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Abstract

Ion acceleration by short, high intensity laser pulses in sets of small targets is treated by an analytical model developed
here, and by two-dimensional particle-in-cell simulations. When an intense short laser pulse illuminates a thin foil
target at normal incidence, electrons in the target are accelerated by the ponderomotive force. At the rear surface of the
foil they generate a strong electric field that accelerates the ions, and generates an ion beam of small divergence. Using
a mass-limited small target like a droplet enhances the ion energy, but increases divergence at the same time. In this
paper, a combination of several-micron targets in a periodic structure (for example, a droplet chain) is proposed in
order to increase the conversion efficiency from the incident laser beam to the emergent protons. Improvement of the
energy flux conversion efficiency from the laser to the ion beam at optimal conditions is demonstrated.
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INTRODUCTION

A high priority area of research in laser ion acceleration is the
formation of quasi-monochromatic proton beams of maximal
energy and minimal divergence (Mourou et al., 2006; Chen
et al., 2008; Flippo et al., 2007; Nickles et al., 2007; Singh
et al., 2008). Recently, it was found (Ter Avetisyan et al.,
2006; Ter-Avetisyan et al., 2008a, 2008b; Zheng et al.,
2005; Strangio et al., 2007) that the conversion efficiency of
laser beam energy into ion beam energy, and the maximum
energy of the ions, increase when mass-limited targets
(MLT) are used. For example, such a target could be a
droplet that is a micron size in diameter. As is well known
(Fuchs et al., 2005; Borghesi et al., 2007; McKenna et al.,
2008), ion acceleration in a foil target is a result of laser-
produced fast electrons generating strong electric fields at the
rear surface of the target, which then accelerate ions. The
smearing of the electron cloud at the rear of a foil target is
limited in a droplet by the small target size, and by the radi-
ation pressure enveloping the target as a result of diffraction
(Schnurer et al., 2005). This leads to an increase in the local
concentration of fast electrons in the ambipolar field and, con-
sequently, to high energies of accelerated ions. Light diffrac-
tion produces an additional surface current of fast electrons

on the target rear that also increases the electron density. All
these effects lead to a significant increase (a factor of four
for a droplet) of the MLT ion energy compared to a foil of
the same material (Limpouch et al., 2008). The disadvantage
of MLTs and, in particular, spherical targets is a broad (almost
isotropic) angular distribution of accelerated ions (Psikal et al.,
2008; Nickles et al., 2007). Enhancement of laser absorption
by a target consisting of a large number of nanoscale-size com-
ponents has been demonstrated (Sumeruk et al., 2007; Nodera
et al., 2008; Bagchi, et al., 2008). In Ter-Avetisyan et al.
(2008a, 2008b) and Strangio et al. (2007), it was shown
specifically that an increase in the number of fairly small dro-
plets, irregularly distributed in space, improves the character-
istics of the ion beam.

In this paper, it is shown that a combination of several
micron-size targets in some periodic structure (for example,
a droplet chain) can lead to the achievement of a high
energy and a narrow angular distribution of accelerated
ions. Geometric losses of laser radiation in such a target
can be small, so that the efficiency of this target can be
better than for a foil of the same thickness.

ANALYTICAL MODEL

We consider the interaction of a short laser pulse (,100 fs)
with an MLT, supposing that ion acceleration occurs after the
laser pulse has ended. Because ion acceleration is a slow
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process compared to the electron circulation time in an MLT,
one can use a stationary solution of a hydrodynamic equation
for the electrons. This approximation results in a simple
description of the electron concentration ne as a function of
the potential w:

ne(w) ¼ ne0 1þ
g� 1
g

ew

Teh

� � 1
g�1

: (1)

Here, Teh is the initial electron temperature, ne0 is the initial
density of fast electrons, and g is the adiabatic constant.

