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High density collimated beams of relativistic ions produced by petawatt laser pulses in plasmas
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Under optimal interaction conditions ions can be accelerated up to relativistic energies by a petawatt laser
pulse in both underdense and overdense plasmas. Two-dimensional particle in cell simulations show that the
laser pulse drills a channel through an underdense plasma slab due to relativistic self-focusing. Both ions and
electrons are accelerated in the head region of the channel. However, ion acceleration is more effective at the
end of the slab. Here electrons from the channel expand in vacuum and are followed by the ions dragged by the
Coulomb force arising from charge separation. A similar mechanism of ion acceleration occurs when a super-
intense laser pulse interacts with a thin slab of overdense plasma and the pulse ponderomotive pressure moves
all the electrons away from a finite-diameter spot.

PACS numbds): 52.40.Nk, 52.65.Rr

[. INTRODUCTION that the laser-plasma interaction is adiabatic on the electron
time scale and that the response of ions is much slower.

It has been known for a long time that the interaction of In the regime of nonadiabatic interaction of the laser pulse
ultraintense laser pulses with plasmas leads to the generatigiith the plasma, the ion acceleration is more effective and
of fast particles, from x- and-ray photons to high energy the ion energy scales asc?a2. To reach such a regime of
ions, electrons, and positrof$—14]. However, completely effective ion acceleration laser pulses are required in the
new conditions occur when the plasma is irradiated by getawatt power range, as we discuss below. Moreover, two-
petawatt laser pulse. In this case ion acceleration becomesgamensional(2D) particle in cell(PIC) simulations[17] in-
major feature of the plasma dynamics even in the case dficate that additional mechanisms of ion acceleration are at
short pulses. work and that ions are accelerated both in the radial and in

An ultrahigh intensity laser pulse in a plasma undergoeshe forward directions.
relativistic self-focusing, which leads to the channeling of |n the case of an overdense plasma the role of the channel
the laser radiation. The dynamics of the plasma channel prgs taken by the hole bored by the laser pUls8]. In the case
duced by a multiterawatt laser pulse in an underdense plasngg a thin foil [3,19], one-dimensiona{1D) PIC simulations
was studied experimentally in RefL0]. Self-focusing and  have shown that ions are accelerated in the forward direction.
channeling of the laser pulse were reported and the dynamicshese latter results were obtained within the framework of a
of the excitation and ionization of the ambient gas was studplanar model which is valid as long as the transverse size of
ied. A high radial ionization velocity of the surrounding gas the laser pulse is much larger than the acceleration length.
was observed after the formation of the channel. It was atHowever, such p|anar models overestimate the ion accelera-
tributed to fast ions propagating radially outward with re-tion since the electrostatic potential grows indefinitely as the
spect to the channel, under the effect of the electrostatic fielgize of the plasma cloud increases. Therefore higher dimen-
arising from charge separation when the electrons are eXional simulations are needed. Such simulations are also
pelled from the channdll5]. Following Ref.[16], this ion  needed in the case of ultraintense laser pulses in near-critical
acceleration mechanism was called the “Coulomb explodensity plasmas and in overdense plasmas, as these pulses
sion.” are subject to relativistic self-focusing, the description of

In Refs.[10] and[15] the ion acceleration is associated which requires at least 2D PIC simulations.
with the breaking of plasma quasineutrality when electrons  Simple analytical estimates of the energy that the ions can
are expelled from the self-focusing radiation channel in thQvauire’ as a function of the pulse amplitude and shape and
plasma and the ions expand due to the repulsion of the nof the plasma parameters, can be obtained only with 1D
compensated electrical charge. The typical energy of the faghodels (with planar, cylindrical, or spherical symmelry
ions was calculated by balancing the force due to charg@levertheless, these estimates are useful in multidimensional
separation[ Ap=4me(n;—ng)] with the ponderomotive P|C simulations as the starting point in order to identify the
force of the laser radiation on the electrons=  optimal regimes for ion acceleration. In the following we
=-mc@V, (1+a2)"?]. Here a,=eE/mwc. Thus the ion  show that the scaling of the ion energy with the pulse inten-
energy is proportional to the ponderomotive potential andsity can be optimized by considering regimes where the in-
scales asnc?a, for a,>1. In these estimates it is implied teraction between the laser pulse and the plasma is nonadia-
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batic. Such a regime is realized, e.g., when the pulse is IR\ Y? 4rre R\ 12
sufficiently short or when a long pulse develops a sharp front ag> 5—2 =( ) . 3
[20] due to its nonlinear evolution. de A

