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A suppression of a transverse divergence of high-energy protons generated by an interaction of a laser with
a thin slab foil is investigated in this paper by 2.5-dimensional particle-in-cell simulations. When an intense
s,1024 W/m2d short-pulsesa few ten femtosecondsd laser illuminates a thin foil target of a hydrogen, foil
electrons are accelerated and compressed longitudinally by a laser light pressure and fast electron bunches are
produced in the thin foil target. The fast electron bunches pass through the foil target, and a strong magnetic
field is produced near the opposite side of the foil target. Because the strong magnetic field confines the
electrons, a localization of the electrons is observed at the opposite side of a laser illumination surface. The
local electron bunch produces not only a longitudinal electric field, but also a transverse electric field, which is
directed toward the laser axis. Protons are accelerated and extracted from the foil, and the proton bunch
divergence is successfully suppressed by the transverse electric field.
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I. INTRODUCTION

With the development of a laser technology, a laser inten-
sity of I .1024 W/m2 has been achieved in recent years
f1,2g. Intense lasers provide a strong electric field gradient of
a few TV/m, and various interesting researches have been
explored in a laser-matter interactions, such as direct electron
acceleration in vacuumf3–9g, high-energy ion sources
f10–23g, and so on. In this paper, we focus on high-energy
proton production in a laser-foil interaction.

When an intense laser illuminates a thin slab foil, foil
electrons obtain a net energy by the ponderomotive force of
the laser and oscillate around the thin foil target, and the
electrons cause a charge separationf10g. Foil ions are accel-
erated by an electric field generated by the charge separation
and are emitted from both the sides of the foil target. On the
side irradiated by the laser, the charge separation is mainly
caused by hot electrons. On another side, the electrons accel-
erated by the ponderomotive force pass through the foil tar-
get and produce the charge separation. In recent theoretical
and experimental results, ions energies of a few MeV or
more have already been observed. In the future, an improve-
ment in a quality of the ions accelerated becomes very im-
portant for applications to technology, and research in the
progress of the ion beam qualities has just startedf11,12g. In
this paper, we perform 2.5-dimensional particle-in-cellsPICd
simulations to investigate the transverse proton beam diver-
gence. We demonstrate that even in the slab target, a trans-
verse proton divergence can be suppressed by the localiza-
tion of an electron cloud in transverse.

In the laser-foil interactions, the behavior of electrons in-
fluences directly the ion dynamics. A part of the electrons

placed at the surface irradiated by the laser is accelerated by
the ponderomotive force and passes through the foil target.
At the same time, a high current flows in the foil target and
a magnetic field is also generated. Recently Ref.f11g pro-
posed to employ an underdense plasma foil for effective pro-
ton acceleration. The intense laser propagates in the under-
dense plasma and accelerates the plasma electrons. The
electrons accelerated produce a strong magnetic field, which
has an electron confinement effect, and generate an electric
field for a long time. Consequently the proton energy is
higher than that in the case of an overdense plasma in the
same parameter rangesf11g.

In our study, we employ an intense short-pulse laser and a
hydrogen foil target to suppress the transverse divergence of
high-energy protons. In the case of an ultraintense and short-
pulse laser, the electrons are accelerated and compressed lon-
gitudinally by the longitudinal ponderomotive force and pro-
duce fast electron bunches in the foil target. The fast electron
bunches create the strong magnetic field and are confined by
the magnetic field in the transverse direction. Therefore the
fast electrons are localized in transverse and longitudinal di-
rections at the target surface and the charge separation ap-
pears locally. Then the protons are mainly accelerated in the
longitudinal direction and at the same time experience a
transverse electric field generated by the electrons. Therefore
the proton divergence can be suppressed. Consequently even
in the slab target one can expect the suppression effect on the
high-energy proton transverse divergence. In our suppression
mechanism, the structure of the fast electrons influences the
transverse proton divergence. In this paper, in order to inves-
tigate the localization effect of electrons, we calculate six
different cases for the laser intensity and pulse duration for a
fixed laser input energy. Our calculation results indicate that
the maximum proton kinetic energy and average proton ki-
netic energy reach about 8 MeV and 3 MeV, respectively for
all cases. In the case of higher intensity, the electrons are
accelerated sufficiently, the magnetic field becomes strong,
and the electrons are well localized. Therefore the transverse
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proton divergence becomes small compared those in the
cases with the low laser intensities.

