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Laser acceleration of ions: recent results
and prospects for applications

V Yu Bychenkov, A V Brantov,
E A Govras, V F Kovalev

Abstract. We present a brief review of recent theoretical and
numerical simulation results on the acceleration of ions from
various targets irradiated by high-power femtosecond laser
pulses. The results include: the optimization of the laser—plas-
ma acceleration of ions over the thickness of a solid target; a new
dependence of the energy of accelerated protons from a semi-
transparent foil on the incident pulse energy; a theoretical model
of plasma layer expansion in the vacuum for a fixed temperature
of heated electrons, describing arbitrary regimes of particle
acceleration, from the quasineutral flow of a plasma to Cou-
lomb explosion; analytic theories of the relativistic Coulomb
explosion of a spherical microtarget and the radial ponderomo-
tive acceleration of ions from a laser channel in a transparent
plasma; and calculations optimizing the production of isotopes
for medicine using next-generation lasers.
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1. Introduction

Laser methods for accelerating charged particles to high
energies became dominant in the high-energy-density laser
physics immediately after the advent of multiterawatt
femtosecond and subpicosecond lasers at the end of the 20th
century. While the energy of laser-accelerated electrons has
been continuously increasing in recent years and changed
from a few MeV to a few GeV in a decade, quite a different
situation is observed for ions (mainly protons), whose energy
has not exceeded 70 MeV per nucleon according to the
literature [1]. At first glance, it is difficult to speak about any
considerable progress in laser-induced acceleration of heavy
particles, because one of the first results, ¢ ~ 58 MeV [2],
obtained for accelerated protons fifteen years ago, is formally
close to modern achievements [1]. However, taking into
account that the result in [2] was obtained for a 400 J pulse,
while that in [1] was for a 80 J pulse, the progress is obvious,
although not so impressive as for the laser acceleration of
electrons.

Unlike laser energy conversion to acceleration of elec-
trons, laser energy conversion to acceleration of ions first
involves the electron energy conversion to the quasi-static
energy of the field and then the transformation of the latter
into the ion energy. Obviously, such a longer laser energy
transformation chain (laser—electrons—field—ions) is not very
efficient, and producing ion beams with the maximum energy
and the maximum number of particles requires the appro-
priate optimization. An important stage in the search for
ways to increase the ion acceleration efficiency was the
discovery of the increase in the maximum energy of ions
upon decreasing the target thickness, which was distinctly
observed in experiments with laser pulses having a high
intensity contrast [3-6]. This allowed avoiding premature
damage of the target before the main pulse arrived. True,
the required preservation of an ultrathin target has not
been achieved so far, because the pulse intensity contrast is
still insufficient, even if increased by many orders of
magnitude over that achieved previously using a double
plasma mirror [7]. Nevertheless, the radical improvement in
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the pulse quality has already provided a quite accurate
determination of the required target thicknesses for multi-
joule femtosecond laser pulses and has given a promising
result on the generation of 21 MeV protons by a 3 J laser pulse
with an energy a few orders of magnitude lower than that of
record laser pulses used for ion acceleration.

Thin targets allow the heating and acceleration of
electrons in a focal spot over the entire thickness of a foil.
Electrons escaping from this volume of the target release the
Coulomb energy of the volume, which is spent to accelerate
ions. This energy is maximal for the target thickness
determined by the balance of the Coulomb and laser fields,
Ec = Ej,, because otherwise either the laser field is too weak
to remove electrons from the foil or the number of electrons is
too small because the foil thickness / is not large enough,
which follows from the relation Ec o /. This condition gives
[ = lopy & ag(4/m) ne /e, Where ne is the electron density in the
plasma, n. = m,/(4ne’w?) is the critical plasma density, and
ao = 0.85{I[Wem~2] (/[um])* 10-8}'/> is the standard
dimensionless laser field amplitude with the wavelength A. It
is easy to verify that this condition determines the relativistic
transparency threshold for plasma [§8], which ensures the
presence of the laser field everywhere inside the target and
its semitransparency. Because electrons are mainly ejected to
the rear of the target, the ion acceleration should be treated as
a directional Coulomb explosion [11]. Obviously, the optimal
target thickness /o, presented above, determined from
qualitative considerations, should be quantitatively refined,
as is done in the case of a simplified two-dimensional
numerical particle-in-cell (PIC) model [9]. In this paper, we
present the results of such studies based on three-dimensional
PIC simulations and also consider the corresponding simpli-
fied model describing the dependence of the maximum ion
energy on the laser and plasma target parameters [10].

Most of the current studies on the acceleration of ions
by femtosecond and subpicosecond laser pulses assume the
use of thin planar solid targets (foils), which are the simplest
to construct (as compared, for example, with a complex
target [1]) and permit a rather simple optimization with
respect to the specified laser pulse parameters. The laser
acceleration of ions from such targets (primarily protons
and deuterons) has attracted considerable interest because
ion beams are promising for applications in controlled
nuclear fusion [12, 13], nuclear physics [14], radiography [15,
16], nuclear pharmacology [17, 18], and hadron and neutron
therapy [19, 20]. With two examples in Section 4, we
demonstrate the possibilities of the optimal scheme for laser
production of medical isotopes by using thin solid targets
irradiated by a new-generation laser, which was discussed
within the ICAN (International Coherent Amplification
Network) project [21].

Of course, modern three-dimensional kinetic codes allow
simulating the acceleration of particles during the interaction
of short laser pulses with various targets. However, because
numerical calculations consume a great amount of resources
and contain multiparametric dependences, they must be
verified by theoretical models. The scarcity of such models
in high-energy physics restrains the development of new
optimal schemes for laser acceleration of ions. The aim of
such theoretical models, even if they are rather simplified, is to
reveal characteristic dependences of the acceleration of
particles on the target parameters and to outline the region
of these parameters providing the best quality of the beam, as
well as to propose new acceleration schemes and to estimate

possible effects for next-generation laser schemes. In this
connection, we include analytic theories of ion acceleration
from a gas plasma and a cluster in this review.

