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High-energy proton generation and suppression of transverse proton divergence by localized
electrons in a laser-foil interaction
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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
(~10%* W/m?) short-pulse(a few ten femtosecongsaser 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 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
magnetic field is also generated. Recently R&f] pro-

osed to employ an underdense plasma foil for effective pro-
&3n acceleration. The intense laser propagates in the under-
Ofense plasma and accelerates the plasma electrons. The

electrons accelerated produce a strong magnetic field, which
Yhas an electron confinement effect, and generate an electric
field for a long time. Consequently the proton energy is
igher than that in the case of an overdense plasma in the
ame parameter ranggkl].

In our study, we employ an intense short-pulse laser and a
hydrogen foil target to suppress the transverse divergence of
igh-energy protons. In the case of an ultraintense and short-
ulse laser, the electrons are accelerated and compressed lon-
itudinally by the longitudinal ponderomotive force and pro-
uce fast electron bunches in the foil target. The fast electron

nches create the strong magnetic field and are confined by
e magnetic field in the transverse direction. Therefore the

With the development of a laser technology, a laser inten
sity of 1>10%*W/m? has been achieved in recent years
[1,2]. Intense lasers provide a strong electric field gradient o
a few TV/m, and various interesting researches have be
explored in a laser-matter interactions, such as direct electr
acceleration in vacuun{3-9], high-energy ion sources
[10-23, and so on. In this paper, we focus on high-energ
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 02
the laser and oscillate around the thin foil target, and the
electrons cause a charge separafid]. Foil ions are accel-
erated by an electric field generated by the charge separati
and are emitted from both the sides of the foil target. On th
side irradiated by the laser, the charge separation is mainl
caused by hot electrons. On another side, the electrons accgj
erated by the ponderomotive force pass through the foil targ
get and produce the charge separation. In recent theoreti

and experimental results, ions energies of a few MeV Okast electrons are localized in transverse and longitudinal di-
more _have aquady been.observed. In the future, an IMPrOV&actions at the target surface and the charge separation ap-
ment in a quallt_y Of. the ions accelerated becomes Very IMyears locally. Then the protons are mainly accelerated in the
portant for appl'lcatlons to teqhnology,.and research in th ongitudinal direction and at the same time experience a
progress of the ion beam qu_alltles_has Just S_ta[n_ﬂdla' I transverse electric field generated by the electrons. Therefore
this paper, we perform 2.5-dimensional particle-in-¢BlIC) o 410 divergence can be suppressed. Consequently even
simulations to investigate the transyerse proton beam d|ve||rf1 the slab target one can expect the suppression effect on the
gence. We demonstrate that even in the slab target, a tra_‘”ﬁl’gh—energy proton transverse divergence. In our suppression
verse proton divergence can be suppressed by the Iocal'Zi"h'echanism, the structure of the fast electrons influences the
tion of an electro_n_cloud In transverse. . transverse proton divergence. In this paper, in order to inves-
In the laser-foil interactions, the behavior of electrons in—oate the Iocalization effect of electrons, we calculate six
fluences directly the ion dynamics. A part of the eIecmnsdifferent 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-

*Corresponding authors. Electronic address: netic energy reach about 8 MeV and 3 MeV, respectively for
dt030106@cc.utsunomiya-u.ac.jp all cases. In the case of higher intensity, the electrons are

