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Abstract

It is shown that it is possible to accelerate micro-foils to velocities from 108 cm/s up to relativistic velocities without the
disturbance of the Rayleigh-Taylor instability. The acceleration occurs due to the radiation pressure of proper high power
lasers. In these systems, the ablation force is negligible relative to the ponderomotive force that dominates the acceleration.
The laser irradiances of 1017 W/cm2< IL< 1021 W/cm2 with a pulse duration of the order of 10 picoseconds can
accelerate a micro-foil by the laser radiation pressure to velocities as high as 109 cm/s before breaking by Rayleigh
Taylor (RT) instability. Similarly, laser irradiances of IL> 1021 W/cm2 with pulse duration of the order of 10
femtoseconds can accelerate a micro-foil to relativistic velocities without RT breaking. Due to the nature of the
accelerating ponderomotive force, in both the relativistic and non-relativistic cases, the structure of the accelerated
target contains a double layer (DL) at the interface of the laser-target interaction. The DL acts as a piston during the
acceleration process. The influence of the DL surface tension on the RT instability is also analyzed in this paper.
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1. INTRODUCTION

The use of spherical shells in inertial confinement fusion, in
comparison with solid spheres, has reduced significantly the
peak laser power and energy required to ignite a target of a
given mass. The ablation pressure Pa that accelerates the
shell is a function of the irradiating laser intensity IL which
scales approximately like Pa∼ IL

2/3. For a shell with initial
radius R0 and thickness ΔR0, the implosion velocity vf
scales as vf

2 ∼Pa(R0/ΔR0). The resulting stagnation pressure
is Pf∼ Pa(R0/ΔR0)G, where G is a radial convergence factor
of the order of 100. The minimum energy of ignition scales
as 1/Pf

2. In order to get ignition, the ablation pressure of
about 30 Mbars has to increase to Pf∼ 100 Gbars, i.e., by
a factor of 3000, implying an aspect ratio R0/ΔR0∼ 30.
The larger the aspect ratio is the higher the implosion
pressure (Pf) one gets implying smaller laser energy (∼1/
Pf
2). However, the magnitude of the aspect ratio is limited

by Rayleigh Taylor (RT) instability (Rayleigh, 1876;
Taylor, 1950). The RT instability can cause a disturbance

to grow from extremely small amplitudes to large levels
that can break the accelerated foil or the shell before it
reaches the desired final velocity. Since the beginning of
the inertial confinement fusion program the RT instability
has been a subject of uncertainties and controversies.

The highest laser-induced pressures, of the order of 1Gbar,
have been obtained during the collision of a target with an
accelerating foil. This acceleration was achieved by the abla-
tion of laser produced plasma or by X-rays created by laser
plasma interaction. The foil absorbs the laser energy,
plasma is then obtained and the foil is accelerated like a
rocket (Eliezer, 2002). In this way, the flyer stores kinetic
energy from the laser during the acceleration period and de-
livers it during the collision with a target, in the form of ther-
mal energy. The laser driven flyer can achieve much higher
pressures on impact than the shock wave pressure obtained
directly by the laser ablation. In 1994, at the Livermore Lab-
oratory, a pressure of about 1Gbar was created by accelerat-
ing a foil with soft X-rays from the indirect drive (Cauble
et al., 1993). Planar foil targets were accelerated to
1000 km/s at the Institute of Laser Engineering at Osaka
University (Azechi et al., 2009). The targets were about
20 μm thick and were made of polystyrene doped with
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0.4% (atomic) bromine. The acceleration driver was a
0.35 μm wavelength laser with energy of 1.5 kJ, 2 ns pulse
width and an irradiation of 4 × 1014 W/cm2.
For IL< 1016 W/cm2, the ablation pressure is dominant.

