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Proton sheet crossing in thin relativistic plasma irradiated by a femtosecond petawatt laser pulse

Zheng Gong ®,' Yinren Shou,' Yuhui Tang®,' Ronghao Hu,? Jinging Yu,> Wenjun Ma,' Chen Lin,' and Xueging Yan'*"
!State Key Laboratory of Nuclear Physics and Technology, KLHEDP, and CAPT, School of Physics, Peking University, Beijing 100871, China
2College of Physics, Sichuan University, Chengdu 610065, China
38chool of Physics and Electronics, Hunan University, Changsha 410082, China
4Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

® (Received 23 February 2020; accepted 9 June 2020; published 14 July 2020)

Leveraging on analyses of Hamiltonian dynamics to examine the ion motion, we explicitly demonstrate
that the proton sheet crossing and plateau-type energy spectrum are two intrinsic features of the effectively
accelerated proton beams driven by a drift quasistatic longitudinal electric field. Via two-dimensional particle-
in-cell simulations, we show the emergence of proton sheet crossing in a relativistically transparent plasma foil
irradiated by a linearly polarized short pulse with the power of one petawatt. Instead of successively blowing the
whole foil forward, the incident laser pulse readily penetrates through the plasma bulk, where the proton sheet
crossing takes place and the merged self-generated longitudinal electric field traps and reflects the protons to
yield a group of protons with plateau-type energy spectrum.
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I. INTRODUCTION

The energetic proton beam driven by highly intense laser
pulse is regarded as a promising replacement for the con-
ventional proton accelerators [1-3]. The potential advantages
of laser-driven proton beams include but are not limited to
high brilliance, low emittance, and ultrashot temporal duration
[4,5], which are broadly pursued in scientific research, like
fast ignition of confinement fusion [6—8], production of warm
dense matter [9,10], proton radiography [11], and biomedical
applications [12].

Recently, with the booming progress of high-intensity
laser technology [13,14], various mechanisms were proposed
to optimize the proton beam quality. Based on the distinct
acceleration processes, the main mechanisms are divided
into categories as target normal sheath acceleration (TNSA)
[15-17], hole boring process [18-23], light sail radiation
pressure acceleration (LS RPA) [24-31], shock wave acceler-
ation [32-34], breakout afterburn (BOA) mechanism [35,36],
magnetic vortex acceleration [37,38], and coulomb explosion
(CE) [39,40]. Besides, several other schemes, like tailored
target configuration [41,42], manipulation of chirped pulses
[43,44], and acceleration assisted by external fields [45,46],
also show the incremental effect in proton energy or beam
collimation.

Among all these acceleration mechanisms, the LS RPA
mechanism is favorable for its energy scaling law where the
maximum accessible proton energy ¢ is nearly propor-
tional to the quadratic of laser field amplitude aq [31,47].
Here, ap = 0.85(10[IOISW/c:mz])L%[,um])l/2 is the normalized
field strength and Iy (1) is the laser intensity (wavelength).
For LS regime, an ultrathin foil plasma target is expected to
be coherently accelerated as a whole. To avoid the broken
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of thin target caused by the J x B heating [48], circularly
polarized (CP) laser pulses are generally employed in LS
RPA to eliminate the electron sweeping oscillation in lon-
gitudinal direction. Near the optimal condition of ay ~ ¢,
monoenergetic ion beams with energy up to GeVs per nu-
cleon can be achieved in multidimensional particle-in-cell
(PIC) simulations [24,29,49]. In the above relation, ¢ =
7 (n./n:)(I/X1p) is the area density of the thin foil, where n, =
(wfme)/(@mle]?) = 1.1 x 10*'em™ /(A3[um])? is the critical
density for laser with frequency wy, and / is the foil thickness.
When the target thickness / becomes less than the plasma
skin depth [y = ¢/wp, (wlz,g = 4mn,|e|? /m,) in which electrons
are accelerated by the transmitted laser field, the LS RPA
will evolve into a partially transparent “leaky” regime [50].
By comparison, when electrons are significantly heated by
a linearly polarized (LP) pulse with duration of hundreds
of femtosecond, an initially solid-density thin foil would
undergo BOA process in the relativistic transparency regime
[36]. Besides, it is worth emphasizing that the inevitable
practical issues involved in laser-foil interaction such as pre-
plasma [51-54] and kinetic instabilities [55,56] might modify
the ion acceleration efficiency.

In experiment, the current record of laser-driven proton
acceleration manifests a pronounced signal measured on 94
MeV [57], where the ultrathin foil is irradiated by a p-
polarized pulse with intensity ~10?° W/cm? and duration
~0.9 ps in a relativistic transparency regime, in which the
the spatial distribution of the accelerated proton beams can
be controlled by adjusting laser polarization [58] as well.
This hybrid scheme combining the RPA and sheath acceler-
ation dramatically enhances the proton energies [57], which
could bridge the gap from the present accessible 94 MeV
to potential 200 MeV prioritized by tumor treatment un-
der the state-of-the-art petawatt laser facilities. Therefore, a
deep understanding of interaction mechanism in relativistic
transparency regime driven by LP pulses may facilitate this
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breakthrough. As is known to all, theoretically ¢ ~ ay is the
optimal condition for achieving LS RPA for a CP laser pulse.
However, in experiment, compared with the realization of
RPA by utilizing CP pulse [59-63], ion acceleration driven by
LP pulses exhibits more fruitful physical properties [64—70]
and tends to be more reproducible to achieve protons with
energy beyond half a hundred MeV [3,57,71-73]. Consider-
ing that the theoretical investigation of LP laser-driven ion
acceleration near condition of ¢ ~ ag is seldom performed
compared with the CP ones, we concentrate on examining
how the LP laser pulse drive the proton acceleration under the
condition of ¢ ~ aq.