TCorresponding authors. Electronic address: kwt@cc.utsunomiyaaccelerated sufficiently, the magnetic field becomes strong,
u.ac.jp and the electrons are well localized. Therefore the transverse
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1A Density profile FIG. 1. Schematic view of the 2.5
— dimensional particle-in-cell(PIC) simulations.
H~ foil The laser propagates in tixedirection and is po-
larized in they direction. The foil target consist-
i ing of hydrogen with a solid density. The thick-
X < ness of the foil target iss;=1.5\ with an
y A additional linearly changing density gradient of
Casel:t=251s, /= l.OXIOZ W/mi 1.0n, where A\=1.053um is the laser wave-
T Case2: t=50fs, 7=5.0x10 23W/m . length. The laser diametegy,~4.0N. We per-
4 Case3: =80 {5, 7/=3.13x10 23W/rn , form the six different combinations of the laser
R Cased: ©=1501s, /=1.67x10 W/m intensity | and pulse duration, and the laser in-
23.5h —y  CaseSrt=2001s,/=1.25x10" W/m put energy is kept constant. The calculation re-
0.5% Case6: t=250fs,/7=1.0x10" W/m gion is given by R={(x,y)|0<x<50\,0<y
= X - <45\}, and the foil is placed in 23)5<x< 25\,
- 30 4 and 10.<y=235\ at the initial time oft=0.
X

proton divergence becomes small compared those in the0.04\, the computational time steft=0.0016\/c, and the

cases with the low laser intensities. total number of superparticles is equal to 3x780° for both
electrons and protons, respectively. The laser center in the
Il. SIMULATION MODEL transverse direction ig.=22.5\.. In they direction, a peri-

odic boundary is used, and a free boundary condition is em-
In this section, we present the simulation model of 2.5-pjoyed in thex direction.

dimensional PIC simulations and the parameter set em-

ployed. Figure 1 shows a schematic view of our simulation Il. SIMULATION RESULTS

model. It was found that an energy absorption coefficient , ,

from the laser to the target rises by preparing a density gra- A High-energy protons generated from the foil target

dient at the laser illumination surface of the tarfie8]. In Figures 2 and 3 present numerical simulation results of
our calculation model, a hydrogen foil target with an addi-the proton acceleration. Figure 2 shows developments of the
tional linearly changing density gradient is employed. In thistotal kinetic and fields energies fé@) case 1 andb) case 6,
paper, the foil thicknes&=1.5\ and the width of the density and spectra of the proton kinetic energyta660 fs(case 1
gradientdyag=1.0n, whereA=1.053um is the laser wave- andt=990 fs(case 6 are presented in Figs(&@ and 3b),
length. The peak density of the target is its solid densityrespectively. In these times, the electrons and protons have
(ne=nj=42n;). Heren, and n; are the electron and proton already reached the quasi steady state. In Fig. 3, the protons,
number densities, respectively, andis the critical density. whose longitudinal velocity is,=0, are called the forward
Initially, the electrons and protons are in a Maxwell distribu- protons and the othe(s,<0) called the backward protons.
tion with 1.0 keV. The mass ratio of the proton and electronin our parameters of the foil and laser, the electrons mainly
is m;/m,=1836. The laser propagates in thdirection and is  obtain a net energy from the ponderomotive force of the laser
linearly polarized in they direction with the Gaussian profile and the charge separation appears near both sides of the tar-
in the transverse and longitudinal directions. At the initial get surface. The protons are accelerated by the longitudinal
time, the laser enters at the left boundary and propagates wlectric field generated by the fast electrons. In the case of
the x direction. The laser diametet,,=4.0\. In order to  the intense short-pulse lasétase }, the electron energy
investigate the magnetic field effect on the electrons, we pefincreases rapidly by the laser and its energies are trans-
form six different cases of laser intensltand pulse duration formed into electric and magnetic fields. Therefore the field
7 with the same fixed laser energhy=1x 10?4 W/m? and energies increase around the titmel50 fs with the reduc-
7=25 fs (case 1, 1=5X 102 W/m? and =50 fs (case 2,  tion of the electron energy as shown in Figa2 At this
1=3.13x 10 W/m? and 7=80fs (case 3, 1=1.67 time, a strong electric fielta few MV/um) exists near both

