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Focusing of high-power X-rays is still a great challenge and the intensity of X-ray

attained in existing focusing schemes is still far below the relativistic threshold.

Here, we propose that solid density plasma lens can potentially focus X-ray

lasers at very high power levels. The interaction of high-power X-ray laser with

solid-density plasmas is systematically studied. It is theoretically shown that

there exists a certain range of wavelengths for X-ray lasers that can be focused

in solid-density plasmas when the input power and plasma density are

determined. To avoid the essential laser-plasma instabilities and obtain high-

gain intensity amplification for X-ray, we design concave structured plasma

lens. Particle-in-cell simulation results show that such regime can effectively

avoid the instabilities and focus X-ray of micrometer-sized spot and multi-TW

power, and thus lead to the generation of relativistic intensity X-ray. The

parameters of the concave structures and the effects of quantum

electrodynamics are also discussed and it indicates that our scheme is quite

robust. We further demonstrate that the relativistic X-ray laser interacting with

thin-foil leads to high-quality attosecond electron bunches.
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Introduction

The rapid development of high-intensity lasers has opened the gate for many research

areas, such as strong field physics, laser plasma physics, quantum electrodynamics, and

laboratory astrophysics. Recently, a 4 PW infrared laser with a world-record intensity

greater than 1023 W/cm2 was first reported [1]. Many countries in the world are now

building tens or even hundreds of petawatt level infrared lasers, which are supposed to

deliver much higher laser intensities than that presently available. As is well known, the

average intensity of the laser is I � P
πr2 ≈

ξL
πr2τ∝

1
λ3
, where p = ξL/τ is the laser power, ξL is

the laser energy, τ is the pulse duration, and r is the laser focal spot radius. This means that

higher laser intensity requires higher laser energy, but higher laser energy will easily

damage the optical devices by exceeding the material damage threshold. The above
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equation also suggests that another way to increase the laser

intensity is to reduce the focal spot radius and the pulse width,

which are actually proportional to the laser wavelength.

Now it becomes critically difficult to realize extremely intense

lasers of infrared wavelength, say the Schwinger limit

(~ 1029 W/cm2). Achieving higher or even the near-

Schwinger limit intensity may require shortening the

wavelength of the laser, for example, the X-ray laser. An

attractive characteristic of X-ray lasers is their capability to be

focused to a nanometer-sized spot due to their short wavelength,

which is about three orders of magnitude shorter than the

infrared lasers. On account of this advantage, X-ray lasers

only require nine orders of magnitude less energy than

infrared lasers to achieve the same intensity. In particular,

high-intensity X-ray laser potentially have many novel

applications, such as in X-ray laser-wakefield acceleration to

achieve chip-sized TeV accelerators [2,3], validation of

Quantum Electrodynamics (QED) theories [4], high-precision

X-ray imaging [5,6], and probing of ultrafast motion of electrons

in atoms[7], etc.

So far, many schemes have been proposed to achieve multi-

TW of X-ray pulses on free-electron laser (FEL) facilities [8–11].

In addition, high-harmonic generation (HHG) from solid surface

plasma [12–14] can produce a single X-ray pulse with very high

power of 100 TW under the existing laser parameters [14].

However, these X-ray sources both have very large focal spot,

ranging from several to even hundreds of microns, which are

much larger than the wavelength. Now the optical technology

can focus hard X-ray to less than 10 nm [15,16], but the focal size

is still about two orders of magnitude higher than the wavelength.

In addition, with the enhancing power, optical elements may be

easily damaged. Thus, the focused X-ray laser intensity is still far

below the relativistic threshold [17,18], which greatly restricts the

range of science that can be explored.

Recently, plasma optics has become a research frontier in the

control of high-power lasers due to the lack of damage thresholds

as plasma is already a broken media and can tolerate ultrahigh

laser intensities. For example, low-density and near-critical

density plasmas have already been used for laser focusing

[19,20], polarization manipulation[21,22], Raman and

Brillouin amplification [23,24], pulse shaping [25], pulse

guidance [26,27], frequency modulation [28,29], etc. The

research on the modulation of ultra-intense laser by micro-

nano plasma has also become a noteworthy direction recently.

