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By introducing a pre-plasma truncation for the cases with initial pre-plasma scale length larger
than 0.2λ, the efficiency of high-order harmonics generated from relativistic laser-solid interaction
can be enhanced by more than one order of magnitude and the angular spread can be confined into
near-diffraction-limited divergence. Numerical simulations show that the density truncation results
in more compact oscillation of the surface electron sheet and the curvature of the reflection surface
for driving laser is greatly reduced. This leads to an overall improvement in the harmonic beam
quality. More importantly, the density truncation makes the harmonic generation weakly dependent
on the pre-plasma scale length, which provides a way to relax the extremely high requirement on the
temporal contrast of the driving laser pulse. A feasible scheme to realize the required pre-plasma
truncation is also proposed and demonstrated by numerical simulations.

I. INTRODUCTION

High-order harmonic generation (HHG) from ultrain-
tense laser solid-target interaction provides an impor-
tant way to produce bright coherent extreme-ultraviolet
(XUV) and X-rays [1, 2]. Owing to the high temporal and
spatial coherence, high-order harmonics can generate at-
tosecond pulses [3–8] and achieve diffraction-limited per-
formance [9]. Due to its high brightness, the HHG source
is very promising for applications in single-shot coherent
diffraction imaging [10], X-ray-absorption fine-structure
spectroscopy [11] and seeding free-electron lasers [12].
HHG is also proposed as an advanced tool for measuring
magnetic fields and holograms on plasma surface [13–15],
and for producing high-order vortex light [16, 17].
In the past decades, plenty of efforts have been devoted

to improve the quality of HHG. To enhance the harmonic
generation, the methods of using two-color lasers [18, 19],
laser waveform shaping [20], multipass interactions [21]
and using grating targets [22–24] were proposed. In
particular, the pre-plasma scale length is found to be
one of the key factors [25–28] for improving HHG effi-
ciency. Harmonics generated around the front surface can
be greatly enhanced when an optimal pre-plasma scale
length (0.05λ < L < 0.1λ) is introduced [29], where λ is
the laser wavelength. However, ideal diffraction-limited
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performance of harmonics can only be achieved by an
ultra-steep steplike plasma surface. Vincenti et al. [30]
demonstrated that the harmonic divergence could be en-
larged by a factor of 3 for the optimal pre-plasma scale
length, and even larger for longer pre-plasma scale length.
In addition, ultrahigh laser contrast, 10−10 ∼ 10−12, will
be required if one expects to obtain the pre-plasma scale
length as short as 0.05λ ∼ 0.1λ [29, 31]. To overcome
the above problems, a feasible method should be found
to generate high-order harmonics with high efficiency and
low divergence, and meanwhile suitably relax the severe
requirement on the pre-plasma scale length.

Practically, the ramp shape of pre-plasma is also an im-
portant factor but has not been well explored. In the sub-
relativistic laser regime, Dromey et al. have found that
by tuning the pre-plasma density ramp selected harmon-
ics can be greatly enhanced [32]. However, this enhance-
ment is limited to the harmonics generated by coherent
wake emission mechanism [33], which will be out of ac-
tion when the laser becomes relativistic. In the strongly
relativistic laser regime, to our knowledge, the effects of
pre-plasma ramp shape on HHG have not yet been re-
ported.

In this paper, we will show that in the relativistic
laser regime, for a target with relatively large pre-plasma
length, a pre-plasma truncation within the overdense re-
gion can greatly enhance the HHG efficiency and ob-
tain harmonics with near-diffraction-limited angular di-
vergence. The HHG efficiency for the scale length L¿0.2λ
after being truncated is comparable to that obtained for
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the theoretical optimal case with pre-plasma scale length
of L=0.1λ. Our numerical studies show that when a
relativistic laser impinges on a suitably truncated pre-
plasma ramp, very compact and dense electron sheets
can be driven to emit high-order harmonics. These elec-
tron sheets ultimately leading to significant enhancement
of harmonic efficiency and reduction of spectral width.
The truncation also makes it harder for the driving laser
to dent the plasma surface. Thus, high-order harmonics
can obtain near-diffraction-limited angular divergence.
More importantly, in contrast to normally sensitive de-
pendence of HHG on pre-plasma scale length, HHG un-
der pre-plasma truncation is weakly dependent on the
scale length, which partly relaxes the ultrahigh require-
ment on the laser temporal contrast for HHG. A feasible
scheme to realize and control such pre-plasma truncation
is also proposed.