In this work, utilizing the analysis of Hamiltonian dy-
namics to examine the ion motion in a drifting quasistatic
longitudinal electric field, we illustrate that the proton sheet
crossing and plateau-type energy spectrum are two intrinsic
features of the boosted proton bunch. By performing two-
dimensional PIC simulations, we confirm the existence of
proton sheet crossing when a LP laser pulse effectively heats
the electrons to sustain a relativistically induced transparent
plasma under the optimal parameter condition of LS RPA
regime, i.e., ap ~ ¢. It is worth emphasizing that, as far as
we know, the phenomenon of proton sheet crossing has never
been discussed before. Here, the pulse with a duration of 30
fs is one order of magnitude smaller than that utilized in BOA
mechanism. In our scenario, instead of successively plowing
the whole foil moving forward, the incident pulse readily
penetrates through the plasma bulk and a large fraction of its
energy is converted to hot electrons. When the foil is being
irradiated by the pulse, the charged separated electric field
at the front surface of target is swiftly merged with the the
normal sheath field at the rear surface. The merged drifting
quasistatic longitudinal electric field (QSLEF) possesses a
ramp up profile which leads to the sheet crossing evolution
of protons in the longitudinal direction. Another way of
explaining sheet crossing is that the protons originally at the
front surface overpassing the ones initially at the rear surface.
The energy of protons become saturated after experiencing
sheet crossing. Resorting to the theoretical analyses and PIC
simulations, we clearly clarify how the protons are accelerated
in the merged drifting QSLEF and why the sheet crossing
takes place.

The manuscript consists of five sections as arranged below.
In Sec. II, we theoretically investigate the ion acceleration
induced by the subluminal drifting electric field via utilizing
the analyses of hamiltonian dynamics. In Sec. III, we illustrate
that the interaction between a short strong pulse and thin
foil solid target takes place in a relativistically transparent
regime by performing two-dimensional fully self-consistent
particle-in-cell (PIC) simulations. In Sec. IV, we present the
detailed processes such as proton acceleration and hot electron
generation accompanying with the laser pulse penetrating
through the transparent plasma. Finally, in Sec. V, we discuss
the significance of this new proposed phenomenon in relevant
practical applications and summarize our results.

II. THEORETICAL MODEL

In laser-driven ion acceleration, the source of the ion
energy mainly comes from the QSLEF which is sustained

by the accumulation of longitudinal charge separation in
plasma induced by the incident strong pulse. Moreover, this
QSLEEF is gradually moving into the plasma target with the
laser penetrating process. For simplicity, we consider the one-
dimensional dynamics of ion acceleration in the moving frame
of QSLEF. If the drifting velocity of QSLEF is assumed as
constant v, and the QSLEF does not explicitly depend on time
t (i.e,, dE /93t = 0), then the field strength can be described
as E(&) where &€ = x — vt is the coordinate of ion in the
moving frame of the drifting QSLEF. Given that the field
amplitude is below the threshold of radiation dominant regime
[74,75], we neglect the radiation reaction effect in analyses
below. Consequently, the ion dynamics is characterized by the
equations

dp

= JelE). )
d

i — 6)

it mi/1+ (p/micy?

Here the field velocity v, is independent of time t, i.e.,
dvy/dt = 0. The electric potential of QSLEF could be ex-
pressed as (&) = — f E(£)d&, whichis equivalentto E(§) =
—dp(€)/0&. Then the motion of an ion in the drifting QSLEF
is determined by the conserved Hamiltonian

H(E, p) = cy/mic? + pP? — vap + Zilelp(é). 3)

Utilizing Hamiltonian dynamics to analyze the trapping and
acceleration of charged particles can retrospect to exploration
of nonlinear plasma wave [76]. Equations (1) and (2) of
proton dynamics can be alternatively obtained through par-
tial derivatives of Hamiltonian dp/dt = —0H (&, p)/9& and
d&/dt = 0H(&, p)/dp. Via setting dp/dt = 0 and d&/dt =
0, we find a fixed point (£*, p*) in & — p space, where
the coordinate &* satisfies the condition E(£*) =0 and
p* = ps = (vgm;)/,/1 — vf,/c2 is equal to the momen-
tum of mass m; induced by the drifting velocity vy =
(pa/mi)/+/1+ (pa/mic)?. The fixed point describes a sce-
nario that a kinetic ion with velocity v, is co-moving with
the drifting QSLEF and it never exchanges energy with the
drifting electric field.

