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Lateral confinement of fast electrons and its impact on laser ion acceleration
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In intense laser-plasma interactions, maximizing the density of fast electrons in the laser spot area is key to
achieving plasma heating and particle acceleration. We find that when the laser spot size is large compared with
the target foil thickness, fast electrons circulating in the foil show a “random walk” in the lateral direction due
to the scattering by fluctuating fields at the plasma surface inside the spot area. We model the lateral motion as a
diffusion, and find the resulting diffusion velocity is much slower than the speed of the ballistic transport. Hence,
fast electrons accumulate in the spot region, and over time their density becomes typically 10 times greater than
the laser-accelerated fast electron density. The enhancement of fast electron density in the target pushes the ion

acceleration to more efficient regime.
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I. INTRODUCTION

High-power lasers  with  relativistic  intensities
>10'8 W/cm? are available around the world. Applications
using relativistic laser-plasma interactions have been studied
such as laser-driven ion acceleration [1,2], intense x-ray [3],
neutron [4-6], and positron [7,8] generation, and fast
ignition-based laser fusion [9,10]. For these applications,
generation and confinement of high-energy density plasma is
a key to gain high efficiency.

In laser interactions with overdense targets, fast electrons
accelerated at the laser-irradiated front surface play a role in
transferring energy from laser to plasma particles inside the
target. The loss of fast electrons from the laser spot area due
to their divergence in the lateral direction has been thus dis-
cussed as a crucial problem for the efficient energy coupling.
Efforts to confine fast electrons in the interaction area have
been made, e.g., applying external magnetic fields [11] and
using mass limited target [12] or layered target composed of
materials with different resistivity [13].

When the target is a thin foil, the fast electrons can get
bounced back by the sheath electric potential at the target
rear. This recirculation increases the effective number of fast
electrons in the foil, affecting the sheath field generation [14]
and resulting an enhanced target-normal-sheath-acceleration
(TNSA) of ions [15]. For quasi-one-dimensional (1D) situa-
tions, fast electrons accumulate in foil thickness L as the laser
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pulse duration exceeds 2L /c [16,17] where c is the light speed.

Recently, kilojoule (kJ) class lasers with relativistic in-
tensities, over picosecond (ps) pulse durations, and large
focal spots of several tens to 100 um have become avail-
able [18-21]. When such a kJ/ps laser is irradiated onto a
foil target, fast electrons with average energies beyond the
ponderomotive scaling [22] have been observed in experi-
ments [23,24] and in simulations [25-31]. The increase of the
average energy is associated with the interaction of fast elec-
trons, which circulate in the expanding foil plasma, with the
laser field multiple times in the over-ps pulse duration [25,28].
If the fast electrons recirculate for a longer time in the laser
spot area, they have more chance to be exposed to the laser
field to gain high energies. The increase of the average en-
ergy of fast electrons contributes in boosting the maximum
proton energy in TNSA [23-26]. Therefore, confining the
fast electrons in the spot area is crucial for the efficient ion
acceleration.

In this paper, we report a lateral confinement of fast
electrons in large spot laser and thin foil interactions. When
the laser spot radius is sufficiently large compared with the
foil thickness, the fast electrons exhibit a random walk in
the lateral direction by experiencing multiple scattering by
the fluctuating fields at the plasma surfaces in recirculation.
The random walk works as a lateral confinement of the
electrons, and results in an accumulation of fast electrons
in the spot area. In Sec. II, using two-dimensional (2D)
particle-in-cell (PIC) simulations, we show the random walk
and the resulting accumulation of fast electrons in the farget.
In Sec. III a theoretical model of the lateral confinement is
presented. Based on the model, we derive the achievable
accumulation density of fast electrons and compare it with
the PIC results in Sec. IV. In Sec. V the impact of the
accumulated fast electron density on ion acceleration is
discussed. Conclusions are given in Sec. VI.
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FIG. 1. 2D PIC simulations with laser spot radii 1.4 um (a), (b)
and 35 pum (c)—(e). Panels (a) and (c) are trajectories of fast electrons
in the simulations, (b) and (d) are snapshots of the electron energy
densities at + = 1.2 ps and t = 2.5 ps, respectively, and (e) is the
snapshot of the azimuthal magnetic field B, att = 1.2 ps.