II. SIMULATION MODEL

In this section, we present the simulation model of 2.5-
dimensional PIC simulations and the parameter set em-
ployed. Figure 1 shows a schematic view of our simulation
model. It was found that an energy absorption coefficient
from the laser to the target rises by preparing a density gra-
dient at the laser illumination surface of the targetf13g. In
our calculation model, a hydrogen foil target with an addi-
tional linearly changing density gradient is employed. In this
paper, the foil thicknessd f =1.5l and the width of the density
gradientdgrad=1.0l, wherel=1.053mm is the laser wave-
length. The peak density of the target is its solid density
sne=ni =42ncd. Here ne and ni are the electron and proton
number densities, respectively, andnc is the critical density.
Initially, the electrons and protons are in a Maxwell distribu-
tion with 1.0 keV. The mass ratio of the proton and electron
is mi /me=1836. The laser propagates in thex direction and is
linearly polarized in they direction with the Gaussian profile
in the transverse and longitudinal directions. At the initial
time, the laser enters at the left boundary and propagates in
the x direction. The laser diameterrspot=4.0l. In order to
investigate the magnetic field effect on the electrons, we per-
form six different cases of laser intensityI and pulse duration
t with the same fixed laser energy:I =131024 W/m2 and
t=25 fs scase 1d, I =531023 W/m2 and t=50 fs scase 2d,
I =3.1331023 W/m2 and t=80 fs scase 3d, I =1.67
31023 W/m2 and t=150 fs scase 4d, I =1.2531023 W/m2

and t=200 fs scase 5d, and I =131023 W/m2 and t
=250 fs scase 6d. In the parameters we employed, a total
energy of the laser injected is calculated byEinput
,p3/2Ir spott /4=7.323104 J/m, and if the laser is cylindri-
cally symmetric, the total laser energy is estimated by
Einput, Ir spot

2 t,0.109 J. In this paper, the target side illumi-
nated by the laser is called the laser side and the other side is
called the rear side. The calculation region is given byR
=hsx,yd u0,x,50l ,0,y,45lj, and the foil is placed in
23.5løxø25l, and 10løyø35l at the initial time of t
=0. The mesh width in thex and y directionsD=Dx=Dy

=0.04l, the computational time stepDt=0.0016l /c, and the
total number of superparticles is equal to 3.753105 for both
electrons and protons, respectively. The laser center in the
transverse direction isyc=22.5l. In the y direction, a peri-
odic boundary is used, and a free boundary condition is em-
ployed in thex direction.

III. SIMULATION RESULTS

A. High-energy protons generated from the foil target

Figures 2 and 3 present numerical simulation results of
the proton acceleration. Figure 2 shows developments of the
total kinetic and fields energies forsad case 1 andsbd case 6,
and spectra of the proton kinetic energy att=660 fsscase 1d
and t=990 fs scase 6d are presented in Figs. 3sad and 3sbd,
respectively. In these times, the electrons and protons have
already reached the quasi steady state. In Fig. 3, the protons,
whose longitudinal velocity isvxù0, are called the forward
protons and the otherssvx,0d called the backward protons.
In our parameters of the foil and laser, the electrons mainly
obtain a net energy from the ponderomotive force of the laser
and the charge separation appears near both sides of the tar-
get surface. The protons are accelerated by the longitudinal
electric field generated by the fast electrons. In the case of
the intense short-pulse laserscase 1d, the electron energy
increases rapidly by the laser and its energies are trans-
formed into electric and magnetic fields. Therefore the field
energies increase around the timet=150 fs with the reduc-
tion of the electron energy as shown in Fig. 2sad. At this
time, a strong electric fieldsa few MV/mmd exists near both
sides of the target and a magnetic fieldsa few kTd is also
produced. Such an electric field accelerates the protons. On
the other hand, in case 6, the electrons are accelerated gradu-
ally because of the long-pulse and low-intensity laser. There-
fore compared with that in case 1, a long time is required
until the protons reach to the quasi steady state. After proton
acceleration, the maximum kinetic energies of the forward
and backward protons reach about 8 MeV and 4 MeV, re-
spectively, for both cases 1 and 6 as shown in Figs. 3sad and
3sbd.