Habara et al. proposed to use a concave surface plasma with

micro/nano dimensions to reflect and focus the ultra-strong laser

and increase the yield of high-energy particles [30]. However, it is

noted that the current researches are mainly focused on the

infrared laser. In order to control the much shorter X-ray laser, in

principle it requires solid-density plasmas, which now can be

produced by isochoric heating of solid-density matter through

intense X-rays, frequency doubling laser, and intense particle

beams [31–33].

In this paper, we extend plasma optics to X-ray wavelengths

and propose to use solid-density plasma to focus multi-TW

X-ray pulse to solve the focusing problem of high power

X-ray. It is theoretically shown that there is a certain range of

wavelengths for X-ray laser that can be focused in solid-density

plasmas when the input power and plasma density are

determined. However, for the presently available X-ray pulses

with micrometer-sized spot, they suffer from disruptive multi-

dimensional instabilities when propagating in plasmas, hindering

the focusing of very high power X-rays to relativistic intensities.

In order to solve this critical issue, we propose a novel and robust

approach using a concave plasma lens to realize an extremely

intense X-ray laser of relativistic intensities. Such regime is

verified through three-dimensional particle-in-cell simulations,

which show that TW-level X-ray pulses can be efficiently focused

to a spot on wavelength scale while keeping high quality

spatiotemporal profiles. It is further shown that such

relativistic X-ray laser can drive high-quality attosecond

electron bunches when interacting with a thin-foil target.

X-ray focusing in solid-density
plasmas

When laser propagates in underdense plasma, the

distribution of plasma refractive index changes due to the

laser ponderomotive force and the relativistic effects of

electron motion in laser electric field. In this case, the

refractive index of plasma can be expressed as

η � c/]p � (1 − ω2
p/γω

2
0)1/2, where ]p is phase velocity of the

laser in plasma, ω0 is the laser frequency, ωp � (nee2/ε0me)1/2
is the plasma wave frequency, ne and me is the electron density

and mass, γ � (1 + α2)1/2 is the relativistic factor, and α = eE/

mecω0 is the normalized amplitude of laser electric field. To

achieve self-focusing of X-ray laser in solid-density plasma, two

conditions need to be satisfied at the same time. On the one hand,

laser transmission in plasmas requires ω0 > ωp, i.e., ne < nc, where

nc � ε0meω2
0/e

2 is the critical density for laser transmission. On

the other hand, laser self-focusing requires that the input power

Pin should be greater than the critical power Pcr ≃ 17ω2
0/ω

2
p GW

[19,34]. Combining the above two conditions, the range of

wavelengths for X-ray laser focusing in solid-density plasmas

can be obtained as

����������������
6.8 × 1010π2c2ε0me

nee2Pin

√
< λ<

���������
4π2c2ε0me

nee2

√
. (1)

When the wavelength is lower than the lower wavelength limit

of Eq. 1, the focusing effect provided by plasma is smaller than

the diffraction of the Gaussian beam itself, so the pulse will not

focus. On the other hand, when the wavelength is larger than

the upper wavelength limit, the pulse cannot enter into the

plasma and will be reflected. Only in the wavelength range can
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the pulse travel through the plasma and become self-focused.

As shown in Figure 1A, the red and blue surfaces represent the

upper and lower limit of wavelength, respectively. The upper

limit of X-ray wavelength depends only on ne and is inversely

proportional to
��
ne

√
, thus the upper limit of the wavelength

decreases as the plasma density increases. For example, when

the density increases from 1023 to 1025 cm−3, the upper

wavelength limit drops from 104.9 to 10.5 nm. The lower

wavelength limit is inversely proportional to
�����
nePin

√
. When ne

is fixed at 1024 cm−3, the lower wavelength limit would

decrease from 13.9 to 1 nm as the input power increases

from 0.1 to 20 TW.