An electron interacting with a plane electromagnetic wave

acquires an energy equal f@=mc2a§/2=Mczaﬁ/2 where Here deZZC/wpe _is the_ collisionless skin_ depth an_do
=IN4mdg the dimensionless parameter introduced in Ref.

eE m [23]. Later, the ions start to expand due to Coulomb repul-
an= ﬁz IV Ag, (1) sion (Coulomb explosion They gain an energy of the order
mMac of Ecoulomp Which, assuminge~Ecouomp €aN be rewritten

andM/m is the ion to electron mass ratio. For intensities of*°

the order of I=2x10?* W/cn?, corresponding to laser

pulses with powers in the petawatt range, the value of the E~Mc?

dimensionless amplitude is of order 1. This means that the

electrons in the wave field become as heavy as ions. In an_ | . .

underdense plasma a short laser pulse generates a plas?‘nna(\j: Is of the order of the ion rest mass wigp-1.

wake wave with amplitude = £./e, where is the electro- rom tfhehabove estlmaltes we e>|<|pect tlhat the Iasebr accfel—
) . ) . L -~ . eration of the ions in a plasma will result in a number o

isrfiﬁlcdggtentﬁ?l]wgk;he 'O(Qenr?gglo : ilg thI?m\?,::'d(e ﬂsld IS important effects that will make it possible to identify the

<min[a§,M/m]) Thus forg ~1 the ions gain an er):g;gy mechanism of ion acceleration and that can be used for vari-

’ . ] h™

VR . . )Y ous applications such as the followind.) lon acceleration
~Mc? during half a period of the wake wave and the ion ., 4, high energy values can shed light on the neutron pro-

motion in the wake Of _thg laser pulse in an'underQens.%uction in overdense plasmas observed24]. (2) lon ac-
plasma becomes relat|V|st|c._ We_ note_ that this s_callng 'Teleration opens up a way of producing laser induced nuclear
more favorable than the scaling, linear in the amplitade  .5tions in a controlled waf25]. (3) The generation of
that would be obtained for a smooth long pulse interactingsav/ ions can be used for ion injection into conventional

adiabatically with the plasma. This favorable scaling make%lccelerators(4) Compact sources of ions with energy in the

it possible to accelerate ions in the plasma to relativistic €Niange of several hundred MeV can be of interest for various
ergies for amplitudes of the laser radiation much smaller tha'&pplications in medicing26,27.

those for which the dimensionless amplitude calculated with ™ 11,4 goal of the present paper is to analyze, with 2D PIC
the ion massa;=eE/Mwc, becomes of order 1, i.e., for qimations, the mechanisms of ion acceleration by petawatt
which the ion quiver velocity equals the speed of light. This|aser pulses in underdense and overdense plasmas in the
last 4amplltude corresponds to an intensity~7  ponadiabatic interaction regime. In Sec. Il we study the in-
X 10°* W/ent for a 1 um laser in a hydrogen plasma. teraction of such a laser pulse with a slab of underdense
The maximum energy that the particles can gain duringyjasma and calculate the ion acceleration both inside the slab
the whole acceleration process when they interact resonan?g/nd in the plasma cloud that forms at the back of the slab
with the wake can be estimated gE‘.Pm/(l_Uph/C) (Se€  after the laser pulse has drilled a hole through the slab. In
Ref.[22]), wherev yn~c(1— w?/2wp,) is the phase velocity sec. 11l we study the interaction of a pulse in the petawatt
of the wake wave. We see that in the petawatt regime thgower range with a slab of overdense plasma. We analyze
maximum energy does not depend on the pulse amplitudghe ion acceleration and collimation in two different cases:
and is given by first from a flat plasma foil and then from a properly prede-

E~epm(wlwp)2~Mc2(wlw,)?, @ formed foil (converging lens

v aZ=Mc?a? (4)

corresponding to~10-100 GeV in a plasma with density !l INTERACTION OF A LASER PULSE WITH A SLAB
n~(0.1-0.01)n,. As mentioned before these estimates OF UNDERDENSE PLASMA
have been obtained in the framework of a one-dimensional g st e investigate the interaction of a laser pulse with a

approximation. The effect of the transverse inhomogeneity o, of underdense plasma using 2D PIC fully relativistic
of the laser-plasma interaction, due to the finite size of thejiyulations with ion to electron mass ratld/m= 1840

flelgira:lrilld rthettia;ﬁc;ency 21;“8 E?ai:]ge dd fp?rtt;]cle acce\lsfr]at:]otnﬁwith dimensionless amplitude,=50. The pulse is Gaussian
ar esumates can be obraihed for e case WSN gith full width 1, =10\ and lengthlj=20\. The plasma

