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The requirement for ever shorter laser pulses is endless in ultrafast science. Here, we propose a
unique mechanism to produce an ultrashort zeptosecond pulse (ZP) to break the attosecond pulse
(AP) barrier, where a cascaded coherent synchrotron emission (CSE) regime of high-order harmonics
generation is used for the emission of a giant half-cycle ZP. As an ultra-intense laser pulse interacts
with the double foil target, a relativistic electron sheet is formed by the first foil electrons and
accelerated in the transmitted direction, by which a half-cycle AP is emitted. The generated half-
cycle AP continues to interact with the second foil target, where another relativistic electron sheet
is formed by the second foil electrons and a giant half-cycle ZP is emitted. A theoretical model
is proposed for the nanobunching mechanism of the relativistic electron sheet both in the reflected
direction and in the transmitted direction, and is supported by numerical simulation results. The
intensity of the ZP can reach ∼ 2.6 × 1021 W/cm2, with duration of 380 zs, which has a power
reaching the 100-TW level. This ultraintense ZP will open the door for nuclear excitation, intra-
nuclear dynamics, or vacuum physics studies in zeptosecond time scale.

I. INTRODUCTION

Benefiting from the development of chirped pulse am-
plification, the intensities of laser pulse can already reach
relativistic intensity in excess of 1018 W/cm2, and the
peak power reaches petawatt scale at present, which has
led us into the regime of relativistic nonlinear optics [1].
In the future, the high power laser will enter the exawatt
or even zettawatt scale, and the intensity will be in ex-
cess of 1026 W/cm2, which has important applications
in fundemental physics [2]. The development history of
ultrashort laser pulse indicates that there is an almost
linear relationship between the duration and the inten-
sity over more than 18 orders of magnitude. Accordingly,
zeptosecond pulse (ZP) or yoctosecond pulse can be ex-
pected to be generated by the ultrarelativistic laser pulse
interaction with ultradense plasma [3].

The development of attosecond pulse (AP) techniques
have made it possible to produce picture recordings of
electron dynamics outside the nucleus [4–8]. To probe the
interior of the nucleus, however, it requires ZP to track
the intra-nuclear dynamics and to gain access into the
inner working of the nucleus on a nuclear time scale[9],
such as nuclear transition, resonance internal conversion,
photonuclear reaction, and nuclear optical decay [10, 11].
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In addition, in the vacuum physics of quantum electro-
dynamics (QED) the temporal scale is the Compton time
h̄/mec

2 (on the order of zeptoseconds) with h̄ being the
Plank constant devided by 2π, and me the electron mass,
and c the speed of light in vacuum. The later implies that
it is also essential to have zeptosecond temporal resolu-
tion to resolve dynamical processes of electron-positron
pair production and annihilation in the vacuum break-
down [12]. The gamma ray ZP can be characterized by
streak cameras via pair production and quantum radia-
tive reactions [13]. Recently, the time scale of the birth of
a photoelectron wave from a molecular orbital has been
demonstrated to be 247 zeptoseconds by using an elec-
tron interferometric technique [14].

As the ZP has important applications both in fun-
damental and applied microcosmic physics, many ef-
forts have been made to produce ZP [15–19]. Among
of them, the high-order harmonic generation (HHG) has
been proven to be an effective way to produce AP or ZP
with ultra-high amplitude and ultra-short duration af-
ter the coherence harmonics was recompressed [20, 21].
Shorter pulses synthesised from HHG need to acquire a
broader spectrum. A way to produce higher cut-off fre-
quency of HHG is by letting an X-ray laser pulse [22–24]
or UVU laser pulse [25] interact with a muonic hydrogen
atom. In fact, the interaction of X-ray laser pulses with
liquid or solid plasma density, which can still be regarded
as underdense plasmas in the case of X-ray driven laser
pulse, can extend laser wakefield acceleration mechanism
to higher acceleration gradients of TeV/cm that is about
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3 orders of magnitude stronger than that of the conven-
tional plasma-based wakefield accelerations with optical
lasers and gaseous materials [26, 27]. A single cycle X-ray
pulse interaction with nanotube can generate relativistic
electron bunches that is a powerful approach for produc-
ing photon emission in a much higher energy range [28].
In addition, the X-ray laser pulse driven wakefield ac-
celeration can produce ultrahigh brightness attosecond
electron beams[29].

Moreover, the pulse duration-intensity conjecture
shows that the pulse duration will become shorter as the
laser intensity grows higher[3]. In the relativistic or ul-
trarelativistic regime of HHG, the higher laser intensities
produce much broader harmonic spectra, and the width
of ZP produced by the coherent superposition of harmon-
ics become shorter. The laser interaction with muonic
hydrogen atom is an efficient way to produce HHG with
high cut-off frequency[22–24]. The interaction of ultrain-
tense laser pulse with plasma does not need to consider
the limitation of laser intensity to avoid complete ion-
ization, where the ZP can be produced by the relativis-
tic Doppler effect in relativistic oscillating mirror (ROM)
regime[30]. In the ultrarelativistic flying mirror regime,
a ZP or yoctosecond pulses could be generated by X-ray
laser pulses backscattered from the extremely high den-
sity mirror [3]. The relativistic flying mirror with electron
density spike can emit coherent X-ray radiation in den-
sity cusps by singularity emitting radiation, of which the
duration can be sub-fs [31].