II. SCHEMATIC

n
ref

n
cut

solid targetpreplasma

n
max

electron sheet
case B:

with truncation

case A:

w/o truncation
underdense

overdensey

x

incident

reflected

θ
(a)

(b)

FIG. 1. Schematic of HHG in the laser-solid target inter-
actions with different pre-plasma ramp shapes. The brown
(green) arrows represent the incident (reflected) lasers. The
purple layers represent the compressed electron sheets. The
red lines show the plasma density distributions along the x
direction. nref , ncut and nmax denote the reflection density,
the truncation density and the maximum plasma density of
solid target, respectively.

The main idea is illustrated in Fig. 1. When a short rel-
ativistic laser pulse irradiates a solid target with normal
pre-plasma profile as shown in Fig. 1(a), electrons in the
pre-plasma are firstly compressed and pushed forward by
the laser. The charge separation between the compressed
electrons and immobile ions builds an electrostatic restor-
ing force which pulls the electron sheet back. Thus, an
electron sheet acting as ”oscillating mirror” is formed
and oscillates around the laser reflection region. When
the incident laser is reflected by the back-moving electron
sheet, its frequency is upshifted due to the Doppler effect
and high-order harmonic components appear in the re-
flected pulse [34, 35]. For a linearly polarized laser with
normalized intensity of a0 = eE/meω0c and incidence
angle of θ, it will be reflected around the region with
density nref = γnc cos

2 θ [36], where γ = (1 + a20/2)
1/2 is

the relativistic factor of the electrons around there and
nc = ǫ0meω

2
0/e

2 represents the non-relativistic critical
plasma density. However , if the pre-plasma scale length
is too large, the laser pulse would pass through a long-
distance of underdense pre-plasma before arriving at the
reflection region. The relatively low plasma density leads
to a long pile-up length of electrons to build the restoring
force. Furthermore, the laser propagation in the near-
critical-density plasma before reflection may give rise to
uncontrolled laser evolution and pre-heated electrons. As
a result, the compression of the electron sheet and the co-
herence of HHG are reduced. Besides, the reflection sur-
face will be curved by the driving laser at low plasma den-
sity region. Since the angular divergence of high-order
harmonics could be enlarged due to the curved surface,
the beam quality will then be largely reduced. In or-
der to improve the HHG quality, a reasonable way is to
push the oscillation position deeper into a higher den-
sity region. As shown in Fig. 1(b), if the pre-plasma is
truncated at a position with density ncut > nref , a more
compact electron sheet could be generated by the laser
within a short compression distance. As we will see, the
subsequent HHG quality in this scheme can be greatly
improved compared with the HHG from a target with
continuous pre-plasma.

III. EFFECTS OF PRE-PLASMA TRUNCATION

ON HHG

We use two-dimensional particle-in-cell (PIC) simula-
tions to study the harmonic generation. A p-polarized
laser pulse with beam waist of w = 3λ0 and duration
of τ = 10T0, is incident from the left boundary of the
simulation box, where λ0 = 800nm and T0 = λ0/c are
the laser wavelength and period, respectively. The nor-
malized laser intensity is a0 = 3 and the incidence angle
is θ = 45◦. These parameters can be realized by usual
100TW Ti:sapphire femtosecond laser. The target con-
sists of a 2λ0 thick slab with nmax = 100nc and an expo-
nentially declining pre-plasma with a scale length of L.
The grid size is dx = dy = λ0/200, and 100 particles per
cell are used in the simulations.