laser pulse interacts with an overdense plasma. We take t Lo ;
plasma to have the form of a thin slab of widthand assume Qieeg i':_)y 'ﬁ? e_IgﬁZC:ﬁB(;?tizd f:;ﬁ:i?ggj szolg(]))? rﬁt‘gge/igs
that it is irradiated by a laser beam with amplituglgand ;t x=0 and is greceded Ey 2 vacuum region. Bng %nd
radiusR>1 at the focus. The electrons interacting with thefollowed by a vacuum region @5long. The laser pulse is
laser light are expelled from their initial positions in the initialized outside the plasma in the v;acuum region0
plasma slab. If the electron energy in the pulse fi€ld '

= mcza§/2 is large enough, they can overcome the attractive
electric field due to charge separation. To move the electrons
off (to distances larger than the laser spot sitee pulse In Fig. 1 we present thex(y) distribution of the electron
amplitude must be such th&t>Ecquomp Where the Cou- (a) and ion(b) densities, of thex component of the electric
lomb energy is aboufcgyome=27me’NIR, i.e., field (c) and of thez component of the magnetic field) at

A. lon acceleration inside the plasma slab
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FIG. 1. The &,y) distribution of the electrorfa) and ion (b)
densities, of thex component of the electric fieltt), and of thez
component of the magnetic field) at t=170(27/w). The thick
line in the subframe in framéc) shows[(E?+B?)/2]Y? on the
pulse axis, while the thin line gives its initial distributi¢ehifted
for comparison to the position of the pulsetat170(27/ w)].

t=170(27/ w). The laser pulse is focused in a relatively
small region due to relativistic self-focusing and has devel-
oped a sharp front due to the effect of stimulated backward
Raman scatteringSBRS. The formation of the sharp front,
which is shown in the small subframe {n), makes the in-
teraction between the laser pulse and the plasma nonadia-
batic and is responsible for tra—fg scaling of the electron and

ion energies as mentioned in the Introduction. In Fig. 2 we
show the phase planepyx) and (p,,x) of electrons(a),(b)

and ions(c),(d).

The main features exhibited by these simulations are
these.

(1) A region with a strong electric field of opposite polar-
ity is formed: electrons move first, pushed by the pondero-
motive force of the laser pulse, and only later, because of
their inertia, do ions start to move under the action of the
electric field due to charge separation. As a result, a configu-
ration propagating with the group velocity of the laser pulse
is formed with an electric field that accelerates both electrons
(pye=~3600mc) and ions p,;~0.2Mc). The x distribution
of the ion momentum along has a structure that is not
correlated with the position of the double layer.

(2) Behind this double polarity region the laser pulse ex-
pels both electrons and ions in the transverse direction. How-
ever, the channel behind the laser pulse is not totally evacu-
ated as can be seen in Fig. 1. Indeed, the plasma moves
predominantly outward in the radial direction, but at the
same time an “inverted” corona mode of a hot, inward ex-
panding plasma is formed. Reaching the channel axis, these
hot plasma flows form a relatively dense plasma filament in
the region 118 <x<<146\. The phenomenon of the inverted
corona and of the formation of a hot filament inside the
channel was discussed in Reffg8,29 in the framework of
the gas dynamics approximation. In the present case the situ-
ation is more complex: the inward expanding plasma is in-
homogeneous in the direction along the channel and is
formed by narrow jets, and the role of the particle collisions
on the axis, leading to isotropization, is expected to be taken
by the magnetic field. In addition a significant portion of the
filament is made of the plasma that enters the channel
through the front region of the channel. The electric current
carried by the filament sustains the dipolar magnetic field
which in turns focuses the plasma toward the axis.