II. LATERAL CONFINEMENT OF FAST ELECTRONS

We consider the fast electron motion in interactions of a
foil plasma with a relativistic laser light with the normalized
amplitude ag = eEy/m.cw;, > 1. Here e, E;, m,, ¢, and oy,
are elementary charge, laser electric field, electron rest mass,
light speed, and laser frequency, respectively. Electrons at the
front surface of the plasma are launched into the foil by the
v x B force of the laser field. In the front and rear sides of
the foil plasma, the fast electrons are exposed to quasistatic
sheath electric and magnetic fields. The sheath electric field
works as a trapping force in the target normal direction, while
the surface magnetic field changes the angle of the electron
trajectories. We show such interactions in Fig. 1 by using
2D PIC simulations with PICLS code [32] for a 5 um-thick
fully ionized deuteron foil plasma with density ny = 100 n,
irradiated by a laser light with @y = 1.4 and wavelength 1 um
where n, = mow;/(4me?) is the critical density. We use a
small laser spot radius w = 1.4 um [Figs. 1(a) and 1(b)] and
a large spot radius w = 35 um [Figs. 1(c)-1(e)] with a Gaus-
sian lateral intensity profile. The laser amplitude rises within
100 fs with a Gaussian shape, and after that the amplitude is
kept constant as ag. The laser front reaches to the foil surface
at t = 0.34 ps. The laser beam axis is in the x direction, and
the plasma is distributed uniformly in the y direction. We set
a 2 um pre-plasma in front of the foil whose density drops
exponentially from 107, with a scale length 0.5 um. The
system size is 200 um in the x direction and 160 um in the
y direction. The mesh size is 20 nm, and the particle number
per cell (ppc) for each species is 20. For particle trajectory
tracking, we use the reduced simulations with 4 ppc for each
species.

In Figs. 1(a) and 1(c), we show three trajectories of elec-
trons picked up from the particles initially located at the
critical density in the laser spot. For the small spot [Fig. 1(a)],
during recirculation in the foil plasma, the electrons escape
almost ballistically from the spot area. It is known that source
electrons produced at the laser-plasma interface have a finite
divergence angle. Filamentation of the laser beam at near-
critical density, electron acceleration in the modulated plasma,
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FIG. 2. Time evolutions of the lateral density profile of elec-
trons having energies over 50 keV with ay = 1.4 for (a) small
(w = 1.4 um) and (b) large (w = 35 um) spot lasers. The incident
laser profiles are shown in the upper panels. (c) Electron energy
distributions in the spot area |y| < w for the small (blue) and large
(red and orange) spots with ay = 1.4, and for the small spot with
aop = 7.0 (blue dashed).

and scattering of electrons by magnetic fields near the laser-
plasma interface result in a divergence angle of around 1 rad
for the source electrons [29]. In the large spot [Fig. 1(c)], the
electrons exhibit random motions in the lateral y-direction and
tend to stay in the spot area. This random motion originates
from the interaction with the fluctuating fields at the modu-
lated front and rear plasma surfaces as shown in Fig. 1(e),
where the Weibel magnetic filaments grow in expanding plas-
mas [33,34]. The modulation scale length is about the laser
wavelength A, [35], and the condition w > Ay results the
random scattering of the circulating electrons.

The achieved energy density of electrons in the large spot
case reaches 9 Gbar, which is 18 times higher than that in
the small spot case (0.5 Gbar) as in Figs. 1(b) and 1(d). This
is due to the random walk in the large spot, by which the
average flow velocity of the fast electrons becomes slower
than the small spot case, resulting efficient confinement of
fast electrons in the spot area. Here Figs. 1(b) and 1(d) are
taken when the energy density inside the target at the laser
axis y = 0 reaches its maximum value.

Due to the transition from ballistic motion to random walk
behavior, the fast electron density 7, in the spot area inside the
foil becomes much higher than the relativistic critical density.
Figure 2 shows the time evolutions of n;, for the [Fig. 2(a)]
small and [Fig. 2(b)] large spot cases. The density profiles are
taken at the center of the foil in the simulations. The lateral
amplitude profiles of the incident lasers are shown in the upper
panels. The fast electron density around the center y = 0 in
the large spot case [Fig. 2(b)] increases to 37 n. att = 2.5 ps
and saturates afterwards. This density is about 25 times higher
than that reached in the small spot case [Fig. 2(a)], ~1.5n,.
Since the electrons accelerated into the foil have a finite di-
vergence angle, the density ny, in the small spot case (a) is
smaller than the relativistic critical density especially in early
time. Note that in Figs. 2(a) and 2(b), we take the density of
electrons whose energies are higher than a threshold energy
50 keV which is one fourth of the ponderomotive energy
T,=(y — m,c* where y = (1 + (1%/2)1/2 in the average
relativistic factor [22]. For the Maxwellian energy distribution
whose slope temperature is given by 7,, more than half of
particles distribute above the threshold energy. The velocity
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corresponding to 50 keV is about 40% of the light speed and
is collisionless in a ps timescale. In the energy range > 50 keV,
numerical heating is negligible.