This dependence implies a stationary state of fast elec-
trons, when electrostatics equilibrates the thermal pressure.
The use of Eq. (1) implies that further movement of the
fast electron cloud upon target expansion should be slow as
compared to the thermal velocity of the fast electrons,
which is on the order of the light velocity. We have chosen
the adiabatic variant of the relationship between electron
density and local electrical potential w as implied by analysis
of the time dynamics of ion and electron distribution func-
tions in particle-in-cell (PIC) calculations. Under our con-
ditions, at the time of the formation of the ion beam (a
significant movement of ions occurs at 150 fs) no laser
field exists, and thus it cannot influence the electron tempera-
ture and keep it at a constant value. In particular, we have
seen that acceleration of ions takes place in the time range
from 100 to 200 fs from the start of the calculation. The
numerical analysis of the fast electron distribution function
has shown that during this time interval, the number of fast
electrons at its energy comparable to that of the ion decreases
significantly. Therefore the adiabatic equation of state for the
description of hot electron gas seems to us to be more realis-
tic than an isothermal equation for the case of an ultrashort
laser pulse (,100 fs) interacting with a thin target.

The adiabatic constant in the case of two-dimensional
expansion is g ¼ 2 and the relation of the hot electron
density with its potential energy (for the Boltzmann distri-
bution) is therefore linear:

ne ¼ ne0(1þ ew=2Teh): (2)

This fact leads to a linear Poisson equation defining the ambi-
polar field, and allows an analytical treatment that is no
longer one-dimensional (Albright et al., 2006), but
two-dimensional.

Consider the Poisson equation for a laser target located
along the y axis and infinitely thin along the z axis (actually
it means that the target thickness is less than the Debye radius
of hot electrons) at the time immediately after the laser pulse:

Dw ¼ �4p(r(y, z)� ene(w)): (3)

In the case of solid-target electrons, they are accelerated by a
laser pulse on the target front surface, pass through the
target, emerge into the vacuum, and create a strong electric
field on the target rear. Most of them return back to the

target. The process then repeats on the other target side, result-
ing in a cloud of hot electrons circulating through the target and
moving in the transverse direction with respect to the laser
beam axis. On both target surfaces, positive charge spots
appear and hold the surrounding hot electrons. The volume
density of positive charge included in the Poisson Eq. (3),
can be described as r( y, z) ¼ ene0h(j)d(z), where the dimen-
sionless function h(z) describes the charge density profile in
the transverse direction, and dimensionless coordinates are
introduced as j¼ y/rD, z¼ z/rD. Here, rD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Teh=4pe2ne0

p
is the Debye radius. Let us introduce also the
normalized time, the potential, and the fast electron density
as: t ¼ tvph, c ¼ jejw/Teh, and he¼ ne/ne0, where

vph ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pe2ne0=me

p
. The positive charge density of the

target is a consequence of the plasma charge densities of
ions and cold electrons: r( y, z) ¼ Zeni( y, z) 2 ene cold( y, z).
The charge density profile changes with time, but a solution
of the Poisson equation contains time only as a parameter.
We suppose that the time dependence of the charge density
profile is contained in the normalized characteristic scale of
the hot electron spot: l(t)¼ L(t)/rD, so that h(j, t) ¼
h(j; l(t)). From the conditions of quasi-neutrality and a
fixed number of laser-produced hot electrons, one can write
the following condition at t� 1:

he0 ¼

ðþ1

�1

ðþ1

�1

he(z, j)dzdj ¼

ðþ1

�1

h(j; l(t))dj: (4)

Here he0 ¼ 4pe2 Neh=TehL0, Neh � A1l=1eh is the number of
fast electrons, A is the absorption coefficient, 1l is the laser
energy, 1eh is the energy of fast electron, and L0 is the initial
diameter of the fast electron emission at the target rear.

We suppose that the functional form of the charge distri-
bution given at the initial time retains this form later in
time. Rewriting the Poisson equation via the electron
density, and taking into account Eq. (2), one can obtain the
following equation:

2
@2

@z2 þ
@2

@j2

� �
he ¼ he � h(j; z; 1): (5)

Consider a distribution of the positive charge density h(j, 6,
l ) to represent a chain of droplets (since we consider a two-
dimensional geometry, in reality, this is a set of cylinders,
rather than spheres) along the axis y, with the coordinate of
the centers jk ¼ yk/rD and radius jd:

h(j; 6; l) ¼
he0

2pjd

X1
k¼�1

d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j� jkð Þ

2
þ62

q
� jd

� �
u

� (l(t)� jj j)=
X1

k¼�1

u l(t)� jk

�� ��� � : (6)

