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Origin of protons accelerated by an intense laser and the dependence of their energy
on the plasma density
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We study the high-energyl—4 MeV) proton production from a slab plasma irradiated by a ultrashort
high-power laser. In our 2.5-dimensional particle-in-cell simulationsp-polarized laser beam of 1.6
X 10" W/en?, 300 fs, A\ =1.053um, illuminates a slab plasma normally; the slab plasma consists of a
hydrogen plasma, and the target plasma thickness and the laser spot sizé gi@n@.5\ , respectively. The
simulation results show that an emitted proton energy depends on the slab plasma density, and three kinds of
high-energy proton beams are generated at the target plasma surfaces: one kind of the proton beams is
produced at the laser-illuminated target surface and accelerated to the same laser-incident side. The second is
generated at the target surface opposite to the laser-illuminated target surface and is accelerated outward on the
same side. The third is generated at the laser-illuminated target surface and accelerated to the opposite side
while passing through the target plasma. The simulations also show a mechanism of proton accelerations. In an
overdense plasma, laser energy goes to energies of hot electrons and magnetic fields in part; the electrons
oscillate around the slab plasma so that a static electric field is generated and consequently protons are
extracted. The magnetic field generated in the slab plasma exists longer and heats up the plasma electrons to
sustain the static electric field even after the laser termination.
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. INTRODUCTION sity n, and 10. A p-polarized laser beam of 1.6
X 10'° W/en?, 300 fs, A =1.053um, illuminates a slab
In recent years, interact_ion bet_ween high-i_ntensity _'aseblasma normally; the slab plasma consists of a hydrogen
and matter has been studied actively. Especially, series ¢fiasma and the target plasma thickness and the laser spot size
experiments carried out at Lawrence Livermore Nationaly.e 2.5, and 5\, , respectively.
Laboratory(LLNL ) [1], University of Michigan[2] and Ru- The simulation results show a mechanism of proton ac-
therford Appleton Laborator}g] using an ultrahigh intensity  celerations clearly and will be discussed in detail in Sec. IIl.
laser system are very interesting from a scientific and engipyring the laser illumination, electrons existing around the
neering points of view. In the experiments, a thin film con-|aser-jrradiated surface are accelerated violently. The genera-
sisting of aluminum or CH polymer was irradiated with an jon of energetic hot electrons causes a spatial charge sepa-
intense ultrashort pulse laser, and the generation of highyion on the irradiated target surface. Simultaneously, some
energy protons was observed. The proton energy reach@fectrons pass through the target slab plasma and run away
about 1-10 MeV. If such a high-energy-ion generation isintg the vacuum from the target surface opposite to the laser-
established and its mechanism is clarified, new scientifigyagiated surface. Then the electrons oscillate around the
world may be opened in the fields of ion sources for particleg|gp, plasma and create the charge separation on both the
accelerators, inertial confirement fusion applications, and Sfarget surfaces. The charge separation in the narrow spatial
on[4-9]. region results in a generation of strong electrostatic field
In this paper, we study the high-energy proton productionesy which reaches up to MyZm [2]. Then, the generated
from slab hydrogen plasma irradiated by an ultrashort highgsF accelerates the protons existing in the narrow regions on
power laser by 2.5-dimensional particle-in-céHIC) simu-  the target surfacell5,16. By a series of the simulations, it
lations[10—-14] in order to investigate the dependence of thejs found that the proton energy emitted depends on the slab
proton energy on a target slab plasma density, a mechanisplasma density and there is an optimal plasma density for the
of proton acceleration and origin of high-energy protons in goroton acceleration, and that the efficient and continuous en-
target. In the particle simulations carried out in this paper, theergy transfer to the electrons is a crux to determine the final
initial plasma density; is selected between the critical den- maximum energy of the accelerated protons, because the
electrons cause the charge separation and sustain the strong
ESF to accelerate the protons. In this connection, it is also
*Electronic address: tnaka@depe.titech.ac.jp; URL http:/found that the excitation of the strong inner magnetic field

fa.depe.titech.ac.jp/ inside the target is important for the continuous energy trans-
"Electronic address: kwt@cc.utsunomiya-u.ac.jp; URL http:/fer to the electrons from the magnetic field, as well as the
skkd1.ee.utsunomiya-u.ac.jp/ efficient energy deposition of the laser in the electrons. For
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n;=ng, an excitation of a strong magnetic field inside the < 35 units of A, >
target plasma is observed, in addition to the surface magneti
field excited on the target surface due to the hot electron g 5.5 umits of A

: : L

generation. This inner magnetic field inside the plasma is | = 22 unitsof 1| —
excited by the electron flow traversing the slab plasma from

the laser-illuminated surface to the other surface due to the ',
ponderomotive force during the laser illumination. The am-~< |

plitude of the inner magnetic field reaches about TOAfter 3 /\ /\ /\
the laser illumination ends, the inner magnetic field breaks g |.