A. Harmonic Spectrum

We first compare the harmonic spectra of three cases,
L = 0.1λ without pre-plasma truncation (case S, corre-
sponding to an optimal scale length), L = 0.2λ without
truncation (case A, corresponding to a usual experimen-
tal condition) and L = 0.2λ with a truncation at density
of ncut = 7nc (case B). The simulated harmonic spectra
are shown in Fig. 2. One can see that the harmonic ef-
ficiency decreases by near one order of magnitude from
L = 0.1λ to L = 0.2λ if without pre-plasma truncation.
This phenomenon is a consensus in simulations and ex-
periments [28, 29]. However when pre-plasma truncation
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is applied (case B), the harmonic intensity recovers to
a high level and is comparable to that in case S. The
enhanced harmonic spectrum by truncation has more in-
teresting features. Harmonics with order 10 < N < 30
(XUV) are enhanced by more than one order of mag-
nitude in their efficiency despite the spectrum declines
faster at higher orders. In addition, the spectral width of
each harmonic is narrower compared with those in case
A, which can be seen more clearly in the enlarged il-
lustration of Fig. 2. Besides, the envelope of harmonic
spectrum exhibits regular modulation.
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FIG. 2. Harmonic spectra for the cases L = 0.1λ (case S,
dashed dotted line), L = 0.2λ without pre-plasma truncation
(case A, dashed line) and L = 0.2λ with truncation at ncut =
7nc (case B, solid line).

To understand these new features and the reason for
the recovery of harmonic intensity, we first compare the
dynamics of surface electrons and consequent HHG for
cases A and B. Figs. 3(a) and (b) show the spatio-
temporal density evolution of electrons along a fixed line
(−1.5λ0 < x < 0, y = 0). One can see that the electron
sheet in case A mainly oscillates with laser frequency ω0

and has a rather long excursion distance. However, in
case B, the electron sheet is much more compact and it
oscillates twice per laser cycle. The excursion distance is
also shorter than that in case A. These imply that the co-
herent superposition of the harmonic emission from this
electron sheet could be improved and the radiation may
occur twice within one laser cycle. In Figs. 3(c) and (d)
the typical electron trajectories and the concomitant har-
monic emission demonstrate these conjectures.
The oscillation mode of electron sheet is mainly de-

termined by the laser fields at the reflection surface. For
case A, the laser energy will be strongly absorbed around
the near-critical-density region. Because of the short
scale length of pre-plasma, the so-called ”vacuum heat-
ing” [37] takes main effects on the HHG process. The re-
flection laser is weaker than the incident one. Therefore,
electron sheets oscillate resonantly with the longitudinal
electric field of laser, once per laser cycle. However, for
case B, the laser will suffer from near-complete reflec-
tion at the surface due to the high plasma density. The
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FIG. 3. (a) and (b): Spatio-temporal evolution of electron
density along a fixed line with y = 0. (c) and (d): Typical
trajectories of the electrons composing the oscillating mir-
ror. The background shows harmonic emission filtered by
N ≥ 10th (top colorbar). The colors along the trajectories
represent the normalized longitudinal momentum px = γvx/c
of the electrons (right colorbar). The left column [(a) and (c)]
and right column [(b) and (d)] figures correspond to the cases
without and with ncut = 7nc, respectively.

