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Asian Summer School on Laser Plasma Acceleration and Radiations e Z2nd Asian Summer Schoo
on Laser Plasma Acceleration and Radiations

August 7-11, 2006, Beijing, China
August 6-10, 2007, Kyoto, Japan
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August 16~20,2010 Shanghai, China
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The group at loP, CAS in Beljing

* Fast ignition related physics (fast electrons, ions);

* Propagation of fs laser pulses in air and plasmas;

* Laser plasma acceleration for electrons and ions;

* Novel laser-based radiation sources (THz, x-ray,
X-ray lasers) and applications;

* Ultrafast electron diffraction;

* Laboratory astrophysics;

®* Theory and simulations on above subjects



Experimental setup

X-ray spectrum
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L.M.Chen et al., PRL,104, 215004(2010)



Y H LA New facilities to produce 4 beam lines for
AL ANF . - .
SHAGHA JAOTONS UNVESTY potential applications at SJTU

Potential applications:
condensed matter physics,
medical applications,

laser fusion, etc.




YEZALY LPA medical system R&D
SHANGHAI JIAO TONG UNIVERSITY With R O b oti cS

Pulse Eompressc-r

Hydrogen gas

' Capillary Plasma Linac

1 200 MeV electron beam

1 PW 10Hz
Laser System

 40TW Laser System

Laser-driven
Proton Source

Online PET




Y AL Using 500fs electron beams to
- ~/F . H
SHANGHA JAOTONG UNVERSTY diagnose the plasma dynamics

Needle /
III'l, pant _Ilf

A\

60keV-500fs Ultrafast electron diffraction imaging system




890 TW/30fs CPA Short Pulse Laser
State Key Laboratory of Hlah Field Laser Physics, SIOM, CAS

Electron acceleratlon W|th gas and caplllaw IS now
being done. Proton acceleration with foil is planed.

This system is based on CPA scheme, with a peak power of 890TW and a pulse duration of 29fs. It consists of
a Ti:sapphire oscillator, a pulse stretcher, four stages of amplifiers and a four-grating pulse compressor.



Laser acceleration experiment at
LFRC, CAEP

300TW 30fs laser
SILEX, CAEP, China
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Tsinghua University

Accelerator Lab of Tsinghua University

Faculty
- 15 faculties and more employee

- About 20 graduate students
Research Activities

- Low Energy Linear Accelerators and Their
Applications

- Fundamental Accelerator Physic and
Technology S

* High brightness electron injectors
* Electron beam and laser beam interaction
* Accelerating Structures
- Beam dynamics
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g Tsinghua University

Research on Thomson scattering X-ray




TEEZE Thomson scattering
Tsinghua University experiment with photocathode
RF gun and TW laser




Experiment of head-on injection at JAEA-KPSI

Phosphor Screen | . .
Injecting
Driver Pulse Ell;actrnn H ] ] Pulse
eam !
. A | el
U Magnet
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- : as Je Electron Spectrometer
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H. Kotaki, et al., Phys. Rev. Lett. 103, 194




Stable e-beam generation by multi-stage ionization scheme (@)

>1 MeV electrons | aser:
30 ————————+———1——————7—— E=160 mJ
: He 1 t=40fs
5 20 J 1 1=9x10"7 W/cm?2
g N ® Ar 1 (= - )
= qof 1 | Pointing stability(RMS)
100 mrad _8 I ]
5 @ 1| for 30 shots
£ : .'E.I? ; 0=9.8mrad@He
£ -0f . 0=2.4mrad @Ar
S I 1\ J
o I 1 , N
. 20 [ 1 [ Beam divergence
. a0fbiiiiiiiiiiiiiiiiriiio 1| for 50 shot(RMS)
100 mrad 30 20 -10 0 10 20 30 6=29.84 8.8mrad@He
Speed X1 OO Pointing in horizontal (mrad) T

. 0=10.4+2.0mrad@Ar

Helium (neutral gas density: 2.2x10° cm3)
Argon (neutral gas density: 0.5x10"° cm)

Pointing stability in Ar is 4 times better than that in He

M Mori et al., Phys. Rev. ST-AB 12, 082801 (2009)




Energy Increase in lon Acceleration via Cluster Target
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Soft X ray spectrum Long channel
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>
B
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£ 04 [ Medical Application
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Main laser pulse: — 3 E jf‘g 2 3
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* lons, accelerated up to 10-20 MeV/u (Carbon) are detected.
— Different regime from the conventional TNSA scenario.
- 2D-PIC simulation predicts that Magnetic-Field-Assisted-TNSA might work.

