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Collisions outside the field!
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Wakefield Acceleration —
Electron Surfing

PHYSICAL REVIEW LETTERS 122, 0
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Main Applications of LWFA

1. Betatron Radiation Source 3. LWFA based FEL
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Figure 6. A 2-TeV electron-positron 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
~ wave in each module’s 1-m-long capillary channel of pre-
formed plasma. Bunched electrons from the previous module
gain 10 GeV by riding the wave through the channel. The
chain begins with a bunch of electrons trapped

Capillary L\QJ from a gas jet just inside the first module’s

plasma channel. The collider’s
Bea positron arm begins the same
o.ii'ép MN\ way, but the 10-GeV elec-

trons emerging from its first

| module bombard a metal
target to create positrons,
which are then focused and
injected into the arm's string
of modules and accelerated
just like the electrons.
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Main challenges of LWFA

Challenge 1: High Energy — Electron

Positron Collider

Challenge 2: High Quality—Radiation
Source

1.

3.

Laser Guiding— Diffraction

Velocity matching- Dephasing
Staging— Depletion *

Next generation collider

gas in okV Trapped electron bunch lon cavity

1.  Electron injection *
2. Transverse motion control *

3. Longitudinal control

Next generation radiation source

Plasma electron sheath
High-current drive beam
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SJTU Main topics:
1. Electron injection in Wakefield

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) ...

2. New staging scheme for LWFA

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



Laser self-evolution induced
self-truncated ionization injection
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M. Zeng et al., Phys. Plasmas 21, 030701 (2014).



1.2GeV electron acceleration at SJTU

Gas parameters: Laser parameters:
» Mixing ratio: » Peak Power: 28-118 TW
() 99.9% He+0.1% N,; > a,=1.0-2.1
(b) 99.7% He+0.3% N,; » Focal spot size: w = 28 um

(c) 99.5% He+0.5% N;
(d) 99% He+1% N,
» Plasma density: 4.2-6.7x10'8 cm-3

Laser Pulse

lonization Injection e-Beam

Injection "% Truncation ™% pcceleration : o BRI
Injection Region (~100 pm) Acceleration Region(~cm) E 15
______________________________________________ J % .
I :
E 15 4 mm gas mixture
g 815
Unmatched laser-plasma condition: = KW, ~7-13>>2/a, ~2.0-2.85
% 15 1 cm pure He
15
0
S. Li, N. Hafz, et al., Opt. Express 22, 29578 (2014).

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

Electron Energy (GeV)

Charge Density (X 10~ pC/MeV)



Two color laser ionization injection to
generate multi-peak electrons

Laser pulses with difference frequency have different v,
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® The relativistic self-focusing, B_;
increases, so the injection will be triggered
at a particular propagation distance.

® The injection can enhance B_; in return,
The self-generated magnetic field must be which finally leads to an avalanche of

larger than b_, for the transverse trapping. electron injection.

bcrit = ERHI(U{] +bDRm — bﬂxqb)/(Rz — rtzi})

m

Q. Zhao, et al, New J. Phys. 20, 063031 (2018)
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A linearly modified charge profile under an ETMF can result in an
uniform wakefield, i.e., the beam loading is optimized.
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SJTU Main topics:
1. Electron injection in Wakefield

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 wen /e
Waves. Phys. Rev. Lett., 121, 104801 (2018) Collaborated with UNL T TR Vg T

e) ...

2. New staging scheme for LWFA

a) Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma
Channels. Phys. Rev. Lett., 120, 154801 (2018)

3. Radiation in Wakefield (From THz to y-ray)
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Laser beam driven: 10GeV=> 50GeV ’@6&% N
T. Tajima, et al., PRL, 43, 267 (1979). (b&\e -~ g |
A. Gonsalves, et al., PRL, 122, 084801 (2019) 66 w6 i
e ) Laser heater: :

~few ns b & 1
~0.5) Heater laser
; —

532 nm 7

8GeV within 20cm.

Electron beam driven: 50G- 4?3 100sGeV

P. Chen, et al., PRL, 54, 693 (1985).

Ian Blumenfeld et al., Nature, 445, 7 ‘6\ I "N ; S T
An energy gain of more than 42GeV v 2 plasma W | oS [
wakefield accelerator of 85cm le- éQ .1 by 2 42GeV e R /A it
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Proton be-, Qo&_lven: 100sGeV-> TeV

A. Caldwe” (b&sonlature Physics, 5 363 (2009).
E. AdF e\@* .ature, 561, 363 (2018).

CJO 1t0 2.0 £ 0.1 GeV is achieved with a plasma
QO& ~of 6.6 X 1014 cm—3 with a density difference of
2% £ 0.1% over 10 m.




\Current staging scheme: plasma mirror & lens

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 13, 101301 (2010)
Physics considerations for laser-plasma linear colliders

Plasma

lens Plasma-mirror
tape

C. B. Schroeder, E. Esarey, C.G.R. Geddes, C. Benedetti, and W. P. Leemans
Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

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




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)



Intense laser guiding in a curved plasma channel

Wave function of the vector potential: (c?V% — 0%/ arzmy = mf,Ay

Parabolic plasma channel:

Laser envelope evolution equation:

n,(r) = ng + An - (r*/wg)

Channel Channel curvature
transverse effect
da c 3% |w;ng A r?\| |w;r
i— = |- > 4 1+—— ||H—+a
cot 2w;0r% | 2cn,, Ny wy c R

Initial value:

a(t = 0,1) = apexp[—(r — 19)*/w§]

Time-Dependent Schrédinger
Equation (TDSE)

\N
»3"6‘\

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



" Intense laser guiding in a curved plasma channel

Ng

Laser intense effect: A1 1a2/ 27 Nonlinear Time-

Dependent Schrédinger
da c 8% Lo (1 s An rz) w; 1] Equation (TDSE)
_— - o —_— 14
dat 2w;0r% |2 Z R
c w; Or c¢cr ny w3 c R g w2
fequ = An R

L

0 500 1000 1500 2000 2500 3000
At = 08 pm, wg = 8 pum, Rp = 10 mm, ng = 1072 ng,..

