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Collisions outside the field! 

Laser

e- beam

Wake

CHINA’S CEPC debate!  

The circular electron positron collider (CEPC) built or not? (+SPPC) >20 billion $

CEPC is a future large collider facility 

serving as a Higgs boson factory, and 

produce large quantities of  Z and W 

bosons, so it will be able to perform precise 

measurements of  the Higgs boson 

properties, weak electromagnetic force 

physics, flavor physics, and quantum 

chromodynamics. 

Party is over!

We should wait 

for the new 

acceleration 

technology,…

Prof. Chen-Ning Yang (97)

1957 Nobel Prize Laurate

in Physics for work on parity 

nonconservation of  weak interaction 

with Prof. TD Lee.

Prof. Yifang Wang (56)

Director of  Institute of  High Energy 

Physics, CAS

Breakthrough Prize in Fundamental 

Physics in 2016

The game just begins. 

This is a good 

opportunity for China 

to catch up with the 

world's scientific 

frontier. 

For TeV electron accelerator, 

I think definitely we need new 

acceleration technologies!

Brightness and collision energy



Wakefield Acceleration —

Electron Surfing

SLAC 50GeV 3.2km→ 0.001km

Wakefield has a giant 

acceleration gradient

Tajima Dawson

LBNL: 8 GeV within 20cm



Main Applications of  LWFA

4. TeV electron positron collider2. LWFA based UED
Physics Today, March, 44, 2009PRST-AB,19, 021302(2016); Nature 

Photonics, 10.1038/NPHOTON.2017.46  

1. Betatron Radiation Source 3. LWFA based FEL 



Main challenges of  LWFA

1. Laser Guiding– Diffraction

2. Velocity matching- Dephasing

3. Staging– Depletion

Challenge 1：High Energy — Electron 

Positron Collider

Acceleration

Dcceleration

Challenge 2：High Quality—Radiation 

Source

1. Electron injection

2. Transverse motion control

3. Longitudinal control

Next generation collider Next generation radiation source



SJTU – Group (2007)

Leader: Prof. J. Zhang

Laser: 

◆ 200TW laser system 10Hz，
5J/25fs; 

◆ kHz laser system; 

◆ 400J laser system.

◆ 100TW 2.2mm laser 100fs

Topics:

High power laser technology,

Fusion Science, Laser Plasma

Both laser，experiment & theory  
group.

Laser Plasma Studies at SJTU

SJTU (200TW)

TDLI

China 

East Sea



LWFA studies at SJTU (2014-2018)

SJTU Main topics:

1. Electron injection in Wakefield

2. New staging scheme for LWFA 

3. Radiation in Wakefield (From THz to g-ray)

a) Self-truncated ionization injection and experimental demonstration. Phys. 

Plasmas 21, 030701 (2014); Sci. Rep. 5, 14659 (2015)

b) Two-color laser induced ionization electron for energy spread as low as 

0.29%. Phys. Rev. Lett.114, 084801 (2015)

c) External magnetic field assisted ionization injection. NJP. 20, 063031 (2018)

d) Electron Trapping from Interactions between Laser-Driven Relativistic Plasma 

Waves. Phys. Rev. Lett., 121, 104801 (2018) Collaborated with UNL

e) …



Laser self-evolution induced 

self-truncated ionization injection

M. Zeng et al., Phys. Plasmas 21, 030701 (2014).  

Principle

Injection length can 

be controlled within 

~100mm, 5% energy 

spread for  a few 

hundreds MeV 

electrons 



(f/21)

1.2GeV electron acceleration at SJTU

S. Li, N. Hafz, et al., Opt. Express 22, 29578 (2014).

M. Mirzaie, S. Li, N. Hafz et al., Sci. Rep. 5, 14659 (2015)

8.20.2~2 0 −a−137~0pwkUnmatched laser-plasma condition:

• Precise energy measurement by knowing the beam pointing.

• Large distance from magnet to the DRZ2 for high resolution.

• Large magnet (16-cm long, 1T) to see high energy (GeV). 

Gas parameters:

➢ Mixing ratio: 

(a) 99.9% He+0.1% N2;

(b) 99.7% He+0.3% N2; 

(c) 99.5% He+0.5% N2; 

(d) 99% He+1% N2.

➢ Plasma density: 4.2‒6.7×1018 cm-3

1T

Laser parameters:

➢ Peak Power: 28‒118 TW

➢ a0 = 1.0‒2.1

➢ Focal spot size: w0 = 28 μm 
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Two color laser ionization injection to 

generate multi-peak electrons

Laser pulses with difference frequency have different vp.

Simulation shows 

energy spread can 

be smaller than 

0.5%.

M. Zeng，et al., PRL, 084801 (2015)

Injection length 

~10mm. 



External transverse B field controlled injection

Injection condition with external B field：

J. Vieira et al., PRL 106, 225001 (2011)

Q. Zhao, et al., New J. Phys. 20, 063031 (2018)

⚫ The relativistic self-focusing, Bself

increases, so the injection will be triggered 

at a particular propagation distance.