into small scale structures by a collision with the surface § Ey,Bz\/ \/ \/
magnetic field on the target surface and heats the electrong Taaiderit laser

continuously. _ _ N 1 =1.6x10°Weni
Furthermore, the simulation results show the origin of the
high-energy protons generation. It was suggested that th Y
protons are generated from hydrocarbons or vapors contami L»X
nating a thin layer on the target surfad&—19, and it was Z <Backward | Forward >
observed that the energetic protons are generated from a thin
layer on the surfaces in the recent high-intensity ultrashort FIG. 1. A schematic view of the 2.5-dimensional particle-in-cell
experimentg1-3]. In this paper, the simulation results also simulation model. The computational domain is given By
show that the high-energy protons are generated at the nar{(x,y)|0<x<35\ ,0<y<20A }. At the initial time {=0), a
row layers on the two surfaces of the slab plasma: one is thelab plasma is placed in 82<x=<24.5 with the densityn; and
laser-illuminated surface and the other is the surface opposifée other computational region is in the vacuum. A plane
to the laser-illuminated surface. While most of the protong®-Polarized laser illuminates a slab plasma normally. The laser-
generated at the surfaces are accelerated outward, it is ald§gminated side and another opposite side are indicated by “back-
reconfirmed that some energetic protons generated from t¥ard” and “forward,” respectively. In this paper, the uniformity in
laser-illuminated surface are accelerated while passingeZd'reCtlon is assumed. The laser spot sizesjg=5\, and the
through the target and go out of the opposite side of th ser has the Gaussian profile in both thandy directions.
laser-incident side as suggested by previous w{ieks,20.
Furthermore, in this work, it is found that this crossing- =n.,2n;,3n;,4n;,8n., and 10.. Here, in the present paper,
proton generation is accompanied by the excitation of thave usen, =1.053um. Thus,§; andn, are estimated to be
magnetic field in the inside of plasma, while passing throughs;=2.51 um and Ne= (ZW)Zme/MoezhEZ 1.01
the plasma. _ . X 1071 cm™3, respectively. The plasma consists of the pro-
In Sec. Il, we describe the computational model and gons and electrons and the plasma charge is neutral initially.
complete parameter set used in the 2.5-dimensional Pl§nhg glectrons and protons are in the Maxwell distributions

simulations. In Sec. Ill, simulation results are presented ang i, e temperatures=0.1 keV at the initial time. The ion
the dependence of the proton energy on the target plas ass used in the simulat.ions is 1886 '

density is described. Then, a mechanism of proton accelera- .
A plane p-polarized laser of a wavelengthy,

tion and the origin of the high-energy protons are also inves-_ . .
tigated. In Sec. IV, a summary is presented. =1.053 um illuminates a slab plasma normally. At the start

of t=0, the incident electromagnetic laser wave enters from
the left boundary X=0), and the time development of the
Il. SIMULATION MODEL electric fieldsg,, E, and magnetic fieldB, are calculated
according to the Maxwell equation. The laser entering the
computational domain has the Gaussian profile in both the

electromagnetic PIC simulation. For simplicity, a uniformity transvgrse an_d I_ongltudlnal dlrectlt_)ns. _Th? center of the
in the z direction is assumed in this paper. In the simulation,Gaussian profile in the transverse directioryds- 10n and
all quantities depend on théandY coordinates and on time. the Spot size i8sp=5\, . The duration of the laser is

In the experiment§1—3], it was found that the predomi- =300 fs and the amplitude of the entering laser is deter-
nant component of the high-energy ions emitted is protonmined so that the peak intensity is equal to 1.6
and the protons are generated at the thin layer on the target10™ W/cn? in vacuum.
surface contaminated with a vapor and hydrocarbon, while a Initially 700 000 electron-proton pairs are loaded into the
thin film of aluminum or CH polymer is used as a target. Incomputational domain. In the computations, the relativistic
this paper, we employ a thin film consisting of a slab hydro-equation of motion of the protons and electrons, and the
gen plasma for simplicity, so that we devote ourselves intdMlaxwell equations are solved in the program self-
investigations of the dependence on the target density antbnsistently[10-12. The Cartesian mesh system supple-
the origin of these protons. The interaction between the lasanented with a uniform mesh width is used. The mesh width
and the hydrogen slab plasma is computed. The plasmia the X and Y directions,Ax and Ay are set to be equal
thickness §; is 2.5\ . The simulations are carried out Ax=Ay=A, whereA is determined for each; so that the
with the eight different slab plasma densitiesi; skin depth of the incident lasefyy;, is smaller enough than