X 107 W/m? and 7=150 fs (case 4, 1=1.25X 10 W/m?  sides of the target and a magnetic figklfew kT) is also

and 7=200fs (case 3 and 1=1X10?W/m? and 7 produced. Such an electric field accelerates the protons. On
=250 fs (case 6. In the parameters we employed, a total the other hand, in case 6, the electrons are accelerated gradu-
energy of the laser injected is calculated Wy, ally because of the long-pulse and low-intensity laser. There-
~ 7 o/ 4=7.32¢ 10* J/m, and if the laser is cylindri- fore compared with that in case 1, a long time is required
cally symmetric, the total laser energy is estimated byuntil the protons reach to the quasi steady state. After proton
Einput~lr§potr~ 0.109 J. In this paper, the target side illumi- acceleration, the maximum kinetic energies of the forward
nated by the laser is called the laser side and the other side ahd backward protons reach about 8 MeV and 4 MeV, re-
called the rear side. The calculation region is givenRy spectively, for both cases 1 and 6 as shown in Fi¢®. &d
={(x,y)|0<x<50\,0<y<45\}, and the foil is placed in 3(b).

23.5\=x=<25\, and 10.<y=<3b\ at the initial time oft An energy conversion efficiency from the laser to the total
=0. The mesh width in the andy directionsA=Ax=Ay  protons for case 1 ig,=8.44% and it is slightly smaller than
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FIG. 2. Time developments of the total kinetic and fields ener-  FIG. 3. Energy spectra of the proton kinetic eneggyin the
gies in the computational region for the parameter sets)afase 1  cases ofl@) case 1 andb) case 6. Here “forward” means the pro-
and(b) case 6. tons ofv,=0, “backward” indicates the protons 0f{<0, andN is

the total proton number.

that in the case of case(6,=12.4%). However, the energy  erea =eE,/ (myw,c) is the dimensionless parameter of the
conversion efficiency from the laser to the high-energy proqaser electric fielde is the electron chargé, is the ampli-
tons (=500 keV) is almost the same for both case(#, tude of the laser electric fieldy, is the laser angular fre-
=3.17%) and case 67,=3.55%). Although the target heat- quency, anct is the speed of light in vacuum. In the laser
ing efficiency by the laser becomes high for the long-pulseparameters employed,> 1. Figure 4 shows distributions of
laser, the energy transfer efficiency to the protons acceleratddgh-energy(e,=1 MeV) electrons and the critical density
from the laser is not influenced strongly by the laser paramsurface in thex-y plane in the cases ofa) case 1(t
eters, if the laser input energy is kept constant. Such a proton112 f9 and (b) case 6(t=337 f9, respectively. In these
acceleration mechanism by charge separation was studied dases, the laser peak reaches the target 807 fs(case 1
previous researchl6]. In the following subsection, the sup- andt=332 fs(case 6, respectively. From Fig.(4), because
pression mechanism of the transverse protons divergence tige laser intensity increases rapidly spatially, the strong pon-

described in detail. deromotive force accelerates the electrons and the local fast
electron bunches are generated clearly in the thin foil target.
B. Localization of the electrons The laser propagates in the part of the underdense and is

reflected by the foil around the critical density surface.

As shown in the previous subsection, the protons are acfherefore the curvatures of the electron bunches almost
celerated by the longitudinal electric field for both the in- agree with the critical density surface, and distances of the
tense short-pulse laser and the low-intensity and long-pulselectron bunches correspond to a half of the laser wavelength
laser, and the maximum kinetic energy of the proton reaches/2. On the other hand, the electrons in case 6 are gradually
about 8 MeV. Although the proton maximum kinetic energy accelerated and scattered in the transverse direction by the
is not influenced much, when the laser input energy is fixedlaser, and consequently high-energy electron bunches are not
the distributions of the electric and magnetic fields becomédormed clearly in the foil target. Figure 5 presents the peak
different by changing the laser parameters. If the laser interelectron kinetic energy densities for all cases. From Fig. 5,
sity is enough higliay= 1), the laser accelerates the electronthe electron energy density increases with a reduction in the
energy to the relativistic energy by the ponderomotive forcelaser pulse duration.
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FIG. 4. Distributions of the high-energfe.=1.0 MeV) elec-
trons and the critical density surface mf=1.01x 10?” m™3 for (a)
case 1 andb) case 6, respectively.