As discussed above, the driven X-ray laser pulse can
improve the cut-off frequency and the interaction of
the ultra-intense laser pulse with plasma can produce a
broader harmonic spectrum. We propose a unique mech-
anism that combines both of the above advantages, where
a giant half-cycle ZP can be emitted by a laser pulse
with normal incidence on a double-foil target. The first
and second foil targets are both opaque targets. When
the ultra-intense laser pulse interacts with first foil tar-
gets, an extremely dense nanometer-scale electron sheet
is generated, which emits an isolated half-cycle X-ray AP
in the transmitted direction in the coherent synchrotron
emission (CSE) regime. When the forward AP interacts
with the second foil target, a relativistic electron sheet is
formed and is accelerated to ultrarelativistic speed in the
reflected direction and emits a ZP. We call it the cascaded
CSE (CCSE) regime for the generation of the half-cycle
ZP. An advantage of the CSE regime is that its spec-
trum typically has a slower decay scaling I(ω) ∝ ω−4/3

or I(ω) ∝ ω−6/5 in frequency compared to the ROM
regimes [32–42].

In the CCSE regime, a multi-cycle laser pulse interact-
ing with solid target generally generates a train of AP
and consequently a train of ZP. However for many ap-
plication of pump-probe techniques a single AP or ZP is
preferred in deed. One way to produce an intense iso-
lated ZP is to use a one-cycle laser pulse interacting with
foil. Recently, a useful compression scheme has a possi-
bility to generate a laser pulses with focused intensities

of 1024 W/cm2 and duration of 2 fs [17].

II. EMISSION MECHANISM OF HALF-CYCLE
ZP IN CCSE REGIME

A. The physical mechanism of ZP generation

Here, we describe the generation of a giant half-cycle
ZP in the CCSE regime by a laser pulse with normal in-
cidence on a double-foil target. The physical process can
be divided into two stages as illustrated in Fig. 1(a). In
the first stage, when the single-period ultraintense laser
pulse is incident on the first foil target as illustrated in
upper half of Fig. 1(a), the electrons are compressed by
the laser ponderomotive force to form an electron sheet
(ES) as shown in Fig. 1(d), which moves towards the
bulk plasma under the ponderomotive force of the laser
pulse. As a result, a transient longitudinal electrostatic
field is created due to the charge separation. When the
Lorentz force decreases, the Coulomb force due to the
charge separation will pull the ES backwards. As the ES
is accelerated in the reflected direction, it is divided into
a left and right layer. The latter reverses its direction and
is accelerated to ultrarelativistic velocity, and forms a rel-
ativistic electron sheet in the transmission direction, as
shown in Fig. 1(d). The transmitted relativistic electron
sheet (TRES) is responsible for the emission of an X-ray
half-cycle AP in the CSE regime as shown in Fig. 1(e).
The X-ray AP is a half-cycle pulse and has a full width at
half maximum (FWHM) in time of about 10 as as shown
by the close-up in the inset in Fig. 1(b).

In the second stage of the physical process, the forward
X-ray AP generated by the first foil target continues to
interact with the second foil target as illustrated in the
lower half of Fig. 1(a). As the first foil target is opaque,
the laser pulse was completely reflected by the first foil
target. Only the forward AP interacts with the second
foil target, which is also an opaque target. Because the
generated AP is a half-cycle pulse, there is only one os-
cillation for the electron nanobunch around the ion back-
ground when the AP interacts with the second foil. The
electron nanobunch is pushed into the bulk plasma as
the Lorentz force increases, and is pulled backward when
the Coulomb force increases and the the Lorentz force
decreases. A relativistic electron sheet (RES) is formed
from the second foil target when the electrons are accel-
erated in the gap of the double foil target as shown in
Fig. 1(d). Then a ZP is emitted by the RES as shown
in Fig. 1(e). The HHG in the CCSE regime has higher
high-frequency components. We apply a spectral filter to
select harmonics above 450 to obtrain the ZP. There are
several alternative filters, such as polyimide-aluminum
filter, carbon nanotube filters. Polyimide-aluminum filter
is composed of 5200 Å of polyimide vacuum coated with
800 Å of aluminum. Carbon nanotube filters is composed
of carbon nanotube foils with an atomic layer deposition
film such as aluminum. By changing the density of car-
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FIG. 1: (a) Schematic diagram of the two stages of ZP gener-
ation in the CCSE regime by the interaction of a laser pulse
with a double foil target. (b) The intensity profile of the AP.
The inset shows that the FWHM of the AP is approximately
10 as. (c) The intensity profile of the ZP obtained by a spec-
tral filter to select harmonic number above 450. The inset
shows that the FWHM of the ZP is approximately 380 zs. (d)
The spatiotemporal evolution of the normalized electron num-
ber density for both targets, The electron density of the first
foil target is represented in pink, and the second foil target
in blue. The blue ellipse represents RES from the second foil
target, while the red ellipse represents TRES from the first
foil target. (e) The spatiotemporal evolution of the normal-
ized electric field az after filtering. In (d) and (e), two black
dash-dotted lines represent the location of the first foil tar-
get. In (d) and (e), two stages of laser plasma interaction are
separated by one black dotted line, which is at t0 = 4.3TL.
As the electron density disturbance of the second foil target
is very small, the position of the second foil target is clear at
a glance.

