
Vol 18 No 12, December 2009
1674-1056/2009/18(12)/5395-06 Chinese Physics B c⃝ 2009 Chin. Phys. Soc.

and IOP Publishing Ltd

Energetic-ion generation by the combination of laser
pressure and Coulomb explosion∗

Jin Zhang-Ying(金张英)†, Shen Bai-Fei(沈百飞), Zhang Xiao-Mei(张晓梅),

Wang Feng-Chao(王凤超), and Ji Liang-Liang(吉亮亮)

State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, The Chinese Academy of

Sciences, Shanghai 201800, China

(Received 4 December 2008; revised manuscript received 20 February 2009)

A scheme of generating energetic ions by the interaction of an ultrahigh-intensity laser pulse and a thin solid foil

is studied. The combination of the effects of radiation pressure and Coulomb explosion makes the ion acceleration more

effective. The maximum ion velocity variation with time is predicted theoretically while the temporal evolution of the

electrostatic field due to the Coulomb explosion is taken into consideration. Two-dimensional particle-in-cell simulations

are done to verify the theory.
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1. Introduction

Laser driven proton accelerators have attracted

much attention, because energetic ion beams are par-

ticularly important for fast ignition, nuclear physics,

etc.[1−5] Ion acceleration from the rear side of tar-

gets with the scheme called target normal sheath

acceleration (TNSA) is at present the most impor-

tant mechanism to achieve high-energy ions.[6−13]

High-energy proton beams generated by interaction

of intense short-pulse lasers and solid targets have

been observed in experiments with maximum energy

up to about 58 MeV.[14−16] Using micro-structured

foils, quasi-monoenergetic proton or ion beams with

an energy spread of about 20% can be produced

experimentally.[17,18] Because the maximum proton

energy as well as conversion efficiency from a laser

pulse to the produced proton beam is dependent on

the target thickness, i.e. there is an optimum target

thickness for a certain laser pulse,[19] thin-foil targets

have been used to generate proton beams with high

energy (a maximum energy of tens of MeV) in the

experiments.[14−16] However, for an ultrathin foil all

electrons may be driven away from the target by an

intense laser pulse, and then it turns to the case of

Coulomb explosion which can usually be seen in the

laser–cluster interaction.[20,21]

On the other hand, an ultrathin foil can be ac-

celerated as a whole to a maximum energy of several

GeV by an ultrastrong laser pulse found in particle-

in-cell (PIC) simulations.[22,23] If we can make use of

the above methods synthetically, the ion acceleration

could be more effective.

In fact, ion acceleration by both TNSA and light

pressure has been studied.[24−26] Here we treat the

problem in a relativistic regime of varied parameters.

So the model of pure Coulomb explosion can further

be used to calculate ion movement. How to choose

suitable parameters will be discussed later. The tem-

poral evolution of the electrostatic field due to the

Coulomb explosion is taken into consideration in this

paper. The velocity of the fastest ions is directly de-

scribed in an expression which has a dependence on

time.

We study the regime of generating energetic ions

by two subsequent stages. First, an ultra-short and

ultra-intense laser pulse irradiates a thin foil. The

foil gains a velocity u as a whole along the direction

of laser propagation due to the light pressure on it.

This velocity no longer changes after the laser pulse

leaves the foil. Because the laser pulse is very short,

when the laser pulse leaves the target, the foil does

not move forward very much although the velocity of

the foil has already been very high. In the period

of laser–foil interaction, the foil has no time to ex-

pand apparently, while the light pressure also helps
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to confine the heated foil, in spite of the fact that the

electrons have already been heated to a very high tem-

perature and the thermal pressure is very large. Then,

after the interaction between the laser pulse and the

foil has finished, the foil begins its Coulomb explosion.

The ions located on the rear surface of the foil can get

further acceleration in this stage due to the charge

separation field.

2. Model and simulation

Now we want to calculate the maximum velocity

of the ions in a foil after they are accelerated firstly

by the light pressure and then by the Coulomb ex-

plosion. To make the calculation easy, we suppose

that these two accelerations are completely separate.

