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Laser plasma ion acceleration is an emerging area of research. The ions accelerated
from laser plasma interactions are characterized by unique properties like high spatial
quality and picoseconds time duration which makes them interesting for applications
like proton radiography, cancer therapy, inertial confinement fusion, etc. There is a lot
of interest in this area of research as the laser plasma ion accelerators can replace the
conventional accelerators. A lot of studies has been already conducted in this area. This
review discusses about the development in the field of laser plasma ion acceleration.
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I. INTRODUCTION

Particle accelerators are one of the most powerful in-
struments of scientific discovery. It uses electric and mag-
netic fields to accelerate charged particles like, electrons,
ions, positrons, etc. The accelerators have a lot of ap-
plication in our daily life like in cancer therapy, imaging,
lithography, etc and also in science for the study struc-
ture of sub atomic particles, di↵erent models predicting
the beginning of the universe, material science, etc. The
conventional accelerators can be linear (like Stanford Lin-
ear Accelerator - SLAC ) or circular (like Large Hadron

Collider (LHC) in CERN) in shape. Usually these accel-
erators are large in size. The linear accelerator, SLAC
is 3.2 km long and it can accelerate charged particles to
maxiumum energy of 50 GeV and the circular accelera-
tor, LHC is having a circumference of 27 km and it can
accelerate charged particles to a maximum energy of few
TeV’s.
The acceleration of ions is important for many appli-

cations. In medicine, for instance, the use of high en-
ergy protons for tumour treatments have advantages over
other charged particles such as electrons. Unlike other
charged particles, ions deliver most of its energy at the
end of it path (U. Amaldi et al., 2005). So it becomes
important to use accelerated ions in case of applications
where we require the deposition of energy at specific lo-
cations inside matter.
One of the problems with conventional accelerators is

their large size which makes it costly to maintain and
shield. It also limits the portability of the accelerators.
More over for further increasing the energy of the accel-
erators we have to increase the size of the accelerators.
This in turn increases problems associated with it (Hof-
mann et al., 2011).
The ions can be accelerated to very high energies in

short distances using laser plasma ion accelerators. Here
the accelerating gradients are thousand times higher than
that of the conventional accelerators and the ions pro-
duced by in this accelerators are better than conventional
accelerators in the sense that their time duration is in
pisocseocnds compared to the nano second time dura-
tion of the ions from the conventional accelerators. The
experiments on laser plasma ion acceleration started in
the 1960’s itself (Linlor , 1963; Isenor , 1964) and the
results improved as more powerful lasers were invented
(Gitomer et al., 1986). In the year 2000, few experiments
(Maksimchuk et al., 2000; Snavely et al., 2000) showed
emission of multi MeV protons from solid targets.
This review discusses about laser plasma ion acceler-
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FIG. 1 An artists view of ion emission from laser-irradiated
solid target. From (Macchi et al., 2013)

ation II, di↵erent mechanisms proposed for ion accelera-
tion III, ion diagnostics IV and its applications V.

II. LASER PLASMA ION ACCELERATION

The acceleration of ions in laser plasma accelerators
is done by irradiating a plasma with high energy intense
lasers. A general description in this case is as follows, the
strong electric fields from the laser pulse that irradiates
the plasma displaces large number of electrons creating a
strong electric field and this field causes the acceleration
of the ions until charge neutrality is achieved.

In this review we refer to the ion acceleration which
happens in solid targets where the electron density (ne) is
higher than the critical density (nc). The critical density
is given by

nc =
me!2

4⇡e2
(1)

where me is the electron mass. For ne = nc, ! = !p,
where ! is the laser frequency and !p is the plasma fre-
quency.

The laser can penetrate the target only when ne <=
nc. So in case of the solid targets (with few microns of
thickness) with ne > nc, the laser cannot penetrate inside
the target. In most of the cases the solid target is treated
with a pre-pulse so that a plasma is already formed on
the surface of the target. The energy delivered by the
laser is absorbed by the plasma and then this energy
is transported across the target which further accelerates
the ions. An artistic view of ion emission from interaction
of laser with a solid target is shown in FIG. 1.

The ion acceleration from laser plasma is also stud-
ied using di↵erent numerical methods. One of the most
widely accepted method is particle in cell (PIC) method
which uses the approach of kinetic simulation of plas-
mas. The PIC method provides a solution to Klimon-
tovich equations to describe laser plasma interactions.

