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Abstract. The paper examines the prospects of using laser
plasma as a source of high-energy ions for the purpose of
hadron beam therapy —an approach which is based on both
theory and experimental results (ions are routinely observed to
be accelerated in the interaction of high-power laser radiation
with matter). Compared to therapy accelerators like synchro-
trons and cyclotrons, laser technology is advantageous in that it
is more compact and is simpler in delivering ions from the
accelerator to the treatment room. Special target designs allow
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radiation therapy requirements for ion beam quality to be
satisfied.

1. Introduction

Oncological morbidity and mortality are still pressing
problems of contemporary medicine, despite substantial
progress in malignant tumor diagnosis and treatment. At
the end of the first decade of the 21st century, the five-year
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post-treatment recurrence-free survival rate (the rate of
practical recovery) for patients diagnosed with cancer
exceeded 60%, compared to 5% at the beginning of the 20th
century. The possibility of a favorable prognosis depends on
the type of disease. Early stages of Hodgkin’s disease, larynx
cancer, and childhood leukemia are treatable. For some other
diseases, such as pancreatic cancer, the prognosis is less
hopeful.

Here, ‘recovery’ means the absence of recurrence and/or
metastasis, i.e., no manifestations of the same disease in the
course of five years. Notwithstanding the high survival rates,
the oncological mortality at present is decreasing rather
slowly. This is mainly due to steady growth of the number
of diagnosed cancer cases related to environmental dete-
rioration and other contributing factors, increasing life
expectancy, and the improvement in the early detection of
cancer.

Cancers are a large family of different diseases affecting
practically all the organs of the human body. Cancer appears
at the cell level, as a result of a few, usually three, consecutive
mutations [1]. The conclusion about several mutations is
based on the known exponential dependence of the cancer
probability on age. Otherwise, if a single mutation was able to
turn healthy cells into cancerous ones, the probability of the
disease would not depend on age. As a result of such a
transformation, the affected cells start to replicate uncon-
trollably. In a normal situation, for example, red blood cells,
erythrocytes, produced by bone marrow have a finite lifetime
(about 100 days). Cell death, apoptosis, is programmed at the
DNA (deoxyribonucleic acid) level. If for some reasons the
apoptosis turns off, the erythrocyte lifetime substantially
increases, leading to one form of erythroleukemia. Cells
division is slow in some organs of the healthy adult human,
e.g., in the cerebrum. After the neoplastic transformation of
normal cells into cancer cells, their quick division produces
malignant tumors surrounded by a developed system of blood
vessels. At a late stage, cancer cells spread throughout the
body with blood and lymph flows, creating secondary tumors
called metastasis.

A great complication stems from the fact that cancers
occur in forms that are difficult to treat. Malignant tumors
typically possess a complex shape with numerous appendices;
this is why it is called ‘cancer’—‘crab’ in Latin. The
complication of the shape is already seen at the cellular
level: cancer cells, unlike healthy ones, have a fractal
structure [2]. As is well known, there is a connection between
fractals and percolation processes. It is possible that a
complex shape peculiar to tumors results from the fact that
their fast growth with a penetration into healthy tissue is of
the nature of percolation.

Cancers are often localized in close proximity to vital
anatomical organs. In cases when the tumor has a compact
form and is confined in a relatively small volume, one can
prescribe surgery, radiation surgery, and/or radiation ther-
apy. When the malignant tumor occupies a considerable
volume with a complex shape, its surgical removal does not
seem to be optimal. In this case, radiotherapy and chemother-
apy offer a better way of the cancer treatment [3].

Radiotherapy uses not only high-energy ions but also
m-mesons, neutrons, electrons, X-rays, and gamma-rays (for
details, see Refs [4-14] and the literature cited therein).
Hadron therapy represents a part of radiation therapy. For
irradiation of malignant tumors, it uses fast charged particles
with a high mass, such as protons and heavier ions.

In the approaches adopted in developed countries to cure
cancer, which show the highest recovery level of cancer
patients, all three complementary methods are utilized:
surgery, radiotherapy, and chemotherapy. First, the bulk of
the malignant tumor is removed by surgery, then radiation
therapy destroys residual cancer cells at the periphery of the
initial localization of the tumor, and, finally, chemotherapy
kills cancer cells which could spread throughout the body. At
the early stages of the disease, a successful treatment is often
possible with only the first two local methods.

Apparently, a higher efficacy of cancer cell killing might
be reached with greater doses of drugs with chemotherapy,
more aggressive surgery, or higher levels of irradiation with
radiotherapy. However, the cost of such treatment would be
unacceptably high because of intolerable damage to normal
tissues.

The hazardous effects of radiation therapy are associated
with the risk of secondary cancer and/or serious postradiation
complications due to the inevitable irradiation of healthy
tissues. For this reason, the goal of radiation therapy consists
in delivering a high enough dose to the malignant tumor,
while sparing the surrounding tissues and nearby organs.

The requirement of a low level of exposure of nearby
tissues and organs is of particular importance in childhood
oncology. On the one hand, the probability of successful
treatment of pediatric cancers is high, about 80%. On the
other hand, the probability of secondary tumors as a result of
radiation therapy is higher for children than for adults,
because children’s bodies are in the stage of growth,
accompanied by cell differentiation [15]. In addition, the risk
of secondary tumors is significant due to the higher life
expectancy of children. Hadron therapy has an undoubted
advantage in childhood oncology. As an example, we present
in Table 1 data on the probability of secondary tumors
resulting from the treatment of cerebellar medulloblastoma
with X-ray radiation therapy or with proton therapy [16, 17].

Table 1. Secondary tumor probability resulting from the treatment of
cerebellar medulloblastoma* with gamma-ray therapy as compared to
treatment with proton therapy [16].

Tumor site Proton Gamma-ray
therapy, % therapy, %

Stomach and esophagus 0 11
Colon 0 7
Breast 0 0
Lung 1 7
Thyroid 0 6
Bones and joints 1 2
Leukemia 3 5
All cases of secondary cancer 5 43
* Medulloblastoma is a malignant tumor which is found mainly in
children.

The fact that hard radiation damages or kills cells of living
organisms has been known since long ago [18]. A cell
cytoplasm can tolerate a dose of up to 250 Gy (one gray is
equal to 1 J kg~!). The cell nucleus is much more vulnerable
than the cytoplasm. A dose from 1 to 2 Gy is sufficient to
fatally damage the nucleus because of the destruction of DNA
molecules. According to Puck [18], the mechanism of
radiation damage of the cell can be described as follows.
Irradiation of DNA molecules causes the cells to lose their
ability to reproduce. However, cell death does not occur
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Figure 1. (a) Mitotic cycle of cell development (typical mitotic cycle lasts
from 12 to 48 hours): M is mitosis (typical time is about 1-2 hours), Gyis
the resynthetic period, S is the period of DNA synthesis, G, is the
postsinthetic period, and Gy is the phase of possible rest. (b) Replication
fork dividing the DNA molecule, existing during the mitosis stage.

immediately, because the amount of radiation energy
absorbed is negligibly small in comparison with the energy
necessary for mechanical disintegration of the cell. Although
chromosome functions are broken due to irradiation, the cells
remain enzymatically active. The cells continue to play their
physiological role until the time comes when they must divide,
but they fail.

As is well known, a DNA molecule located in the nucleus
of'a human cell has the shape of a double helix. Due to various
factors, the DNA is prone to damage. Evolution has found a
mechanism to repair the molecule when one of the strands
appears to be damaged. In the case of a double-strand break,
the cell cannot repair the DNA and dies.

A spontaneous break of strands in the DNA molecule
occurs during cell replication. In the process of cell division,
so-called mitosis (see Fig. 1a illustrating the mitotic cycle of
cell evolution), the double helix divides into two single
strands, leading to the formation of the ‘replication fork’
shown in Fig. 1b). The molecular mechanism adds on missing
second strands, identical to those in the primary DNA
molecule.

In the course of either chemotherapy or radiation therapy,
cancer cells are more vulnerable, because they divide more
rapidly than healthy cells, and, thus, more often appear in the
phase with only one strand. The cell is most vulnerable at the
postsynthetic mitosis stage G, and during the phase of mitosis
(M) (Fig. 1b) [19]. In the M phase, a single-strand molecular
fragment appears. Its break leads to irreversible damage to
the DNA molecule. Affected in the postsynthetic G, stage of
mitosis, the DNA molecule has insufficient time to recover.
For this reason, less energy is required for the destruction of
the DNA molecule in a cancer cell (and the damage
probability turns out to be higher) than in a healthy cell.
The difference in radiosensitivity of the cancer and healthy
cells reaches about 20-25%. Healthy cells appear to be
relatively less damaged, and they recover more quickly
(often by the factor 2-3) than the cancer cells. In this way,
the destruction of malignant tumors happens.

In developed countries, radiation therapy is used to treat
up to 70% of cancer patients. The most widely used form is
therapy with gamma-rays, where the directed gamma radia-
tion is generated by a beam of relativistic electrons acceler-
ated by a compact linac up to an energy of 25 MeV. The
energy of electrons is then converted into the energy of
gamma-photons in the course of their interaction with a slab
of lead. The resulting beam of so-called bremsstrahlung
radiation is directed to the location of a malignant tumor. In
the body tissues, the gamma-photons lose their energy due to
the photoelectric effect, Compton scattering, and electron—
positron pair creation in the electric field of atoms and atomic

nuclei. The major part of the energy of the ionizing radiation
absorbed by the cells is transferred by a large number of
secondary electrons with energies ranging from 1 to 20 eV.
Since this energy is on the order of or below the molecular
ionization potential, these electrons break one or both of the
DNA strands. The basic mechanism of DNA destruction
comprises the strand break due to the excitation of resonances
within the molecule [20, 21]. Other factors damaging the
DNA molecules are associated with the formation of so-
called oxidants, i.e., chemically aggressive radicals, in the
radiolysis of intracellular water as a result of electron
interaction with the tissue molecules. Radicals, in turn,
chemically destroy the DNA molecule, resulting in the loss
of the cells’ ability to replicate. DNA lesions may also occur
due to the direct impact of fast ions colliding with atomic
nuclei within the molecule and due to DNA ionization by fast
electrons [22-24].

We note here the well-known relationship between
radiation therapy and space medicine, insofar as one of the
main obstacles to interplanetary flights of astronauts and
their long-term living on extraterrestrial bases, e.g., on the
Moon, is the unacceptably high irradiation from solar and
galactic cosmic rays, in view of limited resources for radiation
protection under the mission conditions. Here, we see that
the methods of estimating radiation doses developed in one
area can be applied to solving problems in another area of
research [23].

As shown by experiments [20, 21, 25-27], electrons
(photons) with an energy of several electron-volts are suffi-
cient for breaking the DNA strands. To deliver the required
dose to the location of the tumor, the initial particle energy
must be large enough to overcome the energy losses during
particle propagation in the tissue. As mentioned above, to
fatally damage the DNA molecule in the cell nucleus, the
sufficient dose is about 1 Gy. In order to destroy the tumor in
the full course of fractionated irradiation (requiring 1 or
1.5 months), the necessary dose ranges approximately 60—
70 Gy.

In the above process of secondary electron generation in
tissue, a gamma-ray beam with an initial multimegaelectron-
volt energy relatively quickly loses its energy. Each elemen-
tary act of interaction of gamma photons with electrons takes
away almost all the energy of the photon, leading to an
exponential decrease in the dose with increasing distance from
the surface. The near-surface minimum in the dose distribu-
tion with a characteristic size on the order of a few millimeters
is associated with the finite distance at which the secondary
electrons are produced. This minimum plays a positive role in
protecting the skin from unwanted damage, which is an
important clinical advantage. However, a significant portion
of the gamma-ray beam energy is absorbed in the tissues
located in front of and behind the tumor. In this case, the
delivery of a high enough dose, conditioned by an acceptably
low exposure of the surrounding tissue and organs, can be
achieved by using several beams irradiating the malignant
tumor from different directions and with different energies.

The utilization of protons (ions) in radiation therapy [28]
has a number of advantages over other approaches. This is
connected with the following feature of the interaction of
protons having an energy of hundreds of MeV with atoms in
the tissue. Protons lose energy mainly in collisions with
electrons, while the energy transferred to atomic nuclei is a
factor of me/(2m,) less and thus negligible. Here, m. and m,
are the electron and nucleus masses, respectively. Therefore,



1152

S V Bulanov, J J Wilkens, T Zh Esirkepov, G Korn, G Kraft, S D Kraft, M Molls, V S Khoroshkov

Physics— Uspekhi 57 (12)

the protons gradually lose energy during their propagation in
the tissue. The energy loss rate is inversely proportional to the
square of the particle velocity; therefore, the local dose
increases as the ions slow down. This explains the sharp
peak (Bragg peak) in the distribution of the delivered dose [29]
(see Figs 3 and 4 below). In other words, the distance at which
a proton with a certain energy stops is fixed. This circum-
stance helps to avoid unnecessary irradiation of healthy tissue
behind the tumor. The presence of a sharp maximum in the
curve of the ion energy losses in matter reflects a substantial
increase in the radiation dose in the vicinity of the ion
stopping point (see, e.g., Refs [5, 6, 13]). The scattering of
the ion beam by the atomic electrons is small, which also
reduces the irradiation of healthy tissue surrounding the
tumor.

Therapeutic use of proton beams for cancer treatment was
proposed by R R Wilson in 1946 [28]. The first patients
received radiation therapy in 1950-1960s in the United States
(Berkeley and Harvard), in Sweden (Uppsala), and in the
USSR (Moscow and Dubna). Since then, about 110 thousand
cancer patients have undergone hadron therapy worldwide
(90% with the use of protons, and 10% with heavier ions,
mainly carbon) [30].

To date, proton beams with the necessary parameters
have been obtained with classical accelerators of charged
particles (synchrotrons, cyclotrons, linear accelerators). After
more than 40 years of experimental research, several clinical
centers are being constructed, designed for proton radiation
therapy treatment of up to 1000 patients per year. Already 42
such centers operate (for example, the centers of ion radiation
therapy in Heidelberg in Germany, Chiba and Harima in
Japan, the Paul Scherrer Institute in Switzerland); about the
same number are under construction [30]. Unlike research
institutes wherein the era of hadron therapy originated, all
these centers are equipped with special medical ion accel-
erators, from which the beams are transported to 3-
5 treatment rooms.

A necessary and the most expensive element in such
centers is the GANTRY system, which is a device intended
for the multifield (from different directions) irradiation of the
lying patient. The gantry can rotate the ion beams around the
patient, providing tumor irradiation from all needed direc-
tions. A gantry for proton therapy has a diameter equal to
12 m, length of 24 m, and weight of 60 tons. The weight of the
gantry for a therapeutic treatment by carbon ions is up to
600 tons.

Clinically, the main applications of proton therapy are
uveal melanoma (eye tumor) using relatively low-energy
particles and, with high-energy protons, various pediatric
tumors, chordoma and chondrosarcoma, and cervical and
prostate tumors.

Proton therapy (in general, ion or hadron therapy) is
believed to have a number of advantages over radiation
therapy with gamma-rays because of the lower integral dose
received by healthy tissue (especially when modern methods
are applied, such as scanning and energy-modulated ion
beams), although additional clinical studies are needed for
confident assertion. Proton therapy has been used success-
fully for the treatment of different types of tumors, such as
those mentioned above and also large tumors associated with
lung cancer, cervical spine tumors, and cervical spinal cord
meningiomas.

Heavier ions, such as carbon ions, have additional clinical
advantages due to lower scattering effect and greater

biological effectiveness in the target compared to X- and
gamma-rays and protons. Up to now, carbon ions have been
utilized mainly in the treatment of chondroma and chondro-
sarcoma of the cervical spine, and malignant tumors occur-
ring in salivary glands, the lungs, prostate, liver, and soft
tissues [31, 32]. Due to their relatively high electric charge,
multiply charged carbon ions passing through matter provide
a much denser distribution of ionization events along the
particle track than gamma-rays and protons. The distance
between the ionization events becomes smaller than the
transverse size of the DNA helix. This leads, at the same
dosage in terms of energy (Gray), to a larger number of
‘irreparable’ double strand breaks of the DNA. The number
of lethally affected cancer cells dramatically increases. It is the
use of ions heavier than protons that is recommended in the
case of radioresistant tumors, which amounts to up to 15—
20% of the total number of tumors according to various
estimates.

The disadvantage of carbon beams is associated with the
exposure of the tissue behind the Bragg peak, resulting from
nuclear fission projectiles created in the inelastic collisions of
heavy ions with atomic nuclei in the body tissue (see below
Fig. 3). This disadvantage is almost completely compensated
for by making use of multifield (from different directions)
irradiation.

