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suggest that the radiation parameter can be as high as e~0.1 (see fig. 
S6), which is much larger than that in typical laser-irradiated solids 
(39) (e ≲ 0.05, producing multi-MeV photons with a very large 
divergence FWHM of >20ο), although our laser intensity is even 
an order of magnitude lower. Consequently, the emission of radi-
ation by energetic electrons in a wakefield enters into the high field 
(strong radiation reaction) regime, in which both radiation reac-
tion and quantum effects come into play (48, 49) and copious -ray 
photons are emitted in the radiator stage.

The maximum energy, peak brilliance, and radiation power of 
the emitted -ray can be tuned simply by changing the plasma pa-
rameters. Here, we mainly consider the effect of tuning the radiator 
on the -ray emission. The acceleration stage accelerates self-injected 
electrons to multi-GeV energies with a relatively low -ray emission 
level, compared with that in the radiation stage. We first discuss the 
effect of the radiator length Lb on the -ray emission. Figure 4A 
shows the results of varying Lb from 12 to 300 m, while keeping all 
other parameters fixed. It shows that an appropriately long plasma 
radiator benefits -ray emission. This is due to the increased energy 
gain of electrons accelerated in the longer plasma segment, because 
ϵe ≈ eExL, which gives a very high efficiency (51.8%). This enables 
emission of copious high-energy -ray photons because of the sub-
stantial increase of the radiation power ​​​P​ ​​  ≈ ​ (​​ ​2 ​​ f​​ ℏ ​e​​ 2​ _ 

3 ​m​e​ 
4​ ​c​​ 6​

 ​​)​​ ​ϵ​e​ 2​ ​F​⊥​ 2 ​​​, where 

the power scales approximately as P � L2 due to the increase in ϵe. 
However, the maximum radiator length and hence the maximum 
photon energy are limited, due to the laser pulse energy depletion 
and electron dephasing, e.g., for Lb ≳ 250 m.

Figure 4B illustrates the effect of plasma density on the -ray 
emission, where the product of the plasma density and length is 
fixed as n0Lb = 18nc m in the radiator region, and all other pa-
rameters are unchanged. The results show that -ray emission 
enhances significantly with the increase of the plasma density because 

​​P​ ​​  �  ​ ϵ​e​ 2​ ​F​⊥​ 2 ​  �  ​ n​ e​​​, where ​​ϵ​ e​​  ≈  e ​E​ x​​ L  �   1 / ​√ 
_

 ​n​ e​​ ​​ and ​​F​ ⊥​​  �  ​ ​m​ e​​ ​​p​ 2 ​ r _ 2e  ​  �  ​ n​ e​​​. 

For example, using a density of 1.2nc, -ray pulses in the energy 
range up to 3 GeV are obtained with a peak brilliance of ~8 × 1026 
photons s−1 mm−2 mrad−2 per 0.1% BW at 1 MeV and 12.5% 
conversion efficiency. The corresponding peak power is up to ~1 
PW. This enables a substantial amount of electron energy to be 
efficiently transferred to high-energy photons. It should be noted, 
however, that the radiator density should not be too high, as it will 
deplete the laser pulse energy rapidly and shorten the acceleration 
distance (Lb � 1/n 0). This limits the electron energy gain and thus 
photon emission, causing the saturation of radiation power and 
photon energy.

DISCUSSION AND CONCLUSION
To demonstrate the robustness of this -ray radiation scheme, in 
Fig. 5, we have shown a series of simulations for laser intensities 
varied in the range 1.6 × 1021 to 6.5 × 1021 W/cm2. The results show 
that the -ray emission becomes more efficient as the laser intensity 

increases according to ​​​P​ ​​  ≈ ​ (​​ ​2 ​​ f​​ ℏ ​e​​ 2​ _ 
3 ​m​e​ 

4​ ​c​​ 6​
 ​​)​​ ​ϵ​e​ 2​ ​F​⊥​ 2 ​  �  ​ I​0​ 2​​​, where the electron 

energy scales as (47) ​​ϵ​ e​​  �  ​ √ 
_

 ​P​ l​​ ​  �  ​ √ 
_

 ​I​ 0​​ ​​, with ​​P​ l​​  = ​ I​ 0​​  ​r​0​ 2​ / 2​, and the 
transverse field scales as ​​F​ ⊥​​  �  ​ n​ e​​  �  ​ √ 