For IL ≫ 1016 W/cm2, the radiation pressure is the domi-
nant pressure at the solid-vacuum interface and the ablation
pressure is negligible. For IL> 1021 W/cm2, it was
suggested (Esirkepov et al., 2004; Eliezer 2012) that relati-
vistic acceleration can be achieved.
We are interested in the classical acceleration of a micro-

foil that can be achieved for laser irradiances in the domain
1017 W/cm2< IL< 1021 W/cm2 with laser pulses of the
order of picosecond where the ablation pressure can be neg-
lected relative to the radiation pressure. We also discuss the
relativistic acceleration that can be achieved with IL>
1021 W/cm2.
This paper analyzes the foil acceleration by ponderomotive

force. In this model, the force acts on the electrons that are
accelerated and the ions that follow accordingly. The
system of the negative and positive layers is called a
double layer (DL). The DL is regions of non-neutral
plasma which induce a large potential drop thereby causing
very strong electric fields. In our case, we have DL accelera-
tion by the laser irradiance (Clark et al., 1985; Eliezer &
Hora, 1989; Hora et al., 1984).
In Section 2, the classical laser pressure acceleration and

the hydrodynamic Rayleigh-Taylor (RT) instability are
calculated relevant to laser irradiances in the domain
1017 W/cm2< IL< 1021 W/cm2. Section 3 analyzes the
surface tension contribution to the RT instability. The relati-
vistic hydrodynamic RT instability appropriate for IL≥
1021 W/cm2 is summarized in Section 4. The analysis is dis-
cussed in the last section.

2. LASER PRESSURE ACCELERATION AND RT
INSTABILITY

The radiation pressure Pr created by a laser irradiance IL at the
solid-vacuum interface is given by

Pr = IL
c

( )
1+ R( ). (1)

R is the laser reflection from the micro-foil target and c is the
light velocity. For the following calculations, we take R= 1
that might be achieved with very short laser pulses τL where
τL∼ 10 picoseconds and less. In this case, for a foil where the
center of mass is moving in the x direction, one gets from
the Newton second law that the acceleration a of the center
of mass, in the x-direction, is given by

a = 2IL
ρclx

≡ −g, (2)

ρ is the foil density and the x,y,z dimensions of the foil are lx,
ly, lz accordingly. In this case, one can analyze the foil fluid

motion in a gravitational field described by g. For a fluid
motion described by its field velocities n(x,y,z) without tur-
bulence, ∇ × n= 0, one can define the velocity potential
f by the relation n=∇f(x,y,z;t). Neglecting the quadratic
velocity term (n2) and assuming a non-compressible fluid
one can write the Euler equation in a gravitational field in
the following way

∂f
∂t

+ P

ρ
+ gx = 0. (3)

Using the relations nx= ∂x/∂t= ∂f/∂x, vy= ∂f/∂y, vz =
∂f/∂z, taking the local pressure P as induced by the surface
tension, P=−α(∂2x/∂y2+ ∂2x/∂z2), and taking the time
derivative of Eq. (3) we get the following equation

ρg
∂f
∂x

+ ρ
∂2f
∂t2

− α
∂
∂x

∂2f
∂y2

+ ∂2f
∂z2

( )
= 0. (4)

Defining the foil in the domain: −lx≤ x≤ 0, 0≤ y≤ ly, 0≤
z≤ lz, and assuming the boundary conditions

vx x = −lx( ) = ∂f
∂x

x = −lx( ) = 0

vy y = 0, ly
( ) = ∂f

∂y
y = 0
( ) = ∂f

∂y
y = ly
( ) = 0,

vz z = 0, lz
( ) = ∂f

∂z
z = 0( ) = ∂f

∂z
z = lz
( ) = 0 (5)

we get the following solution of Eq. (4)

f x, y, z; t
( ) = e−iωtAe−klx ek x+lx( ) + e−k x+lx( )[ ]

f y, z
( )

f y, z
( ) = cos

nyy

ly

( )
cos

nzz

lz

( )
;
ny
nz

}
= 0, 1π, 2π, 3π, ... (6)

Substituting this solution into Eq. (4) we get the following
dispersion relation at the foil back surface x= 0 (the laser
irradiates the foil at the front surface, x=−lx, while we are
interested in the back surface instability about the surface
x= 0).