The charge density (6) is normalized as
RR

hdjd6 ¼ he0. The
solution of Eq. (5) found by Fourier transform and limited in
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space at infinity is the following:

he(j, 6; l) ¼
he0

8p2jd

�

P1
k¼�1

Ðjd

�jd

K0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(6�x)2þ(j�jk�

ffiffiffiffiffiffiffiffiffi
j2

d�x2
p

)2

2

q� �
dxffiffiffiffiffiffiffiffiffi
j2

d�x2
p u l(tÞ � jk

�� ��� �
P1

k¼�1

u l(t)� jk

�� ��� � :

(7)

Here K0 is the McDonald function.
The solution found for the Poisson equation corresponds

to a quasi-neutrality situation, so that the electric field is
zero at infinity. The return current of cold electrons attracted
by the charged area violates this quasi-neutrality state and
leads to spreading of the charge spot, i.e., to an increase of
the function l(t), because the tangential component of the
electric field Ey ¼ bEj ¼ b@c=@j draws electrons from
spot edge into the center according to Ohm’s Law: jcold ¼

scoldEy, where b ¼ Teh/rD. Then from the condition of
quasi-neutrality at the expanding spot edge (j ¼ l ) and the
law of charge conservation in the target:

dl

ð
he(z, l(t), l(t))dzþ dt

ð
jcd6 ¼ dl

ð
h(z, l(t), l(t))dz;

one can obtain the differential equation that describes the
lateral dynamics of the charged spot:

dl

dt
¼

Ð
scEj(j ¼ l, 6; l) d6Ð

(h(j ¼ l; 6; l)� he(j ¼ l, 6; l))dz
: (8)

Here, jh0 ¼ ene0c, jc ¼ jcold/jh0, sc ¼ bscold/jh0. We esti-
mate the conductivity of the solid plasma target as
scold � vpc=4p, where we neglect the influence of the mag-
netic field because at our conditions the gyro-frequency of a
cold electron is less than its plasma frequency

vpc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pe2nec=me

p
. Braking of the spot expansion is con-

nected with the redistribution of power over a large area, so
the solution of Eq. (8) can be approximated by the solution
of a diffusion equation at the beginning. Later, when the
expansion time is comparable to the effective time of col-
lisions 1/nef, the diffusion law must cease to be appropriate
because the expansion exponentially decays. When modified
in the light of this fact, the expansion law can be written as:

l(t) �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l20 þ

k

nef
1� e�nef tð Þ

r
: (9)

Here, the diffusion coefficient is k ¼

limjl!12l
Ð
scoldEj(j ¼ l, 6; l) d6=jh0=

Ð
(h(j ¼ l; 6; l)� he

(j ¼ l, 6; l))dz, where all integrals are taken over infinite inter-
vals. The quantity nef is the effective frequency of collisions,
taking into account the fact that the hot electrons spend only
part of the time in the target, and part in the vacuum: nef ¼

neird/2rDvph, and nei is the collision frequency in an
unbounded plasma with a non-stationary temperature and
density.

To calculate the conductivity of a droplet chain that was
caused by an induced dipole moment, we use a model of con-
ducting spheres of radius rd spaced at a distance a . rd

between their centers, and placed in an external electric
field ~E. It is known that the potential for one sphere in the
external field is w(~r) ¼ �~E � ~r þ r3

d
~E � ~r=r3, where the

second term is the potential of the dipole moment induced
in the sphere by an external field. Thus, when a wave of
polarization propagates along the droplet chain, at each
step (k) denoting a droplet location, there is a change in the
field value of d~Ekþ1 ¼ (r3

d=a
3)~Ek. The time required for

such a change of the field consists of the propagation
time of the field at the distance a, and time for the redistribution
of electric charge in the droplet �vpc

21. Thus, the density of the
polarization current ~jk � d~Ek=dt can be estimated as

~jk ¼
r3

d=a
3

4p(v�1
pc þa=c)

~Ek. Therefore, the polarization conductivity

of a droplet chain can be written as:

sd �
r3

d=a
3

4p(v�1
pc þ a=c)

: (10)

When one reduces the distance between droplets a! rd, and
simultaneous reduces the time of wave propagation a/c ,

vpc
21 (passage to the limit of continuum media), this result

turns into the polarization conductivity of a solid target scold.
Note that the factor rd

3/a3 can be interpreted as a size factor
for filling of the space by the electrons. For the a and rd

values considered, the inequality vpc
21
� a/c applies, and

thus the conductivity of the droplet chain is sd � crd
3/4pa4

� scold.
The model developed shows that if a droplet is located far

from other droplets, then equi-potential lines are almost
circles. With droplet converging toward each other, and
with an increase of their numbers, we get a picture similar
to a foil target. The condition of droplet convergence is
that a distance between them is comparable to the Debye
radius of hot electrons a � rD. Even a small number of dro-
plets with a micron distance between its edges leads to the
formation of equi-potential surfaces close to planar surfaces.

