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Abstract: Radiation metrology is crucial in space, for instance in monitoring the conditions on-board
space vehicles. The energy released in matter by ionizing radiation is due to the atomic and molecular
ionization processes, which have been investigated for several decades from both a theoretical and an
experimental point of view. Electronic excitation and ionization cross-section are of particular interest
in radiation physics, because of their role in the radiation—matter interaction process. Recently,
experimental findings have shown that the interplay with a laser field can strongly modify the
electronic interaction probabilities and emission spectra. These phenomena are still not completely
understood from a theoretical point of view, and the available empirical data concern a few, simple
atomic species. We represent a possible dosimetric effect of the interaction with laser light, inferring
from experiments the characteristics of laser-assisted cross-sections. Using a Monte-Carlo calculation
for simulating the micro-dosimetric aspects of the irradiation of a simple geometry, we show the
need of new experimental data and more detailed theoretical approaches to these phenomena in
complex molecular systems.

Keywords: radiation metrology; radiation dosimetry; J ray; laser field; triple-differential cross-
section (TDCS)

1. Introduction

Electron-impact ionization dynamics of atoms and molecules play a crucial role in
several scientific and practical application fields, ranging from spectroscopy and radiation
metrology to radiation chemistry and the biological effect of ionizing radiations. Under-
standing the ionization dynamics requires a detailed knowledge of the corresponding
cross-sections. Experimentally, a well-established approach to obtain a detailed description
of the interaction probabilities, and consequently, a comprehensive characterization of the
electron impact ionization dynamics, is given by the so-called (e,2e) studies, in which the
two outgoing electrons are detected in coincidence [1,2].

Recently [3], it was discovered that the presence of a laser field strongly influences the
electron-impact triple-differential cross-section (TDCS), the cross-section differential in the
solid angles of both electrons and the energy of one of them, which is measured in the (e, 2e)
experiments. At a first attempt, the authors of [3] were unable to reproduce theoretically the
empirical data they measured. In fact, their description of the electron-impact ionization
dynamics was based on the so-called First-Born Approximation (FBA), which does not
take into account the important correlation effect, as for instance, the collective and single
particle degree of freedom excited in the target wave function (dubbed dressed wave-
function) and the absorption (or emission) of a photon in the ionization process. The
cited article deepens its roots in older studies describing multiphoton ionization, starting
from the 1930s [4]. In the last decade, several research efforts have produced considerable
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advances in describing laser-assisted electron impact ionization of simple atoms and
molecules [5,6], even if the treatment of complex targets remains challenging.

The possibility of tuning, to some extent, the ionization cross-section with the aid
of a laser would affect several scientific fields, including radiation physics. As a matter
of fact, electronic scattering is the core of the quantum few-body dynamics exploited in
Monte Carlo (MC) simulation of radiation transport, which are routinely used in ionizing
radiation dosimetry [7].

In this paper, starting from an educated guess on the effect of a non-resonant laser
field on the electron-impact ionization cross-section in water, some consideration will be
made to its potential dosimetric effect, using a simulated irradiation of a simple cylindrical
phantom. The main issue one has to solve consists in filling the gap between the theoretical,
detailed approach used for describing the laser-assisted process and the semi-empirical
method, which has to be used in MC codes in order to reproduce the experimental value of
macroscopic dosimetric quantities.

The document is organized as follows. The second section reviews some of the the-
oretical approaches used to describe the laser-assisted electron impact process. A brief
account of the theoretical fundamentals underlying ionization cross-section calculation is
given. The same section also describes the semi-empirical methods used for calculating the
electronic inelastic scattering cross-sections when radiation travels through matter. The dis-
cussion emphasizes the issue arising in the passage from gas-phase to condensed-phase.

Third and fourth sections of the article discuss a simplistic calculation trying to infer a
possible micro- and nano-dosimetric effect of laser-assisted electron scattering. The focal
point is the need of new experimental data, because even from tiny modifications to the
cross-sectional model can result in considerable radiological differences. A section on
perspective research completes the paper.

