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EDITORIAL

Vision of interdisciplinarity within this book series

It is instructive to inquire about the real meaning of interdisciplinary re-
search within a given context, such as book series. In general, besides obvious
obstacles such as evident differences in the attitudes to problem solving and
terminology, there is also the more subtle issue of mentality and barriers when
experts from different research fields envisage to join forces. It would not be a
rare event if a theoretical physicist would wish, from the start, to venture to tell
e.g. a potentially collaborating biologist what is actually important to study in
biology. A biologist might attempt to view physicists or mathematicians alike
as those who merely provide the needed service to biology. Both approaches
are wrong, as they evidently stem from the lack of genuine appreciation of the
special aspects and potential of the other branches of research. Some research
physicists might even be tempted to think of going to another hardly neces-
sary extreme of studying e.g. all of biomedicine or vice versa, as if this were a
pre-requisite for a successful interdisciplinary cooperation.

A more appropriate approach to a good cooperation of experts from different
fields would seem to be striking a balance in acquiring the necessary minimum
information about each others’ expertize within the concrete problems under
study, then to ask the right questions and finally to know what is at stake. It
is within this general and realistic realm of viewing interdisciplinarity that this
series is planned to encourage cooperative approaches to complex problems to
be reviewed through different Volumes of varying levels of complexity.

Specifically, this series is aimed at giving expert coverage to cutting-edge
advances in studies of collisions and spectroscopy with a focus on prospects for
interdisciplinary applications in the sense to which we alluded above. These two
main strategies for investigating the structure of matter on various fundamental
levels are deeply and intrinsically intertwined through a panoply of similar or
common concepts as well as via mathematical and computational methods, of
both a deterministic and stochastic nature.

The notion of spectroscopy naturally emerges from resonant scattering phe-
nomena when unstable, decaying states are involved. Regarding collisions, the
series will cover both light and heavy particle laser-free and laser-assisted col-
lisions from low to high energies. This is rooted in the key interdisciplinary
significance of such collisions in wide applications, including plasma physics,
astrophysics, thermonuclear fusion research, radiotherapy, etc. The series will
encourage contributions from basic as well applied sciences, the joint home of
both collisions and spectroscopy.

Over a long period of time, collisions and spectroscopy from basic research
in physics and chemistry have made gigantic strides across interdisciplinary
fields, including the life sciences. For example, nuclear magnetic resonance
spectroscopy from fundamental research in physics and chemistry is viewed by
experts to possess the potential of revolutionizing particularly early cancer diag-
nostics, molecular image-guided surgery and radiotherapy as well as follow-up.

Likewise, energetic collisions involving multiply-charged heavy particles are
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of paramount importance, as they are nowadays going through a veritable re-
naissance in several leading strategies, such as hadron therapy, fusion research,
etc. High-energy light ion beams from protons to carbon nuclei, as a power-
ful part of hadron therapy of deep-seated tumors, are increasingly in demand
worldwide, and this highly motivates construction of hospital-based accelerators.
Positron-emitting secondary ions generated from collisions of primary projectiles
with the treated tissue provide the possibility for special tomographic verifica-
tions of dose depositions at the targeted sites. Such information is of utmost
importance, since any inaccuracy in dose delivery to the tumor relative to the
prescribed dose planning system can be used to update the input data to the
algorithmic codes for energy losses in order to provide the corrected doses in
the subsequent fractionated treatments of the patient. This adaptive dose de-
livery and the proper inclusion of the so-called relative biological effectiveness
are among the major constituents of biologically-optimized and, indeed, person-
alized radiotherapy which is adapted to the specific needs of each patient.

Collision physics involving ions is topical again in the quest for new energy
sources, as greatly boosted by the International Thermonuclear Reactor, ITER,
which is currently being built in France and shall be put into operation in 2020.
This type of energy stems from high-temperature fusion of light nuclei and the
main significance of this achievement is not just in a commercially profitable
energy gain, but, most importantly, in having an incomparably safer energy
production than the one from nuclear fission, due to minimum radioactive waste
and no runaway nuclear reactions. This was made possible by tremendous intra-
and inter-disciplinary cooperative efforts involving ion collision physics, plasma
physics, engineering and technology. For example, the most critical for steady
energy production is plasma stability. Plasma, being comprised of hot charged
ions, can readily be neutralized and, as such, lost for generation of the current.
Neutralization can occur through collisions of ions with the reactor walls via
electron capture from the material contained in the tokamak. Knowledge from
atomic collision physics about the largest cross sections for electron capture for
certain elements enabled elimination of such materials from the walls of the
tokamak and thereby contributed substantially to plasma stabilization.