FIG. 2 A sketch of di↵erent Ion acceleration Mechanisms.
From (Macchi et al., 2013)

The PIC method is appropriate to describe collisionless
laser-plasma interaction dynamics, although models are
available which includes collisions (Fiuza et al., 2011).
The resolution of the PIC simulation required for the
study of high power laser interactions at solid density is
a very high and hence it is a very demanding task (Mac-
chi et al., 2013).

III. ION ACCELERATION MECHANISMS

There are di↵erent mechanisms proposed for the laser
plasma ion acceleration. Some of the mechanisms are
proposed to justify the experimental results and some
of them are proposed by theoretical study and numer-
ical modelling. The di↵erent mechanisms proposed for
ion acceleration are Target Normal Sheath Acceleration
(TNSA) (III.A), Radiation pressure acceleration (RPA)
(III.B), Collisionless shock acceleration (CSA) (III.C),
Transperarency regime : Breakout Afterburner (BOA)
(III.D), Resistively enhanced acceleration (III.E). The
FIG. 2 shows a sketch of di↵erent ion acceleration mech-
anisms. The di↵erent mechanisms are briefly discussed
in this section.

A. Target Normal Sheath Acceleration (TNSA)

The high intense laser irradiation on the solid target
generates hot electrons on the front side of the solid tar-
get. Here the hot electrons refers to relativistic electrons
having energy in the order of cycle average oscillation en-
ergy in the electric field of laser in vacuum. These hot
electrons penetrates through the target and reaches its
rear side. As these hot electrons tries to escape from
the solid target to the vacuum, this creates a cloud of
relativistic electrons extending out of the target by few
Debye lengths and this in turn results charge unbalance
which generates an intense electric field normal to the
rear surface. This electric field acts like a sheath hold-
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ing the electrons from escaping into the vacuum and it
ionizes the atoms at the rear surface and starts to acceler-
ate these ions perpendicular to the rear surface until the
charge neutrality is achieved. This mechanism is referred
to as Target Normal Sheath Acceleration (TNSA) (Wilks
et al., 2001). The ions are accelerated perpendicular to
the surface with high beam collimation. The ion acceler-
ation at the rear depends on the electric field generated
which in turn depends on the hot electron distribution
and the rear surface. It has been already shown in dif-
ferent experiments that a fraction of the hot electrons
that are generated during the laser plasma interaction
penetrates through the solid target and leads the gener-
ation of hot electrons drives the proton and other heavy
ion acceleration (Maksimchuk et al., 2000; Snavely et al.,
2000).

The ions accelerated from the rear surface of the target
are mainly from the contaminants on the rear surface
and this contamination can be hydrocarbons or from the
moisture in the experimental set-up. In this mechanism,
the e�ciency of acceleration of ions from the target bulk
is much less than that from the rear surface of the target
(Allen et al., 2004).

Protons are more accelerated in this mechanism as
compared to other ions because the protons are having
the highest charge to mass ratio and it can be present
on the rear side as surface impurity (in metallic targets)
or as constituents in plastic targets. The other heavy
ions can also be accelerated if the number of protons is
not high enough to balance the hot electrons or if we
remove the impurity protons prior to the interaction by
preheating the target (Hegelich et al., 2002).

The TNSA mechanism is supported by experiment re-
sults (Mackinnon et al., 2001; Snavely et al., 2000) and
it is a reference framework for interpreting the emission
of multi-MeV protons from targets rear side.

The advantages of protons or ions accelerated by this
mechanism are ultra-low transverse emittance, ultra-
short duration i.e, in the range of picoseconds and they
are bright with 1011 - 1013 protons per shot (Borghesi
, 2014). Its disadvantages are high divergence and broad
spectrum.

B. Radiation Pressure Acceleration (RPA)

The force exerted by electromagnetic radiation on any
target is called radiation pressure. In the radiation pres-
sure acceleration (RPA), the momentum carried by the
laser is transferred on to the plasma formed on the front
surface of the solid target. The radiation pressure is re-
lated to the Ponderomotive force and it acts like a force
piston pushing the electrons and ions through the target.
The laser energy is transferred to the ions which are then
accelerated in the forward direction, i.e, in the direction
of the laser. Here the target ions are accelerated rather

than the acceleration of ions from the contaminants in
the TNSA mechanism (see section III.A).

The RPA acceleration can be described in two regimes.
One is using thick target, referred as hole boring regime
and the other is using thin targets, referred as light sail
regime.

In the hole boring regime, the radiation pressure from
the laser pushes the surface of plasma formed on an over-
dense target (thick) inward, creating a parabolic density
profile. The laser penetrates deep inside the target and
this process is called hole boring. The ions are acceler-
ated from with in the target by the radiation pressure
exerted by the laser (Sentoku et al., 2003).