2. Electron-Atom Scattering Cross-Section

Some elements are given here, concerning the theoretical treatment of atomic scattering
both in vacuum and condensed matter. How scattering is formally treated, and which
issues arise, from both a theoretical and a computational point of view, when condensed
matter and laser-field interaction come into play, are briefly described.

In particular, the First-Born Approximation is introduced, because this approach is
generally detailed enough for describing the inelastic scattering in vacuum. In the literature,
however, it has been pointed out that FBA cannot be employed for describing ionization in
the presence of a laser field, because it does not take into account the correlations induced
by the interaction, as it will be evident from the Lippmann-Schwinger equation. As a
matter of fact, the simple model proposed here is based on the literature results obtained
considering a more detailed description of the transition operator.

Moreover, issues arise in passing to condensed matter, where the scattering description
is more complex with respect to the vacuum condition, even if one does not consider the
presence of a laser field. We present the standard, semiempirical approach used for
describing particle passage through matter. We assume, in our model, that this approach
is valid for describing even multiple scattering in the presence of a laser field, and build
the description of the laser-assisted electron ionization in condensed matter applying
the features observed in the vacuum scattering case in the MC code. This is a working
hypothesis of our model, and it could be worthy to spend some theoretical research efforts
to understand the implications of this assumption.

2.1. Theory of (e, 2e) Collisions

In the Heisenberg picture, one may consider a scattering problem as taking an ini-

tial wavefunction [¥;) to a final wavefunction [¥y) through a scattering operator, S,
defined such that

¥,) = S[¥), M
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Hence, the S operator contains all the information on the evolution of the system
from its initial to final state. It is useful to define the so-called S-matrix, representing the
operator within an uncorrelated basis, |¢;k;), with |¢;) indicating the non-interacting target
state vector and |k;) the infinitely-distant plane-wave projectile. When the final state of
Equation (1) can be considered one of these non-interacting projectile-target states, as is
not the case within condensed-phase matter, the scattering matrix element S¢; reads [8]

2711

Spi= 05— L (¢ k¢ |V[E;) .
fi = 9i ks
N

where V represents the target—projectile interaction potential. The second term in
Equation (2) defines an element of the Transition (T) matrix, equivalent to the
definition of an operator

2

T|pik;) = V[Y¥;). 3)

The Lippmann-Schwinger equation for this operator can be written as
T=V+VGHrT, @)

where G(*) is the Green’s function corresponding to outgoing spherical wave boundary
conditions. Equation (4) is formally equivalent to the infinite (Born) series

T:Lﬁ+VGHHﬁ+(VGH02V+(VGHD3V+.”. ®)

Truncating Equation (5) to include k terms is known as the k-th Born approximation,
which provides an increasingly accurate description of the coupling
between reaction channels.

The First-Born approximation is the most widely used form of the series 5, in both
theoretical and experimental works, given the simplicity of the approach. The magnitude
of the error of FBA is inversely proportional to the projectile energy, and in the low-
energy regime (<10 keV) of the secondaries (J-rays), it is necessary to include at least the
second-order term. This method is usually dubbed the Second-Born Approximation (SBA).
SBA has been shown, in the literature, to be crucial for correctly taking into account the
laser-dressing of the wave function [9].

More sophisticated theoretical approaches exist, determining a non-perturbative
treatment of the wave-function dressing [10]. However, as reported in the following
section, one of the most complex aspects to be tackled in MC simulation of radiation
passing through matter is the effect of the condensed-matter phase.

A useful element for our speculative treatment on the effect of laser-light excitation
in particle scattering is reported in [9]. The article reviews the calculation of the ioniza-
tion TDCS of a simple atomic system exploiting first- and Second-Born approximations.
Figure 1 reports one of the proposed results.