FIG. 2. The phase planes
(Pxe.X) and (ye,x) of electrons

: d) (@,(b) and the phase planes
(P«i »X) and (py;,x) of ions(c),(d)
att=170(27/ w).
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=230(27/ w), after the laser pulse has drilled a hole through
the plasma slab, and Fig. 4 shows the corresponding phase
planes f,,x) (a8 and (py,y) (b) of electrons, and of ions
(c,d. We see that the electron cloud expands into the
vacuum region in the forward direction. The phase planes
(py,X) of electrong(a) and of ions(c) show that the electron
energy decreases while ions are accelerated up to relativistic
energies f,;>0.8Mc). We observe that, even at the quanti-
tative level, the simplified estimates given in the Introduction
are not too far from the values obtained with our PIC simu-
lations. An important feature of these results is the ion col-
limation shown in the ion phase planp,(,y) in Fig. 4(d).
This collimation can be explained by pinching in the self-
generated magnetic field, which changes the polarity at the
ion jet axis as shown by the slices of the itash-dotted
line) and electrondashed ling densities and of the com-
ponent of the magnetic fiel@solid line) shown atx=155.5
in Fig. 5@ and atx=168.5 in(b). We see that close to the
channel end at=155.5 the ion and electron densities in the
filament are almost equal locally and the magnetic field is
mainly produced by the electric current carried by the elec-
trons. The magnetic field vanishes at the axis and changes its
sign. At x=168.5 instead, near the filament axis, the ion
density is much larger than the electron density. The depen-
dence of the magnetic field on tlyecoordinate shows that
inside the ion jet the magnetic field is produced by the elec-
”. tric current of the relativistic ions moving along tiedirec-
60 100 140 180 x/A tion.

FIG. 3. The §,y) distribution of the electrorfa) and ion (b) C. lon acceleration due to the Coulomb explosion
densities, of thex component of the electric fielet), and of thez ) ] ]
component of the magnetic field) at t=230(2/w). The mechanisms that accelerate the ions in the cloud at

the back of the slab can be described by invoking the pull on
the ions by the electrons that are expanding in the forward
direction, and the inductive electric field generated by the
fast change of the magnetic field during the expansion of the
After the laser pulse has bored through the plasma slab magnetized plasma cloud. These mechanisms work together
high energy plasma cloud appears at the end of the channefith a continuous change from one to the other and provide
at the back of the slab. Electrons expand in vacuum fastesin energy gain of the same order of magnitude. In order to
than ions and leave behind an ion cloud with a noncompenebtain simple analytical estimates of the energy that the ions
sated electric charge. can acquire in the Coulomb explosion of the ion cloud, we
Figure 3 gives the x,y) distribution of the electroria) adopt a simplified model that assumes spheficgindrical,
and ion(b) densities, of thex component of the electric field planay symmetry. We write the continuity equation for the
(c), and of thez component of the magnetic field) at t ion densityN(r,t) as

B. lon acceleration and collimation at the back
of the plasma slab

Pxe Dxi
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2000 -
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FIG. 5. lon(dash-dotted lineand electrondashed ling densi-
ties and thez component of the magnetic fielgolid line) at x
=155.5 in framega@) and atx=168.5 in frameb).
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In the nonrelativistic case the ion fluk at the end of the
channel can be estimated &s 7wR?Nv, , with v; the veloc-

ity of the ions at the channel end aRdhe channel radius. In
the relativistic case we have= wR?Nc. Thus the typical ion
energy is

4/3

Mv?)lB( R
and

gi’\"‘*(WmCZ)ZIS(T d_e

2
(15

R
5i~4wNe2R2~mc2(—
de

in the nonrelativistic and in the relativistic case, respectively.
In the simulations presented above the ratio of the channel
radius to the collisionless skin depth is about 30, which gives
£;~900mc?, consistent with the value of the mean energy of
fast ions seen in Fig. 4. Clearly, in a real configuration the
Coulomb explosion is not spherically symmetric; neverthe-

where»=0,1,2 for planar, cylindrical, and spherical geom- ass Eq.(15) gives the correct order of magnitude of the
etry, respectively. This equation must be solved with theenergy of the fast ions.

boundary condition

r‘Nv,=J atr=0, (6)

which corresponds to a point source of ions with intengity
at the origin and models the ion flux into the vacuum region
from the channel drilled through the plasma slab. The equ

tion of motion and Poisson equation read
Py tv dpr=€eE, (7)

r—"9,(r'E)=4meN. (8)

a_

D. lon acceleration due to the inductive electric field

During the expansion of the magnetized plasma cloud an
inductive electric field is generated by the fast change of the
magnetic field. As seen in Figs. 1, 3, and 5, the self-
generated magnetic field vanishes at the axis and changes its
sign in the upper and lower regions. When the electron-ion
cloud leaves the channel it carries the magnetic fielibzen
into the plasma at a distance larger than the collisionless skin
depth. In the expanding plasma the magnetic field decreases
and its value can be found from the conservation of the mag-

Substituting the expression for the ion density obtained fromnetic flux: ® = 7L2B= const where_(t) is the cloud radius.