An energy conversion efficiency from the laser to the total
protons for case 1 ishp=8.44% and it is slightly smaller than

FIG. 1. Schematic view of the 2.5-
dimensional particle-in-cellsPICd simulations.
The laser propagates in thex direction and is po-
larized in they direction. The foil target consist-
ing of hydrogen with a solid density. The thick-
ness of the foil target isd f =1.5l with an
additional linearly changing density gradient of
1.0l, where l=1.053mm is the laser wave-
length. The laser diameterrspot=4.0l. We per-
form the six different combinations of the laser
intensity I and pulse durationt, and the laser in-
put energy is kept constant. The calculation re-
gion is given by R=hsx,yd u0,x,50l ,0,y
,45lj, and the foil is placed in 23.5løxø25l,
and 10løyø35l at the initial time oft=0.
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that in the case of case 6shp=12.4%d. However, the energy
conversion efficiency from the laser to the high-energy pro-
tons sù500 keVd is almost the same for both case 1shp

=3.17%d and case 6shp=3.55%d. Although the target heat-
ing efficiency by the laser becomes high for the long-pulse
laser, the energy transfer efficiency to the protons accelerated
from the laser is not influenced strongly by the laser param-
eters, if the laser input energy is kept constant. Such a proton
acceleration mechanism by charge separation was studied in
previous researchf16g. In the following subsection, the sup-
pression mechanism of the transverse protons divergence is
described in detail.

B. Localization of the electrons

As shown in the previous subsection, the protons are ac-
celerated by the longitudinal electric field for both the in-
tense short-pulse laser and the low-intensity and long-pulse
laser, and the maximum kinetic energy of the proton reaches
about 8 MeV. Although the proton maximum kinetic energy
is not influenced much, when the laser input energy is fixed,
the distributions of the electric and magnetic fields become
different by changing the laser parameters. If the laser inten-
sity is enough highsa0ù1d, the laser accelerates the electron
energy to the relativistic energy by the ponderomotive force.

Herea0=eE0/ smevLcd is the dimensionless parameter of the
laser electric field,e is the electron charge,E0 is the ampli-
tude of the laser electric field,vL is the laser angular fre-
quency, andc is the speed of light in vacuum. In the laser
parameters employed,a0.1. Figure 4 shows distributions of
high-energys«eù1 MeVd electrons and the critical density
surface in thex-y plane in the cases ofsad case 1 st
=112 fsd and sbd case 6st=337 fsd, respectively. In these
cases, the laser peak reaches the target att=107 fs scase 1d
and t=332 fsscase 6d, respectively. From Fig. 4sad, because
the laser intensity increases rapidly spatially, the strong pon-
deromotive force accelerates the electrons and the local fast
electron bunches are generated clearly in the thin foil target.
The laser propagates in the part of the underdense and is
reflected by the foil around the critical density surface.
Therefore the curvatures of the electron bunches almost
agree with the critical density surface, and distances of the
electron bunches correspond to a half of the laser wavelength
l /2. On the other hand, the electrons in case 6 are gradually
accelerated and scattered in the transverse direction by the
laser, and consequently high-energy electron bunches are not
formed clearly in the foil target. Figure 5 presents the peak
electron kinetic energy densities for all cases. From Fig. 5,
the electron energy density increases with a reduction in the
laser pulse duration.

