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L WFA researches in China

Laser plasma wave electron accelerators

1E&: Change Wen-Wei; Zhang Li-Fu; Shao Fu-Quin

Acta Physica Sinica

#: 40 HH: 2 Ta: 1829
HHRER€F: Feb. 1991
=

The authors discuss the physical mechanism of laser plasma wake wave and beat wave accelerators by means of theoretical analysis and particle simulation
methods. The results show that as long as laser plasma wave has Vphapc and is strong enough, and with a proper transverse magnetic field applied, one may

accelerate relativistic electrons to the order of magnitude of GeV within a distance of meters. The authors have also studied the problem of an ES wave with
low phase velocity generated by laser plasma Raman scattering to accelerate nonrelativistic electrons by using particle simulation methods, and the
possibility of multistage, or multiwave, acceleration is explored as well. The results show that, taking the advantage of laser plasma wave accelerator, one
can get high energy electrons of the order of magnitude of GeV under ordinary laboratory conditions.

EFEER

{E& btk : Change Wen-Wei; Zhang Li-Fu; Shao Fu-Quin; Dept of Appl. Phys., Nat. Univ. of Defense Technol., Changsha, China.

To my knowledge, the first introductory article was published in 1991 by Prof.
Wen-Wei Chang. Theoretical researches were started after that, most of them
began after 2000. The first experimental work in China was carried out in 2007.

PHYSICS OF PLASMAS 14, 040703 (2007)

Self-guiding of 100 TW femtosecond laser pulses in centimeter-scale
underdense plasma

L. M. Chen, H. Kotaki, K. Nakajima,® J. Koga, S. V. Bulanov,” and T. Tajima
Kansai Photon Science Institute, Japan Aromic Energy Agency, Kyoto 619-0215, Japan

Y. Q. Gu, H. S. Peng, X. X. Wang, T. S. Wen, H. J. Liu, C. Y. Jiao, C. G. Zhang,

X. J. Huang, Y. Guo, and K. N. Zhou
Laser Fusion Research Center, China Academy of Engineering Physics, Sichuan 621900, China

J. F. Hua, W. M. An, C. X. Tang, and Y. Z. Lin
Accelerator Laboratory of Tsinghua University, Beijing 100080, China

(Received 13 December 2006; accepted 7 March 2007; published online 20 April 2007)
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SJTU: Shanghai Jiao Tong University (1896-)
PKU: Peking University (1898-)

Tsinghua: Tsinghua University (1911-)

|OP: Institute of Physics (CAS) (1928-)
HUST: Huazhong University of Science and
Technology (1952-)
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In my talk

°
Shenzhen: SZTU

CAEP: China Academy of Engineering Physics
(1958-)

SIOM: Shanghai Institute of Optics and Fine
Mechanics (CAS) (1964-)

SZTU: Shenzhen Technology University (2016-)
TDLI: Tsung-Dao Lee Institute (2016-)



LWFA Potential Applications and Challenges

Betatron Radiation Source LWFA based FEL
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PRST-AB,19, 021302(2016); Nature Physics Today, March, 44, 2009
Photonics, 10.1038/NPHOTON.2017.46

SJTU

Figure 6. A 2-TeV electron-pasitron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
electron arm could be a string of 100 acceleration modules,
each with its own laser. A 30-J laser pulse drives a plasma
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LWFA Studies at SJTU



SJTU - Group (2007)
Leader: Prof. J. Zhang
Laser:

€ 200TW laser system 10Hz,
5J/25fs;

€ kHz laser system;

€ 400J laser system.

€ 100TW 2.2um laser 100fs
Topics:

High power laser technology,
Fusion, Laser Plasma

Both laser, experiment &
theory group.
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Funding: LWFA studies are partly supported by National Basic Research Program of China
(2014-2018, ~2.0M Euros: SJTU+IOP+Tsinghua) & the National Natural Science Foundation of
China (2015-2020, ~1.6M Euros: SJTU).