Figure 2(c) presents the electron energy distributions in the
spot area |y| < w. The blue solid line is the spectrum for the
small spot case [Fig. 2(a)], and orange and red lines are those
for the large spot case [Fig. 2(b)] during the accumulation (¢ =
1.8 ps) and after the saturation (+ = 3.0 ps), respectively. The
number of fast electrons in the large spot is about 150 times
larger than that in the small spot. This ratio 150 is much larger
than the ratio of the spot size between the large spot and small
spot cases, i.e., 35 um/1.4 um = 25, indicating the effect of
the lateral confinement. We also show the spectrum with the
small spot but having higher amplitude ay = 7.0, which has
the same laser power with the large spot case, by the blue
dashed line. The number of over-MeV electrons for the ag =
7.0 case is an order of magnitude less than that for the large
spot with ay = 1.4. Moreover, in the large spot case, the high-
energy tail extends to more than 10 MeV, which is comparable
to the agp = 7.0 case. The high-energy component in the large
spot case corresponds to the superthermal electrons typically
seen in the large spot kJ laser interactions [23,25,28].

III. THEORETICAL MODELING

We model the fast electron accumulation in the large laser
spot. When the circulating fast electrons come out to the mod-
ulated plasma surface, the electron motion is affected by the
fluctuating surface magnetic and electric fields, and scattered
randomly in the momentum space. We here model the scatter-
ing as a complete diffused reflection at the foil surfaces which
results an isotropic angular distribution of the electrons in the
momentum space. Such a random angular scattering can be
described as a diffusion in the lateral direction [36]. We write
the average step size in the lateral direction as Ay = Ltan#,
and the average period of the circulation as At = L/(v cos ),
where L is the length of the circulation in the longitudinal-
x direction, v is the velocity of the electron, and 0 is the
average scattering angle of the electron at the foil surfaces.
The length L is approximately the same as the foil thickness
for electrons with energy 7, especially in early time of the
interaction. Note that the surface magnetic field in Fig. 1(e) is
about 10 MG on average. The Larmor radius of an electron
with the ponderomotive energy is about 0.2 pum, which is
smaller than the Debye length at the relativistic critical density
with the temperature 7),. Therefore, electrons can change the
direction of motion by the cyclotron gyration during they
reflux back to the foil in the sheath electric potential. We can
thus consider the isotropic scattering condition. The average
scattering angle is then given by

_ [T 0singde
0= TR 1, (1)
Jo " sinf do

which is about 57°.

The lateral flow velocity of the fast electrons for the ran-
dom walk is derived as follows. If the fast electron motion in
the lateral direction is ballistic, the lateral velocity is given
as upy = vsin@. For the random walk case, we obtain the
diffusion scale length Lgi; by solving the diffusion equation

FIG. 3. Lateral deviation length of electrons tracked in the 2D
PIC simulation for ay = 1.4 with a uniform laser profile in the lateral
direction. The average deviation for the tracked electrons is shown by
the blue bold line. The diffusion scale length Ly derived in Eq. (2)
is presented by the black dashed line. A light speed trajectory is
indicated by a black dash-dot line for reference.

dP/dt = D3?P/dy>. The probability for the electron to move
from the center (y = 0) to the position y is derived as P
exp(—y?/L3;) with

Lt = 2D)Y? = /Lt upy tan 6, )

where D = (Ay)?/(2At) is the diffusion coefficient.

The lateral velocity of the random walk electrons can be
obtained from ugy = dLgi¢/dt. At the position of the spot
radius, L4 = w, we have

D Ltanéd

Upgl. 3)

Equation (3) indicates that the lateral flow velocity becomes
much slower for the random walk motion than the ballistic
velocity, when the factor (L tan 8)/2w is less than order unity,
i.e., Ay/w < 1. For instance, ugir >~ 0.11upy for w = 35 um
and L = 5 um. The stochastic nature of the circulating elec-
trons in the large spot results in a slow lateral escape and thus
an effective confinement in the lateral direction.

We confirm the above-derived diffusion velocity by using
a 2D PIC simulation where the laser profile in the lateral y
direction is set to be uniform. Here a periodic boundary in the
y direction is used, while the other simulation parameters are
the same as the large spot simulation in Fig. 2(b) (ap = 1.4).
In Fig. 3 we show the lateral deviation of electrons from the
initial positions, dy(t) = y(t) — yo. We selected 100 electrons
from those located at the critical density in the pre-plasma
region initially, and tracked their trajectories. Energies of the
electrons change randomly in the recirculation process [25].
The tracking is continued until the particle energy exceeds
5 MeV, because the circulation period of such energetic elec-
trons tends to be longer than a few hundred fs, and thus they
do not represent the circulating electrons.