_
 ​I​ 0​​ ​​ following from the relation 

ne = Sa0nc. Energy conversion from laser to -rays is defined as  = 
/l � P/Pl. Thus, one can obtain  � I0, which agrees well with the 
simulation results shown in Fig. 5. As an example, using a laser 

Fig. 4. Effect of the plasma parameters on the -ray emission. (A) Effect of the 
radiator length (Lb) on the peak brilliance at 1 MeV, cutoff energy, and radiation 
power of the -rays. The inset shows the maximum energy and total efficiency of 
accelerating electrons above 1 GeV. (B) Effect of the plasma density (n0) in the 
radiator region on the -ray peak brilliance, cutoff energy, and radiation power. 
The inset shows the energy conversion efficiency of trapped electrons (≥1 GeV) 
and -rays (≥1 MeV) from the drive laser. The cutoff energy of the -rays is defined 
at 10−5 of the peak brilliance at 1 MeV.

Fig. 5. Scaling of -ray emission with laser intensity. Effect of the laser intensity 
on the peak brilliance at 1 MeV, cutoff energy, and conversion efficiency of -ray 
pulses. For high-efficiency bright -ray emission, the radiator plasma has a density 
determined by a fixed parameter S = n0/a0nc = 8 × 10−3 and length Lb = 100 m. The 
plasma structure, all other parameters, and corresponding S are the same as those 
shown in Fig. 2.
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pulse at the intensity 6.5 × 1021 W/cm2, the -ray emission can reach 
photon energies up to 3.3 GeV, with ~16% conversion efficiency 
and ultrahigh peak brilliance 1.5 × 1027 photons s−1 mm−2 mrad−2 
per 0.1% BW at 1 MeV. When the laser intensity is reduced to 1.6 × 
1021 W/cm2 with a peak power of 2.5 PW, bright -ray radiation is 
still quite efficient. Therefore, this scheme has the potential to operate 
widely in laboratories in the near future and paves the way toward a 
new generation of high-efficiency ultrabright GeV -ray sources to 
a broad community.

We also discuss the performance of this radiation scheme in the 
self-guided LWFA case without the preformed plasma channel, as 
illustrated in Fig. 6. To extend this radiation scheme into the 
self-guided LWFA, the initial plasma parameters need to be adjust-
ed accordingly, where the background density is set to n0 = 0.03nc 
and 0.078nc in the acceleration stage and the radiation stage, respec-
tively. The laser parameters are the same as those presented in 
Fig. 2, and other parameters are unchanged but with doubled the 
simulation window size and corresponding grid cells. It is shown 
that the -ray radiation produced in the self-guided LWFA is still 
very brilliant with the peak brilliance on the order of the plasma 
channel case, even though the divergence angle becomes large and 
the emitted photon energy decreases considerably.

In summary, the previously reported X/-ray radiation sources 
from laser-driven plasma wakefields were limited to photon num-
bers of 107–8 at hundred keV energies and GW powers, thus only 
delivering the pulse brilliance in the level of synchrotron light 
sources and radiation efficiency on the order of 10−6. These restrict 
their practical applications in broad areas. Here, we propose a novel 
and robust scheme capable of achieving several orders of magnitude 
increase in the photon number, radiation efficiency, brilliance, and 
power of the emitted -rays, based on the all-optical two-stage 
LWFA driven by multi-PW laser pulses. This enables the develop-
ment of compact ultrashort -ray sources with unprecedentedly 
high-brilliance and PW-level powers in the GeV regime. Such powerful 
-rays may offer unique capabilities and serve as a promising new 
platform for various applications, such as photonuclear reactions 
(5, 6), light-light/matter interactions (7, 29–31), and -ray colliders 
(4, 50, 51).