A wide implementation of hadron therapy is difficult
because it requires an ion accelerator (e.g., a quite large
cyclotron or synchrotron) and a system for the ion beam
transportation and manipulation. These technically sophisti-
cated elements cost from 100 to 200 million euros in the case
of a therapeutic center with four treatment rooms. Conse-
quently, this entails a high cost of medical services. Owing to
this difficulty, at present only 42 hadron therapy centers
operate around the world, although up to 30% of cancer
patients need this form of treatment. Investigations are
currently being undertaken in several directions aiming at
the development of more compact and less expensive
technologies. Several companies are developing compact
medical ion accelerators exploiting technologies known in
the field of conventional particle accelerators, such as super-
conducting cyclotrons or compact cyclotrons serving one or a
few radiation facilities.

There are other concepts of medical accelerator develop-
ment. They are associated with synchrocyclotrons, with
alternating magnetic field accelerators, and with dielectric
wall accelerators [33, 34].

An approach fundamentally different from those men-
tioned above is based on the idea of a laser ion accelerator
[35]. The use of a relatively small-size laser ion accelerator in
oncological centers can revolutionize hadron therapy, mak-
ing high-energy proton and heavier ion beams much more
accessible for patients pending treatment.

Articles [35-41] have drawn attention to the fact that the
exploitation of a laser accelerator in hadron therapy is very
attractive owing to the compactness of such an accelerator
and the occurrence of additional options for ion beam
parameter control.

One of the main advantages of laser ion acceleration
methods over currently designed schemes is that it can
simplify and significantly downsize the system for ion
transport to the treatment rooms, as well as the facility for
the ion beam rotation (gantry). Instead of devices comprising
bulky and heavy magnets required for the deflection of ion
beams with a high energy (rigidity), it is proposed to use an
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Figure 2. Comparison of the classical setup of a gantry and its optical counterpart [34]. (a) The classical setup of a gantry: (/) bending magnets,
(2) quadrupole lenses, (3) positioner, (4) system of dose formation and dose monitoring, (5) treatment room, and (6) concrete protection.(b) Individual
laser accelerator and the optical setup of the gantry: (/) laser beam, (2) optical system of transportation and focusing of the laser pulse, (3) positioner,
(4) dose monitoring system, (5) treatment room, (6) concrete protection, (7) target, and (8) ion beam. In both cases, the casing with the elements mounted

on it can be rotated +180°.

optical system which bends and rotates laser beams, arran-
ging their interaction with a target in such a process that
generates fast ions in the treatment room, not outside it.

Various approaches to employing the laser ion accelerator
are possible. In the simplest case, the laser particle source is an
injector which permits forming an ion beam of high quality
with the desired composition. The next one, also a simple
option, reduces to replacing the classical accelerator with a
laser accelerator, as discussed in Ref. [42]. However, a
shortcoming of these approaches is that the above-discussed
gantry is not only expensive, but also very bulky (its diameter
is 6-8 m, length is 10—12 m) and heavy (100 tons or more). The
weight and cost are mostly determined here by the powerful
magneto-optical system able to rotate as a whole, which must
be fabricated with a high precision. Other setups using laser
accelerators seem more attractive. In the most promising
approach, laser radiation is directed to a target in a treatment
room, where the laser energy is converted into fast ions. This
can simplify and make cheaper the classical technical solution
in present-day hadron therapy, removing the necessity of a
centralized accelerator, a channel (or channels) of ion beam
transport, and, finally, of most of the gantry magnetic system.

Figure 2 compares two setups. The classical one for ion
beam delivery to the patient and for controling the ion beam
parameters (Fig. 2a) is built around magnetic systems. An
alternative is one of several possible technical solutions, using
an ‘optical gantry’ with the laser ion accelerator (Fig. 2b).
Here, the term ‘optical gantry’ means an all-optical config-
uration of the facility for hadron therapy. The advantage of
this system over the magnetic one is that it is much easier to
direct and bend photon beams with mirrors than to control
high-energy ion beams with bulky magnetic optics.

For the implementation of the laser accelerator in hadron
therapy, the parameters of accelerated ion beams, in terms of
the ion beam energy, stability, and quality, must satisfy the
same requirements as established in classical hadron therapy
for the ions accelerated by conventional accelerators.

Currently, the energy of ions accelerated in the laser
plasma in experiments is approaching the value at which
ions can be considered for therapeutic applications. However,
some properties of the beam, such as the repetition rate,
electric current, energy spectrum, and transverse emittance,
have not yet reached the necessary level or are not sufficiently

well controllable. For this reason, a prototype of a medical
laser accelerator has not yet been built. On the other hand,
several world leading scientific centers are involved in
investigating physical processes of laser ion acceleration,
studying the biological effects of the obtained ion beams,
and developing the required technology (e.g., Japan Atomic
Energy Agency, Kizugawa [43]; Technical University of
Miinich, Germany; Institute of Physics of Czech Academy
of Sciences, Prague within the framework of the project ELI-
Beamlines ' [44]; University of Catania, Italy [45]; Institute for
Heavy Ion Research, Darmstadt, Germany; Rossendorf
Research Center, Dresden, Germany; University of Belfast,
UK). New methods of treatment planning regarding the
peculiar properties of the ion beams generated in laser
plasma are also under development [46]. Crucially important
results of these studies have been achieved in experiments on
cancer cell irradiation by beams of protons accelerated with
laser radiation [47-54]. Further progress in this scientific area
is associated with the demonstration of more efficient and
better controlled ion acceleration mechanisms, with the use of
tailored targets, and, importantly, with the development of
laser technology enabling generation of powerful and stable
high-quality pulses of electromagnetic radiation.

The development of laser ion accelerators for hadron
therapy has already been criticized at the initial stage in
Refs [13, 55]. Some publications criticise not only the
proposed usage of laser ion accelerators but all radiation
therapy [56] (see reply in Ref. [57]). This reflects a high level
of competition in modern medicine. One of a few obvious
reasons for the critical attitude towards laser accelerators is
that the authors of Refs [13, 55] lack awareness of the
mechanisms of ion acceleration in the light field of high-
power lasers, methods for high-quality ion beam generation,
and the experimental results obtained in this area. In order
to show that our assessment is not unfounded, we note that
in the review paper [13] the mechanism of ion acceleration is
assumed to be based on acceleration by wake plasma waves,
with a reference to an experiment on the acceleration of
electrons, not ions (sic!). One of the main conclusions
reported in Ref. [55] is that the experts in the field of laser

' ELI — Extreme Light Infrastructure.
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Figure 3. (a) Measured dose as a function of penetration depth for protons, carbon ions, and gamma-rays. (b) Scattering of ion and photon beams in the
transverse direction, characterized by the growth of the cross section (thickness of the beam), for the same values of the penetration depth [69—71] (see also

Ref. [43]).

acceleration are not aware of methods for ion beam quality
improvement, despite the fact that one such method was
proposed in 2002 in Ref. [35] devoted precisely to laser-
accelerated ion beam quality perfection, then demonstrated
using both numerical simulations [38, 58, 59] and experi-
ment [60].

The above-mentioned critical attitude may be in part
caused by a lack of review papers summarizing recent
findings, although the relationship between the studies of
laser methods of ion acceleration and the problems of hadron
therapy has been noted in reviews [61-68] devoted to the
general problem of charged particle acceleration in laser
plasmas. The present review article attempts to fill this gap.

2. Hadron therapy using ion beams accelerated
with classical accelerators

2.1 Physical and biological characteristics

The main reason why ion beams are preferable to brems-
strahlung gamma-ray beams for the irradiation of malignant
tumors is that the radiation dose grows with the depth of ion
beam penetration, acquiring a sharp maximum at the beam
stopping point, called the Bragg peak. At the entrance of the
beam, where the ion energy is maximum, the production cross
section of electrons and atomic nucleus fragments (due to
collisions of fast ions with the target atoms) is small, and the
radiation dose is correspondingly small. The most intensive
creation of particles produced in collisions of fast ions with
atoms occurs at the end of the ion trajectory in the vicinity of
the Bragg peak, where the ions have a relatively low energy of
about 10-20 MeV per nucleon, but still remain fully ionized.
On this portion of the ion trajectory, the time of ion
interaction with the medium increases due to a decrease in
the ion velocity. This leads to the ionization growth in the
medium caused by atomic collisions with ions and due to the
formation of a channel with a large concentration of free
electrons. This gives rise to a relatively large local radiation
dose in this zone (Fig. 3a). This behavior is typical for all
kinds of ions. In the case of heavy ions interacting with the
target, the density of ionization events can be substantially
higher, so that the distance between them becomes smaller
than the lateral size of the DNA helix. This causes an

‘unrepairable’ double strand break in a large number of
DNA molecules. Due to the Bragg peak, the relative
biological effectiveness (RBE) increases by a factor of 3 to 5
compared to its value at the entrance (on the initial portion of
the ion trajectory).

The RBE, by definition, is equal to the ratio of the dose D,
brought by X-rays or gamma-rays to the dose D, brought by
the o ions, which is required to achieve the similar biological
effect:

D
RBE:D—Y. (1)

o

The dose given by an artificial source of photons *°Co is
adopted (RBE = 1) as a reference for D,.

The percentage of cells that survive the exposure with the
dose D is approximated by the expression

S(D) = exp (—aD — D) @)

with the coefficients o and 5. The ratio o/ is a measure of the
radiosensitivity of tissues (see Ref. [13]).

In clinical applications, carbon ions have a biological
effectiveness by a factor of 2 to 3 higher than protons, while
the RBE at the entrance is relatively low. Moreover, carbon
ions with the same energy and, correspondingly, the same
linear energy transfer (LET)? have different RBEs for various
kinds of cells. The RBE is higher for radioresistant self-
repairable cells and lower for nonradioresistant cells, includ-
ing benign cells [69]. Thus, carbon ions have high values of
RBE where it is necessary (at the end of the trajectory, at the
location of the irradiated tumor), and just for those cells
(radioresistant) which must be destroyed. These properties
enable successful irradiation of radioresistant tumors with
carbon ions and are the main motivation for a carbon ion use
in hadron therapy [13, 70].

For clinical applications, the ion beam parameters are
chosen with respect to the geometry of the tumor. These
parameters are the beam size in the longitudinal and
transverse directions and the size of the region of maximum

2LET is the energy transferred to a medium by an ionizing particle per unit
length along the particle trajectory.
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Figure 4. (a) Amount of energy delivered into the matter per unit length along the trajectory of a fast proton beam (linear energy transfer, LET) with
different energy spectra: (/) monochromatic beam, npd(€ — Emax ), (2) quasithermal beam, 1p0(Emax — E) exp (—E/T'), and (3) beam with a piecewise

constant energy spectrum, 790(E — Epmin)0(Emax
described by expression (13).

—&). (b) Profile of the energy transferred by the beam (LET) with the energy spectrum in figure (c),

energy release in the longitudinal direction, determining the
shape of the dose distribution. A finite width of the ion energy
spectrum leads to the broadening of the Bragg peak and to its
transformation into a plateau. The stochastic nature of ion
scattering in a medium also causes Bragg peak broadening
(see review article [13] and literature cited therein). The lateral
size of the beam also increases, resulting in the irradiation of
healthy tissues at the lateral margins of the tumor. This effect
is stronger for proton beams [71] than for beams of heavier
ions, such as carbon ions (Fig. 3b), so that the employment of
heavier ions provides a better irradiation scenario. All the
above advantages of ions heavier than protons give grounds
for a conclusion that laser accelerators should be considered
as a tool for the generation of not only protons, but also
heavier ions.

2.2 Energy losses and ion beam scattering

Here, we discuss the mechanism of ion energy loss in matter in
more detail. As is known [72] (see also Refs [12, 73]), an ion
beam propagating in matter loses its energy at the rate

d&
= -F@), ()

given by the expression

F(€) = A©), @

where A(€) is a function of the ion energy &; its particular
form depends on the state of matter. According to Ref. [74],
the coefficient 5 is equal to

4ne4m12u2y2
=—0", (5)
ne
where for the function 4 (&) we have
2meg 2 2 C 0
A€)=In————1In(l - -pF—=—=.
(€)=In PRI (I=p)=p"=7-—5. (0

Here, Z, and Z, are the charges of the nucleus and of the fast
ion, respectively. The normalized velocity of a proton with an
energy on the order of 200 MeV or a carbon ion with 400 MeV
per nucleon is approximately equal to ff ~ 0.7. The mean
ionization potential (fjoy;,) for water reaches 79.7 eV. The last
two terms on the right-hand side of Eqn (6) describe the
effects of the finite density of the medium and the atomic shell
effects.

The dose delivered by an ion beam with luminosity w,
which is equal to the number of particles per cm?, to a target
with the density p is given by

D[Gy] = 1.6 x 107 x 35

— [keV um '] wlem™?] p[gem .
X

(7)

As an example, we consider the case of fast protons. The
dependence of the particle distribution function N (x, £) on
the coordinate and energy is described by the transport
equation

ON, 0

EﬂL@(F(E)Np):O (8)

with the boundary condition N, (x =0,&) =N o(€). The
solution of Eqn (8) can be written in the form

d&y

No(6,8) = Npol€0)| G

: ©)

where the current £ and initial £, particle energies are related
to the particle coordinate x through the expression

Jgﬁ Ly
o F(E) 7

(10)
Using Eqns (3), (9), and (10), we find the energy loss rate of
the beam or, equivalently, the value of the linear energy
transfer:

LET(x) = J/\/p(x, £) F(£)dE. (1)

Figure 4a depicts the dependence of the energy transferred by
beams of fast protons with different energy spectra at x = 0.
Curve 2 corresponds to a beam with a quasithermal energy
distribution:

Nop(x = 0,€) = no0(Emar — &) exp (—§> . (12)

T

Here, 0(¢) is the unit step Heaviside function, 0(¢) =1 for
¢&>0 and 0(¢) =0 for ¢ < 0. A quasithermal distribution
function of fast protons corresponds to the dependence which
typically approximates the energy spectra of fast protons
obtained in experiments on the interaction of laser radiation
with solid targets and in numerical simulations with non-
optimal targets. The maximum energy of accelerated particles
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Emax 18 several times larger than the effective temperature 7 of
the beam. We see that a quasithermal beam loses its energy
mainly at the entrance of the irradiated target.

The dependence of the rate of energy loss on the
coordinate for the quasithermal beam is obviously unsuita-
ble for the purposes of hadron therapy. For a monoenergetic
ion beam, whose particle energy distribution has the form
Np(x=0,E) = npo(€ — Emax), the dependence of the energy
transferred into the medium per unit length on the coordinate
(curve [ in Fig. 4a) has a pronounced maximum, the Bragg
peak.

Neglecting the logarithmic dependence of the losses on the
energy in formula (10), we can solve analytically integral
equation (11) with respect to the desired distribution function
Np.o(€) for a given distribution LET(x), since equation (11)
in this approximation is reduced to the well-known Abel
integral equation. For example, a uniform energy deposition
within the interval x| < x < x; is provided by the ion beam
with a spectrum

No(x = 0,) = no 0(€ — Emin) 0(Emax — ) 7

Em —E°

max

(13)

where the maximum and minimum energies, Enax and Enin,
are related to the coordinates x; and x, of the irradiated
region by formulas Enax = /nX2 and Emin = /X1, respec-
tively. Figure 4b shows the profile of the energy deposited by
the proton beam with a given energy spectrum. Such a
spectrum can be prepared by tailoring in a special way the
proton distribution inside the target (see discussion below), or
it can be formed by a superposition of several monoenergetic
beams.

Using relationship (10) between the initial ion energy and
the distance at which the ion loses all its energy, we can find
the expression for the energy of a heavy a-ion penetrating at
the same depth as a proton with the energy &£p:

&y < Z,

A, P, (14)
Here, A4, is the atomic mass of the heavy ion. For example,
referring to the case of a proton with the energy
&, =200 MeV, for helium ions we obtain Eue/Ane =
200 MeV/n, and for carbon C*® ions we obtain Ec/Ac =~
400 MeV/n.

As noted above in Section 2.1, the scattering of the
beam by the atoms of the medium results in the beam
broadening in the transverse direction. According to
Ref. [75], the angular dispersion of particles is propor-
tional to the square root of the particle path length and is
inversely proportional to the particle energy. The typical
lateral size of therapeutic beams inside water is on the
order of several millimeters.

If there are radiation-sensitive organs close to the beam
axis, then it is desirable to use an ion beam with a high enough
energy, for which the angular dispersion is acceptably small.
Then the cost of such a choice is the loss of the advantage of
possessing the Bragg peak [33] and the necessity of involving a
large number of ion beams irradiating the tumor from
different angles.