In early time in Fig. 3, all the tracked electrons move in
the same trajectory, since all the electrons see the same plane
wave and uniform sheath field. The electron trajectories begin
to deviate each other after the surface modulation grows up
in 100 fs, which is the timescale of the ion motion an;
at the critical density where wy; is the ion plasma frequency.
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FIG. 4. Angular distribution of electrons whose energies are
greater than about one fourth of the ponderomotive energy and
less than 6 MeV in the velocity space inside the foil in the spot
area. Panels (a) and (b) are the distributions in the large spot cases
(w =35 um) for ap = 1.4 and (b) ap = 6.0, respectively, and (c) and
(d) are the distributions in the small spot cases (w = 1.4 um) for
ap = 1.4 and ay = 7.0, respectively. The initial target thickness is
5 pm for all the cases. & = 0 corresponds to the forward (positive x)
direction.

The blue bold line labeled as /{dy?) is the lateral devia-
tion averaged over the tracked electrons, which presents the
statistical diffusion length from the original position. We also
plot the diffusion scale length Ly given by Eq. (2) by the
black dashed line. Here we set the initial position of Lg;s
as y =0 and r = 0.44 ps at which the peak intensity of the
laser reaches the front surface of the foil. The averaged lat-
eral deviation obtained from the simulation is consistent with
the theoretical estimation. We also see the diffusion velocity,
which is the gradient of the averaged deviation line, is much
slower than the light speed indicated by the black dash-dot
line.

In Fig. 4 we show the angular distribution of fast electrons
in the velocity space observed in the spot area inside the target
in the PIC simulations for the large and small spot cases. 8 =
0 corresponds to the forward (positive x) direction. Here we
counted the electrons whose energies are greater than about
one fourth of the ponderomotive energy and less than 6 MeV.
The angular distribution for the large spot cases [Fig. 4(a)] for
aop = 1.4 and [Fig. 4(b)] for ay = 6.0 are almost isotropic due
to the random scattering, so that the average scattering angle
is & = 1rad as derived in Eq. (1). As the spot size decreases to
less than the foil thickness as Figs. 4(c) and 4(d), the electrons
show nonuniform angular distributions having peaks along the
laser axis. For the small spot cases [Figs. 4(c) and 4(d)], the
number of electrons directed to the forward direction is larger
than that directed to the backward direction, suggesting a part
of fast electrons escapes from the spot area before recirculate
into the target.

IV. ACCUMULATION DENSITY OF FAST ELECTRONS

We now estimate the achievable density of fast electrons
by the lateral confinement by the random walk in the 2D con-

figuration. We assume the density becomes a steady state as
observed in the PIC simulation in Fig. 2(b). The steady-state
density n;, is determined by the balance between the number
of electrons escape from the spot area and that injected from
the laser-plasma interface as
82nh

0=D 52 + S, @)
where S = yn.v/L is the source term indicating the inflow of
the fast electrons from the interface. We assume that the laser
has a uniform amplitude profile in the lateral direction inside
the spot |y| < w for simplicity.

To solve Eq. (4), we use the symmetry condition at y = 0,
i.e., dn,(0)/9dy = 0, and the boundary condition for the den-
sity flow at the edge of the spot, n,(w)upy = —Don,(w)/3y,
assuming electrons outside of the spot move ballistically with
Upy. The fast electron density distribution inside the spot
(lyl € w) is then obtained as

w2 Udif 2
nyp = )/ch@ﬁ(] +2 a - y_>7 (5)

where ® = 1/(sinf tan 6) ~ 0.76. From Eq. (5), we see more
accumulation takes place as w/L increases; this is accom-
plished by either increasing w or decreasing L. Note that n;,
is limited by the original target density. For 3D situations, we
can derive the same dependence of n, on w/L as Eq. (5) by
solving the diffusion equation in a 2D plane surface where the
mean step size in the lateral direction is given by Ay/2!/2. The
value of ny, for the 3D case has no significant difference from
that for 2D, e.g., n;, for 3D is about 10% less than that for 2D
for w/L = 7. The details are given in Appendix A.