After the laser accelerates the electrons, the fast electrolr:1
bunches run away from the target to the rear side domain a

produce the electric and magnetic fields. The structures

such the fields change with the laser parameters. The fa
electrons produce a high current, and thereby a strong ma
netic field, which has a confinement effect for the electron

is produced at the target surface. Figure 6 presents the ti
revolutions of the magnetic fiel82'9 distributions in thex

-y plane for cases 1 and 6, respectively. Here the magneti
field B39 is averaged by one laser period. In the case of th

intense short-pulse lasécase }, the fast electron bunches
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FIG. 6. Time developments of the magnetic fi@* in the x
-y plane for(a) case 1 andb) 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 timéapf
t=107 fs and(b) t=332 fs, respectively.

produce a strong magnetic fieB}*9 of the order of 1 kT at
both target surfaces. Even in the case of the low-intensity
and long-pulse lasdcase 6, the magnitude of the magnetic
field B9 reaches the order of 1 kT at the target surfaces.
However, the region of the strong magnetic field is fine

ig. 6(b)] compared with that in case[see Fig. 63)]. The
maximum magnitudes of the magnetic fi¢l"9,.xin cases

gfand 6 reach 8.17 k{123 f9 and 5.31 kT(337 f9, respec-
Syely, and the widths of the strong magnetic field domain

=|B2"Y e/ 10) from the right side of the target are 3)68
case ] and 2.56 (case 6, respectively. The distributions of

nl}ge charge density in the-y plane for cases 1 and 6 are

presented in Fig. 7. The solid lines indicate an area of nega-
tive charge density of<pg""5), wherep"" is the minimum
harge density for each case. In case 1, the ponderomotive
orce 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 #§'""=-4.90x 10’ C/m?
(case 1 andpg"=-2.02x 10" C/m® (case 6.
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-

FIG. 5. The maximum energy densities of the electrons for alltimation of the localization of the negative charge in trans-
the cases. The energy density shows the maximum in the interactiorerse is presented below. In order to estimate the suppression

with the laser for all the parameter sets.

effect for the electrons, we assume that the electron bunch
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(a) Case | transverse force of the electric field produced by the space
3B == - If charge effect can be estimated by
P 123 fs
30 == 1 ~
- <= Jd; a
S - | Foe< Fyd=— 20 _ e Y (2
EE %03 +b
20 | -w 1 : o i
B= - From the Maxwell equations, the magnetic fidgd and its
15 F= 1 force F"™® are given by
— y
10 26 28 30 B, = 1opoCheY, 3
X/A
(b)Case 6
Po
35 - Fy=epey. (4)
e 337 fs 0
30 Hereug is the permeability3, is the averaged velocity of the
< 25 ellipsoid electron bunch normalized loy and the transverse
~ 50 ] component of the current is assumed to be zeronF
: } <FJ“ the electrons are confined by the magnetic field. Fi-
15 | nally the condition for the confinement of the electrons can
10 2'8 : 2 be expressed by

W Bo> \al(E+D). (5)

FIG. 7. Distributions of the charge density in tRey plane at

t=123 fs(case 1 andt=337 fs(case 6. Here the solid lines show _ . . . .
a negative charge density p™5 for cases 1 and 6, whepd™ =(25.7\,22.4\), the electron velocity in the direction is

means the minimum charge density. For casep]"=-4.90 B.=0.350, and the semiaxes of the ellipsoid bunch inxhe
X 10" C/m?, and for case 6p""=-2.02x 10’ C/m®. andy directions aréa=0.206\ and b=2.04\, respectively.