2. Optimization of a laser—plasma source
of high-energy ions

The search for optimal targets for different laser acceleration
regimes of ions is a key problem [22]. The interaction of high-
power short laser pulses with matter is a complex nonlinear
process. We simulate this process using the three-dimensional
completely relativistic Mandor code [23] for solving the
system of Maxwell-Vlasov equations by the PIC method.

2.1 Numerical simulation

To determine the optimal thickness of a solid foil target, we
perform a series of three-dimensional calculations of proton
acceleration by ultrashort 30 fs laser pulses focused onto a
spot with the diameter d = 44 measured at the laser beam
intensity half-width. Without losing the generality of the
results obtained, we assume that the laser wavelength is
A =1 pum. The maximum laser radiation intensity / on the
target ranges from 5 x 10'® to 5 x 10*> W cm~2, correspond-
ing to a change in the laser pulse energy from 0.03 to 300 J.

To analyze the influence of the focal spot diameter d on
proton acceleration, we performed calculations for a tightly
focused laser beam near the diffraction limit (d = 2 pm). Such
a focusing is described with the help of exact electromagnetic
fields corresponding to focusing with a parabolic mirror. For
larger spots, Gaussian beams are used. A laser pulse is
focused on the front side of thin plasma (CH,) targets
consisting of electrons, protons, and completely ionized
carbon atoms (C®"). The electron density in the target is
200 n., corresponding to the solid mass density of CH, equal
to 1.1 g cm™3. For each level of laser radiation intensity, the
target thickness is varied near the predicted theoretical
optimal value /op in the range from 3 nm to 1 pm.

As mentioned above, the maximum proton energy as a
function of the target thickness and laser energy obtained
from simulations (Fig. 1) shows the existence of an optimal
target thickness. The optimal target thickness linearly
increases with increasing the laser field amplitude, /[, =
0.5agne/n., where the numerical coefficient 0.5, almost
independent of the focal spot size, is somewhat larger than
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Figure 1. Dependence of the maximum proton energy ¢ on the target
thickness / and the laser energy £y for d = 4 pm.
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Figure 2. Dependences of the maximum proton energy on the laser energy
for the optimal target thickness and d = 4 um (dark dots) and d =2 pm
(light dots). The solid and dashed straight lines correspond to scalings
e[MeV] = 22 (E. [1])* and & [MeV] = 45 (E [1))" [9].

the predicted theoretical value 1/ [8]. A target with the
optimal thickness is partially transparent to laser light, and
hence the electrons in the focal volume are heated virtually
uniformly and are ejected from plasma forward, producing a
strong charge-separating field [24]. The ions are accelerated in
this field as in a directional Coulomb explosion [11]. Upon
removing a large number of electrons from the focal region,
the laser pulse can penetrate still deeper, and because laser
pulses can efficiently heat thick targets, the obtained optimal
thickness somewhat exceeds its theoretical value.

Figure 2 shows the dependence of the maximum proton
energy on the laser pulse energy. The simulation results are
well approximated by the power scaling as emax oc Ef-7, which
differs from the root dependence proposed earlier [9]. For the
specified laser pulse energy, the tighter focusing leads to an
increase in the maximum energy of protons. The number of
fast particles increases with increasing the laser energy.

To clarify the nature of the obtained proton energy
scaling, we analyze the absorption of laser light in semi-
transparent targets. We define the absorption coefficient 4 as
the ratio of the total kinetic energy of all particles to the initial
laser energy. For our parameters, the energy absorption
coefficient of targets with the optimal thickness for 30 fs
pulses increases with the laser energy from 10% for a 0.03 J
laser to 30% for a 30 J laser and is determined by the relation
A= 0.15EL’?, where f§ ~ 0.2. Because the energy of acceler-
ated ions is proportional to the characteristic electron energy,
which in turn increases as a function of the absorbed laser
energy, the dependence of ¢ on Ep becomes stronger than the
dependence &,y E‘L)'5 corresponding to the usual ponder-
omotive scaling [28] that neglects the increase in the absorp-
tion coefficient upon optimization of the target thickness.

2.2 Theoretical model

In this section, we show how a simple semianalytic theory can
qualitatively describe the results of complicated simulations
for determining the maximum possible energy of accelerated
ions from thin planar targets. We assume that the plasma has
a thickness /along the x axis. The transverse size of the plasma
is restricted by the laser focal spot nd? /4. For simplicity, we
consider plasma with ions of one species, which are initially at
rest in the region —//2 < x < I/2. During the subsequent
motion of ions, plasma electrons, remaining in equilibrium
with the electrostatic field, are described by the Boltzmann
distribution with the effective temperature Te: ne(x,t) =
nep exp (e ¢(x, 1)/ Te), where ne is the initial electron density

at the foil center. The electron temperature depends on the
laser intensity and can also depend on time due to the
adiabatic cooling of electrons after the laser pulse is switched
off. The plasma expansion for ¢ > 0 is symmetric with respect
to the x = 0 plane. At small distances x; < d, where x¢(7) is the
ion front position, three-dimensional effects are insignificant
because of the finite transverse size of the plasma, and the
plasma expansion can be considered one-dimensional. The
motion of plasma ions in this case is described by the system
of equations

@" =4n(enc(x,t) — Zeni(x,1)),

. )
MX = —Ze —- 0)=0 1
f=-Zeg -, %(0)=0, (1)
X(O)—X07 ngogév

-1
m(x,z)—noa—"o

We introduce dimensionless variables such that the spatial
coordinate x is measured in units of //2, time 7 is normalized
to 1 /wyi, densities n; and 7, are normalized to ny, and energies
ZT, and Ze are expressed in units of 41t (Ze)? ng (1/2)*. The
density 7, which is determined by the initial ion density n
and the ion charge Z, depends on the initial temperature
approximately as ne = Zno(1 +2 Teo)fl [25]. At present,
analytic solutions of system (1) are found only in the case
Ape < I, 1.e., for a quasilinear plasma expansion, T, — 0, [26]
and in the case of Coulomb explosion Ape > [, T. — oo [27].
For a quasilinear expansion, n; &~ n. and the electric field on
the ion front has the form E; = 2(T.)"?/(2e + 1%)"/* [26],
where e=2.71828.... In the opposite limit (Coulomb
explosion), n; = 1/x¢(¢) and E; = 1[27].