We will discuss the effect of the overlap between these

two acceleration regimes later. After the laser pulse

leaves the foil, the foil has a velocity u and the elec-

trons have been heated to nearly the velocity of light

in vacuum. The Coulomb explosion is asymmetric in

the laboratory reference frame. But in the moving ref-

erence frame of foil with a velocity u which is given by

the light pressure, the Coulomb explosion is still quite

symmetric as we will see. Under three assumptions we

obtain the following results: (i) the target thickness l

is much less than its transverse dimension R; (ii) all

the electrons escape from the target; (iii) half of the

electrons gain momentum pe,x, and the rest gain mo-

mentum −pe,x. It is convenient for us to consider the

pure Coulomb explosion in the moving reference frame

in a quasi-one-dimensional geometry. In fact, in our

simulation, about half of the electrons move forward

and the rest move backward on the whole in the mov-

ing reference frame. It may be that the heating mecha-

nism here causes the random direction of the hot elec-

trons and the electron velocity tends to a Boltzmann

distribution. E. Fourkal et al [27] have given an expres-

sion for the electrostatic field for the pure Coulomb ex-

plosion as Ẽ(x̃, t) = 4πZien0x̃/
(
1 + 2πn0Z

2
i e

2t2/mi

)
,

where x̃ is the coordinate in this reference frame along

the direction of laser propagation, mi is the ion’s mass

and n0 = ne/Zi is the initial density of ions where Zi

is the ion charge number. For an ultrahigh-intensity

laser pulse, full-ionization of the target is possible,

and hence we can choose Zi to be equal to its atomic

number in our theoretical work. Obviously, the ions

located at x̃ = l/2 experience the maximum electro-

static field

Ẽ(l/2, t) = 2πZien0l/
(
1 + 2πn0Z

2
i e

2t2/mi

)
, (1)

and consequently they can get the maximum momen-

tum.

Substituting Eq.(1) into the one-dimensional

equation of motion of ions

dp̃

dt
= ZieẼ, (2)

and integrating it, taking into account the

relativity of the maximum momentum p̃ =

γmiṽ, we can get the expression ṽ/
√
1− ṽ2 =

lZie
√
2πn0/mi arctan(

√
2πn0/miZiet), where ṽ is

the maximum velocity of the ions. Dimensionless

variables are used as follows: ṽ = ṽ/c, L = l/λL,

N = n0/nc = 4πe2n0/ω
2
Lme, M = mi/me and

T = t/(λL/c) = t/(2π/ωL), where λL and ωL are

the laser wavelength and frequency respectively, nc is

the plasma’s critical density and me is the electron

mass. Then we get the expression of the normalized

maximum velocity of the ions and it varies with time

ṽ = ±η/
√
1 + η2, (3)

where η = 2πZiL
√
N/2M arctan(2πZiT

√
N/2M).

When t → ∞, the final maximum velocity of the

ions is ṽmax = ±ηmax/
√
1 + η2max, where ηmax =

π2ZiL
√
N/2M .

Since our interest is in the ions which are mov-

ing forward, which get the maximum velocity in the

laboratory reference frame, we only take the positive

sign of the velocity. Using a Lorentz transformation

we get the maximum velocity at different times in the

laboratory reference frame

v = (u+ ṽ)/(1 + uṽ), (4)

where u is the average velocity of all ions in the foil.

When t → ∞, the final maximum velocity of the ions

is

vmax = (u+ ṽmax)/(1 + uṽmax). (5)

To verify our results, here we do fully relativistic

2D3V (two dimensions in coordinates and three di-

mensions in velocities) PIC simulations based on the

code PPICC.[28] A circularly polarized laser pulse with

wavelength λL = 1 µm propagates along the x direc-

tion. The circularly polarized laser pulse is used so

that electrons escape from the foil mainly at the end

of the first stage. Otherwise, electrons are heated very

quickly and escape from the foil immediately if a lin-

early polarized laser pulse is used. The pulse profile

in time and space is I = I0 exp
2(−w2/w2

0) sin
2(π(x−

ct)/lL) for 0 ≤ x − ct ≤ lL. The pulse peak intensity
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I0 = 1.38 × 1022 W/cm2 (i.e. a0 = 100, the normal-

ized vector potential), the pulse length lL = 10λL (i.e.

TL = 10 (λL/c)), the focal spot radius w0 = 8 λL and

the focus is located at x = 17 λL. The pulse has a

sudden beginning with a = 70 in the ascending front,

like that used in Ref.[23], in order that the thin foil

will not be heated too much and confined well by the

light pressure. The over-dense slice is initially 10 λL

in width and 1 λL in thickness at x = 17 λL. The

slice is of initial uniform density ne = n0 = 20nc,

where nc is the critical density. The simulation box is

80λL×40λL with grids of 1600×800 in x, y directions.