bon nanotube foil and the thickness of alumium layer, the
energy range is of 50−1800 eV[43]. The filter was placed
in front of the first foil target. After the ZP was generated
from the second foil target, it can be safely transmitted
to the front of the first foil target. Accordingly, the de-
tector can be set in front of the first-foil target to detect
the ZP. The generated half-cycle ZP has a squared am-

plitude of 1227, which is normalized by (ωLmec/e)
2. The

corresponding intensity of ZP is 2.6 × 1021 W/cm2, and
the FWHM of ZP is 380 zs as shown in Fig. 1(c). Be-
cause the X-ray AP is a half-cycle pulse, only one RES is
formed when the AP interacts with the second foil tar-
get, resulting in a giant isolated half-cycle ZP as seen in
Fig. 1(d) and(e). From the simulation results, we can
obtain that the energy of the single isolated ZP pulse is
about ∼ 44µJ. The energy of the driven laser pulse is
∼ 4018 J. Then we can obtain the conversion efficiency
as 10−8. In fact, the conversion efficiency of the AP gen-
eration in the Stage I is about 10−6.

At first glance, the CCSE regime appears to be a sim-
ple superposition of two CSE in sequence, but this is not
so. The RES responsible for the generation of the ZP is
accelerated by the huge electrostatic field in the gap in
the double foil target, where the first layer target makes
a significant contribution to the acceleration of the RES.
We will discuss in detail the physical processes of the gen-
eration of ZP in the next subsection B. The key to the
success of this mechanism is to generate a half-cycle X-
ray AP, which is produced by the TRES from the first foil
target. Even though the giant half-cycle ZP is emitted
by the RES formed from the second foil target, the first
foil target plays an important role in the CCSE regime.
Not only is an ultra-high amplitude half-cycle X-ray AP
generated by the TRES, but the RES is also continuously
accelerated by the first foil to ultrarelativistic velocity.

The simulation were carried out using the particle-in-
cell (PIC) code EPOCH[44]. The wavelength of the in-
cident laser pulse is λL = 800 nm with the angular fre-
quency being ωL = 2πc/λL and the period being TL =
λL/c = 2.67fs. The laser pulse has a normalized ampli-
tude a0 = eEL/(ωLmec) = 425, where EL is the electric
field amplitude of the laser pulse, me is the electron rest
mass, e is the unit charge, and c is the speed of light in
vacuum. The incident laser pulse has a Gaussian tem-

poral envelope given by a1 = a0e
−(t−TL)2/τ2

sin[ω0(t −
TL) + φ0], where φ0 = 4.925 rad is the phase of the laser
pulse. Here, τ = 0.5TL and ω0 = ωL. The length of the
one-dimensional simulation box is 5λL, which is resolved
by 100 000 cells per wavelength. The first foil target is lo-
cated at 2.5λL < x < 2.575λL with density ne1 = 900nc,
and the target thickness d1 is 60nm. The second foil tar-
get is located at 2.9375λL < x < 3.025λL with density
ne2 = 860nc, and the target thickness d2 is 70nm, where
nc = ω2

Lε0me/e
2 is the critical density with ε0 being the

electric vacuum permittivity. The driven laser pulse has
a normalized amplitude a0 = eEL/(ωLmec) = 425 with
corresponding intensity is about 3.86× 1023 W/cm2. At
such extreme laser intensities, the QED effects should
be considered in the laser plasma interaction. Accord-
ingly, all simulations in this work have taken into account
the QED effect, such as incoherent synchrotron radiation,
quantum radiation reaction, and pair production.
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B. The dynamics of the double foil target

Even though the giant half-cycle ZP is emitted by the
RES formed from the second foil target, the first foil tar-
get plays an important role for the CCSE regime: (a)
In the first stage, the ultra-high amplitude half-cycle X-
ray AP is generated by the TRES, which is formed by
the first foil target. (b) The transverse perturbation on
the TRES comes from the radiation by the ES that is
formed by the first foil target. (c) When the RES moves
backward in the gap between two foils, it is continuously
accelerated to ultrarelativistic velocity as a result of the
huge Coulomb field in the gap, which is mainly produced
by the ions from the first target. Because the ES escaped
into vacuum, only ions remain at the first foil target po-
sition. Accordingly it is necessary to discuss firstly the
dynamics of the first foil target when it interacts with
the laser pulse.