To demonstrate the parametric dependence of X-ray

focusing in solid-density plasmas, a series of two-dimensional

particle-in-cell simulations were conducted using the EPOCH

code [35]. In the simulations, the X-ray lasers are of input power

Pin = 1 TW, wavelength λ = 15 nm, focal spot radius r0 = 10λ, and

the initial plasma density is ne = 1024 cm−3. These parameters

correspond to a wavelength range of 4.39–33.17 nm according to

Eq. 1. The moving simulation box is of size 60λ × 60λ in x × y

FIGURE 1
Parametric dependence of X-ray pulse self-focusing in solid density plasma. (A) The theoretical upper and lower wavelength limits of self-
focusing vary with plasma density and input power. (B–E) 2D simulation results show that the intensity amplification varies with (B) wavelength, (C)
density, (D) initial focal spot radius and (E) initial power. The basic parameters are Pin = 1 TW, λ = 15 nm, r0 = 150 nm, ne = 1024 cm−3.
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space, with 600 × 600 grids and ten particles per cell. The

corresponding timestep is equal to 0.95△x/c to meet the

Courant-Friedrichs-Lewy (CFL) convergence condition, where

△x refers to the spatial resolution. The X-ray laser is assumed to

have a Gaussian profile with duration of τ0 = 10TL, where TL is

the laser period, and is incident along the x direction and enters a

solid-density plasma with density of ne at x = 10λ. The

amplification factors I/I0 of laser peak intensity are obtained

from simulations for different parameters, which are shown in

Figures 1B–E. In these simulations, only one single parameter is

changed and the others are kept same as the above setup.

Figure 1B confirms the wavelength range of Eq. 1. When the

X-ray wavelength is smaller than 4 nm, the input laser power is

lower than the critical power, and the laser pulse quickly diffuses

as soon as it enters the plasma. When the X-ray wavelength is

larger than the lower limit, the amplification factor first increases

and then decreases as the wavelength increases, which indicates

that there exists an optimal wavelength for fixed laser power and

plasma density. When the wavelength is smaller than the optimal

one, the amplification factor of laser intensity can be roughly

estimated as I/I0 ≈ r20/r
2
f with r0 = 10λ the initial spot size and rf

≈ 2c/ωp the focused spot size, thus I/I0 increases as the wavelength

increases. However, when the wavelength is larger than the

optimal one, the plasma density ne becomes close to nc. In

this case, the laser suffer from severe energy dissipation and

laser-plasma interaction instabilities, which thus leads to the

sharp decrease of I/I0. If the wavelength is larger than the upper

limit, ne > nc, the laser pulse is reflected and cannot enter the

plasma.

Figure 1C shows that for fixed laser parameters, there also

exists an optimal plasma density for efficient X-ray focusing. The

underlying physical reason is similar with the above analyses.

When the density is lower than the optimal one,

I/I0 ≈ r20/r
2
f ∝ω2

p. However, for higher density than the

optimal case, the dissipation and instabilities lead to the

decrease of I/I0. We also consider the effects of laser spot

radius. The ponderomotive force can be expressed as

Fp � − e2

4meω2
zE2

zr ∝
P
r3. From this condition, one notices that

self-focusing is a positive feedback process. Namely, once the

focusing happens, the ponderomotive force becomes stronger,

and resulting in larger density gradient, and then the focusing

effect is also enhanced. Once the laser power is fixed, if r0 is too

large, the ponderomotive force would become too small to allow

enough electrons to overcome the coulomb force of ions. The

change in electron density is too small to cause a focusing effect

that is less than the diffraction of the pulse, resulting in the failure

to achieve self-focusing in a certain length. In Figure 1D, it shows

that initially I/I0 increases as r0 increases. However, when r0 is too

large, even if Pin ≫ Pcr (Pin/Pcr = 11.7), the self-focusing cannot

occur. This indicates that a sufficiently large input power is

required for the self-focusing of X-ray with very large spot radius.

Figure 1E for the dependence of I/I0 on Pin shows that I/I0
decreases as Pin increases. This is because that the laser-plasma

interaction (LPI) instabilities develop seriously for high-power

X-ray lasers, causing the pulse profile to be disrupted and

unfocused.

In order to demonstrate the LPI instabilities more clearly, we

conduct 3D simulations with r0 = 1,000 nm and Pin = 2, 6, 10 and

20 TW. As shown in Figure 2 and Table 1, when Pin = 2 TW, the

X-ray pulse can be focused to a small point, and I/I0 can be increased

to 95.3 at 37.5 fs. However, for Pin = 6 TW or higher laser powers,

the X-ray pulse is subjected to multi-dimensional instabilities,

including the longitudinal modulation by plasma waves,

transverse filamentation due to uneven density disturbance, and

photon deceleration along the central axis. These instabilities cause

the pulse to be destroyed before it is effectively focused. As a result,

the amplification factor is reduced to I/I0 = 32.5 for Pin = 6 TW and

would further decrease with the increasing input power. In this

sense, it is challenging to achieve X-ray pulses focusing at high-

power levels by the solid-density plasma lens.

