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Three-dimensional particle-in-cell simulations of energetic electron generation and transport
with relativistic laser pulses in overdense plasmas
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The interaction of relativistic laser light with overdense plasmas is studied by three-dimensional particle-in-
cell simulations. Generation of layered current sheets and quasistatic magnetic fields is observed near the target
surface owing to anisotropic laser filamentation and Weibel instabilities. Later these current sheets tear into
filaments that partially merge with each other to form isolated magnetic channels penetrating into the dense
plasmas. It is found that fast electron energy flow is not only inside the magnetic channels but also it is widely
distributed outside the channels. This is possible because of electron anomalous diffusion across self-generated
magnetic fields. Consequently, the total hot electron current exceeds a few hundred kiloamperes and is much
larger than the Alfva current. Hence a considerable amount of energy flows towards the plasma core. Sig-
nificant heating of the bulk plasma electrons is also observed.
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[. INTRODUCTION of our group[6] and the more detailed work of Hone# al.
[7] has shown that the current filaments are self-organized to
In recent years, the advent of multiterawatt lasers capable state in which each filament carries a net current less than
of producing focused laser intensities ovetl@v/cm? and  the Alfven limit. In this paper, we extend these works to the
driving electron motion into the relativistic regime, has three-dimensional case with the help of 3D particle simula-
opened up many new interesting fields of research such ég)n. It is found that s_hallower magnetic channels are formed_
fast ignition for inertial fusion[1], development of novel N the overdense regions and that the total magnetic energy is
high energy particle accelerators, short pulse x ray and nednuch lower than the total electron energy. Furthermore

tron sources, etc. In the fast ignitor scheme, the intense las&f'°N9 longitudinal electric fields are observed at the mag-
pulse propagates through a coronal plasma up to sever??t'c channel front and_they play an important role in anoma-
times the critical density and delivers energy to relativistic.C“> stopping and heating of the bulk plasma electrons. Also

particles; these highly energetic particles then transport th'é 's found that the merging time is proportional to the whis-

energy through the overdense plasma to the center of ﬂ} er mode period and varies as the cubic power of the size of

o . He filament. The model of merging process is discussed.
compressed core and_lgnltg the f_uel there. Considerable ex- This paper is organized as follows. Section Il presents the
perimental and numerical simulation work has been done ORgts of the 3D-PIC simulations and a detailed description
the physics of intense laser pulse propagation and the accef the magnetic channel formation and the electron energy

eration of electrons and ions in high density plasmas. Howyransport. The model of merging process is also discussed in
ever, the related problem of the propagation of intense eleghe |ast part of Sec. II. Section IIl is devoted to the conclu-
tron bunches into the core, has not received as muchjon of this paper.

attention. It has only recently been realized that collective
phenomena play a crucial role in this energy transport. This
paper is devoted to a three-dimensiof2D) particle-in-cell [l. 3D-PIC SIMULATION OF ENERGETIC ELECTRON
(PIC) simulations of these collective phenomena. TRANSPORT IN OVERDENSE PLASMAS
Typically, the electron currents generated near the vacuum
plasma interface exceed the Alfveritical curren{2], which
should produce intense self-consist@&nfields bending the Following are the simulation conditions. The target
electron trajectories backwards and preventing their penetralasma is homogeneous, except for two longitudinal sharp
tion into the overdense plasma. However, in a dense plasnzoundaries, and its density is four times critical density) (
important shielding effects arise and the high energy electrowhich corresponds to 4:410°* c¢cm™2 for laser wavelength
current is neutralized by a cold electron return current. Thi;j\=1 um. The plasma consists of fully ionized deuterons
allows the high energy electrons to propagate unimpede@lon mass is 368®.), and the initial electron and ion tem-
into the overdense plasma. However, this system is unstabfgeratures are set to 10 keV and zero, respectively. The lin-
to a relativistic electromagnetic two-stream instabilithie  early polarized laser is irradiated from the left boundary. It is
so-called Weibel instabilityf3]), which breaks up the fast transversely uniform and longitudinally semi-infinite, which
electron current into filaments. 2D-PIC simulations have al+ises up in three laser cycles with a Gaussian profile. The
ready shown the break up of fast electron beams into filamaximum of the normalized vector potentialdgequivalent
ments guided by quasistatic magnetic fidldss). The work to eA/m,?)=3.75, which corresponds toly=2