In the course of heavy ion interaction with atomic nuclei
of the medium, radioactive isotopes are also produced
(induced radioactivity of the medium). In the process of
these isotopes decaying, positrons are emitted, which are

n,cm™3

10-!

Figure 5. Simulated results of nucleus radioactivation by a proton beam
during water layer irradiation (the target boundary is at a distance of 5 cm
from the left border of the computational domain) [43]. The diameter of a
200-MeV ion beam at the entrance to the target is equal to 10 mm. Grey
scale specifies the particle density 7. (a) Spatial distribution of particles in
the proton beam. (b) Distribution of nuclei of the oxygen 'O isotope.
(c) Distribution of nuclei of the carbon ''C isotope.

used to monitor the dose, delivered by fast ions [76—78], with
the help of positron emission tomography (PET).

The exploitation of particle injectors with a complex ion
composition opens up additional opportunities for the
implementation of efficient scenarios of tumor irradiation,
as well as for diagnostic purposes. From the results of
computer simulations [79] and experiments [80] on the
interaction of powerful laser radiation with thin solid-
density foil targets comprising light and heavy ions, it follows
that there emerges the possibility of obtaining beams of fast
fully ionized ions. If a proton beam irradiating tissue has a
small number of carbon and/or oxygen ions, nuclear reac-
tions induced in the tissue by those heavy ions generate
radioactive isotopes. As noted above, it is possible to control
the delivered dose distribution in real time by using positrons
emitted by unstable carbon and oxygen isotopes.

For monitoring the dose with nanosecond time resolu-
tion, gamma-rays emitted in nuclear transitions induced by
protons can be useful, since the gamma-ray spectrum
corresponds to the proton energy [81, 82]. It should be noted
that dose monitoring is also carried out using methods based
on nuclear magnetic resonance (see review articles [83] and
[84] devoted to a discussion of the methods of dose
verification in vivo in proton therapy and in NMR tomo-
graphy).

Figure 5 presents the simulated results of the water
radioactivation by proton beam irradiation [43]. A computer
code developed in Ref. [85] and based on the Monte Carlo
method was applied. The boundary of the water layer target is
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localized at a distance of 5 cm from the left boundary of the
computational domain. The diameter of a proton beam with
the energy of 200 MeV at the entrance is 10 mm. The spatial
distribution of the particles in the proton beam is plotted in
Fig. 5a. It is seen that, due to beam spreading, its lateral size
increases. As a result of inelastic proton collisions with atomic
nuclei, the oxygen 3O and carbon ''C isotopes are created.
Their spatial distributions are shown in Figs 5b and Sc.

2.3 Scenario of passive irradiation of a target:

methods for ion beam broadening

In order to ensure positive treatment results, it is crucial to
adjust the beam energy deposition region to the malignant
tumor (target). lon beams generated by accelerators are
characterized by a narrow energy spectrum and by a low
divergence angle (i.e., a small transverse emittance), which
corresponds to a beam lateral size of about a few
millimeters. These parameters are determined by the beam
acceleration and transportation requirements. However, the
size of the beam must be increased both in the transverse
and in the longitudinal directions when irradiating a
sufficiently large target with a volume on the order of or
greater than 100 cm?’.

Currently, the majority of hadron therapy centers apply
the methods of passive beam broadening, similar to those
developed in radiology manipulating with X-ray beams.
Schematic of the corresponding instrumentation for control-
ing the ion beam parameters is shown in Fig. 6a. The original
monoenergetic sharply collimated beam is broadened in the
transverse direction by a diffuser (a foil with a certain
thickness) which makes the distribution of particles uniform
over a larger diameter. Then, passing through holes whose
shape corresponds to the shape of the tumor, the beam takes
the form adjusted to the target. After that the beam particles
pass through thickness-modulated decelerating filters. Since
the energy loss is proportional to the thickness of the filter,
different parts of the beam lose different energies. In this way,
the beam energy spectrum is modified. In the case of a proton
beam, the energy spectrum should ensure the formation of a
plateau in the LET curve with the length equal to that of the
target.

For carbon ions, one has to form some curve, not a
plateau. The product of this curve and the RBE determined
at each cross section in depth must give the same biological
dose, not the same absorbed dose (in energy terms). The
planned spatial distribution of the dose determines the shape
of the filters modulating the ion beam energy. In this way, the
parameters of each filter must be set in accordance with the
desired distribution of the RBE within a particular target. An
overview of the methods of passive ion beam broadening is
given by Chu et al. [5].

2.4 Scenario of active target irradiation

The scenario of active target irradiation is based on employ-
ing the transverse deflection of ions by a magnetic field [86]. It
was first implemented for proton beams at the Paul Scherrer
Institute (PSI) in Villingen (Switzerland) [87] and, in the case
of carbon ions, at the Institute for Heavy Ion Research (GSI)
in Darmstadt (Germany) [88].

The principle of active irradiation of a tumor is illustrated
in Fig. 6b. The volume of the target is divided into a sequence
of layers that are localized at the same depth. In other words,
the tumor is represented as a set of layers, which can be
reached by particles having the same energy. Using two fast-
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Figure 6. (a) Schematics of a passive formation of the dose field [5]. For
the formation of a radially uniform beam source, the original ion beam is
widened in the transverse direction in the scattering process in a system of
thin foils. The modulation of the beam energy leads to the depth-
modulated particle penetration. The moderator shifts the spectrum
towards small energies, thus changing the relative biological effective-
ness. The collimator restricts the lateral size of the beam in accordance
with the target shape. The compensator serves to specify the dependence
of the penetration depth of the particles on the transverse coordinates.
(b) Active target scanning [8]. The volume of the target is represented as a
set of layers located at the same depth, with each layer consisting of
separate sequentially irradiated voxels. (c) Set of images of the layer with
different energy depths in the irradiated target volume [86] (see also
Refs [13, 44)).

varying magnets deflecting sharply collimated ion beam in the
vertical and horizontal directions, the target is scanned voxel-
by-voxel, starting with the outermost layer.> Upon complet-
ing the scan of a layer, the beam energy is set smaller, and the
next layer is scanned. Each of the layers is covered with a grid
of separate sequentially irradiated voxels.

3 A voxel is a volume element in the discrete representation. Voxels are the
three-dimensional analogues of two-dimensional pixels.
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There may be scenarios where the beam is delivered to
separate ‘spots’ (voxels) which minimally overlap along the
raster, or the irradiation is sent to almost continuously
overlapping voxels. The first approach was implemented at
the Paul Scherrer Institute in Villingen [87], while the second
has been realized at the Institute for Heavy Ion Research in
Darmstadt [88].

In the process of irradiation, the beam intensity is
measured every 100 ps. The dose delivered to each voxel is
controlled with monitors installed near the patient. Although
the layers usually have quite complicated contours, within the
scenario of active irradiation the target volume can be ‘filled’
with a high accuracy.

Figure 6¢c demonstrates a complete set of images of
isoenergy layers obtained during patient treatment. In the
inset (with a higher resolution) to the upper-right part of
Fig. 6, the circles represent the expected area in which the
particles are focused, with the superimposed image of the
measured ion beam center position. The beam diameter
slightly exceeds the size of each circle, which leads to some
overlap of the irradiated areas, thus providing dose unifor-
mity across each of the layers. By gradually changing the
beam energy, layer coupling can also be achieved in the
longitudinal direction, taking into account the unequal
densities of different layers. Controling the characteristics of
a proton beam allows the attending physician to devise a
tumor irradiation plan in each particular case.

Since cyclotrons produce ion beams with a fixed energy,
the desired value of the beam energy is achieved using passive
ridge filters modulating the energy spectrum, after which the
beam is ‘cleaned’ by removing ions with too high and/or low
energy. The spectrometer is practically placed in the path of
the beam, where a magnet deflects the particles with various
energies through different angles. From the obtained particle
‘fan’, a movable collimator selects the monoenergetic beam of
particles of the desired energy. As a result, over 95% of the
particles from the original beam are lost, leading to an
undesired consequence: a large number of neutrons are
generated when these 95% of the particles are stopped in the
collimator.

When synchrotrons are exploited, the energy of acceler-
ated particles can be selected immediately after their
ejection. The required energy values are specified in each
acceleration cycle. In addition, in order to reduce the time
of scanning, it is required to choose the optimal intensity of
the beam in each cycle of acceleration. In practice, for a
typical target volume of 100 cm?, from 30 to 60 isoenergy
layers contain from 30 to 50 thousand voxels, which can be
irradiated by the particle beam for 3-5 min. The results
obtained at the National Institute of Radiological Studies in
Japan (NIRS, Japan) promise to reduce the total exposure
time to 20 s, largely due to improved control of the data
gathered by monitors in a region in front of the patient. In
the future, by using beams with varying energy accelerated
by synchrotrons, it seems that it will be possible to complete
therapeutic irradiation of a tumor in less than 5 s. Reducing
the time of exposure is very important for correct alignment
of the dose distribution in the target, which alters its
position and shape, for example, due to breathing. Practis-
ing the standard trick of holding one’s breath for a few
seconds, it will become possible to irradiate such tumors
with the same accuracy as fixed targets, for example,
intracranial ones [89].

3. Requirements for a therapeutic system
using a laser ion accelerator

Acceleration of charged particles in laser plasmas occurs
under conditions significantly different from those typical of
the process of particle acceleration in conventional accel-
erators. Instead of trying to reproduce in the laser plasma the
temporal and energy characteristics of the ion beam as in
conventional accelerators, unavoidably using obviously
undesirable magnetic systems of transportation, including
gantries, it is necessary to formulate and implement a novel
strategy of particle beam delivery and target irradiation,
which will enable full-scale usage of the advantages inherent
in laser methods of acceleration.

At present, there is a well-developed theory of ion
acceleration in the interaction of powerful laser radiation
with matter, whose review can be found in papers [61-68, 90].
As for experimental results, thus far the broad energy spectra
of ions have been typically (without using profiled targets)
observed, with a maximum energy close to 100 MeV per
nucleon for carbon ions [91-94], and up to 160 MeV for
protons [95]. Although the total number of particles acceler-
ated during the period of one laser pulse is large enough, the
repetition rate at which the subsequent bunches are generated
is limited by the maximum repetition rate of the laser. For
lasers with a pulse duration in the femtosecond range, the
repetition rate reaches the level of several pulses per second.
Under conditions typical for the majority of experiments,
when the acceleration of the ions occurs in the electric field
induced during charge separation in the layer at the target
rear surface, the maximum energy of ions is determined by the
laser radiation intensity [96]. In the limit of strong violation of
the plasma electroneutrality, the energy of fast ions is
proportional to the square root of the laser power for
relatively long laser pulses with a duration of =~ 150 fs (see
Fig. 9 in Ref. [61]). Such a dependence of the fast ion energy
on the laser energy (and on the power for focal spot sizes of
the same order) can be seen in Fig. 7a. Extrapolation of this
dependence to the region of energies that will be achieved by
next generation petawatt lasers and taking account of theory
and simulation results allows us to predict the possibility of
generating protons with an energy of about 200 MeV required
for radiation therapy in the nearest future [5, 6, 97]. Notice
that other acceleration mechanisms, such as ion acceleration
by the radiation pressure of light [98-102] and the effects
caused by a strong quasistatic magnetic field in the near-
critical density plasma (see Refs [103—108] and discussions in
Sections 4.3 and 4.6), can provide even higher particle
energies.

Table 2 summarizes typical magnitudes of the ion beam
parameters required for hadron therapy [7, 109]. The beam
parameters essentially depend on whether the chosen method
of a targetirradiation is passive or active. In all cases, however,
the maximum energy should be equal to 250 MeV/n for
protons, and to 430 MeV/n in the case of carbon ions. To
provide a dose of 4 Gy, necessary for the irradiation of
250 cm? targets, the proton beam intensity must be equal to
5x 10 57! and to 10° s~! for carbon ions. The required ion
beam repetition rate, the beam intensity and the dynamic
range of changing the particle number in a beam pulse also
depend on the chosen irradiation method. In passive systems,
the acceptable repetition rate of changing the delivered dose is
about 0.1 Hz, with the dynamic range of changing particle
number per pulse equal to 10. The acceptable energy
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Figure 7. (a) Compilation of data showing the dependence of the maximum energy of ions (protons or energy per nucleon) achieved in experiments with
different lasers on the laser pulse energy [64, 91-95]. The dashed line corresponds to the dependence &j,5 o< v/E. (b) Dependence of the number of
accelerated protons in MeV per steradian on energy in MeV obtained in experiment [91] as a result of irradiation of 0.8-pm thick aluminum foil by a
femtosecond laser pulse with a power of 200 TW. (c) Energy spectrum of protons observed in Ref. [65]. The ordinate is the optical thickness of the X-ray

film.

Table. 2. Ton beam parameters required for hadron therapy in the passive
scenario of target irradiation (Passive Dose Delivery Scheme—PDDS)
and active irradiation scenario (Active Dose Delivery Scheme — ADDS).

Parameter Unit of measure Value
Maximum energy
Protons MeV 250
Carbon ions MeV per nucleon 430
Intensity (the maximum number 5!
of particles per second):
Protons 5% 1010
Carbon ions 10°
Width of energy spectrum AEJE 1072
Discrete step of beam energy MeV 5
control
Bunch duration* ms 400-1000
Repetition rate Hz 0.15 (PDDS)

20 (ADDS)

Dynamic range of control 10 (PDDS)
of the particle number per bunch 103 (ADDS)

* As for the bunch duration, it is desirable but, apparently, hardly
achievable in laser plasma accelerating ion beams.

spectrum width of the ion beam is about 1-2%, because in
order to form the desired beam profile the energy moderators
and degraders are used. However, since within the framework
of the passive dose delivery scheme the beam—target matching
is poorer than the matching typical for X-ray radiation, this
leads to undesirable irradiation of healthy tissues outside the
tumor. For this reason, therapeutic units coming into
operation are equipped with scanning systems for implement-
ing an active scenario of target irradiation.

If the active dose delivering scheme is utilized, the
situation becomes quite complicated. In general, the required
ion beams should have a spread in energy equal to 1%, with
the energy change controllable with a step of less than 5 MeV.
The repetition rate depends on the beam duration. It is hard
to expect that ion beams with a pulse duration of no less than
1 to 10 s will be achievable with a laser accelerator, because
the typical duration of the beam from laser accelerators falls
in the range from several picoseconds to nanoseconds. Long
beams would allow the irradiation of a large number of voxels
with one beam. In this case, it would be sufficient to have the

laser repetition rate equal to 1 Hz. In the other limit, when one
voxel isirradiated by one bunch, the required repetition rate is
on the order of kHz, which is extremely difficult to obtain
with present-day laser accelerators. In any case, the number
of particles delivered to one voxel should be controlled with
an accuracy of not less than 3%, with a dynamic range of the
particle number variations from one to two orders of
magnitude, which in turn assumes the availability of appro-
priate monitors placed in front of a patient.

Within the framework of the concept formulated in
Ref. [35], the implementation of laser methods of ion
acceleration in hadron therapy can help to avoid the use of
magnetic systems during acceleration, transport, and manip-
ulation of high-energy ion beams, or it may restrict the use of
magnetic systems in a minimum option. Instead of magnetic
systems, it was proposed to utilize the all-optical system,
sometimes referred to as the ‘optical gantry’, in which the
laser radiation is transmitted to a treatment room, where it
accelerates the ions in close proximity to the patient in the
desired direction. With the targets tailored in a special way, it
becomes possible to provide not only the desired energy of
ions, but also their energy spectrum, the longitudinal and
transverse emittances and directivity.

In the present article, following widely accepted terminol-
ogy, we use the word ‘target’ in one case to denote tumors
irradiated by an ion beam, and in another case, a layer of
plasma, gas jets, clusters, thin metal or plastic foil, in the
process of interaction with which the laser accelerates the
ions. However, this should not lead to ambiguity, as this
terminology is used in different contexts in different sections
of the article.

Targets designed for fast ion generation with a special
form and orientation relative to the direction of propagation
of the laser beam can be tapped for scanning and focusing the
ion beam on the desired area. At the same time, sufficiently
fast control of the ion beam intensity and position is needed to
provide the required distribution and matching of the
delivered dose.

Since the active dose delivery mechanism with scanning
requires a high-repetition-rate laser ion accelerator, it is
desirable to formulate different approaches and irradiation
scenarios. For example, to reduce the required number of
pulses and, accordingly, the laser repetition rate, the tumor
volume can be subdivided into a set of separate columns
instead of the above-mentioned voxels. Each column is
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irradiated by a single ion bunch with a specially prepared
energy spectrum, in which the values of the maximum and
minimum energies are controlled. Particle beams with such
spectra can be obtained by invoking the methods described
above (see Section 2.3) or/and by invoking tailored laser
targets, as discussed below in Sections 4.1 and 4.2. Simple
estimates show that the required number of laser pulses thus
considerably decreases: instead of approximately 10,000 voxels,
it is enough to irradiate less than hundreds of columns [110].