Figure 2(a), a partial view of Fig. 1(d), illustrates the
electron density ne1 of the first foil target when a laser
pulse polarized along the z-direction is normally incident
on the target. Figure 2(a) shows a relativistic oscillation
of the ES under the combined actions of the laser pulse
and the Coulomb force. The pondermotive force of the
laser pushes the electron layer forward, while a huge elec-
trostatic field is generated due to charge separation thus
pulling the electron layer backwards and accelerating it
to form an ES. The longitudinal momentum distribution
of the ES is illustrated in Fig. 2(b), (c), and (d) at dif-
ferent times t1 = 3.44TL, t2 = 3.59TL, and t3 = 3.64TL,
respectively, which gives a whip-shaped distribution of
the longitudinal momentum distribution in the x − px
plane. The longitudinal momentum increases continu-
ously over time. Then the ES will emit radiations in the
CSE regime as shown in Fig. 1(e). The radiation from
the ES will provide transverse perturbations to the TRES
[47]. From Fig. 2(e), (f), and (g), the Coulomb force FE
is greater than the Lorentz force FB , and the combined
force FE +FB is negative, which pulls the ES toward the
reflection direction and makes the ES to escape to vac-
uum. It should be noted that most of the electrons in the
first layer of the foil target are pushed out, causing the
first layer of the foil target to be positively charged. This
provides power for the acceleration of the RES generated
by the second layer of the foil target.

When the ES move to the left side of the first foil tar-
get, the Coulomb force fE will change its direction and
become positive. For those electrons in the right half of
the ES, the laser field has little action because the laser
field is almost completely reflected by the front layer elec-
tron. The Coulomb force on the TRES is greater than the
Lorentz force fB as shown in Fig. 2(k), (l), and (m). Ac-
cordingly the electrons will move to the transmission di-
rection. As a result, the separated electrons reunite after
a period of time thus forming the TRES. From Fig. 2(h),
(i), and (j), we can see that the longitudinal momentum
of the TRES increases with time. The TRES is accel-
erated in the transmission direction under the action of

the Coulomb force. Then the TRES will emit an X-ray
AP during the acceleration, The AP propagates in the
transmission direction between the two targets until it
reaches and interacts with the second foil target.

Figure 3(a) illustrates the spatiotemporal evolution of
the electron density ne2 of the second foil target under the
action of the half-cycle AP generated in the first stage.
The half-cycle AP interacts with the second foil target,
compressing the electrons on the surface plasma layer of
the second foil target to the bulk plasma, leaving the
ions to generate a space charge field. The latter pulls
the electron layer out of the foil target in the reflection
direction to form an RES. When the RES moves between
the two foil targets, it is continuously accelerated to an
ultrarelativistic velocity as a result of the huge Coulomb
field in the gap as shown in Fig. 3(h), (i), and (j), which
is consistent with the increasing longitudinal momentum
of the RES as shown in Fig. 3(e), (f), and (g). It should
be pointed out that the Coulomb force is mainly pro-
duced by the ions from the first target. Because the ES
has escaped into vacuum, only ions remain at the first
foil target position. At the time t1 = 4.50TL, the RES is
formed and moves in the opposite direction and a high-
order harmonics starts to be generated. The HHG ends
at the time t3 = 4.63TL. The generated high-order har-
monics and the reflected AP is shown in Fig. 3(b), (c),
and (d). The high-order harmonics are filtered above
450ωL and then we obtain an isolated half-cycle ZP.

In the above simulations, the ions are assumed to be
immobile as the duration of the interaction between one-
cycle laser pulse and ultrathin foil target is very short.
Here we have also performed simulation with mobile ions
in order to check the rationality of this assumption with
the parameters about the laser plasma interaction being
the same as those in Fig 1. As the ions are taken as the
mobile species, we also give the spatiotemporal evolution
of the ion number density as illustrated in Fig 4(a), which
shows that the ions density almost keeps unchanged and
has very small disturbation. It is worth pointing out that
the ions was not pushed from their equilibrium position
and there is no oscillation for ions. From the comparison
between Fig 1(d) and Fig 4(a), the spatiotemporal evo-
lution of the electron number density is almost identical
in two cases. The extremely dense electron sheet are also
produced from the first foil target and consequently the
AP is also generated by the RES in the first stage in the
case of mobile ions. Naturally, the ZP was also generated
in the second stage as shown in Fig 4(b). The intensity
profile of the ZP obtained by a spectral filter is very simi-
lar to the case of immobile ions as shown in Fig 4(c). The
FWHM of the ZP is about 500 zs (as shown in Fig 4(c))
and is slightly larger than the case (380 zs) in Fig 1(c).