Y. Fukuda et al., Phys. Rev. Lett. 103, 165002 (2009)



Unlimited lon Acceleration by Radiation Pressure ((@

&

IR

(In the radiation pressure dominated regime, ion energy can be greatly enhanced by a transverse expansion\
of a thin target. The expansion decreases the number of accelerated ions in the irradiated region increasing
the energy of the remaining ions. In the relativistic limit, the ions become phase-locked with respect to the
electromagnetic wave resulting in an unlimited ion energy gain. This effect and the use of optimal laser pulse

_J

\.shape provide a new approach for great enhancing the energy of laser accelerated ions.
Evolution of thin shell
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S. V. Bulanov et al., Phys. Rev. Lett. 104, 135003 (2010)

S. V. Bulanov et al., Phys. Plasmas 17, in press (2010)



(l) DL Repeatable e-beam generation

PhoPs

Photon Pioneers Center,
Osaka University

by LWFA with a plasma micro optics

By T.Hosokai

SRR bl e 9 successive shots
(1)

Transient
Plasma Cone plasma
Micro-

. Plasma channel E
Optics b

Supersonic
Slit Nozzle

\Accelerated electron bunch

Experimental setup

He Gas ~4x1019cm'3
#

F =3.5(f=178mm)

Laser 6 ~12TW

Focal spot ~ 5-7um(1/e?)
Rayleigh length ~50um

7y, /B3 s Axal external B-field

~upto 1T

Ti:Sapphire laser pulse (4) | | (?) | (@
(790nm, ~10TW, ~45+5fs)
Shadow graph image N
Laser Focus point

Gasjet 1.2mm

Laser » &7V “Focus point

rong wave-breaking
Transverse geometrical emittance

“““-\,l§lectron blinch ~0.02™ mm mrad

B=0.2T B=0

T.Hosokai,et al.,Phys Rev.Lett. 97, 075004 (2006 )



Center,
Osaka University

I 40 mm |

Plasma channel

oPs Demonstration of 2-staged LWFA

\ Photon Pioneers

*Shadowgraph:
1.2ps before main pulse

Typical e-beam profile

By increase the
picosecond pedestal
pulse energy and B
fields

Electron signal [arb. units]

6.0+

50

40

3.0

20+

1.0

1.0 20 [mm]
Thermal (a) 700um channe‘b) 2 mm channel (C)
No channel ~100MeV |
~20pC
T.Hosokai,et al.,
Appl. Phys. Lett.
. . . T e 96,121501 (2010)
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S. Kawata/Utsnomiya Univ.

Summary: Dream of Laser Accelerators

= CompaCt Accelerator Pre-accelerated elecron
beam is compressed and

" . — -18 confined to produce an
/ Atto physics — Atto Second— 10-'®sec tto-second high-denerty
—> One can observe --- e-bunch by a short-pulse

- electron motion in an atom TEM10+01 mode laser.

- light wave behavior

- electron motion in chemical reaction
~150atto second
<- electron movement time scale in Hydrogen atom

Results

bunch size: Transverse (Y) :4.81)
Longitudinai (Z) : 0.187X (—500 attosecond)

Averaged energy ~231 (MeV)

Normalized transverse rms emittance 0.96 (71 mm mrad)

Momentum spread 3.5%

Number density 43 times n,

4500



S. Kawata/Utsnomiya Univ.

Summary: Dream of Laser Accelerators

/ High-quality laser ion beam

- Cancer therapy
* lon Inertial fusion

Results: 1. Collimation!
2. High-efficiency!: laser -> ions > —26%;
laser->Proton energy conversion>13—~15%

; /o left
Multihole 20 0les — 5000
B Hydrogen £ 01A I 18 18
] Aluminum ?_\ 4000 T &12 500fs
o NE T
Al thickness :!::::::::: o >0 |
¥ c 8
[§N] 6
= 2
'E ’ 10 12 14 16 18 20 10 12 14 16 18 20
: 2 X/A _ . XA
- - & 0 —— Collimation!
Al wing 50 100 150 200 250 300 _
length Time [fs] Structured target enhances laser-to-ion

High-efficiency! energy conversion efficiency. Backside
structure produces a collimated ion beam.