longitudinal electric field will be counteracted by the in-
cident and reflected lasers. The residual fields are the
transverse electric field Ey = 2E0sinθ and magnetic field
Bz = 2B0. In this scenario, the oscillation of surface elec-
trons is dominated by the magnetic field—”AC gyromag-
netic effects” [38]. As demonstrated in Ref.[38], the AC
gyromagnetic effects will inhibit the longitudinal accel-
eration of surface electrons and change their oscillation
frequency. The oscillation frequency should ideally be
ωB = 2 cos θa0ω0 ≈ 4.2ω0 for our simulation parameters.
However, the real oscillation frequency from Fig. 3(d) is
found to be ωB = 3.4ω0. Two reasons may lead to this
discrepancy. First, the laser is actually not completely
reflected in our case B. A fraction of laser energy is ab-
sorbed by surface electrons, which reduces the intensity
of the reflected laser. Second, some electrons driven by
the laser fields are still strongly relativistic. As shown in
Fig. 3(d), these energetic electrons will ultimately move
into the target and not participate in the next oscillation,
which affects the surface fields.

After understanding the oscillation mode at different
cases, a clear explanation of the spectral enhancement
and modulation for case B can be given. We select a
stripe of electrons around the laser focus with a trans-
verse width of δy = 0.05λ0. Their relative density dis-
tribution in the phase space (x − 4γ2) at the moment
when the oscillation velocity of compressed electron sheet
reaches its maximum are shown in Fig. 4(a). As one can
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FIG. 4. (a) Relative electron density distribution in the phase
space ne(x, 4γ

2). Only electrons with γ > 1.5 are counted. (b)
Temporal waveform of harmonic fields filtered by N ≥ 10th.
The peak of driving laser reaches the target surface at about
t = 17T0.

see, the electron sheet in case B is much thinner and the
density is much higher than those in case A. The smaller
bunch size and higher density are favorable for coherent
and stronger radiation. On the other hand, there are
fewer electrons in the high-energy tail in case B. Since
the maximum radiation frequency is limited by the elec-
tron relativistic parameter γ, the harmonic spectrum in
the higher order region (N > 30) declines faster in case
B than in case A, as shown in Fig. 2. The inhibition of
high-energy electrons in case B is due to the aforesaid gy-
romagnetic effects. Such inhibition will be stronger with
the increase of ncut because of the increased laser re-
flectivity and surface current to enhance magnetic fields.
Therefore, there should be an optimal truncation density,
as it will be shown in Sec. IV, which is most suitable for
enhancing the middle-order harmonics, i. e. in the XUV
range.

We then analyze the spectral modulation. As shown
in Fig. 4(b), high-order harmonics are not emitted effi-
ciently every laser cycle for case A. Only around the peak
temporal position when the plasma surface is compressed
to be denser the harmonic intensity is comparable to the
intensity for case B. In case B, the HHG is always efficient
due to the plasma surface is initially dense. For each laser
cycle, the radiated harmonic signal has a similar tempo-
ral profile we define as f(t), then the final spectrum is

E(ω) = ΣM−1
m=0F (ω)e−imωT0 , where M is the number of

effective laser period for HHG and F (ω) is the Fourier
transformation of f(t). The spectral envelope is deter-
mined by F (ω) and the harmonic peaks come from the

coherent addition term exp(−imωT0). Each peak width
is inversely proportional to M . This is why the spectral
width of each harmonic is narrower for case B. In addi-
tion, if for a case, just like case B, there are twice similar
emissions per laser cycle, i.e. f(t) = f0(t) + αf0(t+∆t),
then F (ω) = F0(ω)[1 + α exp(iω∆t)]. This leads to the
spectral modulation and its intensity will be weakened
at ω∆t = (2p + 1)π, where p = 1, 2, 3, · · ·. Hence, the
modulated orders are at N = (p + 1/2)T0/∆t. In case
B, the temporal interval of emission is approximately
T0/∆t = ωB/ω0 = 3.4 as shown in Fig. 3(d). So the
calculated modulation orders are 5, 8.5, 12, · · ·, which is
in good agreement with the simulation results shown in
Fig. 2.