⚫ The injection can enhance Bself in return, 

which finally leads to an avalanche of  

electron injection.
The self-generated magnetic field must be 

larger than bcrit for the transverse trapping.



Controlled injection charge distribution reduce energy spread

A linearly modified charge profile under an ETMF can result in an 

uniform wakefield, i.e., the beam loading is optimized.



LWFA studies at SJTU (2014-2018)

SJTU Main topics:

1. Electron injection in Wakefield

2. New staging scheme for LWFA

3. Radiation in Wakefield (From THz to g-ray)

a) Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma 

Channels. Phys. Rev. Lett., 120, 154801 (2018)

a) Self-truncated ionization injection and experimental demonstration. Phys. 

Plasmas 21, 030701 (2014); Sci. Rep. 5, 14659 (2015)

b) Two-color laser induced ionization electron for energy spread as low as 

0.29%. Phys. Rev. Lett.114, 084801 (2015)

c) External magnetic field assisted ionization injection. NJP. 20, 063031 (2018)

d) Electron Trapping from Interactions between Laser-Driven Relativistic Plasma 

Waves. Phys. Rev. Lett., 121, 104801 (2018) Collaborated with UNL

e) …



Different drivers for wakefield acceleration

Laser beam driven： 10GeV→ 50GeV

8GeV within 20cm.

T. Tajima, et al., PRL, 43, 267 (1979).

A. Gonsalves, et al., PRL, 122, 084801 (2019) 

Proton beam driven： 100sGeV→ TeV
A. Caldwell, et al., Nature Physics, 5 363 (2009).

E. Adli, et al., Nature, 561, 363 (2018).

Acceleration to 2.0 ± 0.1 GeV is achieved with a plasma 

density of  6.6 × 1014 cm−3 with a density difference of  

+2.2% ± 0.1% over 10 m.

Electron beam driven： 50GeV→ 100sGeV
P. Chen, et al., PRL, 54, 693 (1985).

Ian Blumenfeld, et al., Nature, 445, 741 (2007).

An energy gain of  more than 42GeV is achieved in a plasma 

wakefield accelerator of  85cm length, driven by a 42GeV 

electron beam at SLAC.



First stage：120MeV
Multistage Coupling：3.5%，
Energy gain: 100MeV

S. Steinke et al. Nature 530, 190 (2016).

Current staging scheme: plasma mirror & lens

T. Sokollik, et al. AIP Conf. Proc. 1299, 233 (2010). 

J. van Tilborg, et al., Phys. Rev. Lett. 115, 184802 (2015).

Other plasma lens schemes:
C. Thaury, et al., Nat. Commun. 6, 6860 (2015).



Curved plasma channel based staging？

1. Accelerated electrons always propagate in the straight channel.

2. Fresh laser is stably guided from a curved plasma channel to the straight one 

without centroid oscillation.  

J. Luo, M. Chen, W.Y. Wu, et al. PRL, 120, 154801 (2018)



Laser envelope evolution equation:

Channel 

transverse 

distribution 

A. J. W. Reitsma et al. POP 14, 053104 (2007)

Wave function of  the vector potential:

Parabolic plasma channel:

Initial value:

Channel curvature 

effect

Time-Dependent Schrödinger 

Equation (TDSE)

Intense laser guiding in a curved plasma channel



Nonlinear Time-

Dependent Schrödinger 

Equation (TDSE)

Equilibrium centroid motion:

Intense laser guiding in a curved plasma channel

Laser intense effect:

Stable off-center motion→ oscillation in straight channel

Large transverse oscillation→ laser profile distortion

Treat a curved channel as a straight channel



Transition line curved plasma channel

Curvature is varying.



α=1, 

Transition line curved plasma channel

Average centroid motion

PIC simulation

Numerical solving N-TDSE

Centroid off-axis

Centroid on-axis

Centroid off-axis

Centroid on-axis



85% injected 80% accelerated

PIC simulation of  staging scheme

Laser I
Electron beam Laser II

Laser profile is well preserved!



Beam Quality variation and injection tolerance



Three dimensional simulations

In 3D, about 92.6% electrons are 

injected in the second stage. Before injection

After injection

J. Luo, M. Chen, W.Y. Wu, et al. PRL, 120, 154801 (2018)



LWFA studies at SJTU (2014-2018)

SJTU Main topics:

1. Electron injection in Wakefield

2. New staging scheme for LWFA

3. Radiation in Wakefield (From THz to g-ray)

a) Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma 

Channels. Phys. Rev. Lett., 120, 154801 (2018)

a) Tunable synchrotron-like radiation from centimeter scale plasma channels. 

Light: Science & Applications, 5, e16015 (2016). 

b) A compact tunable polarized X-ray source based on laser-plasma helical 

undulators. Sci. Rep. 6, 29101 (2016)

c) High-order multiphoton Thomson scattering. Nature Photonics, 11, 514 (2017) 

with UNL

d) …

a) Self-truncated ionization injection and experimental demonstration. Phys. 