ω2 = −k a · tgh klx( ) − α

ρ

n2y
l2y

+ n2z
l2z

( )[ ]
. (7)

In Eq. (7), we have substituted the acceleration a instead of
the gravitational field g (g=−a, a> 0 according to Eq. (2)).
Denoting by ξ the local disturbance at the back surface of

the foil we obtain from Eq. (6)

ξ =∫
∂f
∂x

( )
x=0

dt = ξ0e
−iωt (8)

where ξ0 is the initial disturbance at the x= 0 surface and ω is
given by Eq. (7). Neglecting the surface tension term (i.e.,
α= 0), ω is imaginary and one gets the RT instability by
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using Eq. (2)

ξ

ξ0
= exp{[ka · tgh klx( )]1/2t} ≡ exp

t

τRT

( )
1
τRT

≡
2πa
L

( )
tgh

2πl
L

( )[ ]1/2
= 4πIL

ρclL

( )
tgh

2πl
L

( )[ ]1/2
. (9)

In the second term of Eq. (9), the most restrictive constrain on
the instability is taken by choosing k= 2π/L, where L is
the target dimension orthogonal to the x amplitude. For
tgh(klx)= 1 one gets the standard RT expression (Eliezer,
2002; Chandrasekhar, 1961). However in our case L∼ ly=
lz ≫ lx ≡l implying tgh(2πl/L)∼ 2πl/L and the following
time scale for the RT instability

τRT = L

2π

( ) ����
ρc

2IL

√
for l ≪ L. (10)

Denoting the critical value that the foil breaks by (ξ/ξ0)cr at
time tcr, one gets the foil velocity vf before breakdown by RT
instability

vf = atcr = aτRT ln
ξ

ξ0

( )
cr

⇒

vf = c
IL
ρc3

( )
L

πl

( )
tgh

2πl
L

( )[ ]−1
{ }1/2

ln
ξ

ξ0

( )
cr

.

(11)

For IL= 1018 W/cm2, L=10 μm, l= 1 μm, and ρ= 1 g/cm3

we get using Eqs. (2) and (9) the acceleration a = (2/3) ×
1019 cm/s2 and the RT time scale τRT=6.54 ps. This interest-
ing result implies that a foil with very small initial disturb-
ances can be accelerated until it breaks at ln(ξ/ξ0)cr ∼3
inferring tcr ∼20 ps before breaking down by RT instability.
In this case, the foil velocity vf is about vf∼ 3aτRT= 1.34 ×
108 cm/s.
The final velocity of the accelerated foil before breakdown

by Rayleigh Taylor instability according to Eq. (11) is given
in Figure 1, where we have chosen ln(ξ/ξ0)cr= 3 and the foil
density ρ= 1 g/cm3. The ratio of foil thickness (l ) to the
transversal dimension (L) are given for (1) 2πl/L= 1, (2)
2πl/L= 0.1. As one can see from these figures the laser
can accelerate foils to velocities as high as 109 cm/s before
breaking by RT instability.

3. THE SURFACE TENSION AND
RAYLEIGH-TAYLOR (RT) INSTABILITY

In this section, we describe the double layer by a capacitor
model as given in Figure 2. This capacitor model is con-
trolled by laser irradiances IL where the ponderomotive
force dominates the interaction. Ex is the electric field
inside the double layer, λDL is the distance between the posi-
tive and negative DL charges, l is the foil thickness, and δ is
the solid density skin depth of the foil. ne and ni are the

electron and ion densities accordingly, Ex is the electric
field solution. The DL is geometrically followed by neutral
plasma where the electric field decays within a skin depth
δ given by δ= c/ωpe, where ωpe= 5.64 × 104√ne= 1.78 ×
1016 s−1, implying δ∼ 2 × 10−6 cm.

The acceleration of double layers by a high power laser to
high velocity was suggested in the literature for a long time.
The dispersion relation that takes into account also the double
layer (DL) surface tension (Eliezer & Hora, 1989; Hora et al.,
1989) is given in Eq. (7). The double layer motion is RT
stable if ω2> 0 and this can be achieved if the following in-
equality is satisfied:

α ≥ ρaL2 · tgh 2πl
L

( )
. (12)

In Eq. (12), we have taken the most unstable modes as de-
fined in Eq. (7) by (ny= 2π, nz =0) or (ny =0, nz= 2π).