To obtain an approximate solution of system (1) for an
arbitrary ratio Ape// avoiding the time-consuming self-
consistent calculation of the ion density, we found an
interpolation relation for n;(x, ) that is valid at arbitrary
temperatures Te. It follows from the Poisson equation in (1)
that E, = ["(ni(x, 1) —ne(x,7))dx. If we set nj(x,1) =
ne(x, 1)+ E1 /xr, then the relation for E is satisfied automati-
cally, and we obtain the correct limit transitions to the quasi-
neutral expansion and Coulomb explosion regimes. Solving
the Poisson equation in (1) with this ion density, we find an
implicit formula for the function Ej(x¢):

xr Ej xrE; Xtk
2T, P ( 27, ) erf(\/ 2Te> (@

where erf(z) = [ exp (—t%)ds. We assume that plasma
electrons are heated by the laser to a characteristic tempera-
ture T, during the laser pulse action time ¢ < 7. After the
laser pulse is switched off, ¢ > 1, the electrons begin to cool
adiabatically, as described in [29]. The time dependence of the
electron temperature in this case can be written in the form

Ot —1)
1+ (1 —1)*/12

(E) =1+

T.(t) = Te |O(t — 1) + (3)

where O(t) is the Heaviside function, and the characteristic
cooling time is defined as ¢, :L/ﬂcs. Here, L is the
characteristic spatial scale of the ion density and ¢ is the ion
sound speed. We choose the characteristic values L = x¢(1)

and ¢, = /Ty.
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When the ion plasma expands over distances xy ~ L) =
1 +d, it is necessary to take the rapid decrease in the
accelerating field into account. Because of the finite volume
occupied by the plasma, the accelerating field decreases
o x 2 for x; > L;. By matching the two asymptotic forms
of the field at the front, E; in (2) for x; < L; and
El(Ll)/(x—L1)2 for x¢ > L, we can propose a smooth
dependence valid for any position x; of the front. In
addition, the laser pulse action introduces an asymmetry
into the plasma expansion because all electrons are acceler-
ated forward from the rear side of the target. We assume that
for this reason the electric field for x > 0 is twice as large as
E) in (2), obtained for the symmetric expansion of a hot
plasma layer into the vacuum. Finally, the electric field at the
ion plasma front at an arbitrary instant can be written in the
form

2E1(xy), xr< Ly,

E(Xf) = 27—1 (4)
{2E1(L1)[1 +(xr—L1)7] ", x> L,

where the time evolution of the electron temperature in
Eqn (2) for E, is determined by expression (3). Solving the
equation of motion from (1) for ions at the expanding plasma
front with the electric field E(xr) igiven by (4), we obtain the
maximum ion energy emax = (Xf)”/2 and its dependence on
the pulse duration, focal spot size, and electron temperature,
which is uniquely related to the laser pulse energy.

The corresponding dependences of the maximum proton
energy on the focal spot diameter and pulse duration for fixed
total laser energies 3 and 30 J are presented in Fig. 3. The
electron temperature T,y was found from the known ponder-
omotive scaling T oc m c2[(1 + (a1)?)"/> — 1] [28], but with
the heating caused by the absorbed energy, and hence a; is not
the vacuum amplitude of the laser field oc Ep o @y but the
amplitude calculated from the absorbed energy, a; = agv/A.
Theoretical results presented in Fig. 3 are consistent with
simulation results, which show (Fig. 2) that for fixed laser
pulse energy and duration, defocusing reduces the ion energy
despite the possibility of increasing the effective acceleration
length. We see from Fig. 3 that the dependence of the final
energy on the pulse duration becomes weaker with increasing
the focal spot size. This is explained by the fact that the spot
diameter determines the characteristic acceleration length L.
If the acceleration time is shorter than the full laser pulse
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Figure 4. Maximum proton energy as a function of the amplitude a; of the
absorbed laser field. Circles correspond to simulation results and curves
are theoretical dependences. The laser parameters are d =2 pm and
T = 30 fs (grey dots and curves), and d = 4 um and © = 30 fs (black dots
and curves).

duration, the electrostatic field energy conversion to the ion
energy is incomplete, because plasma expansion passes to the
three-dimensional regime accompanied by a strong decrease
in accelerating fields. Therefore, there exists an optimal
relation between the pulse duration and the focal spot size:
to achieve the most efficient conversion of laser energy to the
energy of accelerated particles, the pulse duration should not
exceed the characteristic acceleration time of particles
(defined as the plasma expansion time at a distance of the
order of the spot diameter).

