 10% as shown in Sect. 5.4.6. The DFT results are found
to be in good agreement with other theoretical calculations. Overall, on the theory
side convergence seems to be achieved for single -hypernuclei. However, open
issues remain about the nature and mass dependence of the crucial Lambda spinorbit strength. The existence of bound ˙ hypernuclei is still undecided although
the latest theoretical results are in clear favor of a weak or repulsive ˙ potential.
S D 2 double-Lambda hypernuclei would be an important—if not only—source
of information on  interactions. Until now, the results rely essentially on a single
case, the famous 6 He Nagara event observed years ago in an emulsion experiment
at KEK. Future research on the production and spectroscopy of those systems—
as planned e.g. for the PANDA experiment at FAIR—is of crucial importance for
the fields of hyperon and hypernuclear physics. The lack of detailed knowledge on
interactions is also part of the problem of our persisting ignorance on the notorious
hyperon puzzle in neutron stars.
A topic of own interest—which was not discussed here—is the theory of
hypernuclear production reactions. For a detailed review we refer to Ref. [18] where
the description of hypernuclear production reactions is discussed. In that article a
broad range of production scenarios, ranging from proton and antiproton induced
reactions to the collision of massive ions, is studied theoretically. Strangeness and
resonance production is driven by the excitation of a sequence of intermediate N 
states. For the production of hypernuclei, fragmentation reactions are playing the
key role. The hyperon production rates, especially for baryons with strangeness
jSj > 1, depend crucially on the accumulation of strangeness in a sequence of
reactions by intermediate resonance excitation, involving also ˙  and   states
C
from the 32 decuplet. As a concluding remark on strangeness and hypernuclear
production, we emphasize that in-medium reactions induced by heavy-ion beams
represent an excellent tool to study in detail the strangeness sector of the hadronic
equation of state. The knowledge of the in-medium interactions is essential for a
deeper understanding of baryon-baryon interactions in nuclear media over a large
range of densities and isospin. It is crucial also for nuclear astrophysics by giving
access to the high density region of the EoS of hypermatter, at least for a certain
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amount of hyperon fractions. In addition, reaction studies on bound superstrange
hypermatter offer unprecedented opportunities to explore the hitherto unobserved
regions of exotic bound hypernuclear systems.
Resonance physics is obviously of utmost importance for nuclear strangeness
physics because they are the initial source for hyperon production. But the physics
of N  states in the nuclear medium is an important field of research by its own. From
the side of hadron spectroscopy, there is large interest to use the nuclear medium
as a probe for the intrinsic structure of resonances. As pointed out repeatedly,
the intrinsic configurations of resonances are mixtures of meson-baryon and 3quark components, the latter surrounded by a polarization cloud of virtual mesons
and qNq states. The various components are expected to react differently on the
polarizing forces of nuclear matter thus offering a more differentiating access to N 
spectroscopy. From the nuclear physics side, resonances are ideal probes for various
aspects of nuclear dynamics which are not so easy to access by nucleons alone. They
are emphasizing certain excitation modes as the spin-isospin response of nuclear
matter. For that purpose, studies of the  resonance are the perfect tool. Resonances
are also thought to play a key role in many-body forces among nucleons, implying
that nucleons in nuclear matter are in fact part of their time in (virtually) excited
states. To the best of our knowledge stable nuclear matter exists only because threebody (or multi-body) forces, contributing the correct amount of repulsion already
around the saturation point and increasingly so at higher densities. Peripheral heavy
ion reactions are the method of choice to produce excited nucleons under controlled
conditions in cold nuclear matter below and close to the saturation density. It was
pointed, that in central collisions the density of N  states will increase for a short
time to values comparable to the density in the center of a nucleus. The existing data
confirm that in peripheral reactions the excitation probability is sizable.
Physically, the production of a resonance in a nucleus corresponds to the creation
of N  N 1 particle-hole configuration. The description of such configurations was
discussed for the case of N  D . Extensions to higher resonances are possible
and in fact necessary for the description of the nuclear response already observed at
high excitation energies. In future experiments a particular role will be played by the
decay spectroscopy which is a demanding task for nuclear theory. In any case, the
nuclear structure and reaction theory are asked to extend their tool box considerably
for a quantitative description of hyperons and resonances in nuclear matter. In this
respect, neutrons star physics is a step ahead: As discussed, there is a strong need
to investigate also resonances in neutron star matter. In beta-equilibrated matter,
resonances will appear at the same densities as hyperons. Thus, in addition to the
hyperon puzzle there is also a resonance puzzle in neutron stars.
Overall, in-medium hadronic reactions offer ample possibilities of studying subnuclear degrees of freedom. By using beams of the heaviest possible nuclei at beam
energies well above the strangeness production thresholds, one can probe definitely
superstrange and resonance matter at baryon densities far beyond saturation, e.g.
coming eventually close to the conditions in the deeper layers of a neutron star.
Theoretically, such a task is of course possible and the experimental feasibility will
come in reach at the Compressed-Baryonic-Experiment (CBM) at FAIR which is
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devoted specifically to investigations of baryonic matter. The LHC experiments are
covering already a sector of much higher energy density but their primary layout is
for physics at much smaller scales.
On the side of hadron and nuclear theory, LQCD and QCD-oriented effective
field theories may bring substantial progress in the not so far future, supporting
a new understanding of sub-nuclear degrees of freedom and in-medium baryon
physics in a unified manner. We have mentioned their achievements and merits on
a few places. However, both LQCD and EFT approaches, would deserve a much
deeper discussion as could be done here. In conjunction with appropriate manybody methods, such as provided by density functional theory, Green’s function
Monte Carlo techniques, and modern shell model approaches are apt to redirect
nuclear and hypernuclear physics into the direction of ab initio descriptions. The
explicit treatment of resonances will be a new demanding step for nuclear theory
(and experiment!) adding to the breadth of the field.
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Chapter 6

Particle Acceleration Driven
by High-Power, Short Pulse Lasers
Peter G. Thirolf

Abstract The availability of high-power, short-pulse laser systems has created over
the last two decades a novel branch of accelerator physics. Laser-driven electron and
ion acceleration based on the enormous acceleration fields that can be realized over
very short acceleration lengths during ultra-short pulse periods has gained enormous
interest and huge efforts are conducted worldwide to realize optimized acceleration
schemes and beam properties, drawing on the rapid development of the underlying
laser technology. The present chapter reviews this development, starting with a
primer on the basic features of relativistic laser-plasma interaction. Subsequently,
laser-driven acceleration mechanisms for electrons and ions are introduced. Finally,
an example for the application of laser-driven ion bunches for nuclear astrophysics
is given, based on the unprecedented high density of laser-accelerated ion bunches.

6.1 Introduction
Huge particle accelerators have been the workhorses of research in particle physics
for more than eight decades. Through high-energy collisions of accelerated particles, the fundamental building-blocks and forces of nature have been revealed.
Most prominent, the Large Hadron Collider (LHC) at CERN in Geneva, achieved
to find the Higgs boson, a particle associated with the mechanism through which
all other known particles are thought to acquire their masses. But the size and
cost of such machines—for the LHC, a 27-km circumference and several billion
euros—are raising skepticism if a next-generation elementary particle physics
accelerator could realistically be built based on conventional accelerator technology.
Therefore serious efforts are ongoing to develop new and more compact accelerator
technologies, able to target the ultimate energy frontier as well as providing new
properties for a wide range of applications.
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The availability of high-power, short-pulse laser systems has created over the
last two decades a novel branch of accelerator physics. Laser-driven electron and ion
acceleration has gained enormous interest and huge efforts are conducted worldwide
to realize optimized acceleration schemes and beam properties [1, 2], drawing
on the rapid development of the underlying laser technology. The world map of
intense laser laboratories, compiled by the International Committee on Ultra-High
Intensity Lasers (ICUIL, http://www.icuil.org/activities/laser-labs.html) and shown
in Fig. 6.1, illustrates a cumulative laser peak power (operational or planned for
2017) of about 132 PW, worth an investment of more than 4 billion US dollars and
representing the effort of more than 1500 laser scientists and engineers (not counting
the large nuclear-fusion laser projects in the US (National Ignition Facility NIF [3]
and France (Laser Megajoule [4]).
Nowadays available focused laser intensities well beyond 1020 W/cm2 have
enabled, e.g., the generation of multi-GeV electron beams in laser wake field
acceleration (LWFA) experiments over a few cm in typically 1017–18 e/cm3 dense
plasmas [5, 6].
At present, the achieved laser peak power is in the petawatt regime (PW, 1015 W)
[7, 8], which is one million times higher than a gigawatt electric power plant,
although the lasers deliver this power in an ultra-short pulse (typically few tens
of fs, 1015 s) only. Multi-PW and exawatt (EW, 1018 W) lasers are now under
construction or planned to be built [9, 10]. The rapid progress of laser technology
since the invention of the laser by Maiman in 1960 [11] can be seen in Fig. 6.2,
where the development of laser intensity and laser power (left axes) as well as laseraccelerated ion energies (right axis) are indicated as a function of time since 1960
(adapted from [8]).
The steep rise went along with a continuous shortening of the laser pulse duration
from s to fs for highest focal intensities. The key enabling technology that allowed
overcoming the stagnation visible in the development of the laser intensity in the
1970s to mid 1980s is chirped pulse amplification (CPA) [12].
Here, as shown in Fig. 6.3, the potential damage of intense laser pulses to the
gain medium was circumvented by stretching out an ultrashort laser pulse in time
prior to introducing it to the gain medium, using a pair of gratings that are arranged
such that the low-frequency component of the laser pulse travels a shorter path than
the high-frequency component. After going through the grating pair, the laser pulse
becomes positively chirped, that is, the high-frequency component lags behind the
low-frequency component and exhibits a longer pulse duration than the original
by a factor of 103 –105. Then the stretched pulse is safely introduced to the gain
medium and amplified by a factor 106 or more. Finally, the amplified laser pulse
is recompressed back to the original pulse width through the reversal process of
stretching, achieving orders of magnitude higher peak power than laser systems
could generate before the invention of CPA.
Also indicated in Fig. 6.2 by dashed lines are the relativistic limits (for a laser
wavelength of 1 m) for laser-accelerated electrons (1018 W/cm2 ) and protons
(5  1024 W/cm2 ), characterized by their normalized vector potential a D eA/mc2
with A being the electromagnetic vector potential of the laser wave and m denoting