Eq. (8) into Eq. (5), multiplying by r”, and integrating with
respect tar, we obtain

O(r’E)+v,d,(r"E)=4meld. 9

Solving Egs.(7) and (9), we obtain the equations for the

characteristics (t) andp(t) in the form

op,=eE, (10)

r =c%, (11
VM<co+p;

d(r’E)=4mel. (12

In the nonrelativistic limit, whemp,<m;c?, we find the fol-
lowing asymptotic dependence of the ion energyron

4/3 —
(Ame?Imb?)2 (3r/2) for v=0
izfﬁ' (9r/4)2R  for v=1 (13
2 (3Inr/2)?® for v=2.

For relativistic ion energieq,>Mc, J,r ~c, we obtain

r?/2 for »=0
47e2]
&= c xX{r for v=1 (14)
Inr for v=2.

At the beginning of the expansioh,is approximately equal
to the channel radiu®k and B can be estimated from the
expression for the self-generated magnetic feld47neR
obtained in[31]. The change of the magnetic field leads to

the generation of the electric fiell=LB/c=L®/mcL? di-
rected along the laser beam axis. This electric field acceler-
ates the ions in the forward direction and slows down the
electrons, which is similar to the acceleration mechanism
that occurs during the process of magnetic field line recon-
nection (see[30]). A relativistic charged particle in the vi-
cinity of the axis(where it is not magnetizedacquires an
energy of the order of ;~4mwne’R?. This energy is of the
order of the energy gain in the Coulomb explosion.

Ill. ION ACCELERATION IN A SLAB
OF OVERDENSE PLASMA

In this section we first discuss the results of our 2D PIC
simulations of the ion acceleration by an ultrarelativistic la-
ser pulse in a flat slab of overdense plasma. Then, we con-
sider a properly predeformed plasma sléltonvergent
lens”), which makes it possible to optimize the collimation
of the accelerated ion beam at the back of the slab. The size
of the simulation region is 12>415\2. The boundary con-
ditions are periodic in thg direction for the particles and the
electromagnetic fields. The boundaries in ¥heirection are
absorbing for the electromagnetic waves while the particles
are reflected with the thermal velocity. The number of grid
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FIG. 6. Electromagnetic energy densifs)
and(b) andE, component of the electric fiela)
and (d). [Frames(a) and(c) present the configu-
ration att=9(27/w), and framegb) and(d) cor-
respond tot=15(27/w).] The electromagnetic
energy density is normalized to the peak value in
the incident laser pulse. The contour levels vary

12¢ from 0.1 to 1.2 with the interval 0.1. The electric
10 F field is nomalized to the laser fieH, .

* gt 5

6

4 -

2k

[N BN RN AN AU AT AU A AR A £
0 2 4 6 8 10 12 2 4 6 8 10 12 x/A

points and particles in the simulations is 850024 and  1.6x 107 W/cn? and the pulse length to 18 fs. Such pulse

7.2x1CP. parameters are within the reach of the technological devel-
In the first case a plasma sld thin foil) is localized  opments that can be expected to occur in the next few years

initially at 5A <x<<7\. In the second case a foil of thickness [32].

2\ is predeformed in its central part in the shape of the For the chosen parameters of the laser pulse and of the

parabola given, fox<<6\, by the formulax=4\+0.32(y  plasma, the dimensionless parameigs wf,el J2wc [see Eq.

—7.5\)?/\. In both cases the maximum plasma density is(3)] is equal to 180. The normalized laser amplituae

n=30n,, and the plasma consists of protofisn massM =89 is smaller tharg,. In this case, according to R¢23]
=1840m) and electrons with initial electron and ion tem- the foil is not transparent to the laser radiation and only a
peratures equal to 800 eV. relatively small portion of the radiation can be transmitted

We expect that in the case of the predeformed foil thethrough the foil.
high absorption of an obliquely incidemtpolarized pulse
and the additional focusing of the transmitted light will lead
to a more effective ion acceleration than in the case of the
flat foil configuration. An ultraintensp-polarized laser pulse The results of our simulations of the interaction of the
is initiated at the left hand side boundary. The pulse has #aser pulse with the flat foil are shown in Fig. 6. Franias
Gaussian profile in both the longitudinal and the transversand (c) correspond tad¢=9(2m/w) and frames(b) and (d)
directions, its length and spot sizits width) are 5.5 and  correspond ta=15(27/w). Frames(a) and (b) show the
5\, respectively. The normalized amplitude of the incidentdistribution of the electromagnetic energy density and frames
pulse is equal t@,=89, and is larger thagM/m=43. Thus  (c) and(d) show thex component of the electric field in the
we expect that the ions are accelerated up to extremely higfx,y) plane. We see the deformation of the foil surface under
energies. For a Jum laser, this intensity corresponds to the ponderomotive pressure that pushes the electrons in the