Considering that the plasma electrons and ions are partially
separated and the entire net charge of the space is zero under
one-dimensional circumstance, we come up with a practical
situation of E(£) having a single saw tooth profile, which is
broadly adopted in previous theoretical models of laser-driven
ion acceleration [25,28], to examine how the ions evolve to
gain energy in the QSLEF. The electric field can be described
as

0, it & < &,
Eo(& — &) /(&1 — &), if& < & <&,
—Eo(§ —&)/(6 — &), if& <& <&,
0, if& <&,

EE) = “)

where Ej is the peak amplitude of field strength. As a re-
sult, the electric potential is calculated via ¢(§) = ¢p(—00) —
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FIG. 1. The black dashed line represents the electric potential
(&) while the blue solid one illustrates the longitudinal electric field
E(&). (b) The background contour with brown color map renders the
Hamiltonian value H(&, p) in the unit of proton rest energy n1,c>
and the blue dashed lines denote the boundary of the electric field at
& = —1 um and 2 um. The lines with the rainbow colorcode exhibit
the evolution of protons (originally locating at —1 < & [um] < 2) in
& — p phase space. Panels (a) and (b) share the same horizontal axis.
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Here the potential at the § < &y issetas ¢(§) = Eo(§ — &p)/2
and thus the downstream potential at £ > &, is ¢(§) = 0.
Without losing generality, the relevant parameters can be set
as: §o = —lum, § =0pum, § =2 um, Ey = 20m.cwp/|e|,
Ba=v4/c =02, Z;=1, and m; = m, = 1836m,. There-
fore, the maximum electric potential is approximated as
lelo(&0)/(m,yc?) ~ 0.103, where wy = 2mc/Ag is in accor-
dance with Ag = 1 um. It is worth pointing out that the above
values being chosen is because that these parameters represent
the typical characteristics of the drift QSLEF in the realistic
scenario of PIC simulations.

The profile of QSLEF E(§) and potential ¢(&) are illus-
trated in upper panel of Fig. 1. The distribution of Hamiltonian
‘H(&, p) is shown in the lower panel of Fig. 1, where the
evolution of initial static protons at —1 < &|,—o [um] < 2 is
plotted as well. The trajectories of protons in & — p space
demonstrate that there are two typical groups of protons
absorbing energy from the QSLEF and there is a threshold
of initial position & = &, to classify them. The first group,

whose original position is £|,—g < &, at the initial stage do
not obtain enough energy to catch up with the positive part
of drifting QSLEF so that they are overtaken by the QSLEF
and miss the opportunity of successively gaining energy to
sustain a positive momentum. These protons are labeled as the
sliding away ions in Fig. 1(b). The other ones with & |,—g > &g
can be trapped by the potential well of Hamiltonian H (&, p)
and subsequently be efficiently accelerated by the moving
electric field. At the initial stage the protons are slower than
the drifting electric field. Then, after absorbing energy from
the QSELEF, the proton has a velocity v greater than v, and the
acceleration time is substantially extended up to its surpassing
the drifting QSELF. In the moving frame of QSLEF, the
motion of these efficiently accelerated protons is analogous
to be reflected by the potential well and therefore they are
labeled as reflected ions in Fig. 1(b).

For the purpose of determining the threshold &; of dis-
criminating the above two acceleration regimes, we utilize
the conservation relation of Hamiltonian H (&, p) between
the separatrix points (§°, p*) = (&, ps) and threshold (&, 0).
The resulting &, satisfies

|€|</>(§m)

T2
mpc

|e|¢($o)

mpc2 Vd

—, (6)

where y;, =1/,/1 — ﬂ[% is the relativistic Lorentz factor of
an object with dimensionless velocity B;. Following the
above parameter condition |e|¢ (&) /(mpcz) ~ 0.103 and y; =~
1.0206, we arrive at the threshold &, ~ —0.23 um.

When the initial position of a static proton &|,— is a little
larger than the threshold &y, i.e., &|,—90 — E&: , the proton
is able to achieve the maximum energy from the QSELF.
The maximum accessible energy of original static protons
can be derived through the conservation of Hamiltonian H
between points (£°, p*) and (£, p"), where £ = &, p’ = py,
and £ = &,. Substituting these expressions into Eq. (3), we
find the momentum of reflected proton p” is incorporated in
the quadratic equation

o\ 2 r
0= (im) —28(3c) ++

-B>=0,

where B = ‘er'ff{’) + 5 and the solutions are written as
pri_ﬂd8i1/82+ﬂ§—l (8)
mye 1-p2 '

It is obvious that p'™" is the maximum accessible momentum
of protons reflected by the QSLEF. In contrast, p"~ denotes
a initial condition of proton with ¢(£)|;—9 = O to achieve the
maximum energy gain during the reflection process. Taking
the above parameters into Eq. (8), we get the maximum
reflected momentum p’* & 0.705 and cutoff proton energy

;”‘ ~ 209MeV, which is in good agreement with the energy
spectrum in the inset of Fig. 2(a).

The protons experiencing the relatively stronger QSLEF
would gradually get up with or even overtake the front protons
exposed to the weaker QSLEF. The proton distribution in
x — p space is exhibited in Fig. 2(a), where protons’ initial
position is rendered in rainbow color map. In the laboratory
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FIG. 2. The scattering distribution of protons in x — p phase
space, where the protons initially locating at 0 < §[um] <2 is
coded by rainbow color map. The inset illustrates the proton energy
spectrum at time ¢ = 100 fs. (b) The trajectories of proton motion,
where the background cool-warm color map renders the strength of
drifting QSELF. Panels (a) and (b) share the same horizontal axis and
rainbow color scale.

frame, the occurrence of overtaking becomes a trajectory in-
tersection, termed as “sheet crossing” in breaking of nonlinear
Langmuir wave, as shown in Fig. 2(b). Here, we emphasize
that the two traits, plateau-type energy spectrum and sheet
crossing of protons, are intrinsically incorporated in the mech-
anism of ion acceleration driven by drifting QSLEF, which
is independent of the form of generation of QSLEF such
as plasma wakefield [77,78], transparent hole-boring [79],
electrostatic shocks [32,33,80,81] or dual-peaked electrostatic
field [82].