SJTU Main topics:

1. Electron injection in Wakefield

a)
b)

c)
d)

e)

2. Radiation in Wakefield (From THz to y-ray)

a)
b)
c)
d)

3. New staging scheme for LWFA

a)

Self-truncated ionization injection and experimental demonstration. Phys. ) O
Plasmas 21, 030701 (2014); Sci. Rep. 5, 14659 (2015) PETRa 6
Two-color laser induced ionization electron for energy spread as low as
0.29%. Phys. Rev. Lett.114, 084801 (2015)

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

Electron Trapping from Interactions between Laser-Driven Relativistic Plasma v /&
Waves. Phys. Rev. Lett., 121, 104801 (2018) Collaborated with UNL . ‘*‘W‘*W “"WW
foof o =

Tunable synchrotron-like radiation from centimeter scale plasma channels.
Light: Science & Applications, 5, e16015 (2016).

A compact tunable polarized X-ray source based on laser-plasma helical
undulators. Sci. Rep. 6, 29101 (2016)

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

Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma
Channels. Phys. Rev. Lett., 120, 154801 (2018)
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Ming Zeng et al., Phys. Plasmas 21, 030701 (2014).



Effective injection length is controlled by changing
the laser spot size

Injection charge VS laser propagation legnth lonization controlled truncation!
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Injection process in 2D and 3D simulaitons

2D:nw.=2.8e18/cm3, nn=8.5e15/cm3,
a,=2.9, and W,=11.69um,14.58 pC,
383MeV 3.33% Energy spread

3D:nk.=8e-4n., a,.=2.3, and k,W.=4.066.
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Experiment demonstration of
self-truncated ionization injection

M. Mirzaie, et al., Scientific Reports 5, 14659 (2015) 0t "

30TW 30fs laser
4mm gas

5 % energy spread
at 412 MeV

118TW 30fs laser
lcm gas

7% energy spread
at 1.2 GeV
acceleration




BOTW (a) He+0.1%N, (b) He+0.5%N, (c) He+1%N,

Charge Density (10*pC/ MeV)
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- T Em

100

17 0 -1717 0 -17 17 0 -1717 0 -17 17 0 -1717 0 -17
Electron Beam Divergence Angle (mrad)

ky, =10.8 - 12.2

>> 24, ~ 2.0 - 2.1

0.5%N, case: 412+10 MeV, 80 pC
electron 7.1mrad

M. Mirzaie, et al., Scientific Reports 5, 14659 (2015)

Charge Density ( 10'4 pC/MeV)

Peak Energy (MeV)

Experiment demonstration of
self-truncated ionization injection

A typical energy spectrum
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6.5 (+0.5)x10%8 cm3
Self-injection

©
o

118TW
4 mm pure He I
o
103TW ionization-injection ; ;20 %
-‘g 4 mm 05%N2 I :°_
£ . o =
- Self-injection | 48 %
114TW 2 ° : 3
5_15 1 cm pure He : i g
8l ionization-injection 157
118TW ' ‘
1cm 03%N2 ”

0.2 0.3 0.53 0.81.15

1.8x1018 cm3

Electron Energy (GeV)

kW, = 7.1>2(a,)"* ~ 2.85

(a) E =300%4.5 MeV, Q =21 pC AE/E =~ 25%
divergence angle of 7.6 mrad

(b) Eque = 53018 MeV, Q (charge) =25 pC, AE/E =~
8 %, divergence angle of 5.2 mrad

(d) Eqme = 1.2+0.03 GeV, Q (charge) =16 pC, AE/E »
7 %, divergence angle of 4.7 mrad

Experiment demonstration of
self-truncated ionization injection
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2. Two color laser ionization injection to get

extreme low energy spread electron beam

Laser pulses with different frequency have different v ..

Vacuum Gas lonization / lonization
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Ionization happens locally within tens of mm and local wake phase.
M. Zeng, et al., PhysRevLett.114.084801 (2015)
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1. Electrons always move in straight plasma channel avoiding transverse
dispersion

2. Driver laser is guided by a specially designed curved plasma channel to the
following straight channel

J. Luo, et al. PRL, 120, 154801 (2018)



Laser propagation in a plasma channel

Laser vector potential evolution: (c?V% — 0%/ 6r2)ﬂy = mf,Ay

— (2 Jw2
Parabolic plasma channel: np(r) =no +An- (r°/wp)

Laser Envelope Evolution Equation:

Channel term Curvature term
. da c 9* | @ o
i— = |— -
cot 2w; 0% | 2¢cn,,

Initial condition:

a(t = 0,1) = apexp[—(r — 19)*/w§]

Time dependent Schroedinger
Equation (TDSE)

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



Laser propagation in a curved plasma channel

No
Laser intensity effect: (1+ |al2/2)1 /2 Nonlinear-TDSE
da c 62+w1 1+Anr2 w; 1]
cot | 2w, 0r? Zc¢cr ny w3 c R @

L

00 2500 3000

10 mm, no = 1073 Ner-

0 500 1000 1500
At = 08 pm, wg = 8 pum, R

790 800 810
Stable off-axis moving=> Oscillation in z [um]

straight channel
Laser Oscillation = Laser wave front deformation



For motorcycles, when turning, you can tilt the
body to keep the trajectory with fixed curvature.
For laser, this means one should tilt the laser
pulse front (with transverse chirp), which is
difficult.