The ion mass mi = 1836me, where me is the electron

mass, and the ions have the same absolute charge as

electrons (i.e. the ions are protons). The boundary

conditions are periodic along the y direction and ab-

sorbing along the x direction. The numbers of the ions

and the electrons are both 400000 and the initial tem-

perature is 0.3 keV, which is required for numerical

reasons. Since the foil will be heated to a much higher

temperature in practice and all of the electrons are

pushed away from the foil, it does not affect the result

in our case, as we consider a pure Coulomb explosion.

3. Discussion

In this section, firstly, we discuss the parame-

ters that can make the scheme mentioned above work.

Then, the simulation results are taken to be compared

with our theory.

First, while a thin foil is easy to accelerate by ra-

diation pressure, the foil should be thick enough so

that electrons cannot be directly expelled away from

the ion plasma by the Lorentz force. So it was roughly

estimated as a0 < E0 = πNL. But in fact, the laser

field inside the foil is smaller than that in vacuum.

A laser pulse slightly larger than this estimate still

can be used. Secondly, a long laser pulse can accel-

erate the foil as a whole in the first stage for a long

time. However, the foil will begin to expand in the

first stage due to the excess of positive charge in fact.

So, to ensure the foil does not expand too much in

the first stage, too long a pulse duration is not useful.

As a rough estimate, the model of pure Coulomb ex-

plosion is used. So, in order to ensure the foil does

not expand too much before the second stage, the

laser pulse length TL should be less than the time

tc =
√
M (d− L)/2NL/π at which the thickness of

the foil expands equally to the initial width d of the

foil. In our case, tc ≃ 6.5 and we choose TL = 7.7.

The average ion momentum versus time and the

corresponding acceleration versus time in the labora-

tory reference frame are shown in Fig.1. At tI = 35T

(tI = 0 is the beginning time of the simulation and

the subscript I corresponds to the first regime), the

interaction of the laser pulse with the foil is fin-

ished and the average momentum of the ions starts

to be constant. At this moment the foil has gained

a velocity, u, while it has not moved forward far

away from its initial position. For total reflection of

the laser pulse, the average ion velocity can be es-

timated as ut = (1 − (εi/mic
2 + 1)

−2
)1/2 = 0.546

by using energy and momentum conservations, where

εi = 2χ2ε2L/(2χNiεL +N2
i mic

2). Here, χεL is the en-

ergy absorbed by the foil from the laser pulse, Ni is

the number of ions in the foil and χ = 1 for the total

reflection condition.[23] But in our simulation the laser

pulse is not totally reflected, because a part of the laser

pulse is absorbed by the foil and the other part passes

through besides the part which is reflected by the tar-

get. So the foil gains a smaller velocity u = 0.4453,

which is obtained in the PIC simulation and the corre-

sponding reflection coefficient is χ = 0.71. The accel-

eration ∂v/∂t is normalized by c/T . We can find that

the maximum acceleration is at about 23T and then

the acceleration finishes at about 35T (this is shown

in Fig.1).

Fig.1. Average ion momentum versus time (solid line)

and corresponding acceleration versus time (dashed line)

in the laboratory reference frame. The acceleration is the

ratio of ∂v/∂t, so its unit is normalized by c/T . All quan-

tities are normalized.

In the first stage of acceleration the foil is accel-

erated macroscopically by the radiation pressure as a

whole. But in fact these ions are not accelerated in the

same constant field. The laser field decays inside the

foil due to the over-dense plasma, so that the charge

seperation field has a longitudinal sturcture. The ions

accelerated in this moving electrostatic field are mi-

croscopically accelerated by electrostatic shock in the
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moving frame as described in Ref.[29]. Figure 2 shows

the phase space plots of the foil for longitudinal ion

velocities at tI = 25T in the moving reference frame.

It can be seen from the figure that there is an elec-

trostatic shock acceleration.[29] According to Ref.[29],

the maximum velocity of the shock front is

vs =

− a2

NM
+

√(
a2

NM

)2

+
4a2

NM

/
2 = 0.401

and correspondingly the maximum velocity of ions is

vi = 2vs/(1 + v2s) = 0.691. It is shown in Fig.1 that

the acceleration finishes at 35T , so the maximum ve-

locity in the laboratory reference frame at 35T is the

maximum velocity which the ions can gain in the first

stage. At this moment the maximum velocity in the

laboratory reference frame is 0.6587 in the simulation,

which is slightly smaller than the maximum ion ve-

locity predicted by shock theory. This is because the

laser pulse in Ref.[29] is a plane wave, while in our

simulation it is a Gaussian wave in transverse and the

amplitude a = 100 used above in the calculation is not

the average amplitude but the peak amplitude.

