High Power Laser Science and Engineering, (2014), Vol. 2, €9, 7 pages.

© Author(s) 2014. The online version of this article is published within an Open Access environment subject to the conditions of the
Creative Commons Attribution licence <http://creativecommons.org/licences/by/3.0>.

doi:10.1017/hpl.2014.10

Ion motion effects on the generation of short-cycle
relativistic laser pulses during radiation pressure
acceleration

W. P. Wang, X. M. Zhang, X. F. Wang, X. Y. Zhao, J. C. Xu, Y. H. Yu, L. Q. Yi, Y. Shi, L. G. Zhang,

T.J. Xu, C. Liu, Z. K. Pei, and B. F. Shen

State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
P. O. Box 800-211, Shanghai 201800, China

(Received 28 November 2013; revised 15 March 2014; accepted 31 March 2014)

Abstract

The effects of ion motion on the generation of short-cycle relativistic laser pulses during radiation pressure acceleration
are investigated by analytical modeling and particle-in-cell simulations. Studies show that the rear part of the transmitted
pulse modulated by ion motion is sharper compared with the case of the electron shutter only. In this study, the ions
further modulate the short-cycle pulses transmitted. A 3.9 fs laser pulse with an intensity of 1.33 x 102! Wem™2 is
generated by properly controlling the motions of the electron and ion in the simulations. The short-cycle laser pulse
source proposed can be applied in the generation of single attosecond pulses and electron acceleration in a small bubble

regime.
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With the rapid development of laser technology[l’ﬂ, the
use of ultra-intense laser irradiation on ultra-thin foils has
been studied for various fields ranging from fast ignition
for inertial confinement fusion!* > , medical therapy[6’ 7 ,and
laboratory astrophysics'®!, to the generation of high-energy
particle sources!'). However, prepulses or laser pulses with
slowly increasing fronts may lead to premature ionization
of the target, and significant expansion of the plasma sheet
occurs before the amplitude peak of the pulse arrives!> 101,
These events jeopardize the relativistic interaction of the
ultra-thin target. Thus, high—contrast[9_zo] and short-duration
laser pulsesm’ 221 are needed.

Plasma mirrors may be a feasible method by which to
solve these problems. Using a double plasma mirror'??!, the
laser contrast may be improved to ~ 107'2 at the picosecond
time scale!'?!. A 30 nm thick carbon foil irradiated by such
a high-contrast laser at an intensity of ~7 x 10" W cm™2
can produce a 185 MeV carbon ion beam. A few-cycle laser
pulse with an intensity up to 3 x 10 W cm™2 may also be
generated when a laser irradiates an ultra-thin foil®?). In this
method, the pulse duration and intensity mainly depend on
the laser profile and foil conditions. Generally, the intensity

Correspondence to: Wenpeng Wang, State Key Laboratory of High
Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai 201800, China. Email:
wwpvin@hotmail.com

https://doi.org/10.1017/hpl.2014.10 Published online by Cambridge University Press

of few-cycle laser pulses is limited in conventional optical
methods!?!! because of the relatively low damage threshold
of the optical components and other problems. However, no
laser intensity due to material damage would be limited by
this method, because this process only involves laser—plasma
interactions, like the plasma grating[24].

Ref. [22] discusses the generation of a short-cycle laser
pulse. It is also necessary to discuss an explicit explanation
of the difference and the progress. Ref. [22] considers in
detail the transmission of the incident laser pulse in constant
conditions. There the electron layer is assumed to be at rest,
and the ion motion effects are not considered. In fact the
ion motion can significantly modulate the transmission of
the laser. For example, the Doppler effect on the mirror is
enhanced because the velocities of the ions initially in the
middle of the foil are higher than that of the compressed
electron layer (CEL) during the hole-boring stage. The rear
part of the incident laser pulse can be reflected in this case.

In this letter, the effects of ion motion on the generation
of short-cycle relativistic laser pulses are investigated by
analytical modeling and particle-in-cell (PIC) simulations.
The generation of a near single-cycle laser pulse has been ob-
tained in the simulations, and the corresponding theoretical
analysis has been discussed??. However, all the solutions
are based on static conditions, where the motions of the
CEL and ions are not included. In fact the ion motion can
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significantly modulate the transmission of the laser. For
example, the Doppler effect on the electron layer mirror is
enhanced because the velocities of the ions initially in the
middle of the foil are higher than that of the CEL during
the hole-boring stage. At the end, the incident laser pulse
can be further reflected. One-dimensional (1D) PIC simu-
lations show that the ion motion can further modulate the
transmitted short-cycle pulse compared with the case of the
electron shutter only. No transmitted pulse is generated when
the ions are accelerated together with the CEL at the end of
the hole-boring stage. The dynamics of the electrons and
ions during laser—plasma interaction are investigated using
a simple model. A 3.9 fs laser pulse with an intensity of
1.33x 10*! Wem ™2 is generated by properly controlling the
electrons and ions in two-dimensional (2D) PIC simulations.
Such a short-cycle high-intensity laser pulse has important
applications in single attosecond pulse generation[25 I and
electron acceleration in a small bubble regime[26’ 27,