As the number of ions accelerated by an ambipolar field is
small compared to the total number, we will treat them as
«test» particles. Then, to construct an ion distribution func-
tion dependence on ion departure angle, we should solve
the equations of ion motion in the potential c:

@26

@t2
¼ d

@c

@6
,
@2j

@t2
¼ d

@c

@j
(11)

where d ¼ me/mi.
To calculate the case of a droplet chain, we set the normal-

ized radius of droplet as jd ¼ rd/rD, and at the initial time
consider homogeneously placed ions on the droplet
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surface. This gives the initial conditions for Eq. (11) as:

jjt¼0¼ j0 [ [jk � jd; jk þ jd]

6jt¼0¼ 60 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2

d � (j0 � jk)2
q (12)

Here jk ¼ a(2k þ 1)/rD is the normalized coordinate of the
center of the droplet with the index k. Ion initial velocities
are zero for all droplets.

As a result of solving Eq. (11) with the initial conditions
(12), one can obtain the dependence of the ion velocity
angle on its initial coordinate j0. The simulations have
shown that the ion trajectory does not differ very much
from a straight line at long times because of its small angle
of propagation. Therefore, we employ such a simplified con-
nection between velocity and time in the electric field argu-
ment to write the following formula for the ion propagation
angle:

ui(j0) ¼
@j=@t

��
t!1

@6=@t
��
t!1

�

Ð1
0

Ej(j0, ni(j0)t; l(t))dt

Ð1
0

Ez(j0, ni(j0)t; l(t))dt
, (13)

where Ej,z(j, z; l(t)) ¼ 22@he(j, z; l (t))/@(j, z).
Let us estimate this angle at a large distance from the

target. We replace the sum in Eq. (7) by an integral when
there is a large number of droplets, replace the K0 function
in Eq. (7) by its asymptotic value at 6� 1, and calculate
this integral by the method of steepest descent. As the
result, we obtain he(j, z; l) � 1

4
ffiffiffiffi
2p
p h(j, l) exp (�6=

ffiffiffi
2
p

)
and, finally from Eq. (13):

ui �
ffiffiffi
2
p 1

h

@h

@j
: (14)

The maximum velocity of ion initially located at the position
j0 is determined by the maximal value of the non-stationary
potential at this point:

ni(j0) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4he(0, j0; l(H(j0 � l0)(j2

0 � l20)=k)
q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4he(0, j0; j0 � H(j0 � l0))

p (15)

Here H is the Heaviside step function.
The ion angle distribution function is determined by the

following formula:

dNi

dui
� rs

dl

dui
¼ Nd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d62

0 þ dj2
0

q
dui

¼ Nd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ j0�jkð Þ

2

j2
d� j0�jkð Þ

2

r

(dui=dj0)
(16)

Here Ni is the number of fast ions, and dl is a small part of the
circle of droplet radius rd. Note that at rd!1 the resulting
distribution function is going to the limit of a plane foil. The
constant in the distribution function can be found from the

normalization condition, so that Nd is the number of acceler-
ated ions from one droplet.

Let us introduce the ion angular efficiency x e[0;1], the
total energy of the ions contained in the angle interval
[þ108, 2108], as a ratio of the total energy of ions across
the entire angular range; i.e.,

x ¼

Ðj10

0
dj0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_62 þ _j

2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ j0�jkð Þ
2

j2
d� j0�jkð Þ

2

r

Ðjd

0
dj0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_62 þ _j

2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ j0�jkð Þ
2

j2
d� j0�jkð Þ

2

r , (17)

where j10 is the initial coordinate of the ion departing from a
droplet at the angle 108.