Therefore\/b/(é+5):0.303, and consequently the suppres-

forms an ellipsoid in thex—y plane with a uniform density.  sion condition expressed in E@) is satisfied. At case 6, the
Figure 8 shows a calculation model for estimation of thecenter of the ellipsoid electron  bunch(x,Yo)

transverse electron confinement. The center of the eIIipsoic_i(25.9\ 23.1\), the electron velocity in the direction is

electron bunchixo, o) is assumed by the averaged values of 3 —q 500, the semiaxes of the ellipsoid bunch in trend

the electron positions, which exist inside the area of negatlv%_ , - 4b= dth my

charge density op™/5. The semiaxis of the ellipsoid elec- “I'éctions area=0.425 andb=3.89\, and thenyb/@+b)

tron bunch is estimated by the rms value of the difference it 0-314. The suppression condition is not satisfied in this
iy 512 ~  case. Consequently the electrons expand in the transverse

position from the beam centera=[(x-Xy)*]*“ and b

. .~ direction by th h ffect i 6. Fi 9
=[(y-Yo)?]*? respectively. The space charge potential insid rection by tne Space charge erect n tase 'gues

the ellipsoid electron bunch with a uniform charge densit iEShOWS the relations between the bunch Sznd the beam
writtenpby [24.25 g y velocity 8. normalized byc. The transverse bunch sibeis

assumed to be 3.Q0In Fig. 9, the suppression condition is
Po X2 +ay? satisfied in the area above the solid line. From Figy,%he
T T . < s (1) suppression condition is influenced strongly by the longitu-

dinal bunch size ofa. If a>b, because the space charge
whered; is the space charge potential inside the beamsgnd effect strongly appears in the transverse direction, the elec-
is the permittivity in vacuum. From the above equation, atron velocity has to be close to the speed of liglisee Eq.
(5)]. Figure 9b) presents the simulation results and its

In case 1, the center of the ellipsoid electron bufchyo)

¢ =

280 A+D

ERN - - ' - thresholds. The circles and triangles show the simulation re-
30 2= sult and threshold for all cases, respectively. In cases 1 and 2,
=" X< the suppression condition is satisfied well. In case 2, the
< 25 ’-é’ semiaxes of the electron bunch in th@ndy directions are
20 - a=0.180\, andb=2.46\, respectively. Because the magnetic
15 = - | field confines the electrons in case 1, the transverse size of
— the ellipsoid electron buncth=2.04\) becomes small, and
10, 25 26 27 28 29 30 the electrons are slightly expanded in the longitudif@l

</\ =0.206\) direction. Therefore the longitudinal size of the
ellipsoid electron bunch is larger than that in case 2. With an
FIG. 8. Schematic view of the estimation model of the electronincrease of the pulse length and reduction of the laser inten-
confinement effect. Hera andb present the semiaxes of the ellip- Sity, the electron bunch size becomes large in the transverse
soid electron bunch in the andy directions. and longitudinal directions and its velocity decreases as
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0.1r Threshold & 7
Simulation result @ -5 0 5
0 ' ' . : : Electric field Ex2Y8 (MV/um)

0 50 100 150 200 250 300

Fulse:duration (f5) FIG. 10. Time developments of the longitudinal electric field

EZ"9in thex-y plane at the times of the foil interacted strongly with
the laser pulse fofa) case 1 andb) case 6, respectively. The
electric fields are normalized by the laser period.

FIG. 9. (a) Relation of the longitudinal electron bunch side
and the electron velocity, to satisfy the suppression condition of
the electrons. Here the electron bunch velocity is normalized, by

and the suppression condition is satisfied in the domain above the. . . .
solid line. (b) Simulation resultgthe circle and its thresholdthe Sion effect for the protons vanishes. From Fig(t0in the

triangle for all the cases. case of the low-intensity and Iong—pulsg lagsease 6, the _
electrons are not compressed longitudinally, and the maxi-

o mum magnitude of the longitudinal electric field is 64.7% of
shown in Fig. @b). Consequently the electron bunch can noty ¢ in case 1, although the peak of the longitudinal electric
satisfy the suppression condition in cases 3—6.