4. Mechanisms of ion acceleration
in laser plasmas

The fact that ions can be generated in the process of
interaction of laser radiation with various targets was
established experimentally in the early 1960s. Under the
conditions of the experiments at that time, the ion source
comprised the plasma formed on the surface of relatively
large targets heated by the laser radiation. Beams of fast ions
were directed towards the laser pulse. Laser power growth,
the transition to shorter pulses, and the increase in the
radiation contrast have led to the realization of processes
where the ions are accelerated in the direction of the laser
radiation propagation. Their source was localized at the rear
side of the target with respect to the laser beam. Some of the
first theoretical work predicting such a mode of acceleration
is reported in Refs [111-115].

At present, the maximum energies of ions accelerated by
femtosecond lasers interacting with thin solid targets are
40 MeV [91], 45 MeV [92], and 80 MeV [93] for protons (see
also paper [95] announcing the 160 MeV energy) and 1 GeV,
i.e., 83 MeV per nucleon in the case of carbon ions [94].

As the theory of charged particle acceleration by an
intense electromagnetic radiation predicts, it is possible to
obtain with the usage of existing and/or planned lasers the ion
beams with energies in the range of a few hundred MeV,
which corresponds to the requirements of hadron therapy.
The choice of lasers able to generate femtosecond pulses is
preferable. This conclusion follows from the steeper depen-
dence of the ion energy on the laser radiation intensity in the
case of ultrashort pulses than with the long pulse lasers. In
addition, the important fact that femtosecond lasers are more
compact and have a higher repetition rate should also be
noted.

Unlike laser electron acceleration, based predominantly
on acceleration by plasma wake waves in low-density plasma
[116], the high-energy ions can be generated by different
mechanisms (see, e.g., Refs [43, 117-123]). Below, we shall
address those ion acceleration mechanisms which are of high
importance for applications in hadron therapy.

The simplest mechanism of acceleration is based on the
fact that an electromagnetic wave with a sufficiently large
amplitude can accelerate charged particles in a vacuum to
the desired energy. In a planar electromagnetic wave, a
particle with the charge Z,e and mass m, = A,m, acquires
the energy [124]

2 2
Z,me\ " a
ga:mo‘(jz[l—‘r( 1 e) _:|7
my 2
where the normalized wave amplitude is given by
a = eE/mewc. Ton acceleration by an electromagnetic wave

in a vacuum for the purposes of hadron therapy has been
considered in Refs [125-128]. In order to accelerate a proton

(15)

to the desired energy of 200 MeV by a sharply focused
electromagnetic pulse, the required power of the laser
radiation must be on the order of one petawatt [126—128].
To accelerate fully ionized carbon ions to 400-MeV /nucleon
energy, the radiation power should be equal to 8 PW, which
imposes too high a requirement on laser systems. For this
reason, most attention in the theory and experiment is paid
now to collective methods of ion acceleration, because a long-
lived static or low-frequency collective electromagnetic field
can be produced in the process of interaction of electro-
magnetic waves with plasma, which may accelerate charged
particles to energies significantly greater than the value given
by expression (15).

The idea of laser ion accelerators is based on the high
efficiency of laser energy conversion into the energy of fast
ions in the process of radiation interaction with plasma in the
limit when the laser power reaches the petawatt level.
Collimated beams of fast ions are recorded in experiments
on the interaction of laser pulses with solid and gas targets
[61-68]. The number of particles in the beam and the
conversion efficiency of laser energy into the energy of fast
ions can reach 10'3 and 10%, respectively.

Investigations of the processes of ion acceleration rely
heavily on the computer simulations based on the particles-
in-cell (PIC) method [129, 130]. Computer simulation posses-
sing almost unlimited diagnostic capabilities of the processes
in relativistic plasmas shows how to choose the parameters of
the laser pulse and the target in order to provide the
conditions under which the protons are accelerated to the
energy of several hundred MeV with the number of
accelerated particles per laser pulse ranging 10'! —1013.

Here, we mention the basic mechanisms of ion accelera-
tion accompanying the interaction of laser radiation with
solid and gas targets. The fundamental difference between
solid targets and gas targets is that the electron density in the
solid targets is so high that such targets are not transparent to
laser radiation. In other words, the electron density exceeds
the critical density nei = m.w?/4ne? for radiation with the
frequency w. In the gas target, the ionization of a gas by laser
radiation leads to the formation of plasma with a subcritical
density — that is, the target is transparent to the laser pulses.
Plasma with a near-critical density can be produced by
irradiating a solid target with a prepulse that precedes the
main laser pulse; an amplitude of the former is many orders of
magnitude smaller, but its duration is many orders of
magnitude greater than the latter. Thus, the prepulse energy
transferred to the target is not negligibly small and should be
taken into account. Due to its relatively long duration, the
formation of a plasma corona occurs with a size substantially
larger than the initial target thickness, which, in turn, has a
significant impact on the whole process of interaction [131,
132]. In particular, the plasma corona may absorb a
substantial part of the laser pulse energy, with the result that
plasma electrons are heated [133, 134], and their energy can
then be transferred to the ions.

In the process of solid target irradiation by a powerful
laser, the ion acceleration occurs in the following modes: via
the Coulomb explosion; in the electric field of charge
separation on the target surface, and by the radiation
pressure of a strong electromagnetic wave.

4.1 Coulomb explosion
Apparently, from the point of view of a theoretical descrip-
tion, the Coulomb explosion is the simplest collective
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mechanism of ion acceleration [135-137]. In this mode,
almost all of the electrons are removed from the focus area
of the irradiated target under the action of ponderomotive
pressure of the laser radiation. The remaining ion core
expands (explodes) due to the Coulomb repulsion of positive
electric charges. In the purest form, the Coulomb explosion
mode can be realized in the interaction of laser radiation with
clusters [136—139]. The clusters constitute clumps of matter of
solid-state density and micron size [140]. Usually, they are
formed during gas expansion into a vacuum. The typical
distance between the individual clusters measures several
micrometers.

As aresult of cluster irradiation, the electrostatic potential
is created when electrons are ejected under the action of the
ponderomotive force of the laser radiation. Its maximum
value equals the electrostatic potential on the surface of the
charged sphere with radius R, and the density of charged
particles ng
«eRczl

3 (16)

Pmax = 2TcnO, o

Assuming that the ion temperature is equal to zero and that
the ions move along the radius, we can find the ratio between
the ion kinetic energy

E = \/m2c*+p2e? — myc? (17)
and the ion potential energy
I (ro, 1) = 4ne>Q(r )(;,i> (18)
oY 0 ro+ &y(rot) 1o/’

which corresponds to the energy integral £ + I1(r¢, t) = const.
Here, r¢ is the initial ion coordinate, &,(ro,?) is the ion
displacement at the instant of time ¢ from the initial
position, and the number of particles Q(ry) within the sphere
of radius ry equals

ro

O(ro) = J 1y, o (r) r2dr.

0

(19)

In the process of ion cloud expansion, the kinetic energy
increases, reaching the value of 4neQ(ro)/ro in the limit
&, — 00. Theenergy of anion is determined by the coordinate
of its initial position inside the cloud. Assuming that the ion
density n , inside the cloud is homogeneous, we arrive at the
final ion energy &, = 2me?ng ,r¢/3, which cannot exceed
Ey max = 2meng 4 R3/3. Using the fact that the ion energy is
proportional to r?, we can find the ion energy spectrum
N, (&) = df,/dE, which by virtue of the flux conservation in
the phase space is equal to 4nr¢ drg/d€. From this, it follows
that [136]

3R &

Ntx(g) = 5722

2226‘2 e(goc,max _S)v

(20)

ED(. max

where 6(x) is the above-defined unit step Heaviside function.
An energy spectrum of this form has been obtained in three-
dimensional particle-in-cell simulations of the cluster Cou-
lomb explosion [136, 141]. It has also been demonstrated in
experiments [142] with the cluster targets irradiated by high-
intensity laser radiation.

In the limit of relatively low ion energy, £, < m,c=, we can
rely on a nonrelativistic description of the Coulomb explo-

2

sion. Within the framework of this approximation, the
solution of the equations of motion can be written out in the
Lagrange variables rg, t as

2, +r+2/E+re, JErnG 3
In - + = gwpit.

ro ro

| —

(21)
On the right hand side of Eqn (21), wp, = \/41thg o Zye?/my is

equal to the ion plasma frequency. When the displacement is
small, &, < rg, the ions move with constant acceleration,
&, ~ ro(wpy)*/6, while in the limit &, — co we have
&, = \/2/3rpwpyt. In the latter case, the ion velocity is
constant. The characteristic time of ion cloud expansion is
equal to an order of magnitude to the inverse value of the ion
plasma frequency, w;al. We have been assuming above that
the Coulomb explosion of the cluster is spherically symmetric.
The effects of cluster asymmetry have been discussed in
Refs [143—145]. The asymmetry of the Coulomb explosion is
related to the edge intensification of the electric field. As is
known, the field amplitude in a uniform electric field at the
poles of a conducted sphere is twice its value at the equator. In
the case of an elongated ellipsoid, the difference between the
values of the field is significantly larger, being proportional to
the ratio of the major-to-minor semiaxes of the ellipsoid. This
effect leads to ion injection into the accelerating electric field
from the near-polar regions.

Let us consider ion acceleration in a multispecies cluster,
assuming that the concentration of the ion species is relatively
small: Zgng < Z,n,. Here, Zge and ny are the electric charge
and number density of the minor species ions. Within the
framework of this approximation, the dynamics of impurity
ions can be described as the motion of a test particle in a given
electric field generated by the spatial distribution of the
electric charges of the main component ions. Solving the
problem of ion motion in this electric field, one can show that
the energy spectrum of the impurity ions has the form [146]

B 3R\/Epmax — € mop 0(Eman

N3(E) = —&)0(E — &5 min) ,
ﬁ( ) V 25/ﬂ,max ZD(Z/{C)Z no, o ) ( ﬁymm)
(22)
where the maximum and minimum energies are equal to
STEZ&Z/ge2no_9¢R2
gﬁ‘max = f )
(23)
AnZge’R?
gﬁ,min - 'Bf (Zano,at - ZﬁnO,ﬂ) .

As an illustration of ion acceleration in the process of
a Coulomb explosion of the cluster, we present in Fig. 8
the results of computer simulations of laser radiation
interacting with the cluster applying the particles-in-cell
method. Here and below, the electromagnetic, relativistic
PIC code REMP is used [147]. The laser pulse linearly
polarized with the electric field parallel to the z-axis
propagates in the x direction. Its normalized amplitude is
equal to 10, which corresponds to the radiation intensity
I=1.37 x 10°°> W cm~2. A cluster comprising electrons and
protons (m,/me = 1836) has 0.2 pm in diameter. The initial
distribution of the plasma density, equal to 100n. at t = 0, is
uniform inside the cluster. The simulation has been carried
out on mesh 1024 x 1024 x 1024 in size. The total particle
number reaches 3 x 10°. The top row shows the spatial
distribution of electrons and protons in consecutive
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Figure 8. Interaction of laser radiation with a cluster. Top row: (a)—(c) Distributions of electrons and protons at consecutive instants of time. Bottom row:
(d) Energy spectrum of protons at time ¢ = 40 fs. The dashed line shows the spectrum described by formula (20).

moments of time. It is seen that the electrons are ‘blown off’
by the electromagnetic wave in the direction of the wave
propagation. The cloud of remaining protons expands with a
small deviation from the spherical symmetry. In the lower
part of the figure, we show the energy spectrum of protons at
time ¢ = 40 fs. The dashed line depicts the spectrum described
by formula (20).

When the density distribution within a cluster is not
uniform, the Coulomb explosion leads at some instant of
time to the formation of a singularity in the ionic component.
The singularity corresponds to a specific type of gradient
catastrophe. As a result of the singularity development, the
velocity gradient and the density of ions become infinite at
some coordinate [138, 148, 149].

Figure 9 displays the density distribution of ions and the
profile of their velocities for time instants before and during
the formation of the singularity in the ion density.

In the initial configuration at =0, the ion density
dependence on the radius in the spherically symmetric
cluster is given by the expression n,(rg) = (4/n'/>R?) x
exp (—r¢/R?). The initial radius of the cluster is
R = 0.5 um. As is seen in Fig. 9, the ion cloud expands with
a velocity proportional to the radius in the region close the
cluster center. At some distance from the cluster center, the
ion velocity reaches a maximum and then decreases. As a
consequence, the internal ion layers move faster than the ions
at the periphery of the cluster, leading to a steepening of the
ion velocity profile and to the formation of singularity in the
density distribution of the ions at some instant of time. This
singularity is integrable: although the density tends to infinity
at some surface, it contains a finite number of particles in its
vicinity.

The singularity formation, which corresponds to the
maximum of the ion velocity, results in the quasimonoener-

getic ion energy spectrum. The energy spectrum of the ions
has the form MV, (€) o« 1/1/Eymax — E.

Ion acceleration through the Coulomb explosion mechan-
ism is realized under the condition that the electric field of the
laser radiation exceed the value of the electric field on the
surface of the cluster: Ej,s > 4nng ,eR /3. It can be rewritten
as a > wf)eRcl/l/6ch2. The maximum energy of accelerated
ions is given by the expression £, = mec?w] R3/6¢>. In the
context of an application to hadron therapy, where a proton
energy of about 200 MeV is required, for a solid-state density
cluster, ng_, ~ 10?> cm~3, we obtain the estimates of necessary
parameters: the cluster size is Ry =~ A~ 1 pum, and the
number of accelerated particles per cluster is N ~ 4 x 10'2.
For the required normalized laser field amplitude, this yields
a > 200, i.e., the radiation intensity should be on the order

a Ty b
4 B n, 4
3+ 3 -
2+ 2
U
0 LN I 0 I R N W R B
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Figure 9. Radial density distribution of ions and the profile of ion velocity
(in arb. units) inside a cluster for time (a) t = 0.5, and (b) r = 1.5.
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Figure 10. Ton acceleration in the target near-surface layer. A relatively
long, small-amplitude prepulse creates a plasma corona on the target’s
front side. The main laser pulse generates in the plasma corona high-
energy electrons which penetrate through the dense target. The accelera-
tion of ions in the near-surface layer on the target’s rear side occurs in the
electric field which is generated by fast electrons. The interaction of laser
radiation with solid targets is also accompanied by the generation of
gamma-rays, neutrons, positrons, and other debris from nuclear reactions.

of 5 x 102 W cm 2, which corresponds to a petawatt class
laser.

The cluster targets provide a convenient example for
explaining the basic features of a simple collective ion
acceleration mechanism by laser radiation. However, further
study is needed to clarify the conditions under which the
cluster targets can be employed in medical laser accelerators.
Because of the transverse inhomogeneity of the radiation
intensity in the laser beam due to the required tight focusing,
the irradiation conditions of different clusters are very
distinct. This should inevitably lead to the generation of
broad ion energy spectra. In addition, the accelerated ions in
the Coulomb explosion of a spherical cluster have an
isotropic distribution, while in hadron therapy the colli-
mated ion beams are required. Using certain devices, which
are discussed below in Section 5.1, a collimated ion beam can
be prepared, but this will lead to enhanced complexity of the
facility and will reduce the efficiency of laser energy conver-
sion into the energy of fast ions.

4.2 Ion acceleration in a target near-surface layer
The next acceleration mechanism corresponds to the case
when ions are accelerated by a charge-separated electric field
at the front of a plasma cloud expanding into a vacuum. A
strong electric field is induced inside the layer produced by hot
electrons at the target rear side with respect to the direction of
the laser pulse propagation [96, 150]. This is the so-called
target normal sheath acceleration (TNSA) mechanism, which
is typically realized in experiments on studying the process of
moderate intensity laser radiation interaction with thin
metallic or/and plastic foil targets. In the experiments, fast
protons are usually detected, whose appearance in the case of
metal foils is explained by the presence of a nanometer-thick
water contamination layer on the target surface.

A schematic description of this acceleration mechanism is
presented in Fig. 10. The mechanism can be realized both in
static and in dynamic modes.