Figure 1 shows the interaction model. As an intense
circularly polarized (CP) laser pulse irradiates a thin foil,
the laser pressure[28’36j quickly sweeps all electrons forward
in a compressed layer. Initially, the protons are left behind
because their mass (m; = 1836m,) is much larger than the
electron mass m,. As the CEL is further pushed forward,
the maximum charge separation field at the surface of the
compressed layer increases with the depletion distance d.
When the CEL reaches the back side of the target, as shown
in Figure 1, the charge separation field, Eg = 4menod,
becomes larger. At this stage, the front portion of the pulse
with the smaller intensity is reflected by the foil, while the
portion with the larger intensity begins to propagate through
the foil®”). As the ions catch up with the electron layer, the
transmission is reduced and the rear portion of the pulse is
reflected by the foil. Thus, only the part of the laser pulse
with the highest intensity is transmitted with a much shorter
duration than the incident pulse.

1D PIC simulations are used to study the effects of ion
motion on the generation of a short-cycle relativistic laser
pulse. A CP laser pulse with wavelength A = 1 pm is
incident on the target from the left boundary. The laser
front arrives at the front surface of the target at t = 207y,
where Tp = A/c is the laser cycle and c is the speed of
light. The laser pulse has a trapezoidal shape profile (linear
growth—plateau—linear decrease) with a duration of 9.667)
(4.08Ty — 1.5Ty — 4.08T)). Here, the short width of the flat
top (1.57p) is used to reduce the content of high frequencies.
The frequency of the trapezoidal laser pulse used in this case
is mainly at the base frequency c¢/A. The laser amplitude
gradient is ag/typ = 7.35 (ap = 30 and t,p = 4.087p). Here,
ap = eEp/mewpc is the normalized amplitude, where m,
and e are the electron mass and charge, respectively, E is
the laser electric field, wy, is the laser frequency, and fp is
the rising time of the laser pulse. The front surface of the
target is located at x = 20A. The foil density is ng = 8n, and
the foil thickness is [ = 1.03A. Here, n, = w%me/4ne2 is
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Figure 1. Scheme for generating nearly single-cycle laser pulses. The
incident pulse irradiates a thin foil, producing an ultra-short transmitted
pulse and a reflected pulse. Electrostatic fields E| (green dashed line) and
E . (green dotted line) are produced at both sides of the surface (at x = d)
of the CEL (red solid line) at the initial stage of the interaction. Ions (blue
solid line) remain at rest. The distribution of the electrons corresponds to
the case where the CEL just reaches the back side of the target. The CEL
then oscillates and disperses, as shown in Figures 2c and 2d.

the critical density. Low-density plasma with a step density
profile is used to simplify the model and reduce the simula-
tion time. The longitudinal length of the 1D simulation box
is x = 60A. The mesh size is A/200. Each cell contains 100
numerical macro particles in the plasma region.

Figure 2a shows the evolution of electrons and ions. The
laser front arrives at the front surface of the foil at r = 20Ty,
and the electrons are pushed forward in a thin compressed
layer. The peak density of the layer increases with time.
Both the CEL and the amplitude peak of the incident laser
pulse arrive at the back side of the foil (x = 21.031) at
t ~ 25.3Ty. The peak density of the CEL is n = 192.5n,
at this time. Then, the electron layer begins to disperse in the
vacuum, and the density decreases sharply to n = 143.9n,
[Figure 2a]. The incident pulse begins to transmit. However,
the electron density increases again up to n = 406 - 4n,
at t ~ 26Ty. The ions catch up with the CEL, forming a
double layer with the electrons. The remainder part of the
incident pulse is then reflected and the transmitted field drops
sharply from its peak value. Figure 2b shows that a short-
cycle transmitted laser pulse with a duration of ~0.97y and
amplitude peak a; = 16 is produced. Here, we consider the
cases that the shortening of the incident laser pulse does not
seriously depend on the harmonic generation. The central
frequency is barely changed, meaning that there is almost no
frequency shift compared with the incident laser pulse. The
number of lightwave cycles is indeed reduced by the pulse
shortening in our case. The frequency broadening should be
taken into account when the duration of the transmitted pulse
is much shorter than the laser period, which is not considered
in this paper. Figures 2c and 2d show the case of ions at rest.
The duration of the transmitted laser pulse increases to 2.87
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Figure 2. 1D PIC simulation results for ap/tup = 7.35 (ag = 30 and typ = 4.08T)), ng = 8n¢, and [y = 1.031. (a) Electron and proton trajectories and their
density peaks versus time. (b) Laser profile (blue solid line) and charge density of electrons (black solid line) and ions (red solid line) at t = 407 for the
case of moving ions. (c) Electron and proton trajectories and (d) laser profile (blue solid line) and charge density of electrons (black solid line) and ions (red