(a) Case 1
C. Suppression of the proton divergence in the transverse 35
direction 30

Time developments of the transverse and longitudinal §25

electric fields in thex-y plane for case 1 and case 6 are
shown in Figs. 10 and 11, respectively. Here the electric 15
fields are averaged over the one laser period. The intense 10

L 2 27 3024 27 3024 27 3024 27 30
short pulse lasefcase 1 compresses the electrons longitudi- XA X/, /. X/
nally and the magnetic field confines the electrons in the
transverse direction at the rear side region. Consequently the 4 0 4
longitudinal electric field is formed strongly and a transverse Electric field Ey™&  (MV/jum)
electric field toward the laser axis appears. At this time, most (b) Case 6
protons are not yet emitted from the foil target because of the 35

difference of the mass ratio between the electron and proton. 30
For case 1, the maximum magnitudes of the transverse and _, 25
longitudinal electric fields reach 11.0 Mm and =00

3.73 MV/um, 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 2% 27 3024 27 3024 27 3024 27 30
the transverse electric field in the rear side region. After the Xk Kb x/M XA
protons are emitted in the rear side region, the effect of the b 0 %

electrons localization influences greatly the suppression of Electric field EyY8  (MV/um)

the transverse dispersion of the proton, although the local

negative charge is neutralized by the protons charge and con- FIG. 11. Time developments of the transverse electric #fd
sequently the transverse electric field, which has the supprest the x-y plane for(a) case 1 andb) case 6.
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FIG. 12. Phase spaag-v, distributions at time oft=750 fs 0 50 1006 150 200 250 300

(case 1 andt=990 fs (case 6, respectively. Here the velocity is
normalized byc. For each case, the proton and electron energies
have reached the quasi steady state.

Pulse duration (fs)

FIG. 13. (a) Normalized transverse and longitudinal rms emit-
tances andb) the averaged kinetic energies of the protons acceler-
field is weak and the laser interacts with the foil and providegated for all cases.
electrons for a long time. Therefore the protons are acceler- , ) )
ated and emitted gradually. The localization of the electrond® center of the beany, =P, /P is the rms divergencer,
does not appear because the magnitude of the magnetic fiekfid Py aré the particle momentum in theandy directions,
is weak and the region of the strong magnetic field is alsgd P is the averaged beam momentum. The influences of
narrow as shown in Fig. 6. Therefore the transverse electrit® laser parameters on the longitudinal proton divergence
field, which attracts the protons to the central axis, is no@"d the averaged kinetic energy protons accelerated are
produced clearly as shown in Fig. (bL weak. For all cases, the longitudinal rms emittance is about

Figure 12 shows phase spagg-v, distributions of the (0.03-0.047 mm mrad, and the averaged kinetic energy of
forward protongv, > 0) for (a) case 1 andb) case 6, respec- the proton bunch accelerated reaches about 3 MeV. How-
tively. In each case, the protons have reached the qua&Ven the transverse rms emittance increases with a reduction
steady state. The protons are accelerated strongly in the lofff the laser intensity and with an increase of the laser pulse
gitudinal direction in all cases, and moreover for intensedurat'zon' The transverse rms emittance of case (0820
short-pulse laser, the local electron bunch extracts the pro% 1097 mm mrad, and itis 40.2% of that in case 6. In Figs.
tons to the central axis as described above. Consequently tA@ and 13, one can see the suppression effect of the trans-
transverse expansion of the protons accelerated is small¥grse proton divergence by using the intense short-pulse la-
than that in the low-intensity and long-pulse laser. Figure 13€f- _ _ _
presentsa) normalized longitudinal and transverse rms emit-  In the previous subsection, we discussed about the elec-
tances of the proton bunch accelerated éncthe averaged tron confinement effect by the magnetic field, which is gen-
kinetic energy of proton bunch accelerated for all the caseg£rated by the electrons itself. Therefore the protons diverge
The normalized longitudinal and transverse rms emittancel§) the transverse direction by such a magnetic field because
are expressed bi24] the proton charge is positive. In order to investigate the di-
vergence effect of the magnetic field to the protons, we cal-