Moreover, the criterion of sheet crossing occurrence of the
reflected protons can be theoretically determined via the con-
served Hamiltonian. This criterion can be understood as the
existence of the solution &y, in Eq. (6), i.e., |e|go("§0)/(mpc2) +
1/ys > 1 which is equivalent to p’~ < 0 in Eq. (8). After
some trivial algebra calculation, this criterion can be ex-
pressed as

2
by < b = \/2|€|§0($0) ] [Ielso(ézo)} o
myc

2
mpyc

under the condition of |e|<p(é§o)/mpc2 < 1 which is always
satisfied for the QSLEF driven by the state-of-the-art laser
facility. To clearly illustrate the underlying physics of this cri-
terion, two more simulations of the drift velocity 8, nearby the
criterion 8* are carried out. After taking |e|¢(&y)/ (mpcz) ~
0.103 into Eq. (9), the criterion is calculated as 8* ~ 0.442.
As shown in Fig. 3(a) for 8; = 0.45 > B*, none of the protons
original from —1 < & [um] < 2 can obtain enough energy
to catch up with the moving QSLEF and thus the their

Bu=043<p" j
H 0.3
i 02g
: . reflected ions 01§
< @5p%) ( 0.0%
Q { @pY)i -0.1
g i :
Q . §
H .
-1 0 1 2
& [um]

FIG. 3. The trajectories of proton in (£, p) space. All the param-
eters of the simulations are same as those in Fig. 1 except for the drift
velocity being 8; = 0.45 in panel (a) and 8; = 0.43 in panel (b).

trajectories cannot intersect with each other along x direction.
On the contrary, when B; < §* as shown in Fig. 3(b), the
protons with original position &y [um] < & [um] < 2 would
be reflected by the drift QSLEF and the momentum of initial
back protons is larger than that of initial front ones which
would result in the occurrence of sheet crossing. In deriv-
ing the criterion of 8*, the condition of p’~ < 0 does not
mean that the accelerated protons would have a negative
longitudinal momentum. The p™~ < 0 is for the proton initial
condition at ¢(&) = 0 to achieve the maximum energy p't,
and it can be understood as the criterion to switch on the
reflected acceleration. In other words, if p"~ < 0, then there
must be protons with p|,—o = 0 > p"~ to satisfy the criterion
of reflected acceleration process. However, if p~ > 0, then
all the original static protons cannot be reflected by the drift
electric field and thus all of them becomes the “sliding away
ions” as shown in Fig. 3(a).

The dependence of 8* on ¢(&)) in Eq. (9) indicates that
once the electric potential ¢(§y) of QSLEF is given, the
corresponding maximum drifting velocity 8; = B* is deter-
mined. Taking dp'*/dB,; > 0 into account, the maximum
proton energy is monotonically increasing with the raise of ;.
Substituting ¢(&p) and B; = B* into Eq. (8), we can reach to
P /mye =220 — @2/(1 — §)*, where § = |elp(&o)/myc”
is the normalized dimensionless electric potential. Utilizing

y™ = /14 (p"*/myc)?, the maximum achievable energy

under a given @ can be derived as

mx _ 40 = 20% (10)
(1—-9)
Here the y™® only denotes the maximum achievable proton
energy under the optimal condition B; ~ f* for the fixed
electric potential ¢ = |e|(p(’§0)/m,,c2 of the drift QSLEF and
it does not guarantee the necessity of the optimal acceleration
taking place.

II1. KINETIC SIMULATION RESULTS

In this section, a series of two-dimensional simulations
have been performed via relativistic fully self-consistent PIC
code EPOCH [83]. The simulation domain is a rectangle
of 80Ap x 30X being uniformly divided by cells with the
same size of 1/100Ag x 1/100)¢, where Ay = 0.8 um is
laser wavelength. The incident pulse with linearly polarized
field E, has a Gaussian temporal profile with 7o = 30 fs in
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FIG. 4. The spatial distributions of the transverse electric field £, and plasma electron density n, are presented in panels (a, b, c) for
different time snapshots. The gray arrow in panel (a) marks the propagation direction of the incident laser pulse. The black lines in panels
(b, c) outline the interface of plasma critical density 72, = n., where the overline denotes the value which is temporally averaged over four
laser period. The spatial distributions of the time averaged longitudinal field E, and proton density n, are exhibited in panels (d, e, f), which
corresponds to the same time as that in panels (a, b, c), respectively. The scattering plot of proton particles is illustrated in panel (g) where the

colors represent the different time.

full-width-half-maximum (FWHM) of laser intensity. Its
transverse spatial profile is Gaussian as well and the spot
size is o9 =2 um (in 1/e of field amplitude) at the point
of focusing x = 0 um. The peak amplitude of the laser field
is ap = 61.2 equivalent to the intensity Iy = 8 x 10?! W/cm?
and the power can be estimated as P &~ 1PW. The plastic thin
target located at 0 < x[um] < 0.3 consists of the polyethy-
lene CH, material, where the plasma density is n, = 52n,,
n, = 13n,, and negpon = 6.5n, for electron, proton, and car-
bon, respectively. The initialization of loading macro-particles
are 60 electrons, 40 protons, and 20 carbon ions per cell,
respectively. The initial temperature is set as 7, = 100 keV for
electron to resolve the Debey length and the ion temperature
is setas 7; = 1 keV. Here, open boundary condition is adopted
for both fields and particles.