The series explores both direct and inverse problems in scattering and spec-
troscopy. The primary emphasis is on methodologies of proven validity simulta-
neously based on fundamental theoretical concepts and principles as well as on
indispensable and thorough comparisons with experiments. There is a growing
concern among e.g. medical physicists that critical input from theories of basic
sciences is needed for going beyond phenomenological and empirical, data-driven
modeling with no predictive power. Such models are still overwhelmingly in use
in e.g. radiobiology of cell survival as well as in cross section data bases for
Monte Carlo simulations of energy losses of ions during their passage through
tissue. Critical and expert state-of-the-art reviews of the existing progress and
stringent assessments of the available methods in comparative analyses of the-
ories versus experiments will be strongly encouraged.

Although physics was the main branch for studying particle collisions as well
as to the major three spectroscopies (sub-nuclear, nuclear and atomic), math-
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ematics was and still is pivotal to furthering these scientific strategies. This
coupling resulted in the creation of a special field in mathematics per se, called
“Scattering Theory”. The themes of the series will nurture the ever needed
inspiration from mathematics, both computational and fundamental, ranging
from integral transforms through differential equations to inverse problems. The
most interesting/important areas in theoretical and experimental studies across
inter-disciplinary fields are within inverse problems of finding the causes from
the observed effects. Only the simplest experiments in e.g. physics deal with di-
rect measurements of the sought observables. By contrast, in more fundamental
physics experiments such observables are directly inaccessible, so that resorting
to the concept of inverse problems is unavoidable by making inferences about the
causes for the recorded effects. Likewise, and practically by definition, virtually
the whole of medicine is about solving inverse problems. This is of paramount
significance in practice and the series will embrace inverse scattering and spec-
troscopy problems that are plagued by notorious mathematical ill-conditioning
and ill-posedness due to the lack of the models’ continued dependence upon the
analyzed data. Such inherent difficulties are further exacerbated by the presence
of unavoidable noise.

Ubiquitous noise in experimental data and computationally generated spuri-
ousness are invariably considered as a nuisance and detrimental to analysis and
synthesis. The series will pay special attention to the modern advances in inverse
collisional and spectroscopic problems where, surprisingly, noise can advanta-
geously be exploited to reliably identify the sought physical and biochemical
information and, thus, separate noise from true signal (stochastic resonances,
Froissart doublets, etc).

The series’ interest in basic structure and overall interactions is aimed to offer
the possibility for perceiving kindred relationships among apparently diverse
systems in vastly different fields. This naturally includes system theory and
optimization. System theory perceives the system’s interactive dynamics as a
whole, rather than merely its isolated constituent parts. Optimization comes
into play to synergize the favorable and minimize the adverse influences of the
surrounding environment of the system. This approach has already brought
fruits to biology and medicine. For instance, optimization is a key to conformal
radiotherapy which selectively targets the diseased tissue, while simultaneously
sparing the healthy parts of the organ. In the like spirit of cross-fertilization,
the self-contained field of signal processing is currently itself benefitting from
the recently imported advances in quantum-mechanical spectral analysis. Here,
regarding e.g. medical diagnostics, mathematical optimization is also the most
important, since experimentally encoded data are frequently uninterpretable in
the direct domain in which measurements are performed.

There is not a single book or book series or journal which unifies spec-
troscopy and collisions into a common framework, as envisaged here. This series
is designed to bridge this gap as a publication of the outlined unique profile.
Such a scope is indispensable, given the inevitable scatter of information across
interdisciplinary fields. The need to make bridges across various sources of
spectroscopy and collisions is urgent, given the demonstrated potential of these
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universal methodologies for studying the structure of matter on vastly different
levels/complexities. One of the rationale for establishing this type of an inter-
disciplinary book series is to avoid duplication of methods and results. The lack
of cross-disciplinary fertilization often leads to “discovering” some methodolo-
gies or techniques in one branch only to subsequently realize that it was merely
a reinvention of the already known results from another branch of research and
development.