Here we discuss the experimental conditions and fea-
sibility of implementing our entirely new regime of the
giant half-cycle ZP generation. As the shorter pulses
synthesized from HHG need to acquire a broader spec-
trum, we naturally want to use X-ray laser pulse in-
teraction with plasma to produce large broad spectrum
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FIG. 2: (a) A close-up view of the spatiotemporal evolution of the electron density ne1 (normalized by nc) of the first foil target
under the action of the incident laser pulse. (b-d) The longitudinal momentum distribution of electrons in the x− px plane at
different times, t1 = 3.44TL, t2 = 3.59TL, and t3 = 3.64TL, respectively. The black dashed lines in (b)(d) show the profile of
the electron density of the ES. (e-g) The Coulomb force fE (green pluses), the Lorentz force fB (blue dots), and the resultant
force fE + fB (red circles) acting on the ES at t1 = 3.44TL, t2 = 3.59TL, and t3 = 3.64TL, respectively. (h-j) The longitudinal
momentum distribution of electrons in the x − px plane at different times during the production process of AP, t4 = 3.90TL,
t5 = 3.93TL, and t6 = 3.96TL, respectively. The black dashed lines in (h)(j) show the profile of the electron density of the
TRES. (k-m) The Coulomb force fE (green pluses), the Lorentz force fB (blue dots), and the resultant force fE + fB (red
circles) acting on the TRES at t4 = 3.90TL, t5 = 3.93TL, and t6 = 3.96TL, respectively.

with extremely high-frequency high-order harmonics. At
present, an ultarelativistic half-cycle X-ray attosecond
pulse does not exist. Accordingly we propose a unique
physical mechanism, which is realized by an ultra-intense
one-cycle laser pulse interaction with double foil target.
Thanks to the development of the optical parametric
chirped-pulse amplification techniques and plasma mir-
rors technique, we can obtain one-cyle or few-cycle laser
pulse with high contrast ratios greater than 1×1010 [45].
With development of the target technique, the thickness
of diamond-like carbon (DLC) or gold foil can be as small
as 2.9 nanometers [46].

Here, we are devoted to the generation of a single
isolated ZP. Consequently, we can obtain a single ZP
per driven laser pulse. Accordingly the number of ZP
per second depends on the repetition rate of laser facili-
ties. The repetition rate of relatively recent facilities at
petawatt power level are able to achieve multi-Hz. To
achieve higher repetition rate for petawatt power facil-
ities, there are many new techniques proposed recently.
The thulium-doped multi-pulse extraction technique is
expected to increase the repetition rate to 3 − 5 kHz.
Moreover, the ytterbium multi-pulse extraction tech-
nique can have repetition rate > 50 − 100 kHz. Then
we can expect that the number of ZP will be as high as
100 000 per second in the future [50].

Obviously, the key to the success of this mechanism
is to generate the half-cycle AP, which was produced by
the TRES from the first foil target. Even though the gi-
ant half-cycle ZP is emitted by the RES formed from the
second foil target, the first foil target plays an important
role for the CCSE regime. Not only is the ultra-high am-
plitude half-cycle X-ray AP generated by the TRES, but
is the RES also continuously accelerated by the first foil
to ultrarelativistic velocity. The intensity of the ZP has a
power about 100 TW, which is suitable for nuclear tran-
sition, resonance internal conversion, nuclear excitation
or vacuum physics studies.

III. THE THEORETICAL ANALYSIS OF ZP

A. The electrodynamics of the first ultrathin foil
target

Even though the half-cycle ZP is produced by the RES
formed from the second foil target, the first foil target
plays an important role in the CCSE regime. On one
hand, the transmitted AP is generated by the TRES
formed by the first foil target. On the other hand, the
half-cycle ZP is generated by the RES, which has been
continuously accelerated to ultrarelativistic velocity ben-
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FIG. 3: (a) A close-up view of the spatiotemporal evolution of
the electron density ne2 of the second layer foil target under
the action of AP normalized by nc. (b-d) show the profile of
the ZP (blue solid line) at different times t1 = 4.50TL, t2 =
4.58TL, and t3 = 4.63TL, respectively. The black dashed
lines in (bg) show the profile of the electron density of the
RES. (e-g) show the longitudinal momentum distribution of
electrons on the x − px plane at different times during the
production process of ZP, t1 = 4.50TL, t2 = 4.58TL, and t3 =
4.63TL, respectively. (h-j) show the Coulomb force fE (green
pluses), the Lorentz force fB (blue dots), and the resultant
force fE + fB (red circles) acting on the RES at t1 = 4.50TL,
t2 = 4.58TL, and t3 = 4.63TL, respectively.

efiting from the first foil when the RES moves in the
reflected direction towards the first foil target. We first
analyze the relativistic dynamics of the first foil target
and the formation of the TRES. The longitudinal dynam-
ics of the first foil target are governed by the momentum
equation

dpx
dt

= −2π (Ex − vzBy) , (1)

where the electric field Ex is normalized by meωLc/e,
the magnetic field By by meωL/e, the momentum px

900

600

300

0

50

40

30

20

10

0

-10

-20

-30

-40

-50

𝑎𝓏𝑛𝑒2𝑛𝑒1

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0
2.4         2.6         2.8           3