X-ray focusing by concave plasma
lens

To solve the above critical issue, a concave plasma lens is

proposed. Such concave structures in the simulation can be set

as S = ρr2+L, where ρ is a concave coefficient (with respect to

the degree of curvature of the concave), and L is the length of

the plane plasma slab in front of the concave structure, as

shown in Figure 3B. Concave plasma lens has prominent

advantages on realizing efficient focusing of very high

power X-rays with large spot radius. On the one hand, the

shortened interaction length in the central region can greatly

avoid the LPI instabilities. On the other hand, effective

focusing can be achieved when laser exits from the concave

structure, which shall be discussed later. Figure 3 show the

evolution of X-ray pulse profiles through the concave

structure and the plasma distribution of concave for Pin =

6 TW, r0 = 1,000 nm, ρ = 2.25 × 106 m−1, L = 160λ, and ne =

1024 cm−3. It is shown that the pulse begins to enter the

backside vacuum at around 10 fs, where the pulse is not yet

strongly modulated by the plasma wave. Due to the focusing

effect caused by the concave structure, the pulse can be

focused to wavelength scale spot and keep well-defined

profiles, resulting in a maximum intensity of I ≈ 1.7 ×

1023 W/cm2 at 20 fs, and a maximum amplification factor of

I/I0 = 447.5. To compare X-ray intensities of different

wavelengths, Icr ≡ 1.37 × 1024/λ2nm W/cm2 is defined as the

relativistic intensity threshold, where λnm is normalized by

nm. Therefore, Iλ2nm � 3.9 × 1025 W/cm2, exceeds the

relativistic intensity threshold by one order of magnitude.

In addtion, because the thickness of the plasma lens is

relatively thin and the plasma density is relatively low, the

energy transmissivity of the focused X-ray laser can reach

94.5%. By comparing the result of plane and concave plasma
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lens, as shown in Table 1, the amplification factor of laser

intensity achieved by the concave plasma lens is much better

than that of the plane plasma lens. Even in the case of p =

2 TW, when the instabilities are weak, the amplification factor

by the concave plasma lens is still about five times larger.

In addition, the concave structure can also extend the

wavelength range of X-ray focusing in solid-density plasmas.

In particular, even when the input power is less than the critical

power, or the wavelength is less than the lower wavelength limit

in Eq. 1, the X-ray pulse can still be focused with a concave

plasma lens. For example, in the case of Pin = 50 GW and ne =

1024 cm−3, which corresponds to a lower wavelength limit of

19.6 nm, our 2D simulation shows that even with a wavelength of

15 nm (smaller than the lower wavelength limit), the pulse

intensity can still be increased by 16.7 times in the case with a

concave plasma lens. Thus, the concave plasma lens works for a

wider range of wavelength than that for a plane plasma target. In

addition, we also consider additional simulation for longer pulse

widths (FWHM = 5 fs), it is shown that the concave plasma lens

can still effectively focus the pulse, increase the peak intensity,

and maintain a well pulse profile while keeping the pulse energy

same with the short pulse case.

FIGURE 2
Instabilities development of X-ray pulses with different initial powers. (A) Pulse profiles at t = 2, 22.5, 32.5, 37.5 and 47.5 fs when Pin = 2 TW. (B)
Pulse profiles at t = 2, 13.2, 16, 17.4 and 19 fs when Pin = 6 TW. (C) Pulse profiles at t= 2, 6.25, 7.125, 8.125 and 10 fs when Pin = 20 TW. The (x, z) planes
are the section at z = 0. Color represents intensity. The intensity at each moment is normalized by its maximum intensity.

TABLE 1 Focusing intensity and amplification of plane and concave plasma
with different power.