The accumulation to the density n;, given by Eq. (5) needs
enough time longer than t.on = f npdV/ f S dV, which cor-
responds to the time for the fast electron density to reach n;
without having the diffusion. Here the integral is taken over
the volume of the accumulation region. Using Eq. (5), we
obtain the confinement time as

w Udif
3 (1 +3 ) (6)

Udit Ubal

Tconf =

The laser pulse duration has to be longer than t.,¢ to obtain
the benefit of the lateral confinement, e.g., Tcons =~ 0.6 ps for
w=35umand L =5 pum.

During the accumulation, the plasma expands with the
sound speed C; = (Z;T;,/M;)"/> where Z; is the ion charge
state, M; is the ion mass, and 7, is the average energy of
fast electrons. We here use 7, >~ T, = (y — Dm,c?. Due to
the expansion, the longitudinal length of the circulation L
increases gradually from the initial foil thickness. To estimate
ny, with the expansion effect, we substitute

L= LO + 2Csfconf (7)

to Eq. (5) where T is the confinement time derived from
Eq. (6) with replacing L by (L + Ly)/2 in the calculation of
ugir [Eq. (3)1, Lo is the initial foil thickness, and we consider
the expansion in both front and rear surfaces. By solving
Eq. (7) for L, we have

L w? w ,w? 2 w
— =(142Cx— +2x— — —. (8
(+ ongJr XL0+XL5> +XL0 (3)
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We use Eq. (8) as the longitudinal circulation length of
fast electrons in the density accumulation process. Here
X = Cs/upa and Cy = 4/(3 tan 9) ~ 0.86. Without expansion
C; = 0, we reproduce L = Ly from Eq. (8). The factor x ~
0.02(T,/m,c*)'/?/B is smaller than unity for the amplitude
regime considered here, ag < 100, for fully ionized deuteron-
like plasmas where 8 = v/c.

When we use an approximation 2y w/Ly < 1, i.e., we limit
the parameter regime to w/Ly < (2x)~! where (2))~! ~
25(y + 1)/2/y, Eq. (8) is reduced to

w2\ /2

L :L0<1 +2C0XF> , 9
0

where Cyx = 40C;/3v >~ C;/v indicates the ratio of the

sound velocity to the average fast electron velocity. We sub-

stitute Eq. (9) to Eq. (5) and obtain

2/12 ) 2
w /L <1+2@—y—>, (10)

n=yn®—F 10
=i 14 2Cyxw?/L3 Upa W2

which shows the dependence of the accumulation density of
fast electrons on the ratio of spot radius w and initial foil thick-
ness Ly. For small w/Ly 2Cyx w? /L% < 1), ny, is proportional
to (w/Lo)>.

In the limit of large spot-thickness ratio where
Coxw?/Li>1 and w/Ly> 1 are satisfied, L given
by Eq. (8 becomes L =~ Ly(2Cyx wz/L%)l/z. In this
case, the diffusion velocity Eq. (3) is approximated as
ugit /upa == (8 /Co)"/?/3 =~ (Cs/upa)'/?>. The peak fast
electron density, n; at y = 0 in Eq. (5), then approaches

3w 4 |2x
=0)~=—yn|1+= /22, 11
m(y = 0) 8CSV”<+3 Co) (11

which is independent of w/Ly. Using 8 = 1 [Eq. (1)], we
can rewrite the second term on the right-hand side (r.h.s.)
of Eq. (11) approximately as 2C;/up,, which is negligible
compared with the first term. Equation (11) is the upper limit
of the fast electron density achieved by the recirculation in the
expanding foil plasma. For instance, for ap = 1.4 and fully
ionized deuteron-like plasma, we obtain n,(y = 0) =~ 43n,
from Eq. (11). Note that when the effect of plasma expansion
is not included, i.e., if we merely replace w/L by w/Ly in
Eq. (5), the accumulation density n;, becomes infinity as w/Lg
increases.

We show the fast electron density at the laser axis (y = 0)
in the foil in the simulations (points) and that obtained from
Eq. (10) (background color) in Fig. 5(a). Note that the colored
area satisfies the condition 2yw/Ly < 1 where Eq. (10) is
applicable. The black dashed lines are contour lines for the
background color. In the simulations, we averaged the densi-
ties in the x direction inside the foil. The threshold energy of
the fast electrons is defined as 50 keV multiplied by a factor
Loy /yo. Here y, is the relativistic factor for the reference
case ap = 1.4. Ly is the initial foil thickness normalized by
the reference thickness 5 um in order to exclude the hot bulk
electrons fairly, since the bulk electrons are heated through the
anomalous heating in the kinetic simulation [37] during the
confinement time .., Which is longer for thicker target. The
two shaded areas, ballistic and target disassembly, are ineffi-