Fig. 6.1 World map of ultra-high intensity (>1019 W/cm2 ) laser facilities, compiled by the International Committee on Ultra-High Intensity Lasers (ICUIL,
http://www.icuil.org/activities/laser-labs.html)
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Fig. 6.2 Development of the laser intensity, laser power (left axes) and laser-accelerated ion
energies (right axis) vs. years (adapted from [8]). Drastic shortening of the laser pulse duration
from microseconds to femtoseconds was crucial for the achieved progress. Indicated with dashed
lines are the relativistic limits for electrons (normalized vector potential a D eA/mc2 D 1) and
protons (ap D 1)

the mass of the accelerated particle (e.g. electron or proton). While the optimistic
extrapolation of the trend started with CPA (dashed arrow) did not materialize,
an alternative laser amplification scheme (optical parametric chirped pulse amplification, OPCPA [13]) allows for even shorter laser pulses and thus higher focal
intensities.
Laser-driven plasma-based accelerators were originally proposed almost four
decades ago by Tajima and Dawson [14]. In a low-density plasma ( 105 –104
of solid density), the slowly oscillating field of a wake wave with phase velocity
approaching c leads to electron acceleration.
The observation of electrons and ions emitted in laser-plasma interactions was
first reported in experiments using high-intensity laser pulses with durations of
a few ns to some hundreds of ps [15]. Following the invention of chirped pulse
amplification, laser pulses with intensities well in excess of 1018 W/cm2 and fs
duration were realized. A link between the driver intensity and the resulting pulse
duration has been suggested by Mourou and Tajima [16] and can be stated as: “In
order to decrease the achievable pulse duration, we must first increase the intensity
of the driving laser.” This is not the same as the reverse trivial statement “to increase
the achievable peak intensity of a pulse for a given energy, the pulse duration
must be shortened” [16, 17]. The first experiments reporting laser acceleration of
protons with beam-like properties and multi-MeV energies in laser experiments
were reported in 2000 [18–20]. Experiments over the following 16 years have

6 Particle Acceleration Driven by High-Power, Short Pulse Lasers

259

Fig. 6.3 Principle of the chirped pulse amplification scheme (for details see text)

demonstrated, over a wide range of laser and target parameters, the generation of
multi-MeV proton and ion beams with unique properties, such as ultrashort burst
emission, high brilliance, and low emittance, which have in turn stimulated ideas
for a wide range of innovative applications.

6.2 Relativistic Laser-Plasma Interaction
When an ultra-high peak power laser pulse interacts with a target, a plasma
is inevitably created due to heating and breakdown by either a relatively long
preceding light or, if such pre-pulses are suppressed, due to the optical field
ionization [21, 22] by the main pulse. The plasma consists of charged particles, i.e.
electrons and ions. The particles with the largest charge-to-mass ratio, the electrons,
are accelerated first by the laser. The motion of electrons in this regime is governed
by the dimensionless laser amplitude a0 (the normalized vector potential)
s
eE0
D
a0 D
me c!

I0
;
Il

Il D 1:37 x1018

W
.m=/2 ;
cm2

(6.1)
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where e and me are the electron charge and mass, c is the velocity of light in vacuum,
and I0 , E0 , œ and ¨ are the laser peak intensity, electric field, wavelength and
angular frequency, respectively. The value of Il is given here for linear polarization
of the laser light, for circular polarization
pit is two times larger. In terms of other
commonly used units, a0 D 0.85  10–9 I, where I is the intensity of the laser
light in W/cm2 and  is the wavelength of the laser light in microns. When a0  1,
which is satisfied for 1 m light at a laser intensity of 1018 W/cm2 , the electron
mass me begins to change significantly compared to the electron rest mass. For a
typical laser wavelength of 1 m and I0 » 1018 W/cm2 , the dimensionless laser
amplitude is much larger than unity. In this case, a significant number of plasma
electrons is accelerated up to relativistic velocities during a few cycles of the laser
electric field. Such a plasma is called a “relativistic plasma” [8, 23, 24], which has
several unique features, e.g. it is essentially collisionless [25]. In contrast to vacuum,
in a plasma and especially in a dense plasma, the particle motion is significantly
affected by the collective fields, and the laser pulse itself is modified by nonlinearities. Nowadays, based on the previously described laser technique of chirped
pulse amplification, laser pulses with focused intensities far beyond the relativistic
limit of 1018 W/cm2 can be generated, which generate macroscopic amounts of
relativistic plasma in dense matter with novel properties concerning laser-matter
interaction. A key quantity is the plasma frequency
s
!prel

D

4e2 ne
;
m h i

(6.2)

which is determined by the electron density ne and the electron mass m. The
increase of mass by the relativistic factor h i, averaged locally over many electrons,
reduces the plasma frequency with far-reaching consequences for light propagation
in the plasma. The most prominent ones are: (a) laser-induced transparency, (b)
relativistic self-focusing, (c) profile steepening at the pulse front. They are illustrated
in Fig. 6.4.
Qualitatively, these effects can be understood in terms of the dispersion relation
2

! 2 D !prel C c2 k2 ;

(6.3)

which controls the propagation of laser light in a plasma with frequency ¨, wave
vector k and vacuum velocity c. It leads to the plasma index of refraction
s
nR D


rel .
1  !p !

2

s
D 1



ne
nc

= h i;

(6.4)

where nc is the critical density, at which a plasma becomes non-transparent in the
non-relativistic regime h i D 1 (with ¨rel D ¨p /<”>). At relativistic laser intensities,
however, the h i- factor depends on the local intensity I, approximately h i / I1/2 ,
and one enters a regime of relativistic non-linear optics as well as relativistic
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a Induced transparency
ω

ωP
ωLas

ωP /<y>

k

b relativistic self-focussing: VP = c / nR

Intensity

Y

c

X

I

Y

Fig. 6.4 Effects of
relativistic non-linear optics:
(a) induced transparency. A
plasma with ¨p > ¨Las
becomes transparent for high
intensities producing
hi
1. (b) Phase fronts in
the central region of the laser
pulse with high intensity and
enhanced index of refraction
nR move with lower phase
velocity vp D c/nR than in the
wings, where the intensity is
smaller. The plasma then acts
like a positive lens and
relativistic self-focusing
occurs. (c) Central regions of
the laser pulse with peak
intensities move with a larger
group velocity vg D cnR than
the front region, where the
intensity is lower, this leads to
profile steepening
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phase fronts

profile steepening: Vg = c nR

I

envelope
X

plasma physics. Electrons oscillate at relativistic velocities in laser fields that exceed
1011 V/cm, which results in relativistic mass changes exceeding the electron rest
mass. At this point, the magnetic field of the electromagnetic wave also becomes
important. Electrons behave in such fields as if the light wave was rectified. If the
plasma frequency exceeds the frequency of the laser light (¨p > ¨Las ), the plasma
becomes transparent for high intensities producing h i
1 (induced transparency
illustrated in panel a) of Fig. 6.4). Phase fronts in the central region of the laser
pulse with high intensity and an enhanced index of refraction nR will propagate
with a lower phase velocity vp D c/nR than in the wings, where the intensity is
smaller. Therefore, the plasma then acts like a positive lens and relativistic selffocusing occurs (Fig. 6.4, panel b). Moreover, central regions of the laser pulse
with peak intensities move with a larger group velocity vg D cnR than the front
region, where the intensity is lower, this leads to a steepening of the pulse profile
(panel c). Of particular importance is the effect of relativistic self-focusing, which
means that the quasistatic magnetic field may become strong enough to pinch the
relativistic electrons and that the path of light follows the electron deflection. As
a consequence, the pattern of current and light filaments coalesces into a single

262

P. G. Thirolf

narrow channel containing a significant part of the initial laser power. Relativistic
self-focusing occurs, when the laser power exceeds a critical power, given by:

2
Pc D 17 !las =!p GW;
with ! las denoting the laser frequency, while ! p represents the plasma frequency.
On the other hand, photo-ionization can defocus the light and thus increase the
self-focusing threshold, by increasing the on-axis density and the refractive index.
When this focusing effect just balances the defocusing due to diffraction, the laser
pulse can be self-guided, or propagate over a long distance with high intensity.
The effect of self-focusing can be seen in Fig. 6.5, where the result of a 3D
particle-in-cell (PIC) simulation of a relativistic laser pulse (1019 W/cm2 ) creating a
plasma (with electron density ne /nc D 0.6) is displayed [26]. Particle-in-Cell (PIC)
simulations are the standard computational tool to study the behaviour of laserplasma interactions over macroscopic volumes [27]. The laser plasma-interaction
is solved at the fundamental level of Maxwell’s equations and the equation of
motion for relativistic particles moving in the electromagnetic fields, which are
averaged over cells. In the example shown in Fig. 6.5, the incident laser beam with
enough intensity to create a relativistic plasma first propagates through an unstable
filamentory stage (blue section) and then collapses into a single channel with a width
of (1–2) œ (laser wavelength).