D _p 2l 2C
2]1/2[(Px‘ Py culated another case as shown below. Although the relativis-

= - , 6 : ; i ) :
&x= Yool (X~ Xo) P ©® tic equation of motion is completely solved in the
calculation, the magnetic field effect on the protons is omit-
ey =Bl (Y = Yo 2(Y =Y 0* = (Y= Yoy 1 =y 9?2 ted here—i.e.dP/dt=qE (only for the protons HereP is

7 the momentum of the proton. From the calculation results,
the transverse rms emittance for case 1 is 088%n mrad,

Here v, is the averaged relativistic factor of the begsg,is
the averaged beam velocity normalized d&yx, andy, are

and the difference between these two cases is about 3.14%.
The difference of the averaged kinetic energy between both
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the calculation conditions is 2.17%. From the above simulafor the electrons is the longitudinal electron bunch size. The
tion results, one can find that the magnetic field does noglectron bunch requires high speed and small size in the lon-
contribute much to the transverse divergence of the protongjitudinal direction to satisfy the suppression condition of the
proton beam transverse divergence.
IV. CONCLUSIONS The comparisons among the proton beam qualities for all
) ] ) cases are shown in Sec. Il. From the calculation results, the
In this paper, we proposed a suppression mechanism Qfansverse proton divergence mainly comes from the electric
the transverse proton divergence. In our 2.5-dimensional Plge|g, not from the magnetic field, and the transverse rms
simulation, the lasers of six different cases of laser intensityymjttance of the protons accelerated increases with the re-
and pulse duration illuminate the hydrogen thin foil target.qyction of the laser intensity. The proton energy is almost
The laser input energy is kept constant in all cases. Thgame for all cases on the fixed laser input energy. In all cases,
simulation results show that the electrons are strongly acceine ayerage kinetic energy of the protons accelerated reaches
erated and compressed by the ponderomotive force in thgnoyt 3 Mev, and the longitudinal rms emittance is
laser direction and charge separation is caused rapidly @b 03-0.04+ mm mrad. However, the transverse rms emit-

both the 4sides gf the foil target in the case of the intensg,nce of the protons accelerated has a remarkable difference
(1.0X 107* W/m?) short-pulse(25 f9) laser. At this time, the  or the |aser parameters. At the laser intensity of 1.0

electrons are confined by the strong magnetic field generated 124 \w/m? and pulse duration of 25 fgase 1, the trans-

by the fast electrons itself at the opposite side of the lasejerse rms emittance i€0.920x 1027 mm mrad, and it is
irradiated. The electrons confined produce the local electrops 20, of that in the case of an intensity of 1.0

bunch in the transverse and longitudinal directions at the reag 1?3 \w/m? and pulse duration of 250 fease 6.
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-intensity1.0Xx 10°* W/m?) and
long-pulse(250 fg laser, the magnitude of the magnetic field  This work is partly supported by the JSP®Bpan Society
is 5.31 kT, and it is 65.0% of that in the intense short-puls€or the Promotion of Sciengeand MEXT (Ministry of Edu-
laser. Consequently the magnetic field does not confine wellation, Culture, Sports, Science and Technojollye would
the electrons in the transverse direction and localization ofike present our thanks to Professor K. Mima, Professor K.
the electrons cannot be observed clearly. Tachibana, Professor A. A. Andreev, Professor S. V. Bulanov,
In our study, estimation of the electron confinement effectProfessor J. Limpouch, Professor K. Nakajima, Professor S.
is also performed in Sec. Il. From the estimation results, on&urokawa, Dr. K. Nemoto, and Professor N. Yugami for
of the important parameters of the confinement mechanisrtheir valuable discussions and suggestions on this subject.
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