FIG. 2. Time developments of the total kinetic and fields ener-
gies in the computational region for the parameter sets ofsad case 1
and sbd case 6.

FIG. 3. Energy spectra of the proton kinetic energy«p in the
cases ofsad case 1 andsbd case 6. Here “forward” means the pro-
tons ofvxù0, “backward” indicates the protons ofvx,0, andN is
the total proton number.
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After the laser accelerates the electrons, the fast electron
bunches run away from the target to the rear side domain and
produce the electric and magnetic fields. The structures of
such the fields change with the laser parameters. The fast
electrons produce a high current, and thereby a strong mag-
netic field, which has a confinement effect for the electrons,
is produced at the target surface. Figure 6 presents the time
revolutions of the magnetic fieldBz

avg distributions in thex
-y plane for cases 1 and 6, respectively. Here the magnetic
field Bz

avg is averaged by one laser period. In the case of the
intense short-pulse laserscase 1d, the fast electron bunches

produce a strong magnetic fieldBz
avg of the order of 1 kT at

both target surfaces. Even in the case of the low-intensity
and long-pulse laserscase 6d, the magnitude of the magnetic
field Bz

avg reaches the order of 1 kT at the target surfaces.
However, the region of the strong magnetic field is thinfsee
Fig. 6sbdg compared with that in case 1fsee Fig. 6sadg. The
maximum magnitudes of the magnetic fielduBz

avgumax in cases
1 and 6 reach 8.17 kTs123 fsd and 5.31 kTs337 fsd, respec-
tively, and the widths of the strong magnetic field domain
sùuBz

avgumax/10d from the right side of the target are 3.68l
scase 1d and 2.56l scase 6d, respectively. The distributions of
the charge density in thex-y plane for cases 1 and 6 are
presented in Fig. 7. The solid lines indicate an area of nega-
tive charge density ofsør0

min/5d, wherer0
min is the minimum

charge density for each case. In case 1, the ponderomotive
force compresses and accelerates the electrons longitudi-
nally. Moreover, the electrons accelerated are confined by the
magnetic field in transverse, and consequently a high-density
electron bunch is produced and localized in the narrow do-
main at the rear side region. On the other hand in case 6,
because the electrons accelerated gradually by the long-pulse
laser are not compressed enough in the longitudinal direction
and are scattered in transverse, the size of the electron bunch
becomes large and the density decreases. The minimum
charge density at the rear side isr0

min=−4.903107 C/m3

scase 1d andr0
min=−2.023107 C/m3 scase 6d.

The localization of the negative charge is related to the
magnitude of the magnetic field and the expansion of the
electron caused by the space charge effect. An analytical es-
timation of the localization of the negative charge in trans-
verse is presented below. In order to estimate the suppression
effect for the electrons, we assume that the electron bunch

FIG. 4. Distributions of the high-energys«eù1.0 MeVd elec-
trons and the critical density surface ofnc=1.0131027 m−3 for sad
case 1 andsbd case 6, respectively.

FIG. 5. The maximum energy densities of the electrons for all
the cases. The energy density shows the maximum in the interaction
with the laser for all the parameter sets.

FIG. 6. Time developments of the magnetic fieldBz
avg in the x

-y plane forsad case 1 andsbd case 6, respectively. Here the mag-
netic field is averaged by one laser period. The peak of the laser
intensity reaches to the left end of the foil target at the time ofsad
t=107 fs andsbd t=332 fs, respectively.
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forms an ellipsoid in thex−y plane with a uniform density.
Figure 8 shows a calculation model for estimation of the
transverse electron confinement. The center of the ellipsoid
electron bunchsx0,y0d is assumed by the averaged values of
the electron positions, which exist inside the area of negative
charge density ofr0

min/5. The semiaxis of the ellipsoid elec-
tron bunch is estimated by the rms value of the difference in

position from the beam center:ã=fsx−x0d2g1/2 and b̃
=fsy−y0d2g1/2, respectively. The space charge potential inside
the ellipsoid electron bunch with a uniform charge density is
written by f24,25g

fi = −
r0

2«0

b̃x2 + ãy2

ã + b̃
, s1d

wherefi is the space charge potential inside the beam and«0
is the permittivity in vacuum. From the above equation, a

transverse force of the electric field produced by the space
charge effect can be estimated by