B. Harmonic angular divergence

Besides the spectral intensity and width, the angular
divergence of harmonic beam is also important for appli-
cations. In our studies, we find the pre-plasma truncation
can remarkably reduce the harmonic angular divergence.
Figure 5 shows the curvature of plasma surface for case
A and B. When the pre-plasma is not truncated, the
maximum bending distance can reach δxe = 0.4λ0 even
though L = 0.2λ0. However, the bending distance is re-
duced to δxe = 0.08λ0 after pre-plasma truncation. Ac-
cording to the analyses in Ref. [30], the curved surface
acts as a focusing mirror which focuses the high-order
harmonics with a divergence angle θN = θ0N

√

1 + Ψ2
N ,

where θ0N = λN/(πwN ) is the diffraction-limited diver-
gence angle of the N th harmonic without surface curva-
ture, and ΨN = πw2

N/(rdλN cos θ) is the dimensionless
focusing parameter for theN th harmonic. rd is the curva-
ture radius of plasma surface. If ΨN ≪ 1, the harmonic
divergence angle is θN ≈ θ0N , decreasing near linearly
with N−1. While if Ψ ≫ 1, the harmonic divergence
angle is θN ≈ ΨNθ0N = wN/(rd cos θ), which is weakly
dependent on the harmonic order because wN changes
slowly with N .
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In our simulations, case A and case B correspond to
Ψ ≫ 1 and Ψ < 1, respectively. As shown in Fig. 6, the
divergence angle of each harmonic almost keeps a con-
stant of 120mrad for case A, however for case B the diver-
gence angle decreases linearly with N−1 as θN = 420/N
mrad when N ≥ 10. We note that the simulated di-
vergence angles are smaller than the estimates by the
model in Ref. [30]. In Fig. 5, the curvature radius is
rd ≈ w2

0/2δxe = 11λ0 for case A. One can calculate out
Ψ ≫ 1 for all high-order harmonics and the divergence
angle should be θN ≈ 380mrad. The reason for the di-
vergence reduction can be found from Figs. 3(c) and (d).
It can be seen that the emission of harmonics does not
occur at the end of curvature surface. High-order har-
monics are emitted by the energetic electron beams af-
ter a distance of acceleration. Thus, the real curvature
for focusing harmonics is less than the curvature shown
in Fig. 5. Particularly, for the truncation case B, only
those electrons getting back to the initial surface could
obtain enough energy to emit higher-order harmonics due
to the gyromagnetic effects, as shown in Fig. 3(d). Hence,
the plasma surface seems hardly curved and can produce
high-order harmonics with near-diffraction-limited diver-
gence.

（a） （b）

FIG. 6. Angular divergence of harmonics for cases without
pre-plasma truncation (a) and with ncut = 7nc (b). The
radial dimension represents the harmonic order. The green
rectangles represent the targets, and the red arrows repre-
sent the incident laser. The colorbars show the logarithm of
normalized harmonic intensity.

C. HHG dependence on pre-plasma scale length

As shown in Fig. 3, the oscillating electron sheet
is more compact in the truncation case. The maxi-
mum excursion distance of oscillating electron sheet can
be given by δxe = L ln [1 + λ0a0(1 + sin θ)nc/(πLncut)]
[30]. If ncut or L is large enough to make ncut/nc ≫

λ0a0(1 + sin θ)/πL, δxe will be simplified as δxe =
λ0a0(1+sin θ)nc/πncut, which is independent of the pre-
plasma scale length. The value of ncut could be a little
smaller than the above estimation due to the real excur-
sion distance, where high-order harmonics are produced,
is smaller than δxe.
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Our studies show that HHG with pre-plasma trunca-
tion has the advantage of being insensitive to the pre-
plasma scale length. Figure 7(a) shows the harmonic
spectra for four cases. For the cases without pre-plasma
truncation, harmonic intensity drops more than two or-
ders of magnitude as the pre-plasma scale length in-
creases from L = 0.1λ0 to 0.4λ0. On the contrary,
the harmonic spectra for the cases with truncation do
not change much as the pre-plasma scale length varies.
Harmonic yields for cases with and without pre-plasma
truncation at different plasma scale lengths are shown in
Fig. 5(b). The generation efficiency reduces rapidly as
the plasma scale length increases in the cases without
truncation. When L > 0.5λ0, almost no harmonics can
be generated. However, the efficiency always remains
at a high level when the pre-plasma is truncated with
ncut = 7nc. It is worth noting that although HHG effi-
ciency can be improved by tuning the pre-plasma scale
length, as shown in Fig. 7(a), and the scale length can be
controlled by improving the laser contrast using plasma
mirror technique [31], usually more than 30% of the laser
energy is inevitably lost. The insensitive dependence of
HHG on pre-plasma scale length can relax the require-
ment on ultrahigh laser contrast.