A. Parameters of 3D-PIC simulations
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<Bz> riod. The maximum growth rate of Weibel instability appears
at a wave vector k such thtc/w,~1 [6]. It is seen that
quasistatic magnetic fields with transverse scale length on
the order of the local plasma skin depth-27X ¢/ w, arise
near the surface. These fluctuations, which find significant
growth from noise within 16, can be attributed to the fastest
growing modes of the Weibel instability, the growth rate is a
few percent of the plasma frequen@. Figure 1b) shows
that similar structures are found in tH8,) profile in the
X-Y plane. The(B,) fluctuations are relatively weaker than
(By) fluctuations because the effective plasma temperature is
anisotropic, being higher along the polarization direction
(viz., Y direction [6]. In addition to the Weibel instability of
electrons, the modulational and filamentation instabilities of
the laser pulse develop in the meantime. Specifically, the
filamentation instability is found to be stronger in the direc-
tion perpendicular to the laser polarization direction. This
arises from an anisotropic response of electrons to the trans-
verse electric field as discussed by Nishiheral. [8]. As a
result, layered structures parallel to the laser polarization di-
rection are formed, producing energetic electron flows in the
same patterns as the laser intensity. This leads to the forma-
tion of magnetic neutral sheets. Figuré)lshows the iso-
surface(B) att=167 as observed from the laser irradiation
direction . It is seen that the front of the magnetic neutral
FIG. 1. Surface perturbation in early time stage. LongitudinaiSheets soon break up into electron jets through a tearing and
cut of transverse magnetic fields fB,(B,)) in X-Z(Y) plane(s) ~ Merging process i direction. Fig. 1d) shows the same plot
[(0)][Y(Z)=1.25\] at 87; Isosurface of quasistatic magnetic fields as in Fig. 1c) but as observed from the overdense plasma
(|B[y=0.06B, near laser irradiated surface atr1és viewed from side. For small scale filament formatiokd| w,=0.7 w.

20, o4mmms 014 <By> yp —o1ommmn 014
OF e T 2.0

the vacuum sidéc) and from the target sid@); Contour plot of| B| =0.2w), the time scale of tearing in the electron fluid is
in the case oh,=4n.(10n,) and transverse 5(2.5)square at found to be of the order of the whistler mode peridd],
=16(12)r and at 2.7(1) from the surfacee) [(f)]. which is (.c?k? w?) ~~10/wo, Wherew,,, w., andw, are

plasma frequency, electron cyclotron frequency, and laser
frequency, respectively. The magnetic fields increase drasti-
X 10'° Wicn? approximately, and an amplitude of the oscil- cally through the merging process after the tearing process.
lating laser magnetic fielB,=400 MG. The transverse sys- We notice that longitudinal components forming quadrupole
tem size is 2.8X 2.5\ and the longitudinal length is 42  structures around the x points are also excited.
The plasma has a length\8 and there are R vacuum re- Figure Xe) shows the quasistatic magnetic structure at
gions on both sides of the plasma. In this simulation, thel6r in the case with transverseX 5\. The number of fila-
coordinateX is longitudinal andY andZ are transverseY is  ments is approximately the quadruple of those in Figl).1
the laser polarization direction. Periodic boundary conditiondVhen the density is I, both the time scale and the spatial
are applied in the transverse direction. We assume an absorbeale are factor/4/10 as shown in Fig. (). The filament
ing boundary for fields and a thermal reflection boundary fordensity at 12 in 10n. plasma is about 1.5 times higher than
particles inX direction. The number of spatial grids and par- that of the 4. case at 16. These results indicate that mag-
ticles in the default parameter are 3084x 64 and 2x< 10/, netic field structures are determined by physics and not by
respectively. The simulation has been run on Hiteg®80o00  simulation size effects or the periodic boundary condition.
using 4 GB main memory. Simulations with transverse 5
x5\ and with the high density IQ have also been per- C. Shallower channel formation due to diffusive
formed to check the periodic boundary effects on the scale of current distribution

the filamentation. - .
Soon thereafter these magnetic filaments merge with each

other into large scale filaments. The time scale of this merg-
ing process will be discussed later in Sec. IIE. Figure 2
illustrates the build up of the coalescent filaments or chan-
Figure 1 shows the structure of quasistatic magnetic fieldsels, penetrating stably into the overdense plasnia287.
and the electromagnetic energy density atafter laser irra-  Figure 2a) is the isosurfac€|B|)=24 MG of the quasi-
diation, wherer is one laser oscillation period. Franta) static magnetic fields in the plasma region. Fige) 2nd(c)
shows(B,) in the X-Z plane near the plasma surfa@eitial ~ are transverse cuts of the forward and backward electron
at X=2\); here( ) denotes time average over one laser peflows atX=6\. Note that the forward electron flow is domi-

B. Magnetic channel formation subsequent
to the Weibel instability
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FIG. 3. (a) The longitudinal current profile integrated over the
transverse region dt=28r. (b) The plot of the transverse currents
profile with the magnetic fiel@y at (X,Y)=(7.2\,0.8\) indicated
by the broken line ina).