A. Interaction of the laser pulse with a flat thin foil

Peb@ T P )

a0 . 400f

200 . 200 F FIG. 7. The phase plane
(pyesX) Of electrons with energy

oF W‘ -] above 1.5 MeV at=9(27/ ) (a)
[ ] ; and att=15(27/ w) (b).
200 . -200
T I, R 1
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- ] o5k FIG. 8. The phase plane of
oal 1 r ions (pyi,x) at t=9(27/w) (a)
“r and att=15(27/ w) (b).
C . ] 0.0F
00 v y
02 -0.5- : . - - :
1 2 3 4 5 6 7 x/A 0 2 4 6 8 10 x/A

forward direction. The electric charge separation leads to the

generation of a strong electrostatic field as shown in frames ét)=as
(b) and (d). A relatively small fraction of pulse is transmit-

ted: the fractions of the transmitted and of the reflected engypanding the laser pulse amplitude near its axisags
ergies are about 6.1% and 42.2%, respectively. Animportant 5 11 —y2/(21%)], wherel, is the pulse transverse inho-

feature exhibited by Fig. 6 is the strong focusing of the r&“mogeneity scale, we find that the foil gets deformed into a
diation reflected in the backward direction, as found in Ref'parabolic shape given by

[23]. The transverse size of the reflected beam spot is close
to one wavelength. This backward focusing of the electro- x=§0(t)[1—,8y2/(2lf)]. (18
magnetic radiation is a nonlinear effect caused by the defor-
mation of the critical surface under the light pressure. WeFor a thick plasma@=1 andé&y(t) is given by Eq.(16) with
analyze this deformation of the target induced by the radiaa=a,, while for a thin foil =2 and&y(t) is given by Eq.
tion and the resulting backward self-focusing in the so called17). The radiation reflected from the mirror is focused at the
snow plough model. In this approximation the critical sur-distance XfZ'f/Zﬁfo(t), which approaches the plasma-
face moves inside a thick plasma as vacuum interface as the deformation of the mirror grows.
Charged particles are accelerated very effectively both in
\/Ect (16) the forward and in the backward directions. In Fig. 7 the
M~ phase plane of the electrons with energy above 1.5 MeV is
shown att=9(27/w) in frame (a), and att=15(27/w) in
frame (b). We see in framda) that the electrons are accel-
and, in the case of a thin foil of width;, as erated in the forward direction by the ponderomotive force

® \?m c?t?

M Tg A

wpe

w

E
= ae( Wpe

yh,
14

12

10

FIG. 9. The same as in Fig. 6 in the case of
the interaction of the laser pulse with a prede-
formed foil.

14 ‘max= 0202
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Pre |
a00 . 400
FIG. 10. The phase plane
(pyesX) Of electrons with energy
above 1.5 MeV at=9(27/w) (a)

and att=15(27/w) (b) in the
case of the predeformed foil.

. 200 [

4 200}

1 ] -400 L L ) 1 ) ]
1 2 3 4 5 6 7 x/h 2 4 6 8 10 x/A

and are extracted in the backward direction due to “vacuum In Fig. 9 frames(a) and (c) correspond td=9(27/ w)

heating” [34,35. In Fig. 7(b) we see that the electrons are and framegb) and(d) correspond td=15(27/w). Frames

accelerated in the forward direction twice per laser perioda) and(b) show the distribution of the electromagnetic en-

due to thevx B force[36,37 and the energetic electrons are ergy density and frames) and(d) show thex component of

accelerated in the backward direction once per laser perioghe electric field in the X,y) plane. Since the target is ini-

as observed in Ref$38,39. o . tially deformed, the laser pulse is incident obliquely in the
The phase plane of the fast ions is shown in Fig. 8 at regions outside the center. This causes a high absorption of

=9(2mlw) in frame(a) and att=15(2w/w) in frame(b). We the |aser radiation with the fractions of the reflected and
see that the ions are accelerated both in the backward direg smitted laser light equal to 16.26% and 12.26%. The

tion, as dlscgssed In RG[B.S]’ and In the.forward dlrectlpn. energy of the reflected radiation is three times smaller than in
The forward ion acceleration is predominant. The maximuny. o <ase of an initially flat foil. In Fig. 10 we see that the

momentum reached by the |onsp§i/Mc~;, W.h'Ch COITE- " glectrons are accelerated more effectively, as compared to
sponds to the GeV energy range. Also, in this case the ac;

celeration mechanism must be attributed to the Coulomb e he case of the flat foil. The plasma heating up to relativistic

plosion which gives a final ion energy of the order of energies reduces the refraction index inside the foil, and, as a