Fy
ele, Fy

mag= − e
]fi

]y
= − e

r0

«0

ãy

ã + b̃
. s2d

From the Maxwell equations, the magnetic fieldBz and its
force Fy

mag are given by

Bz = m0r0cbey, s3d

Fy
mag= e

r0

«0
be

2y. s4d

Herem0 is the permeability,be is the averaged velocity of the
ellipsoid electron bunch normalized byc, and the transverse
component of the current is assumed to be zero. IfFy

ele

,Fy
mag, the electrons are confined by the magnetic field. Fi-

nally the condition for the confinement of the electrons can
be expressed by

be . Îã/sã + b̃d. s5d

In case 1, the center of the ellipsoid electron bunchsx0,y0d
=s25.7l ,22.4ld, the electron velocity in thex direction is
be=0.350, and the semiaxes of the ellipsoid bunch in thex

and y directions areã=0.206l and b̃=2.04l, respectively.

ThereforeÎb̃/ sã+ b̃d=0.303, and consequently the suppres-
sion condition expressed in Eq.s5d is satisfied. At case 6, the
center of the ellipsoid electron bunchsx0,y0d
=s25.9l ,23.1ld, the electron velocity in thex direction is
be=0.200, the semiaxes of the ellipsoid bunch in thex andy

directions areã=0.425l and b̃=3.89l, and thenÎb̃/ sã+ b̃d
=0.314. The suppression condition is not satisfied in this
case. Consequently the electrons expand in the transverse
direction by the space charge effect in case 6. Figure 9sad
shows the relations between the bunch sizeã and the beam

velocity be normalized byc. The transverse bunch sizeb̃ is
assumed to be 3.00l. In Fig. 9, the suppression condition is
satisfied in the area above the solid line. From Fig. 9sad, the
suppression condition is influenced strongly by the longitu-

dinal bunch size ofã. If ã@ b̃, because the space charge
effect strongly appears in the transverse direction, the elec-
tron velocity has to be close to the speed of lightc fsee Eq.
s5dg. Figure 9sbd presents the simulation results and its
thresholds. The circles and triangles show the simulation re-
sult and threshold for all cases, respectively. In cases 1 and 2,
the suppression condition is satisfied well. In case 2, the
semiaxes of the electron bunch in thex andy directions are

ã=0.180l, andb̃=2.46l, respectively. Because the magnetic
field confines the electrons in case 1, the transverse size of

the ellipsoid electron bunchsb̃=2.04ld becomes small, and
the electrons are slightly expanded in the longitudinalsã
=0.206ld direction. Therefore the longitudinal size of the
ellipsoid electron bunch is larger than that in case 2. With an
increase of the pulse length and reduction of the laser inten-
sity, the electron bunch size becomes large in the transverse
and longitudinal directions and its velocity decreases as

FIG. 7. Distributions of the charge density in thex-y plane at
t=123 fsscase 1d and t=337 fsscase 6d. Here the solid lines show
a negative charge density ofr0

min/5 for cases 1 and 6, wherer0
min

means the minimum charge density. For case 1,r0
min=−4.90

3107 C/m3, and for case 6,r0
min=−2.023107 C/m3.

FIG. 8. Schematic view of the estimation model of the electron

confinement effect. Hereã and b̃ present the semiaxes of the ellip-
soid electron bunch in thex andy directions.
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shown in Fig. 9sbd. Consequently the electron bunch can not
satisfy the suppression condition in cases 3–6.