(a) nn(y=0)/n, 0 20 40 60

-
o

Target
~ disassembly

©

D
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S

Teonf (LO) [ps]

wilL,

FIG. 5. (a) Fast electron densities at y = 0 averaged inside the
target in the PIC simulations (points) and that derived from the theory
Eq. (10), n,(y = 0) (background color). The black dashed lines are
contour lines for the background color. The shaded areas are the
regimes where the diffusion model is not applicable, i.e., the ballistic
regime Ay > w where the solid vertical line corresponds to Ay = w
(left), and the target disassembly regime 7 on¢ => Tais for the initial
target density nyp = 100 n. (right). The initial foil thickness Ly in the
simulations is 5 um except for the squares. The white dotted line is
a contour line for laser power for the same L. At w/Ly = 00, sim-
ulation results for a quasi-1D condition with a periodic y-boundary
are shown. The simulation values at w/Ly = co can be reproduced
well by Eq. (11). (b) The confinement time Eq. (6) for Ly =5 um
and 10 um with the relativistic approximation g = 1.

cient regimes for the lateral confinement. Namely, for small
w/Ly where w < Ay, the electrons do not show the random
walk, and they escape from the spot area almost ballistically.
As for large w/Ly, we consider the limitation by the target dis-
assembly, i.e., the bulk target disassembles before n, reaches
the steady-state density. The disassemble time is estimated as
Tdis = (Lo/2)/Cscola Where Cyeolq = (ZiTc/]Wi)l/2 is the sound
speed of the cold bulk plasma, and 7, = (yn./no)"/?T, is
the bulk electron temperature heated by the laser light [38].
The confinement time should be shorter than 7y, otherwise
one enters the target disassembly regime in Fig. 5(a). Here
we assume nyg = 100 n., and estimate .o, With L = L for
simplicity as plotted in Fig. 5(b). The detailed discussions of
the limit for large w/Ly and ag are given in Appendix B.

We see from Fig. 5(a) that ny, is higher for larger w/Ly
where the efficient electron accumulation with the random
walk occurs, and ny, is higher for larger a( due to the increase
of the source density yn.. However, when we enter the target
disassembly regime, n;, reduces as seen from the simulation
point at ap = 6 and w/Ly = 10. We also show the simula-
tion results for a quasi-1D condition by setting a periodic
boundary with a 4 um simulation box size laterally, imitating
w/Ly — oo. These values indicate the accumulation densities
limited only by the target expansion under the continuous
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FIG. 6. 2D snapshots of (a) electron energy density and (b) az-
imuthal magnetic field B, at + = 1.8 ps in the PIC simulation with
laser field amplitude ay = 7.0, spot radius w = 1.4 um, and initial
foil thickness Ly = 5 pum.

laser irradiation. The simulation values at w/Ly = oo are well
described by Eq. (11).

The triangles connected by a white dotted line present the
simulations with the same laser power in the 2D geometry,
i.e., ag scales with w=!/2. All of them show similar density
values as (32 £ 3)n.. As we increase the input power about
30 times, the fast electron density reaches >~ 64 n, as shown
by the point at gy = 10 and w/Ly = 4.2.

The optimum laser and target condition to achieve high
fast electron densities is located around the boundary of the
target disassembly regime. For instance, when we have 1 kJ
laser energy with pulse length Tpe = 1.8 ps, we can choose
5 pm-thick target (Lo = 5 um) and w/Ly = 7 where Teons =~
0.6 ps [see Fig. 5(b) solid line] satisfies Tcont << Tpuise- The
average ag is 3.2 for the given laser energy, and we expect
np >~ 35n, from Fig. 5(a). If we reduce the foil thickness
and spot size to one third keeping w/Ly = 7, the amplitude
can be gy = 9.8 with the same laser energy, but we enter
the disassembly regime and do not expect the full benefit of
the confinement considered here. Note that the target must be
thicker than the skin depth of the bulk plasma. In Fig. 5(b) we
use approximations § = 1 and L = Ly.