Structure Power (TW) Iλ2nm(W/cm2) I/I0

Plane 2 2.7 × 1024 95.3

6 2.8 × 1024 32.5

10 4.1 × 1024 28.8

20 6.6 × 1024 23.2

Concave 2 1.1 × 1025 378.0

6 3.8 × 1025 447.5

10 6.7 × 1025 466.5

20 1.4 × 1026 476.5
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FIGURE 3
3D simulation results with concave structure S = 2.25 × 106r2+160λ at the (x, y) plane with z = 0. (A) Intensity distributions at t = 10, 12, 14, 16, 18,
and 20 fs during pulsed focusing of a concave plasma lens. The intensity at each moment is normalized by its maximum intensity. (B) Plasma
distribution with concave structures.

FIGURE 4
(A) Different concave surface for ρ = 6.25 × 104, 6.4 × 105, 2.25 × 106 and 1.6 × 107 m−1. (B) X-ray laser focusing by the large and small ρ. (C) and
(D) Pulse profiles snapshot of maximum intensity obtained by different ρ, corresponding to the blue and green curve in panel (A). The color bars
represent the intensity divided by the maximum intensity just after leaving the target. The red curve is the concave surface.
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Effects of concave parameters on
X-ray focusing

In the following, we will consider the parameters of concave

structure that may affect the X-ray focusing process. Firstly, the

concave coefficient ρ is considered. Figure 4A shows the

distributions of concave structures for different values of ρ. As

shown in Figure 4B, when ρ is large, the wavefront curvature is

smaller than the concave curvature, the concave structure can

bring efficient focusing effect. However, when the ρ is too small,

the concave structure causes defocusing effect, and the laser pulse

will diverge when the net focusing effect is weaker than the

diffraction. The profiles of the focused pulse at the moment of

maximum intensity for different concave structures are shown in

Figures 4C, D, which correspond to the blue and green lines in

Figure 4A, respectively. It is shown that when ρ is small, the pulse

has a long focus length of 2536λ. After focusing, the focal spot

radius is about 18.65λ and the maximum intensity is smaller than

that when the pulse just leaves the concave structure. When ρ is

too large, only part of the laser is focused to the focal point,

resulting in a decrease in the focusing intensity. Therefore, there

exists an optimal value of ρ for efficient X-ray focusing. By

selecting a suitable concave coefficient, one can control the focal

spot radius, the intensity gain, and the focusing length.

Considering the possible effects of different concave

structures, we carried out a series of simulations. Figure 5A

shows the functions and surface curve of several concave

structures such as semicircle, higher-order paraboloid, and

even right angle cone. The profiles of the focused pulse at the

moment of maximum intensity are shown in Figures 5B–E,

corresponding to the blue, pink, red, and green lines in

Figure 5A, respectively. The semicircular surface can focus the

pulse well to a wavelength-scale focal radius, as shown in

Figure 5B. Right angle cones produce interference fringes

although the intensity of the focal point is also high, as shown

in Figure 5C. Since the bottom of the higher-order paraboloid is a

plateau, there is no focusing effect on the center of the pulse.

When the platform is relatively small (the corresponding

parabolic coefficient is small), the pulse can also be focused

on the axis, as shown in Figure 5D. When the platform is

FIGURE 5
(A) The surface of concave structure obtained by different concave functions. (B–E) Pulse profiles snapshot of maximum intensity obtained by
focusing the lenses of different concave structures correspond to (B) blue, (C) pink, (D) red, and (E) green lines in (A).
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relatively large, the pulses are on both sides of the axis when the

intensity reaches amaximum, as shown in Figure 5E. Therefore, a

large focusing gain and good pulse profile can be obtained by

choosing a suitable concave surface.

The plane plasma slab length L before the concave structure

also affects the X-ray focusing process. In Figure 6, we show the

effect of L on X-ray focusing for different L ranging from 50 to

350 nm, where the backside concave structure is fixed. Figure 6A

shows the longitudinal distribution of X-ray pulses focused by

concave plasma lenses of different L. With the increase of L, the

pulse width becomes shorter and the pulse intensity also

increases. However, laser plasma instability requires a certain

development distance, and this distance is related to the input

laser power, as shown in Figure 2. The plasma wave modulation,

which appears first, at about 180λ for 6 TW and 80λ for 20 TW.

The pulse broken occurs at 250λ for 6 TW and 110λ for 20 TW.