Fig. 1. (Color online) The final velocity of the accelerated foil before break-
down by Rayleigh Taylor instability according to Eq. (11). In this equation
ln(ξ/ξ0)cr was chosen to be equal to 3 and the foil density ρ =1 g/cm3. The
ratio of foil thickness (l ) to the transversal dimension (L) are chosen for
(a) 2πl/L = 1, (b) 2πl/L = 0.1.
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The DL surface tension within the context of a capacitor
model (see Fig. 2) is given by

α = E2
DL

8π

( )
λDL ≈

ILλDL
cε2r

(13)

EDL is the electric field in the DL region; λDL is the distance
between the positive and negative DL charges, usually (Elie-
zer & Hora, 1989) of the order of the Debye length λD≈
750(TeV/ne)

1/2 where TeV and ne are the electron temperature
in eV units and the electron density accordingly. εr≈ (1−
ωp
2/ωL

2)= (1− ne/nc) is the dielectric constant in the DL
domain. Since the electrons are pushed out of the DL by
the ponderomotive force then one can assume that the elec-
tron density inside the DL is smaller than the critical density
nc, described schematically in Figure 2, implying εr≈ 1 as a
good approximation. Substituting the acceleration from

Eq. (2) into Eq. (13) we get the DL stability for

λDL ≥ 2
L2

l

( )
tgh

2πl
L

( )
. (14)

For l/L ≪ 1 we can approximate the DL stability by the
simple relation

λDL ≥ 4πL. (15)

As a typical example we can take λDL of the order of the
Debye length λD and for T= 100 eV, ne= 1022 cm−3 we
have λDL∼ 7.5 × 10−8 cm ∼10 L, a transversal dimension
of a nano-foil or rather a nanotube! Therefore it looks that
for micro-foils the DL surface tension does not contribute
to hydrodynamic stability unless the electron density is few
orders of magnitude smaller than 1022 cm−3 and the temp-
erature significantly higher than 100 eV.

4. RELATIVISTIC RAYLEIGH-TAYLOR (RT)
INSTABILITY

With the development (Piazza et al., 2012) of laser irra-
diances larger than 1021 W/cm2 it became possible to accel-
erate a micro-foil to relativistic velocities due to the laser
pressure P =2IF /c, where IF is the laser irradiance in the ac-
celerated foil rest frame and c is the speed of light and it is
assumed that the reflection in the foil rest frame is one.
The laser irradiance IL and angular frequency ωL in the lab-
oratory are related to their appropriate values in the foil rest
frame (denoted by subscript F ) by Doppler equation, based
on appropriate Lorenz transformation of the electro-magnetic
fields and the definition of I in term of these fields,

IL = IF
ωL

ωF

( )2

= IF
1+ βf
1− βf

( )

P = 2IL
c

1− βf
1+ βf

( ) (16)

where cβf is the foil velocity in the laboratory frame of
reference.
The relativistic Newton law of motion

d

dt
ρ0lc
( ) βf��������

1− β2f

√
⎡
⎢⎣

⎤
⎥⎦ = 2IL

c

1− βf
1+ βf

( )
, (17)

has been solved (Eliezer et al., 2013)

∫
βf

0

dx

1− x( )5/2 1+ x( )1/2 =
2− βf

( ) ��������
1− β2f

√
3 1− βf

( )2 − 2
3
= 2It

ρ0c
2l
≡

t

τ
,

(18)

Fig. 2. (Color online) (a) The capacitor model for laser irradiances IL where
the ponderomotive force dominates the interaction. Ex is the electric field
inside the double layer, λDL is the distance between the positive and negative
DL charges, l is the foil thickness and δ is the solid density skin depth of the
foil. (b) A schematic figure that our capacitor model is based. ne and ni are
the electron and ion densities accordingly, Ex is the electric field solution.
The DL is geometrically followed by neutral plasma where the electric
field decays within a skin depth.
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for a pulsed laser with constant intensity in order to get
micro-foil velocity βf as function of the laser pulse duration
tL in units of τ= ρ0c

2l/(2IL), where ρ0 is the micro-foil initial
density and l is the foil thickness. Figure 3 describes the
micro-foil velocity as a function of the laser pulse duration
in units of τ. For example, if ρ0= 1 g/cm3, l= 0.1 μm, foil
cross-section of 10 μm2, then βf= 0.5 for a laser with
ILtL= 4.5 × 108 J/cm2 and energy 45 J. Furthermore, for
an irradiance of 1022 W/cm2 one requires a laser with
pulse duration of 45 fs.
A crucial question in accelerating a foil to relativistic vel-

ocity is its hydrodynamic stability. In particular, the relativis-
tic Rayleigh-Taylor instability was calculated (Pegoraro &
Bulanov, 2007) as described in Eq. (19).