Economp=Ame?nld | = 47szC2(wpe/w)2(|sh IN?). For the result, the transmission of the light eventually incred4€s

. . : Figure 11 shows the phase plane of the fast ions. A shar
ters of th lat ~Mc?, i.e., ~1 GeV. gure P P sharp
parameters of the simulatiodgouoms~Mc”, 1.e.,~1 Ge peak in the p,,x) plane appears at=9(27/ ), as seen in

Fig. 11(a). This is a significant difference from the case of
B. lon acceleration from a predeformed foil the flat foil presented in Fig. 8. The peak is formed due to the
focusing of the converging ion flows toward the axis and to

The deformation of _the flat foil induced by the pyl;e the expansion of the ion cloud in the forward direction. At
causes a strong focusing of the back reflected radlatloq.: 15(27/w), as seen in Fig. 1b), the ion energy is rela-

Similarly, a S“T"”g. collimation of the particles acc;elerated MNtivistic and the acceleration is predominantly in the forward
the forward direction can be expected when using a prede

formed foil with a curvature opposite to that which would be i'rf;tlon' The maximum ion momentum reachgs/Mc
induced by the radiatioticonverging lens The foil is as- -
sumed to be initially deformed in the shape of a parabola, as
described as the beginning of Sec. Ill and shown in Fig. 9.

We notice that converging plasma flows, formed under
irradiation of a semicylindrical foil, were investigated ex- A the comparison of the time evolution of the electron
perimentally for moderate laser powers in Re3]. It was  and ion mean kinetic energies for the flat and for the prede-
shown that a hot plasma filament is formed at the axis. Théormed foil is shown in Fig. 12. The solid lines correspond to
theoretical description of this process was developed in Rethe flat foil and the dotted lines correspond to the deformed
[28]. In the present paper we study this process in the relafoil. In the case of the deformed foil, the energy gain of both
tivistic range of plasma parameters where a jet of relativistieelectrons and ions is higher than in the case of the flat foil,
ions is formed at the axis instead of a high density filamenbut not significantly so. A more significant difference can be

C. Electromagnetic filamentation and ion jets
in the plasma cloud

of hot plasma. seen in the spatial distribution of the fast ions shown in Figs.
pXi [ T T T T T T 1 pXI L
P @ ] ;
0.6} .
: 1.0
04 FIG. 11. The phase plane of
: 05| ions (py,X) at t=9(27/w) (a)
o2f : and att=15(27/w) (b) in the
r ook case of the predeformed foil.
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25 prerrerTTTTTTTTTTTTT T T growth rate of this filamentation instability is
i~ 20 ; 1 I‘:pri/\/Qz"' w,z;,e/Cz 3, (19
2 15F ]
g s where Q is the wave number of the perturbations apd
g 10F ] =&./mc is the electron Lorentz factor. For our simulation
sk ] parameters we obtain that the scale lengthr/Q
s : ~2mcy¥ w,e, below which the growth rate becomes ap-
0 Eiod P I T B proximately constant, is of the order of the laser wavelength
0 4 & B L, %8R and that the characteristic time scale of the instability is ap-

proximately 2r/w,i~8(2m/ w).

FIG. 12. The electron and ion average energies versus time in The filamentation of the ion component is also present in

the cases of the flat and the predeformed foil. the plasma cloud moving in the backward direction in the
case of the deformed fojlee Figs. 1@&), 13(f), 14(d) and

13 and 14. In Fig. 13 we present the energy density of elect4(e)]. The electromagnetic nature of this instability is ap-
trons(a) and ions(b) in the (x,y) plane att=15(27/w) in  parent from the correlation between the ion filaments and the
the case of the flat foil. In frameg) and(d) we present the regions of reverse polarity of the magnetic figlkke Fig.
same distributions in the case of the deformed foil and inl4(a)]. In the case of the deformed foil the ions moving in
frame (e) the energy density of ions a&21(27/ ). the forward direction form a single filament in the shape of a