Al + CH-ion source structured target: periodic array with
structure composed of boxes of 60 nm X pum separated by
0.25 ym, material composition C®+, density 0.35 g/cm?

g g

number of ions (arb. units)
g

= > Flat target: 2.8% (Laser -> ions)
Structured target: 26%(Laser -> ions) case 3(20% C, 6%Protons)

E (MeV/ nucleon)



laser

7 =

WL

-

Mean electron energy = 236.9 MeV @S\'T"N;R 1007
SD/Mean E =5 % ity BT
Charge: ~100pC

Divergence angle: ~a few mrad

Capillary Accelerator
experiment

under collaboration
with GIST(Korea),

. Oxford Univ. (UK),
KEK/JAEA(Japan)

Intensity (arb.u.) Intensity (arb.u.)

2910 4908 6906 7465 2010 4908 8006 7465
252 MeV

| . |
5285 8285 1.120E4  1.419E4

1.6

Divergence Angle (mrad)

. g, o
11.6 -11.6 ™=
— —
27 a7 4127 4568 1 1-5 E540 9040 1.154E4 1.404E4 1.629E4
S 255 MeV |
e - 0 -
116
[ -
1450 2280 3080 3300 7570 1.05TE4 1.357E4 1.580E4

11.6
0 il

128 160 225 383 0 1o 128 160 225 383 o)

Electron Beam Energy (MeV) : :
3 cm Gas-fill Capillary
(N. Hafz et al., nature photonics, 2, 571, 2008)



Laser-plasma based acceleration of electrons

~t DDOCAT lindava limndia
dl RRUAI, INGore, indaia G. P. Gupta
10 TW Ti: sapphlre Laser Laser Parameters
) Focal spot
Pulse duration - 45 fs
Pulse energy -450mJ = ;
Peak power -10TW  # f

Pre-pulse contrast - 10°

Ti:Sapphire laser

- - - - CCD
Interferogram of He—;miet/ . \ o

Supersonic nozzle _ _
helium gas-jet _
ccp L

20 10 0 +10 +20
X-width, um

Experimental set-up  E-peam profile

««sx 10 mrad

(T
oS
- *
- )
L) u
v°c
b erid

=>| == 1 mm

Without magnet

|IEEE Trans. Plasma. Sci . 2008 Self-modulated laser wake-field acceleration regime



Laser-plasma based acceleration of electrons

~k PN PN
dl iUid G. P. Gupta

Mono-energetic electron
beam occurred over a very
narrow range of plasma

-20 —

No

10 20 50 Laser 10 50  Laser _
Energy [ MeV ] == Energy [MeV] axis denSIty
7004
2000 A New J. Phys. 12, 045011 (2010)
8. | o] § g S0
5 & é 400 .
G| 3§ 8 0] Mono-energetic
> a 5 2001 ]
s beam parameters :
0.0 N — > Peak energy : 10 -50 MeV
' 0 1'0 2'0 3'0 4'0 50 10 20 30 40 50 60 70 80 90 100
Sl =Hengy L VeV > Energy spread : 4 -8 %
n, ~ 8.5x101% cm-3 n, ~ 6.5x101% cm-3 » Divergence (0) : 4 —7 mrad

|, = 1.2x108 W/cm? | =2.4x10"® W/cm2 > Charge 1 10-60pC



The power of HEDS-T 3: =
See Plasma Dynamics “as it happens”

UPHIL

™ TIFR 20 TW, 30 fs CPA R. Kumar

P-polarized
Laser Pump

To Polarimeter/

Pump-Probe :> Spectrometer/
Experiments : Interferometer/..
Hot electron currents, 400 nm, S  probe

Giant magnetic fields,
Plasma motion.......

(Time Delayed
w. I. t. Pump)

30



Measured Magnetic Field of Relativistic Electrons 3
New Results !

