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Ion explosion and multi-mega-electron-volt ion generation from an underdense plasma layer
irradiated by a relativistically intense short-pulse laser

M. Yamagiwa, J. Koga, L. N. Tsintsadze, Y. Ueshima, and Y. Kishimoto*
Advanced Photon Research Center, Japan Atomic Energy Research Institute, 1-1-2, Umemidai 8-chome, Kizu-cho, Soraku

Kyoto 619-0215, Japan
~Received 16 March 1999!

Ion acceleration and expansion in the interaction of a relativistically intense short-pulse laser with an
underdense plasma layer are investigated. Ion and electron dynamics are studied by a two-dimensional particle-
in-cell simulation with the real mass ratio. It is shown that the longitudinal electric field induced by electron
evacuation due to a large ponderomotive force or light pressure can accelerate ions to several MeV in the
direction of the laser propagation. It is after the laser completely passes through the plasma layer that the ion
explosion starts to be significant.@S1063-651X~99!04611-5#

PACS number~s!: 52.40.Nk, 52.65.Rr
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I. INTRODUCTION

Fast ion production@1–3# as well as fast electron produc
tion @4# is one of the interesting new features in intense las
matter interactions. Fast proton emission showing a sh
cutoff at a few MeV from picosecond laser interactions w
solid targets was measured for the intensity range of the
der of I;1018W/cm2 @1#. It was found that 10% of the lase
energy was transferred into MeV ions. The maximum i
energy cutoffEmax, roughly proportional to the intensity
was observed to reach 5.5 MeV. AtI;1019W/cm2 Emax can
reach 12 MeV. A scaling ofEmax;I1/3 has been obtained
experimentally@2#. The energetic ion emission and the sha
cutoff in the ion energy spectrum may possibly come fro
fast electron driven plasma expansion@5–7# and charge
separation@8,9#, respectively.

The high energy particles generated in intense la
plasma interactions could be applied to high energy nuc
science such as the experimentally observed neutron pro
tion from d-d fusion reactions due to laser irradiation on
deuterated target with a peak intensity of the order
1018W/cm2 @10# and 1019W/cm2 @11,12#. The presence of a
preformed underdense plasma seemed to be crucial to
production of neutrons for the experiment@10#. Three-
dimensional~3D! particle-in-cell~PIC! simulation results in
Ref. @10# indicate that the occurrence of neutrons in the
periment came from the acceleration of deuterons to a
hundreds of keV in an exploding hot plasma channel. T
analysis was, however, for the specific experiment, and
detailed dependence of fast ion production on preplasma
laser conditions was not clarified.

It has also been mentioned in Ref.@13# that energies of
ions accelerated in the transverse direction reach 3 MeV
the interaction of an underdense plasma with a laser p
with a peak intensity of the order of 1020W/cm2. MeV pro-
tons have also been found in a 2D PIC simulation of la
hole boring into an overdense plasma@14#, with a hot com-
ponent in the ion spectrum prescribed by a temperatureTih
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50.5 MeV and a maximum ion energy exceeding 5 MeV f
I;1020W/cm2. In such an overdense plasma, the laser rad
tion pressure compresses both electrons and ions sig
cantly and a shock wave may be somehow concerned
the laser-plasma interaction and hence a multidimensio
treatment should be indispensable in terms of the degree
freedom of the shock wave@15#. However, only model prob-
lems can be treated multidimensionally from the viewpo
of resolving the plasma skin depth and the period of plas
oscillations for overdense plasmas@14#.

A mechanism of ion acceleration in an underdense plas
may also be the aforementioned charge separation due to
electron production. In an intense laser-plasma interact
however, the high-frequency ponderomotive force is lar
than the plasma pressure, the total pressure force cha
sign, and electrons are accelerated in the direction of
laser propagation. Furthermore, the ion acceleration pro
is considered to depend on to what extent the electron d
sity profile is modulated and charge balance is broken; h
large the induced electrostatic field is in the course of co
pensation of the charge imbalance; and how long it lasts
this paper, we study the interaction of an ultraintense sh
pulse laser with an underdense plasma layer in terms of
explosion with the electrostatic field induced by electr
evacuation due to a large pondermotive force. Emphasi
placed on ion acceleration and expansion, which beco
more significant after the laser pulse and hence the acc
ated electron front completely passes through the pla
layer. The ion acceleration and expansion are regarded
sort of directed Coulomb explosion.