The logo of the series is a symbol consisting of three intertwined rings that
are known as Borromean rings in Mathematics and Effimov states in Physics.
The latter symbolize a bound system of e.g. three atoms where none of the
three two-body sub-systems is bound. As such, the compound tripartite system
breaks apart as soon as any of the sub-systems is removed. In the logo, the
three rings represent symbolically Mathematics, Physics and Medicine, as the
main backbone of interdisciplinarity of the series. What is meant by this sym-
bolism is that both Physics and Medicine are substantially enriched by their
linkage to Mathematics, without which progress of either science would be most
severely hampered, to say the least. Modern hospitals could not function with-
out X-rays, computerized tomography, ultrasound, positron emission tomogra-
phy, magnetic resonance imaging and magnetic resonance spectroscopy, all of
which were brought to Medicine by Physics and Mathematics. The logo of the
series places emphasis on the synergism achievable when these three disciplines
are tightly bound together. This triple link is beneficial to Mathematics, as
well. For example, the most difficult problems and questions raised particularly
within Physics are already known as being able of spurring fundamental progress
in Mathematics. Critical advances on deeper levels in biomedical sciences also
rely heavily upon mathematics due to the complexity of the problems and sys-
tems in the life sciences. It is likely that in the future, biomedical problems
might also initiate research in yet unexplored pure mathematical avenues.

Overall, this series will focus on the multifaceted interdisciplinary character
of collisions and spectroscopy. This is motivated by the existing wide consen-
sus that the most profound progress in modern sciences of strategic importance
for the society at large is critically guided by inter- and multi-disciplinary ap-
proaches to complex research problems.

By its versatile nature, the intended audience for this series is vast, including
researchers and graduate students in physics, chemistry, biology, physicians of
various levels of training, and the associated mathematical/computational sub-
branches alongside the separate field of signal processing. The series will be
published twice per year through independent books by one or more invited
authors or edited volumes with chapters by different expert contributors.

• Stockholm, July 14, 2012
Editor-in-Chief: Dževad Belkić
Professor of Mathematical Radiation Physics
Nobel Medical Institute, Karolinska Institute
Stockholm, Sweden
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Preface to Volume 1
Volume 1 of this series is a collection of reviews on fast ion-atom and ion-

molecule collisions. Here “fast” refers to the initial velocity or energy of the given
projectile. Energetic ion beams are those with projectiles of speed considerably
larger that the Bohr orbiting velocity of the target electron which is undergoing
a transition from an initial to a final state. A typical reference energy of an
ion beam is 25 keV/amu for a projectile nucleus of velocity v = 1 au, which
matches the speed of the electron in the ground state of atomic hydrogen tar-
get. Relative to this reference energy, impact energies such as 25–400 keV/amu
could be viewed as being in the intermediate region, whereas those above e.g.
400 keV/amu might be considered as high incident energies. Volume 1 covers
intermediate and high impact energies 25–7000 keV/amu of light ions (protons,
alpha particles, lithium and carbon nuclei) colliding with atomic (helium) and
molecular (water) targets. The investigated collisions are those that cause one-
and two-electron transitions, such as single and double electron capture, sin-
gle and double ionization, transfer ionization as well as simultaneous electron
transfer and excitation of the residual target ion. Angular distributions of scat-
tering projectiles and ejected electrons as well as total cross sections are among
the main observables in both experiments and theories from Volume 1. Direct
collaboration of experimentalists and theoreticians is always welcome and the
results of such joint efforts occupy the first half of Volume 1 through chapters
1–4. The remaining chapters 5–8 are by theoreticians who likewise place their
major attention on validation of their models against experimental data.