790 800 810
Z [um]

. Stable off-center motion=> oscillation in straight channel
Large transverse oscillation=> laser profile distortion
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Transition line curved plasma channel

Transition Curve: (s;1-s) - R*=Const
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PIC simulation of staging scheme

p [em™]
<1018
30
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1970 1980 1990 2000 2010 4950 4960 4970 4980 4990
z [um] z [um]
_1 OO | 1 1 1 1 | | | 0

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

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.



1y) Beam Quality variation and injection tolerance
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Three dimensional simulations

3 After injection
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In 3D, about 92.6% electrons are
injected in the second stage.
J. Luo, M. Chen, W.Y. Wu, et al. PRL, 120, 154801 (2018)
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1. Electron injection in Wakefield

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)
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e) ...

2. New staging scheme for LWFA

a) Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma
Channels. Phys. Rev. Lett., 120, 154801 (2018)

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

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)



Usual radiation of LWFA electrons

1. Betatron radiation due to transverse field in wake

Experimen@ e mena| O+ Kneip et al., Nature Phys. 6, 980 (2010)

electrons standard
e == 1ati

d?l/dwdS (a.u.)
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tunability on oscillation
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y

laser propagation - 100

X-ray energy (keV)

2. External magnetic undulator

Beam injected into Undulator: Synchrotron Radiation (XUYV, X-ray)
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H.-P. Schlenvoigt, et al., Nat. Phys. 4, 130 (2008).
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Using plasma channel to guide and control
laser & electron oscillations

d°R 1 An
lal* = (aoro/gs)*exp(—=2r*/15%) — = —— 1 - —F
dz* 7, R’ An,
r. =r;and r, = (An/An C)lf 2?,.02 /7 Laser spot size evolution
On-axis injected laser Off-axis injected laser
propagates in channel propagates in channel
| — " —— 0 0
Aos = Zy (An/An)? Laset, wake and electrons

oscillate in channel

M. Chen et al., Light: Science & Applications, 5, €16015 (2016)
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M. Chen et al., Light: Science & Applications, 5, €16015 (2016)



{#y) Radiation from helical plasma undulator

Time = 40.00 [1/wp]

Scheme of helical undulator radi

Laser and e” beam
center trajectories

. 0.9

e

=)
w
dl/sin8dBd¢ [a.u.]
=)
w
Polarization degree

x axis [um]
1 ——
L O O O
4 &\’
b5y
(('n
\-\Q}
s _;:/,"
“' “‘o
5
"
P
>
v :' \“‘
gy
‘ \
rﬁ\z
"\\ ,.'g
Yoy

=0.0

=0.0

270°




)
Z &
N sauan W/

(3] 3 0 -3 -6
x axis [um]

(d)

azimuth angle []
8 8

8]
=]

° tu']s'{ﬂx] / gﬂS[E?]a
Radiation pattern
control through
tuning the laser
injection angle

90°

Spatial distribution
of radiation intensity

dl/sin6dBd¢ [a.u.]

dl/sin6d0d¢ [a.u.]

Tunability on intensity, distribution and polarization

Polarization degree

Polarization degree

0.0

270°

Spatial distribution
of radiation polarization



5

2 : . 0% —

5@ —Total * For 4.5pC charge
% 1.5t —x dircetion Ll ALS Undulator ™~ 2 X 1019ph0t0ns/
E Y direction 10" - s/mm?/mrad?/0.1
:é- - %BW

10

>

z L) ST Advanced Light Source Photon energy

=} =

3 5 e R — tunable from
L 3 g 400eV to 1.5keV
= 2 o Magnet ’

I o

§ E 0"+

= 0 . : : -

= 0 500 1000 1500 2000 " wl : H rd
= Phatun energy [E'ul'] E L Slmllaf as 3
5 P synchrotron
o o . o

2 |@ —Total PR Sun radiation

(=1 o

=~ 1.5} —x dircetion s N j X-Ray sources

E —vy direction _ﬁ'_ 0 Tube

:E_ g 10*

£ 10 £ ol

..E 5 '/‘\:

g . 60-W Light

.g (::‘ .‘ Bulb
& 0.5 0t 1= I Candle
=

et 10‘ -

S

=

2 0 i L M 10° +—

E 0 500 1000 1500 2000

photon energy [eV]

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



|
.,«u\‘.

=i

Transverse spatial chirp induced radiation

s
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Time = 000[1/w,]
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A parabolic plasma channel : a, = 2.0
n(r) = ny + Anr?/r¢ Ao = 0.8um
’ ° W, = 102,

The refractive index : L= 6T
N, =1 [1+ (An/n) (r* /)] who/ 207 o = 0.0125
Laser pulse normalized electric field intensity :

_ 2 /,.2
a4 = eE/mw,c n(r) =ny + Anr=/r§

, no = 0.001n
~ ag exp(—12/W¢) exp(— &2 /L3) cos[(wy + w")t] O a1
®=wy+ o (0 =awyy/Wy) An = An, = (ntr,7§)
0 B 0 TO = 10W0

Laser phase velocity: TSRS
Ionization injection
i [ 4 27 7\_1/2 V2 2 I~ 9N -
Transverse 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.)
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Beam oscillation and radiation
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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.



Future studies at LLP, SJTU (2019-2024)

SJTU Main plans: Upgrade the current 200TW to 200+500TW two-beam system.
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
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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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