Since the intensity of laser pulse is three orders of
magnitude higher than the relativistic criterion . = 1.37 X
10'8 W/cmzko [um]’z, the solid foil is able to be fully ion-
ized by the rising part of laser field. Therefore, it is reasonable
to treat the target as fully ionized plasma initially. The spatial
distribution of electron density 7, and laser transverse electric
field E, are exhibited in Figs. 4(a), 4(b), and 4(c) for three
snapshots. At time r ~ 75 fs, the peak amplitude of laser
field reaches the front surface of the target (x = O um). The
counterintuitive thing is that instead of boosting the whole
target foil forward, the laser pulse readily penetrates through
the overdense plasma as shown in Figs. 4(b) and 4(c), where
the contour of critical density 77, = n, manifests the expansion
of plasma electron after the laser leaves away. The original
opaque overdense plasma becomes transparent to the laser
light, which is interpreted by the relativistic transparency

mechanism [84], in which for a thick overcritical (n, > n.)
plasma target, the cutoff plasma density for a laser pulse
propagation is extended up to yn. ~ agn. when electrons are
heated to an effective energy ym,c? ~ agm,c? induced by the
transverse oscillating laser field E,.

The spatial distribution of proton density n, and the longi-
tudinal electric field E, are exhibited in Figs. 4(d), 4(e), and
4(f), where the overline of E, indicates that the value is time
averaged over four laser periods. The self-generated longitudi-
nal field E ,, same as above QSLEEF, is produced by the charge
separation between the electrons and ions, whose maximum
strength is close to S0 TV/m at r = 80 fs when the peak am-
plitude of laser pulse arrives at the rear surface of target. The
protons nearby central region are pushed forward by the E,, as
shown in Fig. 4(e). At the later time t = 120 fs, the strength
of self-generated QSLEF E, substantially declines when the
laser pulse leaves from the area of classical overdense plasma.
Meanwhile, the protons gradually terminate their acceleration
and enter the free-floating state. The scatter distributions of
protons in x — p, space are presented in Fig. 4(g) where the
protons initially locate at —2 < y[um] < 2 are selected. At
t =40 fs protons are almost static when the rising part of
laser field touches the front surface of target. Instead, however,
the protons are immediately boosted to a energy around
90 MeV (p, ~ 0.45m,c) at time ¢ = 80 fs, and then they
continuously absorb energy from the QSLEF E, to achieve
a cutoff energy ¢, ~ 170 MeV (p, ~ 0.63m,c) att = 120 fs.
After that, the protons experience a relative weak acceleration
by the decayed QSLEF and their eventual maximum energy
approximates 210 MeV (p, ~ 0.63m,,¢).
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FIG. 5. Panels (a, b, ¢) show the distribution of protons with the color rendering their original position x,, while panels (d, e, ) exhibit
the proton distribution in p, — x phase space with the same color scheme. Panel (g) outlines the profile of longitudinal electric field E, for
four simulation time, where E, is transversely averaged over —2.5 < y [um] < 2.5 and the dotted black lines mark the target initial position.
Panel (h) shows the evolution of typical electron trajectories (rendered in winter color map) during 107 < ¢ < 120 fs, where the distribution of
proton particles and transverse electric field are presented as well. Panel (i) exhibits the electron energy contribution from transverse work W,

and longitudinal work W,.

To understand how protons grab energy from the QSLEF
E,, we pay attention to the interaction process during 40 <
t [fs] < 120. The protons’ original position xy is coded in
rainbow color scale as shown in Figs. 5(a) and 5(d). The
interesting thing of proton sheet crossing is that near the
central axis the protons original from front surface of tar-
get intersect with the those from rear surface in Fig. 5(b).
The similar phenomenon of sheet crossing in area of laser
wakefield acceleration [85], occurs in underdense plasma
where the breaking of nonlinear Langmuir wave enables
the self-injection of electrons into the favorable accelerat-
ing phase [86]. Another feature of proton dynamics is the
phase mixing in x — p, phase space as shown in Fig. 5(e),
where the (“blue”) protons from front surface have mixed
with (“red”) ones from rear surface. This feature is different
from the hybrid acceleration mechanism in a thick solid
slab [32]. The longitudinal momentum of “blue” protons is
larger than that of “red” protons at t+ = 67 fs in Fig. 5(e)
implying the occurrence of overtaking later. In Fig. 5(c),
the “blue” protons overpass the “red” proton in the cen-
tral region whilst the peripheral proton is dominated by the

sheath field acceleration. At t = 93 fs, the most energetic
protons are those from the front target surface as exhibited
in Fig. 5(f).

The longitudinal profile of QSLEF E, is outlined in
Fig. 5(g), where the E, is spatially averaged with the extent
of —2 < y[um] < 2 along the transverse direction. At the
beginning time, it is pronounced that the field at the front
surface is much stronger than that at the rear surface. Att =
50.7 fs the peak of the front E, attains 11.5(m.cwy/|e|) but
the rear E, is only up to 3.5(m.cwy/|e|), where m,cwo/|e| =
4.4 x 102 V/m is equivalent to the field strength of ay =
1. As the accelerating field imposed on the front surface
protons is stronger, the resulting energy chirp leads to the
sheet crossing process. During 45 < ¢ [fs] < 56, the strength
of field at front surface escalates as the electron populations
in piled up charge separation is enhanced by the rising profile
of incident laser intensity. Similarly, the strength of E, at rear
surface raises as well. Accompanying with the penetration of
laser pulse through the thin foil, the front charge separation
field is combined with the field at rear surface sustained by
the expanded hot electrons at r ~ 61 fs.
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TABLE I. Parameter setup for cases with different spot size.