4.2.1 Static mode of ion acceleration. In the process of laser
radiation interaction with a thin target, the electrons are
heated on the front target surface relative to the direction of
the laser pulse propagation. Fast electrons propagate through
the target, and leaving it form a layer with a high positive

electric field at the rear side of the target; this field accelerates

the ions, as shown in Fig. 10. In order to find the electric field

distribution in the near-surface layer, it is necessary to solve

the Poisson equation
d’¢

s = en(9) — (=),

(24)
where 7. is the number density of hot electrons. This
equation is written in dimensionless variables. The electro-
static potential ¢ is normalized to Tt n/e, where T¢ j is the
temperature of fast electrons. The hot electron density and the
density of the positive electric charge, being proportional to
the difference between the ion concentration and the con-
centration of cold electrons, are normalized to 6ng ,. The
spatial coordinate is measured in units of the Debye radius
rp.e = \/Te.n/4mdng ce? with characteristic electron density
dng, e, which in the limit x — —oo is equal to the density of the
positive electric charge. The unit step Heaviside function,
0(x), describes the profile of the target positive electric charge.
The ions are assumed to be at rest. For the sake of simplicity,
we neglect the influence of the cold background electrons on
the electrostatic potential distribution, referring, for example,
to paper [151], where appropriate analysis has been con-
ducted. The dependence of electron density on the electro-
static potential on the right-hand side of Eqn (24) is
determined by the electron distribution function.

The widely accepted approximation employed in publica-
tions devoted to ion acceleration by the charge-separated
electric field assumes that the energy distribution of electrons
obeys the Boltzmann law. Within the framework of the one-
dimensional geometry approximation, the Boltzmann dis-
tribution function of the electrons leads to an infinite energy
of accelerated ions [152]. The reason for this is the presence of
electrons with formally infinite energy in the electron
distribution, which results in electrostatic potential depen-
dence on the coordinate described by the function which
tends to infinity logarithmically in the limit x — co. In the
case of conditions more realistic for the interaction of short
laser pulses with various targets, the electron distribution is
terminated at some maximum energy which is equal to an
order of magnitude to the energy of electron quivering in the
laser radiation field. As shown in Refs [153, 154], such
distribution functions lead to the dependence of fast electron
density on the potential, 1. (¢), in a form corresponding to the
so-called Kappa-function:

. 1/(k—1)
new(P) = (1 "‘K 1 ¢> )

(25)

K

where the power index is determined by the specific form of
the electron distribution function [155, 156].

Formally, relationship (25) corresponds to a politropic
dependence of the electron gas pressure on the density:
p = po(n/ng)". In the particular case of x = 3, the electron
energy distribution is described by the function which takes a
constant value for energies smaller than the maximum value
of & max = K/ (x — 1) T, 1, and vanishes for & > & max-

Referring to Fig. 11, we present the results of a numerical
solution of Eqn (24) for the boundary conditions of ¢ — 0 as
x — —o0, and d¢p/dx — 0 in the limit x — oo. Figure 11a
shows the dependence of the positive electric charge in the
target, dng ,(x) (dashed curve), of the hot electron density
nen(x), of the electric field strength E(x), and of the



1164

S V Bulanov, J J Wilkens, T Zh Esirkepov, G Korn, G Kraft, S D Kraft, M Molls, V S Khoroshkov

Physics— Uspekhi 57 (12)

o Omoa a b
—-—-\' Ny(E)
. ’ &
1 | | |
-5 4T =3—=2 -1 1 2 x [
<0.5 L
x 5/!.,mux £
—1.0 k
—1.5 -

Figure 11. (a) Dependence of the positive charge distribution inside the
target, dny, , (dashed line), the hot electron density 7. 1, the electric field E,
and electrostatic potential ¢ on the coordinate x for the power index equal
to k = 3. (b) Energy spectrum of fast ions.

electrostatic potential ¢(x) for the politropa index xk = 3. In
the region of x > 0, the electron density and the electric field
vanish at a finite distance from the target surface. Here, the
electrostatic potential takes the following value: ¢
—Eymax/Zye = —[k/(k — D) Te n/Zye.

Describing the ion acceleration of a f§ species within the
framework of the test particle approximation, i.e., by
considering the ion motion in a given electric field, allows
finding the energy spectrum of ions A/g(E). It has the form

1
(S/f,max -

max

Np(€) o (26)

E)S ’

with the power index s = x/[2(k — 1)] (see Fig. 11 b). If k = 3,
the index s is equal to 3/4. The ion energy spectrum has an
integrable singularity at £ = £p max-

We note here that for the Maxwell distribution of hot
electrons, which leads to the dependence n.(¢p) =exp (—¢) on
the right-hand side of equation (24), being a limit of the
function (25) as k — 1, the ion energy spectrum takes an
exponential form.

4.2.2 Dynamic mode of ion acceleration. In the dynamic mode,
the ions are accelerated by an electric field induced due to the
electric charge separation in the layer at the front expanding
into a vacuum plasma cloud [157-163]. Within the framework
of the approximation, assuming plasma charge quasineutral-
ity, when n, = n., = n, the ion motion is described by the
system of equations

O+ 0x(nv) =0, (27)

0v + v0xv = 0, Oxnn. (28)
On the right-hand side of Eqn (28), the derivative of the
potential with respect to the density is 0,¢p = dn/d¢, with the
function n(¢) given by Eqn (25). The ion velocity v is
normalized to the ion sound speed ¢ = \/T¢ n/m,. (Regard-
ing the ion acceleration in multispecies plasmas, see, for
example, Ref. [164].)

The general approach to solving such systems of hydro-
dynamic type equations is described in book [165]. The self-
similar solution of Eqns (27) and (28), in which the functions n
and v depend on the variable { = x/c¢st, obeys the system of
ordinary differential equations

w=0n" =m’, (29)

(Ufc)v/:a)1¢n,7 (30)

where the prime denotes differentiation with respect to {. The
existence condition of nontrivial solutions to the system of
linear algebraic equations (29) and (30) is that the appropriate
determinant vanishes:

(v=0v" —=0,pn’ =0. (31)
This condition yields the relationships
dn n
v={=+/nde, dv m (32)

Using them for x = 3, it is possible to represent the solution of
equations (29) and (30) as

vzg(émﬁ), (33)
n:%(l—%zt). (34)

For a known electron density, the electrostatic potential is
given by the expression ¢ = (3/2)(n? — 1).

For a self-similar variable, which takes the value of
¢ = +/3, the ion density vanishes. Here, the fast ion energy
passes through a maximum &g max = (3/2)Ten (sec also
Ref. [166]). In the vicinity of the maximum energy, the energy
spectrum of fast ions has the form

2V2
vV gﬂ.max - & '

In this expression, the singularity appearing as & — £g max 18
also integrable.

In the above expressions, the typical ion energy is
determined by the effective temperature of the electrons, or
more precisely, by their average kinetic energy. Electron
heating can occur in the plasma corona and/or on the solid
target surface. Different mechanisms have been considered in
order to describe the electron heating. In the plasma corona,
the heating of electrons can occur due to the nonresonance
absorption [167], as well as due to the resonance mechanism
inside the self-focusing channel [168] or in the plasma critical
density layer in the plasma resonance region [169, 170]. The
electrons can acquire energy at the plasma—vacuum interface
due to so-called ‘vacuum heating’ [171, 172]. As a result, the
electron temperature becomes equal, to an order of magni-
tude, to the kinetic energy of the electron quivering in the laser
radiation field, which gives

Ton :mecz(,/l tad - 1)7

where the normalized amplitude of the laser field is given by

N(E) o (35)

(36)

eE ?
an = = . 37
"7 mewe \/1.37 x 1018 W em 2 37

Here, 7 is the laser intensity. From this follows the propor-
tionality of the maximum energy of fast ions to the square
root of the laser radiation intensity: Eqax IXZ, observed in
experiments whose results are collected in Fig. 7a.

When the electrons possess the Maxwell distribution over
the energy, the ion energy spectrum also has an exponential
form with a characteristic energy proportional to the electron
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temperature, i.e., proportional to the square root of the laser
radiation intensity.

We note that according to the relationships found above
for achieving an energy of accelerated protons equal to
200 MeV, it may be required that the laser intensity on the
target be on the order of 102> W cm~2, which corresponds to
petawatt class lasers.

4.3 Ion acceleration by light radiation pressure

Among other mechanisms of acceleration in the laser high-
intensity limit, the mechanism of ion acceleration by radiation
pressure [98, 173, 174], when an irradiated thin target moves
as a whole under the radiation pressure exerted by an
electromagnetic wave, has the greatest efficiency. This
acceleration mechanism has attracted increasing attention
both in theoretical and in experimental work owing to the fact
that it predicts the generation of high-quality ion beams with
a high efficiency of laser energy conversion into the energy of
accelerated ions.

The force acting on the target is equal to the momentum
flux of an electromagnetic wave, which is proportional to the
Poynting vector: S = cE x B/4mn. For the sake of simplicity,
we also assume that the electromagnetic wave is circularly
polarized, has the frequency w and wave vector k, and
propagates along the x-axis. The wave is given by the vector
potential

A = Ag[cos (wt — kx)e, + sin (o — kx)e.] (38)
where e, and e. are unit vectors along the y- and z-axes, and
k = |k| is the wave number. Calculating the electric, E =
—0,A/c, and magnetic, B=V x A, fields, we find the
Poynting vector

S = cokAje, (39)
proportional to the product of the frequency w and the wave
number k. In the frame of reference moving with the target
velocity v = fc, the product of the frequency and the wave
number is given by the expression

- 1+ B2
wk:wkl_ﬁz—(w2+k2) 1_ﬁpﬂ
:wz%;ﬁgﬁ), (40)

In order to derive this expression, we have used the relation-
ship between the frequency, wave number, and group velocity
of an electromagnetic wave: vy = cff, = kc?/w, where
B, = vg/c is the normalized group velocity.

Summing up the values of the Poynting vector in the
incident and reflected waves and subtracting the value of the
Poynting vector in the transmitted wave, we find the force
acting on the target. It is given by the expression

F=(1+pf = [z[")s, (41)
where |p|* and |t* are the reflection and transmission
coefficients of the electromagnetic wave. They are connected
by the relationship

o + e + o = 1. (42)

Here, |oc|2 is the absorption coefficient. Using expressions
(39)—(42), we find that the equation of motion of the surface
element of a thin target can be written in the form [123]

1 dp,  KE* (B —B)(1 = Befs)
(1— ﬂ§)3/2 dt — dmogmyc 1—p2

where K = 2|p|* + |«|*, and o = ngly is equal to the surface
density of the target with the thickness /. In Eqn (43),
By = Pax/(m2c? + p2 )'/? is the x-component of the normal-
ized velocity of the surface element of the target, and
E? = (wA/c)*. As is seen, the radiation pressure vanishes in
the limit 8, — B,. This constraint must be taken into account
for sharply focused laser pulses. In the case of complete
absorption of radiation by the target, which corresponds to
the equalities |p|> = 0 and |a|* = 1, the radiation pressure on
the target is half that of a perfectly reflective target, when
Ip|* =1 and |x|* =0, which is in agreement with general
relationships formulated in book [124]. A detailed analysis of
target opacity effects on ion acceleration can be found in
articles [175-178].

In the case of a laser pulse with a constant amplitude
(E = const), the solution of equation (43) can be written in
the form [177]

LB+ B0 )0 - )
(Be = B)[1+ (1= 8]
(1" - 7"
ﬁg - ﬁ
KE?
dnogmyc

1

— B, |arctan

— arccos f3,

= Bo(1 - B2 (44)

The main parameter characterizing the radiation mechan-
ism of ion acceleration is proportional to the fluence of the
electromagnetic wave (it is the integral of the momentum flux
through a target unit surface):

4 KE2

las
= E— T 45
v J,Oo4m,_aow22 4 (43)

In this expression, the fluence w(y) is written out in the
dimensionless form. It is a function of the wave phase
V¥ = o(t — x/c), where the coordinate x(z) of the target must
be found by solving the equations of motion. Furthermore,
we assume that , = 1, and for fluence w we take its value in
the limit ¢y — oo: w = w()|,_.-

As follows from publications [98—-101], the dependence of
the accelerated proton energy (here, we take « = p) on the
fluence w is given by the expression

2
) 2w

- 4
1+ 2w (46)

Ep = mype
In other words, the energy of accelerated ions for a fixed pulse
length is proportional in the nonrelativistic limit (w < 1) to
the square of the radiation intensity.

The conversion efficiency of laser energy into the energy
of fast particles is et = Epus/NpEp, Where N is the total
number of accelerated particles, and €, = [(E?/4n)dV is
the laser pulse energy, which takes the form

2w

Refl =7 + 2w’

(47)
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Using relationships (46) and (47), we can show that
generating A, = 5 x 10! protons per second (one of the
requirements specified by hadron therapy for the parameters
of the laser accelerator) with the particle energy equal to
250 MeV requires lasers with the repetition rate of 1 Hz and
with an energy per pulse of &, = 40 J. If the pulse duration
equals 30 fs, then for the laser power we obtain a value of
order 1 PW. The acceleration efficiency ke in this case
amounts to 0.5.

To implement the optimal acceleration mode, we
should choose the thickness of the target to be on the
opacity threshold for laser radiation [178, 179], which
assumes that the laser pulse amplitude has to satisfy the
condition

ay < €p. (48)
Here, the amplitude q is related to the vector potential 4y by
the formula ay = eA, /mecz. The dimensionless parameter
€p = 2mne’ly/mewe was introduced in paper [180]. It char-
acterizes the relativistic transparency threshold of a thin
plasma layer. For example, if a petawatt laser pulse is
focused on the region of size 3 pm, i.e., the laser intensity
reaches the level of 7 = 102! W cm~2, the thickness of a solid
density foil target with an electron number density of about
ne ~ 10 ¢cm~3 should be equal to 0.2 pm.

An additional constraint on the target and laser
parameters stems from the requirement of a very high
quality of the accelerated ion beam (the issues related to
the ion beam quality are discussed in more detail below).
The beam must have a small spread in energy. The
transverse inhomogeneity of the laser radiation intensity
and, therefore, of the fluence inhomogeneity determines the
dependence of the accelerated ion energy on the transverse
coordinate.

Taking into account the beam laminarity, it is possible to
select a group of ions in the paraxial region with a small
energy spread. In accordance with the theoretical and
simulation predictions, the ion beam has the form of a thin
shell whose element velocity is maximum on the axis. In the
paraxial region, the dependence of the ion energy on the
radius r can be approximated by the function

m
ga(r) = ga,max(l __m) 3
RJ_

with the index m equal to 2 for a laser pulse with a Gaussian
profile, and with m > 2 for pulses described by a super-
Gaussian function. It is assumed that the laser pulse has a
radius R .

To generate a high-quality beam, we can use a screen with
a small aperture. The radius of the hole Aris related to the ion
beam energy width AE, by the expression

(49)

A, 1/m
5‘) . (50)

Ar RJ_ (goc,max
Hence it follows that, in order to obtain a beam with a narrow
energy spectrum bounded by AE, /€, max < 2%, we need to
have Ar/R; ~0.14 if the index equals m =2, and
Ar/R, = 0.38 for m = 4. Using Eqns (48)—(50), we find that
the required energy and power of the laser radiation must be
equal to 75 J and 2.5 PW in the case of a Gaussian pulse, and
to 20 J and 700 TW if m = 4.

4.4 Parameters corresponding to different mechanisms

of ion acceleration from thin foil targets

As was shown in Section 4.1, the ion acceleration mode in the
process of Coulomb explosion can be realized if the laser pulse
has a sufficiently large intensity, provided the surface density
of the target, 9 = noly, is not too large. In the opposite limit
of high target surface density and a relatively small electro-
magnetic wave intensity, a slow heating of the electrons
occurs. In this case, the mechanism of ion acceleration at the
front of the plasma cloud becomes valid.

The boundary between these two regimes in the parameter
plane ‘radiation amplitude—target surface density’ is given by
condition (48), which can be represented in the form
ay = oglre. Here, r. = ez/mec2 =28x10"" cm is the
classical electron radius. Condition (48), as was noted
above, also determines the region of parameters where the
radiative acceleration of ions comes into play. The regions in
the parameter plane ‘amplitude—surface density’, correspond-
ing to the acceleration of ions in the interaction of laser
radiation with thin foils, are shown schematically in Fig. 12.