Fig. 6.5 Result of a 3D particle-in-cell simulation illustrating the effect of relativistic self-focusing
of an incident relativistic laser beam via laser-plasma interaction. The initially filamented light
path follows the path of the resulting relativistic electron beam, accelerated with high current (ca.
10 kA) and accompanied by a high quasistatic magnetic field (ca. 100 MG). Figure taken from
[26]. (Reprinted with permission from A. Pukhov and J. Meyer-ter-Vehn, Phys. Rev. Lett. 76, 3975
(1996). Copyright 1996 by the American Physical Society)
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Fig. 6.6 (a) Illustration of the macroscopic charge separation induced by the light pressure of an
intense laser pulse creating a relativistic plasma and pushing aside the free electrons, resulting in a
quasi-static electric field of up to TV/m. (b) A strong electron current ( kA) is dragged by the laser
pulse, accompanied by a strong quasi-static magnetic field (ca. 104 T)

The new regime of relativistic laser-plasma interaction became accessible, when
focused laser intensities in excess of 1018 W/cm2 could be realized with laser
pulses of fs duration. Here, the quiver velocity of electrons in the electromagnetic
field of the laser approaches the speed of light. Moreover, the v  B-term of the
Lorentz force starts to dominate and pushes the electrons into the direction of the
laser propagation, creating high electron pulse currents (typically several kA) with
induced quasi-static magnetic fields (in the order of 108 Gauss), as illustrated by
Fig. 6.6.
The ability to generate such relativistic electrons was a mandatory prerequisite
for the acceleration of ions to high energies.

6.3 Laser-Driven Electron Acceleration
Using the interaction of ultra-intense lasers with relativistic plasmas is an elegant
and efficient way to generate electron beams. Moreover, laser-accelerated electrons
will always accompany the generation of laser-accelerated protons and heavier
ions. Therefore in this section an overview about the methods and status of
laser-driven electron acceleration will be given. For a review of laser-driven plasmabased electron acceleration see Ref. [28]. This acceleration scheme was originally
proposed by Tajima and Dawson almost 40 years ago [14]. Laser-plasma accelerator
experiments prior to 2004 have demonstrated acceleration gradients >100 GV/m,
accelerated electrons with energies >100 MeV and accelerated bunch charges
>1 nC [29–35]. However, the quality of the accelerated electron bunches did not
meet the expectations. Typically, the accelerated bunch was characterized by an
exponentially decreasing energy distribution, with most of the electrons at low
energies (<10 MeV) and a long tail extending to higher energies (>100 MeV). This
changed drastically, when in 2004 a new milestone in laser plasma acceleration
was reached, with three groups simultaneously reporting on the production of highquality, quasi-monoenergetic electron beams, characterized by significant charge
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Fig. 6.7 Experimental setup for quasi-monoenergetic laser acceleration of electrons (for details
see text). Figure taken from [37]. (Reprinted by permission from MacMillan Publishers Ltd.:
Nature 431, 535 (2004), copyright 2004)

(100 pC) at high average energy ( 100 MeV), with small energy spread (ca. a
few percent) and low divergence (few milliradians) [36–38]. A typical setup for
these experiments is shown in Fig. 6.7 [37]. The experiment used the high-power
titanium: sapphire laser system at the Rutherford Appleton Laboratory (Astra). The
laser pulses ( D 800 nm,  D 40 fs with energy approximately 0.5 J on target)
were focused with an f /16.7 off-axis parabolic mirror (f : ratio between focal length
and mirror diameter) onto the edge of a 2-mm-long supersonic jet of helium gas
to produce peak intensities up to 2.5  1018 W cm2 . The electron density (ne ) of
the plasma was observed to vary linearly with backing pressure within the range
ne D 3  1018 cm3 –5  1019 cm3 . Electron spectra were measured using an
on-axis magnetic spectrometer. Other diagnostics that was used included transverse
imaging of the interaction, and radiochromic film stacks to measure the divergence
and total number of accelerated electrons.
The electron acceleration mechanism in a relativistic plasma is based on the
extremely high electric field gradients (up to 1 TV/m) achievable with multi-terawatt
lasers as discussed before. One of the appealing applications for these lasers is
laser wake field acceleration (LWFA) of charged particles in plasma. When a laser
pulse propagates through an underdense plasma, it excites a running plasma wave
oscillating with the plasma frequency ! p 2 D 4e2 ne /m, where e, m, and ne denote
charge, mass, and density of electrons, respectively. The wave trails the laserpulse
with phase velocity set by the laser pulse group velocity

1=2
wake
vph
D vg D c 1  !p2 =!02
;
where ! 0 is the laser frequency. The electric field of this plasma wave is longitudinal, i.e. it points in the propagation direction. A relativistic electron can ride this
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c
Surfing
electrons

Monoenergetic
beam

Loaded wake

Fig. 6.8 (a) In a plasma excited by a laser pulse, the wake potential rises until it steepens and
breaks. Electrons from the plasma are caught in the “whitewater” and surf the wave. (b) The load
of the electrons deforms the wake, stopping further trapping of electrons from the plasma. (c) As
the electrons surf to the bottom of the wake potential, they each arrive bearing a similar amount of
energy. Figure taken from [39]. (Reprinted by permission from MacMillan Publishers Ltd.: Nature
431, 515 (2004), copyright 2004)

plasma wave, staying in phase with this longitudinal electric field and be accelerated
to high energies. This scheme is illustrated in Fig. 6.8.
Although this acceleration mechanism was known since the seminal work of
Tajima and Dawson [14], the energy spread of the beams accelerated hereby
amounted initially to about as much as 100%. This wide range of energies occurred,
because the particles were trapped from the background plasma—in much the same
way that whitewater gets trapped and accelerated in an ocean wave—rather than
injected into a single location near the peak of the wave (as is done in a conventional
RF-based accelerator). But injection is difficult in a wake field accelerator, because
the wavelength of the plasma wave is tiny—typically 10,000 times shorter than the
usual 10-cm wavelengths of the radio-frequency fields in conventional accelerators.
Successfully injecting tightly packed bunches of particles near the plasma-wave
peak turned out to be the main challenge. The solution was inspired by the
theoretical finding of the so-called “bubble-regime” [40] at sufficiently high laser
intensities, where self-trapping of plasma electrons occurs and peaked spectra of
accelerated electrons are found. Bubble acceleration differs from traditional wakefield acceleration in that one drives the plasma far beyond the wave-breaking limit,
such that a single wake rather than a regular plasma wave train is formed. In this
regime, large amounts of plasma electrons (in the order of nano-Coulombs) selftrap in the wake and are accelerated without interacting directly with the laser field.
The bubble length is approximately one plasma wavelength p , and an important
condition to generate electron spectra peaked in energy is that the laser pulse extends
only over half of the plasma wavelength, thus favoring short laser pulses of the order
of 20–50 fs. For longer pulses, the accelerating electrons interact directly with the
laser pulse, and one obtains broad thermal-like spectral shapes, see e.g. [33]. Still
the early peaked electron spectra [36–38, 41–44] were surprising, considering that
the corresponding experiments were performed with laser pulses longer than p /2.
The reason why the bubble regime could be accessed nevertheless is that nonlinear
laser plasma interaction tends to shape the incident laser pulses until they fit into the
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Fig. 6.9 Formation of the “bubble” regime of laser electron acceleration: Wake field behind a 20mJ, 6.6-fs laser pulse propagating in a plasma layer from left to right. Cuts along the propagation
axis show the evolution of the electron-density of the plasma wave (green-blue) and high-energy
pulse (orange-red) at times (a) t D 50/c, (b) t D 100/c, (c) t D 150/c, t D 170/c. The
color coding corresponds to the longitudinal electron momentum. The dashed ellipse in frame (a)
indicates the position of the laser pulse. Figure taken from [40]. (Reprinted from A. Pukhov and J.
Meyer-ter-Vehn, Appl. Phys. B 74, 355 (2002) with permission of Springer)