In the light sail regime, the laser pulse compresses the
thin film target into a plasma slab and then pushes it to
the rear side and then it is driven forward in vacuum by
the radiation pressure (Borghesi , 2014). The ions gets
accelerated before the laser pulse passes and they reach
higher energies as there is no intermediate plasma region
like in the thick targets.

C. Collisionless Shock Acceleration

Collisionless shock acceleration (CSA) mechanism was
first explored through PIC simulations(Silva et al., 2004).
In the simulation, when thin targets were irradiated with
high intense lasers, formation of electrostatic shock was
observed and these electrostatic shock waves travel with
high velocity (2 to 3 times the local sound speed) in-
side the target. The acceleration of ions starts when the
ions present inside the bulk are reflected from the shock
wavefront with high velocities.

The ions accelerated by CSA mechanism may be fur-
ther accelerated by the sheath field created in the TNSA
(III.A) and this generates more energetic protons.

D. Transparency Regime: Breakout Afterburner

This mechanism is proposed to explain the ion accel-
eration from ultrathin foils (experiments are done with
DLC - diamond like carbon foils) used as targets. On
irradiating these thin foils with high intense lasers, it
quickly heats and the expands and its density becomes
less than the critical density and becomes transparent to
the laser pulse during its short time of interaction. In
the transparency regime the volumetric heating of the
electrons in the foil occurs and this enhances the field
for accelerating the ions. The regime is also referred as
breakout afterburner. In this regime, the nonlinear pro-
cesses kick in and it leads to the growth of instabilities
which enhance the ion acceleration (Borghesi , 2014).
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E. Resistively Enhanced Acceleration

In this mechanism the acceleration of ions is dominant
in the front side of the target. The acceleration depends
on the resistivity of the target. Here, the laser irradiation
on the target causes the movement of electrons. This
results in a return current which is high for materials
with low resistivity since it reduces the penetration of hot
electrons through the target and favours the acceleration
of ions in the front and inside of the target (Macchi et al.,
2013). This method was first investigated theoretically
(Gibbon , 2005) and later on experimentally reported in
case of solid plastic targets (Lee et al., 2011).

IV. ION DIAGNOSTICS

The ions generated by laser plasma ion accelerator are
characterized by specific properties like broad spectrum,
high flux and significant divergence. Hence conventional
methods for diagnosing ions are either modified or new
methods were invented to diagnose these ions. Some of
the methods of ion diagnosis are described in this section.

A. Ion Flux Measurement

One of the most widely used detector for ion flux mea-
surement is Radiochromic film (RCF) (Macchi et al.,
2013). RCF is used in the early works of laser plasma
ion acceleration (Snavely et al., 2000) mainly because
of its simplicity and its high dynamic range. This film
is also used in x-ray dosimetry. RCF basically consists
of microcryastalline monomeric dispersion covered in a
clear plastic substrate. Once the RCF interacts with the
ion beam, the polymerization of the active material takes
place and the nearly transparent film changes its colour
to blue. The optical density of the RCF can be converted
to energy of the ions by calibrating the RCF using ac-
curately measured ion doses (usually using conventional
accelerators) (Bolton et al., 2014). Usually RCF is used
in stack arrangement and each layer in the stack acts as
a filter to the next one. The signal in each layer is due
to the ions having energy greater than the Bragg peak
energy of ions for the corresponding layer.

B. Spectral Diagnostics

The spectral analysis of multicomponent ion beams is
done using Thomson parabola spectrometer. It simul-
taneously gives the distribution of accelerated ions as a
function of their energy, momentum, and charge-to-mass
ratio (Bolton et al., 2014). A schematic of Thomson
parabola spectrometer set up for detection ion emitted
from laser plasma interaction is shown in FIG. 3. In this
spectrometer the ions are first spatially selected using a

FIG. 3 Schematic of a Thomson parabola spectrometer set
up and a typical example of ion traces from it. From (Macchi
et al., 2013)

pin hole and then parallel electric and magnetic fields
deflects ions of di↵erent charge to mass ratio in charac-
teristic parabolic traces and this traces can be detected
in the image plane. The ions with same charge to mass
ratio will have the same parabolic trace and the position
of particles in the trace depends on their energy with
higher energy particle near to the zero point (see FIG.
3) through which the neutral particles (which are not
deflected) passes.
The spectral diagnostics can also be done using mag-

netic spectrometer (Chen et al., 2008). In this method
the emitted ions are spatially selected using a pinhole and
then are deflected using a magnetic field which spatially
separates the ions according to their energy.