Why not tune the road curvature?

da [ c? 9% w;ng ﬂmr

- + —) — W, ]a
2w, 012 2n¢r n.;,w,_, ®

Curvature varying




Laser propagation in plasma channel with
transition line like curvature

Transition Curve: (s;1-s) - R*=Const

9 9 Centroid on-axis
Tzacr.r' w(} ??—cr.r' ?.-UD S]_ — S

e _ _ ( )1/05 Centroid off-axis .
““ " An R An Ry" sy

Fixed drpq,/ds £=) @=1, (si—s)-R=s1Ro \N £
9: (81—8)2/281}?0. I

{ o fd(sl —s)-costl = s=ct Channel center coordjpdfes

v = [d(s;—s)-sinf = (s; — ct)?/(6s1Ro)

10
Off-axis i

5

r [um]

PIC simulation
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ct [um]



p [em™]
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X [um]

1970 1980 1990 2000 2010 4950 4960 4970 4980 4990
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1 |

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Z [um]

-100+

| | 0

Laser |I: ag=0.7, Sin-squared longitudinally envelope, t=15fs, wy,=8um;
Laser Il: a;,=2.0, Gaussian longitudinally envelope, T=20fs, wy=8um.
e- beam: Eg=1GeV, (A E)pyum=50MeV, <p,>=p,=0, (A p)ryum=12m.c,

rN,=0.5um, l,=2pum, Incidence angle=5.7° , off-axis= 6.33um,
Channel: Rg=10mm, s,=2000pm.



njected electron beam quality and injection tolerance
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Three dimensional effects

3 After injection
p [em ] (b)
<1018
30 10
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About 92.6% of electrons in the electron beam are
trapped and accelerated in the second straight channel.
J. Luo, et al. PRL, 120, 154801 (2018)

Before injection



Nakajima Light: Science & Applications (2018)7:21 Official journal of the CIOMP 2047-7538
DOI 10.1038/s41377-018-0037-6 www.nature.com/Isa

NEWS AND VIEWS Open Access

Seamless multistage laser-plasma
acceleration toward future high-energy
colliders

Kazuhisa Nakajima'



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

T B ——

New LLP BU|Id|ng (7500m2) 200TW+500TW |

LWFA based
L electron,
W00 006 0B Snpr e (00 mmﬁ "&-‘J/ : ‘ photon
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TDLI-Laser Plasma part |
(2000m2) PWs

QED-plasma physics: radiation
reaction, e* & y generation

& Laboratory astrophysics

TD Lee Institute L

' @ Particle & Nuclear
® Astronomy &

3 Astrophysics;

® Quantum Physics \ !

Founding Director
Frank Wilczek
2004 Nobel Prize

gl Tsung-Dao Lee,
: 1957 Nobel Prize



Possible connections with EuPRAXIA

1. SJTU studies on “Electron injection in Wakefield; radiation applications of
Wakefield; curved plasma channel based new staging scheme for LWFA” could
be used in EUPRAXIA project.

2. SJTU 200+500TW laser and target system could be used by EuPRAXIA
members.

3. Technologies from EuPRAXIA, such as staged wakefield acceleration, high
repetition rate laser technique, plasma channel fabrication, ..., maybe used by
SJTU researchers.