Gaussian pulse 300fs

Hydrogen plasma
Density: n L

5 units of A

Figure 1 shows the schematic view of the simulation
model for the two-dimensional \B(X,Y),(vy,vy,v,))-
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FIG. 2. Time development of the charge distribution in the 0%*
direction forn;=2n.. The absolute charge densities averaged in 400 06
they direction over|ly —y|<rsyo are presented, and solid curves 0.6
represent the electron charge density and dashed curves the protc 006;
charge density. ’
0(',6i
the spatial mesh widtlA. For example, in the case of; e
=4n., the spatial grid widths in th& andY direction are set 0.6
to be A=0.035\ (=A,=4A,), while the skin depth is esti- 0061 Nl |
mated asdgi,=0.1\, . According to the mesh width, the ’ ? 9Trajectory0f.the
computational time intervalAt is determined by At 8 4 Most energetic
=0.04A in each computation. { [proton
0 1 1 1 1 A' ol 1
0 10 20 30
Ill. SIMULATION RESULTS X[units of /?'L]

In this section, the numerical results are shown for the FIG. 4. The ti lution of the el ic fieEFSF
various densities of the target slab plasma, and we clarify the G- 4. The time evolution of the electrostatic IS, av-

- ; raged in they direction overly —y |<rspq, for ny=2n.. White
dependence of the high-energy proton generation on thgrcles and dashed lines represent the trajectories of the most ener-

getic protons in the backward and forward directions.

plasma densityr; . Hereafter, the laser-illuminated side and

the other opposite side are indicated by the “backward” and
“forward” sides, respectively, in order to distinguish the two

sides, as shown in Fig. 1.

A. Proton acceleration by the ESF

Right after the laser initiation, the strong field of the inci-
dent laser accelerates a part of the electrons. These energetic
electrons run away into the vacuum from both the sides of
the target and the space charge separation appears on both

:"‘ the target surfaces. Figure 2 shows the distribution of the
5 charge density in thg direction forn;=2n. and the density
210 is averaged along thg axis. The dashed and solid curves
£ represent the absolute charge density of the proltpnsand
=0 the electrongp,|, respectively. In the figurdp,| and|p|

(=]

2 2 350 2 23 35 are plotted in a logarithmic scale, so that ragged profile of

X [units of A, | X [units of A, ] |pe| appears at the low-density regions due to the finiteness
_?1 of the number of used computational particles._ Thg charge
EBSFIMV/ 1m] separation causes the strong electrostatic field of

. ~1 MV/um around the plasma surface, and the protons ex-

FIG. 3. Time development of the electrostatic field foy ~ i1Sting around the surfaces are accelerated. Figure 3 shows the

=2n,. The x component of the electrostatic fieEfSF is repre- ~ time evolution of thex component of ESFE;S" for ny

sented. =2n, EFSF is estimated by solving the Poisson equation
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protons are kept staying at the same phase of the propagating

4.0 T ® Forward . )
o i i © Backward ESF wave and then accelerated effectively to the high en-
o0 ergy. The energetic electrons, which are accelerated by the
g = 30F e ©°° E laser, escape from the slab plasma and exist beyond the pro-
H o 3 7 tons. This situation is similar to a relation between an anode
§ E 208 ° ° E and a cathode in a high-power diode. Thus, the energetic
o 3 o ; electrons deposit their energy in the protons through the ESF
Eg N that is caused by the charge separation. Therefore, the am-
% W Lo} 1 plitude of the ESF and the number of the electrons sustaining
= 3 3 the charge separation are important factors for the effective
0 1 10 proton acceleration.

Initial Plasma DenSlty nf [units of . ] B. Dependence on the plasma density

FIG. 5. The maximum kinetic energy,"®* of the protons emit- Figure 5 shows the dependence of the resulting maximum
ted in the forwardblack circle$ and backwardwhite circleg di-  kinetic energy of the protos'®* on the target density; .
rections as a function of the initial plasma density. ey @ depends on the initial slab plasma density clearly and

there is an optimal in the plasma density for the proton ac-

V.EESF= (pp— pe)/4me at each computational time step. It celeration. In both the forward and backward directions, the
is observed that the strong ESF is created by the charg®aximum proton energy is observedrat=2n.. In the op-
separation at the initial acceleration phase and the sheets #fal density, the protons emitted to the forward and the
the ESF propagate outward rapidly. Whep=2n., the backward are accelerated to 3.73 MeV and 2.89 MeV, re-
maximum value of the amplitude ofEESF reaches spectively. The highest energy of the protons in the backward
0.644 MV/um and 0.446 MV/m for the forward and back- direction is slightly smaller than that in the forward direction
ward Sidesl respective|y_ in the most cases. T@ax for Ns=nN¢ Substantia”y dimin-