The experimental parts of chapters 1 and 2 are based upon one of the most
powerful measuring devices from atomic and molecular collision physics called
“cold target recoil ion momentum spectroscopy”. This apparatus is a veritable
“reaction microscope” which is capable of peering most deeply into the interac-
tive dynamics of atomic and molecular collisions by way of kinematically com-
plete experiments. Here, all the momenta of every actively participating particle
can, in principle, be available, some of them by direct measurements and the oth-
ers by reliance upon the momentum conservation law. This was made possible
by exploiting the recoil target ion kinematics, which is usually left unexplored
by e.g. translational spectroscopy, due to conventionally unmeasurable small
momenta. The rescue was in introducing the concept of target cooling, which
enabled precise measurements of small recoil momenta, and this paved the road
to kinematically complete experiments. With these achievements, theoreticians
were offered the possibility for highly stringent testing of their methods on e.g.
fully differential cross sections and other similar observables.

As to theories from Volume 1, the challenges are multifaceted, especially at
intermediate impact energies where the otherwise powerful perturbation meth-
ods are of limited applicability. On the other hand, non-perturbative methods
are expected to be more adequate for this particular energy region, as also re-
viewed in Volume 1. The other level of challenges for theoreticians encompasses
collisions with participation of two and more active electrons. Such collisions are
characterized by electron-electron correlation effects that are known to play an
important role at low and high energies, but have been reported in the past to be
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of minor significance at intermediate energies, as also analyzed in Volume 1. Yet
another challenging aspect of the theories presented in this book is the area of
molecular targets, among which water was chosen for illustration because of its
pivotal role in medical physics. In medicine, and more precisely in radiotherapy,
water is considered as a tissue-like matter because of its abundance in human
body. For this reason, most benchmark computations on ion energy losses in
tissue, as needed for dose planning in radiotherapy, are carried out with water
as a prototype tissue-like target. Here, the challenges are heightened by a large
number of open channels, on top of the difficulties in handling the accompany-
ing particle transport phenomena, such as energy as well as range fluctuations
called straggling. One of the end points in this endeavor is to evaluate precisely
the dose to be delivered by energetic ions at a given position located deeply in
the treated body where the tumor resides. This is a very complex problem in-
deed, which demands many-layered expertize from nuclear and atomic collision
physics. Part of Volume 1 is an initial contribution, which needs to be further
pursued.

In light of the above-outlines theme, our aim in Volume 1 is to present some
of the leading classical, semi-classical and quantum-mechanical methods from
ion-atom and ion-molecule collisions that could be relatively readily extended
to a wider class of biomolecular targets of direct relevance to cancer therapy
by energetic light ions. This is motivated by the intention of encouraging a
systematic participation of a larger number of atomic and molecular collision
physicists to the important problem of comprehensive and accurate determina-
tion of energy losses of ions when they traverse biomolecular targets, including
tissue. This motivation is supported by the advantageous circumstance that
the existing atomic collision physics methods can be adopted to biomolecular
targets without undue difficulty, by using molecular wave functions in terms
of linear combinations of Slater-type orbitals. This has indeed already been
shown with the boundary-corrected first Born approximation and a simplified
continuum distorted wave method. The next step would be to incorporate
these methods into several powerful Monte Carlo simulations of energy losses
of ions transported through tissue-like materials alongside their secondary par-
ticles (electrons and lighter nuclei). Very recently the first results along these
lines have been reported.

The need for ions in radiotherapy stems from the most favorable localization
of the largest energy deposition, precisely at the tumor site with small energy
losses away from the target. Such a dose conformity to the target is due to heavy
masses of ions that scatter predominantly in the forward cone and lose maximal
energy only near the end of their path in the vicinity of the so-called Bragg
peak, as illustrated in Fig. 1. The heavy masses of nuclei preclude multiple
scattering of the primary ion beam. This occurrence is responsible for only
about 30% of ion efficiency in killing tumor cells. However, ionization of targets
by fast ions yields electrons that might be of sufficient energy to produce further
radiation damage. These so-called delta-electrons can accomplish the missing
70% of tumor cell irradication mainly through multiple scattering enabled by
the small electron mass. Therefore, energy depositions by both heavy (nuclei)
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Figure 1: Simulated trajectories and the associated local dose deposited by a 2
MeV proton beam colliding with liquid water target. To avoid clutter, only a
few trajectories are shown and the displayed depth-dose curve with the Bragg
peak is qualitative. This figure is from chapter 8 with permission of the authors
(Garcia-Molina et al ) who are hereby kindly thanked.

and light (electrons) particles need to be simultaneously transported in Monte
Carlo simulations. This is yet to be implemented in the existing codes.