ξNR = Δx

x0
= exp

t

τNR

( )

ξR = Δx

x0
= exp

t

τR

( )1/3
[ ]

τR
τNR

= 1
3π

( )
L

l0

( )
IL
ρ0c

3

( )
(19)

ξNR and ξR are accordingly the non-relativistic and relativistic
development of the instability for an initial disturbance x0
and L is the target dimension orthogonal to the x amplitude.
The non-relativistic time scale τNR we calculate from the
second of Eq. (9): τNR =τRT. We consider the following
example: L =10 μm, x0 =10 nm, ρ0 =1 g/cm3, l= 0.1 μm,
IL =1024 W/cm2. Assuming that the foil breaks for ξ= 10
(i.e., Δx∼ l ) then the foil breaks at 14.2 fs (τNR= 6.2 fs)
for the non-relativistic case while in the relativistic regime
the foil is stable during 90.5 fs (τR =39.3 fs). This behavior

is understood from the different time dependence of the RT
instability in relativistic and non-relativistic cases. Taking
into account that during few femtoseconds one can accelerate
a micro-foil to relativistic velocities one can achieve stable re-
lativistic acceleration for laser irradiances of the order of
1023 W/cm2.

5. DISCUSSION

In this paper, we analyze the acceleration of a micro-foil by
the laser radiation pressure impact. We look for acceleration
without laser-plasma ablation. The laser irradiances of inter-
est are in the domain 1017 W/cm2< IL< 1021 W/cm2 for
non-relativistic acceleration and IL≥ 1021 W/cm2 for the re-
lativistic regime. Due to the nature of the ponderomotive
force, in both the relativistic and non-relativistic cases, the
structure of the accelerated target contains a double layer as
shown in Figure 2. Furthermore, for ultra-high irradiance
lasers the RT instability does not apparently disturbs the ac-
celeration as has been derived theoretically in particle in cell
simulations (Esirkepov et al., 2004) of a foil and two fluid
hydrodynamic simulations of plasma blocks (Lalousis
et al., 2013; 2012; Hora et al., 2014).

The main result of this research is that the laser radiation
pressure can accelerate a micro-foil to very high velocities
without breaking it by the RT instabilities. For the non-
relativistic domain the laser time duration is of the order of
τL∼ 10 picoseconds while in the relativistic case the laser
pulse is τL∼ 10 femtoseconds.

The surface tension is also analyzed using a capacitor
model in the context of hydrodynamic stability. It is shown
that for solid state density the surface tension cannot stabilize
a micro-foil but it might cause stabilization for nano-foils not
discussed in this paper (Eliezer et al., 2004; 2005). However,
for under dense DL plasmas, the surface tension can be an
important stabilizing mechanism.

The non-relativistic velocities that can be achieved are
given explicitly in Eq. (11) and described in Figures 1. As
one can see from these figures the laser can accelerate foils
to velocities as high as 109 cm/s before breaking by RT in-
stability. The relativistic velocities are specified implicitly
in Eq. (18) as designated in Figure 3. Therefore, for the
state of the art high irradiance lasers the RT instability can
be avoided during the acceleration time and relativistic vel-
ocities can be achieved.

Finally, we would like to suggest that the consequences of
this paper may be important in discussing the possibility of
fast ignition (Basov et al., 1992; Tabak et al., 1994) nuclear
fusion triggered by laser or by foil impact induced shock-
waves (Betti et al., 2007; Eliezer & Martinez Val, 2011;
Murakami et al., 2006; Eliezer et al., 2007). The "fast
ignition" idea is to ignite the fuel (e.g., deuterium- tritium,
proton-boron11, etc.) with less energy and in order to achieve
this goal one has to separate the drivers that compress and
ignite the target. First the fuel is compressed then a second
driver ignites a small part of the fuel while the created

Fig. 3. (Color online) Micro-foil velocity βfc as a function of the laser pulse
duration in units of τ= ρ0c

2l/(2IL), where ρ0 is the micro-foil initial velocity
upon impact and l is the foil thickness.
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alpha particles heat the rest of the target. The fast ignition
problem is that the laser pulse does not penetrate directly
into the compressed target; therefore many schemes have
been suggested. In this context the comeback of shock
waves in inertial fusion energy was published and the
ignition by impact was suggested (Eliezer, 2012; Murakami
et al., 2006). The RT instability plays a crucial role in achiev-
ing ignition (Mima et al., 2009) and therefore the analysis of
this paper might be important.
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