At a first glance, the figure demonstrates one of the characteristics of the process,
confirmed by experiments. Ejected electrons can be divided in two different groups: the
first, generally dubbed “binary encounter”, is associated with a two-body scattering of
the incoming and ejected electrons, in which there is essentially no interaction with the
atomic nucleus. In this process, the two electrons scatter on opposite sides of the initial
electron direction. In Figure 1, binary encounter electrons are those within the angular
range |0,| < 7t/3. A second group of electrons, after the interaction, emerge on opposite
sides with respect to the electrons of the binary encounter. These particles, called “recoil”,
are thought to originate from a further interaction of the two electrons, the scattered and
the ionized ones, with both the nucleus and the remaining part of the electron cloud. In this
sense, recoil electron pairs are binary encounters which encompass a reflection due to
potential the ion.
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Figure 1. Triple-differential cross-sections corresponding to the laser-assisted electron-impact ionization process of atomic
hydrogen as a function of the ejected angle ;. The incident electron energy is Ej, = 40 eV, the ejected electron en-
ergy is Er, = 5 eV, and the scattering angle is 6, = 5°. The laser is set to to 1.17 eV and the electric field strength is
E=1-10" V/cm . The laser polarization vector of the field is set parallel to the wave vector of the incident electron. Red,
dashed line: Second-Born approximation results; Continuous line: First-Born approximation results. Blue, dotted line:
results obtained by ignoring the dressing of the target. (a) I = 0: no-photon net exchange; (b) I = 1 one photon absorption;

(c) I = —1 one photon emission (taken from [9]).

Without claiming to be exhaustive, in this work, we try to figure out what a poten-
tial radiological effect of low-energy, laser-assisted electron scattering could be, exploit-
ing the difference between recoil and binary encounter electron scattering. A laser field
seems to enhance the probability of binary encounters over the recoil process, even in
those interactions involving a net photon exchange, which would otherwise be associated
with recoil electrons.

Clearly, this is just one of the effects which the laser light could have on the scattering
process, since it could even change the differential and total cross-section of the process,
completely redefining the physical effects of the radiation-matter interaction, in particular
the imparted dose and the link between dose and damage.

However, even such a simple change in the angular distribution of the emitted elec-
trons could have an appreciable effect from a nano-dosimetric point of view, leading to
a hypothetical change in those impairments induced by ionization clustering. Later in
this article it is discussed how modifying the angular emission probability within an MC
code induces differences in these clusters. It is worthy to recall that there is no claim of
generality concerning this effect, but the potential impact discussed urges the availability
of new experimental data on the subject.

2.2. Inelastic Scattering Cross-Sections in MC Code

Ionization cross-sections of target atoms are essential for a detailed and realistic
simulation of particle slowing-down in passing through matter. A condensed state of
aggregation modifies gas-phase inelastic electron cross-section, an effect that MC codes
needs to correctly take into account for a realistic prediction of delivered dose [11].

Almost all the MC codes available for practical purposes simulate the human body
to be composed of liquid water. Despite this fact, direct measurements of scattering cross-
sections in liquid water are not available. Indirect approaches are generally based on the
complex dielectric response function of the material, €(E,7) = e1(E, §) + i€z (E, §), where
E and g represent, respectively, the energy and momentum transfer to the target.

The importance of this constitutive relation, linking the electric field in the vacuum
to its counterpart within matter, comes from the need, in condensed media, to take into
account polarization effects, which determine the screened character of the Coulomb
interaction potential. This heuristic—and classical—statement implies, from a practical
point of view, that theoretical models relate the double-differential cross-section to the
Energy-Loss-Function, Im(—1/€). For example, in the non-relativistic Plane-Wave Born
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Approximation (PWBA), it can be shown [12] that the inverse electron inelastic mean-free

path, X, reads
A?L(E,q;T) 1 il =1
dEdg  mayTq e(E,q)) '

where a9 is the Bohr radius, T the kinetic energy of the incident electron, and the proper
double-differential cross-section can be derived from %, dividing it by the number density
of target atoms, N.