first wake and can produce mono-energetic pulses. Apparently, the bubble regime
has the properties of an attractor. This was concluded from simulations presented in
[38, 43, 45]. Figure 6.9 (taken from [40]) displays the formation of the acceleration
“bubble” behind the laser pulse.
The most favorable regime for laser-driven electron acceleration occurs for laser
pulses shorter than p , as described above and for relativistic intensities high enough
to break the plasma wave after the first oscillation. The electric field
for
q required
 

wave breaking can be estimated from the expression Ewb =E0 D
2 p  1 ,
1=2

D !0 =!p , with vg as the plasma wave group velocity
with p D 1  vg2 =c2
and ! 0 as the laser frequency, which holds for low-temperature planar plasma waves
[46]. In the present relativistic regime, however, the wave fronts are curved and first
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break near the wave axis and for lower values than in the plane-wave limit. Wave
breaking turns out to be of central importance, because it leads to abundant selftrapping of electrons in the potential of the wave bucket, which are then accelerated
in large numbers. This results in high conversion efficiency of laser energy into
relativistic beam energy. Figure 6.9 shows four movie frames, following the front
of the plasma wave as it propagates in the z direction [40]. The laser pulse is
indicated only in the first frame by the dashed white ellipsis behind the wave front.
The frames show electron density in cuts along the laser-beam propagation axis.
Each dot corresponds to one electron and is colored according to its momentum
pz /mc. This way of plotting exhibits both the structure of the plasma wave and the
self-trapped electrons accelerated to high energies in the first wave bucket. Figure
6.9a shows the wave when it has propagated 45 laser wavelengths into the layer.
Like a snow-plough, the laser pulse pushes the front layer of compressed fewMeV electrons (dark green) and leaves a region with low electron density behind.
It still contains a population of low-momentum electrons (in blue), which stream
from right to left and feed the wave structure trailing the pulse. The green wave
crests are curved and start to break at their vertex near the propagation axis. The
curvature reflects the 3D structure of a plasma wave with transverse size of order
p . In the prototypical 3D simulations of [40], wave breaking occurred already for
Emax /Ewb  0.3 and strong electron depletion was observed only in the first wave
bucket. When comparing with non-broken wake fields, the striking new feature in
Fig. 6.9b–d is the stem of relativistic electrons growing out of the base. The electron
energy rises towards the top of the stem, with high-momentum electrons (in red),
which have been trapped first and accelerated over the full propagation distance,
exhibiting the highest energies. The cavity with the accelerating electron stem is a
rather stable structure, hardly affected by the drop in laser intensity, which decreases
steadily due to energy transfer to electrons. The efficiency of electron acceleration
in the cavity amounts to a rather high value of about 15% of the initial laser energy
that can be transferred to the electron bunch. In Fig. 6.9d, the cavity arrives at the
rear boundary of the plasma layer and bursts, releasing the relativistic electron load
into vacuum.
Following these seminal findings, the parameter space for optimized laser-driven
electron acceleration has been systematically explored in a plethora of 2D and
3D PIC simulations. An overview can be found in the review article [28] and its
references.
The theory of bubble formation, its stability, and its scaling properties has
been developed by Gordienko and Pukhov [47, 48]. A limiting property of the
achievable electron acceleration is the dephasing length Ld , defined as the length
the electron must travel before it phase slips by one half of the plasma wave (i.e. the
length after which an electron to be accelerated by a plasma wake wave outruns
the wave and cannot gain further momentum. A way to extend the dephasing
length could be to decrease the electron density in the plasma generated from
(hydrogen) gas-jet targets below 1019 cm3 and to create a plasma channel to guide
the relativistic laser pulse—which, however, turned out to be impractical due to
inefficient laser heating at low densities [49]. To overcome the limitations of gas jets,
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Fig. 6.10 Schematical layout of a laser-driven electron acceleration setup based on an extended
plasma channel serving as plasma waveguide and created by a discharge capillary of a few tens of
mm length

a gas-filled capillary discharge waveguide (ca. 30 mm long, diameter ca. 200–
300 m, machined from sapphire blocks) was used to produce centimeter-scale
lower-density plasma channels via ionization in the hydrogen gas from a discharge
induced at the capillary ends [50, 51]. PIC simulations in 2D and 3D showed that the
initial profile of the laser pulse injected into the channel produces a wake with an
amplitude that is too low to produce self-trapping. Over the first few millimeters
of propagation, the plasma wake feedbacks on the laser pulse, leading to selfmodulation and self-steepening, which further increases the wake amplitude. A
blow-out or cavitated wake is eventually produced of sufficient amplitude so as
to allow self-trapping. Trapping continues until there is sufficient trapped charge
to “beam load” the wake, i.e. electrons acting back on the wake field potential by
reducing its amplitude and terminating the self-trapping process. Over the next 1 cm
of propagation, the bunch accelerates as the laser energy depletes. Laser depletion
occurs after approximately a dephasing length, resulting in the production of a
narrow energy spread electron bunch with an energy near 1 GeV [28]. Injection and
acceleration of electrons is found to depend sensitively on the delay between the
onset of the discharge current and the arrival of the laser pulse [52]. This technique
is schematically displayed in Fig. 6.10.
Various numerical studies predicted the access to multi-GeV electron beams with
laser powers in the range of 0.1–1 PW [47, 53–57], where higher-energy gain scan
be achieved for a given plasma laser power by the use of channel guiding [56, 57].
This technology finally allowed to generate high-energy electron beams at the GeV
level in several laboratories [58–60]. With the availability of petawatt class lasers,
electron beams were produced in non-preformed plasmas with energies up to 2 GeV
using a 7 cm long gas cell and 150 J laser energy in 50 fs long laser pulses [61],
and using a dual gas jet system of 1.4 cm, beams with energy tails up to 3 GeV
were observed [5]. Significantly lower laser pulse energies of 16 J, coupling (ca.
40 fs) laser pulses with high mode quality to preformed plasma channel waveguides
produced by a 9 cm-long capillary discharge (electron density ca. 7  1017 cm3 ),
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Fig. 6.11 Energy spectrum of a 4.2 GeV electron beam, generated by focusing laser pulses with
energies of 16 J and a duration of 40 fs (i.e. 400 TW) into a 9 cm-long discharge capillary (500 m
diameter) plasma waveguide (plasma electron density: 7  1017 cm3 ). The electron energy was
measured using a broadband magnetic spectrometer. The white lines show the angular acceptance
of the spectrometer. The two black vertical stripes are areas not covered by the phosphor screen.
Figure taken from [6]. (Reprinted with permission from W. Leemans et al., Phys. Rev. Lett. 113,
245002 (2014). Copyright 2014 by the American Physical Society)

were sufficient to generate the present world record of laser accelerated electron
beam energy of ca. 4.2 GeV (see Fig. 6.11) [6].
Future experiments will employ techniques to both provide better guiding of
the laser pulse and triggered injection [62] for acceleration at lower densities (with
longer dephasing and pump depletion lengths), as well as improved reproducibility.
Simulations indicate that this will allow for the generation of electron beam energies
at the 10 GeV level using 40 J, 100 fs laser pulses [63].

6.4 Laser-Driven Ion Acceleration
The first proposal of plasma-based ion acceleration dates back already to the 1950s
[64]. The concept was tested utilizing an induced electric field driven by an electron
beam injected into a plasma [65]. The main motivation of these plasma expansion
studies was laser-plasma interaction and the energetic or fast ion energy loss for
laser-induced fusion. The accelerated proton or ion energy was far below 1 MeV,
even though large, building-sized laser installations were employed. The community
had to wait another decade for ultra-short pulse and ultra-high-intensity lasers
and corresponding experiments, which are described below. Starting in the 1990s,
ion acceleration in a relativistic plasma was demonstrated with ultra-short pulse
lasers based on the chirped pulse amplification technique, which can provide not
only picosecond or femtosecond laser pulse duration, but simultaneously ultrahigh peak power of terawatt to petawatt levels. Ion acceleration experiments
were based on theoretical and computational studies [66–68]. Laser-driven ion
acceleration attracted considerable attention, when an intense proton beam with a
maximum energy of 55 MeV was observed in 2000 [20, 69]. Since these early

270

P. G. Thirolf

proof-of-principle experiments, various laser ion acceleration experiments were
performed to establish knowledge on the fundamental underlying processes and
their mechanisms [19, 70–97], as well as on applications of the proton and ion
beams [98]. Starting from the year 2000, several groups demonstrated low transverse
emittance, tens of MeV proton beams with a conversion efficiency of up to several
percent. The laser-accelerated particle beams have a duration of the order of a few
picoseconds at the source, an ultra-high peak current and a broad energy spectrum,
which make them suitable for many, including several unique, applications [1],
ranging from a compact ion source for conventional, RF-based accelerators [99–
101], (isochoric) heating of warm dense matter [90, 102], to compact proton sources
for particle cancer therapy [103, 104]. Laser-accelerated proton and ion beams may
become compelling alternatives to electrons used for fast ignition in laser-driven
fusion [105, 106]. Alaser-driven proton beam can be used for the production of
radioactive materials for medical applications [83, 107]. For a detailed discussion
of all relevant aspects the reader is referred to the excellent review article [1].