The numerically calculated (dots) and analytic (curves)
maximum energies of protons from optimal-thickness targets
are compared in Fig. 4. We can see that the theory correctly
reproduces the dependence of the maximum energy on the
laser intensity. Because we theoretically considered a one-
component hydrogen target, analytic curves in Fig. 4 lie
above the simulation results (up to 30% higher). This is
explained by the fact that carbon ions in a two-component
CH, target are also accelerated, spending a part of the
absorbed laser pulse energy. Nevertheless, the curves in
Fig. 4 demonstrate that at the qualitative level, a simple
theory correctly reproduces the dependence of the proton
energy on laser parameters, having a predictive power for
different parameters of the laser pulse.
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Figure 3. Maximum proton energy as a function of the focal spot diameter d and the pulse duration 7 for a hydrogen foil with the density n. = 200n,, and

the optimal thickness /op;.
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3. Problem of the pulse contrast
and prospects for low-density targets

The efficient acceleration of protons from ultrathin foils with
the optimal thickness can be achieved due to the possibility
of generating laser pulses with a high intensity contrast.
Modern technologies using a double plasma mirror can
provide the pulse intensity contrast up to 10" on the
nanosecond scale. At the same time, even comparatively
weak wings on the picosecond scale can cause damage to the
optimal-thickness target before the main pulse arrives [24,
30]. To estimate the influence of such a prepulse on the
acceleration of ions, we simulate the behavior of a target
irradiated by a laser pulse with wings, which is in fact a
superposition of two Gaussian pulses: a 45 fs pulse with the
peak intensity 7 = 2.25 x 102 W cm~? (the main pulse) and
a 300 fs pulse with 7=15x 10" W cm™? (wings); the
temporal profile of the pulse is presented in the inset in
Fig. 5. The target is a completely ionized plasma layer
consisting of electrons, protons, and C*® carbon ions. The
electron density is 1007, and the target thickness ranges from
20 to 100 nm.

The results of numerical experiments show that the
prepulse can destroy a target with the optimal thickness of
40 nm before the main pulse arrival, resulting in a decrease in
the maximum proton energy from 40 MeV (for a laser with
the ideal contrast) to 30 MeV (Fig. 5), even though the
prepulse additionally contains ~ 20% of the energy. This is
caused by the spreading of the sharp plasma—vacuum inter-
face on the rear side of the target, which reduces the
electrostatic charge-separating field that accelerates the ions.
At the same time, the relatively short prepulse under study
cannot completely destroy a thicker target with a nonoptimal
thickness (100 nm), and its action on such a target only leads
to the appearance of a preplasma with the electron density
lower than or of the order of the critical one, in which the
energy of the main laser pulse is more efficiently transformed
into the energy of hot electrons. In that case, the maximum
proton energy reaches 37 MeV, which exceeds the 19 MeV
obtained upon irradiation of the same 100 nm thick target by
an ideal pulse.

Thus, our simulation shows that the complete destruction
of the target typically leads to a decrease in the ion
acceleration efficiency. At the same time, the appearance of
alow-density plasma at the front of the target provides a more

efficient acceleration of electrons and creates favorable
conditions for the acceleration of ions.

Because modern technologies allow the preparation of
low-density planar targets (aerogels, nanoporous materials)
with the electron densities ranging from a few critical values
to a few dozen critical values [31], the question arises of
whether the use of such targets provides a more efficient
acceleration of ions despite the finite contrast of the laser
pulse. We note that there are already some examples
demonstrating the advantages of using targets with a nearly
critical density [32, 33]. Numerical PIC simulations have
shown that the maximum proton energy can be increased
upon decreasing the density of a hydrogen-containing target
for a linearly polarized laser pulse in a realistic three-
dimensional geometry [34].

The interaction of laser radiation with matter was
simulated for a 30 fs, 3 J laser pulse focused onto a 4 pm
spot on the surface of a completely ionized CH, target with
the electron density varied from the solid-state density, equal
to 200 critical densities, to 10 critical densities. Figure 6 shows
the dependence of the maximum proton density on the
surface density n.//(n.4) of irradiated targets. We can see
that, as before, an optimal density exists for each target, and it
increases as the density decreases. In this case, the total
number of electrons involved in the interaction, determined
by the surface density, remains almost the same for all
optimal target thicknesses. We recall that the optimal
thickness of a target corresponds to a semitransparent
target, which partially reflects and partially transmits a laser
pulse [30]. We can see that the maximum proton energy
increases with decreasing the target density. In this case,
while the decrease in density from 2007, to 20 n. leads only
to a weak increase in the maximum energy from 56 to 60 MeV,
a further decrease in density to 10z, results in an increase in
the proton energy by 30%, i.e., to 73 MeV.

As the target density is decreased, the higher-energy
protons are ejected from the irradiated front surface of the
target. These protons acquire an initial acceleration in the
charge-separating field from electrons removed from the
frontal surface by the ponderomotive force of the leading
edge of a short light pulse and are then additionally
accelerated in the charge-separating field produced by
heated electrons near the rear surface of the target, as occurs
in the standard ion-acceleration mechanism. If protons arrive
at the rear surface of the target simultaneously with reaching
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Figure 5. Dependences of the maximum proton energy on the laser target
thickness irradiated by a 2 J laser pulse with the ideal contrast (grey dots)
and with a complex profile of the picosecond prepulse (shown in the inset)
(black dots).
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Figure 6. Dependences of the maximum proton energy on the dimension-
less surface density n.//(n.A) of the target for 200 n, (black dots), 50 n.
(grey dots), 20 n. (black triangles), and 10 n. (grey triangles).




76 Conferences and symposia

Physics— Uspekhi 58 (1)

the laser pulse maximum on the target, the total acceleration
of protons is the most efficient, which is realized in the case
under study for targets with the density equal to 10 ..

Thus, upon synchronization of the pulse duration with the
optimal target thickness, the two-stage acceleration regime, in
which protons accelerated from the front surface of the target
acquire the maximum energy, is the most efficient.

The possibility of increasing the energy of laser-acceler-
ated protons by 30% by using only low-density targets is, of
course, of practical interest. This is first and foremost
important for using short-pulse high-power lasers to initiate
nuclear reactions [14], because even a small increase in the
energy of accelerated particles can lead to the initiation of new
nuclear reactions because of their threshold nature. The
possibility of using laser pulses for the production of isotopes
in nuclear reactions is discussed in Section 4.