solid line) at r = 40Ty, for the case of ions at rest.

at this point [Figure 2d]. Compared with Figures 2b and 2d,
the ion motion has an important role in modulating the rear
part of the incident laser pulse.

The simulations above show that the ion motion is impor-
tant for the generation of short-cycle laser pulses. The main
reason is that the re-entering of the ions into the CEL at the
back side of the foil can further reflect the rear part of the
laser pulse. In the case of Figure 2a, the laser pulse begins to
transmit the foil as the CEL slightly disperses at the back side
of the foil. Then the ions re-enter into the CEL, and a double-
layer reflecting mirror is produced. In this stage, the Doppler
effect on the mirror is enhanced because the velocities of the
ions initially in the middle of the foil are higher than that of
the CEL during the hole-boring stage. At the end, the rear
part of the incident laser pulse is reflected.

The dynamics of the electrons and ions are investigated
to obtain insights into the generation of short-cycle lasers.
The action of the electric field in the CEL E,, (Figure 1) is
initially neglected for ion acceleration because the velocity
of the CEL is large[35 1. Moreover, the ions do not catch the
CEL when this layer arrives at the back side of the target[35 I
Here, the unrelativistic interaction of the laser pulse with
the linearly increasing front in the hole-boring stage is
considered to simplify our study. A time-dependent theory
model can be used to deal with the relativistic interaction of
the laser with any pulse profile in Ref. [38].

For electrons, a uniform velocity of the CEL can be
obtained for a laser with a linearly increasing front in
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simulations®. The electrons are first accelerated by the

ponderomotive force of the CP laser pulse within a very short
time, and then a balance between the laser pressure and the
electrostatic forces appears. Then the swept electrons pile
up to form a dense skin-depth layer by the laser pressure and
electrostatic forces. We define this skin-depth layer as the
CEL. The equation of motion of a perfectly reflecting mirror,
dp/dt = Pdo, can be used to describe the motion of the
CEL, where p is the momentum of the mirror element, do
is the element of area of the mirror and normal to the mirror
surface, and P is the radiation pressure[39]. In this paper,
we focus on the case that the ions move after the electrons
during the hole-boring stage because the laser-pulse front
is very sharp. The laser energy is largely contained in the
charge separation field during this stage. The velocities of
the electron layer and ions are not relativistic. Simulations
have shown that the surface of the CEL moves roughly at a
constant velocity; if the laser-pulse front is linearly increas-
ing and short enough, there must be a balance between the
electrostatic force and the laser pressure forcel**!,
22 1 - UCEL’
I + veeL

2(wnovceLr)’ =2 (1)
where the normalized amplitude of the laser on the moving
CEL surface a = (ao/tuwp)(t — vceLt), and [ = vcgL!.
Here, vcEL, fup, and ng are normalized by ¢, A/c, and n, =
w%me /47‘[6‘2, respectively. Although the linear amplitude
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increases, a part of the electrons is moving while another
part is stationary; most electrons move around a averaged
velocity during the hole-boring stage. Such averaged ve-
locity of the skin-depth reflecting mirror has been verified
in the simulations!®®. Equation (1) describes the velocity
of the CEL for the case that the laser is totally reflected
by the plasma. The transmission of the laser pulse is not
considered during the hole-boring stage in our case. Based
on Equation (1), a uniform velocity of the CEL (vcgL =
0.194c) is obtained for ap = 30, typ, = 4.08T, ng = 8n,, and
lo = 1.03A, which is consistent with the simulation result in
Figure 2a.

For ions, the velocity for the ion initially at rest at x1o (0 <
Xx10 < d) can be approximated by[35 J

21qi Eo x10

—11, 2
. 7 h ()

Vi1 =

where x19, xj1, and d are normalized by A, and the ion
mass m; and charge ¢; are normalized by m, and e, re-
spectively. In addition, the action time #; is normalized by
Afc. Eg = 2mnpd is the maximum electrostatic field of
charge depletion, which is normalized by e/m.wrc. Ey =
2mnglp is obtained when the CEL is assumed to be superthin
(d~ lo)[35]. For the case shown in Figure 2a, Eg &~ 52 for
no = 8n,, and lp = 1.031.