METHODS
-Ray emission
It is well-known that the accelerating electrons trapped in plasma 
wakefields can radiate high-energy photons via betatron oscilla-
tions (20–22). When the radiated photon energy becomes compara-

ble to the electron energy, the emission process should include the 
radiation reaction and quantum emission effects (52). In our simu-
lations, these effects are self-consistently implemented in the particle-
in-cell (PIC) code EPOCH (53, 54) using a Monte Carlo method 
(55), which allows the self-consistent simulation of laser-plasma 
interactions in the strong electromagnetic radiation regime. The ef-
fects can be characterized by the radiation parameter

	​​ ​ e​​  =  (eℏ ​ϵ​ e​​ / ​m​e​ 
3​ ​c​​ 5​ ) ∣ ​E​ ⊥​​ +  × B ∣​	 (1)

Here, ϵe is the electron energy, E⊥ is the electric field perpendic-
ular to the electron velocity  = v/c, and ​​F​ ⊥​​  =  ∣ ​E​ ⊥​​ +  × B ∣ ≈ ​
√ 

____________________
  ​(​E​ sy​​ − ​B​ sz​​)​​ 2​ + ​(​E​ sz​​ + ​B​ sy​​)​​ 2​ ​​ is the transverse electromagnetic field 

that arises from the self-generated electromagnetic fields in the 
plasma wake. Because the trapped electrons reside at the rear of the 
wake and the laser pulse locates at the very front of the wake, the laser 
fields do not interact directly with the trapped electrons and thus 
do not produce the radiation by laser-electron interaction. The 
radiation reaction effect on electron dynamics can be expressed as 

​​f​ rr​​  =  − ​2 _ 3​ ​​m​e​ 
2​ ​c​​ 3​ _ ℏ  ​ ​​ f​​ ​​e​ 

2​   ≈  − 6.4 × ​10​​ 15​ ​​e​ 
2​  [ eV / m]​, where ​​​ f​​  = ​  ​e​​ 2​ _ ℏc​  ​is 

the fine-structure constant. Assuming ​​​e​ 
2​  =  0.001​, the radiation 

reaction force (∣frr∣ ≈ 6.4 TeV/m) becomes comparable with the 
electromagnetic force so that a substantial energy is transferred to 
high-energy photons. This strong emission has a notable impact 
on the electron dynamics, which should be treated using a stochastic 
quantum-loss model rather than using a classical continuous-loss 
model. Therefore, one needs to investigate the radiation process in 
laser-plasma interactions using self-consistent numerical simula-
tions that include the quantum-corrected emission (54,  55). 
The radiation power associated with radiation reaction and quan-

tum effects can be expressed as ​​​P​ ​​  = ​ (​​ ​2 ​m​e​ 
2​ ​c​​ 4​ ​​ f​​ _ 3ℏ ​​ )​​ ​​e​ 

2​ g(​​ e​​)​​, where 

​g(​​ e​​ ) = ​ 3 ​√ 
_

 3 ​ _ 
2 ​​e​ 

2​
​ ​∫0​ 

​​​ e​​ _ 2 ​
 ​​ F(​​ e​​, ​​ ​​ ) d ​​ ​​  ≈  1 / ​(1 + 4.8(1 + ​​ e​​ ) ln(1 + 1.7 ​​ e​​ ) + 2.44 ​​e​ 

2​)​​ 
2/3

​​ 
is the correction function due to quantum effects (55). As g(e) ≳ 0.7 
for most of the emitting electrons with e ≲ 0.1, one can approxi-
mately obtain

	​​ ​P​ ​​  ≈ ​ (​​ ​ 
2 ​​ f​​ ℏ ​e​​ 2​

 ─ 
3 ​m​e​ 

4​ ​c​​ 6​
 ​​)​​ ​ϵ​e​ 2​ ​F​⊥​ 2 ​​​	 (2)