Plasmas 21, 030701 (2014); Sci. Rep. 5, 14659 (2015)

b) Two-color laser induced ionization electron for energy spread as low as 

0.29%. Phys. Rev. Lett.114, 084801 (2015)

c) External magnetic field assisted ionization injection. NJP. 20, 063031 (2018)

d) Electron Trapping from Interactions between Laser-Driven Relativistic Plasma 

Waves. Phys. Rev. Lett., 121, 104801 (2018) Collaborated with UNL

e) …



Usual radiation of  LWFA electrons

1. Betatron radiation due to transverse field in wake

Beam injected into Undulator: Synchrotron Radiation (XUV, X-ray)

H.-P. Schlenvoigt, et al., Nat. Phys. 4, 130 (2008).

Lack of  efficient 

tunability on oscillation 

period and amplitude

2. External magnetic undulator

S. Kneip et al., Nature Phys. 6, 980 (2010)

Coupling is 

not so easy



Using plasma channel to guide and control 

laser & electron oscillations

On-axis injected laser 

propagates in channel

Laser, wake and electrons 

oscillate in channel

Laser spot size evolution

M. Chen et al., Light: Science & Applications, 5, e16015 (2016)

Off-axis injected laser 

propagates in channel



Using plasma channel as an undulator

M. Chen et al., Light: Science & Applications, 5, e16015 (2016)

Oscillation period: plasma density 

Oscillation amplitude: injection position



Radiation from helical plasma undulator

Laser and e- beam 

center trajectories

Scheme of  helical undulator radiation



Tunability on intensity, distribution and polarization

Spatial distribution 

of  radiation intensity

Spatial distribution 

of  radiation polarization

Radiation pattern 

control through 

tuning the laser 

injection angle



Radiation brightness

For 4.5pC charge

𝟐 × 𝟏𝟎𝟏𝟗photons/

s/mm2/mrad2/0.1

%BW

Photon energy 

tunable from 

400eV to 1.5keV

Similar as 3rd

synchrotron 

radiation 

sources

J. Luo et al, Sci. Rep. 6, 29101 (2016)



A parabolic plasma channel :

𝑛 𝑟 = 𝑛0 + ∆𝑛 Τ𝑟2 𝑟0
2

The refractive index :

Ƞ𝑟 = 1 − 1 + (∆𝑛/𝑛0) Τ(𝑟2 𝑟0
2) Τ𝜔𝑝0

2 2𝜔2

Laser pulse normalized electric field intensity :

𝑎 = Τ𝑒𝐸 𝑚𝜔0𝑐
≈ 𝑎0 exp − Τ𝑟2 𝑊0

2 exp − Τξ2 𝐿0
2 cos 𝜔0 + 𝜔′ 𝑡

𝜔 = 𝜔0 + 𝜔′ (𝜔′ = 𝛼𝜔0 Τ𝑦 𝑊0)
Laser phase velocity:

𝑣𝑝 = 𝑐 1 − Τ𝜔𝑝
2 𝜔2 Τ−1 2

≈ 𝑐(1 + Τ𝜔𝑝
2 2𝜔2)

Transverse spatial chirp induced radiation

𝑎0 = 2.0
λ0 = 0.8𝜇𝑚
𝑊0 = 10λ0
𝐿0 = 6𝑇0
𝛼 = 0.0125

𝑛 𝑟 = 𝑛0 + ∆𝑛 Τ𝑟2 𝑟0
2

𝑛0 = 0.001𝑛𝑐
∆𝑛 = ∆𝑛𝑐 = (𝜋𝑟𝑒𝑟0

2)−1

𝑟0 = 1.0𝑊0

Ionization injection

𝑁5+ = 0.0005𝑛𝑐Transverse spatial chirp can induce transverse centroid oscillation of  laser inside a plasma 

channel, which makes controllable wake and beam oscillation. (Currently the effects of  

transverse chirp on focus and pulse duration have been neglected.)



Initial simulation studies show that oscillation amplitude is proportional to the

transverse chirp and oscillation period depends on the channel width.

Both radiation intensity and spectrum can be controlled through laser and

channel parameters.

Beam oscillation and radiation

a, r0 effects on laser and 

electron beam oscillation



Future studies at LLP, SJTU (2019-2024)

SJTU Main plans:

1. Demonstration of  high quality two-color laser ionization injection (~0.1%  Energy 

spread, low emittance)

2. Staged laser wakefield acceleration (curved plasma channel, 1GeV→ 1.5GeV)

3. LWFA based nonlinear Thomson scattering sources

New LLP Building（7500m2）200TW+500TW

200TW+500TW laser system+100TW mid-infrared laser

Upgrade the current 200TW to 200+500TW two-beam system.

LWFA based electron, photon 

source & Applications

Curved plasma 

channel based 

controlled 

radiation and 

staging studies.



Summary

➢ Improved ionization injection schemes are studied to reduce the energy

spread.

➢ Curved plasma channel based multistage laser wakefield acceleration is

numerically demonstrated.

➢ Plasma channel based undulator radiation is proposed and

demonstrated in simulations. Helical plasma undulator and polarization

controllable radiation can be realized by this method.

Thanks for your attention!
minchen@sjtu.edu.cn
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