The velocity of the ions initially at rest in the middle of the
foil (x19 = d/2) v;; ~ 0.24c is obtained using Equation (2).
Here, t; ~ 0.5d/vcgL is used. Ions initially resting in
the middle of the foil run fast during the sharp-front laser
interaction at the end of the hole-boring stage[35 |, The CEL
quickly catches up to these ions after the hole-boring stage
because the electron mass is much smaller than the ion mass.
Therefore, we can assume that vcgr, ~ 0.24c¢ at this point,
which is larger than the velocity of the CEL (~0.194c¢)
during the hole-boring stage. The Doppler effect parameter
(¢ — vceL)/(c 4 vcgL) is thus reduced by the ion motion.
Moreover, the reflection of the laser pulse is enhanced. The
rear part of the transmitted pulse can be further modulated by
the ion motion compared with the case of the electron shutter
only, which is verified by the simulations in Figures 2a-2d.

From the discussion above, two conditions are required for
the generation of an intense short-cycle transmitted pulse.
First, the peak of the incident pulse must arrive at the
back surface when the CEL disperses, thereby generating
a short-duration transmitted pulse with higher amplitude.
This condition is simply an approximation because the exact
amplitude of the transmitted pulse is not considered. Second,
the ions must not catch up to the CEL during the hole-boring
stage. Otherwise all of the laser pulses may be reflected.

For the first condition, the laser and foil parameters are as

follows:
a lo
Aopen = T ( - lO) , (3)
fup \ UCEL

where agpen is the peak amplitude of the incident laser pulse
that may open the electron shutter. For a certain laser
amplitude aopen = ag and gradient ap/typ, the incident laser
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can transmit if lp < fup - vcEL/(1 — vcEL) according to
Equation (3). Here, vcgL is calculated using Equation (1).
The laser peak cannot reach the back side of the target when
lo > tup - vceL/(1 — vcEL). In this case, the incident laser
is completely reflected, and no transmitted laser pulse can
be generated. For the case shown in Figure 2, [y < 0.98\
is obtained for ag/typ = 7.35 (ap = 30 and #,, = 4.087p),
and ng = 8n., which is consistent with the simulation results
(Figure 3). Figure 3 shows that the transmitted laser pulse
with ag > 30 is generated for /[y < 0.98A. A nearly single-
cycle laser pulse is generated for /[y = 1.03A, as shown in
Figure 3.

For the second condition, the laser and foil parameters

arel®!
1 2mi
lop < =,/ ——VCEL, 4
7\ gino

where lgp = +/2m;/qginovceL/m corresponds to the case
where ions are initially in the middle of the foil and the

CEL reaches the back surface of the foil at the same
time. The incident laser is completely reflected if lp >
V2m; /ginovegr /7, which is verified by the simulation
results in Figure 3. [y 2> 1.32A is obtained for ag/typ = 7.35
(ap = 40.4 and typ = 5.57T0), and no = 8n,. Figure 3b shows
that no transmitted laser pulse is generated for /o = 1.32A.
A thinner foil (Ip = 1.21) is simulated for the same laser
and foil parameters to verify the condition of Equation (4).
Figure 3c shows that a quasi-single-cycle transmitted pulse
is generated, where the ions does not catch up the CEL as
the CEL leaves the back surface of the foil. This indicates
that ion motion indeed affects the transmitting of the laser
pulse. Here, a higher density (ng = 200n.) of the foil
is also theoretically estimated. The velocity of the CEL
vceL. ~ 0.07c¢ is obtained for an ultra-intense laser pulse
(ao/tup ~ 54) based on Equation (1). Then /o < 0.1A can
be obtained according to Equation (4). And dgpen > 57.4
is obtained for /) = 0.08A according to Equation (3). In
Figure 3c, the duration of the transmitted pulse is much
shorter than the laser period when the foil thickness further
increases (lp > 1A). The frequency broadening should be
taken into account when the duration of the transmitted pulse
is much shorter than the laser period, which is not considered
in this paper.