6.4.1 Mechanisms of Laser-Driven Ion Acceleration
In contrast to laser-driven electron acceleration, where an intense driver laser pulse
is focused into a (hydrogen) gas jet, laser-driven ion acceleration mainly uses solid
targets, typically foils in the micrometer thickness range. In fact, the development
of an optimized targetry is an indispensable part of the development of laser-driven
ion beams. Still, the laser pulse interacts mostly with the electrons of the target
material and ions are affected by the resulting plasma fields. To maximize laser
energy absorption and to prevent potentially harmful back reflections from the target
surface to the laser chain, p-polarization at oblique incidence is mostly chosen (ppolarized light is understood to have an electric field direction parallel to the plane of
incidence on a device). When discussing laser-driven ion acceleration mechanisms,
one should be aware that in the real scenario many different physical phenomena
will be involved at each interaction stage, starting from ionization, initial pre-plasma
formation, coupling of the main pulse energy to the electrons via absorption, plasma
evolution driven by the laser and collective plasma fields, and finally ion propagation
during and after the acceleration process [1]. Based on eventually limited diagnostic
capabilities, it may be difficult to determine adominant acceleration mechanism and
this explains also the multitude of different mechanisms that can be found in the
literature of the last decade. Here we will focus on two prototypical mechanisms.

6.4.1.1 Target Normal Sheath Acceleration (TNSA)
In the intensity regime of relevance (as a guideline, I2 > 1018 W/cm2 ), the laser
pulse can efficiently transfer energy into relativistic electrons, mainly through
ponderomotive processes (e.g., the relativistic j  B heating mechanism, arising
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from the oscillating component of the ponderomotive force [108]). The average
energy of the electrons is typically of MeV order, e.g., their collisional range is
much larger than the foil thickness. This means that the laser pulse irradiating the
target transfers its energy into hot electrons, which propagate through the target
and form a strong electric charge-separation field at the rear side of the target,
whereas the foil remains opaque to the laser light throughout the interaction. The
charge-separation field ionizes atoms from surface layers, and the resulting ions
start to expand into the vacuum behind the target, following the electrons [109,
110]. While a limited number of energetic electrons will effectively leave the
target, most of the hot electrons will be held back within the target volume by the
space charge, and will form a sheath extending by approximately a Debye length
D D ("0 Te kB /ne e2 )1/2 from the initially unperturbed rear surface (with Te and ne
denoting the hot electron temperature and density, respectively). Consequently, a
quasi-static charge separation field builds up at the target rear side, reaching values
on the order of TV/m. This field is maintained by an equilibrium of electrons being
pulled back into the target and new electrons arriving from the front surface plasma.
According to the model developed in [100], the initial accelerating field will be
given by
s
Esheath;0 D

2 Te
D
eN eD



8
ne Te
eN

1=2

;

(6.5)

where eN is Euler’s number (i.e. the base of the natural logarithm). Ions are
accelerated in the quasi-static sheath field, which is orientated normal to the surface,
giving the process its name “target normal sheath acceleration” (TNSA). Figure 6.12
schematically depicts the main mechanisms for laser-driven ion acceleration from
overdense, opaque plasmas created from m-scale foils [111]. Besides the described
TNSA mechanism, also “hole-boring RPA” is included, which will be discussed in
the following section.

6.4.1.2 Radiation Pressure Acceleration (RPA)
In the proposal of a new nuclear reaction scenario that will be introduced in
the following section, it is envisaged to exploit a different laser ion acceleration
mechanism, called Radiation Pressure Acceleration (RPA), which is expected to
become dominant at higher laser intensities (ca. 1023 W/cm2 ) than realized in
present facilities, but accessible for the next generation of multi-PW-class laser
facilities planned or already under construction. As will be outlined, RPA promises
several considerable advantages compared to the currently used TNSA scheme. It
was first proposed theoretically [112–117]. Special emphasis has been given to RPA
with circularly polarized laser pulses, as this suppresses fast electron generation and
leads to the interaction dominated by the radiation pressure [112, 113]. When a
high-intensity laser pulse interacts with a thin foil (in RPA typical target thicknesses
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Fig. 6.12 Schematical illustration of the main mechanisms for ion acceleration from an overdense,
opaque target. The highly intense laser pulse incident from the left gives rise to rapid ionization
and the generation of hot electrons which are able to traverse the foil. A sheath field of transverse
dimension much larger than the focal spot size is set up at both surfaces, accelerating ions along the
target normal (TNSA). Additionally, the laser beam piles up a layer of electrons at its front, while
it bores a hole into the target plasma, thus pulling ions into the substrate (hole-boring radiation
pressure acceleration (RPA)). This flow of ions can launch a shock wave, which reflects ions to
twice the shock speed while crossing the target. In case of a radially varying intensity distribution
irradiating a planar surface, the shock front will not be planar and the shock-accelerated ion
component will exhibit a large angle of divergence [111]

range in the nm regime compared to m in TNSA), it can ideally push forward
all electrons due to the radiation pressure. The ions respond slowly, and a large
charge-separation field builds up and efficiently accelerates the main body of the
irradiated target area, i.e. the ions. If this charge-separation field is strong enough
to accelerate ions quickly to relativistic velocity, the distance between the electrons
and ions remains relatively small, and instabilities do not have time to develop [114].
Even if at the early stage of the acceleration process the foil is partly transparent to
the laser due to relativistic effects, at a later time, when the foil velocity approaches
c, it becomes highly reflective due to the laser frequency downshift in the co-moving
frame. Further, due to the double Doppler effect, the frequency of the reflected light
becomes ¨r  ¨0 /4” 2 , where ”»1 is the relativistic gamma-factor of the accelerated
foil, and the reflected light energy significantly decreases; almost all of the laser
pulse energy is transferred to the foil. This makes the RPA acceleration scheme
much more efficient compared to TNSA, with the achievable ion energy scaling
linearly with the laser intensity: p
Eion / Ilaser , whereas in TNSA the maximum ion
energy correlates with Eion / Ilaser . At the final acceleration phase, the ions
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moving with nearly the same velocity as electrons take most of this laser pulse
energy due to their much larger mass. The radiation pressure, which is a relativistic
invariant, is given by [1]
Prad D R

0



E00
2

2

D R0

c  V E02
c  V 2I0
D R0
;
c C V 2
cCV c

(6.6)

Here E00 and R0 are the laser field and target foil reflectivity in the boosted reference
frame moving with the foil. I0 is the laser intensity, circular polarization is assumed.
R0 is identical to the reflectivity in terms of the photon number, absorption is
assumed to be negligible, so R0 C T0 D 1, with T0 as the transmission. The foil

1=2
velocity is denoted by V D dx=dt D pc= p2 C m2i c2
, where p is the individual
ion momentum. In order to achieve the maximum ion acceleration, all electrons need
to be expelled, hence the laser electric field should be of the order of the maximum
charge-separation field, which is near the onset of the relativistic transparency of
the target foil [118]. Figure 6.13 (left) illustrates the described scheme of radiation
pressure laser ion acceleration, the right panel displays the ion density isosurface for
n D 8ncr (ncr : critical electron density: cut-off frequency where the light frequency
in a plasma equals the plasma frequency. If the critical density is exceeded, the
plasma is called over-dense) from a simulation study of a laser with peak intensity
I D 1.37  1023 W/cm2 (and a pulse energy of 10 kJ) interacting with a fully ionized
plasma (ne D 5.5  1022 /cm3 ).
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Fig. 6.13 Left: Schematical illustration of the radiation pressure laser ion acceleration mechanism
(RPA): a (preferably circularly polarized) laser pulses hit a thin foil target, expelling electrons
and consecutively accelerating ions in the emerging charge-separation field. Ion bunches are
accelerated at near-solid-state density. Right: Ion density for n D 8ncr (ncr : critical electron density,
see text) and I D 1.37  1023 W/cm2 with partially reflected and transmitted laser beam. Right
part of Figure reprinted from [114]. (Reprinted with permission from T. Esirkepov et al., Phys.
Rev. Lett. 92, 175003 (2004). Copyright 2004by the American Physical Society)
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If the laser field amplitude is too high, most of the laser pulse is transmitted
before the foil reaches the relativistic velocity, if, on the other hand, the foil is
“too thick”, the acceleration will remain small. For protons, it can be shown that
optimum acceleration conditions can be achieved for a value of the dimensionless
laser amplitude a   ne I/ncr 0 (with electron density ne , critical density ncr and
laser wavelength and intensity 0 and I) of a  300, corresponding to a laser
intensity of I0  1.2 1023 W/cm2 (m/0 )2 , achievable with laser systems e.g.
presently being set up for the ELI project (https://www.eli-beams.eu/en/research/
laser-technology/petawatt-lasers/) [10, 119].
It has been shown that RPA operates in two (main) modes. In the first one, called
“hole-boring” [120] or sometimes “collisionless shock acceleration” [113, 121,
122], the laser pulses interact with targets thick enough to end up in an overdense,
opaque plasma, allowing the laser to drive target material ahead of it as a piston, but
without interacting with the target rear surface [112]. The first tentative experimental
observation of RPA in the “hole-boring” regime was reported in experiments led by
the Munich group [123, 124]. The second, and most simple model of RPA is the
one of a “perfect” (i.e., totally reflecting) plane mirror boosted by a light wave at
perpendicular incidence [125], which is also known as the “light sail” regime. In
contrast to the hole-boring version of RPA, in the light-sail regime only a layer of
the foil at its rear side is accelerated, since the target is sufficiently thin for the laser
pulse to punch through the foil and accelerate a slab of the plasma as a single object.
Figure 6.14 illustrates the light sail mechanism: (a) a (circularly polarized) laser
pulse is focused on an ultra-thin foil (ca. 1–10 nm), thereby fully ionizing the
target foil. (b) Electrons are accelerated out of the backside of the foil via the
ponderomotive potential of the laser pulse. The attractive electrostatic force between
ions and electrons gives rise to a dense electron layer just behind the back side of
the foil. (c) Like a sail, the dense electron layer is accelerated by the light pressure
of the laser. (d) The heavier ions are pulled by the dense electron layer and therefore
accelerated.
The RPA laser ion acceleration mechanism in general provides the highest
achievable efficiency for the conversion from laser energy to ion energy and for
circularly polarized laser light RPA holds promise of quasi-monoenergetic ion
beams. Due to the circular polarization, electron heating is strongly suppressed.
The electrons are compressed to a dense electron sheet in front of the laser pulse,