When L is too long, the growth of instabilities destroys the pulse

profile, as shown in Figure 2. In this case, Figures 6B, C show that

the concave plasma lens can still locally focus the broken laser

pulse, although the focused pulse becomes unstable compared

with the case with shorter L. Thus, one should choose a relatively

short L in experiments so that the LPI instabilities cannot grow

seriously and the concave plasma lens can effectively focus the

X-ray pulse.

Because the X-ray wavelength is very short, the surface

roughness of the concave plasma lens due to the limitations

of the target manufacturing also needs to be considered. With the

current advanced nanofabrication technology, many

nanofabrication technologies can achieve fabrication precision

of 10 nm scale [36], such as ion beam etching. In order to

describe such effect, we randomly generate a number between

0 and R through the random function f(R) and apply it to the

original concave function to simulate different degrees of

roughness. The setting method is to cut the original surface

into several sections in the transverse direction, and the length of

each section is y′ − y = f(R), and approximate each section of the

curve as a straight line, and set the slope as S(y′)−S(y) ± f(R)
y′−y . The

rough concave surfaces with R = 10, 20, 30, 40, and 50 nm

obtained by this method are shown in Figure 7A. Figures 7B–D

show the corresponding simulation results of laser pulse profiles

when the intensity reaches a maximum. For R = 10 and 30 nm,

there is little difference on the pulse profile, except that the

maximum intensity is slightly reduced. For R = 50 nm, the weak

irregular distribution around the pulse appears. To account for

the effects of randomness and to make the results more reliable,

we averaged the focused intensities for five different cases of the

same R value, resulting in the curve in Figure 7D. It is shown that

the average focused intensity decreases with the increase of

roughness, but even at R = 50 nm, the focused intensity still

reaches 71% of that with a smooth concave surface. Thus, the

effect of roughness is tolerable in terms of the current precision of

nanofabrication technology.

Another factor is the offset of the pulse center from the center

of concave structure, which must be considered in practical

experiments. To address such effect, we simulate the laser

misalignment by moving the position of the concave

structure. The focused intensity decreases as the offset

increases, as shown by the blue curve in Figure 8A. But it is

noted that even the offset is about half the pulse radius, the

focused pulse intensity is still higher than that for the plane

plasma slab (shown as the red line in Figure 8A). Figures 8B, C

show the offset pulse profile in the focusing process. In this case,

the simulated incident pulse is centering on y = 0, and the

transverse position of the concave structure is shifted by 500 nm.

Figure 8B shows that when the pulse reaches the concave surface,

it is asymmetrically focused toward the center of the concave

surface. Finally, as shown in Figure 8C, the transverse position of

pulse focus is located at y = 490 nm, which is close to the offset

length or the center of the concave structure. This is very

important for the experiment. It suggests that even when the

incident position of the laser is offset from the concave plasma

lens, the pulse can still be focused to the preset point through the

concave plasma lens to interact with the target, which thus can

greatly improve the operability of the experiment.

FIGURE 6
(A) Pulse time profiles after focusing by concave lenses with
different L. (B) Focus pulse profiles at t = 18.6, 21 and 23.6 fs by
concave plasma lens with L = 310λ. (C) Focus pulse profiles at t =
21.8, 24.6 and 27.8 fs by concave plasma lens with L = 360λ.
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Effects of QED on X-ray focusing

In the above section, we have demonstrated the efficiency and

robustness of the concave plasma lens on X-ray focusing. In this

section, we would discuss the QED effects during X-ray focusing.

In our simulations, the QED effects are self-consistently

included, and the QED parameter χ = γEL sin θ/Es is also

calculated, where EL is electric field, θ is the angle between the

electron momentum and EL, and Es = 1.3 × 1018 V/m is the

Schwinger field. When χ is close to or equal to unity, the effect of

QED becomes non-negligible. Under the cases of a plane plasma

slab, Figure 9A shows that the QED effects have little effect on the

focused laser intensity even for the laser power of 20 TW, where

the oscillations shown in different simulation cases are caused by

the LPI instabilities. In addition, we also calculate the value of χ.