UPHIL
R. Kumar

Time Resolved , Space Integrated

Aluminium film coated glass

9o T E At Do
20— SRS N '-rcet Back I
A S R |
- - -
50‘ o% B 10 Q
i [+ ) 1 (s %
40 9 §
U o ° — 8
=l o W 2 %o
= | E 6_ g@ “0%@°
20+ e Q9 &P i
@0 9 - @ @
10_ o 7 2L e m_
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o 1 2 3 4 5 6 7 8 0 20 w0 s 1o
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5x 1018 W cm-2 2x108Wecm2 °
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Experimental setup for electron
acceleration with SILEX -m

By Yuqiu Gu et al.

F/8.7
1 Ti: sapphire

|
OAP Mirror : =
F/10 o T y OMA
. i i v
|

nLaser diameter

i ™\
150mm He gas | f\_t 5‘
[ g 4

GaS- et VSpectro

DRZ
A

Thomson scatt.

filter
800 +- 10nm

F=1.4m Side scattering =/

filter
400 +-10nm



Gas nozzle and laser focusing 150 &0

By Yuqiu Gu et al.

\ Dengity of helium on the plasma channel (3.4mm-long used in our experiment)
2mm-above the nozzle exit
10mm 8
x10 (cm™)
173 ———— o TR Pressure=2MPa
A : ; Pressure=3MPa
B S e ........... ........ Pressure=AhPa
: : Pressure=4.2MPa
Bl Pressure=5MPa
i 7253 R . o' T O - " TN, |
/_\ et e S TN A
. R P T S B RS 7 7 LR TR PP N
Adjusting plasma length Comtor e
by setting gas nozzle off-center 434 70 L7 34 4imm)

i
oo Focusing lens F/8.7 OAP

d=15um (FWHM) (11%)
®=30um (1/e?) (20%)

Contrast ratio better than 10°

—200C




Self-guiding and soliton formation in Plasmas @ o~mem
with SILEX at LFRC of CAEP .

Thomson Scattering
10 mm
|« > v 400 pum
Laser axis
anﬁl’ng

Diffraction cone

»Channel length ~ 10 mm
( > 10 diffraction distance)
»Laser propagation show bending
» The “atoll” structure shows plasma cavity
--- the density valley ascribes to the postsoliton.

L. M. Chen et al, Phys. Plasmas 14, 040703(2007)

2.1J,3.0 MPa 5

By L.M. Chen et al.

Side view
(S-plane)

No. 050926027
3.0J, 4.0 MPa

No. 050926019
3.27J,2.5MPa

P> P,. Pulse length | ,, > Plasma wavelength 4, (4,~27c/w,)

(plasma imaging) 410-532nm

IIas>ﬂ'w




Three energy peaks were observed _m

Shot No.104 By Yugiu Gu et al.
Laser power:181TW /Gas Pressure: 4.23Pa

1000 |-

800 |-

600 -

Intensity(A.U)

400 |

200 -

0 20 40 60 80 100 120 140 160 180 200
Energy(MeV)



Electron spectrum from 10mm-long gas column T4 £ 15

By Yuqiu Gu et al.

Laser Power
202 TW

A X ~
cCcb Energy Spectrum of Electron on shot0O72

band-pass filter /
. 100000 - Epeak:34MeV _
| 50000 |
E B
Laser 37
7L> e oM D\ -2»20000
A \ 5 U 10000
blue-pass filter - K2 =
\/' , 5000
CCD% y ICT-integrated
¥ 0 total charge 15nC
1000 n : L | P | | L L |

L M |
50 100 200 500 1000
Kinematic energy [MeV]
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under collaboration with KEK

532nm Nd:YAG

5 cm capillary
Optical guiding

800nm Ti:Sapphire

-
CCD Camera .

B

]

Recently successful
optical guiding of
160TW (8J, 50fs)
was achieved

ICCD Camera

Setup with side-laser triggering ablative
capillary acceleration driven by PW laser



Po R Laser plasma acceleration experiment is underway
¢ at IOP, CAS with XL-III

(under collaboration with IHEP and KEK)

Setup for LPA experiments with gas jet
and gas-fill capillary discharge plasma

20 um spot size
72% focusing

L

-
-

n CCD1(near field)
CCD5(Target surface)

Q’ \\‘ | I CUCDfar field)
gy e A i
Jo transveree interfarometer o i ; \ . III % mmgmuw H d ro
Spot monitar(rear-side imaging) [0 @ _ Ultrafast photodiode(contrast) y gen gas
(dration patil chi e sont i [ P o % L]