NUMERICAL MODEL AND SIMULATION RESULTS

To verify and calibrate the analytical model developed above,
the simulations of high-intensity short-laser-pulse inter-
actions with a single droplet and with a droplet chain have
been performed with the help of a modified 2D3V relativistic
PIC code (Kemp & Ruhl, 2005). This parallelized code
makes possible the execution of a typical run in the cluster
on a node with 100 CPUs for a maximum of a few hours
per simulation. The simulation geometry is shown in
Figure 1.

The targets contained one or two species (hydrogen or
protons and C4þ ions in the ratio 1:1), and they were irra-
diated at normal incidence by a p-polarized laser pulse of
wavelength 800 nm and a variety of intensities. The pulse
had a Gaussian shape in time and a super-Gaussian (eighth
degree) spatial distribution at the focal spot. To prevent
numerical heating the initial plasma temperature was set to
1 keV (for the cell size l/100 � l/100 in the simulation
box). This relatively high temperature can be justified for
MLT (Psikal et al., 2008). The initial electron density was
100nc, which is slightly less then solid density, to decrease
computational demands. As a first example of the target,
we consider a chain of five hydrogen droplets of diameter
4 mm. This target was irradiated by a laser pulse of a duration
of 66 fs at an intensity 5 � 1018 W/cm2, and several different
spot sizes (20, 8, 6, 4 mm). In the simulations, the plasma
density profiles were sharp in space (super-Gaussian of
degree 8). There were different distances between the edges
of the droplets, such as: 4 mm, 1 mm, and 0 mm (the last
case simulates a solid target).

The simulations have shown that the expansion of a single
droplet irradiated by a high intensity laser pulse occurs
almost as isotropic one. With the merging of five droplets
in the chain, ion maximal energy did not change signifi-
cantly, but the momentum distribution stretched in the laser
direction. The ion angular distributions for different distances
between droplets are shown in Figure 2 (color online).

The ion angle distribution for the largest distance between
droplets (4 mm) is shown by the red line, and it is almost the
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same distribution as the result for the single droplet. The ion
angle distribution for the small distance between droplets
(1 mm) is shown by the blue line and it is almost the same
distribution as the result for the solid target. The green line
shows the results calculated by Eq. (15) of the ion angle dis-
tribution function for five droplets with the distance between
their centers of 2rD. When the distance between droplets has
been increased up to 10rD, the analytical distribution
becomes almost isotropic and it coincides with the simulated
distribution of ions shown by the red line. Thus, our analyti-
cal model describes the effect of narrowing of the distribution
by reducing the distance between droplets.

To understand the details of the interaction, we calculated
the dependence of laser pulse absorption on the distance
between the droplets. From Figure 3 we see that there is
maximal absorption at a particular distance between droplets.
Even at zero distance between droplets, one has about 20%
higher absorption compared to a foil target. It is a conse-
quence of additional absorption of laser energy from the
effect of droplet curvature (Limpouch et al., 2008). A
small droplet separation (target pieces) (Nodera et al.,
2008) (a–rd) � rE causes an increase of laser energy absorp-
tion because an electron accelerated from a droplet crosses
another droplet and does not come back to the laser field
like in the case of Anomal Skin Effect. A big droplet
separation causes large geometric losses of laser energy,
and thus a big decrease of absorption coefficient as shown
in Figure 3.

To find the optimal target for maximal ion flux energy
density, we calculated the ion angular efficiency x for differ-
ent chain parameters. As examples, the ion angular efficiency
dependence on the distance between the droplet centers is

Fig. 2. (Color online) The dependence of ion distribution on the angle in
degrees for different distances between droplets. The red line is for a 4 mm
gap between neighboring droplet edges, blue is for 2 mm and green for
1 mm; the black line is the analytical result for a gap of 2 mm. Here the
laser spot size is 8 mm and the droplet diameter is 4 mm.

Fig. 3. The dependence of laser energy absorption on the distance between
droplet centers. Here, the laser spot size was 20 mm, and the droplet diameter
4 mm. The absorption coefficient is given in percent, the distance in microns.

Fig. 1. (Color online) The laser-target structure used in this paper to model
an interaction of a high intensity short laser pulse with a droplet chain. The
calculation area is 30 l in both directions. There are five droplets in the chain
target.
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shown in the following figures. The calculations show that if
there is no gap between droplets (of a chain) then its
maximum ion energy significantly reduces (in three times)
compared to a single droplet case. In addition, the droplet
chain has a narrow ion angular distribution in comparison
with almost isotropic distribution of one droplet.