II. PIC SIMULATION

To study the problem we use a 2D fully relativistic PI
code which self-consistently solves Maxwell’s equatio
along with the both particle motion of electrons and ion
The details of the numerical algorithm can be found in R
@16#. We use a system size of 120l0 in thex ~laser! direction
and 60l0 in the y ~transverse! direction, wherel0 is the
incident laser wave length. We assume initially Gauss
pulses with a full width at half maximum of 4l0 (8l0) in
the x (y) direction. The linearly polarized laser pulse is no
mally incident to the preplasma layer. The laser intensity

n-
5987 © 1999 The American Physical Society



-
le

th
th
ye

f

y
e

n
,
s

th
fe

y
ef.
r-
e-
hat
ef.

ed
rm

lse,
lse
the
ain
er

ion.

f a
lec-
rve

om
ders
ons
e

ility
tion

r
in

ion

ion.
f a

r at

t-

5988 PRE 60M. YAMAGIWA et al.
taken to beI 5I 051021W/cm2. There exists a vacuum re
gion on both sides of the plasma layer. The length of the
vacuum region in thex direction is fixed to be 24l0 ,
whereas the right one~typically 48l0! is varied depending
on the plasma layer width. Depending on the length of
plasma layer, there are 2.5 to 5 particles per cell for
electrons with the same number for ions in the plasma la
The initial temperatures areTe5Ti510 keV. The plasma
density isne5n051020cm23, which is less than 10% of the
critical densitync . A real proton to electron mass ratio o
mi /me51836 is adopted.

First we show in Fig. 1 profiles of~a! the laser electric
field which is propagating to the right and~b! the electro-
static field induced at the plasma boundary in thex direction
at y530l0 , ~c! the electron density contour, and~d! the
electron energy distribution function forvp0t520, where
vp0 is the electron plasma frequency forne5n0 . The elec-
tric field is normalized byE0 which is 4pn0eD, wheree is
the elementary charge andD is the grid size. The energ
distribution function is normalized so that its integration ov
energy is unity. The parameters arene5n0 and I 5I 0 , and
the plasma layer width is taken to bed548l0 . We can see
that the electrons are pushed in the propagation directio
the laser. This is because a strong high-frequency field
considered in this paper, has the character of a compres
wave@17# and the electrons acquire a velocity directed in
laser propagation direction at the leading edge. This ef

FIG. 1. Profiles of~a! the laser electric field which is propaga
ing to the right and~b! the electrostatic field induced in thex direc-
tion at y530l0 , ~c! the electron density contour, and~d! the elec-
tron energy spectrum forvp0t520. The parameters arene5n0 and
I 5I 0 , and the plasma layer width is taken to bed548l0 .
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also manifests itself in the ‘‘sweeping up’’ of electrons b
the high-frequency radiation pressure. As was shown in R
@17#, this plowing of particles is possible only in the supe
sonic regime if there is a relativistic nonlinearlity. More pr
cisely, this condition is analogous to the requirement t
r 0.vgt0 in the weak relativistic case, as was shown in R
@18#, wherer 0 is the transverse width of the laser pulse,vg
the laser propagation velocity, andt0 is the laser pulse
length. In the strongly relativistic case, which is consider
in the present work, the above condition is cast in the fo
r 0;vgt0 or in terms of the ponderomotive force¹g, where
g is the relativistic factor,¹ ig.¹'g. This condition is well
satisfied for the present case.

The electron density rises at the front of the laser pu
whereas in the region of the trailing edge of the laser pu
the electrons are braked by the ponderomotive force and
plasma behind the wave is unperturbed. The ions rem
almost still, therefore an electrostatic field mainly in the las
propagation direction is induced owing to charge separat
The electron energy soon reaches up to;10 MeV corre-
sponding to a relativistic factor of (ge21);20, whereas a
substantial fast ion tail does not appear.

At vp0t530 ~Fig. 2!, we can see~a! a shift in the peak
position of the electron density, indicating somewhat o
sign of laser hole boring, and also continued pushing of e
trons by the laser ponderomotive force. We can also obse
electrons ejected from the boundary. This may come fr
the fact that the charged surface of the plasma, which bor
with the vacuum, is unstable to small surface perturbati
@19#. The instability is manifested in the modulation of th
surface charge density. The development of this instab
leads to a turbulent state, which then leads to the accelera
of particles. A negative dip is also formed in~b! the electro-
static field. At vp0t540 ~Fig. 3!, a local condensation o
evacuation of electrons leads to a dip or cavity formation
~a! the electron density. Figure 3~b! shows that the electron
energy becomes more than 20 MeV. We can also see an
tail, reaching;0.4 MeV, in Fig. 3~c!. At vp0t570 ~Fig. 4!,
peaks both in~a! the electron density and~b! the electrostatic
field continue to proceed together with the laser propagat
The electrostatic field has a wave form similar to that o
nonlinear wake.