4.5 Intermediate regimes

Combining the above basic acceleration modes, it is possible
to obtain ion beams with even higher energies. This is
exemplified by a mechanism called ‘directed Coulomb
explosion’ [181-183]. In PIC simulations [181, 182], a linearly
polarized sharply focused (f/D = 1.5) laser pulse (157, 30 fs,
500 TW, wavelength A = 1 um) interacts with a thin double-
layer target. The electron number density in the first Al*!3
layer with a thickness of 0.14 and lateral size of 9/ is equal to
400 n¢;. In the second H™ layer, with a thickness of 0.054 and
lateral size of A, the electron density equals 30 #n,. During
interaction with the laser light at the initial stage, section of
the thin foil is accelerated by the laser radiation pressure.
Then, the electrons are displaced from the domain of
interaction of laser radiation with the target, and the
remaining ion core ‘explodes’. Since at the beginning of this
process the ions have a finite longitudinal momentum, the
Coulomb explosion occurs in an anisotropic way. As a result,
the ions originated from the target rear side and accelerated
by a moving potential acquire higher energy. Since few
electrons remain in the interaction region at this stage, the
expanding target becomes transparent to the laser radiation.

sy g2
Intensity aj

Surface density 0o

Figure 12. Regions in the parameter plane ‘amplitude—surface density’,
corresponding to the acceleration of ions during laser radiation interaction
with thin foils in the regimes of Coulomb explosion, TNSA, and radiation
pressure acceleration.
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The laser pulse passes through the plasma layer and provides
additional energy to the preaccelerated ions in direct mode
acceleration. The resulting energy gain of the ions reaches
about 200 MeV, as required in hadron therapy.

4.6 Ion acceleration in near-critical density plasmas

4.6.1 Magnetic vortex acceleration mechanism. There is an
advantage of ion acceleration in gas targets—that is, in
subcritical density plasmas, where the laser pulse can transfer
all its energy to the electrons in a sufficiently thick layer of
low-density plasma. Under the conditions of matching the
target and laser pulse parameters, the region with a strong
electric field can be formed on the rear side of the target [114,
115], where the ion acceleration occurs.

The matching condition corresponds to the equality
between the plasma layer thickness /, and the length /gp of
the laser pulse energy depletion. The depletion length is equal
to the distance through which the laser pulse loses a
significant part of its energy, mostly to push the electrons
from the self-focusing channel. Taking into account that the
characteristic electron energy inside the channel is on the
order of mec?ay, and invoking the condition of energy
balance, we can easily obtain the expression for the depletion
length, which has the form

(s1)

ldep = llas E ao .
Ne
Here, ;s = ct1as and @y are the length and the normalized
amplitude of the laser pulse, respectively.

The amplitude @y, being known for the laser pulse
propagating in a vacuum, may differ significantly inside the
plasma because of the relativistic self-focusing of a strong
electromagnetic wave [184]. In this case, the power
P = cEZ,S/4n is the key parameter characterizing the laser
pulse because, neglecting dissipative processes, it remains
constant. Here, S is the cross-section area of the electro-
magnetic beam. As has been reported in Ref. [185], for a given
laser power P the pulse amplitude inside the self-focusing
channel takes the form

(79 nc) 1/3
a) = | =— .
P ne

Here, the characteristic power is given by formula P =
2km2c’[e? ~ 17.4 GW, with the coefficient x equal to unity
to an order of magnitude. It is equal to the critical power on
the self-focusing threshold at n. = n. [186]. Combining the
relationships (51) and (52), we find the optimal regime

condition for laser radiation interaction with a plasma target
in the form

; _ E 1/3 E 4/3
dep = llas 75 e .

If the plasma density is such that the target is on the threshold
of relativistic transparency, i.e., ne = n.aop, this condition is
equivalent to the equality between the thickness of the plasma
layer and the length of the laser pulse: /g, = a5, Which
corresponds to several dozen microns for femtosecond lasers.

In the optimal case, the plasma layer thickness and the
coordinate of the point at which the laser pulse is focused are
chosen so that, on reaching the rear side of the target, the
pulse has transferred its energy to the fast electrons. The
electric current generated by these electrons is the source of a

(52)

(53)

¥y Fast
electrons
®
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Figure 13. Magnetic and electric field configurations at the target’s rear
side. The pressure of the toroidal magnetic field leads to the formation of a
region with a strong electric field which accelerates and focuses the ions.

quasistatic magnetic field. The magnetic field in laser plasmas
can reach values on the order of several hundred megagauss
[187, 188].

Due to configuration symmetry, the magnetic field on the
target rear side assumes the form of a torus. It plays a dual
role here. Under the magnetic field pressure, the electrons are
displaced from a certain area, leading to an additional electric
charge separation and to an increase in the electric field
strength. The resulting electric field has both a longitudinal
component, accelerating the positively charged ions, and a
radial component, focusing the ion beam. Notice that the
magnetic field is here defocusing for positively charged
particles. For nonrelativistic ions, the radial force caused by
the focusing electric field significantly exceeds the Lorentz
force from the magnetic field. In addition, the static magnetic
field prevents the return of the electrons to the strong electric
field region, thereby preventing it from a charge compensa-
tion. Figure 13 illustrates the configurations of the magnetic
and electric fields on the target’s rear side [105].

The ‘magnetic vortex mechanism’ of ion acceleration, the
theoretical analysis of which has been made in Refs [103-106,
114, 189], was invoked for the interpretation of experiments
on laser radiation interaction with various targets, including
gas targets [107, 190, 191] and targets comprising a gas—
cluster mixture [108]. This mechanism was also applied to
explain ion acceleration in the case of solid targets, when, as a
result of the finite contrast, the radiation preceding the main
pulse evaporated and ionized the solid target, thus turning it
into a near-critical density plasma [191—- 193].

4.6.2 Ion acceleration at the front of a collisionless shock wave.
The fact that ions can be accelerated by collisionless shock
waves has been well known since the first publications [194,
195]. In laser plasmas, this ion acceleration mechanism was
demonstrated in experiment [196] and was described with PIC
computer simulations [197]. Under this ion acceleration
scenario, a limited-size region in the plasma target is heated
by laser radiation. As a result, a large pressure gradient
evolves into the formation of a collisionless ion-acoustic
shock wave propagating into the plasma. Due to the charge
separation, an electric field is produced at its front. Under this
electric field action, part of the plasma ions is reflected from
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the wave front. Thus, the ions gain energy in the region of
electrostatic potential co-moving with the wave. The reflected
ions acquire a velocity equal to twice the value of the shock
wave velocity. In a plasma with a relatively low initial
temperature, the ions reflected by the wave have a narrow
energy spectrum, which is of great interest for applications in
hadron therapy.

In the experiment [196] mentioned above, in which a
10-TW CO; laser interacted with a gas target, a proton beam
with an energy of 20 MeV and with a narrow energy spectrum
was observed.

In conclusion, following from the discussion in this
section, we note that the energy of ions required by hadron
therapy can be achieved by using laser systems providing
pulses of femtosecond duration and petawatt power. Exam-
ples of such laser facilities are given in papers [198, 199].

Along with the requirements of high energy and high
quality of accelerated ion beams, it is necessary to ensure the
stability of charge particle generation. Emerging technolo-
gies, for example, based on synchronized short pulse fiber
lasers [200], promise unprecedented stability of the laser
parameters from pulse to pulse [201].

5. Formation of high-quality ion beams

For almost all applications of laser accelerators considered in
the modern scientific literature, including injectors [202],
controlled laser nuclear fusion [203-207], and hadron
therapy [35, 208], the quality of the proton beam is of key
importance because, if no additional measures are taken, fast
protons with a wide energy spectrum are observed in
experiments. For this reason, the question arises of how one
can provide beams with narrow enough energy distribution,
whose width ratio to the characteristic energy, AE/E, is also
small enough. As mentioned in Section 3, ion beams with an
energy width of no more than AE/E < 2 x 1072 are required
for the purposes of hadron therapy, which should guarantee a
high ratio of the dose in the Bragg peak to the dose at the
beam entrance and, accordingly, a sufficiently high dose
delivered to the tumor, with an acceptable low dose left in
transit healthy tissues.

The development of accelerator technology makes feasi-
ble the requirements for the basic parameters of a medical
proton beam with the beam intensity of about (1—5) x 10
protons per second and the maximum energy of 230-250 MeV
(see Table. 2). At the same time, applying laser methods of
acceleration, it may be difficult to fulfill those other two
requirements, which are a relatively small energy spread of
the beam, AE/E < 1072, and a duty factor of the pulse equal
to the actual part of the time of using the bunch, which should
not be less than 0.3.

If we compare the energy spectrum shape of the fast ions
typically observed in experiments on laser radiation interac-
tion with matter to that required for medical applications, we
will see that the currently available ion energy spectrum is far
from optimal. From the experiments (see papers [61, 64, 68]),
it follows that the energy distribution in the range of energies
smaller than the maximal Epax (€ < Emax) has the quasither-
mal form, with an efficient temperature several times less than
Emax- This spectrum is unacceptable for the medical applica-
tions, because it does not provide the optimal shape of the
Bragg curve and, consequently, a substantial excess of
radiation dose in the target area, which will lead to
unacceptably high damage of healthy tissues.

5.1 Selection of a narrow-energy beamlet

from the beam with a wide energy spectrum

In order to improve proton beam quality, it is possible to ‘cut’
it into the beamlets with a narrow energy spectrum. There are
many different approaches that use for these purposes
achievements in the field of classical charged particle
accelerators [209-211], such as magnetic spectrometers,
quadrupoles, solenoids, and phase rotators.

5.1.1 Magnetic systems. The energy selector whose concept is
explained in Fig. 14a provides an example of a device built
around a magnetic system. Used in Refs [47, 48], it is similar
to the so-called chickane, known in the field of classical
accelerators and free electron lasers. When passing through
the region with the magnetic field, due to the fact that ions of
different energies have different Larmor radii, the beam is
deflected in the direction transverse to its propagation. Then,
the beam encounters a screen having a finite width slit. The
controlled position and width of the slit determine the energy
and the energy spectrum width of the passing ions.

High-
energy
ions
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ions of the slit
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field inside b
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Figure 14. (a) Schematic of the energy selector for forming a narrow-
energy spectrum beam from a beam with a wide energy spectrum. Four
magnets with alternating sign fields cause ions of different energies to
move along different trajectories. Particles with undesirable energy stop at
the screen with a slit of finite width, the position and width of which
determine the energy and the energy spectrum spread of passing ions.
(b) Schematic illustration of an electrostatic lens that focuses an ion beam.
The radial electric field inside a thin-wall cylinder is created by electrons
accelerated on the outer surface of the cylinder under the action of laser
radiation. A similar device was used in Ref. [219]. (¢) Principle of operation
of a phase rotator. An alternating electric field accelerates (decelerates) the
particles forming the beam with the desired energy.
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Much attention has also been paid to magnetic quadru-
poles used for the purpose of focusing charged particles.
The magnetic quadrupole, as is known, is a focusing lens in
one direction and a defocusing lens in the other direction.
However, a pair of magnetic quadrupoles makes up a
focusing lens [211]. In Refs [212, 213], this property was
utilized to focus the ion beam generated by laser accel-
erators.

We also note the theoretical and experimental studies of
the quality control of accelerated ion beams with magnetic
solenoids [214-217].

5.1.2 Electrostatic systems. As is well known in the optics of
charged particle beams [211], electrostatic lenses can also be
exploited to focus ions. Since the position of the focus of such
lenses depends on the particle energy, these lenses in
combination with a screen having an aperture of finite size
(small aperture), enable the formation of monoenergetic ion
beams.

Quantitatively, the possibility of sharply focusing the
charged particle beam is characterized by transverse
emittance [209, 210], which is associated with volume
conservation in the phase space of the particle system.
Emittance is a measure of the beam phase volume. It is
equal to the area in the plane r, r’ = dr/dx occupied by the
points of the beam, which is divided by . Here, r and x are
the coordinates transverse and longitudinal with respect to
the direction of the beam propagation. The emittance is
given by the expression

1 !
0 = — . . 4
&1 fi;dldr (54)

As an example of ion focusing, let us consider the
dynamics of an ion beam in the simplest case of a
cylindrical electric lens, in which the electric field is
directed radially and is linearly proportional to the
coordinate: E, = (Ep/R)r. The dependence of the beam
envelope on the coordinates is described by the equation
[209, 210]

d%e g2
dxzr + kgar — J—J; =0, (55)
where
ek, 2eE,
ky = = . 56
b Rm,v? RE, (56)

Here, we neglected the space charge effects, azimuthal
asymmetry of the beam, and a change in the particle energy
&,. Introducing the variables ¢ = 0,/,/é, and X = kyx, the
solution of equation (55) for initial (¥ =0) values of
5(0) =69 and 6'(0) = 6§ can be written out as (see, e.g.,
Ref. [218])

I 1 :
G= \/ 50 + (ag - 5") cos (2X) + G, sin (2X) ,

where the value of I, is determined from the boundary
condition Iy = ;> + 6§ + G, >. Under optimal matching
condition implying ; = 0 and Gy = 1, the ion beam propa-
gates with a constant lateral size. In the case of matching that
is not optimal, the beam radius changes between the following

(57)

1169
values:
Omin = | lo — 3 and Omax = | 1o + 5 .
(58)
Due to relationship (56), the position of the focus, viz.
4.5/
Xp =5 arctan % , (59)

depends on the particle energy, which, as noted above, allows
using a screen with a small aperture to prepare an ion beam of
high quality.

Electrostatic lenses have been realized in experiments
[219-222]. In these cases, the electrostatic lens comprised a
thin-wall cylinder of a millimeter in diameter (see Fig. 14D).
The laser radiation was split into two beams. The first
interacted with a thin solid density target, leading to high
energy ion generation. The second beam was directed to a
cylindrical target, causing an ejection of fast electrons from
the inner surface of the target, converging at its axis. As a
result, a strong electric field with a radial component was
produced inside the cylinder. This electric field focused the
accelerated ions. Since the electric field inside the cylinder
existed for a finite time interval on the order of 10 ps, it could
focus only ions moving at this time inside the electrostatic
lens. By changing the delay between the two laser beams, one
could monitor energies of ions focused by the lens. In these
experiments, an ion beam with an energy of 6 MeV and with a
width of the energy spectrum equal to 0.2 MeV was
demonstrated.

Ton focusing has also been carried out in a single laser
pulse configuration [152, 220]. In later experiments [221], the
electrostatic lens was a metal cone a millimeter in size
attached to the far side of the target in the path of the
propagating laser radiation. The target was irradiated by a
laser pulse with an energy of 2 J and with a pulse duration of
60 fs. The accelerated proton beam with an energy of 7 MeV
was collimated within a solid angle of about 16 mrad.

Bunching in the energy space of the ions accelerated in the
laser plasma was demonstrated in Refs [223-225] with the
help of a so-called phase rotator. The principle of operation of
the phase rotator, which leads to a change in the distribution
of particles in the phase space, is well known in the physics of
conventional charged particle accelerators [226]. In this case,
an alternating electric field was excited in the RF resonator, as
shown in Fig. 14c. Depending on the initial ion velocity and
the phase of the alternating electric field, an ion passing
through the resonator could gain or lose energy. This has
the consequence of increasing or decreasing the number of
particles in certain energy intervals and of preparing an ion
beam with a narrow energy spectrum.

In all cases, the use of additional devices for manipulating
the high-energy ion parameters significantly reduced the
conversion efficiency of laser energy into the energy of fast
particles, decreased the number of particles of a selected
energy in the ‘cleansed’ beam, and, more importantly,
increased the size and cost of the accelerator system; there-
fore, considerable attention is given to finding alternative
solutions.

The main advantage of laser charged particle accelerators
is based on the fact that the accelerating electric field and the
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magnetic field in a laser plasma are many orders of magnitude
greater than those of conventional accelerators, provided
optimal targets are chosen.

It seems natural to take advantage of these strong electric
and magnetic fields in order to control ion beam parameters:
the energy spectrum, directionality, and so forth. In Sec-
tions 4.1 and 4.2, we pointed out the possibility of generating
ion beams with the desired energy spectrum in the Coulomb
explosion of clusters and in the target near-surface layer, and
the collimation of the beams through the generation of
strongly inhomogeneous magnetic fields. Further, we con-
sider a target of a special form for these purposes.

5.2 Special forms of targets

A promising approach to control accelerated ion beams is
associated with the ability to implement specially shaped
targets. It was proposed in paper [35] to make use of a
double-layer target for generating beams with a controllable
quality. In this setup, the target consists of two layers: the first
of which irradiated by the laser radiation consists of partially
ionized heavy ions with charge Z,e and mass m,, and the
second layer, more distant with respect to the laser beam,
consists of lighter ions, e.g., from ionized hydrogen, i.e.,
protons and electrons. In the initial configuration, the
electric charge of positive ions is compensated by the
negative charge of the electrons. The number of electrons in
the first layer is assumed to be much larger than in the second.
The second layer must have a sufficiently small thickness (the
dimension along the direction of propagation of the laser
pulse) and a sufficiently small width (the size in the transverse
direction).

The focusing of accelerated ions is also possible by using
targets with a special shape, having the form of a thin-wall
concave shell [114, 115, 222, 227, 228] or a thick-wall target
with a cavity [229, 230].