IV. OPTIMAL TRUNCATION DENSITY

According to our analyses in Sec.III, using pre-plasma
truncation can improve the radiation coherence of har-
monic beams, however higher truncation density will in-
hibit the generation of high-energy electrons. To come
to a compromise, there should be an optimal trunca-
tion density which leads to the most efficient emission
of middle-order harmonics, i. e. the XUV light. To
investigate the optimal truncation density for HHG, we
performed a series of simulations by scanning ncut, a0
and θ.
Figure 8(a) shows the variation of harmonic intensi-

ties with different ncut. It shows that when ncut is be-
low the non-relativistic critical density (nc cos

2 θ), the
truncation density has very weak influences on the har-
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FIG. 8. (a) Dependence of harmonic intensity (
∑

N≥10
|E(ω

N
)|2) on ncut for a0 = 3. (b) Optimal truncation density ncut for

HHG varying with laser intensity. The laser incidence angle in (a) and (b) is θ = 45◦. (c) Dependence of harmonic intensity
on θ and ncut. The laser intensity in (c) is a0 = 5.

monic intensity. However, when the truncation density
increases, the influence becomes effective. The HHG be-
comes quite efficient when ncut is close to nref , around
which harmonic emission reaches a strong point and is
emitted once per laser cycle. Nevertheless, the harmonic
intensity becomes even higher when the truncation den-
sity increases to ncut = 7nc where the emission occurs
twice per laser cycle as we showed before. The opti-
mal truncation density also relies on the laser intensity
a0 and incidence angle θ. In Fig. 8(b) we show the op-
timal truncation densities for different laser intensities
when the incidence angle is fixed to be θ = 45◦. It shows
that the optimal truncation density is proportional to the
laser intensity. In Fig. 8(c) we show the harmonic inten-
sity varying with θ and ncut. It can be found that the
optimal truncation density is proportional to cos2 θ. In
general, our simulations show that the optimal trunca-
tion density is proportional to the multiple of the laser
intensity and the relativistic critical density, which ap-
proximately equals ncut ≈ 4a0nc cos

2 θ. This result is
consistent with the simulation results in Refs. [39] and
[40], where HHG is found to be most efficient when the
self-similarity parameter S = ne/a0nc of surface plasma
is in the range 1/2 < S < 4.

V. PRE-PLASMA TRUNCATION

REALIZATION

We have illustrated that the beam quality—radiation
efficiency and angular divergence—of high-order harmon-
ics can be improved by truncating plasma at an opti-
mized density position. The main reason why HHG ex-
periments with an optimized S have not been carried
out so far is related to the great difficulty of produc-
ing plasma with appropriate densities. The scheme pro-
posed by us could provide a solution to this problem.
In practice, if the target plasma density is initially as
low as the optimal truncation density (like foam targets),
high HHG efficiency seems likely to be obtained directly
and thus truncation is not necessary. However, the sur-

faces of such targets are hard to be smooth enough to
fulfill the HHG requirement [9]. For this reason, HHG
experiments are usually carried out by using the pol-
ished fused silica glass, whose plasma density is about
400nc when being fully ionized. To effectively produce
high-order harmonics from glass targets, a certain size
of pre-plasma (L < 0.1λ) needs to be created. Under
such short scale lengths, pre-plasma truncation is also
not necessary to improve the HHG efficiency, as shown
in Fig. 7(b). Nevertheless, the truncation will be effective
for HHG when the pre-plasma scale length is relatively
larger in experiments. Besides, as we mentioned before,
near-diffraction-limited harmonic beams are easier to be
obtained by pre-plasma truncation.