Inside the ballistic regime, the simulations show higher n;,
than the source density yn. especially for higher ay. This is
due to the global magnetic field which appears at the edge
of the spot. Figures 6(a) and 6(b) show the electron density
and the azimuthal magnetic field, respectively, in the small
spot case with ay = 7.0, w = 1.4 um, and Ly = 5 um. The
global magnetic field surrounding the laser spot area grows
to approximately 150 MG, which is about 20% of the mag-
netic field strength of the incident laser light (ap = 7.0). The
corresponding magnetic field pressure is ~ Gbar, which is
comparable to the electron energy density at the peripheral of
the spot as seen in Fig. 6(a). The Larmor radius of electrons
with energy 0.5 MeV in the magnetic field of 150 MG is about
1.4 pm, i.e., the same as the spot radius. Hence, the global
magnetic field seen in Fig. 6(b) confines the electron com-
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FIG. 7. (a) Peak fast electron density, (b) maximum energy of
deuteron ions from the target rear Ej.x, and (c) energy conversion
efficiency n from laser to ions with energies over 1 MeV/u and
divergence angle £0.1 rad from the target rear in the simulations.
Eimax and n are observed when the ion front expands 100 um from
the target rear. Spot radii w divided by Ly = 5 um are indicated in
the plots. The black points are the cases where the diffusion model is
not applicable (w < Ay). The triangles present simulations with the
same laser power.

ponent below 0.5 MeV which forms a bump in the electron
energy spectrum of Fig. 2(c) (blue dashed line).

V. IMPACT ON ION ACCELERATION

As an impact of the lateral confinement, we show the ion
acceleration properties in the simulations. Here we vary the
spot radius w while fix the foil thickness Lo = 5 um. The
value of w/Ly is indicated for each point in Fig. 7. In Fig. 7(a)
the accumulated fast electron densities n,(y = 0) are plotted
with respect to ag. The dotted arrows are eye guides to follow
the cases with the same w and the same laser power. When the
spot radius w is constant, n;, increases nearly proportional to
ap, reflecting the increment of the source density by y ~ ao.
For a constant laser power in the 2D geometry (triangles), n;,
show little variation for different ay, indicating the efficient
confinement with larger w. Note that the black points present
the ballistic cases w/Ly < 1.5. In Fig. 7(b) the maximum
energies of ions Ejn.x accelerated to the positive x direction
from the target rear are plotted. Ejn,x increases nearly pro-
portionally with ag for a fixed w as predicted by the TNSA
theory [39]. For a constant laser power, Ejnax tends to be the
same even for higher ay. This denotes that tight focusing does
not benefit the ion acceleration [40].

We see Figs. 7(a) n, and 7(b) Eimax show similar dependen-
cies on ag, which indicates the confinement of fast electrons
is essential for the TNSA ion acceleration. Namely, the con-
finement increases the density of fast electrons as well as their
average energy beyond the ponderomotive scaling. Since the
ion maximum energy Ejn,x depends on the time integral of the
electron average energy, the temporal increase of the electron
energy impacts on the ion maximum energy [25], while the
accumulation of the fast electrons in the recirculation also
contributes to boost the ion maximum energy [15,16]. More-
over, as seen in Fig. 7(c), large spot lasers have an advantage in
regard to the energy conversion efficiency n from laser to ions.
Here 7 is evaluated for ions at the rear side with energies over
MeV per nucleon (MeV /u) and divergence within 0.1 rad
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as a preferable ion source for the applications. By comparing
the constant power cases, we see n significantly higher in
the diffusion regime (red triangle) than those in the ballistic
regime (black triangles). The increase of n with aq is higher
for larger w/Ly, as seen from the gradient of the red and
blue arrows. Other ion acceleration mechanisms such as hole
boring and relativistic transparency will appear for a higher
ay regime where the lateral confinement effect shown here is
weak as discussed in Appendix B.

VI. CONCLUSION

In conclusion, using PIC simulations for relativistic laser-
thin foil interactions, we demonstrated the fast electrons
circulating around the foil show a random walk behavior in the
lateral direction via multiple scattering by fluctuating fields
at the modulated surfaces of the foil plasma. This diffusive
feature appears in interactions with lasers having spot radii w
much wider than the foil thickness L. Owing to the random
walk motion, the average lateral velocity of the fast elec-
trons reduces in proportion to L/w from that for the ballistic
motion. Fast electrons accumulate in the spot area, which
results in typically 10 times higher density than the source
density. This is a lateral confinement of the fast electrons
appearing naturally in the large spot laser-foil interaction in
over-ps timescale. The confinement makes a quasi-1D situa-
tion with small loss of laser energy to the lateral direction.
This is a great advantage of large spot lasers and is a key to
explaining the superthermal electron generation and efficient
ion acceleration seen in experiments using kJ class lasers such
as LFEX [23] and NIF-ARC [24]. Moreover, it will be an
efficient way to create high-energy density plasmas for bright
x-ray and neutron sources.
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APPENDIX A: ACCUMULATION DENSITY
FOR 3D GEOMETRY