Here, the characteristic radiated energy can be estimated as 

​​​ϵ​ ​​  ≈ ​ (​​ ​  4 _ 
5 ​√ 

_
 3 ​
​ ​  eℏ _ 
​m​e​ 

3​ ​c​​ 5​
​​)​​ ​ϵ​e​ 

2​ ​F​ ⊥​​​​. By assuming that the initial electron energy 

Fig. 6. Extremely bright -ray source generated from a two-stage self-guided laser-plasma accelerator. (A) Energy spectra of the -ray evolution with time. (B) Peak 
brilliance (photons s−1 mm−2 mrad−2 per 0.1% BW) of the -rays emitted as a function of the photon energy. (C) Angular spectrum and angular distribution of the -rays.
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ϵe~5 GeV (before emitting -ray photons) and that the maximum 
transverse field F⊥~3 × 1013 V/m, the maximum photon energy of 
the -rays can reach GeV level.

Numerical simulations
Fully relativistic three-dimensional (3D) PIC simulations have been 
carried out by using the code EPOCH. A simulation window moving 
at the speed of light is used, which has absorbing boundary 
conditions for both fields and particles. The size of the window is 
60 m (x) × 45 m (y) × 45 m (z) with 1500 × 270 × 270 grid cells, 
sampled by four macroparticles in each cell. A plasma channel with 
a density profile of ne = n0 + ∆n0 is adopted to guide the high-power 
high-intensity laser pulse. Here, ​∆ ​n​ 0​​  =  0.3 ​a​ 0​​ ​n​ c​​(​r​​ 2​ ​​0​ 2​ / ​​​ 2​ ​r​0​ 4​)​ is the 
channel depth, r is the radial distance from the channel axis, and the 
on-axis background density is set to n0 = 2 × 10−4a0nc and 10−3a0nc 
in the acceleration and radiation stages, respectively, as shown in 
Fig. 2A. This type of plasma channels can be produced in several 
ways, such as using picosecond pulse laser–induced channeling 
(15, 56, 57) and laser-irradiated clusters (58). The incident linearly 
polarized laser pulse has a transversely Gaussian profile of ​exp(− ​r​​ 2​ / ​r ​0​ 2​)​, 
a longitudinal distribution of sin2(t/20), and a peak intensity of 

​​I​ 0​​  = ​  _ 2 ​ ​​m​e​ 
2​ ​c​​ 5​ _ 

​e​​ 2​ ​​0​ 2​
 ​ ​a​0​ 2​  ≈  4.9 × ​10​​ 21​ W / ​cm​​ 2​​ (amplitude a0 = 60), where r0 = 

100 = 10 m is the laser spot size and 0 = 30 fs is the pulse duration 
(FWHM). The corresponding peak power is 7.7 PW for 232-J pulse 
energy. Such laser pulses are readily accessible from current multi-
PW laser systems (59, 60) and forthcoming laser facilities (32).

As a reference, we have carried out a larger-scale simulation case 
with the transverse dimensions of 90 m  (y)  ×  90 m  (z). The 
results are reported in the Supplementary Materials and are nearly 
the same as those discussed above. Furthermore, 3D PIC simulations 
indicate that, when the length of the plasma density up-ramp at the 
entrance of the radiator stage is within the range of 50 to 500 m, it 
gives comparable results for the -ray emission. We have also 
carried out an additional simulation with reduced time step and cell 
size to investigate the effect of the numerical Cerenkov instability 
on the -ray generation, which indicates that there is no significant 
influence on the final results of this -ray radiation. The role of 
radiation reaction in our scheme is examined by the comparison of 
photon emission by energetic electrons with and without radiation 
reaction force, as described in the Supplementary Materials. This 
reveals that a self-consistently quantum-corrected radiation model 
must be taken into account in the emission of high-energy radiation 
by the electrons in extremely intense fields that we consider in 
this work.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/22/eaaz7240/DC1
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