Figure 4 shows the time evolution of tikecomponent of ~ ishes in comparison to that for, = 2n. . The detailed values
ESF averaged in thg axis for n;=2n,. The white circles of £, > and the maximum intensity of the proton be&f*
and dashed lines represent the trajectory of the proton that for each densityr; are shown in Table I.
accelerated to the highest energy, and the dotted lines repre- Let us consider a reason why the highest proton energy
sent the initial position of the target plasma. The electrostaticdepends on the plasma densityand why there is the opti-
field propagates to the outward directions as time passes. It imal density. Figure 6 shows the maximum amplitlﬁfﬁzi
verified that the protons, existing on the target surface at thef ESF observed on the target surfaces at 393 fs. As shown in
initial time, move together with th&5°" wave. Thus, the Fig. 6, the maximum amplitudg5Sk in the backward seems
TABLE I. The numerical results of the particle energy of the protons emitted in the forward and backward
directions att=934 fs. ¢,** and ¢’ are the maximum and averaged values of the kinetic energy of the
protons, respectively, andy"® is the standard deviation of the proton energy. Furthermore, the maximum
intensity of the produced proton bedf}{** at t=884 fs is also shown.

) Kinetic energy of protons . . . )
Plasma density. Maximum intensity Total protons emitted

n¢ (units ofng) e’ (MeV) £5"% (MeV) o} (MeV) 17" (10" Wicn¥) (10%° protons/skm?)

Forward
1 2.74 0.232 0.286 7.18 3.40
2 3.73 0.425 0.409 22.4 10.1
3 2.92 0.273 0.288 18.4 7.92
4 2.05 0.160 0.182 14.3 5.66
8 0.519 0.0341 0.0388 2.88 2.79
10 0.370 0.0252 0.0272 2.49 2.64
Backward
1 2.23 0.226 0.270 6.29 3.37
2 2.89 0.474 0.401 15.5 6.39
3 2.23 0.348 0.308 12.0 5.04
4 1.63 0.200 0.215 8.67 3.56
8 0.582 0.0361 0.0556 2.77 2.26
10 0.534 0.0292 0.0477 2.47 2.45
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FIG. 6. The maximum amplitude of the EFES" observed on @ ry=ne v (b) n=2n, v
the forward and backward surfaces at 393 fs. ) g T é
< -

. o . o EsF—| 5§ 33 gsf—| 3
to be independent of the initial plasma density. Even in the.g & 6} o '§ RN 6 . '§
forward directionE5S decreases with increasimg simply 2 = e 068 2z = N e 06 8
and there is no optimal density. Why is there the optimal§ g s vg S
density for the maximum proton energy? To answer thisg & | m § ] o]
question, let us show the actual electrostatic field felt by the8 « 3} J 38 §3 3
highest-energy protons. For a comparison betwgg™ for < § 3% = £ 193 %
the optimal density 8. and the others, Fig. 7 shows the f_g & “3 ggo ‘3
electrostatic fieldES>7(X,(t)) (solid curve$ felt by the Es = 23 —
highest-energetic proton in the forward direction. Z, 80, , 0 E = 'g' ok . 0 E

The EESF at n;>2n, is smaller than that at the optimal s 30 3§ = 2% 30 35 ®
densityn;=2n,, the excitecELSF is not sustained for a long X, () [units of 4, ] 2 X, (#) [units of 4, ] ]

time and diminishes rapidly fon;=n. compared with that
for ng=2n.. Thus, the energy gain of the proton from ESF,

dep=JEx(Xp)dX,, becomes smaller fon;=n. than that FIG. 7. Thex component of electrostatic fiel&SS (X(t))
for the optimal densityn¢=2n.. What does cause this dif- (solid curves felt by the most energetic proton in the forward di-
ference of ESF sustainment? In Fig. 7, the number of th@ection and the number of the electroN§"(X,(t)) heading the
heading electronslg”t, which exist at the outer region be- ESF (dashed curvésas a function of the position of the most-
yond the highest-energetic proton, is represented by dashetiergetic protorX,(t). In the simulations, the uniformity in the
curves. As shown in each figure in Fig. 7, the time develop-direction is assumed arld"' is estimated as the number of elec-
ment of N"" agrees well with the evolution &, >7(X,(t)),  trons per 1um thickness in the direction.

and this fact supports that the sufficient electron supply is

crucial to keep th&E> field. Figure 8 shows example elec-

tron trajectories in the& direction forn;=2n;. As shown in 1000
Fig. 8, the electrons oscillate in the potential well of ESF

with a high frequency. Then, only a part of the electrons is 800
energetic enough to get over the potential well, can reach the
outer region of the accelerating protons, and sustain ESF to
accelerate the high-energy protons. Therefore, the electron
energy is crucially important to sustain the ESF and deter-
mine the final energy of the protons accelerated.