Notice that the employment of concave targets for
focusing accelerated ions was proposed in Refs [114, 115,
227]. The focusing effect of the ions by such targets has been
demonstrated experimentally in Refs [231-234].

5.3 Parameters of a proton beam accelerated
in the interaction of laser light
with a double-layer target
Under the action of powerful radiation, the target material
becomes almost instantaneously ionized. The ionization
process is based on an optical mechanism discussed in detail
in Refs [235, 236]. As a result, the target is transformed into a
thin plasma layer with the above-critical density. Then, the
ponderomotive force of the laser radiation pushes the
electrons away from the focus area. Since the characteristic
time of the hydrodynamic expansion of a micron thick plasma
is on the order of nanoseconds, it significantly exceeds the
femtosecond laser pulse duration. Under these conditions, the
heavy ions remain at rest during the time of pulse exposure to
the target. This leads to the formation of a positively charged
ion layer with the lateral size on the order of the laser focus.
However, after a period of time around the inverse plasma
frequency of heavy ions, equal to 1/wp, = \/m,/4nn,Z,e?,
where @y, is the plasma frequency of heavy ions, the ion layer
starts to expand under the action of Coulomb repulsion of
like charges, similar to that discussed above with regard to
Coulomb explosion.

If the ratio u'/?/Z,, where u = m,/my, is large enough,
the characteristic time of proton motion is much less than the

time of the Coulomb explosion of the heavy ion layer. Under
these conditions, the thin proton layer of the double-layer
target is accelerated in a given electric field.

For such targets, the smallness of the proton layer width
with respect to the lateral size of the laser pulse is one of the
most important requirements. The inhomogeneity of the
accelerating electric field in the transverse direction, which
appears due to the finite width of the laser pulse, leads to
additional broadening of the energy spectrum of accelerated
ions. The effect of the field transverse inhomogeneity also
leads to unwanted defocusing of the ion beam, increasing its
transverse emittance. Notice that one of the approaches to
mitigate the mentioned effects and to provide high collima-
tion of the ion beam amounts to using targets of a special
form (see Ref. [114]).

In order to estimate the characteristic energy of acceler-
ated ions, we assume that all electrons produced in the
ionization process in the focus region of the laser beam are
ejected from this region under the action of the ponderomo-
tive radiation pressure. In this mode, the electric field in the
vicinity of the positively charged layer is E = 2nng,Z,el. Here,
ng, 1s the ion number density inside the target, and / is the
target thickness. The region of the strong electric field
localization has a lateral size on the order of the size of the
focal area, R,. As a result, we can estimate the energy
acquired by the proton: Emax ~ 2mng,Z,e IR | .

We have assumed that the energy of the electrons
accelerated in the laser field is greater than or approximately
equal to the energy required to overcome the electric field
potential attracting them in the acceleration region. Hence,
knowing the size of a focal region, R, we can evaluate the
required power of the laser pulse, and then, having assigned a
pulse duration, find its energy.

The electric field configuration can be approximated by
the electrostatic field induced by an oblate charged ellipsoid
with a major semiaxis equal to the focal spot size R, and a
minor semiaxis (half the thickness) /. The solution giving the
electric field of a charged disk can be found in book [72].
Using this solution, we can write the electric field dependence
on the coordinates outside of the target:

_4nen0aZalRi 1 o&

X > A 60

’ 3 Rg ox ( )
41ten0&ZalRf 1 o¢
= 61

) et (61)

where x and p = (y% + 22)1/2 are the polar coordinates, and

the function R and the variable £ are expressed as

Re=(E+RI)(E+17)"2, (62)
6=i“<p \/RE =12 )2+x2}1/2
+{(p+\/Rf_12)2+x2}1/2}2_1zf. (63)

From formulas (60) and (61) follow that the electric field is at
its maximum on the target surface and decreases rapidly
outside the region on the order of R} in size.

The proton energy spectrum can be found, assuming that
the ions move in the paraxial region, which, in turn,
corresponds to the structure of our double-layer model. On
the axis, the radial component of the electric field vanishes,
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and the longitudinal component takes the form

B 81ten0aleRf 1
- 3 R} —[24x2°

E.(x) (64)

As is well known, the solution of the kinetic equation for the
distribution function f,(x,v,f) can be represented as the
relationship

./i)(xa v, l) :f(')p(x()av())a (65)
where fop(x0,v9) is the distribution function at the initial
instant of time ¢ = 0, while x(¢) and v(¢) are the coordinate
and velocity along the particle trajectory (the characteristic)
originating at the point (xg,v9) in the phase space. We
consider the case when, at the initial instant of time, all the
particles are at rest and the spatial distribution of their
density is given by the function ngp(xo). These initial
conditions are satisfied by the distribution function of the
form fo,(x0, v0) = nop(x0)d (o), Where d(wvy) is the Dirac delta
function. The number of particles in the unit volume dx dv of
the phase space equals

ded
dn = f, dxdv = fyodvds — £, 90
mp

(66)
This expression integrates over time, yielding the energy
spectrum of accelerated particles in the form

dr

ds _ I’lop(XO) ar
dv

No(€)dE = dEJnop(xo)(S(vo) &

p myp

d€.

V=1

(67)

Here, the Lagrange coordinate xy and the Jakobian
|dz/dv|,_,, are functions of the particle energy &. The
coordinate xo dependence on energy £ is implicitly defined
by the integral of motion

E(x,x0) = Eo + e(@(x) — p(x0))

where ¢(x) is the electrostatic potential. For the electric field
given by Eqn (64), one can obtain

(68)

dmeng, Z,IR? L
X)=— arctan , 69

where x is the particle’s running coordinate. In this formula-
tion, we put & = 0 as x = oo. The Jakobian |d¢/dv],_,, is
equal to the inverse value of the particle acceleration at the
initial instant of time, i.e., 1/|eE(x¢)|, where the dependence
E(x) is given by Eqn (64). On the other hand, the function
1/|eE(xo)| equals |dxo/dE|. Therefore, we obtain the follow-
ing expression for the energy spectrum of particles:

No(€) dE = o0 de

T (70)
|d5/dx0| xo=x0(€)

It should be noted that this expression for the energy
spectrum follows from the general conditions of particle
flow continuity in the phase space.

As follows from formula (64), the electric field is locally
homogeneous in the near-axis region of the target: E.(/) =
E = 8meny,Z,1/3. Due to this, the energy spectrum is
determined by the form of the dependence ng, (¢ ~'(E/e)).

We see that a unified approach to producing an ion beam
with a small energy spectrum width is based on the
acceleration of the proton (ion) layers at the initial instant of

time, which have a sufficiently small thickness Axy. In this
case, the energy spread in the proton beam is proportional
to the thickness of the layer Axy. Characteristic accelera-
tion time is expressed as follows: fycc = \/2R mp/eEy =
(}J;I: \/ 2RL/1

The parameter characterizing the property of the beam to
be compressed in the longitudinal direction is the longitudinal
emittance ¢ defined as the product of the energy width AE
and the beam duration Az. Using the above formulas, we find

A R?
o) = ASAr 220 | [ERT

V2

(71)

For A =100 MeV, Axg =0.1 um, and R, = 1 um, the
longitudinal emittance is ¢ = 2 x 1072 MeV ps.

According to expression (61), the radial electric-field
component in the near-axial region close to the target is
given by E, ~ [8meno,Z,I?/(3R?)]p, ie., it is a linear
function of the radius. From this it follows that the
trajectories of the fast particles are described by the formula

P = Py eXp (\/15) ) (72)
where p, is the initial radial coordinate of a particle, and
k =2I/R?. As a result, the transverse emittance of the fast
proton beam, associated with the transverse nonuniformity of
the electric field, at the boundary of the acceleration region, at
X = R,,is¢; = mdy0. It can be written out as

_ TC\/E[d()

& =
R, ’

(73)

where d is the lateral size of the proton layer, and the
divergence angle of the beam for kR, < 1is 0 ~ /2I/R,.
Thus, for /~dy=~1pum and R, =~ 5 um, the transverse
emittance of the beam is about ¢, &~ 1 mm mrad.

Energy localization requires that the denominator on the
right-hand side of expression (70) be equal to zero at a certain
energy £ = €., i.e., the Jacobian |d€/dx| vanishes. In turn,
this indicates that, at the initial instant of time, the accelerated
proton layer is localized near the point where the electric field
becomes zero. Relationship (70) can be regarded as an
equation in function ngy(xo) for the given energy spectrum
and the electric field. Approximating the coordinate depen-
dence of the electric field by the linear function E(x) = hx,
and the proton number density in a thin layer of thickness L
by the function n,(x) = no,0(L — |x0])0(x0)(1 — x3/L?), we
obtain the energy spectrum of fast protons in the form

o o 0(5 - gmin) g(gmax - 5)(5 - gmin)

Np(E)dE
AE\/2eh(Emay — &)

d€.

(74)

Here, the maximum and minimum proton energies are
Emax = hR? /2 and Epin = eh(R? — L?)/2, respectively,
i.e., the width of the energy spectrum is A& = ehl?/2.
For a rectangular distribution of the proton number
density, np(xg) = no0(L — x0)0(xp), we obtain a spectrum
in the form

N no 0(5 - gmin) H(Emax - 5)
2C’h(€max - 5)

Np(&)dE de. (75)

As was noted in Section 2.2, such an energy spectrum is
desired for tumor irradiation within the framework of the
passive dose delivery scenario.
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Let us estimate the energy of the protons, which they can
acquire in a double-layer target irradiated by a laser pulse of a
given power. The realization of the above-discussed accelera-
tion mode requires a laser with high enough intensity /. The
electric field of the wave, expressed via its intensity,
Ey,s = \/4nl/c, should exceed the field required to remove
the electrons from the focus area, i.e., it must be stronger than
the characteristic field of the electric charge separation,
which, according to Eqn (64), equals 8neZ,no,//3. Utilizing
these relationships and Eqn (69) for the electrostatic potential
and assuming that the proton initial coordinate is xo = /, we
obtain the relationship between the proton energy and the
laser power Py,s = nR? 1. It has the form [97]

thez'P]as

€ = 4c

(76)

It is convenient to transform this formula into &, =
tmec?(Pras/P)?, where P =2m2c’/e? ~17.4 GW [see
also Eqn (52)]. Hence, in order to generate protons with an
energy of 200 MeV, laser power on the order of 3 PW and an
energy of not less than 100 J are required.

5.4 Results of computer simulations

of the generation of high-quality proton beams

The discussion in Section 5.3 of the methods for producing
proton beams with a small energy spread was based on a
simple theoretical model. In order to take into account the
numerous nonlinear and kinetic processes that occur in the
interaction of high-power laser radiation with a plasma slab,
as well as to extend the analysis to two and three dimensions,
computer simulations of the protons in the process of a
double-layer target irradiation by an ultrashort laser pulse
was carried out in Refs [38, 58, 59]. Below, we present the
results of three-dimensional simulations.

The simulations were carried out with the REMP
(relativistic electromagnetic particle-mesh) code [147]. The
simulation region is chosen to have a size of 804 x 324 x 324,
where 4 is the wavelength of the laser light. The computa-
tional grid has 2560 x 1024 x 1024 cells. The total number of
particles varies from 62 x 106 to 820 x 10°. The boundaries in
the longitudinal direction (along the x-axis) absorb the fields
and the particles; in the transverse direction (y,z), the
boundary conditions are periodic. It should be noted that
the waves coming from the boundaries due to the periodic
boundary conditions have a relatively small amplitude and do
not impact significantly on the results because of the large
transverse dimension of the computational region. The target
is modelled with two plasma layers consisting of quasiparti-
cles of three species: electrons, protons, and heavy gold ions.
The ratio of the masses of the proton and the electron is
my/me = 1836; for heavy ions, it is m,/m. = 195.4 x 1836/2.

Initially, the golden foil is localized in the region between
the planes with x = 5.5 and x = 64. Its thickness is half a
micron, and the diameter is 10 um, if the wavelength A of the
laser radiation is taken to be 1 um. A hydrogen layer is
deposited on the rear side of the target. It has a thickness of
0.03 um and a diameter of 5 um.

The electron concentration inside the heavy-ion layer
corresponds to the ratio of the plasma frequency to the
frequency of the laser radiation, equal to wpe/w = 3. The
second layer is a thin and narrow proton slab (the hydrogen
layer can also be contained in a thin plastic layer) located at
the initial instant of time at the far side of the target in relation

to the laser pulse propagation. Electron concentration inside
the proton layer is set to be less than the critical concentration
and corresponds to the frequency ratio wpe/w = 0.53.

The collisionless model used here for a target with a given
degree of ionization greatly simplifies the problem under
consideration, since the implementation of collisions and
ionization in the modeling is currently problematic due to
the lack of development of the theoretical description of these
processes in the limit of petawatt laser radiation powers, and
due to the lack of computer resources. We also note that in the
regime discussed here, the system evolution depends on the
parameter [ Z,eng, dx = Z,eno,l, i.e., on the electric charge
surface density in the target. In turn, this means that the same
ion acceleration regime in the case of a higher degree of target
material ionization may be implemented with a target
possessing smaller thickness and higher density.

A laser pulse is initiated at the left boundary of a
computational region: x = 0. It has a linear polarization
with the electric field directed along the z-axis. The dimen-
sionless pulse amplitude is ¢y = 30, which corresponds to an
intensity of 102! W cm 2 for laser radiation with a wavelength
of 1 um. The laser radiation propagates in the x direction. The
pulse has the shape of a skewed triangle: its amplitude
increases from zero to the maximum value at a front with a
length of 3/, is constant inside the region with the length of 24,
and linearly decreases to zero in the interval with a length of
104. The full diameter of the pulse is equal to 124; the
amplitude is constant inside a sphere with a diameter of 104
and decreases to zero at the edges inside the region with a
thickness of /. A fast increase in the radiation amplitude at the
pulse front and the absence of both a prepulse and pedestal
improves the quality of the accelerated particle beam and can
be achieved by using the relativistic transparency effect [180].

The results of computer simulations are presented in
Figs 15 and 16. In Fig. 15, the energy spectra of the protons
and heavy ions (Fig. 15a) and of electrons (Fig. 15b) at the
instant of time # = 80 x 2n/w are shown. It is seen that the
protons have been accelerated to the energy of about 63 MeV.
The relative width of the proton energy spectrum is close to
5%. Heavy ions have a broad energy spectrum with a
maximum energy equal to 37 MeV. However, the energy per
nucleon is only on the order of 0.2 MeV.

As a result of the double-layer target irradiation by a laser
pulse, electrons are ejected predominantly in the radiation
propagation direction. Figure 15c depicts the distribution of
electric charges within the computational domain. Electrons
leaving the target give rise to uncompensated electric charge
regions. The light proton layer is accelerated along the x-axis.
A layer of heavy ions is expanded as a result of a Coulomb
explosion. Ions can be accelerated in this process to an energy
corresponding to the value of the electrostatic potential at the
initial instant of time. If the electric charge of protons is not
compensated, the proton layer can also undergo a Coulomb
explosion. In this case, the protons acquire additional kinetic
energy due to Coulomb repeling. However, if the total
number of protons and their density are relatively small, we
can neglect this additional acceleration.

Figure 16 illustrates the angular distribution of the energy
of charged particles: protons (Fig. 16a), electrons (Fig. 16b),
and heavy ions (Fig. 16c) at 1 =80 x 2n/w. The electron
angular distribution is formed by the presence of a beam
moving in the wake of a laser pulse and by the isotropic
component. The proton layer moves in the direction of laser
pulse propagation. The accelerated heavy ions move in the
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Figure 15. 3D PIC simulation results [58]. Energy spectra of (a) protons and heavy ions, and (b) electrons; (c) distribution of electric charge inside the
computational domain at time ¢ = 80 x 2m/w. Images of electron density (by the ray-tracing method) and of the densities of protons and heavy ions

(isosurfaces) are given as an illustration.

Figure 16. 3D PIC simulation results [58]. The angular distributions of the
energies of protons (a), electrons (b), and heavy ions (c) at time
t =80 x 2n/w. The point (0°,0°) corresponds to the direction of the
laser pulse propagation, and (0°,90°) is the z-axis direction (direction of
the laser radiation polarization).

direction of the laser beam, across and against it, which is
characteristic for the Coulomb explosion.

The fact that the highest-energy light ions are concen-
trated near the axis makes it possible to use a point aperture
for selecting a high-quality beam. Namely, a small-size
aperture (a small-diameter hole in a thick enough layer of
matter) can cut out a portion of the ions with the maximum
energies. The smaller the hole diameter, the less the width of

the spectrum and the fewer the number of particles in the ion
beam prepared.