Plane-Wave Born Approximation, which implies an incident plane-wave whose
cross-section is calculated using the First-Born Approximation, is not perfectly appli-
cable to the condensed matter case, where incident particles originate from previous
interactions. There are, however, more sophisticated approaches taking into account
correlation in projectiles and targets [12], determining a closer fit to optical [13] and
inelastic X-ray scattering [14] data. Fit to experimental data is the key to success for the
approaches based on a complex dielectric function for MC computational dosimetry,
because it provides a semiempirical way for handling correlations in wave functions
due to the aggregation state. In such models, free-parameters of dielectric function are
extrapolated at the optical limit, e(E, 0), while non-zero momentum transfer, whose data
are incomplete for IXS and not available in classical experiments, may be obtained by
exploiting the so-called extension algorithms [15].

According to this simple and effective approach, several models of the dielectric
function have been constructed, allowing calculations of inelastic electron diffusion in
condensed-phase media. Dielectric function models are commonly based on the theory
of homogeneous electron gas, which is relatively simple to handle. The properties of the
system are generally described in the framework of the Random-Phase Approximation
(RPA), which considers the Hamiltonian as being composed of a self-consistent electronic
mean-field term and an interaction allowing correlation up to two-particle two-holes of
the mean low-energy state of the many-body system.

(6)

3. Radiation Dosimetry with Laser-Assisted Ionizations

In this section, we try to figure out what the dosimetric impact of laser-assisted
electron scattering could be, in order to give an estimation of the importance of obtaining
new experimental data. From the discussion developed above, concerning the theoretical
basis of charged-particle scattering in condensed matter, it is evident that the calculation
that we will develop does not pretend to be accurate, but could be, in some aspects,
realistic if the net effect of the laser field on the electron scattering would be, among the
others, to change the electron angular emission distribution.

In order to simulate the presence of the laser field, the Born ionization model of
the MC code was modified to enhance the emission of secondaries with an angle of
£60 degrees with respect to the primary particle. The irradiation of a microscopic
volume, representing the cell nucleus, was then simulated with 1 MeV protons. Since
only the angular distribution of secondaries was modified, no change is expected in the
microdosimetric aspects of the simulated irradiation.

As a matter of fact, in Figure 2, the specific and lineal energy distributions for the
“laser-assisted” and “normal” scattering case have been shown. Again, in a real irradia-
tion, these distributions are likely to be different, since the total and energy-differential
cross-sections would probably change; however, to date, there are no experimental data
for a similar set-up. In other terms, Figure 2 shows a limit of applicability of the simple
model proposed here, which is not able to describe the micro-dosimetric consequences
of the interaction with a laser field.
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Figure 2. Simulated specific and lineal energy distributions for a 1 MeV irradiation of a micrometric volume (“cell nucleus”); e Born

ionization process; e “laser-assisted” ionization process.

What have been found to appreciably change are the distributions of the physical
quantities related to the clustering of ionizations, represented in Figure 3. The first effect
of the laser field, intended as the modified angular distribution of secondaries, can be
recognised in the number of clusters decreasing by about 50%. The importance of this
information is not in the quantity, given that our model is based on a simple approximation,
but on the qualitative effect of a sensible decrease in the number of clusters.

For the sake of clarity, as discussed in the following section, “ionization cluster” refers
here to a set of ionization events that are found to be close in space with a density-based
scanning algorithm.

It is well known that the irradiation with hadrons is characterized by a heterogeneous
track structure, whose features are strongly correlated with the distributions of the physical
quantities associated with ionization clusters, as their size, mean radius, mean and total
energy content. In other words, the trace a heavy charged particle leaves passing through
matter is related to the spectra and angular distributions of the electrons it ionizes. These
distributions are crucial, at the same time, for the clusterization of the ionization event
induced by the secondary electrons themselves. From these clusters the effectiveness of the
ionizing radiation depends on the damage, because for a given volume, a larger number
of ionizations implies a higher energy imparted.
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Figure 3. Simulated distributions of physical quantities describing the nanometric clusters of ionization for a 1 MeV
irradiation of a micrometric volume (“cell nucleus”); e Born ionization process; e “laser-assisted” ionization process.