Ions, electrons and photon beams are traditionally viewed as ionizing radia-
tion modalities. This term “ionizing radiation” for cell kill is actually misleading,
as it necessarily implies that only ionization is of relevance to radiotherapy as
far as electromagnetic interactions are concerned. This is hardly the case, how-
ever, since radiation damage can be made by many other electronic processes
such as excitation, electron capture, etc. Ionization and excitation are included
in the Bethe-Bloch formula for stopping power, but not charge exchange. How-
ever, processes that govern charge states of projectiles, such as electron capture,
are important when initially fast ions suddenly slow down near the Bragg peak.
For example, 2 MeV protons from the highlighted figure steadily keep the initial
charge 1 for most of their track, but in the vicinity of the Bragg peak they easily
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become neutralized by electron capture from liquid water targets. The stopping
power of the formed hydrogen atoms differs from that of protons. This implies
that the Bethe-Bloch formula needs to be improved due to the missing charge
exchange channel, which is important near the Bragg peak. The situation is
actually more complicated because electron capture is promptly counteracted
by electron loss, which is ionization of the formed hydrogen atoms in this case
(or dressed ions in a general case). Only within the last few centimeters of the
proton path, does literally thousands of times electron capture and electron loss
continuously and interchangeably take place. Such a dynamic charge state of
projectiles needs to be properly taken into account through e.g. the appropriate
rate equations. Instead, the common practice in Monte Carlo simulations is to
use an empirical velocity-dependent screened nuclear charge of projectiles via
the so-called Barkass effect. A number of other empirical formulae are employed
in these stochastic algorithms for cross sections that are the most important in-
put data for evaluation of ion energy losses. One of the goals of Volume 1
is to offer alternatives to these phenomenolgical approaches by presenting the
perturbative and non-perturbative methods, both deterministic and stochastic
(as well as their mixture) from atomic and molecular collision physics, with no
adjustable parameters.

As per these remarks, there is plenty of room for improvement of the descrip-
tion of ion energy losses in matter, relative to the current situation encountered
in e.g. therapy by high-energy light ions. Part of the reason for relying heavily
upon empirical cross section formulae in Monte Carlo codes for ions in hadron
therapy is the lack of cross-talk between theory of atomic/molecular collisions
and particle transport physics, when it comes to applied physics. One of the
aims of Volume 1 is to bridge this gap and to initiate this type of cross-talk on
a deeper and more fruitful level for the benefit of everyone involved, as per the
spirit of this series.

When it comes particularly to hadron therapy, the interdisciplinarity of this
series is inspired by the seminal work of physicist Robert Wilson who in the
1940s was the first to suggest in the medical journal “Radiology”, that protons,
alpha particles or carbon nuclei and other light ions with their Bragg-peak-
tailored dose distribution should provide optimal target conformity and tumor
control. The significance of that proposal was in having been conveyed in such a
convincing manner that physicians were quick to accept it. Moreover, physicians
wasted no time in beginning patient treatments by light ions already in the
1950s. Such a unique example is admittedly hard to match, but this series will
nevertheless strive whenever feasible to present the concepts and methodologies
from one field in a way which should be relatively readily grasped and used by
other research branches, including the life sciences.

• We will now pass onto the brief outlines of each of the chapters from
Volume 1 with their most salient features.

Chapter 1 reviews recent studies on differential cross sections for double
electron capture, as well as for simultaneous electron transfer and excitation of
the residual target ion in proton-helium collisions at intermediate impact ener-
gies. Experimental data are compared to computations based upon perturbative
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and non-perturbative theories. The reported comparisons between experiment
and theory show that the most interesting/important electron-electron correla-
tion effects are difficult to identify in double capture and in transfer accompanied
by target excitation in this energy region, because they are weak and masked
by the projectile-residual target ion interaction.

Chapter 2 is on state-selective electron capture in collisions of alpha parti-
cles with helium targets at intermediate energies. State-selective capture mech-
anisms are identified from longitudinal momentum spectra. The recorded ex-
perimental data are compared with the classical trajectory Monte Carlo theory
and good agreement is obtained at all the investigated energies.