5.5 Experimental demonstration of laser-accelerated ions
with a quasimonoenergetic spectrum

The energy spectrum of fast ions observed in many experi-
ments on the interaction of laser radiation with solid targets
shows an exponential type dependence with an effective
temperature several times smaller than the maximum energy
of'ions [237]. However, there are indications of the generation
of nonmonotonic ion spectra observed in experiments, €.g., as
discussed in Ref. [65]. Figure 7c shows an example of the
proton energy distribution obtained by irradiation with a
femtosecond laser pulse with the intensity of 5 x 10'® W cm 2
of an aluminum foil with a thickness of 12.5 um. The angle of
incidence of the laser radiation onto the target is equal to 45°.
In this case, the source of protons comprised a thin water film
on the surface of the target. Nonmonotonous energy
dependence could be accounted for, for example, by a
specific form of the electron distribution function [see
Eqns (25) and (26)].

The approaches in which it is possible to control such
parameters of ion beams as their composition, energy
spectrum, angular distribution, etc., are of paramount
importance for applications. The paradigm theoretically
formulated in Ref. [35] and covering the employment of
double-layer targets for controling the quality of accelerated
ions was a motivation for the experiments, the results of
which were reported in Refs [60, 238].

A titanium target with a thickness of 5 um was prepared
for these experiments. The plastic structure (it is an organic
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Figure 17. (a) Setup of experiment [60]. The high-power laser pulse is incident on the structured target at an angle of 45°. The low-power probe pulse is
used to align the position of the focal region and the plastic spots on the target far side. Ions of different energies are bent in space using a Thomson
parabola and are registered by CR-39 films or microchannel plates. A detailed description of the detectors of fast ions can be found in reviews [64, 68].
(b) Energy spectrum of protons from a structured target (triangles) and a target without a microstructure (squares) [60].

glass— polymethylmethacrylate) is applied on the target’s
rear side as shown in Fig. 17. The titanium layer is a source of
heavy ions. Hydrogenous plastic spots play the role of a
second thin and narrow source of light ions. The character-
istic size of the plastic patches is 20 x 20 x 0.5 pm?.

The microstructured target is irradiated by the laser pulse
with a radiation intensity of 3 x 10! W ecm~2. The pulse
duration is equal to 80 fs. A second, weaker laser pulse is used
to align the position of the focal region and the plastic spots
on the far side of the target. Accelerated protons propagate in
the direction normal to the target surface. Particles are
registered by the detector consisting of a Thomson parabola
and CR-39 films or microchannel plates.

Figure 17b displays the proton energy spectra for
microstructured and nonstructured targets. In the latter
case, the accelerated protons originate from a thin water
layer on the target surface. In the energy range from 0.5 to
2.5 MeV, the distribution of the protons with the full number
of particles in the solid angle of 24 msr equals 10%. The ion
spectrum generated by microstructured targets has a max-
imum at an energy of 1.2 MeV and a width of about 25%. In
targets without a microstructure, the proton energy spectrum
can be approximated by an exponential function.

It should be noted that the use of microstructured targets
can increase the efficiency of ion acceleration [239, 240]. In
this approach, patterns with a characteristic size of about
1 um, which is commensurate with the wavelength of laser
radiation, are imposed on the front target side relative to the
laser pulse propagation direction. Under the matching
conditions, which also depend on the angle of the electro-
magnetic wave incidence on the target and on the radiation
polarization, the radiation absorption is higher. This, in turn,
leads to the generation of a larger number of high-energy
electrons and an increase in the energy and number of
accelerated ions.

5.6 Optimization of targets and laser pulses

for achieving ion parameters required in hadron therapy
Theoretical and experimental studies of laser ion acceleration
have been constantly focused on revealing the optimal
regimes [132, 241, 242]. The goal of such studies is to
formulate recommendations on how to choose the target

parameters for achieving the maximum energy and number of
accelerated ions at realistic values of the energy and power of
the laser pulses.

In regard to enhancing the ion acceleration efficiency, so-
called mass-limited targets have certain advantages. A typical
example of such a target is a double-layer target. Due to the
limited size of such targets, the fast electrons cannot leave the
laser focus region in the process of their irradiation by laser
radiation of moderate power insufficient for the implementa-
tion of the regime of Coulomb explosion. This occurs in
contrast to targets of a larger size, in which fast electrons are
replaced by cold electrons coming from the periphery of the
target, thus compensating the electric charge. For this reason,
the electric field of charge separation in the mass-limited
targets exists for a relatively long time. In turn, this leads to
the acceleration of the higher number of ions.

According to Ref. [243], the exploitation of the mass-
limited targets can enhance the proton acceleration efficiency
twofold over a wide target of the same thickness.

PIC simulations of the ion acceleration in a three-
dimensional geometry, presented in Ref. [241], showed that
protons with the energy of 200 MeV can be obtained by
irradiating the double-layer target with a laser pulse having a
power of 0.7 PW, energy of 20 J, and intensity of
5x 102! Wem™2.

An important factor of ion acceleration optimization, as
noted in Section 4, is the involvement of a laser prepulse,
which leads to the formation of a plasma corona on the front
side of the target. As follows from multiparametric computer
simulations [132], too strong a prepulse creates an extended
plasma corona which absorbs the main pulse. Although a
significant portion of the main pulse energy is transferred to
the fast electrons, which generates an electric field on the
target’s rear side, the acceleration of ions occurs in a
nonoptimal regime. This is because the high-energy elec-
trons, having a wide angular distribution in momentum
space and a low number density, create a relatively weak
electric field. The situation is radically different if the size of
the plasma corona is commensurable with the length of the
laser pulse, i.e., is approximately several dozen microns. In
this case, on the one hand, the intensity of the laser pulse
increases significantly due to relativistic self-focusing. On the
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other hand, the laser pulse can penetrate to the interior of the
solid target. In this case, the ion acceleration happens as a
result of several consecutive steps, starting from the accelera-
tion in the near-surface layer of the target, followed by
directed Coulomb explosion and radiation pressure accelera-
tion.

The direction of the beam of accelerated ions can be
controlled by changing the angle of incidence of the laser
radiation on the target [244]. In this way, it is possible to scan
a tumor within the active dose delivery scenario.

6. Radiobiological effectiveness of beams
of protons accelerated in laser plasmas

In the vast majority of theoretical and experimental work
devoted to studying ion acceleration in laser plasmas, which
were published in the last 10 years, hadron therapy of cancer
has been indicated as one of the most important applica-
tions. From here naturally follows the question about the
relative biological effectiveness of high-energy ions acceler-
ated by laser radiation, in comparison with ions generated by
conventional accelerators. First of all, such a distinction, if it
exists, may be due to the very short duration of the laser-
accelerated ion beams. Because of this, the high instanta-
neous intensity of the ion beam is many orders of magnitude
larger than the intensity of ion beams accelerated by
conventional accelerators. There are indications that, in the
high-intensity interaction of fast ions with DNA molecules,
clusters can be formed, which may increase the probability
of the double strand break and, accordingly, increase the
probability of killing the cancer cells [13, 22]. From the point
of view of experiments on cancer cell irradiation by protons
accelerated in laser plasmas, it should be seen in the
dependence of the number of survived cells on the dose and
in the dependence of the relative biological effectiveness on
the linear energy transfer, as well as on the duration of the
beam pulse. Papers [47-54] are devoted to the study of these
problems.

The first publications devoted to this problem [47]
reported the results of exposure of live cancer cells to protons
accelerated in a laser plasma.

The experiment schematic is presented in Fig. 18. Ions are
generated by one of the mechanisms described in Section 4 in
the process of laser radiation interaction with the target. The
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Figure 18. Schematic of experiments [43, 47, 245]. Tons are accelerated in
the process of laser radiation interaction with a thin foil target, which is
similar to the tape pulled in a magnetic recorder. The fast ions, electrons,
and X-rays passing through the collimator enter the magnetic selector in
which the ion trajectories are separated from the electron and X-ray
trajectories. The ion beam with the required energy is selected by the
second small-aperture collimator. The resulting beam irradiates living
cancer cells contained in a special container.

Figure 19. y-H2AX centers generated by the irradiation of cancer cells with
the proton beam delivering the dose of 20 Gy [46]. Cells with double strand
breaks of DNA stained with the aid of 4’,6-diamino-2-phenylindole
(DAPI) used in fluorescence microscopy.

target is a thin foil pulled like the tape in a magnetic recorder.
Fast ions with electrons accompanying them and X-rays enter
the magnetic selector through the first collimator in a lead
screen, where the trajectories of ions are deflected according
to their energies. The electrons are deflected in the opposite
direction. Since X-ray photons do not interact with the
magnetic field, they propagate along straight trajectories.
The second small-aperture collimator selects the ion beam
with the required energy. This beam then enters the capsule
where it irradiates the culture of cancer cells. The fact that the
positively charged ions, negatively charged electrons, and
chargeless photons propagate along different trajectories
makes attractive the application of such a magnetic system
for preventing unwanted exposure of the target to radioactive
debris—that is, to electrons, neutrons, photons, neutral
atoms and molecules, and so on.

In the experiment discussed, cell irradiation was per-
formed in vitro. A549 cancer cells of the lung, adenocarci-
noma were irradiated by a quasimonoenergetic proton
beam with an energy in the range from 0.8 to 2.4 MeV.
The proton energy spectrum is formed with the aid of the
energy selector described above (see Figs 14, 18 and
Ref. [246]). The bunch has a duration of 1.5 x 10~% s. The
particle flux amounts to ~ 10" cm~2 s~'. The delivered
beam dose is 20 Gy. As a result, the y-H2AX type centers
are formed, as is clearly seen in Fig. 19. They are
unambiguous indicators of the double strand break in the
DNA molecules of cancer cells. Without dwelling on the
details of the method outlined in Ref. [247], we note that
they used a property of histone staining in the cell with
DNA undergoing the double strand breaking.

The results of similar experiments, when cancer cells taken
from tumors of the salivary gland have been irradiated in
vitro, are presented in Ref. [48]. A proton beam with a narrow
energy spectrum width of 0.66 MeV near the energy of
2.25 MeV had a pulse duration of 20 ns. The percentage of
cells that survived the irradiation with a total dose of order
8 Gy was measured. For the exposure rate in a single proton
beam pulse equal to 1 x 107 Gy s~!, the effective exposure rate
corresponded to 0.2 Gy s~! for the laser repetition rate of
1 Hz.

With the dose increasing, the portion of surviving cells
decreases, as follows from the dependence presented in
Fig. 20a. This figure shows the dependence of the fraction of
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Figure 20. (a) Percentage of survived cells depending on the irradiation dose during cancer cell irradiation by protons accelerated in a laser plasma. For
comparison, a similar dependence is shown for the case of X-ray irradiation [48]. (b) Dependence of the relative biological effectiveness (RBE) on the
linear energy transfer (LET) for protons and ions obtained using conventional accelerators [248, 249] and accelerated in the laser plasma [245].

survived cells on the exposure dose during cancer cell
irradiation by protons accelerated in the laser plasma. For
comparison, we also depict the dependence corresponding to
X-ray irradiation. Solid and dashed lines correspond to the
approximation within the framework of linear-quadratic
models [250]. In this model, the dependence of the fraction
of survived cells on the dose is given by expression (2). For
protons, the data in Fig. 20b give o = 0.243 +0.027 and
S = 0.0409 £+ 0.0091.

Measured relative biological effectiveness (Dy/Dy),
defined by Eqn (1), for the 10% fraction of survived cells is
equal to 1.20 £ 0.11. Under the experiment’s conditions, the
LET, the linear energy transfer, equals 17.1 keV um~!. Note
that in experiments [248] on cancer cell irradiation by protons
accelerated with standard accelerators, the value of
RBE =1.20 £0.11 was obtained for the particles with
LTE = 17.1 £ 2.8 keV um~!, which is very close to the values
corresponding to ions accelerated by classical accelerators.
For comparison, we show in Fig. 20b the dependence of the
RBE on the LET in the cases of cancer cell exposure to light
ions generated by conventional accelerators, and to protons
accelerated in the process of interaction of powerful laser
radiation with solid targets.

Encouraging results obtained in the experiments dis-
cussed above give no reason to think that the RBE of
ultrashort pulsed ion bunches with the same LET and with
other equal parameters are markedly different from the RBE
for continuous ion beams and beams with the traditionally
used duration from fractions of a second to several seconds.

7. Conclusions

Radiation therapy gives an impressive example of the medical
applications of the results obtained in fundamental and
applied physics, starting from discovery of the X-rays, the
development of particle accelerators, and concluding with the
establishment of methods for computer tomography and
nuclear magnetic resonance (see, for example, the discussion
in Ref. [251]). The development of technologies enabling
fabrication of relatively small-size powerful lasers and
progress in the physics of collective methods of charged

particle acceleration in plasma, as expected, will lead to the
creation of a compact medical ion accelerator.

Tons with energies above the average thermal limit have
been detected in experiments on the interaction of laser
radiation with different targets, starting in the 1960s [252,
253]. The acceleration of ions at the front of a plasma cloud
expanding into a vacuum was considered at that time as the
main acceleration mechanism [157-163]. By the end of the
1990s, the development of laser technology had reached the
level that allowed obtaining directed high-energy ion beams
in experiments on the irradiation of thin foils [254-256].
Progress in the experimental physics of strong laser fields
has been accompanied by the development of adequate
theoretical models supported by computer simulations. This
led in the late 1990s and the early 2000s to the formulation
and substantiation of a wide range of applications of laser ion
accelerators, including various problems of nuclear medical
physics [63, 257, 258], where the the central place is occupied
by hadron therapy of cancers.

Papers [35, 38, 259, 260] formulate a concept in which,
in its minimum version, a laser ion accelerator replaces the
standard accelerator (or even the injector), while systems of
ion delivery and target irradiation remain unchanged, e.g.,
as described in Ref. [42]. In its highest, most promising
version, traditional accelerators and magnetic systems of ion
beam delivery and control are completely removed and
replaced by an all-optical system. On the way towards this
promising version, it is necessary to solve a number of
sophisticated technical problems, among which especially
important is the enhancement of laser pulse stability and
repetition rate, in connection with an increase in average
laser power.

At the intermediate stage of medical laser accelerator
development, electromagnetic devices providing control of
the appropriate ion beam quality seem to be required.

In the paradigm of active dose delivery to the tumor,
subsystems of beam delivery and target scanning make a
carefully adjusted integrated complex together with the
accelerator of charged particles. In addition, since the
independent optimization of individual components is not
sufficient for achieving the required efficiency, the synchro-
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nous and coherent parameter control of all the components
is necessary, starting from the ion source and concluding
with the scanning device. Similarly, a laser ion source being
integrated into a single complex must be controllable by the
systems ensuring the correspondence of laser parameters to
the therapeutic plan, including dose monitoring. The
integration, in particular, implies the real-time control of
such ion beam parameters as the energy spectrum, the
number of particles in the beam, and their propagation
direction. In this regard, the laser ion accelerator has great
advantages that should be fully realized. Therefore, the
situation considered in many articles, when the laser
accelerator is inserted into an existing therapeutic system,
only replacing a medical cyclotron or synchrotron, is
obviously far from being optimal.

We note here that the process of scanning by an ion beam
can be easily realized by tilting the target or by changing the
angle of laser beam incidence with respect to the target. In this
case, the direction of the accelerated ion beam deflects from
the target normal due to relativistic effects, as determined by a
regular dependence (see a detailed discussion of this issue in
Refs [244, 261, 262)).

As noted above, the main advantage of laser particle
accelerators stems from the fact that the accelerating
electromagnetic field generated in laser plasmas is many
orders of magnitude greater than that in conventional
accelerators. For this reason, it is natural to use this strong
electromagnetic field for controling the ion beam parameters
by virtue of targets of a special form.

The area of potential applications of laser accelerators of
high-energy ions is not confined to hadron therapy. As in the
case of conventional accelerators, it is necessary to bear in
mind the above-mentioned problems of space medicine [23]
and the application of ion beams to the treatment of
nononcological diseases [263], including radiosurgery [264].
In regard to the latter, it is worth paying attention to the
prospect of the development of a highly efficient ultrahigh-
power laser source of gamma-rays [265-267].

Since the development of high-power laser technology
requires significant investments, there is a selection of
objectives and areas based on the criteria of their feasibility
and the demands for them. Certainly, this also concerns laser
medical accelerators. Nevertheless, the expected social benefit
of laser accelerator implementation in cancer therapy is so
great that practically all scientific groups working on the
development of laser methods of charged particle acceleration
formulate in their research programs ion acceleration for
hadron therapy as one of the central goals.
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