The reason for ion beam narrowing is a wider spot of fast
electrons at the target rear and because electron conductivity
for solid target in transversal direction is higher compare to a
droplet chain, an electron spot is wider. The combination of
these two tendencies leads to the advantage of a chain target
as compared to a foil, as shown in Figure 4. Also, as one can
see from Figure 4, our analytical model reproduces well the
maximum of the ion angular efficiency that follows from
reducing the distance between the droplets, and shows the
resulting increase in the total energy of the ions contained
in the angle interval.

We also did simulations for higher intensity and longer
duration of the laser pulse interacting with a set of droplets,
and obtained the increase of maximum proton energy. The
simulations were performed in particular for a hydrogen
solid droplet of 4 mm in diameter with a rectangular
density profile, irradiated by a 133 fs laser pulse with
super-Gaussian transverse distribution (eighth degree), a
spot size of 10 mm, and an intensity of 1020 W/cm2.

For the single droplet, the phase distribution is again
almost isotropic as for smaller laser intensity, but shows a
little ion displacement in the laser direction associated with
increased ponderomotive pressure. At the merging of the dro-
plets in the chain with relatively small distance between their

edges, we got a strong narrowing of the angular distribution
and only a small reduction in the maximal energy as shown at
the following figures.

When droplets are connected in the chain, the ion energy,
as it is also for lower intensity, depends on the distance
between their edges and increases as the distance increases
(see Fig. 5a). However, its angular distribution (the character-
istic angle of ion propagation) also increases (see Fig. 5b).
Thus, regardless of the intensity at first (as one decrease
the distance between droplets) narrowing of the ion angular
distribution occurs, and then reduction of the maximum ion
energy to the level of a foil target.

However, if for the same chain, we take the laser diameter
equal to or smaller than the droplet diameter, then ion energy
decreases. Accelerated ions in this case actually occur in only
one droplet and the influence of neighbors is weak. The
reason for this is a poor transport of electrons from the irra-
diated droplet to a neighboring droplet. We emphasize that
the influence of neighboring droplets on the angular distri-
bution of accelerated ions occurs when the laser beam
touches the neighboring droplets. Obviously, with a narrower
laser beam, there is no significant heating of electrons located
beyond the radius of the beam. These electrons create a
weaker field at neighboring droplets, which did not affect
angular distributions of departing ions, that is, one can say
that without touching of neighboring droplets, laser ion
acceleration in the case of a chain of droplets does not
differ from acceleration by a single droplet. In the simu-
lations, the following dependences of ion energy of a
single droplet on the laser beam width were obtained (see
Fig. 6).

We see that in order to increase ion energy for a laser
intensity of 1018 W/cm2, one need to take a laser spot
�2 mm wider than the droplet diameter; and when the
laser intensity is 1020 W/cm2, to achieve maximum ion
energy one also needs a laser diameter larger than the
droplet diameter. Compared with the case of lower intensity,
to achieve the maximal ion energy, a wider beam spot is
necessary, because of the increasing of rE is the distance pro-
pagated by the fast electron away from the droplet edge.
Accordingly, a laser beam of larger diameter is needed to
move fast electrons by ponderomotive pressure into the
area of light shadow for increasing of the electric field that
accelerates ions.

The angular efficiency reaches the maximum shown in
Figure 7 due to the fact that at decreasing distance, a narrow-
ing of the angular distribution occurs first, and then a drop in
ion energy to the foil limit. The reason for the efficiency
increasing on droplet convergence is the joint effect of ion
emission spot expansion and changing of ion energy.