Τ𝑥 𝜆𝐿 Τ𝑥 𝜆𝐿

(a) (b)

2.4         2.6         2.8           3

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

Stage Ⅰ（t ≤ 𝑡0）
Stage Ⅱ（t＞𝑡0）

Stage Ⅰ（t ≤ 𝑡0）
Stage Ⅱ（t＞𝑡0）

𝑡0=4.3𝑇𝐿

𝑛𝑖

1.37                   1.4𝑡(as) × 104

1400

700

0

1.3627              1.3633
× 104𝑡(as)

1400

0

500zs

(c)

FIG. 4: (a) The spatiotemporal evolution of the normalized
electron number density and ion number density. The elec-
tron density of the first foil target is represented in pink, and
the second foil target is in blue. The ion density of the first foil
target is represented in grey. The blue ellipse represents ES
and RES from the first foil target and the second foil target,
respectively. The red ellipse represents TRES from the first
foil target. (b) The spatiotemporal evolution of the normal-
ized electric field az after filtering. The red ellipse represents
AP generated from the first foil target. The blue ellipse repre-
sents ZP from the second foil target. (c) The intensity profile
of the ZP. The ZP is obtained by selecting harmonic number
above 450 by spectral filter. The inset shows that the FWHM
of the ZP is approximately 500 zs.

by mec, and the velocity vz by c, and time t by λL/c.
By considering the relationship between the normalized
velocity and momentum vz = pz/γ and the relation-
ship pz = az, the last term of the right hand of Eq.(1)
can be written as a2z/γ, where the relativistic factor is

γ =
√

1 + p2x + p2z =
√

1 + p2x + a2z. We take time deriva-
tive of Eq.(1)

d2px
dt2

= −2π
dEx
dt
− 2π

d

dt

(
a2z
γ

)
, (2)

The electrostatic electric field Ex can be written as

Ex = 2π

∫ x(t)

−∞
(Zini0 − ne(x′, t))dx′, (3)

where the unperturbed ion number density ni0 and elec-
tron number density ne are normalized by nc. The space
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argument x and x′ are normalized by λL. Here we as-
sume that the unperturbed equilibrium electron number
density satisfies the charge neutrality ne0 = Zini0. The
ions remain stationary under the action of the laser pulse.
Using fluid approximation, the time derivative of electro-
static electric field Ex can be simplified as [39]

dEx
dt

= 2πne0vx, (4)

Using Eq.(4) in Eq.(2), we obtain

d2px
dt2

= −4π2ne0
px
γ

+ 2π
a2zpx
γ3

dpx
dt

−2π
az
γ

(
2− a2z

γ2

)
daz
dt

.

(5)

The longitudinal relativistic oscillations of the ES formed
by the first foil target can be described by Eq.(5). From
Fig. 4 (a), we can see that the majority of the electrons
from the first foil target are pushed from their equilib-
rium position towards the target by the Lorentz force of
the laser pulses, which results in the formation of the ES.
The Coulomb restoring force due to the displacement of
the ES increases and pulls them back when the Lorentz
force decreases, which results in longitudinal relativistic
oscillations of the ES. The theoretical model (5) of the
dynamics of the ES is numerically solved and illustrated
in Fig. 4 (b). Figures 4 (a) and (b) show that the theo-
retical model matches well with the simulation results.

From Fig. 4 (a), when the ES reverses its direction
toward the target, it is divided into a left layer and a
right layer. The left layer continues to move in the reflec-
tion direction, while the right layer reverses its direction
and moves in the transmission direction. The TRES is
formed by the right half of the electrons in the ES, which
is clearly illustrated in Fig. 4 (c) by the close-up of the
spatiotemporal evolution of the electron number density
ne of the green box in Fig. 4 (a). From Fig. 2 (e), (f), and
(g), we can see that the Coulomb restoring force domi-
nates when the ES move back in the reflected direction.
Especially for the electrons in the right half of the ES,
the laser field has little effects on them due to that the
laser field is blocked by the front layer electrons. Accord-
ingly, the dynamics of the TRES formed by the posterior
electrons in the ES is mainly dominated by electrostatic
electric field force. Then we can simplify Eq.(5) for the
dynamics of TRES as

d2px
dt2

+
Ω2

γ
px = 0, (6)

where Ω = (4π2ne0)1/2. Equation (6) is a relativistic har-
monic oscillation. If the longitudinal momentum of the
TRES is obtained from Eq.(6), the spatial coordinates of
TRES at any time is obtained as

x(t) =

∫ t

0

vx(t′)dt′ =

∫ t

0

px(t′)

γ
dt′. (7)