C. Diagnostics Using Nuclear Activation

In this method, the ions emitted from laser plasma
ion accelerator interacts with secondary target and this
targets under goes nuclear reactions and emits radiations
which can be used to diagnose the property of ions. This
gives information regarding the absolute particle number
with linear response. One of the secondary targets used
is copper stacks and uses the reaction 63Cu(p, n)63Zn
(Bolton et al., 2014).

D. Time of Flight (TOF) Method

A method for online beam monitoring is time of flight
(TOF) method. In this method the emitted ions are al-
lowed to propagate over a finite distance and then de-
tected using scintillating plates coupled to photomulti-
plier tubes or semiconductor detectors. This method is
limited by the energy rage over which it can be applied.

V. APPLICATIONS

A. Proton Radiography

The quasi monochromatic proton beam from conven-
tional accelerators were used for di↵erent applications
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FIG. 4 A sketch of the experimental set up for proton prob-
ing of the expanding sheath at the rear surface of a laser-
irradiated target. From (Romagnani et al., 2005)

like detecting areal density variations, tool for weapon
testing (King et al., 1999), field measurements in plas-
mas. The high cost of maintenance and di�culty in cou-
pling the externally produced proton beams makes it dif-
ficult to use the ion pulses produced from conventional
accelerators.

The laser plasma ion accelerators generates protons
with good spatial quality and temporal duration which
can be used for radiography. The protons from laser
plasma interactions can be used as a source of proton
imaging (Borghesi et al., 2004). The back-lighting with
these protons gives high spatial resolution of few µm.

The proton radiography can also be used to determine
density in case of ICF (Mackinnon et al., 2006). The
The density at the core in ICF is studied by irradiating
empty CH shells with protons beams and the density at
di↵erent stages of compression were obtained.

Proton probing with laser plasma accelerated protons
has applications in exploring many plasma phenomenons
like diagnose transient fields and density perturbations
in laser produced plasmas (Mackinnon et al., 2004). The
proton beams are also used in studying the rear side of
the target irradiated with high intense laser (see FIG.
4) (Romagnani et al., 2005). The proton probe beam
technique allows the spatial and temporal mapping of
the fields associated with the TNSA acceleration mecha-
nisms.

The laser plasma accelerated protons probing has
also been applied in the study of nonlinear phenomena
in high-intensity laser-plasma interactions, such as ion
acoustic solitons, collisionless shock waves (Romagnani
et al., 2008), phase space electron holes (Sarri et al.,
2010), etc.

B. Production of Warm Dense Matter

The creation of warm dense matter (WDM) is possible
using the laser plasma accelerated protons. These accel-
erated protons isochorically heat the solid density matter
to reach a density at 1 - 10 times the solid density. The

creation and study of warm dense matter is important in
the case of geophysical and planetary studies.
The WDM can be generated in di↵erent ways like x-ray

heating, shock compression. To study the fundamental
properties of WDM like equation of the state, it is better
to have a large volume of uniformly heated material and
this can be achieved by the ion beams which can deliver
maximum energy into the material (Macchi et al., 2013).
The heating of the solid density target can be done

using conventional accelerator or electrical pulsed ion
sources. In these methods the duration of the ion beams
to heat the target is in nano seconds and by the time
the target is heated to WDM state, the material under-
goes significant hydrodynamic expansion. But when we
use the laser plasma accelerated protons, the beams are
emitted in picosecond bursts and these beams heat the
material uniformly to reach the WDM state before signif-
icant hydrodynamic expansion begins and the properties
of the WDM state can be studied with in this time win-
dow (Macchi et al., 2013).
In 2003, the creation of WDM state using laser plasma

accelerated proton beams was experimentally demon-
strated using aluminium foils as the targets (Patel et al.,
2003). In this experiment the first aluminium foil was
irradiated with laser and this produced a burst of pro-
tons which is used to heat a secondary aluminium foil to
create the WDM. This method was later used to study
the properties of WDM.