C. Suppression of the proton divergence in the transverse
direction

Time developments of the transverse and longitudinal
electric fields in thex-y plane for case 1 and case 6 are
shown in Figs. 10 and 11, respectively. Here the electric
fields are averaged over the one laser period. The intense
short pulse laserscase 1d compresses the electrons longitudi-
nally and the magnetic field confines the electrons in the
transverse direction at the rear side region. Consequently the
longitudinal electric field is formed strongly and a transverse
electric field toward the laser axis appears. At this time, most
protons are not yet emitted from the foil target because of the
difference of the mass ratio between the electron and proton.
For case 1, the maximum magnitudes of the transverse and
longitudinal electric fields reach 11.0 MV/mm and
3.73 MV/mm, respectively. The protons are accelerated
strongly by the longitudinal electric field and at the same
time the protons emitted are extracted to the central axis by
the transverse electric field in the rear side region. After the
protons are emitted in the rear side region, the effect of the
electrons localization influences greatly the suppression of
the transverse dispersion of the proton, although the local
negative charge is neutralized by the protons charge and con-
sequently the transverse electric field, which has the suppres-

sion effect for the protons vanishes. From Fig. 10sbd, in the
case of the low-intensity and long-pulse laserscase 6d, the
electrons are not compressed longitudinally, and the maxi-
mum magnitude of the longitudinal electric field is 64.7% of
that in case 1, although the peak of the longitudinal electric

FIG. 9. sad Relation of the longitudinal electron bunch sizeã
and the electron velocitybe to satisfy the suppression condition of
the electrons. Here the electron bunch velocity is normalized byc,
and the suppression condition is satisfied in the domain above the
solid line. sbd Simulation resultssthe circled and its thresholdsthe
triangled for all the cases.

FIG. 10. Time developments of the longitudinal electric field
Ex

avg in thex-y plane at the times of the foil interacted strongly with
the laser pulse forsad case 1 andsbd case 6, respectively. The
electric fields are normalized by the laser period.

FIG. 11. Time developments of the transverse electric fieldEx
avg

in the x-y plane forsad case 1 andsbd case 6.
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field is weak and the laser interacts with the foil and provides
electrons for a long time. Therefore the protons are acceler-
ated and emitted gradually. The localization of the electrons
does not appear because the magnitude of the magnetic field
is weak and the region of the strong magnetic field is also
narrow as shown in Fig. 6. Therefore the transverse electric
field, which attracts the protons to the central axis, is not
produced clearly as shown in Fig. 11sbd.

Figure 12 shows phase spacevx−vy distributions of the
forward protonssvx.0d for sad case 1 andsbd case 6, respec-
tively. In each case, the protons have reached the quasi
steady state. The protons are accelerated strongly in the lon-
gitudinal direction in all cases, and moreover for intense
short-pulse laser, the local electron bunch extracts the pro-
tons to the central axis as described above. Consequently the
transverse expansion of the protons accelerated is smaller
than that in the low-intensity and long-pulse laser. Figure 13
presentssad normalized longitudinal and transverse rms emit-
tances of the proton bunch accelerated andsbd the averaged
kinetic energy of proton bunch accelerated for all the cases.
The normalized longitudinal and transverse rms emittances
are expressed byf24g

«x = g0b0fsx − x0d2g1/2fsPx − P0d2g1/2

P0
, s6d

«y = g0b0fsy − y0d2sy8 − y80d2 − sy − y0dsy 8 − y80d2g1/2.

s7d

Hereg0 is the averaged relativistic factor of the beam,b0 is
the averaged beam velocity normalized byc, x0 and y0 are

the center of the beam,y8=Py/P0 is the rms divergence,Px
andPy are the particle momentum in thex andy directions,
and P is the averaged beam momentum. The influences of
the laser parameters on the longitudinal proton divergence
and the averaged kinetic energy protons accelerated are
weak. For all cases, the longitudinal rms emittance is about
s0.03–0.04dp mm mrad, and the averaged kinetic energy of
the proton bunch accelerated reaches about 3 MeV. How-
ever, the transverse rms emittance increases with a reduction
of the laser intensity and with an increase of the laser pulse
duration. The transverse rms emittance of case 1 iss0.920
310−2dp mm mrad, and it is 40.2% of that in case 6. In Figs.
12 and 13, one can see the suppression effect of the trans-
verse proton divergence by using the intense short-pulse la-
ser.