00 [H'm] o ne [nzr] np [nc] Neq [n(] g

1 122.4 104 26 13 122
2 61.2 52 13 6.5 61
4 30.6 26 6.5 3.25 31
8 15.3 13 3.25 1.625 15
12 10.2 8.7 2.17 1.085 10

The above simulations manifest that the energy increment
of protons predominantly takes place before ¢t = 120 fs. The
trajectories of typical hot electrons in Fig. 5(h) demonstrate
that energetic electrons disperse after the pulse completely
gets rid of the plasma region (more detailed animation in
the Supplemental Material [87]), where 5% of all the elec-
trons with condition of ¢, > 80 MeV at 100 fs are chosen.
Therefore, the source of the QSLEF is dissipated with the
divergence of the accumulated electron sheath. As shown
in the Supplemental Material animation [87], these elec-
trons assemble in the central region to facilitate the proton
acceleration during 50 < ¢ [fs] < 100 and then immediately
disperse after + = 100 fs. At 100 fs, the energy contribution of
electrons from longitudinal or transverse work is exhibited in
Fig. 5(i), where the dashed skyblue line marks the boundary
of Wy, = W,. Here, W, = [ |e|Edx (W, = [ |e|E,dy) corre-
sponds to work done by the longitudinal (transverse) electric
field. From Fig. 5(i), we conclude that the electron energy are
primarily from the work W, done by the transverse electric
field whilst the longitudinal work W, mainly leads to the
energy reduction. The reason of unfavorable contribution of
W, could be understood as that the positive QSLEF plays
a decelerating role in negative charged electrons. Briefly,
the interaction scenario becomes that the laser transfers its
energy to electrons through the work W, caused by transverse
oscillating field and then the electrons convert their energy to
protons via the work W, induced by QSLEF.

IV. PROTON ACCELERATION AND HOT ELECTRON
GENERATION

For the purpose of investigating the optimized combination
of spot size oy and intensity /y under a fixed power P = 1PW,
we change the laser field amplitude ay by adjusting the spot
size oy. Meanwhile, to keep ¢ ~ ay, the plasma electron den-
sity is varied correspondingly. The detailed parameter setup is
listed in Table 1. It should be noticed that to avoid the leakage
of the incident energy, the transverse size of the simulation
domain is extended to 60A¢ and 90, for the cases of the laser
spot size equaling 8 um and 12 pm.

As shown in Fig. 4, the relativistic transparency enables the
laser pulse to pass through the overdense plasma region. This
scenario is analogous with the laser propagating inside the
underdense plasma, where the quasistatic transverse electric
field and azimuthal magnetic field are ubiquitously sustained
[88,89]. The existence of combined field indicates several
potential acceleration mechanisms [90-95] would contribute
to boost the electron energy. The electron energy spectral for
different laser intensities at time ¢+ = 67 and 93 fs are shown
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FIG. 6. Panel (a) exhibits electron energy spectral for different
laser field amplitude q at time ¢t = 67 fs, where the reciprocal slope
of dashed lines indicate the electron temperature. Panel (b) is same
as panel (a) but for t = 93 fs. Panel (c) presents the dependence of
electron temperature on laser intensity ay.

in Figs. 6(a) and 6(b). The electron temperature of these two
moments corresponds to the upper and lower boundary of
electron temperature in the proton acceleration process. The
moment ¢t = 67 fs is the beginning of proton effective accel-
eration by combined charge separation field when the plasma
target has not been completely broken. The later moment ¢ =
93 fs is the ending of primary proton acceleration and after
that the protons merely undergo a drifting motion with a little
energy boost. The dependence of hot electron temperature on
laser intensity ay is illustrated in Fig. 6(c), where the circle
dots represent the results from two-dimensional (2D) PIC
simulations while the dashed lines are fitting curves. At the
early time 67 fs, the temperature of electrons is proportional
to the laser field amplitude, i.e., T, < ag. In contrast, the
electron energy is substantially enhanced and the scaling of
electron temperature becomes 7, ag/ 3 later. For the case
of 0p = 2 um and ay = 61, the electron temperature is mul-
tiplied by a factor of three from 7.7 to 22.4 MeV. Such a
drastic variation in electron energy indicates the interaction
in an unequilibrium state, which indicates the necessity of
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FIG. 7. Panel (a) plots the proton energy spectra for three cases.
Panels (b—d) show the ratio of “left,” “mid,” and “right” proton
occupation over the proton energy spectra, respectively.

investigating the proton acceleration via fully self-consistent
PIC simulations.

The proton energy spectral for three cases in Fig. 7(a) man-
ifest the plateau-type energy spectrum in the tightly focused
condition of oy = 1 um and 2 um. When calculating the spec-
tral in Fig. 7(a), we collect the protons within a transverse re-
gion of —2 < y[um] < 2 to exclude the peripheral energetic
protons induced by the normal sheath field acceleration. The
feature of plateau-type energy spectrum is a representative
feature of proton sheet crossing, which corresponds well with
the theoretical model of Fig. 2 in Sec. II. To further clarify
the influence of sheet crossing on proton energy spectral,
we show the ratio of the number of protons with different
original position to the whole number of protons in each
energy bin in Figs. 7(b), 7(c), and 7(d). For simplicity, the
protons are divided into three groups based on their initial
position. Specifically, the protons with 0.0 < x[um] < 0.1
at time ¢+ = 0 fs are labeled by “left” group. The “mid” and
“right” groups correspond the protons with initial position
of 0.1 < x[um] < 0.2 and 0.2 < x[um] < 0.3, respectively.
In the tightly focused cases of Figs. 7(c) and 7(d), the most
energetic part are predominantly contributed by the blue “left”
protons because the “left” protons tend to be faster than the
“right” protons after the occurrence of sheet crossing as shown
in Figs. 2(a) and 5(f). However, for the case of large spot size
oo = 8 um in Fig. 7(b), the most energetic part are exclusively
from “right” protons and there is no plateau-type property in
its energy spectrum. The reason is that the QSLEF at the front
surface of target is no longer greater than the normal sheath
electric field at the rear surface. Therefore, the protons do not
perform the sheet crossing process in the wide focus situation.