Different simulations of carbon ions are also performed
to verify the theory. The velocity of the CEL vcgL ~ 0.2¢
is obtained for ap/typ ~ 15 and ng = 15n. according to
Equation (1). lp < 1.4A is calculated based on Equation (4)
for COt ions, where m; = 12 and ¢; = 6. Here, the
foil thickness Ip ~ 1.25A is used in the simulation. And
ap = 80 is chosen to satisfy the condition dgpen > 75
according to Equation (3). Figure 4 shows that a near single-
cycle laser pulse is generated, indicating that the conditions
[Equations (3) and (4)] can be used to deal with different ion
masses. However, a smaller value of m; /q; is suggested for
the generation of a short-cycle transmitted laser pulse. The
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Figure 3. (a) Amplitude peak a; (black square) and duration (blue triangle) of transmitted pulses versus foil thickness lo. For the incident laser, ag/tup = 7.35
(ap = 30 and ryp = 4.087)). The foil density is ny = 8n.. Laser profile (blue solid line) and charge density of electrons (black solid line) and ions (red solid
line) for ag/tup = 7.35 (ag = 40.4 and typ = 5.5Tp) and (b) [y = 1.324, (c) 1.2A.
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Figure 4. Laser profile E y (blue solid line) and charge density of electrons
(black solid line) and Co jons (red solid line) for ag/tup = 15 (ap = 80
and typ = 6Tp). The foil density is ng = 15n., and the foil thickness is
lp = 1.25x.

main reason is that a thinner foil is obtained according to
Equation (4), and some multidimensional effects and insta-
bilities can be reduced to a certain extent for a thinner foil.

A clean laser pulse is used to simplify the model in this
work. In fact, the effect of a laser prepulse is always
critical for a thin foil and it may alter the conditions [see
Equations (3) and (4)]. A density gradient at the front or back
side of the foil produced by the prepulse must be considered
if the laser contrast is not ultra—highlg’ 10]; such a condition is
not considered in this work.
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To verify our theoretical model, we also carried out 2D
PIC simulations. The same parameters as in the 1D PIC
simulations [see Figures 2a and 2b], which include ap = 30,
tup = 4.08Tp, ng 8n., and lp = 1.03A, are used in the
2D case. The laser pulse has a trapezoidal shape profile
(4.08Ty) — 1.5Ty — 4.087p) in time and is a transverse four-
order super Gaussian, I ~ exp[—(r/r0)4], where rg = 10A.
The simulation region is a SOA x 50A box (3000 cells along
the laser axis x, and 3000 cells transversely along axis y).
The plasma foil occupies the region from x = 20X to 21.031
and from x = —22.5)1 to 22.5A. Ten macroparticles are
available in each cell. Absorbing boundaries are used for
both electromagnetic waves and macroparticles.

Figure 5 shows the electron and ion distributions and the
laser profile in the (x, y) plane at t = 407y. From the laser
axial profiles at y = OA, a nearly single-cycle transmitted
pulse is produced. The laser duration is about 3.9 fs
(FWHM), and the amplitude peak is a; ~ 22 (Ip = Zatz X
1.37 x 10" W em™2 = 1.33 x 10> W cm™2). Compared
with the results from 1D simulations in Figure 2b, the
duration and amplitude peak are larger in the 2D case, which
is mainly attributed to foil deformation and self-focusing of
the laser in the ‘hole-boring’ stage. Figure 5 shows that
the transmitted laser amplitude decreases sharply from its
peak because ions catch the slightly dispersed electron layer
at the end of the hole-boring stage. Here, the ion motion
further modulates the rear part of the incident laser pulse.
In addition, the transverse width is also reduced when the
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Figure 5. Electron (red circle) and ion (blue circle) distribution and the laser
profiles in the (x, y) plane for foils with ny = 8n, and /[y = 1.03 irradiated
by CP laser pulses with ag/typ = 7.35 (ag = 30 and fyp = 4.08Tp) at
t = 407. The axial laser profiles at y = 0 are denoted by the black solid
lines.

laser mainly passes through the foil. Figure 4 further shows
that the transverse width is reduced from 101 (FWHM) to
about 60 (FWHM). The front and back portions of the pulse
are reflected after laser—foil interaction. About 92% of the
energy of the incident laser pulse is reflected, as shown in
Figure 5.

In conclusion, the effects of ion motion on the generation
of a short-cycle relativistic laser pulse are investigated by an-
alytical modeling and PIC simulations. 1D PIC simulations
show that the ion shutter can further modulate the transmitted
short-cycle pulse compared with the case of the electron
shutter only. Two conditions are theoretically proposed
to generate short-cycle transmitted laser pulses, which are
proven by the simulations. A near single-cycle (3.9 fs) laser
pulse with an intensity of 1.33 x 10> W em~? is generated
by properly controlling the electron and ion shutters in 2D
PIC simulations.
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