N ‘
: - - f=-

(Y il - 111
! e 1 |

\ =

B A k
LT .
|\ l A o
....... - § e

Discharge‘device Ceramic gas-fill capillary




Electron injection into a laser wakefield by
field ionization to high-charge states of gases

0@ — ., F
o 40 4 -
/. Pump E o] ﬁﬁ ] Total
p Ise = I:I:.. “—u—u——_ﬁ'—l—ﬂ#ﬁ# " ot ]
~ 0 2[] 4:] E;:I E|::I 1I:III:|
eo 2 | | | .. ® 1 lonization
as £ 201 @ 1 injection
E\-:( |:| -r.-___———"l*ﬂ'.',. ' -
o 20 40 B0 8O0 100
El:l—q(c) T T T T i
iecti £ 401 }\ 1 Self-
Injection pulse 20 An D j oelt-
9~5 0] -—~owessi . cmem-wm ] injection
0 20 40 G0 a0l 100
}{fﬁln

M. Chen et al., J. Appl. Phys. 99, 056109 (20006)



PR N I DR S
ulse: colinearly-polarize
8
.
-%H 4 ..'I'. K ’ i
> O P
Q A
O 4
I;Irl -
Injection pulse a~0.1 ~8; |
10 20 30 4.
p,(m0)
0 : — 004 _
5 10 (8)=66%0 N [ 2201/ 0.02 % 10
£ 0 e N 0 S, (d)
< | 7 £ 107 :
s 10 \/ 002 trappgd electron
20! ’ e — 24alm
20 40 60 80 100 A = 107
x(g)
40 0.08 -6
7 =307, . @ 10°°| ﬁ
S 20 - 004 & :
3 - N @ 10 20 30 40
= ; i o A T . =
E Oidalon A0 £ Y
' \ L
-20 -0.04
250 300 350
%(.0) W.M. Wang et al., APL

93, 201502 (2008)



Electron injection triggered by a nanowire -v.

Nanowire (0.7 x 0.7 um?, 1.2 x 10 2! cm3)

N\

Laser
—

30 fs 460
m)

The wire is at x=200 um, z=6.35 pm.

Baifei Shen et al., Phys. Plasmas, 053115(2007)
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polarlzatlon plane of the laser.

The period of the sinusoidal
structure changes from about
660 nm to about 800 nm

We conclude that the
betatron oscillations are
driven directly by the laser
Field.

¢ (um) o

Laser-driven coherent betatron oscillation in a laser-wakefield cavity,
BF Shen with colleagues at ANL, Phys. Rev. Lett. 100, 095002 (2008).



artially conf;rm d in experiment
k Plasma_
Amplifying a i iwavef
seeding INYYITE
plasma wave :. AR 4 AV
" Pulse-2 % { Pulse-1

Advantages:

1. Using pulses with relatively low intensities;

2. Timing unnecessary for laser injections;

3. More controllable than the self-modulated laser wakefield accelerators;
4. Allowing for efficient energy transfer from laser to plasma waves

Z.-M. Sheng et al., Phys. Plasmas 9, 3147 (2002).
W.-T. Chen et al., Phys. Rev. Lett. 92, 075003 (2004).
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A fast electron jet along the front target surface is observed.
Y.T. Lietal., Phys. Rev. Lett. 96, 165003 (2006).



2D PIC simulations show that a kind of inverse free
electron laser acceleration occurs at the target surface

v T L Fast electrons move along the
SpGCU'&I’ 7 surface in a oscillating form.
50] mmmtoo P2 = (1) ]
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@ Quasi-static magnetic and
electric fields are self-induced
around the surface.

As soon as the betatron frequency
approaches the laser frequency,
resonant acceleration occurs.