Fig.2. Ion phase space plot of the foil with longitudinal

velocity at tI = 25T in the moving reference frame. x̃ is

the coordinate in the moving reference frame in the same

direction of x. All quantities are normalized.

From tI = 35T (viz. tII = 0, the subscript II cor-

responds to the second acceleration regime), Coulomb

explosion begins to be dominant. In this stage, due to

the conservation of momentum, only the distribution

of momentum changes with the Coulomb explosion.

The plots of peak electrostatic fields versus time are

shown in Fig.3, asterisks standing for the simulation

results and the solid line for the theoretical results.

The electrostatic field decreases considerably within

about ten laser periods, so the ion acceleration due to

Coulomb explosion takes place mainly in this period.

Fig.3. Electrostatic field peak versus time; asterisks stand

for the simulation results and the solid line for the theo-

retical result. All quantities are normalized.

Fig.4. Ion energy plot at tII = 10T in the moving ref-

erence frame. Only ions with velocities above zero in the

laboratory reference frame are accounted for. The energy

unit is MeV. All quantities are normalized.

The ion energies at tII = 10T in the moving ref-

erence frame are shown in Fig.4. A small amount of

ions, whose velocities are below zero in the labora-

tory reference frame, are dropped so that the part we

are concerned about in this article is clearer. As we

can see, the explosion is basically symmetric, which

matches our assumption that the Coulomb explosion

is symmetric in the moving reference. Although the

3D effect becomes important later, up to tII = 10T ,

we can also find in Fig.4 that the explosion is basically

one-dimensional (1D). So, the 1D theory works well,

especially for ions in the middle in transverse. Some

time later, the thickness of the foil becomes larger and

larger and the effect of the three-dimensional (3D)

Coulomb explosion comes into play. However, as soon

as the 3D Coulomb explosion works, the ion acceler-

ation efficiency will drop immediately in comparison

with the 1D Coulomb explosion.
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Figure 5 shows the maximum ion momentum

p predicted theoretically (solid line) and the results

from the simulation (asterisk) at different times in

the laboratory frame. The simulation results do not

match very well in the early part of the second stage

as explained below. Because the two acceleration

regimes overlap in our simulation, the separation of

the two stages is not very clear as we assumed. The

ions have already begun to expand in the moving

reference frame before the second stage starts. There-

fore the deflection between the simulation and the

theoretical ones is very large when tII < 3T . Because

the maximum velocity due to the Coulomb explosion

is determined by the initial condition that the ions

have an undisturbed ion density distribution, the in-

fluence of when and how the electrons move out of

the ion layer at the end of first stage and the be-

ginning of the second stage wears away as time goes

by. Consequently the simulation results match the

theory better after tII = 3T . At tII= 25T , the later

part of the second acceleration stage, the maximum

Fig.5. The maximum momentum predicted theoretically

(solid line) and the results from the simulation (asterisk)

at different times. The average velocity of all ions in the

foil is u = 0.422. All quantities are normalized.

ion kinetic energy is εi = 742.6 MeV. Compared with

the energy (εi = 302.1 MeV) at tI= 35T , at the end of

the first acceleration stage, we find that the maximum

ion kinetic energy has increased about 440 MeV. So

in the second regime, the ion kinetic energy can be

increased further on the basis of the first regime and

both regimes are important for ion acceleration. For

a certain laser pulse, the foil parameters decide which

regime is more dominant. If the foil is very heavy, i.e.

the foil density is very high or the foil is very thick,

the acceleration of the laser pressure is relatively weak

for such a foil while the Coulomb explosion is impetu-

ous. If the foil is very light, the acceleration of laser

pressure is dominant while the Coulomb explosion is

relatively mild.

4. Conclusion

In this paper we studied the interaction of an

ultrahigh-intensity laser pulse and a thin solid foil.

The intensity of the laser pulse is so high and the

foil is so thin that the effect of laser pressure and

Coulomb explosion can be used to accelerate the ions

subsequently. We treat the problem in the relativis-

tic regime under two stages. In the first stage, the

details of acceleration can be explained well by the

theory of shock acceleration. In the second stage the

ions are further accelerated by the electrostatic field

due to the Coulomb explosion. We take the temporal

evolution of the electrostatic field into consideration

and the maximum longitudinal velocity predicted in a

quasi-one-dimensional geometry matches the simula-

tion quite well. The acceleration can be more efficient

if optimal parameters of the laser pulse and foil are

chosen (not done in this article) so that the ions ex-

perience sufficient acceleration at each stage.
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