Here we propose a feasible scheme to realize the re-
quired pre-plasma truncation. The parameters of our
scheme are based on the 200TW Ti:sapphire laser sys-
tem at the Laboratory for Laser Plasmas of Shanghai
Jiao Tong University [41]. As illustrated in Fig. 9(a), a
truncation pulse (TP) is cut from the main laser beam
(MP) and it is then converted to circular polarization by
a 1/4 waveplate. This TP is normally focused on the solid
target surface using an off-axis parabolic (OAP) mirror
with long focal length. The MP is obliquely focused on
the target using an OAP with short focal length. By this
configuration, the TP has a larger focal spot than the
MP; thus the modulated pre-plasma by the TP can be
viewed as a transversely plane structure for the MP.

The TP is designed to be picoseconds ahead of the
MP. Two-dimensional PIC simulation demonstrates that
transversely flat, longitudinally steep pre-plasma trunca-
tion can be obtained during this time interval. Fig. 9(b)
shows the typical distributions of ion charge density at
the beginning and t = 2ps. Initially, the plasma pa-
rameters are the same as the proposed parameters in
Sec.III, but the ions (O8+) are mobile here. The nor-
malized laser intensity of TP is a0 = 0.3 and the beam
waist is w0 = 6λ0. The TP irradiates on the targets at
t = 0. After 2ps evolution, it can be clearly seen that the
pre-plasma is steeply truncated along the longitudinal
direction. Along the transverse direction, there is a flat
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FIG. 9. (a) A feasible experimental scheme for high-quality
HHG by preplasma truncation. The violet beam represents
the truncation pulse with circular polarization. It normally
irradiates on the solid target and generates a steplike pro-
file in the preplasma. The red beam represents the main
laser pulse. It excites the relativistic oscillation of truncated
plasma surface and then generates harmonics. (b) Ion charge
density distributions at different instants. The top half shows
the initial density distribution with pre-plasma scale length
L = 0.2λ. The bottom half shows the truncated density distri-
bution after being compressed by a circularly polarized laser
with a0 = 0.3, w0 = 6λ0, and τ = 10T0. The red line shows
the outline of plasma surface at t = 2ps.

region with a width of ∼ 6λ0. This truncation structure
is close to the schematic illustrated in Fig. 1(b).

The reason for the generation of pre-plasma truncation
by a normally incident, circularly polarized laser is as fol-
lows. When the circularly polarized TP irradiates on the
pre-plasma, its energy is barely absorbed. Assuming the
TP is completely reflected at the critical density surface,
the momentum flux conservation gives 2I/c = ncp

2
x/me,

where I is the laser intensity. Surface electrons will be
pushed forward by this radiation pressure. In the simula-
tion we found after the laser irradiance the increments of
the electron transverse momenta are almost zero and the
electrons are inefficiently heated. The kinetic energy of
surface electrons Ek = (

√

1 + p2xc
2/m2

ec
4 − 1)mec

2 could

be rewritten as Ek = [
√

1 + 2I/(ncc ·mec2) − 1]mec
2.