2 static field[Fig. 2(d)] . We notice that the total energy of
" quasistatic magnetic field in overdense plasmas is only a few
I percent of the total electron energy in our 3D simulations.
T On the other hand, the total magnetic energy in 2D simula-
75 B0 85 X& tions by Hondeet al. [7] is comparable to the total electron
. energy. The following is the reason why the magnetic field
FIG. 2. (Color 3D structure of magnetic channels at728a) energy in 2D simulation is much higher than that of 3D
Isosurface of quasistatic magnetic field8|) =0.08,; (b) and(c)  gjmyation. In 3D simulation, the generated magnetic field
Transverse cuts of the energy density for electrons moving in theyo o the surface of laser absorption are convected into over-
forward and backward directions #t= 6\, respectively(d) Trans- dense plasmas where the magnetic field is not strongly ex-
verse cut of ion density at 40and X=4\. The longitudinalX-Y . S . . . .

- S . cited, while in 2D simulation, no convection loss of magnetic
cuts(at Z=1.7\) of the channel indicated in fran{e) by an arrow field enerav is expected. An important quantitative result is
are for () (B,/Bg), (f) (Ex/Eo), (@ (E,/Ep), and (h) . 9y IS expected. Imp quantitativ it
((y—1)n./no), whereEq (Bo),n, is the laser electri¢magnetio tr}at in the 3D S|_mulat|ons described _here, the final structure
field and the initial target density, respectively. of the channels is much shallower with low plasma evacua-

tion and magnetic fields than those in the 2D simulations.

Figure 2e) displays the longitudinal cut at the center of a

nant in the interior of the magnetic channels whereas, thenagnetic channel. It is noted that the maximum magnetic
return currents are dominant on the outside. This coaxidlields of the channels is about 0B%(20 MG) and the radius
structure is similar to that shown in R¢¥]. But in 3D case, is ~0.5 um, giving us an estimate of the current inside the
the fast electron flow and the cold return flow are not sepaehannel to be about 5 kA. This is confirmed in the current
rated clearly, namely, both the flows are found to be overlapprofile shown in Fig. 3. The overall current neutralization in
ping in wide regions and the current is well neutralized. Inthe transverse space is perfectly achieved as shown in Fig.
the channels, ion motion becomes obvious only on time3(a). The total forward currenf200 kA) is well neutralized
scalest=2m/wy;. Thus, it is noted that at~407, about by the return current and the total net current is almost zero
20% of ions are evacuated from the channels by the electran the overdense plasma. The incoming current from the sur-
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FIG. 4. (a) Time evolution of magnetic energy normalized by _

BZ; (b) Net energy fluxW of electrons normalized by the laser peak FIG. 5. The speed of the channel front versus the laser ampli-

intensityl ,. Both are averaged iM andZ space. tude.

face reaches about 800 kA but the current is sharply droppedakefieldlike electric fields, which accelerate electrons just
in a micron scale. This is because large numbers of hot elekehind the front and decelerate electrons at the front of the
trons are prevented from penetrating into the plasma regioghannel. Namely, the inductive electric fields are generated at
by the intense magnetic fields near the surface shown in Fighe channel front bydB,/dt=—dJE, /dx+JE,/Jr. These
4(a). In these magnetic fields, the larmor radius of a severaglectric fields stop the fast electrons and heat the cold elec-
hundreds keV electron is less than the channel radiufons.
(0.5 um) and hence, such electrons are stopped. The hot Another interesting feature is concerned with the penetrat-
electrons are also stopped by electric fields that have #g speed of the channel front. Figuréa#shows the time
double layer structure at the surfacé~3\). This electro-  evolution of the magnetic energy distributions, averaged in
static potential jump is about 200 keV in the present simulatransverse space. One observes that the energy density of the
tion. quasistatic magnetic field is very small, less than O.B%;