Physical quantities associated with clusters, reported in Figure 3, exhibit some modifi-
cations related to the different spatial distribution of the secondaries that we have used for
miming the effect of the laser field, even if the energy imparted to the whole target volume
is comparable with the irradiation without a laser, as shown in Figure 2. The smaller
number of clusters, then, is associated with an equivalent total number of ionizations in the
entire volume. This determines an increased mean number of events for each cluster, re-
sulting in a larger cluster mean radius and an augmented total energy associated with each
bunch of events. The ratio of clusters mean energy with clusters’ mean radius, indicating
the mean energy imparted to a given nanoscopic volume, is increased.

According to our model, then, the presence of a laser field could result in a spa-
tially concentrated and more effective “damage” associated with the irradiation. Does the
polarization of the incoming electromagnetic field induce some orientation effect, deter-
mining the degree of concentration of the ionization clusters? Empirical data on nano- and
micro-dosimety of ionizing radiation coupled with lasers could shed some light on the
phenomenon described in this article, and eventually clarify how the modification in the
physics of the subatomic interaction could have an effect on the mechanism of the overall
energy release on the different length scale.

Concretely, a simple attempt could be made for evidencing the effect of laser light
on ionization-cluster formation, using a new experimental set-up recently employed for
measuring cluster distributions. In [16], F. Vasi and U. Schneider reported a complete set of
experimental data on the number of ionization clusters with increasing complexities —i.e.,
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composed of an increasing number of ionizations that occurred close in space—formed by
a 5 MeV alpha particle and measured with an innovative ceramic nanodosimeter.

The new device, developed starting from previous attempts of constructing a nano-
dosimeter small and simple enough to deploy [17-19], has the intriguing characteristic of
being simple enough to be replicated in almost every physics laboratory, without the need
for reproducing the relatively large facilities which have been employed since the beginning
of this century for measuring the size distributions of ionization clusters produced by the
interaction of ionizing radiation with atoms and molecules [20-23].

The idea is that an end-user experimentalist could try to reproduce the measures
reported in [16], adding a laser field interacting with the low-pressure propane ionized
by the a-radiation of the Americium, and verifying if the size distribution of the ioniza-
tion clusters, obtained with the Bayes theorem, does change. In our opinion, however,
two important remarks must be made at this point: (i) first, the compact nanodosimeter
employs low-pressure propane, which is know to have tissue-equivalent properties in the
interaction with ionizing radiation, but the effect of the laser field on gaseous propane
could not be the same as on liquid water; (ii) as reported above, the size distribution
measured with the compact nanodosimeter is estimated using the Bayes theorem, which
seems to induce a detection efficiency that decreases with the dimension of the sensitive
volume, apparently posing a limit on the dimension of clusters that could be measured.
However, one could imagine an experiment at one of the larger facilities, which could even
serve for validation purposes.

Finally, from a theoretical point of view, in our opinion there should be some research
effort for understanding if the semi-empirical approach currently used in MC calculation
for condensed-matter phases is still valid when describing ionization occurring in presence
of the laser field.

4. Materials and Methods

Data on the simulated irradiation with 1 MeV proton particles have been gathered
using the Monte-Carlo toolkit Geant4 [24]. Geant4 is a versatile and powerful toolkit
capable of simulating the passage of particles through matter, and including a large variety
of physical models—driven by theory or data—for the passage of each particle type through
matter, with an energy ranging from a few eV to several TeV, and the possibility for the
user to construct a detailed geometrical model of the target [25,26].