C. Fast Ignition of Fusion Targets

The conventional method of inertial confinement fu-
sion (ICF) (Atzeni and Meyer-ter-Vehn, 2004) driven by
lasers relies on imploding a fuel pellet (D-T pellet) by
high intense lasers. The shock waves generated by the
lasers results in ignition. This approach is limited be-
cause it needs high symmetry it is a↵ected by hydrody-
namic instabilities.
The fast ignition concept (Key et al., 2007) was devel-

oped to overcome the problems of conventional method.
In fast ignition method the ignition is driven by a exter-
nal trigger which creates a central hotspot in time shorter
than the fuel disassembly time. This method reduces the
constraints of symmetry required and needs less energy
as compared to conventional method.
The fast ignition at first was proposed using laser

plasma electron acceleration (Tabak et al., 1994). But
the energy deposition to the center of the fusion target
using electron beams and its focussing was a problematic.
After observing high energetic protons or ions from

laser plasma interaction (Snavely et al., 2000), the use of
laser plasma accelerated proton or ion beams for fast igni-
tion was proposed (Roth et al., 2001). The use of protons
or ions are a better choice over electrons because it has
better e�ciency in localized energy deposition. Simula-
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FIG. 5 Sketch of an experimental setup for integrated
dosimetry and cell irradiation system by laser-accelerated pro-
tons. From (Kraft et al., 2010)

tions were done with protons generated from the TNSA
mechanism for fast ignition (B.M. Hegelich et al., 2011).
Studies were also done with laser plasma accelerated light
ion for fast ignition (Honrubia et al., 2009). The target
designs were also studied for better energy deposition at
the core of the target. The ion generation using RPA
mechanism (hole boring regime) was also proposed for
fast ignition (N. Naumova et al., 2009).

D. Biomedical Applications

The use of ion beams for cancer therapy has shown
to be e↵ective in clinical studies. The protons and light
ions (especially biologically more e↵ective carbons) has
been used currently from conventional accelerators (syn-
chrotron) and they have been proven to be reliable under
hospital conditions (Hofmann et al., 2011). The disad-
vantage of using conventional accelerators is, their large
size, shielding requirements, transport of ions and high
maintenance cost.

The laser plasma accelerated ions is proposed to be
a economical alternative for conventional synchrotron
based ion beams for cancer therapy. It has the ad-
vantages of small size and less complicated irradiation
schemes compared to conventional accelerators. Laser
plasma ion accelerators can either be used as direct ion
source or it can also be used as a high quality injector
for radio frequency (rf) accelerator. In the later case the
acceleration can take place in the treatment room itself
and it greatly reduces the problems with ion beam trans-
port and delivery. The FIG. 5 shows a sketch of proposed
experimental set up for integrated dosimetry and cell ir-
radiation by using laser plasma ion accelerators.

There are a lot of challenges for realizing the laser
plasma ion accelerator for cancer therapy. The current
achievements in this area are far from what is required
for using it for cancer therapy. There is a big gap be-
tween laboratory experiments and the real clinical use.

There should be tremendous improvement in ion collec-
tion, angular and energy selection, energy and intensity
reproducibility, operational reliability, and flexibility of
use.

The laser driven ions can interact with low Z elements
to produce short lived positron emitting isotopes which
can be used for positron emission tomography (PET) or
neutrons which can be used in like boron neutron capture
therapy for cancer (Macchi et al., 2013).

E. Nuclear and Particle Physics

The ions accelerated by laser plasma interactions can
also be used in studying nuclear and particle physics by
irradiating the ion beams on secondary targets. This also
gives a way to characterize the ion beam (see IV.C). The
fast heavy ion beams generated from laser plasma accel-
erators can activate atoms in the given sample result-
ing in a complex nuclei which decay by emitting protons,
neutrons and alpha particles.The laser driven protons are
also used to study the nuclear reaction in Cu (Hannachi
et al., 2007). The advantage of using laser plasma ac-
celerated ion for nuclear studies is that you do not need
a nuclear reactor or a conventional accelerator for these
studies which makes it more convenient and cost e↵ec-
tive.

The nuclear reactions driven by laser plasma acceler-
ated ions are also a source of neutrons. The neutrons
produced has application in cancer therapy, neutron ra-
diography, radiation damage of materials, and transmu-
tation of nuclear waste. The laser driven neutron source
is cost e↵ective, compact, bright, and is of short duration
(Macchi et al., 2013).

VI. CONCLUSION AND DISCUSSIONS

This review discussed briefly about the laser plasma
ion acceleration, di↵erent acceleration mechanisms pro-
posed, ion diagnostics and applications. The proposed
ion acceleration mechanisms included are target normal
sheath acceleration (TNSA), radiation pressure accelera-
tion (RPA), collisionless shock acceleration (CSA), trans-
parency regime: breakout afterburner (BOA) and resis-
tively enhanced acceleration.

The current developments in ion acceleration using
laser plasma are not enough for the proposed applica-
tions. The thorough modelling of di↵erent ion accelera-
tion mechanisms needs to be done . Better experimental
techniques for ion acceleration should be developed. We
have to find ways to e↵ectively increase the energy of
accelerated ions.
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