For the laser-foil interaction in 3D geometry, we consider
the diffusion of fast electrons in the 2D plane along the foil
surface. We here consider the diffusion in the radial r direction
assuming the azimuthal symmetry, and solve the stationary
state equation given by

0=D,V?n,(r)+S, (A1)
where D, = (Ar)?/(2At) is the diffusion coefficient in the
lateral direction in the 2D plane, and S = yn.v/L is the source
term. Here we use the average step size Ar = Ay/2!/> where

Ay = Ltan 6 is the average step size in the 2D geometry,
and the average period of the circulation At = L/(vcos®),
which is the same as that in the 2D geometry. The diffusion
coefficient D, is then given as

Lv
Dr =

40 (A2)

where ® = 1/(sin 0 tan §) ~ 0.76 as the main text. The diffu-
sion coefficient Eq. (A2) is half of that in the 2D geometry,
D= (Ay)z/(ZAt) = Lv/(20). Using the symmetry condi-
tion dny,/dr = 0 at r = 0 and the boundary condition nup, =
—D,dn;,/dr at r = w, we obtain the accumulation density in
the 3D geometry as

2 0 2

(3D) w tan 0 r
— e (1 ~ ).

T TV L2( oL T W

The accumulation density in the 2D geometry Eq. (5) can be
rewritten as

(A3)

2

n, = yn(;@w (1 +

tanf  y?
= _ 2 ) (A4)

w/L w?

Comparing Eqgs. (A3) and (A4), we see that the difference
appears only in the second term of the r.h.s. of Eq. (A4). For
w/L = tan 6, which is the lower limit of w /L for the diffusion
model to be applicable, the accumulation density at the center
r = 0 in the 3D case Eq. (A3) is 25% less than that in the 2D
case Eq. (A4), and the difference between Eqgs. (A3) and (A4)
becomes smaller for larger w/L.

APPENDIX B: APPLICABLE REGIME
OF THE DIFFUSION MODEL

We here summarize the conditions for the present diffusion
model to be applicable. For small w/L, the limit is given by
w/L = tan 6 below which we enter the ballistic regime shown
in Fig. 5(a). In the following, we consider the limit for large
w/L and ag region.

The target foil has to be sustained during the confinement
time Eq. (6). When the bulk plasma expands with the sound
speed Cycolr = (ZiT./M;)"/?, the foil with initial thickness Ly
is disassembled in time tg4is given by

LO Tdis
7 = / Cscold dt.
0

B1)
Here Z; is the ion charge state, M; is the ion mass, and 7. is the
bulk electron temperature. We have 1/2 on the left-hand side
of Eq. (B1) because the plasma expands to both front and rear
sides of the foil. We here use 7. = (yn./no)"/*T, [38], which
is constant in time where T}, is the ponderomotive energy, y is
the average relativistic factor of fast electrons given by the
ponderomotive scaling, and ng is the bulk electron density.
Equation (B1) then leads to 745 = Lo/2Csco1q- The confine-
ment time Eq. (6) has to be shorter than ;s as

Ly
2Cs cold .

(B2)

Teonf <
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The threshold condition 7o, = Tgis is shown by the black
solid line as the edge of the target disassembly regime in
Fig. 5(a).

The laser pushes the front surface of the foil by the hole
boring with the velocity vyg, and penetrates through the foil
eventually. Here vyg = c(IZ;/noM;c®)"/? is derived from the
momentum transfer equation from a fully reflected laser to
ions at the interface [22]. The penetration time tyg = Lo/vup
has to be longer than the confinement time, which is expressed
as

Ly

Teonf < — . (B3)
UHB

The ratio of Cs¢oq and vyg is given as

[ N
Cscold B 2)/1/2()/ - 1) (n()/nc)l/z .

For large amplitude ap > 1, weuse y — 1 >~ y ~ a/2'/? and

obtain
. _ (227 (B5)
Cscold B nO/ ne ’

from which we see 2C;coq > vy for ag < 8ngy/(Z;n.). Since
the the laser amplitude considered in this paper is within
the regime ag < 8ny/(Z;n.), Eq. (B3) is satisfied as long as
Eq. (B2) is satisfied. Hence, we plot only the limit given by
Eq. (B2) in Fig. 5(a).

Another limit is given by Ly > £gin, i.€., the foil thickness
Ly has to be longer than the skin depth at the bulk density,
Lain = (ne/no)?ap /2. Although Eq. (10) indicates that one
can obtain higher fast electron density n; by reducing the
target thickness Ly, the foil has to be enough thick so that the
laser light does not penetrate through the foil by the relativistic
transparency.
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