4. Laser-based nuclear pharmacology

One of the promising applications of laser-accelerated ion
beams is their use to initiate nuclear reactions [14]. The
possibility of generating directional neutron beams [35] and
the production of short-lived isotopes [17] required for
nuclear medicine, for example, is being widely discussed. At
present, some radioactive isotopes for medicine are produced
in nuclear reactors. For example, the leading world suppliers
of technetium-99m, the most widely used isotope in nuclear
medicine (up to 80% of all diagnostic procedures) are two
reactors in Canada and the Netherlands, which are planned
for closing in the coming years [36]. In this connection, the
search is underway for new methods for producing this
technetium isotope, notably, using proton beams in cyclo-
trons [37]. The development of modern laser technologies, in
particular, the creation of a laser with a high mean power [21],
will allow the efficient application of laser-accelerated
protons in medicine [18]. Ton beams (usually proton or
deuteron beams) obtained by laser methods can be efficiently
used to produce isotopes for single-photon emission compu-
ter tomography (SPECT) (Tc-99m), for positron-emission
tomography (PET) (for example, the carbon isotope C-11),
and for obtaining neutron beams used in medicine for boron-
capture therapy and fast-neutron therapy, like using beams in
hadron therapy [38].

As in Section 2, the optimal thickness of the target (thin
plastic CH, /CD;, films) is determined to obtain the maximum
number of protons/deuterons to increase the yield of isotopes
and neutrons from the second target irradiated by laser-
accelerated particles. To obtain the optimal parameters of
theion beam, we performed three-dimensional calculations of
the action of a high-power 10 J, 100 fs linearly polarized laser
pulse on ultrathin planar CH; or CD, targets. The chosen
laser parameters correspond to those of a new-generation
10 kHz laser proposed within the ICAN project [21]. We also
performed calculations for 5 J and 1 J laser pulses.

A 1 pm laser pulse was focused onto a 4 um spot on the
front surface of a target. For a 10 J laser, focusing onto 6 pm
and 10 pm spots was also considered, while a 1 J laser pulse
was focused only onto a 2 pm size. The target consisted of
electrons, completely ionized carbon ions, and protons (or
deuterons). The electron density 200n, approximately corre-
sponded to the real density of a completely ionized plastic
target (1.1 gcm™3). By varying the target thickness from 20 nm
to 0.5 pm, we obtained the dependences of the maximum
proton energy and the number of energetic protons on the
target thickness (Fig. 7) for different irradiation conditions
(different focal spot sizes). As shown above, the optimal
interaction regime corresponds to semitransparent targets
with the thickness determined by the initial electron density
and maximum laser intensity. For example, the tight focusing
of a 1 J laser pulse onto a 2 pm spot produces approximately
the same intensity on the target as the focusing of a 5 J laser
pulse onto a 4 pm laser spot, and therefore the optimal target
thickness is the same in both cases.

To initiate nuclear reactions, it is necessary to obtain the
maximum number of protons/deuterons with the energy
exceeding the threshold (for example, above 8§ MeV for the
Mo-100(p, 2n)Tc-99m reaction). In general, the number of
accelerated particles increases with the focal spot size and the
laser pulse intensity. For a fixed laser energy, the radiation
intensity on the target can be increased or decreased by
decreasing or increasing the focal spot size. It follows from
our simulation results that the increase in the radiation
intensity due to tight focusing is advantageous not only for
increasing the maximum ion energy but also for increasing the
number of ions, because thicker films can be used for
acceleration in this case (Fig. 7b). In addition, tightly focused
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Figure 7. (a) Dependences of the maximum proton energy (dots and squares) and deuterons (triangles) accelerated by a laser pulse focused onto a spot
4 um (circles and triangles), 6 pm (small squares), and 10 pm (large squares) in size on the target thickness for laser pulse energies of 10 J (large dots,
squares, triangles), 5 J (medium-size dots), and 1 J (small dots). (b) Spectra of protons accelerated from targets with the optimal thickness irradiated by a
10 J laser pulse focused to a 4 pm spot (black solid curve), 6 um spot (grey solid curve), and 10 pm spot (grey dashed curve), and a 5 J pulse focused to a

4 um spot (black dashed curve).
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laser pulses can produce approximately the same number of
energetic particles as that produced by higher-power laser
pulses focused onto a larger spot (cf. grey and black dashed
curves in Fig. 7b).

Thus, by irradiating an optimal-thickness thin foil by a
laser pulse, we can increase both the energy and number of
accelerated protons. The laser-accelerated proton beam has a
small angular spread (<10°) and a broad energy spectrum
with the maximum energy 50-70 MeV for a 10 J laser pulse.
The number of accelerated protons with the energy exceeding
8 MeV is about 10! per pulse.

Laser initiation of nuclear reactions involves the accelera-
tion of ions (protons/deuterons) from a target irradiated by a
laser pulse, followed by their interaction with a second
nuclear target located behind. If we know the PIC-simulated
spectrum of accelerated protons/deuterons, the reaction cross
sections and energy losses during the propagation of particles
through the target [40], and the decay constants of produced
isotopes, the isotope yield can be estimated, for example,
using the overlap integral [39]. The maximum yield of nuclear
reaction products is analyzed below in the two examples of
isotopes produced for medical applications (SPECT and
PET).

We first estimate the Tc-99m yield (SPECT) obtained in
the Mo-100(p, 2n)Tc-99m reaction initiated by a proton beam
irradiating an enriched molybdenum target. The cross
sections for various nuclear reactions in such interactions
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Figure. 8. Radioactivity of Tc-99m (black dots) and parasitic technetium
isotopes (grey dots) after irradiation of an Mo-100 target by protons for
6 hours as a function of the laser target thickness irradiated by a 10 J laser
(large dots) and a 5 J laser (small dots).

are well studied (see, e.g., [41]). The radioactivity A, of
technetium isotopes after the 6-hour bombardment of a
nuclear target by protons accelerated by a 10 kHz laser is
presented in Fig. 8. We can see that the maximum radio-
activity reaches ~ 0.5 TBq.