Chapter 3 addresses the problem of double ionization as well as of single and
double electron capture at intermediate energies. Two non-perturbative theories
are employed, the Monte Carlo event generator and the coupled-channel basis
generator methods. The independent particle formulation of the latter method is
shown to work well even for double capture at the studied intermediate energies.

Chapter 4 presents several first-order four-body quantum-mechanical theo-
ries for fully differential cross sections in proton-helium collisions at intermediate
energies involving single as well as double electron capture and also electron cap-
ture with target excitation. It was found that the electron-electron correlation
effects in either the initial or final bound state have no appreciable influence on
the computed angular distributions of scattered protons.

Chapter 5 deals with approximate three-body scattering states for the sys-
tem of three charged particles that satisfy the correct asymptotic Coulomb
boundary conditions for single electron capture as well as for direct and res-
onance ionization. It is shown that the interference of the distorted plane and
spherical waves in scattering states can advantageously be used to analyze post-
collisional interaction effects for spectra of auto-ionized electrons. Moreover,
within the continuum intermediate state approximation, an illustration is given
demonstrating that the classical Thomas double scattering could alternatively
be described by interference between the distorted plane and spherical waves
from the scattering Coulomb function.

Chapter 6 reviews total cross sections for several four-body collisional pro-
cesses involving lithium nuclei and helium targets at intermediate as well as
high impact energies. The possible reasons for the discrepancies among a num-
ber of theoretical predictions based upon classical and quantum mechanics are
thoroughly discussed by reference to the available experimental data. Special
attention has been paid to single and double electron capture, simultaneous
transfer and ionization as well as to single and double ionization.

Chapter 7 is concerned with computations of cross sections for one- and
two-electron processes in collisions of protons, alpha particles and carbon nu-
clei with water molecules. Studied are single electron capture, single ionization,
double capture, transfer ionization and water fragmentation. Two methods
are used, improved impact parameter classical trajectory Monte Carlo simula-
tions and a semi-classical treatment with expansions in terms of molecular wave
functions. A scaling law with respect to the projectile charge is derived at high
energies and cross sections for molecular fragmentation after electron removal
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by single capture as well as single ionization are estimated.
Chapter 8 reports on the depth-dose profile and the spatial distribution of

proton beams colliding with liquid water molecules. A combination of molecular
dynamics and Monte Carlo simulations is used to investigate electronic stopping
power, target electronic excitations, energy-loss straggling, elastic scattering
as well the projectile charge-state due to electronic capture and electron loss
processes. It is shown that electron capture becomes significant near the Bragg
peak. Moreover, computations demonstrate that the position and the width of
the Bragg peak is predominantly determined by the stopping power and energy
straggling, respectively.

• Overall, as per chapters 1–8, this book, like any other book for that mat-
ter, is not a panacea for a straightforward knowledge transfer from one discipline
to another. This is the case because, quite expectedly, there is no single theory,
which would work universally by covering all the impact energies and all the
collisions governed by electromagnetic interactions of light ions with atomic and
molecular targets. Such theory is yet to come and this is the subject of active
research in atomic and molecular collision physics. Nevertheless, for the purpose
of e.g. Medical Physics, Monte Carlo simulations of ion transport can still have
a promising prospect from a judicious combination of the presented methods
with their respective validity domains to cover most of the collisional phenom-
ena of relevance to hadron therapy regarding electronic stopping power. This
would be possible under the provision that a systematic extension to molecular
targets, such as water molecules, will be soon accomplished e.g. along the lines
discussed above or in some other alternative directions. Once this is achieved,
pre-computations of cross sections from the best performing methods could be
done to cover all the cases of interest in practice. This, in turn, would pro-
vide an invaluable modern recommended data base stored as a tabular interface
from which fast and direct sampling could be made for Monte Carlo simulations.
Such a procedure would make obsolete the ubiquitous reliance upon empirical
formulae with fitting parameters adjusted to a limited set of the available exper-
imental data. Some of the methods presented in Volume 1 are already near this
sought operational stage, whereas others are to reach this status in the nearest
future. It is hoped that Volume 1 of this series will spur a wider interest in
the community of atomic and molecular collision physics for a more proactive
participation to solving acute problems in Medical Physics with a particular
focus on therapy by energetic light ions by using the available methodologies
from Physics’ first principles instead of phenomenological approaches.
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