The PIC simulation results indicate that many complex
procedures such as relativistic transparency, energy enhance-
ment of hot electrons, and proton sheet crossing are involved
in the energy transformation from laser pulse to the energetic
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FIG. 8. (a) The electric potential ¢ extracted from 2D PIC
simulations and the dotted black line refers to the fitting ¢(ap).
(b) Dirifting velocity B, extracted from simulations and the dotted
black line marks the fitting B, while the blue solid line B*(¢) is
based on the fitting ¢(ay). Panel (c) illustrates dependence of the
proton cutoff energy on the laser intensity ay, where the dashed red
line corresponds to the theoretical prediction of Eq. (10) while the
dashed blue (green) line refers to the scaling of conventional TNSA
(LS) model. The blue shadow area represents the model of thermal
acceleration with plasma-bound electrons and the gray dashed line
denotes the model of Coulomb explosion with mass-limited target.

proton beams. Here, the values of ¢(&)) and B,;, which are
necessary for the theoretical estimations of Egs. (8)—(10), are
extracted from simulations. The advantage of direct extracting
¢(&) and B, from simulations is more authentic to present
the realistic interaction because the PIC simulation has al-
ready self-consistently accounted for the whole complicated
nonlinear processes. In Fig. 8(a), the red circles denote the
electric potential ¢(&)) of the QSLEF obtained from 2D
PIC simulations while the dotted black line refers to the
fitting relation @|s—g,(ag) = 12aé/ *mec®/le|. For simplicity,
we utilize ¢ to represent ¢(&j) in below text. Based on the
fitting ¢(ap) and Eq. (9), the criterion of drift velocity for
proton sheet crossing occurring can be estimated as *(ag) =
\/1.3 x 1072, /ag — 3.6 x 10~%ay, which is shown as solid
blue line in the Fig. 8(b). For comparison, the results of g,
extracted from simulations (blue circles) are exhibited as well.
The fitting drift velocity B; = 10~3ag + 0.21 would intersect
with B*(ap) at aj ~ 15.5, which indicates that the condition
of emerging proton sheet crossing is ap > ag. The threshold
of aj ~ 16 is in reasonable agreement with our simulation
results in Figs. 7(b)-7(d).
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The dependence of proton cutoff energy ¢, on laser field
strength ag is drawn in Fig. 8(c), where the red circles de-
note the results from 2D PIC simulation while the dashed
red line illustrates the theoretically derived maximum en-
ergy of Eq. (10) by utilizing the fitting relation of ¢(ay) =
12a(1)/ 2mec2 /lel. The relatively large discrepancy between the
theoretical prediction and the PIC simulation results at ap =
10 and 15 could be understood as that the drift QSLEF is
too fast to trap the protons and consequently the drift QSLEF
cannot efficiently accelerate them to the high energy plateau
under ap < ag. The discrepancy for the case of ay = 122,
where the simulation manifests the cutoff energy 335 MeV
whilst the theory gives ¢, ~ 310 MeV, could be explained
by the extra energy boost from the residue electric charge
separation field after the proton undergoes the primary drift
QSLEF. Considering the parameters in our PIC simulations
is only extended to ap = 122 and the theoretical prediction is
partially obtained via fitting the simulation data, we claim that
the limits of applicability of the proton sheet crossing model
is aj < ag < 130 under the total laser power of P = 1 PW.

For the purpose of comparing our mechanism with oth-
ers, we consider two optimized thermal acceleration models,
which are the acceleration by thermal strong charge separation
field (thermal model) [17] and coulomb explosion mechanism
with mass-limited targets (CE MLT) [39]. The thermal model,

whose scaling law of maximum proton energy is &,* =

T.[e?" (¢* — 1)+ 1]/(e¥" — 1), is based on an acceleration
process induced by the thermal strong charge separation elec-
tric field, where the normalized maximum energy of plasma-
bound electrons is ¢* = ¢]"** /T, and it could be approximated
by a fitting relation ¢, = & /T, ~ 4.8 +0.8In W_[J] ~
7.5, where W ~ 30J is the laser energy in our simulations.
The energy relation of ¢** based on thermal model is il-
lustrated in Fig. 7(e) where the upper (lower) boundary of
blue shadow area corresponds the fitting relation of electron
temperature T, = 2.5a; m,c? (0.25a9m,c?) at later (earlier)
time t+ = 93 (67) fs. The upper estimation of thermal model
agrees well with the simulation results for the condition of
relative wide laser spot size and low laser intensity but it
underestimates the results for the condition of tight focusing
and high laser intensity. In CE MLT regime, a target with
transverse size equaling or smaller than the laser spot size is
employed to eliminate neutralizing currents from the returning
electrons and cold surrounding plasmas. As there is intrinsic
difference in the target designment between CE MLT and
our regime, the energy scaling of light ions accelerated from
the CE MLT model ¢; ~ 230 MeV Z;/P/PW as shown in
Fig. 7(e) cannot reproduce the tendency of simulation re-
sults. The theoretical prediction of proton energy based on
TNSA model is plotted as dashed blue line in Fig. 7(e),
where ¢T™NSA ~ pagm,c? Ié/ % underestimates the achieved
proton energy in 2D PIC simulations and the coefficient p ~ 2
accounts for the multidimensional effect of two-dimensional
spatial geometry [96]. The predicted proton energy by the
model of optimal LS RPA is illustrated as dashed green line in
Fig. 7(e), where the energy scaling is ers = m,c?F2/[2(1 +
B with F =27 (Z/A)(m./mp)(toc/ro)ao [97]. Obviously,
the scaling of optimal LS RPA is divergent from the simula-
tion results.