In our cases, EL can reach 2 × 1014 V/m, but γ is below 10, which

results in a small value of χ. As shown in Figure 9B, χ remains on

the order of 10–5 for Pin = 1 TW. For Pin = 20 TW, the value of χ is

strongly perturbed and reaches a maximum of 4.8 × 10–4. The

perturbation here is due to the combined action of EL and γ. After

the pulse is broken, the pulse is locally self-focused and forms

different filaments, thus resulting in the perturbation of laser

electric field. Thus the EL perturbation is caused by the strong

non-linear process of the filament pulse. On the other hand, the

electrons are accelerated in the local wakefield stimulated by the

filament pulse. Since the driving pulse is not stable, the wakefield

FIGURE 7
(A) Surface of concave structure with different roughness coefficients from 0 to 50 nm. (B–D) Focusing pulse intensity profiles obtained with
roughness of (B) 10, (C) 30 and (D) 50 nm. (E) Simulation results of the average focusing intensity with different roughness coefficients, and the error
bars represent the standard deviation.
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is difficult to maintain and the acceleration phase is strongly

disturbed, which thus result in the perturbation of γ.

For the concave plasma lens, the effect of QED on the

focusing intensity can be negligible because the concave

plasma lens is very thin and the pulse intensity is very weak

before leaving the plasma lens and entering the vacuum focusing.

When the pulse enters a vacuum, the pulse no longer interacts

with the electrons. The effect of QED on focusing intensity is thus

negligible. In addition, the number of hard X-ray photons

generated in solid-density plasmas is very small, so the

FIGURE 8
Simulation results of pulse center offset from concave center under 10 TW simulation. (A) The blue curve shows the change of focusing
intensity as the offset increases. The green line is the intensity of the pulse before it interacts with the concave structure, and the red line is the
intensity of the plane plasma slab. (B) and (C) The pulse profiles at t = 10 and 20 fs when the offset is 500 nm. The red curve is the concave surface.

FIGURE 9
(A)Maximum intensity with andwithoutQED block at Pin=20 TW. (B) Themaximumvalue ofQED parameter χ at different simulationmoments.
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influence of high-energy radiation generated by QED effect on

the main pulse can be ignored. Therefore, the QED effect can be

ignored when plasma lens is used for X-ray focusing.

Realization of concave structured
plasma lens

In experiments, how to realize the solid-density plasma

without damaging the concave structure is the key to achieve

the concave plasma lens. Isochorically heating by ultrashort

lasers, electron beams and X-rays in principle can produce

homogeneous solid-density plasmas. In particular, recent

research shown that infrared laser or frequency-doubling

laser can isochorically heat and ionize copper to produce

homogeneous micron-scale plasmas with well-characterized

structures [32], which could be used for future experimental

design to verify our scheme. To verify this point, we separate

the same laser of 7 J, 45 fs and 400 nm into two beams with

50% energy each, corresponding I = 1.5 × 1021W/cm2. Such

two pulses were used to heat a concave aluminum target (or

carbon) target from two lateral directions, where the

propagation direction is along the y axis and the

irradiation center is at x = 4 μm in the simulation. Our

simulation results show that both the carbon target and

the aluminum target can achieve complete ionization and

maintain a very well concave structure. As shown in

Figure 10, the average electron density of the carbon target

can reach 6.9 × 1023 cm−3, and that of the aluminum target can

reach 7.8 × 1023 cm−3. In these cases, the concave structure

behind the target can be well maintained. Although the

plasma is slightly dented in the position of double

frequency laser irradiation, it is far away from the concave

structure, so it does not affect the focusing of the X-ray main

pulse. In this case, the heated plasma temperature reaches

several keV, which is consistent with the experimental results

shown in Ref. [32]. Figure 10B shows the focal spot of an

X-ray laser with the same parameters as in Figure 3 (Pin =

6 TW, τ0 = 0.5 fs, r0 = 1000 nm) that is incident on the ionized

concave carbon target shown in Figure 10A. By comparing

with the preset homogeneous plasma, where we obtain the

focusing pulse profile at the same propagation distance, as

shown in Figure 10C, and the intensity difference between the

two cases is only about 3.9%. Therefore, the above two-laser

approach can be used in experiments to produce the desired

concave plasma lens for high-power X-ray focusing.