In Fig. 3b) it is found that the net current is a few kilo- at the early linear stage before 127, whereBy is the inci-
amperes inside the magnetic channel and this is much leskent magnetic field. It increases very quickly after 167
than the Alfven limit current[9] I ,=178,y, KA=30 kA,  when the current sheets start to break up into filamgfigs.
here yo~2 from the simulation results. However, the for- 1(e) and(f)]. At t=20r strongB fields with a peak amplitude
ward electron current in the chann@0 kA) exceeds the about 70% &280 MG) of By are found atX=3\.
Alfvén limit current significantly. Furthermore, both the for-  When the magnetic field channels penetrate into the dense
ward and return current is widely distributed in the trans-plasmas, the magnetic fields become weaker. The average
verse space, and they are not well separated, namely, tleagnetic fields are the order of 20 MG. The propagation
current neutralization works well. This is very important andspeed of the front of magnetic channel is ab¥yt0.4c.
very good feature to carry the fast electron energy into théfter running the code with the different laser intensity, we
plasma, means that although the net current inside a madind that the speed of the channel front scales with the inci-
netic channel is small, the total hot electron current exceeddent laser intensity likd*2, see Fig. 5. The channel front
a few hundred kiloamperes and is much larger than theropagates as an electron magneto-hydrodyndElHD)

Alfvén limit current. vortex with a speed given byl 2]

As for mechanisms of the formation of a cold electron
distribution across magnetic field, there are a few possible Ve 1 By oc 1 nc R
mechanisms under investigation. One of them is the chaotic c 4men, or  wgKkoRe Ny’

electron motion in return current. The orbit analysis indicates
that backward electron motion is stochastic and induce&llowing the Ampere’s law, where, is the hot electron
anomalous resistivity. More details are discussed in Refdensity at channel fronk, the wave number of the laser
[11]. light and R; the channel radius. Here we assume that the
Since there is time delay to neutralize current by coldthermal pressure balances approximately between the hot
electrons, the net current at the channel front is actuallyand cold electrons at the channel boundary, Ty
larger than that behind. As a result, the magnetic fialtbut  =nNgoigTc. In the simulation R,=0.3\, Tp/mc=2,
0.088,) is higher at the channel front. Therefore, the elec-T¢/Mc?=0.2, N¢og=4n., andw.=0.3wg, then one obtains
tron flows are strongly pinched as shown in Figée)2and  n,=0.4n. andV.=0.4c, which is very close to the observa-
(h). Current and charge neutralization occurs in a time scaléon. SinceT, |2 according to simulationf13], one finds
of electron response, or in a longitudinal space abouV, scales likeT,, namely, by the square root of laser inten-
vp/wp=clw,~0.5 um, which is very close to the simula- sity, which agrees with our observation, df./T. weakly
tion result. Near the channel front, fast electrons excite largelepends or.
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FIG. 7. Isosurface of quasistatic magnetic fields at.48he plot

D. Electron energy transport level is same as that in Fig(a&, (|B|)=0.068,.

The electron energy transport and deposition in overdense.
plasmas can be examined more explicitly by looking intoglsappear. We show snapshots of the current channel struc-

spatial distribution of electron energy flux. Figuré¥is a ture at 4& in Figs. ":(a).and(b). Eventually, .only one fila-
longitudinal distribution of the net electron energy fiav- ment survives and continuously penetrates into the overdense
eraged in a transverse sectiat t=20r and 28&. Through- plasma with almost cqnstant velloci\)%~0.4c.as discussed
out the simulation about 31.5% of the incident energy is" Sec. IIC. This section, we discuss the time scale of the
absorbed at the plasma vacuum interface. Furthermore, aboferging process using incompressible electron fluid model.
20% of incident energy flux or 60% of absorbed energy Figures &) and (b) illustrate the merging of two fila-
passes through to the end of the channel at@8shown in ments each with area. As the two filaments approach each
Fig. 4b). The thin line is the energy flux at center of the other with velocityu, the incompressibility of the electron
channelindicated by an arrow in Fig.(@]. It drops sharply fluid causes the electron flow inside the channel to be pushed
aroundX=3\ due to intense magnetic field generation asaside with a velocity of orden. Consequently, longitudinal
discussed above, and then decreases gradually toward theagnetic fields with a quadrupole structure are excited. Fig-
channel front. It may be noted that a small number of elecure §c) shows an example of the generation of longitudinal
trons is decelerated inside the channel whereas, a considenagnetic fields in a 3D-PIC simulation of the merging pro-
ably large number is stopped at the channel front by theess. Similar quadrupole structures have been reported in
longitudinal electric fields. The bulk plasma ener§yin-  Ref.[14].