3 F
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e oomm e —mm M- Chenetal, Opt. Express 14,
0.0 0.5 1006 02 02 06 3093 (2006)
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Y. Y. Ma et al., Phys. Plasmas (2006).
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Laser Interaction with Clusters =
-

TW Laser: 100-160mJ, 60fs, 10Hz
PW Laser: 1-5.4], 50fs, single shot

*Plasma channel

*Molecular density and cluster size
*lon energy

*Neutron detection

conical

off-axis nozzle @ DMCP
parabolic skimmer

MO =

delay leg
vz Interferometer

beam
splitter

By Haiyang Lu,
Guoquan Ni

~ CCD




With CD clusters with bigger size and higher density to achieve
high D+ energy (E ~90keV , E,.~30keV), and achieve

max ave
* 1A 4 1N6/7 mmes

neutron yield at 2.1 x10°%J, 50 times larger than reported by sSIOm
other lab

Haiyang Lu et al. Phys.Plasmas 16,083107(2009)
Haiyang Lu et al. Phys.Rev.A 80,051201(R)(2009)
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L ; - ] Averge Kinetic energy
103 1 1 1 1 111 ll 1 1 1 1 11 11 O 1 I 1 I 1 I 1 I 1 I 1
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Back pressure 80bar, CD4 cluster diameter 12nm, atom density for D 1.5 X10”cm-3,
Peak intensity I,.,,=1.5 % 10"W/cm?, Pulse duration 50fs, Laser energy 5.4J,

Neutron yield 5.5 x106 50



Solid target:
Surface acceleration
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Bulk ion acceleration in foam target

0.05]
©0.00

~0.051

Foam target:
bulk acceleration
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Number of neutron/J

1.5 2.0 25 3.0 3.5

Detecting angle 76° Detecting angle 16°

Neutron yields for foam targets are higher than that for solid. This
confirms the bulk acceleration.

Y.T. Li et al., Phys. Rev. E (2005).



Effect of large prepulse on high energy ions:
Shock waves produced by the prepulse lead to large divergence angle

Shock =% Deformation of the
rear surface

Proton accelerated in the local
target normal direction

Shock =»modulated Surface
Proton focusing and defocusing
locally

Physics of Plasmas 13, 104507 (2006)  #Burst—|ike



lon Acceleration in the Phase Stable

Acceleration Regime

Compressed

electron layer
Electron depletion / Q_xo'1 0
region

0.081 .
1050 1060
100x/3,
X B Protons are:
0 d d+/

Bunched by E,,
Debunched by E,; .

E, =4ren,d ~ (v, xB, /c)~E,

(no m )(d /ZL) ~d, B Phase Oscillations!

54
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1D simulation results at t=200 T,
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(a) Phase space of electrons. (b) Phase space distribution of protons.
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(c) Electrons and protohs density profiles (d) Energy spectrum of protons

X. Q. Yan et al., PRL 100, 135003 (2008).



Stable acceleration in 3D
geometry with a deformed target

M. Chen et al., PRL 103, 024801(2009)
WG6 TH am, M. Chen
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RPA+Laser wakefield acceleration

L.L. Yuetal.,, NJP 12 (2010) 045021
B.F. Shen et al.,, PRST (2009)

et

proton-rich foll
Preaccel. —trapping —further accel.
underdense gas (Z/A=1/3)

CP/LP Laser

=1

€ Protons in the high-density foil can be pre-accelerated to
the GeV level in the RPA regime.

€ The laser pulse can obviously transmit the overdense foil
to generate wakefields in the underdense plasma.



80 __| —#— with underdense gas
(a) L—@— without underdense gas

Maximum energy (GeV)
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About 10% of protons are
trapped and accelerated to
over 60GeV
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Energy of proton (GeV)

E, mex ~ 28.92m,c0C/ €

W_ =eE L _ ~69.6GeV

Z,max —accC



. Protons in the complex target can be accelerated to
“energies more than three times, and the energy spread -

halved, that from the simple double layer target. SIOm
Cokd foil with Wang, Shen et al., PoP2009
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Heavy ions can be efficiently accelerated

with eloctroetatic ¢choclk
YVAULL WAV UL UDLAULIN Ji11UNIY SIDm
Foil made of light ions,
Laser pulse /
I H< or protons
1018 -10!° W/cm?2 Microstructure made of
heavy ions, ex. carbon.
0.12F b) I ooefq T S ]
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X1, e (MeV)
phase space of heavy ions Corresponding energy
at different time spectrum

Liangliang Ji, Baifei Shen et al., Phys. Rev. Lett., 101, 164802 (2008)
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® The Asian community on laser plasma acceleration is growing both
in theory/simulation and experiments. A few more new laser
facilities are planned or under constructions.

® There have been quite a few collaborations in experiments
between some labs/groups.

@ Potential applications of laser-driven particle beams and radiation
sources are expected to be significantly pursued among Asian
research groups in the future.
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