4. SJTU users would like to use the 5GeV electron beam and radiation source for
further studies, such as imaging.



LWFA Studies in SIOM and HUST



S|U|T| Development of ultra-intense and ultra-short Laser in SIOM

2.8 TW/43fs,
10F Z, 408

* | 16.7 TW/120fs,
890TW/29fs, OPCPAI - 2
)Single SROC200R o

5 PW/24 fs,
single shot, 2016
. DL )




SII:IIT!I Home made 200TW laser system

BUR M BodaA B : A EHT; BARML kAR : 0.45) (PV), 0.056(RMS);
KM BOREER : 8J; MUKMItHBOMEERIREM : <2% rms; EAAERIBKHEER: 5.67;
WA : 73nm (FWHM) ; EFRERAKTE: 27fsex KIEEIHZE: > 200TW;
EFXPW+OPASEIBIMIA B R{SMREL : 2X 102 (ERKHETBL00psHd) ; EEME: 1Hz;



Slum High-Brightness High-Energy Electron Beams from a Laser
WNFRLEO— Wakefield Accelerator via Energy Chirp Control

(a) Focus spot
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W. Wang et al., PRL 117,124801(2016)



SIOm High-Brightness High-Energy Electron Beams

7

Divergence angle « 5 mrad

~
&
-’

Minimum
energy
spread ~0.4%

a N
Maximum 6-D Brightness ~6.5X 10 A/m?/0.1%, is comparable with
the state of the art LINAC drivers

rms energy spread 0.4-1.2%, charge 10-80 pC, rms divergency ~0.2
\mrad) in the energy region (200~600 MeV)

J

W. Wang et al., PRL 117,124801(2016)




Sl0M stable high quality electron beam from LWFA

Peak energy stability<3%, pointing stability 100pnrad, divergence stability<5%
600 700 MeV

_ Energy: 680
BEEE W MeV

— Stability: 3%
.— Current:10 kA
BN B

Year of 2014 Year of 2018

High quality 300 continuous shots
electron beam

Divergence angle <+ 3mrad

- %
£ After focus J5

600 700

600 700

Energy(MeV)

600 700




SlDlT!ﬁ High brightness Compton scattering radiation
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C. Yu et al., Scientific Reports, 6, 29518 (2016)



SIOM Future Plan1: XFEL platform based on the LWFA

J

LPA beam
QU Q2 Q3 normal undulator

| [E[x]



Slum Future Plan2: An International User Facility-SULF

SENER LERSRENRHRN

Shanghai super intense Ultrafast Laser Facility (SULF), completed in the end of
2018.

e SULF contains 2 ultra-intense laser beamlines

- A 10 PW beamline (1 shot/min)
- An 1 PW beamline (0.1Hz)

e And 3 platforms for users

- DMEC: Dynamic of Materials under Extreme
Conditions

- USAP: Ultrafast Sub-atomic Physics

- MODEC: Big Molecule Dynamics and
Extreme-fast Chemistry




SIDITL SULF- Parameters of 10 PW Laser system

- Central wavelength: ~800nm
Main parameters: - Pulseenergy: ~300J

- Pulse duration: ~30 fs

— Temporal contrast: ~10%

- Focused intensity: >102?W/cm?

p 'g.{;ﬂ o




Dr. Zhengyan Li came back from
Michael Downer’s group. He has
built his group at HUST in 2017.

Beyond the ponderomotive force

framework, it is interesting to

understand laser wakefield

excitation and acceleration

dynamics

1. Accelerated electron beam
parameter variations due to CEP
instability

2. Asymmetric plasma wakefield
structure and its visualization

Few-cycle laser wakefield acceleration for MeV
ultrafast electron beam sources

Few-cycle LWFA and applications

1 kHz, 7mJ, 30fs laser Vacuum chamber
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Few cycle fiber compressor



Summary

1. LWFA studies (both theoretical and experimental work) in China have been
developed very quickly in recent 10 years! Several major projects (SJTU, PKU,
SIOM 3 projects) have been launched in the past five years (not only LWFA, but
also ion acceleration, laboratory astrophysics...). There are 7 200*TW level laser
systems are working. Most of them are focused on LWFA and ion acceleration.

2. Researches are gradually focusing on a few clear directions, such as LWFA
based FEL, X-ray sources and applications, LWFA based UED. We are
applying for a joint project supported by National Natural Science Foundation
for plasma channel based staging acceleration and external RF accelerated
electron beam injection. The purpose is for the future plasma based high
energy electron accelerator.

3. Big ambitions on extreme high power laser and related physics are underway.
Three 5PW (SIOM, CAEP) laser systems are almost ready for experiments. One
100PW (SIOM) laser and several 10PW (SIOM, ...) lasers are under construction
or in planning.

We welcome two-way international cooperation, such as to be an
associated partners, contributor and user of EUPRAXIA project.
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