Figure 9 shows time developments of energy components
in the computational domain. In each figure, lines with white
and black circles represent the total kinetic energy of the
protons and the electrons, respectively. Solid and dashed 0 10 20 30
curves represent the total energy of the magnetic field X [units of 4, ]

2 ; : 1 2
JJ(1/2u0)Bzdxdy and the electric field [ [3eo(E; FIG. 8. Trajectories of the electrons heading the protons ixthe

+E§)dxdy, respectively. In the cases of;=n. and n; direction forn;=2n.. Some electrons move beyond the ESF po-
=10n., the laser deposits its energy to the electrons onlytential well and contribute to create the expanding ESF wave. White
during the laser illumination, and the electron energy doesircles show the trajectories of the most-energetic protons. As
not increase after the laser termination. On the other hand, ishown in Fig. 4, the trajectories of the protons agree with the posi-
the cases oh;=2n.,3n.,4n., the laser excites the electric tions of the ESF waves.

©) nf=3nc (d) nf=4nc

600

Time [fs]

400

200 |
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| —Field energy (B) 4
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1§ O |
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X [units of A ]

1.5¢

—
(%]

Y [units of A ]

FIG. 10. The laser illumination on a slab plasma. The magnetic
field B, of the laser fields at=394 fs is represented for the initial
slab plasma densities;=n; and 2n.. Except forn;=n., the in-

computational domain [J/ ¢ m]
5

computational domain [J/ ¢ m]
=)

Total energy over the entire
Total energy over the entire

03 03 cident laser is cut off near the surface of the slab plasma.
0 00
0 Time [fs] Time [fs] the electromagnetic wave is cut off at the skin defith), for
(a) n=n, (b) n=2n, n{=2n., the Iage.r penetrates the target plclals_man‘pai N
x 102 due to the relativistic effecf21]. Therefore, it is expected
20— —— that whenn;=n;, the electrons gain less energy from the

incident laser field. Figure 11 shows electron maps in the
X-p, phase space. The pané, (b), and(c) show the elec-

L5- tron maps at 295 fs, and the panét, (e), and (f) show
those at 393 fs. As shown in the pané# and (d), when
Lol n{=n., the incident laser accelerates the electrons in both

the backward and forward directions, and the distribution is
modified in thex direction corresponding to the wavelength
of the incident lasern; . On the other hand, whem;
=2n., the electron acceleration mechanism at the initial ac-
celeration phase is quite different from that fagr=n;. The

e
th

computational domain [J/ ¢ m]

Total energy over the entire

0 panels(b) and(e) in Fig. 11 show the electron maps fof

0 - : -
Time [fs] =2n;. In this case, the energy deposition to hot electrons
(c) n=10n, due to the ponderomotive force is dominant, because the

target plasma is overdeng22,23. Then, the electrons exist-
FIG. 9. Time development of the kinetic and field energies. Ining around the laser-illuminated surface are accelerated in
the simulations, the uniformity in thedirection is assumed and the the forward direction and the electrons move inside the target
total energy of the electrons is the value pexr thickness in the  with the interval of\ /2 as shown in Fig. 1&). However,
zdirection. At~ 393 fs, the maximum intensity of the incident laser for the higher density;=8n. shown in the paneléc) and
1.6x 10" W/cn? is illuminated on the target surface with a laser (f) in Fig. 11, it is observed that the electrons accelerated in
pulse durationr=300 fs. the forward direction are scattered near the laser-illuminated
surface.

Figure 12 shows the& component of]J?’9, which is the

and magnetic fields and deposits its energy to the electric anglirrent density averaged in tlyedirection around the laser-
magnetic fields, in addition to the electrons. In these casejyminated SOty — Y| <fspor- AS shown in Fig. 1), a

the electron energy increases by continuous energy transfer-
ences from the electric and magnetic fields to the electrons—

even after the termination of the laser illumination. At the 2?2 295¢s §°% 295fs ‘g% 295fs
end of the _computaﬂon, the total_energy _of the.electronsn.c_> 0 5, 5,
becomes 4-6 times larger thanmf=n.. This continuous g A e 2 o
increase of the electron energy results in the sufficient supplys a 5 22 El -1 10
of the electrons energetic enough to get over the ESF poten < >L_ @1 =" < 2L O =28 | -2 ©ny =10n,
tial well and sustainment of the strong ESF even after the =, 22 23 24,25 5 22 23 24,25 22 23 24/125
laser illumination ends. funits of 4, ] [units of A, ] X lunits of A, ]
oy 393fs] 2 393f] Q2 393fs
C. Energy storage by the excitation of the magnetic and E 1 E 1 L E 1
electric fields °0 °0 °0
, . , g-1 £ -1 E-1
In ordsr t(;] find a reason \(/jvh)q the_dl::_felrdenc?1 in the energy.3 ,| @n, =n 2ol @n =2 | 22| ®n =10n,
storage by the magnetic and electric fields shown in Fig. 9. 35355755 < 53233755 ~ 27233755
the mechanism of the laser energy deposition and the exci  x [units of A, ] X [units of A, ] X [units of A ]
tation of the electric and magnetic fields are investigated.
Figure 10 shows the laser field &t 394 fs. While the FIG. 11. The electron maps i®-p, space forni=n;, n;