To achieve maximum ion energy, combined with low ion
beam angular distribution, without big geometric losses in
the case of a droplet chain is a challenge. We can combine
high ion energy with good divergence of the ion beam if,
for example, we fill a laser spot with droplets (with the gap
between the edges not less than 0.5 mm for the intensity of

Fig. 4. The circles are the simulated results of the dependence of ion angle
efficiency on the distance between the droplet centers. Here, the laser spot
size is 8 mm and the hydrogen droplets are of diameter 4 mm. The solid
line is the analytical dependence of ion angle efficiency on the distance
between droplets. In the model, the laser spot size is 8 mm and the droplet
diameter is 4 mm as in the simulations. The temperature of hot electrons
increases in the range of distances 0-1 mm according to the result of
Figure 2. The initial temperature of hot electrons was Teh ¼ 0.6 MeV as in
the simulations.
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1018 W/cm2) when geometry losses offset packing droplet
density (the area of droplets to the area of the laser spot).
The gain in energy for this case is estimated to be by about
a factor of three, so that the packing density should be
more than 0.3. It is possible when the number of droplets
is large. Geometric losses for the case of higher laser inten-
sity are larger, so that one can get the maximum of energy
flux density rather than the maximum of ion energy.

Note that we considered sharp droplet edges. Changing of
a sharp laser spatial profile to a normal Gaussian distribution
immediately reduces the maximum ion energy for separated
droplets and for a chain as well. This effect (Andreev et al.,
2006) is connected with a reduction of the magnitude of the
accelerating electric field for an ion density gradient on the
border of MLT.

Ion acceleration in multi-species targets of uniform com-
position has been theoretically described (Tikhonchuk
et al., 2005; Brantov et al., 2006). At the beginning of accel-
eration, light ions and heavy ions from the target rear are
accelerated independently and, because of a different
charge-to-mass ratio, a spatial separation develops. Only
protons from a layer of a few Debye lengths at the target
rear can be accelerated, as carbon ions from the outer layer
shield the electric field formed by fast electrons. These
protons are separated spatially and in energy distribution
from the rest of the target. They are accelerated by the
sheath electric field and explode in space due to Coulomb
repulsion. This explosion is partly compensated by the elec-
tric field of heavy ions, which are located behind the protons.
The fastest protons are accelerated by electric fields, created

Fig. 5. (a) The dependence of ion energy (in MeV) of the droplet chain on the distance between the droplet centers. Here the chain of five
hydrogen solid droplets of diameter 4 mm is irradiated by a laser pulse of duration 133 fs and intensity 1020 W/cm2. (b) The dependence of
ion propagation angle (in degrees) on the distance between droplet centers for the chain of five droplets of diameter 4 mm and a laser
intensity of 1020 W/cm2.

Fig. 6. The dependence of the maximum proton energy of a solid hydrogen
droplet (in MeV) on the laser beam spot size D, where droplet diameter was
Dd ¼ 4 mm with a rectangular density profile. Open squares are at laser
intensity Il ¼ 1018 W/cm2; (b) Open circles are at laser intensity Il ¼ 1020

W/cm2.

Fig. 7. Calculated ion angular efficiency for a chain of five droplets of diam-
eter 4 mm as a function of the distance between the droplet centers at laser
intensity 1020 W/cm2.
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both by fast electrons and protons themselves. They form an
energetic tail in the proton spectrum. The slower protons,
which are located in the bunch rear, feel an additional electric
field created by the expanding heavy ions. These ions create a
peak in the spatial proton distribution. The peak in the proton
energy spectrum of a droplet target corresponds to the plateau
in the phase space. After some time, under the action of the
Coulomb field some protons overtake others, producing a
fine structure of the peak (Brantov et al., 2006). In the case
of droplets, the number of protons in the peak is relatively
small compare to a foil, and fine structure is not observed
in the simulations. This is due to high angular divergence,
which leads to a lower density of fast protons, so that the
effect of space charge decreases and the peak evolves more
slowly in time.

Calculations for a chain of CH droplets with the same laser
plasma parameters have shown a similar peak of the proton
energy spectrum (see Fig. 8). Thus one can say that
besides the enhanced energy flux of fast ions, such a target
is also interesting as a mono-energetic proton source.

CONCLUSION

It has been shown that a combination of several micron-size
targets in some geometrical configuration (for example, a
droplet/wire chain) can combine high energy and the
narrow angular distribution of ions accelerated by a fs laser
pulse of relativistic intensity. Geometric losses of laser
radiation in such a target can be small, so that the efficiency
of this target can be better than a foil target of the same
thickness. The most efficient target for ion generation by a
laser beam with a circular spot could be a target consisting
of a grid of droplet nodes with a packing density greater

than 0.5. For a stretched (ellipsoidal) laser beam spot, an
optimum shape of the target could be a droplet chain.
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