One of the main problems related to the Tc-99m quality
obtained by this method is its radiative purity with respect to
other technetium isotopes, which cannot be extracted from
the final product by chemical methods. To achieve the
radiative purity of the product, it is necessary to use a rather
pure enriched molybdenum target (for example, ISOFLEX
targets contain 99.54% of Mo-100, 0.41% of M0-98, and only
0.05% of other quite hazardous impurities) and 40-45 MeV
proton beams. Higher-energy protons, although producing a
large amount of Tc-99m, give an unacceptably high level of
other, parasitic radioactive technetium isotopes (first of all,
Tc-96m). For a 63.5 MeV proton beam, the activity of
parasitic technetium isotopes decreases from 7.5% immedi-
ately after the end of irradiation to 1.6% in the next three
hours, whereas for a 46 MeV proton beam, the relative
activity of parasitic technetium ions is only 0.12% after
irradiation, decreasing to 0.03% in the next three hours. We
note that these calculations neglect the activity of Tc-100
decaying into stable rubidium (with the decay time
T2 = 15.8 S).

We now consider the production of a radioactive posi-
tron-emitting carbon C-11 isotope required for PET. This
isotope can be produced in the 11B(p, n)11C reaction using a
solid boron target and in the 14N(p,a)11C reaction using
nitrogen gas targets. We also consider the possibility of using
deuteron beams to irradiate an enriched boron-10 target for
initiating the 10B(d, n)11C reaction (Fig. 9). For the particles
of a sufficiently high energy considered above, the
11B(p,n)11C reaction is the most advantageous, being
capable of producing 6.3 x 108 C-11 atoms using a 0.07 um
thick laser target to obtain a proton beam. This result
qualitatively coincides with the estimate in [42] based on
two-dimensional simulation, but allows a more accurate
quantitative estimate of the product yield.

The neutron yield obtained in various reactions can be
estimated similarly. For example, the total number of
deuterons with the energy above 1 MeV produced in the
7Li(d, n)8Be reaction by irradiating a 0.07 pm thick CD,
target with a 10 J laser pulse is 4 x 10'', providing the
production of 2.2 x 10° neutrons (Fig. 9b). By increasing the
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Figure 9. (a) Dependences of the C-11 isotope yield in 11B(p,n)11C (dots), 14N(p,a)11C (squares), and 10B(d,n)11C (triangles) reactions on the
thickness of a laser target irradiated by a 10 J (large dots, triangles, squares), 5 J (medium-size dots), and 1 J (small dots) laser to obtain proton/deuteron
beams. (b) The neutron yield in the 7Li(d, n)8Be reaction as a function of the thickness of a laser target irradiated by a 10 J laser.
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laser target thickness to 0.1 pm, it is possible to accelerate up
to 4.7 x 10!! deuterons, resulting in an increase in the neutron
yield to 2.5 x 10°. These values are in qualitative agreement
with the results of two-dimensional calculations [43] predict-
ing the neutron yield of 10% sr per J of laser energy.

Thus, a 10 kHz, 10 J laser can generate a neutron flux
containing ~ 10'3 s~! particles, which considerably exceeds
the neutron flux from neutron tubes. Such a setup produces
about 2 TBq of activity of the C-11 isotope for 10 min of
continuous irradiation and about 300 GBq of activity of the
Tc-99m isotope for 6 hours, which is sufficient for medical
purposes.

5. Analytic approaches

As an alternative to the planar targets considered in Section 4,
a rarefied medium such as a gas plasma or a cluster plasma,
which are the simplest targets for lasers with high pulse
repetition rates, have long been discussed. The potential of
such targets for obtaining high currents of accelerated ions is
not yet fully realized, but a number of interesting features of
the acceleration of particles that could be used are already
evident. Here, we consider two examples illustrating this with
analytic approaches.

5.1 Relativistic Coulomb explosion

of a spherical microplasma

We demonstrate the possibility of studying the physics of ion
acceleration with the example of an exact analytic solution
[44] of the Coulomb explosion problem for a homogeneous
spherical microtarget (cluster) providing a relativistic accel-
eration of ions upon its irradiation by a femtosecond laser
pulse. Because the laser pulse is short, it must satisfy the only
requirement, that its intensity be high enough to provide the
rapid removal of electrons from the target in the course of the
pulse duration, thereby producing a charged plasma almost
instantly. The initial equations are the Poisson equation and
the equations of cold collisionless hydrodynamics for the
density n; and the ion velocity u. The solution of these
equations for an initially homogeneous cluster with the
radius r9 and density rg can be written in a parametric form as
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where wp; = (4nZze2n0/M)1/2 is the Langmuir ion fre-
quency. The solution in (5) describes an expanding ion
bunch with the sharp front ri(7). For a sufficiently large
cluster charge, when the condition ((h=r)) ={,=

2r2/6c? > 1 is satisfied, the accelerated ions, at least near
the cluster boundary, can reach relativistic energies. The
electric field, the ion velocity, and the density are maximal at

the ion front of the relativistic cluster flying apart. The ion-
front law of motion is determined by the expression
re = ro/(1 — q¢). The relation between 7 and ¢y is
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Sopit =———/1+¢¢
\/3“)" 1 -q5 Tab T,

/ 2 7
—l(l-l-(:o)_yzln U AR
2

1+ a3+ avT+3

In the nonrelativistic limit {, — 0, this solution reproduces
the well-known result [45, 46] that the velocity of ions emitted
from a homogeneous spherical target and the electric field
inside the cluster linearly increase with increasing the
coordinate r, attaining a maximum at the front » = r;. The
ion density distribution in the cluster preserves its initial shape
of a ‘step’ with varying width and height. The front
propagation velocity ur = Fr increases with time as

V23w 1r0 — ro/rr), tending to the limit maximum
Value Uy = /3wpiry. Correspondmgly, the maximum
energy of accelerated ions is e = M(w? il 2/3).