Due to the collective motion of these electrons, very
strong electric fields will be built in a rather short dis-
tance and drag the ions to move together with electrons.
When I = 2× 1017W/cm2 (a0 = 0.3), the kinetic energy
of surface electrons is Ek ≈ 20keV. The static electric
field will drag the ions to move with these electrons in a
distance of 0.03λ0. After the TP irradiation, the surface
plasma will move forward and pile up gradually. By this
way, a steplike structure is formed in the front of pre-
plasma. To maintain the steplike structure, the uncom-
pressed pre-plasma should be relatively cold. It can be
inferred that the steplike structure will collapse faster if
the background temperature of pre-plasma is higher. Be-
sides, the oblique incidence and linear polarization of TP
are not recommended because they will produce plenty of

hot electrons. These hot electrons are detrimental for the
longitudinal compression and may give rise to transverse
instability, like Weibel instability [42].
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FIG. 10. (a) Ion charge density profiles at different instants
after being compressed by a circularly polarized laser. The
initial pre-plasma scale length is L = 0.5λ0. (b) Effective
truncation density for truncation pulse with different intensi-
ties.

We further performed one-dimensional PIC simula-
tions to make clear how the pre-plasma evolves in the
compression process. The pre-plasma scale length is set
to be L = 0.5λ0. This scale length is suitable for a
fused silica glass irradiated by a laser with 10−9 con-
trast [41], where the target surface would be preheated
by the 10ps-ahead laser pedestal to a 10eV-level temper-
ature. The 10−9 contrast is currently a standard config-
uration for the commercial hundreds-of-terawatts laser
chains. In the one-dimensional simulations, the grid size
is dx = λ0/1000 and each grid cell is filled with 144 macro
electrons and ions. The numerical heating in these simu-
lations is strictly inhibited. The normalized TP laser in-
tensity is also a0 = 0.3 and the laser duration is τ = 10T0.
Figure 10(a) shows the ion charge density profiles at dif-
ferent instants when the plasma temperature is initially
10eV. It can be seen that very steep pre-plasma trunca-
tion can be built within one picosecond. However, at this
time some soliton structure in the near-critical-density
region is also formed [43] and will influence the propaga-
tion of main pulse. The soliton structure will be dissi-
pated soon. After two picoseconds, the pre-plasma ramp
shape tends to be stable. As shown in Fig. 10(a), the
steplike structure can maintain for several picoseconds,
which gives a large time window for the main pulse to
interact with the truncated plasma. The fluid velocity of
the truncated surface is vfluid ∼ 10−4c, which will hardly
influence the HHG process. Besides, the low-density
plasma (ne ≪ 1/4nc) formed in front of the truncation
has little influence on HHG, which has been confirmed in
Fig. 8(a). We also test the feasibility of pre-plasma trun-
cation at higher background temperature. It is shown
that when the initial plasma temperature is 100eV, the
steplike structure can only maintain for less than 1ps and
then evolves into a short-scale pre-plasma; when the tem-
perature increases to 1keV, no truncation can be found
in the whole simulation.

Finally, the effective truncation density changing with
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TP intensity is shown in Fig. 10(b). The effective trun-
cation density represents the time-averaged ncut before
the steplike structure collapses. It can be seen that ncut

increases approximately linearly when 0.3 ≤ a0 ≤ 0.9.

VI. CONCLUSION

In summary, we have shown that for large pre-plasma
scale length, the beam quality of high-order harmon-
ics generated from relativistic laser-solid target interac-
tion can be greatly improved through pre-plasma trun-
cation. Compared to the cases with pre-plasma scale
length L > 0.2λ0, harmonic intensity can be enhanced
by more than one order of magnitude after truncation.
Harmonic spectrum has narrower spectral width and reg-
ular modulation. The angular spread of harmonic beam
is well confined into near-diffraction-limited divergence.

Besides, when the pre-plasma truncation is used, the
harmonic yield weakly depends on the pre-plasma scale
length. This advantage can partly relax the ultrahigh
requirement on laser contrast in HHG experiments. By
numerical simulations, the optimal truncation density is
found to be ncut ≈ 4a0nc cos

2 θ. Such truncation can be
realized by tailoring pre-plasma with another normally
incident, circularly polarized laser pulse. We expect our
scheme could provide a useful way to obtain high-order
harmonics on the laser facilities of hundreds of terawatts.
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