incident laser stops and is reflected at the plasma surface are2n;, andn;=10n,.
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& Initial area energy as the magnetic field energy. As shown in Figa)14
g <107 107 of target plasma %107 the amplitude of the “inner” magnetic field increases even
g L . ‘ — after ~393 fs, at which the maximum intensity of the inci-
& g ot 16 161 ] dent laser is illuminated on the target plasma, and the maxi-
5 = J 1al 1l ] mum magnetic field 3.4 kT is observed at about 594 fs. For
=32 n;=8n., the “inner” magnetic field is also excited. How-
By ] 2} 1af ] ever, the electron accelerated by the ponderomotive force
§ 2 ff/ // \ around the backward surface is scattered strongly in the tar-
g _Té 0Py o O 0 \J“‘v get plasma as shown in Figs.(tland 11f), and the “inner”
5 g ol 1ol \[\M/j\r ol VV ] magnetic field is split into many small pieces likewise. Thus,
© § there is not a large scale structure of the “inner” magnetic
A A ey s figld as shown in Fig. 18). Actually, f(_)r ny=10n., the_
X [units of A, ] X [unitsof A, 1 X [units of A, ] _S|mulat|on result_ sho_ws that the amplitude of the exc¢ed
@n;=n, (b) np=2n, (©) ;= 10n, inner magnetic field is one half of the “surface” magnetic

field, that the excited “surface” magnetic field reaches the
FIG. 12. Current density,(x) averaged in thg direction over maximum value 2.2 kT at=393 fs, and that the magnetic

|y —Ye| <rspor at 494 fs for(a ny=n, (b) 2n;, and(c) 10n,. fields do not increase after the laser termination. The addi-

tional energy storage by the excitation of the “inner” mag-

netic field is considered to be one of the reason why the field
strong negative current in the target plasma due to the ele%'nergy forn;=2n, increases drastically as shown in Fig.
trons propagating toward the forward side is observed fogp).
Ng=2nc, 3nc, and A, while there is no clear negative  Next, let us investigate a mechanism of releasing the
current piercing the target slab plasma fg=8n; andn..  stored energy of the additional inner magnetic field. Figures
The strong negative current propagating in the target toward4(a) and 14b) show the time development of the magnetic
the forward direction creates an additional magnetic field ingnd electric fields, which are averaged in the time for one
the magnetic fieldB3"%| averaged in the time for one laser time developments of the proton and electron density when
period at 393 fs. For all the initial plasma densities, the
strong “surface” magnetic fields are excited on both the tar-
get surfaces due to the energetic electrons escaping from tha) Magnetic field
target surfaces. In addition to the “surface” magnetic fields, pave— m
an additional strong magnetic field in the target plasma is - 34 0o 34
excited due to the inner electron flux foy=2n., 3n., and (kT]
4n. as shown in Fig. 1®). This additional “inner” mag- (o) Electric field
netic field has an opposite sign to the “surface” magnetic

“Surfacg” Bz “inner” Bz “merged” Bz

. N ) . . avg T
field excited on the laser-illuminated surfdsee Fig. 149)]. x 23 0 23
The amplitude of the “inner” magnetic field reaches several [(MV/um]
KT as well as the “surface” magnetic fields whep=2n.. (¢) Proton density
This additional strong “inner” magnetic field also stores the "
r — |
0 3.12
Surface Bz [units of n]
Inner Bz
# S (d) Electron density
. ne [— |
i 13 ! 5 15 ;15 : FonffsigRin
G " 7’ [ G :_
° 10 . °10 °10 05 (e) Electron temperature
g £ ) RREE T, C——
50 > 5 >3 ’ [keV]
0 0 0 X [units ofAL]
51 5 55 5 5 55 5 2 39.3fs 494fs  594fs 643fs  682fs 79ois
X [units of A ] X [units of A ] X [units of A ] Time ”
| B (l):75_15[kT] (‘):1—020 - m” FIG. 14. Time development of) the magnetic field3, aver-
’ ' : OIKT] ’ il aged in the time for one laser perid) the electric fieldE, aver-
(@) ny=n, (b) nf:2nC (©) nf:IOnC aged in the time for one laser perigd) the proton density(d) the