Passing to the relativistic limit {, > l changes the shape of
the ion velocity, density, and electric field spatial distribu-
tions: the ion velocity increases more slowly with increasing
the distance from the cluster center, and, vice versa, the
electric field inside the cluster increases faster for large radii
and more slowly for small ones. The electric field outside the
cluster decreases as ~ r~2. As regards the ion density
distribution, it becomes inhomogeneous along the radius
with time and reaches its maximum at the front of cluster
ions flying apart. Thus, the relativistic regime of the Coulomb
explosion of the cluster is characterized by the formation of
the peripheral densification of the plasma, i.e., a distribution
of the envelope type, as shown in Fig. 10a. According to (5),
the ion energy ¢ = 2Mc2q*{ becomes relativistic when ¢ is
of the order of unity, which corresponds to the time
th =~ V2h/(c{). In particular, setting i = ry and { = {, for
ions at the front, we obtain 7,, ~ \/iro/(cio). We note that,
asymptotically as ¢ — oo, the maximum ion energy at the
front is determined by the same expression &m = M(w 315 /3),
as in the nonrelativistic case. The expression for the spectral
distribution of accelerated cluster ions N, = dN/de, taking
(5) into account, has the form

3h 1—g¢° -
Ne= sz | 1+ (A=1)] (6)

Here, the quantities # and ¢ should be expressed in terms of ¢
with the help of the implicit relation ¢ = 2Mc¢2¢>{ and the last
equation of system (5). After integration over energy,
quantity (6) coincides with the total number of particles in
the cluster Ny = (4n/3) nyr;. Expression (6) gives the simple
asymptotic relation

3N,
Ve (7)

E’fﬁ?OO -

for the energy spectrum of ions. The absence of the
dependence on the speed of light in (7) means that the
spectral distributions of ions in relativistic and nonrelativis-
tic cases asymptotically coincide. This statement is illustrated
by the energy spectra of ions at different instants in Fig. 10b,
which shows how the spectral distribution of ions gradually
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Figure 10. Spatial distribution of (a) the ion density and (b) the energy ion spectrum for instants of time wp = 2 (curves /), wpit = 8 (curves 2), and
wpit = 15 (curves 3) for {; = 8. The dashed line in Fig. b shows the spectrum for w,;# — co. The ion density #; is normalized to np, the spectral energy
density N, is normalized to No/Mc?, the radius r is normalized to ry, and the energy ¢ is normalized to Mc?.

flattens, approaching the /¢ profile with time. The dashed
line in Fig. 10b corresponds to the asymptotic spectrum of
ions in Eqn (7).

The physics of a relativistic Coulomb explosion is
important for understanding how ions fly apart from
targets with a complex ion composition. Of special interest
is the Coulomb explosion of a quasi-homogeneous spherical
target consisting of light and heavy ions [47]. The light ions
fly apart faster, and although they were initially distributed
homogeneously, they are found to be on the target periphery
and are efficiently accelerated by the Coulomb field of heavy
ions following behind them, which acts as a Coulomb piston
and can produce a distinct cluster (in the form of an
envelope) consisting of almost monoenergetic light ions like
those predicted in the Coulomb explosion of spherical
clusters with an envelope consisting of light ions [48]. The
possibility of obtaining the higher energy per nucleon and,
especially, the monochromatic spectrum of light ions is
attracting attention to the study of the Coulomb explosion
of a quasi-homogeneous plasma microdrop with a complex
ion composition [47]. Analytic calculations for laser-pro-
duced sources of light ions show how the relativism of the
Coulomb explosion determined by the total charge of the
cluster affects the spectral characteristics of accelerated
particles. In the nonrelativistic case, the accelerated impurity
of light ions has good monochromaticity [47], but the spectral
distribution of ions broadens in passing to the strongly
relativistic explosion regime. However, impurity ions with
the relativistic energy can appear even for a ‘moderate’ cluster
charge, when the ‘relativism parameter’ {, is smaller than
unity. In this case, the maximum energy of impurity ions
becomes higher than in the nonrelativistic limit, and the
characteristic width of the spectrum of accelerated ions is
comparable with that in the nonrelativistic limit.

5.2 Radial acceleration of ions by a laser pulse

in a plasma channel

Another illustration of the application of theoretical methods
is an analytic solution of the problem of radial acceleration of
particles from a laser channel (rarefied gas plasma [49, 50] or
plasmas in new-generation low-density targets such as
aerogels or porous nanocarbon). The analytic description of
the acceleration of particles from a plasma channel formed
due to self-focusing is not a simple problem even for
approximate approaches. For this reason, the space—time
distribution of accelerated particles is typically studied using

kinetic numerical PIC simulations. A certain simplification is
introduced by a one-dimensional electrostatic ponderomotive
model describing the dynamics of plasma expansion caused
by pulsed laser irradiation with the specified intensity
distribution along the plasma channel radius [49, 50]. The
model considers only the slow dynamics of plasma electrons,
which corresponds to averaging over fast electron oscillations
in the laser field. Although such a description is simplified, the
main results obtained for the electrostatic ponderomotive
model are also based on numerical PIC simulations, compli-
cating the prediction of characteristics of accelerated particles
as functions of laser and plasma parameters. Numerical
simulations [49, 50] have revealed two distinct effects: (i) the
formation of a cylindrical density cusp at the laser channel
boundary due to the acceleration of ions by the ponderomo-
tive force and (ii) the strong local heating of electrons at the
laser channel boundary.