In the previous subsection, we discussed about the elec-
tron confinement effect by the magnetic field, which is gen-
erated by the electrons itself. Therefore the protons diverge
in the transverse direction by such a magnetic field because
the proton charge is positive. In order to investigate the di-
vergence effect of the magnetic field to the protons, we cal-
culated another case as shown below. Although the relativis-
tic equation of motion is completely solved in the
calculation, the magnetic field effect on the protons is omit-
ted here—i.e.,dP/dt=qE sonly for the protonsd. HereP is
the momentum of the proton. From the calculation results,
the transverse rms emittance for case 1 is 0.892p mm mrad,
and the difference between these two cases is about 3.14%.
The difference of the averaged kinetic energy between both

FIG. 12. Phase spacevx-vy distributions at time oft=750 fs
scase 1d and t=990 fs scase 6d, respectively. Here the velocity is
normalized byc. For each case, the proton and electron energies
have reached the quasi steady state. FIG. 13. sad Normalized transverse and longitudinal rms emit-

tances andsbd the averaged kinetic energies of the protons acceler-
ated for all cases.
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the calculation conditions is 2.17%. From the above simula-
tion results, one can find that the magnetic field does not
contribute much to the transverse divergence of the protons.

IV. CONCLUSIONS

In this paper, we proposed a suppression mechanism of
the transverse proton divergence. In our 2.5-dimensional PIC
simulation, the lasers of six different cases of laser intensity
and pulse duration illuminate the hydrogen thin foil target.
The laser input energy is kept constant in all cases. The
simulation results show that the electrons are strongly accel-
erated and compressed by the ponderomotive force in the
laser direction and charge separation is caused rapidly at
both the sides of the foil target in the case of the intense
s1.031024 W/m2d short-pulses25 fsd laser. At this time, the
electrons are confined by the strong magnetic field generated
by the fast electrons itself at the opposite side of the laser
irradiated. The electrons confined produce the local electron
bunch in the transverse and longitudinal directions at the rear
side domain. The maximum amplitude of the magnetic field
reaches 8.17 kT. Although the magnetic field reaches a few
kT in the case of a low-intensitys1.031023 W/m2d and
long-pulses250 fsd laser, the magnitude of the magnetic field
is 5.31 kT, and it is 65.0% of that in the intense short-pulse
laser. Consequently the magnetic field does not confine well
the electrons in the transverse direction and localization of
the electrons cannot be observed clearly.

In our study, estimation of the electron confinement effect
is also performed in Sec. II. From the estimation results, one
of the important parameters of the confinement mechanism

for the electrons is the longitudinal electron bunch size. The
electron bunch requires high speed and small size in the lon-
gitudinal direction to satisfy the suppression condition of the
proton beam transverse divergence.

The comparisons among the proton beam qualities for all
cases are shown in Sec. II. From the calculation results, the
transverse proton divergence mainly comes from the electric
field, not from the magnetic field, and the transverse rms
emittance of the protons accelerated increases with the re-
duction of the laser intensity. The proton energy is almost
same for all cases on the fixed laser input energy. In all cases,
the average kinetic energy of the protons accelerated reaches
about 3 MeV, and the longitudinal rms emittance is
s0.03–0.04dp mm mrad. However, the transverse rms emit-
tance of the protons accelerated has a remarkable difference
for the laser parameters. At the laser intensity of 1.0
31024 W/m2 and pulse duration of 25 fsscase 1d, the trans-
verse rms emittance iss0.920310−2dp mm mrad, and it is
45.2% of that in the case of an intensity of 1.0
31023 W/m2 and pulse duration of 250 fsscase 6d.
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