In Fig. 14 we present the component of the magnetic jet. Inside this filament the electric charge neutrality is bro-
field (a), the x component of the electric fielth), the elec- ken, as seen in Fig. 14). However, the repulsion in the
tromagnetic energy density of the laser radiation the en-  transverse direction due to the electric force is partially bal-
ergy density of the ion&d), the density of the electric charge anced by the magnetic part of the Lorentz force. The pinch-
(nj—ng) (e), and the plot of the quasistatic magnetic field ing does not confine the ions in the longitudinal direction:
and the ion energy density &t 4.65 versus thg coordinate  they expand and gain energy. In Fig.(f)4the quasistatic
att=12(2w/ w) (f) in the case of the deformed foil. In Figs. magnetic field and the ion energy densityxat4.65 versus
13(a) and 13b) we see that the distribution of the electrons they coordinate at=12(2#/w) are shown. The quasistatic
expanding in the forward direction inside the plasma is muchmagnetic field is approximately ten times smaller than the
less structured than the ion distribution. The ion densitymagnetic field in the laser pulse, i.e., approximately
shows very clear filaments with scale length of the order o300 MG. The transverse size of the ion jet is equal to.0.2
the laser wavelength. In order to explain these structures wamuch smaller than the laser wavelength. The magnetic
invoke the electromagnetic filamentation instability. Sincepinching inside the jet and, in the case of the predeformed
the mean energy of the electrons in the expanding plasma @asma foil, the converging plasma flow lead to an increase
approximately equal to the ion energy, as seen in Fig. 120f the ion density. In Fig. 15 we show the ion density evo-
electrons move faster than ions. As is well known, a plasmdution at the laser beam axis. On the vertical axis the ion
with a net relative motion between electrons and ions is undensity is measured in units of the critical plasma density. In
stable. This instability is similar to the electron filamentationframe(a) the ion density is presented in the case of a flat foil.
instability considered in Ref41]. It is easy to show that the We see that at=9(2n/w) the ion density is about three

Flat Deformed

Electron

FIG. 13. The energy density of
electrons(a) and of ions(b) in the
(x,y) plane at=15(27/ w) in the
case of the flat foil. In framefc)
and (d) the same distributions in
the case of the predeformed foil
and in frame(e) the energy den-
sity of ions att=21(27/ ).
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FIG. 14. Laser pulse interaction with the predeformed foil. Zlm@mponent of the magnetic field), the x component of the electric
field (b), the electromagnetic energy density of the laser radidtinnthe energy density of the ior{d), the density of the electric charge
(ni—ng) (e), and the plot of the quasistatic magnetic field and the ion energy density4&65 versus thg coordinate at=12(27/ w) (f).

times higher than the initial density in the foil. Later the formed by the radiation. lon acceleration is the main concern
density decreases, but remains well above critical density aif this paper. In underdense plasmas we emphasize the for-
t=18(2w/w). The ion compression in the case of the de-mation of an electric double layer moving with relativistic
formed foil is considerably higher. In franib) we see that at velocity at the head of the plasma channel drilled by the laser
t=6(27/w) the compression rate equals about 7. tAt pulse and the formation of a plasma filament on the channel
=18(2n/ w) the ion density in the jet is only twice smaller axis. In the radial direction the ions are accelerated predomi-
than the initial density in the foil and is equal to ri5, nantly toward the channel walls up to energies corresponding
which corresponds to a density of relativistic ions of theto the value of the ponderomotive potential. At the channel
order of 16?2 cm™ 3. head ions are accelerated in the forward direction by the
electric field of a moving double layer. The situation changes
IV. CONCLUSION dramatically when the laser pulse reaches the end of the slab.
In this case, the plasma filament begins to expand at the end
With the help of 2D3V PIC simulations, we have inves- of the channel. High energy electrons expand faster and the
tigated the ion acceleration during the interaction of petawations form a well collimated relativistically moving jet, con-
laser pulses with underdense and overdense plasma slaffiaed in the transverse direction by the pinching in the self-
The laser-slab interaction is accompanied by a broad ranggenerated magnetic field. The ions in the jet expand in the
of physical processes, among which we mention the backengitudinal direction because the electric charge is not com-
ward self-focusing of the laser light reflected by the foil de-pensated inside the jet. For the parameters that are character-

100

200 ' v v ' v i
[ [ ®) ]
sol ! t=6 ]
[ 150} . .
oo i i | FIG. 15. lon density evolution at the laser
mine n/n; 100} h . beam axis in the case of the fi@ and the pre-
o 'f\Jl deformed foil(b). The ion density is measured in
[ \1 units of the critical plasma density.
20
o
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istic of the interaction of a petawatt laser pulse with a nearsize much smaller than &m and a density of the order of
critical plasma this “anisotropic Coulomb explosion” 10?2 cm 3.

accelerates ions up to relativistic energies. We have shown

that the 'mechanlsm of anlsotroplq Coulomb explosion is al_so ACKNOWLEDGMENTS
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