TABLE II. Proton charge for different energy range under the
condition of |#| < 30° and |y| < 2 um.

ay >1MeV >10MeV >100 MeV >200MeV
122.4 0.867 nC 0.642 nC 0.638 nC 0.304 nC
61.2 1.300 nC 1.177 nC 0.483 nC 0.044 nC
30.6 4.340 nC 4.262 nC 0.118 nC 0.000 nC
15.3 3.183 nC 2.256 nC 0.000 nC 0.000 nC
10.2 2.554 nC 1.003 nC 0.000 nC 0.000 nC

Besides, the total charge of proton under the condition of
|0] < 30° and |y| < 2 um for different energy range is listed
in Table II, where the size of the third dimension is assumed
as 4 um in calculating the weight for each macro-particles.
The Table III presenting the proton charge under the condition
of |#| < 3° and |y| < 2 wm manifests that the protons nearby
central region are well collimated, where the difference in
total charge between the cases of |#| < 3° and 0] < 30° is
inconspicuous.

V. SUMMARY AND DISCUSSION

In conclusion, we have identified and characterized the
novel phenomenon of proton sheet crossing in acceleration
process driven by a drifting self-generated QSLEF. Through
theoretical analyses of Hamiltonian dynamics, we clarify that
the effectively accelerated ions are first trapped by the poten-
tial well of a conserved Hamiltonian 7 and then reflected to
an enhanced momentum p” which corresponds to a velocity
greater than the drifting velocity v; of QSLEF. The sheet
crossing is an intrinsic feature when the protons are imposed
to QSLEF with a longitudinal gradient and the plateau-type
energy spectrum generally accompanies with the occurrence
of proton sheet crossing. By performing 2D PIC simulations,
we examine the scenario of a thin target irradiated by a LP
short pulse with power of 1PW under the condition of ¢ ~
ap. Instead of continuously pushing the whole foil moving
forward, the laser pulse easily propagates through the classical
overdense plasma, where the electrons are effectively heated
to a temperature of multi MeVs enabling the occurrence
of relativistic transparency. The properties of proton sheet
crossing and plateau-type energy spectrum have also been
testified in the 2D PIC simulations. It is worth pointing out
that a systematic theoretical model and multidimensional PIC
simulations are still required to determine which parameters
could lead to the occurrence of sheet crossing. In addition,
the varying drift velocity of QSLEF with respect to time,

TABLE III. Proton charge for different energy range under the
condition of |#| < 3° and |y| < 2 um.

ap >1MeV >10MeV >100MeV >200MeV
122.4 0.505 nC 0.465 nC 0.464 nC 0.241 nC
61.2 0.752 nC 0.752 nC 0.344 nC 0.032 nC
30.6 2.645 nC 2.621 nC 0.086 nC 0.000 nC
15.3 3.123 nC 2.255nC 0.000 nC 0.000 nC
10.2 2.534 nC 1.003 nC 0.000 nC 0.000 nC
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i.e., dB4(t)/0t # 0, would lead to more complicated sheet
crossing processes. The detailed investigation about these
several points are beyond the scope of current work and will
be performed in the future work.

Nowadays, we are embracing the era of multi-PW laser fa-
cilities coming up [98—101]. The high-intensity facilities, such
as Bella [102], Vulcan [103], Apollon [104], Texas PW [105],
CoReLS [106], etc., have already demonstrated operation at or
beyond 1 PW. Via tight focus, the laser intensities to target can
reach 10?2 W/cm? while sustaining an ultrahigh contrast like
10'2 up to 150 ps before the main pulse [106]. The assumption
of free of preplasma is valid in the above PIC simulations
where the thin foil is directly irradiated by the main pulse.
Therefore, the current experimental condition is satisfactory
to trigger the occurrence of ion sheet crossing and obtain the
boosted protons with energy extending to several hundreds
of MeV. Since the most energetic protons originate from the
front surface of target as shown in proton energy spectral,
it is feasible to come up with a design of enhancing the
energetic proton charge through tailoring the plasma target,
e.g., adding extra hydrogen coatings. It should be noticed that
the spatial geometry of two dimension simulations might sup-
presses thermal electron diffusion in the transverse direction,
leading to an overestimation of the QSLEF, as the electron

cloud’s spreading is suppressed. Additional three-dimensional
simulations are required to confirm whether the predicted
ion energies can be actually achieved and the energy flux of
ions is superior among other mechanisms [107] in practical
circumstances, which beyond the scope of our current work.
Here, we humbly claim that our understanding of acceleration
dynamics in a QSLEF of the relativistic plasma is potentially
beneficial and instructive for the future study on laser-driven
ion acceleration.
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