In our work, the library of computational models called Geant4-DNA [27] has been
used for obtaining a nano-metric accuracy in the description of the energy deposition.
The simulations that can be performed with this package allow the calculation of all
elementary interactions on an event-by-event basis. This means that the process of energy
deposition within matter can be followed, down to the eV scale, taking into account all the
energy deposits produced by the primary particles and all their secondary electrons.

In the calculation performed for this article, a threshold of 9 eV was used. This choice
allows a detailed description of the energy deposition, which at low energy is due in
particular to the secondary electrons, while reducing the computational time. The ma-
terial which has been used for simulating a biological tissue is liquid water. The asso-
ciated molecular structure, for which the inverse electron inelastic mean-free path of
Equation (6) depends on the complex dielectric function, was characterized by five ioniza-
tion and five excitation shells.

The target volume chosen for the proton irradiation was a homogeneous cylinder with
an ellipsoidal basis and height & = 2 pm. A similar volume has been used elsewhere [28]
for simulating a typical endothelium cell nuclei. Using a micro-metric target volume, it has
been possible to study the energy deposition process at both the micro-metric and nano-
metric length scale. In particular, as discussed above, the characteristics of the nano-metric
energy deposition are closely related to the so-called track structure of the radiation.

In particular, at the micro-dosimetric level, the distributions of the specific and lineal
energy, z and y, have been calculated, with € indicating the total energy deposit in the
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target volume, m the mass of the volume itself, and / the length of the path followed by
the primary ionizing particle through the target. The specific and lineal energy for each
particle have been calculated as z = €/m and y = €/I, respectively.

On the other hand, at the nano-metric level, the detailed energy deposit process was
studied through the clusterization of the single ionization events. The distributions of
the physical parameters associated with these clusters, namely their complexity, total
and mean energy and root mean square (rms) have been produced and analyzed. In or-
der to determine the clusters of ionizations produced by the passage of each primary
particle, the structure in space of the events has been analyzed with a density-based
scanning algorithm, DBSCAN [29].

This algorithm divides all the ionization in a first set of clusters, analysing their
distance according to a reference length chosen by the user as a model parameter. This first
set of clusters is characterized by a given complexity, spatial extension and energy content,
which are different from those of the final set of clusters. As a matter of fact, clusters
belonging to the first set are analyzed again, and can then be merged pairwise into a single
entity if their distance lies within the reference length parameter. The algorithm then iterates
until it does not find any other cluster to merge. In our calculation, we have considered
a reference length, for the initial cluster’s extension, of 3.2 nm, which is associated in
literature with a DNA segment of 10 base pairs [30]. This value has been used because a
future comparison with the biological data on DNA strand breaks could be foreseen.

5. Conclusions and Perspectives

This article has presented some speculative prevision on the possible effect of a laser-
assisted exposure to ionizing radiation. The calculations presented are based on a working
hypothesis concerning some of the characteristics of the electron—electron ionization process
in the presence of an electromagnetic laser field. Without any claims of generality, we
tried to determine a realistic consequence of such a concurrent electromagnetic interaction,
evidencing the need of new empirical data on the subject

Trivially, the first perspective research following our discussion concerns an experi-
mental verification on the effect described. Eventually, implications of the laser-assisted
irradiation in the medical field could relate to the effectiveness of radiation therapy and
the mitigation of its side consequences, but clearly the development of a new technology
based on the exploitation of a physical phenomenon is limited by several practical aspects,
particularly in bio-med sciences.

Finally, the effect of a laser field on radiation-induced damage could be employed in
detectors used for spectroscopy and metrological applications, particularly in the complex
radiation environment found in space, where the discussed ionization process could be,
for instance, exploited to enhance the useful lifetime of sensitive elements.
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The following abbreviations are used in this manuscript:

FBA First-Born Approximation

MC Monte-Carlo

MDPI  Multidisciplinary Digital Publishing Institute
PWBA  Plane-Wave Born Approximation

RPA Random-Phase Approximation

SBA Second-Born Approximation

TDCS  Triple-differential Cross-Section
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