The evolution of the electrons in the TRES coordi-
nates with time can be obtained from Eq.(7) as shown
in Fig. 4(d), where the initial conditions are chosen
as pz = 50, px = −300,−300.5,−301,−301.5,−302
for the anterior layer electrons, and pz = 50, px =
−30,−29.5,−29,−28.5,−28 for the posterior layer of
electrons. These initial conditions are selected from the
simulation results in Fig. 2(b), (c), and (d). We can see
that the theoretical model is consistent with the simu-
lation results as shown in Fig. 4(c) and (d). Both the
numerical simulation results as shown in Fig. 4 (c) and
the theoretical mode illustrated in Fig. 4 (d) confirm that
the relativistic oscillation is crucial for the formation of
TRES.
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2.2     2.3  2.4     2.5  2.6
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-0.4                                  0

0.9

0.7

0.5
(d) Τ𝑥 𝜆𝐿

TRES

FIG. 5: (a) Simulation results of the electronic oscillation
trajectory of the first layer foil target in the x-t plane. The
trajectory of electrons converging into TRES on the back side
of the ES. (b) An electron of the first layer foil target oscilla-
tion trajectory in the x-t plane from the analytical model. (c)
Enlarged image inside the ES in (a). (d) The analytical model
for the formation of TRES by electron convergence. The front
layer electrons (blue) continue to move in the direction of re-
flection, while the back layer electrons (red) change direction
opposite to that of transmission.

In Fig. 5 (d), we have chosen the initial condition
dpx/dt 6= 0 and taken values for different selected elec-
trons. The electrons at different spatial positions expe-
rience different values of the electrostatic electric field.
The difference in the electrostatic field between two spa-
tial points is obtained from Eq. (3) as

Ex2 − Ex1 = 2π

∫ x2

x1

(ne0 − ne)dx′. (8)

From Fig. 2 (e), (f), and (g), we can assume that the
electron number density is similar on the right-hand side
of the ES. Accordingly, we can approximately obtain
the difference in the electrostatic field as Ex2 − Ex1 =
2π(x2−x1)(ne0−ne). Considering the difference in elec-
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trostatic field, the time derivative of the longitudinal mo-
mentum dpx/dt is different for electrons at different spa-
tial positions. We take a time derivative of Eq.(7) and
use Eq.(6) to obtain

dx(t)

dt
= − 1

Ω2

d2px
dt2

. (9)

Integrating Eq. (9) once, one obtain

dpx(t)

dt
= −Ω2 [x(t)− x0] , (10)

where x0 is an integration constant. When x = x0 at
t = 0, we have dpx/dt = 0. For electrons that are not at
x0 at t = 0, dpx/dt is not equal to 0 and is different for
electrons at different spatial positions at t = 0. From the
simulation results shown in Fig. 4 (c), the convergence of
posterior electrons are not as good as the theoretical pre-
dictions due to the difference of dpx/dt between electrons
in the TRES.

The dynamic equation (6) of relativistic harmonic os-
cillation can be obtained from the following Lagrangian
by the variational principle

L =
1

2
(ṗx)

2 − Ω2
√

1 + p2x + a2z, (11)

where ṗx denotes the time derivative of the longitudinal
momentum. The corresponding Hamiltonian will be a
constant of motion

H =
1

2
(ṗx)

2
+ Ω2

√
1 + p2x + a2z = const. (12)

Considering the boundary condition ṗx = 0, px = px0,
and az = E0 at x = x0, we obtain the energy integral

1

2
(ṗx)

2
+ Ω2

√
1 + p2x + a2z = Ω2

√
1 + p2x0 + E2

0 . (13)

Using Eq. (10) in Eq. (13), we obtain the energy integral
in the phase space of x and px as

Ω2

2
[x(t)− x0]

2
+
√

1 + p2x(t) + a2z =
√

1 + p2x0 + E2
0 .

(14)
The energy integral equation (14) gives x(t) as a function
of px(t), similar to the case of single ultrathin foil target
[39]. From Eq. (14), px can be seen as a quadratic func-
tion of x, which is confirmed by Fig. 2(h), (i), and (j).
At different times, the phase space graphs exhibit simi-
lar functional relationships between px and x. The latter
demonstrate the rationality of the relativistic oscillation
theory model for the formation of TRES.

B. The power-law exponent of ZP in CCSE regime

The ZP is emitted by the RES formed from the sec-
ond foil target. The nonlinear transverse electric current
of the RES formed by the second foil target determines

the high-frequency spectrum of the reflected pulse in the
CCSE regime[48]

Jz(x, t) = −2σ0δ(x− x0(t))vz(t), (15)

where x0(t) represents the position of the RES at time
t. Here we consider a delta function-like electric current
density distribution. The reflected velocity is vz(t) =
Az(t)/γ, where γ is the relativistic factor. Az is the
vector potential of the laser pulse and is normalized
by mec

2/e. The dimensionless areal charge density is
σ0 = πned2λ, where λ is the wavelength of the driven
laser pulse, and d2 is the second thickness of the foil tar-
get. Here, we refer to the waveform of AP as shown in
Fig. 1(c) and assume δb(t) to represent the dimensionless
electric field

az = δτ0(t) =

{
a2(1− t2

τ2
0

), t ∈ [−τ0, τ0]