Fig. 6.14 Illustration of the “light sail” laser ion acceleration mechanism (for details see text)
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which then via the Coulomb field accelerates the ions. This mechanism requires
very thin targets and ultra-high contrast laser pulses to avoid the pre-heating and
expansion of the target before the interaction with the main laser pulse. The RPA
mechanism allows to produce ion bunches with solid-state density (1022 –1023/cm3 ),
which thus are 1014 times more dense than ion bunches from classical accelerators.
Correspondingly, the areal densities of these bunches are 107 times larger. It
is important to note that these ion bunches are accelerated as neutral ensembles
together with the accompanying electrons and thus do not Coulomb explode.
When aiming at optimized laser pulse properties for RPA-based laser ion acceleration, the temporal pulse intensity contrast is a critical parameter. Disintegration
(e.g. plasma formation) of the target has to be delayed as much as possible until
the laser pulse maximum reaches the target foil, requiring a high (10–12 orders of
magnitude) temporal intensity contrast within picoseconds from the pulse maximum
to avoid premature target expansion. The maximum achievable ion energy is
correlated with the laser pulse energy available in the focal spot on target, as can be
seen from Fig. 6.15. As a useful, yet slightly optimistic rule of thumb for considering
the low energy laser systems of Joule pulse energy level, Macchiet al. found that
“under the right/clean conditions, protons can gain 10 MeV of kinetic energy per 1 J
of laser energy that one manages to concentrate in the laser focal spot” [126]. This
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Fig. 6.15 Maximum laser-accelerated ion energies predicted by models for the TNSA and RPA
acceleration mechanisms. Some selected experimental results are included as blue squares (Bin
et al. [131], Henig et al. [123, 124], Mackinnon et al. [74], Zeil et al. [132], Ogura et al. [133],
Jong Kim et al. [134], Green et al. [135], Jung et al. [136]) and theoretical results obtained from
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Sgattoni et al. [139], Yan et al. [140], Esirkepov et al. [114]). Figure taken from Schreiber et al.
[128]. (Reprinted with permission from J. Schreiber, F. Bell and Z. Najmudin, High Power Laser
Science and Engineering 2, e41 (2014). Copyright 2014 by Cambridge University Press)
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condition would be found in the upmost part of the grey area in Fig. 6.15 (and even
slightly exceed it) [127, 128]. Besides a maximum proton energy of about 85 MeV
(and particle numbers of about 109 in an energy bin of 1 MeV around this maximum)
[129], also carbon ion beams up to 60 MeV/u were reported so far [130]. A further
favorable characteristics of laser-driven ion bunches is their excellent longitudinal
emittance, due to the short (fs-scale) time structure of the pulse even in view of
the typically broad (typically 20–100%) energy width. Recently, also proton beams
accelerated from nanometer thick diamond-like carbon (DLC) foils, irradiated by an
intense laser with high contrast were observed with extremely small divergence (half
angle) of 2ı , showing one order of magnitude reduction of the divergence angle in
comparison to the results from micrometer thick targets [131]. It was demonstrated
that this reduction arises from a steep longitudinal electron density gradient and an
exponentially decaying transverse profile at the rear side of the ultrathin foils.
In summary, the significant features of laser-driven ion beams compared with
conventional ion accelerators are that the effective source size of ion emission is
extremely small, typically of the order of 10 m. Another important feature is
the ultra-short duration at the source of the ion bunch, which is of the order of
picoseconds. The acceleration gradients are of the order of MeV/m, compared
to about MeV/m provided by conventional radio-frequency (RF) wave based
accelerators. Moreover, laser-driven ion bunches exhibit a drastically increased
density compared to conventionally accelerated ion beams, as will be discussed in
more detail in the following chapter. Although the laser-driven technique inherently
provides significant advantages from the point of view of many unique applications,
one still has numerous issues to overcome, such as increasing the particle energy,
spectral and angular control of the beam, conversion efficiency from laser energy
into the ion beam, possible activation issues, as well as stability of the acceleration
parameters.
Further practical considerations on the application of laser-driven ion sources in
the framework of an integrated laser-driven accelerator system (ILDIAS) can be
found in [127].

6.5 Application of Ultra-Dense Laser-Accelerated Ion Beams
for Nuclear Astrophysics
This section exemplifies, based on the novel nuclear “fission-fusion” reaction mechanism, how the unique properties of laser-driven ions compared to conventionally
accelerated particle beams can be exploited to access research fields that may
otherwise keep out of reach for direct experimental observation. The presentation
follows the description given in the technical design report of the ELI-Nuclear
Physics facility in Magurele (Bucharest/Romania) [141] that is presently under
construction.

6 Particle Acceleration Driven by High-Power, Short Pulse Lasers

277

6.5.1 The Quest for the Waiting Point at N D 126
of the Astrophysical r-Process Nucleosynthesis
Elements like platinum, gold, thorium and uranium are produced via the rapid
neutron capture process (r-process) at astrophysical sites like merging neutron star
binaries or (core collapse) supernova type II explosions. We aim at improving
our understanding of these nuclear processes by measuring the properties of
heavy nuclei on (or near) the r-process path. While the lower-mass path of the rprocess is well explored, the nuclei around the N D 126 waiting point critically
determine this nucleosynthesis mechanism. At present, basically nothing is known
about these nuclei. Figure 6.16 shows the chart of nuclides marked with different
nucleosynthesis pathways for the production of heavy elements in the Universe:
the thermonuclear fusion processes in stars producing elements up to iron (orange
arrow), the slow neutron capture process (s-process) along the valley of stability
leading to about half of the heavier nuclei (red arrow) and the rapid neutron capture
process (r-process). The astrophysical site of the r-process nucleosynthesis is still
under debate: it may be cataclysmic core collapse supernovae (II) explosions with
neutrino winds [142–145] or mergers of neutron-star binaries [146–148]. For the

Fig. 6.16 Chart of the nuclides indicating various pathways for astrophysical nucleosynthesis:
thermonuclear fusion reactions in stars (orange vector), s-process path (red vector) and the rprocess generating heavy nuclei in the Universe (red pathway). The nuclei marked in black indicate
stable nuclei. For the green nuclei some nuclear properties are known, while the yellow, yet
unexplored regions extend to the neutron and proton drip lines as well as into the region of
superheavy elements (SHE) at the upper end of the chart. The blue line connects nuclei with
the same neutron/proton ratio as for (almost) stable actinide nuclei. On this line the maximum
yield of nuclei produced via fission-fusion (without neutron evaporation) will be located. The
elliptical contour lines correspond to the expected maximum laser-driven fission-fusion cross
sections decreased to 50, 10 and 0.1%, respectively, for primary 232 Th beams. Figure taken from
[149]. (Reprinted from D. Habs et al., Appl. Phys. B 103, 471 (2011) with permission of Springer)
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heavier elements beyond barium, the isotopic abundances are always very similar
(called universality) and the process seems to be very robust. Perhaps also the
recycling of fission fragments from the end of the r-process strengthens this stability.
Presently, it seems more likely that a merger of neutron star binaries is the source for
the heavier r-process branch, while core collapsing supernova explosions contribute
to the lighter elements below barium.
The modern nuclear equations of state, neutrino interactions and recent supernova explosion simulations [143] lead to detailed discussions of the waiting point
N D 126. Here measured nuclear properties along the N D 126 waiting point may
help to clarify the sites of the r-process.
A detailed knowledge of nuclear lifetimes and binding energies in the region of
the N D 126 waiting point will narrow down the possible astrophysical sites. If,
e.g., no shell quenching could be found in this mass range, the large dip existing
for this case in front of the third abundance peak (as visible in the solar elemental
abundance pattern shown in Fig. 6.17 with special emphasis to the third abundance
peak near A 190–200) would have to be filled up by other processes like neutrino
wind interactions. Considering the still rather large difficulties to identify convincing
astrophysical sites for the third peak of the r-process with sufficiently occurrence
rates, measurements of the nuclear properties around the N D 126 waiting point
will represent an important step forward in solving the difficult and yet confusing
site selection of the third abundance peak of the r-process. The key bottleneck
nuclei of the N D 126 waiting point around Z  70 are about 15 neutrons away
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Fig. 6.17 Elemental abundance pattern for the solar system, indicating the region of heavy
elements formed by neutron capture in the r-process, particularly emphasizing the third peak at
A 190–200, relevant for the presented fission-fusion mechanism