The group theory approach based on the use of renorma-
lization-group (RG) symmetries [S1]is an efficient tool for the
analytic solution of problems on laser—plasma acceleration of
charged particles [29, 52]. The kinetic equation for an electron
averaged over fast laser oscillations in the model of radial
ponderomotive acceleration of particles from the laser
channel includes an ‘external’ electric field specifying the
radial ponderomotive force acting on plasma electrons [53]
in addition to the self-consistent electric field of plasma. The
particle acceleration dynamics can be described by kinetic
equations for the distribution functions of plasma particles
integrated over the longitudinal and axial velocity compo-
nents (electrons, fo = (neo/Vre)g(t,x,u), and ions, fi=
(neo/(Zcs)) f(t,x,w)) and the Poisson equation FE =
(Teo/eeL) p(t, x) for the electric field. Here, T = wyt is the
dimensionless time, with w;,; being the ion Langmuir
frequency; x = r/L is the dimensionless coordinate, where L
is the localization scale of the laser beam along the radius;

u=v:/Vr is the electron velocity, with V5 = /Teo/m;
w =uv!/cs is the ion velocity, with ¢; = \/ZTe/M, and m
and M being the respective electron and ion mass; e, = —e
and e; = Ze are the respective electron and ion charges, where
Z is the charge number of ions.

The initial particle distribution functions are assumed to
be Maxwellian with a homogeneous initial electron and ion
temperatures 7.9 and initial densities n(j)o(x) with a
characteristic spatial scale L that considerably exceeds the
Debye electron radius Ape = v/ Teo/(4nngpe?), ie., &=
Jpe/L < 1. We note that specifying a finite initial tempera-
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ture of particles corresponds to the physical setup of the
problem, because a propagating high-power laser pulse is
typically preceded by a long prepulse that heats the plasma
by the time of the arrival of the main pulse. An
approximate analytic solution of kinetic equations for the
distribution functions of particles with zero mean velocities
has the form
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Here, ¢ = 00,y, where o = ¢(c?/V2,), c is the speed of light,
7= (1+d%(r,x)/2)"%, and a?(1,x) = A(1) a¢lp(x) is the
dimensionless laser intensity, where A(t) is the laser pulse
shape. The function Ij(x) is the radial laser intensity
distribution. For example, the function Ij(x) = exp (—x?)
was considered in [50]. Solution (8) corresponds to A(7) = 1,
i.e., to a stationary (quasistationary) laser beam.

The global characteristics — the average velocity v, the
density nl, of plasma ions, and the electron temperature 7, —
can be calculated from the known particle distribution

function (8) as

’U;v = W7 n;v = I’liO(x/) xx((i’ __qq)) 5
T, — TcOM. (11)
(=)

Figure 11 shows spatial distributions of the mean ion
density, the mean velocity of ions and the electron tempera-
ture at different instants for a stationary laser beam
(A(t) = 1). The acceleration of ions is accompanied by the
formation of an ion density cusp with a minimum at the laser
beam center and a maximum at its periphery. A similar
behavior is typical for the plasma electron temperature: 7,
decreases in the central region of the laser beam and increases
at its periphery. As 1 increases, the conditions of the
applicability of the theory based on the approximate
symmetry are violated, and for 7> 6, the spatial distributions
in Fig. 11 become only quantitative. In fact, the dashed curves
in Fig. 11 for T =7 reflect only a trend in the density and
velocity of ions and the electron temperature, rather than
their accurate values.

Thus, a significant achievement of the theoretical
approach based on approximate RG symmetries is the
possibility of describing not only the evolution of ions with
the formation of an ion density cusp near the beam axis but
also the inhomogeneous heating of electrons near the external
boundary of the beam and their cooling in the near-axial
region. These results theoretically explain the findings of
numerical experiments [49, 50] and can be used to analyze
the behavior of plasma particles at large times after the laser
pulse is switched off. The model of a cylindrical laser channel
proposed here corresponds to a 2 100 fs laser pulse focused
onto a <10 um spot. For the laser intensity 10—
102 W cm~2, the ponderomotive acceleration provides an
increase in the proton energy to multimegaelectronvolts. Such
ponderomotive-accelerated protons can initiate nuclear reac-
tions [14] in the ambient gas or in a special coaxial with an
appropriate atomic composition. This principle can be used
for developing other laser sources of medical isotopes for PET
or SPECT, different from those discussed in Section 4.

6. Conclusions

Despite a naturally low efficiency ( < 1) of the laser pulse
energy conversion to high-energy ions, the optimization of
the laser—target system shows promise for reaching the
parameters of accelerated ions required for nuclear applica-
tions after solving the highly technological problem of
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T. over the dimensionless coordinate r for a stationary laser beam for t = 2, 3,4, 5, 6, 7 (corresponding curves, from top down (for » — 0) for n;\, and T,

and from bottom up for v}, ) and for Z=2, 4 =4, 4} = 50, = 1, ¢ = 0.01,
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developing a femtosecond multijoule laser setup (like ICAN)
with a kilohertz pulse repetition rate and a high pulse contrast
on the picosecond scale. The obtained proton energy scaling
emax o< E"7 proves the possibility of using thin solid foils
irradiated by such a laser for nuclear applications. At the
same time, preliminary calculations show that it is necessary
to initiate detailed studies of the ion parameters that can be
achieved by using laser mechanisms of particle acceleration
from low-density targets. Even if these parameters are only
slightly improved, low-density targets may be advantageous
because of their lower sensitivity to the laser pulse contrast.
Here, the main practical goal is the development of nanopor-
ous targets having a good homogeneity and a density
comparable to the critical one.
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Plasma-based methods for electron
acceleration: current status and prospects

I Yu Kostyukov, A M Pukhov

Abstract. We present a short review of the current status of
plasma-based methods for electron acceleration. Plasma accel-
eration mechanisms are described, with an emphasis on the most
important experimental results and theoretical models. Some
new areas of research in plasma-based methods are discussed.
We also analyze future prospects for plasma accelerators and
their usage in electromagnetic radiation sources of high-inten-
sity.

Keywords: laser-plasma acceleration methods, laser pulse, electron
beam, self-injection.
1. Introduction

Charged particle accelerators are one of the most important
inventions of the 20th century. At the present time, accel-
erators are extremely important tools in the field of high-
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