electron density, ande) the electric temperatur&, for ng=2n.
FIG. 13. Magnetic field excited fa@) ni=n., (b) 2n., and(c) Here, positions< andY are normalized by the laser wavelenath.
10n. att=393 fs. The absolute value of the magnetic field aver-The positions &) and (8) indicated by arrows coincide with the
aged in the time for one laser period is shown. same positions shown in Fig. 15.
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avg
-1 30355 494fs BPlT] 2 -
0.05
o —_
x 0 = &
| )
-0.05 Initial target @
0.1 |position > ¢ ;;:;
15 20 25 30 15 20 25 30 ;
X [units of A ] X [units of 4]
01 [Soafs | B) 643fs | el e T el
0.05 2 24 24
= X [units of A, ] X [units of A, ]
«Q 0 —Electron flow: 3.02E15  —®Proton flow: 1.23E15
[/cm?2fs] [/cm?fs]
-0.05 (a) 643fs
-0.1 avg
15 20 25 30 15 20 25 30 BYkT 2 1 0 12 2 -1 0 1 2
X [units of A ] X [units of 4] _
0.1 =15
682fs 889fs ~
0.05 kS
5 21
@« g
-0.05 >
-0.1
15 20 25 30 15 20 25 30 o = B -
; ;s 2 24
X [units of 4] X [units of 4] X [units of A, ] X [units of A ]
) o —»Electron flow: 3.02E15  —#Proton flow: 1.23E15
FIG. 15. Time development of the proton distributionxv ccton ow [fem?fs] rotontow [/om2fs]
phase space fan;=2n.. Here,B,=v,/c. The positions &) and (b) 692fs

(B) indicated by arrows coincide with the same positions shown in

Fig. 14. In addition to the protons emitted outward from each sur- FIG. 16. The particle fluxes of proton and electron(ak t

face, a group of the protons that are generated from the backward 643 fs andb) t=692 fs forn;=2n.. Here, positionX andY are

surface is accelerated to the forward surface, while moving insid&ormalized by the laser wavelength . For a comparison, the mag-

the target plasma. netic field B3"9 averaged in the time for one laser period is also
shown as contour plots in each panel.

n{=2n. are shown in Figs. 14) and 14d), respectively. In

the previous simulation result presented in R20], an ex-
citation of a bisolitary wave, which consists of the strong
electrostatic field and the charge separation, is observed in-

side the target surface. As shown in Fig. 14, it is also foundz 2 *' [ < intial Targer— 2@ O [ il Target—>
that a pulse wave OF, is excited and propagates with the & & 0.08 | """ S| g s
inner magnetic field to the forward direction. A=594 fs, < 06| | | 2500 |
the inner magnetic field reaches the forward surface anc3 g 2% ]
merges with the surface magnetic field excited on the for-£ § ** ‘ ‘ g g0 I
ward surface. Figure 15 shows the time development of theZ < 002 | ol Vllll’ 2o | _,
proton distributions inx-v, phase space fon;=2n,. As ’"wmufi.lhllI!|H|\!“\»;

0 0 -
shown in Fig. 15, in addition to the protons emitted outward 2 23 24 2 23 M

Initial position of proton Initial position of proton
from each surface, some protons are ggnerated near the bac Xp (t=0) [units of A, | Xp (¢=0) [units of A, |
ward surface and propagate together with the electric field of di i
the pulse wave propagating in the target plasma to the for-..;g ’ < Intial Target > 2& «—Intial Target—>
ward surface. Here we call these protons the “lagged” pro- & & 008 | (©) =4 kRS | (d) n=10n,

e 1 (Forward) s 1 %% [ (Forward)
tons. At aboutt=594 fs, these protons accelerated by the 2 <006 | 2%
pulse wave reach the opposite surface and run out. As show.s - | ST 0m |
. . . s S 0.04 =) ]
in Fig. 16, the electrons accompanied by the lagged proton:s ES .
are pushed back to the target plasma from the forwardz J;“o.ozr z fg("m : ’
vacuum region, because of the negative charge. The pushe o o 0

back electrons make a detour around the “merged” magnetic 2 23 2 23 U

field, which consists of the inner magnetic field and the sur- I;“‘?:_%‘;S[‘“O.‘t‘ °tfpf{”°]“ I;‘(mal_%osm".‘t‘ Offpj{’ton
face magnetic field excited on the forward surface. The PSSOt A P (=0 [units of A, ]
merged magnetic field interacts with the “pushed-back” FIG. 17. The velocity, of the protons accelerated to the for-
electrons as shown in Fig. 16 and is forced back to the targatard side att=934 fs vs the initial position of the protons(t
backward surfacg¢see Fig. 14a)]. Then, the merged mag- =0) for (@ n;=n., (b) ny=2n., (¢) n;=4n., (d) n;=10n;.
netic field also encounters the surface magnetic field existinglere, 8, is v, /c.
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- and the acceleration of the lagged protons has been also
shown in Fig. 15. The protons are accelerated by the pon-
£ o0 deromotive force during the laser illumination, and then still
£ 400 accelerated even after the laser-illumination termination by
200 the electric field of the excited pulse wave, as shown in Fig.
0 | 14. The generation of the lagged protons agrees with the
15 25 15 25 15 25 1 I i 1
X funifs of A, ] X funits of A X funifs of A Fzre:;)(;s results of the experiments and the simulation
@ &, 23MeV (b) 3MeV 2¢, 22MeV  (¢) 2MeV 2¢, > 1MeV T
FIG. 18. The trajectories of the protons in tKet plane forn; IV. SUMMARY