6 Particle Acceleration Driven by High-Power, Short Pulse Lasers

279

from presently known nuclei (see Fig. 6.16), with a typical drop of the production
cross section for classical radioactive beam production schemes of about a factor
of 10–20 for each additional neutron towards more neutron-rich isotopes. Thus
presently nothing is known about these nuclei and even next-generation largescale “conventional” radioactive beam facilities like FAIR [150], SPIRAL II [151]
or FRIB (http://www.frib.msu.edu/aboutmsu-frib-proposal) will hardly be able to
grant experimental access to the most important isotopes on the r-process path. The
third peak in the abundance curve of r-process nuclei is due to the N D 126 waiting
point as visible in Fig. 6.16. These nuclei are expected to have rather long half-lives
of a few 100 ms. This waiting point represents the bottleneck for the nucleosynthesis
of heavy elements up to the actinides. From the view point of astrophysics, it is the
last region, where the r-process path gets close to the valley of stability and thus
can be studied with the new isotopic production scheme discussed below. While the
waiting point nuclei at N D 50 and N D 82 have been studied rather extensively
[152–155], nothing is known experimentally about the nuclear properties of waiting
point nuclei at the N D 126 magic number. Nuclear properties to be studied here
are nuclear masses, lifetimes, beta-delayed neutron emission probabilities Pn and
the underlying nuclear structure. If we improve our experimental understanding
of this final bottleneck to the actinides at N D 126, many new visions open up:
(1) as predicted by many mass formulas (e.g. [156]), there is a branch of the rprocess leading to extremely long-lived super-heavy elements beyond Z D 110 with
lifetimes of about 109 years. If these predictions could be made more accurately,
a search for these super-heavy elements in nature would become more promising.
(2) At present the prediction for the formation of uranium and thorium elements
in the r-process is rather difficult, because there are no nearby magic numbers and
those nuclei are formed during a fast passage of the nuclidic area between shells.
Such predictions could be improved, if the bottleneck of actinide formation would
be more reliably known. (3) Also the question could be clarified if fission fragments
are recycled in many r-process loops or if only a small fraction is reprocessed. This
description of our present understanding of the r-process underlines the importance
of the present project for nuclear physics and, particularly, for astrophysics.

6.5.2 The Novel Laser-Driven “Fission-Fusion” Nuclear
Reaction Mechanism
The basic concept of the fission-fusion reaction scenario draws on the ultra-high
density of laser accelerated ion bunches, quantitatively outlined in Ref. [149].
Choosing fissile isotopes as target material for a first target foil accelerated by an
intense driver laser pulse will enable the interaction of a dense beam of fission
fragments with a second target foil, also consisting of fissile isotopes. So finally
in a second step of the reaction process, fusion between (neutron-rich) beam-like
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and target-like (light) fission products will become possible, generating extremely
neutron-rich ion species.
For our discussion, we choose 232 Th (the only component of chemically pure Th)
as fissile target material, primarily because of its long half-life of 1.4  1010 years,
which avoids extensive radioprotection precautions during handling and operation.
Moreover, metallic thorium targets are rather stable in a typical laser vacuum of
106 mbar, whereas, e.g., metallic 238 U targets would quickly oxidize. Nevertheless,
in a later stage it may become advantageous to use also heavier actinide species in
order to allow for the production of even more exotic fusion products. In general,
the fission process of the two heavy thorium nuclei from beam and target will be
preceded by the deep inelastic transfer of neutrons between the inducing and the
fissioning nuclei. Here the magic neutron number in the super deformed fissile
nucleus with N D 146 [157, 158] may drive the process towards more neutron-rich
fissioning nuclei, because the second potential minimum acts like a doorway state
towards fission. Since in the subsequent fission process the heavy fission fragments
keep their A and N values [159], these additional neutrons will show up in the light
fission fragments and assist to reach more neutron-rich nuclei.
Figure 6.18 shows a sketch of the proposed fission-fusion reaction scenario.
The accelerated thorium ions will be fissioned in the CH2 layer of the reaction
target, whereas the accelerated carbon ions and deuterons from the production target
generate thorium fragments in the thick thorium layer of the reaction target. This
scenario is more efficient than the one where fission would be induced by the
thorium ions only. In view of the available energy in the accelerating driver laser
pulse, the optimized production target should have a thickness of about 0.5 m for
the thorium as well as for the CD2 layers. The thorium layer of the reaction target
Production target

Reaction target
232Th:

high-power, high-contrast laser:
300 J, 30 fs (10 PW)
1.0 × 1023 W/cm2
focal diam. ∼ 3 μm

232Th:

560 nm
0.1 –1 mm

~ 50μm

Fission
fragments
Fusion products

CD2: 520 nm
CH2: ∼ 70 μm

Fig. 6.18 Sketch of the target arrangement envisaged for the fission-fusion reaction process based
on laser ion acceleration, consisting of a production and a reaction target from a fissile material
(here 232 Th), each of them covered by a layer of low-Z materials (CD2 and CH2 , respectively).
The thickness of the CH2 layer as well as the second thorium reaction target have to be limited
to 70 m and 50 m, respectively, in order to enable fission of beam and target nuclei. This will
allow for fusion between their light fragments, as well as enable the fusion products to leave the
second thorium reaction target [141]
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would have a thickness of about 50 m. Using a distance of 2.8 Å between atoms
in solid layers of CH2 , the accelerated light ion bunch (1.4  1011 ions) corresponds
to 1860 atomic layers in case of a 520 nm thick CD2 target.
In order to allow for an optimized fission of the accelerated Th beam, the thicker
Th layer of the reaction target, which is positioned behind the production target,
is covered by about 70 m of polyethylene. This layer serves a twofold purpose:
Primarily it is used to induce fission of the impinging Th ion beam, generating the
beam-like fission fragments. Here polyethylene is advantageous compared to a pure
carbon layer because of the increased number of atoms able to induce fission on the
impinging Th ions. In addition, the thickness of this CH2 layer has been chosen such
that the produced fission fragments will be decelerated to a kinetic energy which is
suitable for optimized fusion with the target-like fission fragments generated by the
light accelerated ions in the Th layer of the reaction target, minimizing the amount
of evaporated neutrons. For practical reasons, we propose to place the reaction target
about 0.1 mm behind the production target, as indicated in Fig. 6.18. After each laser
shot, a new double-target has to be rotated into position.
In general, the fission process proceeds asymmetric [159]. The heavy fission
fragment for 232 Th is centred at A D 139.5 (approximately at Z D 54.5 and N D 84)
close to the magic numbers Z D 50 and N D 82. Accordingly, the light fission
fragment mass is adjusted to the mass of the fixed heavy fission fragment, thus
resulting for 232 Th in AL D 91 with ZL  37.5. The width (FWHM) of the light
fission fragment peak is typically AL D 14 mass units, the 1/10 maximum width
about 22 mass units [159].
So far we have considered the fission process of beam-like Th nuclei in the CH2
layer of the reaction target. Similar arguments can be invoked for the deuteron(and carbon-) induced generation of (target-like) fission products in the subsequent
thicker thorium layer of the reaction target, where deuteron- and carbon-induced
fission will occur in the 232 Th layer of the reaction target. Based on the chosen target
layer thicknesses (see Fig. 6.18) and a typical conversion efficiency from laser pulse
energy to ion energy of about 10% (estimated from the 1D RPA-model in the holeboring mode as outlined in (http://www.frib.msu.edu/aboutmsu-frib-proposal)), we
end up with 2.8  1011 laser-accelerated deuterons (plus 1.4  1011 carbon ions)
impinging on the second target per laser pulse. In a simplistic approach, based on
the solid-state density of the accelerated ion bunches, they can be considered as
1860 consecutive atomic layers, we conclude a corresponding fission probability in
the Th layer of the reaction target of about 2.3  105 , corresponding to 3.2  106
target-like fission fragments per laser pulse. A thickness of the thorium layer of the
reaction target of about 50 m could be exploited, where the kinetic proton energy
would be above the Coulomb barrier to induce fission over the full target depth. In a
second step of the fission-fusion scenario, we consider the fusion between the light
fission fragments of beam and target to a compound nucleus with a central value
of A 182 and Z 75. Again we employ geometrical arguments for an order-ofmagnitude estimate of the corresponding fusion cross section. For a typical light
fission fragment with A D 90, the nuclear radius can be estimated as 5.4 fm.
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Considering a thickness of 50 m for the Th layer of the reaction target that
will be converted to fission fragments, equivalent to 1.6  105 atomic layers, this
results in a fusion probability of about 1.8  104 . Very neutron-rich nuclei still
have comparably small production cross sections, because weakly bound neutrons
(Sn 3 MeV) will be evaporated easily. The optimum range of beam energies
for fusion reactions resulting in neutron-rich fusion products amounts to about
2.8 MeV/u according to PACE4 [160, 161] calculations. So, e.g., the fusion of two
neutron-rich 98 35 Br fission products with a kinetic energy of the beam-like fragment
of 275 MeV leads with excitation energy of about 60 MeV to a fusion cross section
of 13 mb for 189 70 Yb119 , which is already eight neutrons away from the last presently
known Yb isotope. One should note that the well-known hindrance of fusion for
nearly symmetric systems (break-down of fusion) only sets in for projectile and
target masses heavier than about 100 amu [162, 163]. Thus for the fusion of light
fission fragments, we expect an unhindered fusion evaporation process. A detailed
discussion of the achievable fission-fusion reaction yield is given in Ref. [164]. In
addition to the scenario discussed above, the exceptionally high ion bunch density
may lead to collective effects that do not occur with conventional ion beams: when
sending the energetic, solid-state density ion bunch into a solid carbon or thorium
target, the plasma wavelength (œp  5 nm, driven by the ion bunch with a phase
velocity corresponding to the thorium ion velocity) is much smaller than the ion
bunch length (560 nm) and collective acceleration and deceleration effects cancel.
As will be discussed in the next paragraph, only the binary collisions remain and
contribute to the stopping power. In this case the first layers of the impinging ion
bunch will attract the electrons from the target and like a snow plough will take up
the decelerating electron momenta. Hence the predominant part of the ion bunch is
screened from electrons and we expect a drastic reduction of the stopping power.
The electron density ne will be strongly reduced in the channel defined by the laseraccelerated ions, because many electrons are expelled by the ion bunch and the laser
pulse. This effect requires detailed experimental investigations planned for the near
future, aiming at verifying the perspective to use a significantly thicker reaction
target, which in turn would significantly boost the achievable fusion yield.
Figure 6.19 displays a closer view into the region of nuclides around the N D 126
waiting point of the r-process, where nuclei on the r-process path are indicated by
the green colour, with dark green highlighting the key bottleneck r-process isotopes
[165] at N D 126 between Z D 66 (Dy) and Z D 70 (Yb). One should note that,
e.g., for Yb the presently last known isotope is 15 neutrons away from the r-process
path at N D 126. The isotopes in light blue mark those nuclides, where recently
beta-half-lives could be measured following projectile fragmentation and in-flight
separation at GSI [166]. Again the elliptical contour lines indicate the range of
nuclei accessible with our new fission-fusion scenario on a level of 50%, 10% and
103 of the maximum fusion cross section between two neutron-rich light fission
fragments in the energy range of about 2.8 MeV/u, respectively.
Besides the fusion of two light fission fragments, other reactions may happen.
The fusion of a light fission fragment and a heavy fission fragment would lead
back to the original Th nuclei, with large fission probabilities, thus we can neglect
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Fig. 6.19 Chart of nuclides around the N D 126 waiting point of the r-process path. The blue
ellipses denote the expected range of isotopes accessible via the novel fission-fusion process. The
indicated lines represent 0.5, 0.1 and 0.001 of the maximum fusion cross section after neutron
evaporation. In green the N D 126 nuclides relevant for the r-process are marked, with the dark
green colour indicating the key bottleneck nuclei for the astrophysical r-process. Figure taken from
[149]. (Reprinted from D. Habs et al., Appl. Phys. B 103, 471 (2011) with permission of Springer)

these fusion cross sections. The fusion of two heavy fission fragments would lead to
nuclei with A 278, again nuclei with very high fission probability. Hence we have
also neglected these rare fusion cross sections, although they may be of interest
on their own. However, the multitude of reaction channels will require conclusive
experimental precautions for a separation of the fusion reaction products of interest
in the diagnostics and identification stage of the experimental setup.

6.5.3 Stopping Power of Very Dense Ion Bunches
In nuclear physics, the Bethe-Bloch formula [167] is used to calculate the atomic
stopping of energetic individual electrons [168] by ionization and atomic excitation.
For relativistic electrons, the other important energy loss is bremsstrahlung. The
radiation loss is dominant for high energy electrons, e.g., E  100 MeV and Z D 10.
If, however (see below), the atomic stopping becomes orders of magnitude larger
by collective effects, the radiation loss can be neglected. For laser acceleration, the
electron and ion bunch densities reach solid state densities, which are about 14–
15 orders of magnitude larger compared to beams from classical accelerators. Here
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collective effects become important. One can decompose the Bethe-Bloch equation
according to [169] into a first contribution describing binary collisions and a second
term describing long range collective contributions. Reference [170] discusses the
mechanism of collective deceleration of a dense particle bunch in a thin plasma,
where the particle bunch fits into part of the plasma oscillation and is decelerated
105 –106 stronger than predicted by the classical Bethe-Bloch equation [167] due
to the strong collective wake field. For ion deceleration targets are envisaged with
suitably low density. These new laws of deceleration and stopping of charged
particles have to be established to use them later in experiments in an optimum
way.
In the following, the opposite effect with a strongly reduced atomic stopping
power that occurs when sending an energetic, solid state density ion bunch into a
solid target, will be discussed. For this target the plasma wavelength (œp  1 nm) is
much smaller than the ion bunch length (500 nm) and collective acceleration and
deceleration effects cancel each other. Only the binary collisions are important.
Hence, one may consider the dense ion bunch as consisting (in a simplistic
view) of 300 layers with Angstrom distances. Here the first layers of the bunch
will attract the electrons from the target and—like a snow plough—will take up the
decelerating electron momenta. The predominant part of the ion bunch is screened
from electrons and we expect a significant (here assumed as 102 fold) reduction in
stopping power. The electron density ne is strongly reduced in the channel because
many electrons are driven out by the ion bunch and the laser. Again, all these effects
have to be studied in detail. It is expected that the resulting very dense ion bunches
should have a time evolution and the reaction products are emitted at different
times and angles. Therefore, for the characterization of the dense bunches and their
time evolution, the detection system needs to capture the reaction products, emitted
at different times (analogous to time of flight measurements), and measure their
angular distributions. Of course, the temporal evolutions, which can be followed,
vary greatly depending on the temporal resolution of the diagnosis system. In a
preliminary phase, it is expected that electrons and ions are emitted due to the
Coulomb explosion of a part of the initially formed bunch (pre-bunch emission).
Then, the remaining bunch will have a slower temporal evolution, which can be
followed as a function of its time of flight in free space. The experimental study of
deceleration of dense, high speed bunches of electrons and ions will require:
• Bunch characterization in free space: its components, their energies and the ion
charge states, their angular distribution and temporal evolution; due to the large
number of particles, the detection solid angles must be small (of the order of
107 sr or less).
• Tracking the changes introduced by bunches passing through different materials
(solid or gas) and their deceleration study. Studies will be carried out depending
on laser power and target type and thickness and for deceleration—depending on
material type and its thickness.
The same detection system could be used for both diagnosis in free space and
diagnosis after passing through a material. A rapid characterization may be done
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with a Thomson parabola ion spectrometer, and an electron magnetic spectrometer,
implying measurements of the emissions at different times and possibly their
angular distribution; in relevant case. A more complete analysis will require a
diagnosis system working in real-time, using magnetic spectrometers and detection
systems with high granularity or with position sensitive readout in the focal plane
(e.g., stacks of E-E detectors, with ionization chambers and Si or scintillation
detectors). Even if the laser pulse frequency is small, the nuclear electronics can be
triggered in the usual way.

6.6 Conclusion
In conclusion, laser-driven particle beams with their unique properties, even though
differing in many regards from conventionally accelerated ion bunches, will open
new perspectives for a large variety of specific applications in physics, radiation
chemistry, biology and medicine. This has been prototypically outlined here for
the case of nuclear astrophysics, as discussed before; another prominent field of
application, not detailed here, could be laser-driven ion-bunch tumor radiotherapy
[171–173]. Full exploitation of the specific properties of the novel laser-driven secondary sources (including, besides electrons and ions, also neutrons and positrons)
will require to consider them not just as a challenge to or potential replacement of
conventional sources, but as a true complementary enlargement of the experimental
portfolio. Next-generation high-power laser facilities, capable of providing full
access to optimized laser-acceleration mechanisms, are already on their way to
become operational in the near future, a prominent example in Europe will be
the Extreme Light Infrastructure (ELI) with its three pillars: ELI-Beam lines
(near Prague/Czech Republic), ELI-Nuclear Physics (near Bucharest/Romania) and
ELI-ALPS (Attosecond Light Pulse Source, near Szeged/Hungary). Thus a bright
future for laser-driven, particle-beam based science and applications appears at the
horizon.
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