0, otherwise,
(16)

where
√

2τ0 is FWHM of the AP, and a2 is the laser
amplitude of the AP. The relationship between the di-
mensionless electric field az and the dimensionless vector
potential Az is az = −dAz/dt. Therefore, we can obtain
the expression of Az as

Az = −a2t+
a2t

3

3τ20
. (17)

The lowest-order approximation gives the transverse ve-
locity as

vz = −a2t
γ

+
a2t

3

3τ20 γ
. (18)

As the RES has ultrarelativistic velocity, the absolute
velocity normalized by c is close to 1. We can obtain the
position of the electron beam RES by x0(t) =

∫
vxdt,

where vx satisfies v2x + v2z = 1, as

x0(t) = t− a22t
3

6γ2
+

a22t
5

15τ20 γ
2
− a22t

7

126τ40 γ
2
. (19)

The reflected radiation can be determined by the
transverse-current distribution Jz(x, t) which is normal-
ized by encc, where the profile of the transverse-current
density distribution is assumed to be unchanged. The
reflected field is given as[33]

E(t) =− π
∫
Jz(x, t− x)dx

=2σ0π

∫
vz(t− x)δ(x− x0(t− x))dx.

(20)

We used the highest-order term in x0(t) for Fourier trans-
form to obtain the spectrum of the ZP as

I(ω) = 8σ0π
3α2

0(βω)−
8
7

∣∣∣Ai′′′(ξ)∣∣∣2 . (21)
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where α0 = − a2
3τ2

0 γ
,β = 1

98α2
0
, and ξ = −ω 6

7 (98ωα2
0)−

1
7 .

Ai
′′′

(ξ) = 1
2π

∫
τ3ei(ξτ+

τ7

7 )dτ is the third derivative of

the generalized Airy function[33],where τ = (98ωα2
0)

1
7 t.

We note that the square of the Fourier transform of δ is 1.
As Fig. 6 shows, the spectrum of the HHG-generated ZP
can reach 30 000 times the fundamental frequency, where
the I(ω) ∝ ω−8/7 scaling law for high frequencies of the
spectrum is consistent with the theoretical calculations.

From Fig. 6, one can see that the harmonic spectra is
slightly affected by the QED effects. The QED effects
slightly enhance the intensity of high-order harmonics
and is not as large as expected, which is due to the fact
that there is quantum quenching of QED process in the
case of short laser pulse [49]. Moreover, the double foil
targets are all ultrathin targets, which is also reduces
the probability of QED process. The simulation results
without QED clearly shows that the QED effects slightly
enhance the generation of ZP, which can be confirmed by
comparing Fig. 1(c) with Fig. S1(b) in the Supplemen-
tary materials [51], where we can see that the duration
of ZP with QED effects is slightly shorter than that with-
out QED. Due to the presence of the QED effects, the
γ-ray photons radiation is accompanied by the generation
of radiation reaction effects that can compress the RES
and consequently reduce the thickness of the RES. As a
result, the duration of ZP with QED effects is slightly
shorter than that without QED. The robustness of the
CCSE regime of ZP generation is also given in the Sup-
plementary materials [51].

100 101 102 103 104100
103
106

In
te

n
si

ty
 (

ar
b
.u

n
it

s)

Τ𝜔 𝜔𝐿

𝐼 𝜔 ∝ 𝜔− Τ8 7

FIG. 6: The harmonic spectra of ZP. The attenuation of the
spectrum follows I(ω) ∝ ω−8/7.

IV. CONCLUSION

We highlight an entirely new regime of the giant half-
cycle ZP generation by the CCSE for the first time. As
the shorter pulses synthesized from HHG need to acquire
a broader spectrum, we naturally want to use X-ray laser
pulse interaction with plasma to produce large broad
spectrum with extremely high-frequency high-order har-
monics. Accordingly we propose a unique physical mech-
anism including two stages, which is realized by an ultra-
intense laser pulse interaction with double foil target. In
stage I, a AP is firstly produced in transmission direction
by the laser pulse interaction with the first foil target.
The latter can produce higher cut-off frequency of high-
order harmonics to synthesis giant ZP in Stage II when
it interacts with the second foil target.

Obviously, the key to the success of this mechanism is
to generate the half-cycle AP, which was produced by the
TRES from the first foil target. Even though the giant
half-cycle ZP is emitted by the RES formed from the
second foil target, the first foil target plays an important
role for the CCSE regime. Not only is the ultra-high
amplitude half-cycle X-ray AP generated by the TRES,
but also is the RES also continuously accelerated by the
first foil to ultrarelativistic velocity.

We discuss in detail the dynamics of the first foil target
both by the theoretical analysis and by the numerical
simulation. We give the theoretical model for the AP
generation in transmission direction for the first time.
The electrodynamics of RES that is responsible for ZP
generation is also analyzed in detail. The intensity of
the ZP has a power about 100 TW, which is suitable for
nuclear transition, resonance internal conversion, nuclear
excitation or vacuum physics studies.

The data that support the results of this study are
available on request from the authors.
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