creases with time according to the flux conservation law The Ampere’s law,—dB,/dy=uoj, and definitionj,

d&lot+dW/dx=0, whereW s the total energy flux. We can =—en,u, we get an expression for the merging velocitgs
estimate from the gradient of the total flux that the heating

rate is aboutyT./dt~40X (n./ng) keVl/fs. To see the en- 2B c?

ergy deposition in the overdense plasma in more detail, we U= E E“’Cr @

divide the simulated plasma region into five layers longitu- P

dinally. Each layer has a thickness of 1.&nd they are la-

beled with A, B, C, D, and E at the rear sides of the layers . :
respectively. The electron energy distributiong a28+ on Where we have replace@,| by 5|B,| (with 3, the ratio of

the boundaries of each layer are shown in Fig. 6, inserted iﬁhe maximum Iongitudihal and transverse magnetic figlds, of
the figure is the electron energy in each layer at that time. |9rder 0.3 in the simulationsnd taken?/ay~2/\/5. Merging

appears that intense magnetic fields strongly block the per?'—me is then approximately given by
etration of fast electrons at the surface and at the channel

front wh_ereas, in the interior (_)f f[he magnetic chanr_1els, the ) _4
penetration of fast electrons is impeded by collective pro- Vo c

cesses which convert fast electron kinetic energy into bulk TM:T:(ZﬁE“’C) 7
electron heating. Thus, the region E is heated up to about 44 P

keV from the initial plasma temperature in a few femtosec-
onds after the channel front arrival.

()

We find that the merging period is proportional to the whis-
tler mode period just as in the tearing times cale problem in
E. Discussion on merging process of filament Sec. IIB.

To investigate the process of merging of current channels The current is likely to remain constant during the merg-
over a long time period, we have performed a simulationing process, we may write.= w. o/ o/ oo, where the sub-
with a long scale plasméow three times longer than the script O refers to the parameters of the initial filament. Then,
case of Fig. 2 The filaments now continuously merge and the merging period is proportional to the cubic (.,
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FIG. 9. Time evolution of the number and size of filaments. The
simulation results are plotted with filled circles and the solid line is

the prospect by Eq6). The blank squares indicate the size of the
filaments in the simulation.

v IS the time taken for the number of filaments to de-
crease by a factor of 2, we may write a time evolution equa-
tion for the number of merging filaments as

=N )

number of filaments is also defined &s o, whereSis area
of the simulation (2.5um square Using Eqg.(4) and the
definition of N, Eqg. (5) can give
No
. 6
3In2(t—to)N32| ** ©
1+ 2a83/2

N(t)=

Figure 9 shows the time evolution of the number in the simu-
lation (filled circle) and Eq.(6) (solid line). N(t) is plotted
usingNy=16 anda was obtained fitting with the first two
pointst=12 and 16 in the simulation. Number of filaments
in the simulation agrees well with E¢).

Ill. CONCLUSION

R T R L 0 25 In conclusion, the formation and time evolution of quasi-
b7 static magnetic channels during the interaction of an ultrain-
tense laser with an overdense plasma has been demonstrated
for the first time using a 3D-PIC simulation. It is found that
the electron energy transport is inhibited near the irradiated
which appear through the merging process. Pldtjns observed at ;surfalc_:ke dEu$ tlc:j Intense tqléaSISE[?]tlc ma;gnetchfleIds and d.OUbIe
t=28r and X=0.8\ inside the overdense plasma. The maximum ayeriike & Tield generated on he surface. However, various
longitudinal field is about 30% of the azimuthal field. collective effects form stable magne_tlc ghannels in overdense
plasmas, and these channels sustain high flux of fast electron,
which is much larger than the Alfvelimit current. Namely,
= a(o)¥ (4)  the fast electron current is effectively neutralized by a return
current of cold electrons everywhere in the dense plasma.
These features are quite different from the previous 2D simu-
This means that the small scale filaments merge rapidlyjations and are first demonstrated by 3D-PIC simulations in
while the large filaments merge more slowly and they arehis paper.
more stable. The propagation speed of magnetic channel front is

FIG. 8. (Color The incompressible fluid model of merging pro-
cess(a) and (b). The dense plot ir(c) is the azimuthal magnetic
fields and the contour lines indicate the longitudinal magnetic fields
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