When the laser has crossed the entire plasma laye

FIG. 2. ~a! The electron density contour and~b! the electrostatic
field in thex direction aty530l0 for vp0t530.
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vp0t590 ~Fig. 5!, electrons go across the original rig
boundary, as shown in~a!. That is, some of electrons hav
been completely swept up from the main plasma region
subsequent separation of these electrons from the pla
layer gives rise to ion acceleration and expansion due to
charge separation. A single large peak in~b! the electrostatic
field appears again near the right boundary. Figure 5~c!
shows that the maximum ion energyEmax reaches;1 MeV.
The ion maximum energy further increases up to;2 and;3
MeV, respectively, atvp0t5110 and 120.

At vp0t5150 ~Fig. 6!, electrons have moved further fo
ward, as shown in~a!. Ion acceleration and expansion ne
the original plasma boundary are also clearly seen, as sh
in ~b! the ion energy spectrum (Emax,;5 MeV) and~c! the
ion density contour, respectively. Figure 6~d! shows a con-
tour of the ion distribution in thex-Px plane, wherePx is the
ion momentum in thex direction, indicating that ions are
accelerated in thex direction near the original plasma boun
ary.

FIG. 3. ~a! The electron density contour,~b! the electron energy
spectrum, and~c! the ion energy spectrum forvp0t540.

FIG. 4. ~a! The electron density contour and~b! the electrostatic
field in thex direction aty530l0 for vp0t570.
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In this way, Emax rises up over a short time scale esp
cially after the laser pulse passes through the plasma laye
is also shown in Fig. 7, depicting the time evolution of t
maximum ion energy expressed by using the relativistic f
tor (g i

max21) for d548l0(24l0). The rate of the growth of
Emax increases aftervp0t5100(70), around when the fron
electrons start to go through the original right boundary. I
seen that ion acceleration begins to become significant a
the laser passes through the main plasma layer. There
Emax rises up earlier in the case of shorterd. However, the
value ofEmax attained later, atvp0t5150, is lower than the
case of longerd. This is because more electrons can be sw
out of the main plasma layer and thereby the charge sep
tion effect is more significant for longerd. Thus, separation
of electrons from the plasma layer is essential for ion acc
eration and expansion and this process can also be rega
as Coulomb explosion, since it occurs on a shorter ti
scale.

We have also found thatEmax roughly scales withI 0.5 and
increases linearly with the plasma layer widthd. This may
come from the fact that the relativistic ponderomotive forc
which acts on electrons, is proportional toI 0.5 and that the
number of accelerated electrons which are swept up from
main plasma layer and hence the induced electrostatic
can increase linearly withd. Whether this linear increase i
Emax with d continues is not clear. The extent to whichEmax
saturates with respect tod will be left to future study using a
longer simulation.

III. CONCLUDING REMARKS

In conclusion, two-dimensional PIC simulations of the i
teraction of a relativistically intense short-pulse laser with
underdense plasma layer has been performed to invest
high energy proton tail formation. It has been found tha

FIG. 5. ~a! The electron density contour,~b! the electrostatic
field in thex direction aty530l0 , and~c! the ion energy spectrum
for vp0t590.
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large longitudinal electric field is generated by ponderom
tive evacuation of electrons and that strong ion accelera
and ion expansion can take place. This process persists
becomes significant after the laser front has gone through
plasma layer, since ions follow electrons separated from
plasma layer. It has also been found that the ion tail ene
can reach around 5 MeV and possibly higher for higher d
sity.

FIG. 6. ~a! The electron density contour,~b! the ion energy
spectrum,~c! the ion density contour, and~d! the contour of the ion
distribution in thex-Px plane forvp0t5150.
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In Ref. @20#, fast ion production by the so-called Coulom
explosion was examined in terms of laser-cluster interact
In this scheme, light ions like protons and deuterons as w
as highly charged ions may be energetic at moderate l
power. However, the ions are accelerated in all directions
the scheme presented in this paper, unidirectional multi-M
ion generation from relativistically intense laser-plasma
teractions is a possibility. Application of fast ions produc
in the interaction of an ultrahigh intense laser with plasm
to nuclear science such as nuclear transformation due to~p,n!
reactions will be presented elsewhere in the near future.

The effects of collisions, which may suppress the hi
energy ion tail formation, should be examined. Higher de
sity ~critical to overdense! and more thick plasma layer case
and longer time scale behavior with larger system size
also left for future studies.
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FIG. 7. The time evolution of the maximum ion energy ford
548l0 and 24l0 .
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