Electron acceleration driven by
relativistic X-ray laser

The focused X-ray pulse can interact with a target attached

behind the concave lens to produce brilliant particle and

radiation sources with ultrashort duration. To verify this

scheme, we simulate the interaction of relativistic intensity

X-ray pulses and ultrathin solid films. In the simulations, a

linearly polarized, 15 nm wavelength X-ray pulse is focused

onto a plastic CH film located at x = 15λ. The focal spot

radius of pulse is 10λ and the peak intensity is 1024 W/cm2,

corresponding to α0 = 12.8. The plastic film is set as fully ionized

hydrocarbon with an electron density of 4.2 × 1023 cm−3 and

thickness of 10 nm. Such ultra-thin plastic target has been used in

laser-driven proton acceleration experiment [37]. The simulation

box is of size 125λ × 60λ in x × y space with 12,500 × 1,200 grids

and 2,000 electron, 50 C6+ and 50 H+ per cell. The initial

temperature of electrons is set to 10 keV.

When the relativistic X-ray laser interacts with the solid-

density thin-foil, the latter would act as a thin layer of low-density

plasma, and the former’s ponderomotive force would push the

electrons out of the target and accelerates them in the strong laser

FIGURE 10
(A) Electron density distribution of a carbon target ionized from the side by two double-frequency laser. (B) X-ray pulse profile focused by an
ionized carbon target of plane (A). (C) X-ray profile focused by a preset homogeneous plasma.
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fields. The spatial distributions of electron density and average

kinetic energy are shown in Figures 11A, B. It shows that the

electrons are distributed as nanoscale bunches and they are

periodically spaced with half the X-ray wavelength. The

duration of each electron bunch is about 15 as. Figure 11C

shows that the nanoscale electron bunches are located around the

node points of the transverse laser electric field, which is the

typical characteristic of vacuum electron acceleration. The high-

energy attosecond electron beam can be used to generate

ultrashort radiation sources, which shall be discussed in the

future work. Figure 11D for the electron energy spectrum

shows that the accelerated electron bunch has a

quasimonogenetic energy spectrum, which is peaked at about

18 MeV. This is mainly induced by the relatively small injection

region of electrons in the thin-film. The peaked energy can be

further increased during the propagation of X-ray in backside

vacuum. The energy and density of the accelerating electron is

related to the intensity of the driving X-ray. In Figure 11D, we

also show the electron energy spectrum for different driving

X-rays at different intensities. It is shown that with the increase of

the driving pulse intensity, the electron energy and density can be

significantly increased. When the initial intensity is 5 × 1024 W/

cm2 (α0 = 28.65), the peak of electron energy is about 31 MeV.

However, when the intensity of the driving pulse is lower than the

relativistic intensity (α0 < 1), the attosecond pulsed electron beam

cannot be generated. The physics of X-ray accelerated attosecond

electron beam shall be discussed in detail in a future work.

Conclusion

In conclusion, we have systematically studied the focusing of

high-power X-ray laser in solid-density plasmas. It is shown that

within a certain wavelength range, solid-density plasmas can be used

to focus X-ray pulses. However, focusing of X-ray laser at very high

power is prevented by the laser-plasma interaction instabilities. To

solve this problem, we further propose the employment of concave

plasma lens, which can effectively avoid instabilities and realize

X-ray focusing at very high-power levels. It is demonstrated that in

such scheme terawatt-level X-ray pulses can be immensely focused

while keeping high quality spatiotemporal profiles, leading to

extremely intense X-ray laser of relativistic intensities. The

parameters of the concave plasma lens are also discussed, which

proves that the present scheme is quite efficient and robust. In

addition, we show that when such focused X-ray laser is irradiated

on a thin foil, high-quality attosecond/nanoscale electron bunches

can be generated. The focused relativistic intensity X-ray pulses

achieved here are expected to be widely used in strong field physics,

FIGURE 11
Electron acceleration by relativistic intensity X-ray pulse in vacuum. (A) Forward propagating electron density distribution. (B) Average kinetic of
the electrons in (A). (C) The linear average kinetic energy of electron at y= 5λ± 1λ (blue line, left axis), and electric field Ey at y = 5λ (red line, right axis).
(D) The energy spectrum for the electron driven by different intensity X-rays.
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high-energy density physics, quantum electrodynamics, laboratory

astrophysics and other fields.
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