=2n.. According to the kinetic energy of the each protgn, the . . .
trajectories are sorted intda) £,=3 MeV, (b) 2 MeV=e, We studied the high-energy proton production from a slab

<3 MeV, and (c) 1 MeV=e,<2 MeV. In each panel, dashed plasma irradiated by a ultrashort high-power laser by the
lines represent the initial surface of the target plasma. 2.5-dimensional electromagnetic particle-in-cell simulations.
The simulation results show that the proton energy generated

near the backward surface. Because the surface magnefiEPENS on the plasma density, and there is an optimal den-
field has the opposite sign to the inner or merged magnetie'y: When ap-polarized laser beam of 610" Wien,

field, a fragmentation occurs and the magnetic field is splif00 fs, A\ =1.053um, illuminates the slab hydrogen
into small pieces. This situation is similar to the magneticPlasma, the optimal is obtained at the plasma density
reconnection process or the tearing mode instabji#g], = =2n. and the highest proton energy is 3.73 MeV in the
which accelerates electrons and protons along the boundaparameter set values employed in this paper. The dependence
between the magnetic fragments. Actually, as shown in Figon the plasma density is explained by the energy deposition
14(e), the electrons are heated around the backward surfacom the laser to the electrons. It is reconfirmed that the
at which the magnetic fragmentations occur. Through thiglectron acceleration sustained by the ponderomotive force
process, the energy stored as the magnetic field is releasé@kes an important role in the proton acceleration process.
and the electrons gain the energy. Thus, it seems that the For the overdense plasma, the incident laser is reflected
excitation of the strong inner magnetic field is one of theon the plasma surface. The electrons existing around the
reason why the total energy of the electrons increases evdaser-illuminated surface are accelerated in the forward di-

after the laser illumination ends as shown in Figo)9and  rection violently by the ponderomotive force and the strong
why ESF is sustained well. current piercing the target plasma is caused. This mechanism

is similar to that reported by Yt al. for a low-density
plasma in front of a solid targdi20]. In addition to the
] . mechanism, it is pointed out in our work that for the optimal
The dependence of the final velocity, of the protons  c5se the strong current piercing the target plasma excites the
accelerated to the forward side on the initial position iSstrong magnetic field inside the target plasma, and that the
shown in Fig. 17. The vertical and horizontal axes of thegnergy storage as the excited inner magnetic field contributes
figure are the velocity,=v,/c att=934 fs and the initiak {5 the efficient proton acceleration.
positions of the protonX,(t=0), respectively. All proton Furthermore, Ytet al.[20] also pointed out that a bisoli-
particles accelerating in the forward direction are plotted Oiary wave of the strong electrostatic field and the energetic
the B,— X,(t=0) plane and the initial position of the target protons has been observed. In this paper, it is found that the
plasma is represented by the arrows in Fig. 17. As shown ixcited inner magnetic field propagates in the forward direc-
the figure, the highest-energetic proton exists just on the Sufjon in the target plasma. After the inner magnetic field
face at the initial time and almost all the energetic protongeaches the opposite surface, the inner magnetic field turns
are generated from a thin layer on the target plasma surfac@gck, and breaks into the small fragments and releases its
for all the densities. This tendency of the position of thefield energy to the electrons continuously even after the laser
energetic protons agrees with the results of the experimeRgrmination. In the future, the relation between the bisolitary
done by LLNL[1]. As shown in the above section, it is also ave and the inner magnetic field propagation should be
reconfirmed that the lagged protons, which are generategy,died further. For the parameter value set employed in this
from the backward surface of the target plasma, are accelefaper, this energy storage mechanism of the magnetic field
ated while passing through the target plasma and go out @fkes an important role to accelerate proton acceleration ef-

the forward side fon;=2n, 3n, and 4 [20]. Figure 18  fectively as well as the efficient energy deposition of the
shows the trajectories of the energetic proton g+ 2n,. laser to the electrons.

As shown in Fig. 18, while the energetic protons are gener-

ated from a quite thin layer at the target plasma surfaces,

Fhere_ are other protons that are ggnerated from the Iqser— ACKNOWLEDGMENTS

illuminated surface and accelerated in the forward direction.

The protons pass through the target plasma and go out of the The authors would like to express their appreciation to Dr.
forward plasma surface into the vacuum. This proton beam i&lexander Andreev and Dr. Toshiki Tajima for their fruitful
the lagged proton beam described in the preceding sectiatiscussions and suggestions on this work.

D. Origin of the protons
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